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Abstract  
Functional graded materials are extensively applied in many innovative technologies, e.g. solid 

oxide fuel cells, solar cells, membranes, piezoactuators, capacitors, and thermoelectric systems. The 

synergy of advantageous combinations of composites with different composition and/or microstructure 

together with recently developed option for low cost manufacturing techniques progressively widens the 

diversity of functional materials design and the variety of their application range. Currently, application 

requirements in ceramic technology have advanced multilayered systems to a point where layered graded 

materials with well-controlled dimensional and mechanical characteristics can be successfully produced. 

This thesis presents a study of adjacently graded ceramic materials, achieved by a novel side-by-side tape 

casting technique. 

Side-by-side tape casting produces continuous in-plane adjacently graded thin films. The motivation 

to create such adjacently segmented structures stemmed from a search of material and a materials design 

alternative to the expensive rare earth element gadolinium which is widely used as a magnetic regenerator 

in the emerging magnetic refrigeration technology. 

Conventional tape casting involves the preparation of specially formulated slurry, which is cast by a 

blade to a thin flat tape, then dried into flexible so-called green solid tape and can be subsequently sintered 

into a hard ceramic material. The principal difference and, at the same time, a challenge of the side-by-side 

tape casting technique includes simultaneous adjacent co-flow of slurries, creating a uniform graded 

material with a well-defined interface, which is characterised by a high adhesion and no inter-diffusion 

between adjacent materials. 

The PhD project focuses on the crucial challenges of the side-by-side tape casting technique: 

recognising critical parameters which affect the quality of a graded tape, shape and position of the 

interface area. Studied parameters can be divided into two categories: operational parameters and slurry 

formulation optimisation. The operational parameters encompass modification of the entire tape caster 

into a multi chamber unit, establishment of the optimal operating parameters such as casting gap, speed, 

and slurry level in the tape caster reservoir, and elucidation of the impact of chamber partition design on 

the quality of the final tape. The second research area focuses on optimisation of the slurry formulation 

suitable for adjacent co-flow, which includes a detailed study of the rheological behaviour of slurries, 

influence of slurry density, numerical analysis of the slurry flow beneath the doctor blade resulting in a 

greater control of material design desired to meet all requirements from the application side. Mechanical 

tests verified a high adhesion between co-cast materials, indicating that the formed adjacently graded 

tapes behave as a single material. 

As the result of the tight collaboration between the present experimentally oriented project and a 

parallel project on numerical characterisation of tape casting, a new program for controlling the casting 

thickness was developed and practically applied. This new approach based on a continuous casting speed 

change, was compared with other approaches to control tape thickness and showed very promising results 

of decreasing the tape thickness gradient to 3%. 

In addition to the development of side-by-side tape casting technique, a series of experiments were 

directed at investigating which of the available tape casting modes (e.g., single-blade, double-blade, casting 

with use of pump system or the newly proposed speed change mode) forms a uniform green tape with 

precisely controlled tape thickness. The objective of performing these tests was to decide which tape caster 

design had to be used for the side-by-side tape casting. 
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Resume 

Funktionelle graduerede materialer anvendes i vid udstrækning i mange innovative teknologier, 

såsom fastoxidbrændselsceller, solceller, membraner, piezo-aktuatorer, kapacitorer og termoelektriske 

systemer. Synergien af fordelagtige kombinationer af kompositmaterialer med forskellig sammensætning 

og/eller mikrostruktur sammen med valget af billige formningsteknikker udvider gradvist mangfoldigheden 

af materialedesignet som bliver anvendt og udvalget af deres anvendelighed. Som det er nu, har 

anvendelsesbehovet i keramiske teknologier avanceret multilags-systemer til det punkt hvor lagdelte 

graduerede materialer med velkontrollerede dimensionelle og mekaniske egenskaber nemt kan opnås. I 

denne afhandling præsenteres resultater fra tilstødende graduerede keramiske materialer, som var opnået 

ved hjælp af en ny side-om-side båndstøbnings-teknik. 

Side-om-side båndstøbning er en forholdsvis ny støbeteknik som kan skabe kontinuerte, plane 

tilstødende graduerede tynde plader. Motivationen til at skabe sådanne tilstødende, segmenterede 

strukturer var en søgen efter alternative materialer og materialedesigns i stedet for den sjældne jordart 

gadolinium, som normalt anvendes til magnetiske regeneratorer i den voksende magnetisk køling 

teknologi. 

Konventionel båndstøbning involverer special-fremstilling af en støbemasse, som bliver støbt ved 

hjælp af et rakelstål, til et tyndt, fladt bånd, hvorefter det bliver tørret og bliver til fleksible, såkaldte 

grønne, faste plader, som så efterfølgende kan sintres til et hårdt keramisk materiale. Den væsentligste 

udfordring ved side-om-side-båndstøbning indbefatter samtidig, strømning af støbemasser ved siden af 

hinanden, hvilket skaber et uniformt gradueret materiale med en veldefineret grænseflade som er 

kendetegnet ved en høj sammenklæbnings-evne og ingen diffusion imellem de tilstødende materialer. 

Ph.d.-projektet fokuserer på de vigtige udfordringer ved side-om-side-båndstøbningsteknikken: 

Identificere kritiske parametre, der påvirker kvaliteten af graduerede bånd, form og position af 

grænsefladeområdet. De undersøgte parametre kan deles op i to områder: De operationelle parametre 

omfatter modificering af hele båndstøberen til en multi-kammer-enhed, fastsættelse af det optimale 

maskin-program, såsom støbespalte, hastighed og støbemasseniveauet i støbekarret og opklaring af 

konsekvenserne af støbekammerets opdelingsdesign på kvaliteten af det færdige bånd. Det andet 

forskningsområde har fokus på optimering af støbemassens udformning så den passer til støbning med 

tilstødende strømning. Dette indbefatter et detaljeret studie af støbemassens rheologiske opførsel, 

påvirkningen af støbemassens massefylde og numerisk analyse af støbemassens strømning under 

rakelstålet, hvilket resulterer i større kontrol med materialedesignet med ønsket om at imødekomme alle 

krav der måtte være til anvendelsesmulighederne. Mekaniske tests bekræfter en høj sammenklæbnings-

evne mellem sammenstøbte materialer, hvilket indikerer at de skabte tilstødende graduerede bånd opfører 

sig som et enkelt materiale. 

Som et resultat af det tætte samarbejde mellem dette eksperimentelt orienterede projekt og et 

projekt som er fokuseret på numerisk karakterisering af båndstøbning, er et nyt program som kontrollerer 

støbe-tykkelsen blevet udviklet og brugt i praksis. Denne nye tilgang baseret på en kontinuert ændring i 

støbehastigheden, blev sammenlignet med andre tilgange til kontrol af støbetykkelsen og viste et meget 

lovende resultat hvilket reducerede tykkelsesgradienten til 3%. 

Udover udviklingen af SBS TC teknikken, blev en række eksperimenter hvis formål var at undersøge 

hvilke af de tilgængelige båndstøbnings-metoder (f.eks. enkelt-bladet, dobbelt-bladet, støbning med brug 

af et pumpesystem eller den nyligt foreslået hastighedsændrings-model) ville skabe et uniformt grønt bånd 
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med præcist kontrolleret båndtykkelse. Formålet med at udføre disse forsøg var at bestemme hvilket 

båndstøbningsdesign der skulle bruges til side-om-side båndstøbning. 
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1 Introduction 

Regardless of climate, cooling and heating is a daily need all over the world in residential, 

industrial and public sectors. According to statistics, 34% of electricity is consumed by cooling appliances 

and 15% of the worldwide energy consumption involves the use of refrigerators [1]. Today almost all 

cooling systems use vapour compression refrigerators based on a compression and expansion cycle of 

the circulating refrigerant. A serious problem with vapour compression, however, is that the most 

commonly used refrigerants such as chloro-fluoro-carbons (CFCs) and hydro-chloro-fluoro-carbons 

(HCFCs) were recently banned in most countries due to their destructive effect on the ozone layer. Also, 

their alternative hydro-fluoro-carbons (HFCs) are greenhouse gases which have been proven to 

significantly contribute to global warming. Moreover, further development of conventional vapour-

compression refrigeration is hindered by technological limitations because for the last 160 years since 

this technology was invented it has been already studied thoroughly and optimised a lot. In the midst of 

growing population, correlating to a high energy and resource consumption, and a simultaneous 

contemporary increase in environmental concern from modern society, the performance of 

conventional refrigeration is not competitive. This calls for alternative green solution of energy-efficient 

refrigeration technologies. 

Over the last decades, the technology of room temperature magnetic refrigeration (MR) has 

been developed towards the level of becoming a potential substitute for the conventional compressor-

based refrigeration and air conditioning [2]. Using a solid non-volatile magnetic material as a refrigerant 

and water, alcohol or air as the medium for heat transfer, magnetic refrigeration sufficiently counts as a 

sustainable emission-free technology. Without using a compressor as an auxiliary component, the 

working cycle of magnetic refrigerators is less noisy, operates at atmospheric pressure and low 

maintenance costs. Ultimately, the key competence of magnetic refrigeration is the great potential to be 

at least 15-20% more efficient compared to the performance of conventional refrigerators [3]. 

1.1 Magnetic refrigeration 

1.1.1 The magnetocaloric effect 

The principle of magnetic refrigeration relies on the magnetocaloric effect (MCE), i.e. the 

reversible temperature change of magnetocaloric materials as a response to the application of a 

magnetic field [4], [5]. The physics behind this effect is based on the interaction between the entropy, 

due to the disorder of atomic magnetic moments under applied magnetic field, and the entropy, due to 

the heat motions of the atoms in the crystal lattice. 

 A schematic illustration of the magnetocaloric effect is presented in Figure 1.1  In the absence of 

a magnetic field, the uncompensated spins of magnetic moments (represented as arrows) of the 

magnetocaloric material are disordered, and magnetic entropy is high. Application of a magnetic field 

tends to orient the spins thereby lowering magnetic entropy. The magnetic field affects only the 

magnetic entropy (SM) of the magnetocaloric material, while the other two components of the 

material’s entropy - the lattice entropy (SL) and the electronic entropy (SE) - are not directly affected by 

change in magnetic field. However, if the field application takes place adiabatically (i.e. the total entropy 

is preserved), the decrease in magnetic entropy is compensated by an increase in lattice entropy, i.e. an 
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increase in heat-induced motion followed by an increase in material temperature T. The reverse process 

takes place when the magnetic field is removed, resulting in an increase of magnetic entropy and a 

decrease in temperature of the adiabatic system. The described working cycle of 

magnetization/demagnetization of the magnetocaloric material is the principle behind the concept of 

magnetic refrigeration, analogous to compression/expansion cycle used in conventional refrigerators 

(Figure 1.1). 

 
Figure 1.1. Simplified schematics of magnetocaloric effect. The applied magnetic field causes the 
alignment of spins in paramagnetic material, resulting in decrease in magnetic entropy and increase in 
material’s temperature. Spins are schematically shown as arrows. 

The qualitative correlation between the thermal and the magnetic constituents are generally 

presented in a temperature-entropy (T-S) diagram by two magnetic isofield curves under applied 

magnetic field (H≠0) and without magnetic field (H=0) (Figure 1.2). As described above, the 

magnetocaloric effect can be characterised by adiabatic temperature change ∆𝑇𝑎𝑑  (T, H) upon applied 

magnetic field: 

 ∆𝑇𝑎𝑑 = −𝜇0∫
𝑇

𝑐
(
𝜕𝑀

𝜕𝑇
)
𝐻
𝑑𝐻

𝐻

0

, 1.1 

 

where 𝜇0 is vacuum permeability, 𝐻 the final magnetic fields, 𝑇 the temperature, 𝑐 the specific heat 

capacity, 𝑀 the magnetization [6]. Alternatively, the magnetocaloric effect can be described at constant 

temperature, whereby an applied magnetic field causes a change in magnetic entropy. This is known as 

the isothermal magnetic entropy change ΔSM (T, H) given by: 

 ∆𝑆𝑀 = 𝜇0∫ (
𝜕𝑀

𝜕𝑇
)
𝐻
𝑑𝐻

𝐻

0

 1.2 

From Eqs. 1.1 and 1.2 it is seen that magnetocaloric effect is dependent on the strength of the 

applied magnetic field. Furthermore, magnetocaloric effect is large when magnetisation changes rapidly 

with temperature (i.e. the ratio 
𝜕𝑀

𝜕𝑇
 is high). This means that magnetocaloric effect is most pronounced in 

the vicinity of magnetic ordering temperature. For a magnetic transition such as from a ferro- to a 

paramagnetic state the characteristic transition temperature is called Curie temperature. 
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Figure 1.2. Thermodynamic temperature-entropy T-S schematic diagram for a paramagnetic-
ferromagnetic material in zero (H=0) and non-zero (H≠0) magnetic fields. Arrows depict the change in 
the applied field under adiabatic conditions with a temperature change ∆𝑇𝑎𝑑 (T, H) and under isothermal 
conditions with a change in magnetic entropy ΔSM (T, H). 

1.1.2 Active magnetic regenerators 

In order to become a potential substitute for the conventional refrigeration, the working range 

of the magnetic refrigerators, i.e. the phase transition of the magnetocaloric material, must be around 

room temperature. Another challenge of MR is a desirable operating temperature range of tens of 

degrees termed as a temperature span. The temperature span created by MR needs to be enough to 

cool down the heat transfer fluid as minimum from room temperature to the desired temperature in 

the refrigerator. Normally this results in working range of 278 K - 298 K. The temperature span of the 

magnetocaloric materials itself is too small to satisfy the latter demand, therefore most magnetic 

refrigerators use regenerative heat exchangers, or more commonly called regenerators. A regenerator is 

a thermal exchanger, used both for storage and transfer of heat between the cold and hot ends of a 

device. 

MR systems normally apply a so-called active magnetic regeneration (AMR) cycle, which was 

proposed and described in detail by Barclay and Steyert in 1982 [7]. In AMR, a large temperature 

gradient is attained by a magnetocaloric material, acting as a regenerator, and passing through it a heat 

transfer fluid. A series of repetitive magnetization/demagnetization cycles between the particular 

phases of the cooling process generates a temperature gradient significantly larger than the adiabatic 

temperature change of the magnetocaloric material used.  

Besides the magnetocaloric material and the heat transfer fluid, a magnetic refrigerator consists 

of a permanent magnet or electromagnetic device to create a magnetic field and two external heat 

exchangers. The schematic structure of magnetic refrigerator with AMR and its principal working cycle 

are illustrated in Figure 1.3. For more illustrative explanation, the temperature at a certain spot in 

refrigerator will be given. 
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Figure 1.3a represents the initial steady-state condition of the magnetic cooling process with a 

temperature gradient from the left side, connected to a cold heat exchanger, to the right side, 

connected to the hot heat exchanger. The next operational steps are as follows (Figure 1.3): 

b) adiabatic magnetisation takes place when AMR is exposed to a magnetic field, and the AMR is 

heated up to the temperature T2 in the middle; 

c) the fluid from the cold heat exchanger through the heated magnetocaloric material is 

transferred by piston or pump to the hot heat exchanger, wherein the temperature of the middle of 

regenerator in general decreases from T2 to T3. The heat (positive) received by the hot heat exchanger is 

emitted to the surrounding; 

d) adiabatic demagnetisation leads to a decrease of the system’s temperature at the middle to T4 

thereby cooling the fluid around the magnetocaloric material; 

a’) the fluid is displaced back from the hot external heat exchanger through the cooled    

magnetocaloric material to the cold heat exchanger, where the heat is absorbed from the surroundings. 

In steady state conditions with no hysteresis in magnetic properties of the magnetocaloric material, the 

temperature at the middle of the system returns to value T1. The cycle then starts anew. 

Thus, in a regenerative process the temperature span between cold and hot ends varies in a 

larger range from T4 to T1 when compared to the adiabatic temperature span of magnetocaloric material 

changing in a narrower range from T1 to T2. 

In order to improve the performance of magnetic refrigeration, it is of crucial importance to find 

a competitive refrigerant material with a large magnetocaloric effect, a large temperature span and a 

tunable Curie temperature. As defined above the adiabatic temperature change and the isothermal 

magnetic entropy change are the two parameters providing information about the performance of 

magnetocaloric materials. However, along with the large magnetocaloric effect in a broad temperature 

range around room temperature, there are other characteristics which define the best candidate for 

refrigerant in MR: the structure of the refrigerant, its thermal properties, availability and price of the 

raw material, synthesis and shaping techniques suitability for up-scaling, chemical and mechanical 

stability of the material during storage and operational cycle, etc. [3]. For instance, the necessity to 

move heat transfer fluid through the regenerator implies that magnetocaloric material has to have 

either a porous structure [8] or is stacked into a bed with a parallel plates material design [9]. 

The first magnetocaloric material ever applied as a regenerator in a room temperature MR was 

gadolinium Gd in 1976 [10]. Since then several promising classes of materials have been proposed and 

tested in magnetic refrigerator prototypes, such as Gd and its alloys, perovskite and perovskite-like 

compounds, transition metal compounds as well as composite materials [3], [6]. The prime advantages 

of the perovskite materials in comparison to the benchmark material in MR Gd are no oxidation, easy 

shaping, high electrical resistance and much lower cost. Another very critical feature typical for 

perovskites is the close relationship between magnetism and electrical transport properties, i.e. doping 

level of perovskites (described in detail in Section 2.1). For instance, the Curie temperatures of 

La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3 perovskites are about 260 K and 370 K, respectively, whereas the 

doped perovskite La0.67Ca0.26Sr0.07Mn1.05O3 exhibits a high magnetocaloric effect at nearby transit 

temperature of 295 K [11]. Hence, the Curie temperature can be tuned by adjusting the doping level in 

perovskites. 
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Figure 1.3. The schematic shows operational phases of a magnetic refrigeration cycle with an AMR: a) 
the AMR is in initial steady-state state; b) adiabatic magnetization of the system leads to increase in the 
temperature of the magnetocaloric material, which in turn leads to heating up of the whole system; c) 
the fluid is transferred towards the hot end of the system and the thermal energy is emitted to 
surrounding, reducing the temperature of the system; d) adiabatic demagnetization of the system causes 
further cooling of the system; a’) the fluid is transferred toward to the cold end, where thermal energy is 
absorbed from the surrounding increasing the overall temperature of the whole AMR to the initial level. 
From here the cycle is repeated. The black line indicates the temperature profile along the AMR in the 
initial stage of the process as well as at the beginning of each cycle; the dotted and full lines depict the 
temperature profiles at the beginning and end of each phase, respectfully. 

Instead of looking for a single material with a broad adiabatic temperature span, the desired 

temperature gradient can be achieved by combining a number of ceramic perovskites in the regenerator 

in the order of their growing Curie temperature values. For instance,, Bahl et al. showed that combining 

two perovskite materials adjacently in one plate, the temperature span reached 9.24 K (Paper IV) 

against a single material of 5.1 K [11]. 

1.2 Fabrication of ceramic thin films 
First, the shape of the regenerator has to be determined. The design of magnetic refrigeration 

devices [12] (Figure 1.4), used by the magnetic refrigeration group in Risø campus of DTU, defines some 

geometrical requirements of the magnetocaloric materials to be used. Among all possible geometries 

[13], thin dense plates are desired due to the fact that these plates provide a low pressure drop and can 

transfer heat effectively. Plates with a thickness of about 300 µm are chosen for practical reasons of 

preparation, handling and stacking. The flatness of the plates is very important as it is desired to stack 

the plates as close as possible. A thickness variation of less than 5-10% of the average tape thickness is 

desirable in order to avoid maldistribution of the flow [14]. 
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Figure 1.4. Schematic of magnetic refrigeration prototype and photo of stack of tapes, placed in 
cassettes. Adapted from [15]. 

The planar green ceramic geometries can be produced through various shaping techniques, e.g.: 

coating, printing, extrusion, dry pressing, roll forming, etc. Basically, these methods can be divided into 

three groups [16] depending on solvent content in the feedstock : (i) those requiring the use of slurries, 

slips or pastes are classified as liquid (wet) forming techniques (coating, printing, casting techniques), (ii) 

shaping of moulding masses which under high pressure become plastic is a basic for plastic forming 

techniques (injection moulding, extrusion, roll compaction); (iii) while those using merely powder as raw 

material belong to the dry forming techniques (calendaring, dry pressing). A deeper insight into 

technical details of all methods can be found in literature [16]–[18]. In order to review the advantages 

and disadvantages, suitability and efficiency of different shaping techniques, with which production of 

flat films is possible, a table (Table 1.1) has been compiled. In Thesis the focus is rather to give a brief 

overview of different techniques enabling fabrication of planar geometries with the final goal of finding 

the most suitable process. 

The dry forming techniques are more suitable for the manufacture of exacting prototype shapes 

(dry pressing) and/or small series production (isostatic cold pressing) due to the high cost of used 

moulds. Among plastic forming techniques roll compaction is the one which allows producing required 

planar dense tapes in a large scale. The limitation of this method, however, is in formulation of a graded 

plate with well-pronounced inter-materials interface. The liquid forming techniques, however, were 

recently applied for fabrication of an extensive range of advanced materials (Table 1.1) [16], [19], [20]. 

This preference to wet techniques is based on their ability to formulate stable colloidal system for 

further shaping, uniform distribution of micro- or nano-scaled particles and their ease to take the shape 

of any mould. A distinct drawback of some of the described wet forming techniques (Table 1.1) (e.g., 

EPD) is their limitation to continuous automatically operated mass production. With focus on 

manufacturing dense films of about 300 µm in a large scale, tape casting is a preferred choice because 

of its suitability, relative simplicity and low implementation cost. Other advantages, significantly 

distinguishing tape casting from other processes, are potential to cast tapes with a wide variety of 

thickness, providing materials with dimensional stability, controlled microstructure, high surface quality, 

and wide range of possible densities. All of this drastically expends the variety of possible applications 

for cast tapes. 
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Table 1.1. Shaping techniques suitable for formation of planar ceramic circuits. 

Shaping 
technique 

Film thickness Processing speed Viscosity Advantages Disadvantages Ref. 

Liquid techniques 

Printing 
Rotary printing 
 
 
Flatbed screen 
printing 
 
Soft lithography 
 

 
0.2-1.5 µm 
 
 
1-50 µm 
 
 
0.03–100 µm 

 
Ind. 30–80000 cm/min 
Lab. 100-1000 cm/min 
 
< 180 m/min 
 
 
20 m/min 

 
0.01-0.1 Pas 
 
 
2-50 Pas 
 
 
10-100 Pas 

 
High coating speeds, continuous operation, 
without the intermittent sweep and return of 
the printing squeegee; 
Allows to print on a variety of substrates, fine 
line resolution patterns; 
 
Fast prototyping and ability to deform the 
elastomeric stamp, not limited by optical 
diffraction and optical transparency  

 
Durable drying; 
 
 
Intermittent technique, limited by sheet size, during slow 
drying screen frames can eventually become warped and 
uneven; 
Limited by flexible organic molecules and materials (no 
inorganic particles), distortion and deformation 
associated with elastomeric materials, improve in the 
quality of the patterns and structures  

 
[21], [22] 
 
 
[21], [23], 
[24], [25] 
 
[26], [27] 

Coating 
techniques 
Slot-die coating 
 
 
Dip coating 
Blade coating 
 
 

 
 
0.02-150 µm 
 
 
0.1-200 µm 
100-1000 µm 

 
 
0.3-800 m/min 
 
 
1-50cm/min 
5-150 cm/s 

 
 
0.001–1’s Pas 
 
 
0.025-0.1 Pas 
0.3-10 Pas 

 
 
High cross-directional uniformity, dense 
packing in green state, high production speed, 
positive coat weight control. 
Light and heavy coating can be applied 
Minimal ink waste 

 
 
Limitation in solid content (<10 wt%), a small gap 
between die lip and substrate, sensitive to smallest 
sediments and air bubbles. 
Mostly polymer solutions, primers be needed 
The need to re-circulate the remaining coating fluid; ink 
behind the blade is exposed to environment which 
increase the risk of ink contamination 

 
 
[21], [28] 
 
 
[29], [30] 
[31], [32] 

Profile rod 
technique 

0.25-3.5 µm 100-500 mm/s <0.04 Pas Minimal roughness, continuous process Slurry behind the rod is exposed to environment [33] 

Electro-phoretic 
deposition (EPD) 

1-20 µm 1-20 µm/min <0.1 Pas Uniform thickness without porosity, relatively 
high purity, applicability to wide range of 
materials, efficient utilization of the raw 
material 

Need a conducting substrate, not continuous process [34], [35] 

Slip casting 150-850 µm 2-8 µm/s 0.5-1.5 Pas Low material consumption High dimensional tolerance, complex rheology, rough 
surface 

[36] 

Tape casting 1 – 3000 µm 5-100 cm/min 0.1-10 Pas Large-scale production, variety of raw 
materials, various particle size distribution, 

Drying is necessary [37] 



C h a p t e r  1 .  I n t r o d u c t i o n   

 
 
 

8 
 

high manufacturing capacity 

Plastic techniques 

Roll forming/roll 
compaction 

100-3000 µm 5-10 cm/s 20-1000 Pas Uniformity and consistency throughout the 
length, eliminate multiple stage operations, 
water-based technology, low and uniform 
shrinkage during sintering 

Need a spray drier, surface quality is not high, tape 
cannot be laminated for multilayers, distortion with 
hemmed parts on the edges of post-cut green tapes 

[38], [39], 
[17] 

Dry techniques 

Calendaring/roll 
compaction 

250-1000 µm 30-600 cm/min  High green density, fast production speed Maintaining the roll surface quality, air trapped in the 
structure 

[40] 

Dry pressing 500-1000 µm 5-60 min per unit  Good reproducibility, limited drying, good 
dimensional accuracy 

Density gradient possible, expensive moulding tools, 
expensive powder preparation, limitation in the part sizes 

[18] 

Spark Plasma 
Sintering (SPS) 

10-500 mm, 
slices after cut: 
0.1-500 mm 

5-60 min per unit  High density, controlled structure, precise 
dimensions, high reproducibility 

Limited size set, shape depends on the press form which 
is usually cylindrical 

[41] 
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1.2.1 The processing principle of tape casting 

The general schematic of tape casting (doctor blading, knife casting) processing steps is illustrated in 

Figure 1.5. In ceramic shaping process the first step consists of powder treatment with the aim to obtain a 

powder with the required phase content as well as particle size distribution and morphology. Further, the 

powder is stabilized with a dispersant, which preliminary diluted in solvent. The obtained suspension is milled 

and mixed to ensure homogenisation and destruction of agglomerates. After adding binder and plasticizers, the 

slurry is homogenised normally for one more day. The slurry is then sieved to eliminate possible agglomerates 

and de-aired in a vacuum chamber with the aim to remove air bubbles from the slurry volume. The stable 

homogenized slurry is then either poured manually or pumped into a fixed tape caster tank (reservoir) beneath 

which a band-type carrier (that be a steel belt or, as in our work, a politereftalat film with a commercial name 

Mylar coated with silicone adhesive coatings) is located. Tape casting is initiated when a moving carrier drags 

the ceramic slurry under the blade opening of the tank, which “doctors” or discharges a thin ceramic film 

behind. The cast tape, while still on the support carrier, dries in a ventilated drying chamber, after what it is 

removed from the carrier and then processed by punching, metallization, stacking and lamination if necessary. 

At this stage of the process, dried tape, also referred to as a green tape, is still flexible because it has a high 

percentage of organics in the form of dispersant, binder and plasticizers. Finally, during the burn-out and 

sintering processes the binder and any excess agents are burned out leaving a dense, strong, hard tape 

composed primarily of ceramics. A key factor for the achievement of a ceramic material with the required 

geometry and properties is a high control of each step in the process. 

There are two types of tape casting working principles. First, batch process type of tape caster 

denominates traversed casting head with doctor blade over a stationary glass slab or another substrate. This 

type is rarely used in a lab-scale tape casting and never applied in industrial-scale production because of the 

limiting control and low precision of setting the casting operational parameters (e.g., casting gap, casting 

velocity). The second, large-scale type of tape caster processes tapes when the casting head is fixed over the 

moving substrate. The slurry is placed in front of the fixed blade whereby the substrate moves relatively to the 

blade. Adjustable gap widths allow the deposition of wet layer thicknesses from low tens to hundreds of 

micrometers. The final wet layer thickness is roughly half of the gap high depending on the coating speed and 

drying kinetics/character. 

The set of exact casting speed and casting gap depends upon the practical conditions as the length of the 

drying chamber and tape caster machine capacity, but most often chosen on a respect of the tape thickness and 

width needed, solvent system used, and morphology of used particles (e.g., if alignment of elongated particles 

or pore formers needed in the resultant tape) of green tape required. Prof. R.E. Mistler in [17] defines 15 cm/s 

as a speed typical for continuous tape casting in standard practice and 50 cm/min as the one preferred for a 

batch cast. 
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Figure 1.5. Standard steps in tape casting of ceramics, started from the preparation of dispersion and finishing 
with the peeling off a ceramic green tape from the carrier. Adapted from [42]. 

1.2.2 Tape casting development 

Tape casting is a comparably young shaping technique, known since 1952 when Glen Howatt patented a 

new technique to produce multilayered dielectric ceramic for replacing a natural mica in a capacitor device [43]. 

However, the idea to combine ceramics and the electrodes into a bulk multilayered circuit with the target of 

achieving a larger capacitance in a smaller volume was implemented in the early forties and first described by 

Glen Howatt et al. in a paper from 1947 [44]. The shortage of materials during and immediately after World War 

II facilitated the development and use of dielectric ceramics produced by tape casting.  

The next valuable improvement in tape casting development was the replacement of a stationary porous 

casting substrate with a moving nonabsorptive polymer carrier [45]. Since then continuous casting of long tapes 

became possible. Besides upscaling, the great value of this implementation was the ability to roll carrier film 

back for repetitive tape casting and easier formulation of multilayered packages. Later, in 1965 a lamination 

process of a green ceramic tapes was reported for the first time [46]. The lamination of green films became 

possible due to the ability of thermoplastic polymers, included in slurry, to soften and stick at relatively low 

temperatures and pressures. This discovery gave a tremendous impetus to the development of multilayered 

ceramic package (MLC) and multilayered ceramic capacitor (MLCC) industries. For instance, shortly after the 

lamination was first described, IBM produced a board with 33 layers and 100 flip chip bonded large scale 

integration (LSI) components to be applied in IBM’s mainframe computers [47] and gave a start for further 

development of electronics multilayered boards with the overall goal to improve computer speed, performance 

and reduce size [48], [49], [50], [51]. 
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The focus of works from the eighties and nineties was shifted more to the improvement of the recipe 

composition and broadening the variety of solid components to be cast. Meanwhile, a number of works from 

the last decades were devoted to the optimisation of the machinery design by means of receiving consistent 

uniform flow and homogenous tapes. Thus, the double doctor blade system with the goal to control the 

hydrostatic pressure behind the casting blade was implemented. Besides, Hagen Loest et al. suggested using a 

casting head with an inclined back wall in order to evenly distribute unyielded regions and eliminate vortices in 

casting reservoir [52]. 

Nowadays there are almost no restrictions on geometrical parameters of plates and also no limitations 

in machinery parameters. However, the most commonly used tapes are about 1-1500 µm thick, tens of 

millimetres in width and formed with speeds of 5 – 150 cm/min. The length of the cast tape could vary from 

tens of centimetres in a research oriented establishment to continuous tapes in a mass production scale, which 

includes also facilities for drying and pumping the slurries. 

1.2.3 Application of tape casting 

Development of tape casting opened new opportunities for the achievement in a diversity of 

applications and development of innovative products, which could not have been produced by any other 

technique. Applications include fabrication of thin and thick substrates typically from alumina or aluminium 

nitride used for the electronics industries [53], [54]; bi- or tri-layered components for solid oxide fuel cell (SOFC) 

and proton ceramic fuel cell (PCFC) [55], [56]; multilayered capacitors and actuators usually made from 

piezoelectric and other electro-ceramics [57]; laminated tapes containing indium tin oxide (ITO) with a good 

optical transparency and a high electrical conductivity for use in electroluminescent lamps [58], photovoltaic 

solar cells applying mullite tape cast substrates [59], metal matrix composites (MMC) being a major contributor 

in the advancement of the aircraft engine performance [60], etc. 

Recently, the attention of many researchers has been directed to the fabrication and characterization of 

the new generation materials – the so-called functionally graded materials (FGM) [61]. The FGM is a class of 

graded materials with a gradual variation in structure and/or chemical composition over its volume and, as a 

consequence, with a gradual change in properties within the sample. By now, this class was limited by 

multilayered structures, fabricated mostly by tape casting and lamination processes. For instance, gradual 

intermix of tough, strong and thermally conductive β-SiAlON and hard α-SiAlON in one tape formed a graded 

bulk material with advantageous mechanical properties of both ceramic alloys based on silicon nitride and 

alumina [62]. Through the creation of FGMs it became possible to overcome a vexed problem in material 

science associated with a combination of metal and ceramics, in which thermal expansion coefficients are 

significantly different. Sabljic and Wilkinson fabricated a multilayered FGM, where series of layers of gradual 

slight different in ceramic/metal compositions minimise the stress between layers of pure metal and pure 

ceramic [63]. As an alternative to the lamination technique, the so-called “wet-on-wet” or “wet-on-dry” co-

casting processes are proposed in literature. These two approaches are basically the same and include co-

casting of one tape on top of another green tape, when the latter one already formed a dry skin on its surface or 

when it has completely dried. 

So far, described FGMs had a layered design with layers produced by tape casting. However, for some 

applications not layered but planar gradual change of properties is required. For example, as described above, in 
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order to extend the temperature span of the MR device a graded material with varying TC along the length is 

needed [64], [65]. 

1.2.4 Side-by-side tape casting 

To form a planar graded ceramic material (Figure 1.6a), a novel tape casting technique called side-by-

side tape casting (SBS TC) was recently proposed [66]. The principle of SBS TC, also referred to as adjacent co-

casting, is based on simultaneous adjacent co-flow of compositionally distinct slurries from the same casting 

tank, which is divided into multiple chambers (Figure 1.6b). The resultant tape consists of parallel adjacent 

compositionally distinct “stripes” with inter-materials one-dimensional interfaces along the tape length. In 

general, the number and width of “stripes” is limited solely by the width of the conventional casting tank and 

the width of the tape casting chamber. 

 

Figure 1.6. a) Photograph of side-by-side cast tape and b) schematic of casting tank employed for adjacent co-
casting. The casting head is divided by a Teflon partition into two chambers to produce a tape with two 
compositions. 

The fundamental difference between multilayered and planar graded design is the dimension of 

interfaces between structural units, i.e. layers and stripes respectively. The interface in multilayered geometries 

is two dimensional (planar), what favours formation of strong interface by macroscopic “ex-situ” bonding such 

as lamination. In planar graded structures, the interface is one-dimensional, resulting in weaker bonding 

compared to multilayer design. In order to improve adhesion between stripes, an “in-situ” formation of the 

graded materials, usually involving a liquid forming technique, had to be chosen. 

Among processing challenges inherent for fabrication of both multilayered and SBS designs, thermal 

expansion mismatch and chemical stability are among the biggest, and both of these challenges potentially 

introduce residual stresses in the graded material. The mitigation of this problem, known from the multilayers 

fabrication experience, involves the usage of the same organics through the graded product. This in turn allows 

using the same burnout and sintering programs at the final stage of fabrication of the dense tape. 

Outline of the thesis 
This work was part of a larger project called ”Optimised processing of multimaterial architectures for 

functional ceramics” (OPTIMAC) financed by Danish Council for Independent Research Technology and 

Production Sciences (FTP) which is part of The Danish Agency for Science, Technology and Innovation. The aim 
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was to expand knowledge on shaping and sintering of functionally graded multi-material architectures by 

investigating co-casting and co-extrusion processes both experimentally and numerically.  

This thesis particularly focuses on experimental investigation and development of a novel shaping 

technique called side-by-side tape casting. The aim was to fulfil the missing knowledge on how to control the 

adjacent co-flow of ceramic slurries and determine what the main features defining the formation of uniform 

adjacently graded tape with a well-defined strong interface are. 

The compounds which have been demonstrated in use as magnetocaloric materials are the series of 

doped perovskites La0.67Ca0.33-xSrxMn1.05O3 (LCSM), x ∈ [0.0375-0.0600], which can exhibit a range of TC by varying 

the ratio between Ca and Sr (Ca/Sr). This target composition was used for fabrication of a 5-striped graded tape, 

and studying the performance of pieces of pure magnetocaloric materials and pieces, containing interface. The 

above described adiabatic temperature changes and isothermal magnetic entropy changes were evaluated 

(Paper II, Paper IV). Since custom prepared LCSM perovskites are quite expensive, further study on fluid 

behaviour and tape formation was performed by co-casting a slurry with a pure strontium doped lanthanum 

manganite oxide La0.85Sr0.15MnO3 (LSM) available in bulk amounts and a slurry, containing a mixture of LSM and 

gadolinium doped cerium oxide Ce0.9Gd0.1O2 (CGO). LSM and CGO have been chosen as the main materials used 

in OPTIMAC taking into account their relevance for studied applications, sintering, thermal expansion, and 

availability. Moreover, they are widely applied as cathode or insulating layer in SOFC, as a solid constitute of the 

porous layer in gas purification applications and gas separation membrane. The LSM perovskite is characterised 

by high magnetotransport properties and is applied in memory and sensor applications [67], [68], [69]. The rich 

physics and chemistry present in LSM and CGO together with the innovative design of adjacently graded 

ceramics create a high potential for further extension of their application range. 

Chapter 1 of this thesis starts with introduction of magnetic refrigeration and the regenerator theory, 

which is the direct application of developing adjacently graded tapes. The main challenges and requirements to 

the regenerator design are described. This chapter also serves as a comprehensive review of the shaping 

methods with extensive tabular listings of the methods’ limitations and capabilities with the focus on fabricating 

planar geometries. The place of tape casting among other shaping processes is clearly defined, its processing 

steps, history of development and application range are briefly discussed. The side-by-side tape casting is 

introduced by describing its processing steps, and differences and similarities with a multilayered tape casting. 

Furthermore, all information is presented in a sequence of tape casting workflow steps. 

Chapter 0 gives an introduction to the material system investigated in this work, namely, to the class of 

magnetic oxides called mixed-valence manganites. This chapter describes the general aspects of manganites, 

including their structural features and related physical properties. Further, necessity of powder calcination and 

main techniques directed on control of powder morphology are described. 

Chapter 3 explains the choice of organic-based slurries for the novel side-by-side tape casting technique 

and describes the role of each slurry component. The main difference of side-by-side tape casting from the 

conventional tape casting technique is defined as necessity to use more viscous slurries. With the general goal 

to form steady slurries with fine dispersed particles, modification of the milling procedure is suggested. 

Rheology is assigned as the main tool for analysis of the fluid flow, thus, definition of main rheological terms and 

rheological experiments are given. 
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Chapter 4 is devoted to the setting and verification of tape casting parameters and numerical modelling 

of more trivial monolayer tape casting before starting the more complicated and unexplored in tape casting 

practice, adjacent co-flow. First, the main casting parameters usually determining the tape casting process, 

namely: casting gap, casting speed and slurry level in reservoir, was verified by casting LSM slurry into a single 

monolayer tape (Paper V). Varying the mentioned parameters one at the time, their influence on the tape 

thickness gradient was established and, based on that, the generalized analytical model was verified (Paper V) 

(Paper VI) (Paper X) (Paper VIII). In the next step of the investigation, the tape thickness consistency was 

systematically studied depending on tape casting mode (Paper III). The standard single-blade tape casting was 

compared to the tape casting with a double-blade, tape casting using a pump system for maintaining slurry 

column in a casting tank through the entire process, and a new method directed on control of the green tape 

thickness by balancing the casting speed and slurry level in reservoir.  

Chapter 0 is dedicated to side-by-side tape casting of LSM and LSM_CGO slurries. It starts with selecting 

one of the described casting modes for further experiments to verify the effect of casting modes on the quality 

of the interface in adjacently graded tapes (Paper III). In order to form a thick graded tape with no compositional 

intermix in the interface area, the standard slurry recipe had to be adjusted (Paper I). Viscosity and rheological 

behaviour was tuned by changing the content of the binder system and the dispersant. After a working range of 

co-cast slurries viscosities was determined, the effect of casting speed change was investigated (Paper I) 

(Paper IX). The controlling features in the last two tests were a variation of the tape thickness and the shape of 

the interface between adjacently cast compositions in a green state. Adhesion between co-cast stripes was 

analysed by performing a tensile test on green adjacently graded tapes (Paper I). The next series of experiments 

were directed at revealing the impact of the design of a partition, dividing a conventional casting tank into 

compartments (Paper III). A subtle balance between partition shape beneath the doctor blade and casting speed 

was found to be a critical parameter defining if the graded tape could be formed or not. 

In Chapter 6, the optimisation of de-binding and sintering programs of the graded tapes is given. This 

included modification of the sintering profile, an increase in sintering shrinkage by elucidation the issue of 

stacking LSM tapes to the sintered substrate. In addition, a brief study on shrinkage of individual LSM and 

LSM_CGO materials and tape containing interface was conducted (Paper VII). Finally, the complete study on 

target LCSM material, co-cast into a 5-striped graded tape, has been presented (Paper II) (Paper IV). Due to a 

high morphological similarity between co-cast compositions, the microstructural identification of the interface 

area was hindered. However, the constituent analysis based on magnetic measurements showed distinct 

differences between all five materials and their interfaces. High sensitivity of phase transition temperatures to 

the doping level in perovskites proved to be beneficial for characterisation of the diffusion in the interface area 

on post-sintered graded samples. 

Chapter 7 proposes comb-like design as an alternative to a platelet design of the regenerator. For 

fabrication of this design, side-by-side tape casting was applied again. Due to revealed regularities in 

consequence of studying the effect of partition design, it was proven, that co-casting with a very narrow gap in 

the range of 100s microns is possible. 

Chapter 8 gives the conclusion for the whole work described in Thesis and describes the future 

perspectives on the side-by-side tape casting technique optimisation and alternative applications. 
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As any new material or design, the quality of produced tapes had to be tested and verified in terms of its 

application needs. The magnetic refrigerator prototype, proposed by our group in the Energy Conversion 

Department (DTU), could not compete with other prototypes just by improving the design of the magnetic 

regenerator alone. There is continuous progressive work being done on investigation of new refrigerant 

materials, refrigerant systems, permanent magnets, and optimisation of refrigerator’s working regime, all with a 

large support from numerical modelling. The main scope of this PhD project, as already mentioned, has been 

the identification and characterisation of the interface area using magnetic properties, while testing of graded 

regenerators in magnetic refrigeration prototype was performed by my colleagues; their results on tapes 

performance are thoroughly described in literature [70]. 

In addition to the main context of the PhD thesis, aiming to identify and describe the linkage between 

various slurry and processing features and quality of formulated adjacently graded tapes, other subjects were 

elaborated but less extensively. Finding the optimal method for measuring a density of green tapes, verifying 

the reproducible conditions for rheological measurements, studying of shrinkage during sintering, comparing 

side-by-side tape casting technique with an alternative way of producing graded materials using spark plasma 

sintering, just to name a few. Besides, a fundamental work on development of ethanol-based recipe have been 

completed and covered finding and optimizing the content of dispersant and binder system by providing 

rheological, sedimentation tests and green and post-sintered density characterizations. This study, however is 

planned to be combined with the study of effect of surface tension on quality of side-by-side graded tape and 

be published later. 
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2 Powder treatment and characterization 

The purpose of this chapter is to show the relevance of employed materials as regenerators in MR, 

giving a general introduction to structural, electronic and magnetic properties of this class of perovskites. 

Without going into details, this chapter describes the basics of structural features of perovskites and originality 

of the magnetocaloric effect. Understanding of electronic structure and possible changes in unit cells will favour 

to control morphology of post-calcined powder. In the following sections some theoretical statements are 

applied on characterisation of the LSM powder, further used in current work for tape casting. 

2.1 Structural properties of lanthanum manganites  

Lanthanum manganites belong to a family of manganese oxides with the general formula R1-xAxMnO3 

(x ∈ [0-1]), where R is a rare earth cation (La3+, Pr3+, Nd3+,…) and A is an alkali- or alkaline-earth cation (Ca2+, Sr2+, 

Ba2+, Na+, K+,…). Thus, when the lanthanum is used as a rare earth cation, the two end members of this class of 

manganites are LaMnO3 when x=0 and AMnO3 when x=1. If part of La3+ ions are substituted with a bivalent 

alkali- or alkaline earth cation A2+ following hole doping mechanism, the corresponding number of manganese 

ions turns from a trivalent to a tetravalent state. In case of doping the LaMnO3 with Sr2+ ions the resulting 

compound can be written as La3+
0.85Sr2+

0.15(Mn3+
0.85Mn4+

0.15)O
2-

3
. Due to the opportunity to replace part of the 

La3+ ions in the crystal structure of manganites, this class of materials is also referred to as mixed-valence 

manganites and doped manganites. 

The doped manganites were first investigated by Jonker and Van Santen (1950), who found that among 

studied specimen La1-xAxMnO3 (A=Ca, Sr, and Ba) the end members LaMnO3 and AMnO3 were antiferromagnetic 

and non-conductive, and for the intermediate values of x the corresponding samples were ferromagnetic and 

conductive [71]. They also found, that ferromagnetic interaction was strongest with x=2/3 and ferromagnetism 

is related to the sharp increase in electrical conductivity. A year later the relation between ferromagnetism and 

exchange coupling between magnetic ions in a different valence state was explained by a well-known double 

exchange model [72]. A few works contributed in establishment of the regions of ferro- and antiferromagnetism 

for La1-xCaxMnO3 and other rare earth perovskites [73], [74], [75]. After discovering magnetoresistance effect in 

1954 [76], the new wave of interest in manganites was provoked just in the nineties after finding the giant 

magnetoresistance and colossal magnetoresistance in mixed-valence manganites [77]. Nowadays doped 

manganites are widely used as electrode materials in solid oxide fuel cells (SOFC), and a solid constitute of 

porous layer in gas purification application and gas separation membranes [78], [79]. Recently, it was shown 

[80] that the magnetic entropy change of La0.67A0.33MnO3 (A=Ca, Sr, and Ba) is comparable with the benchmark 

material in MR Gd. The wealth of presented physical properties of manganites possibly because of the strong 

relation between lattices, orbital, magnetic and charge degrees of freedom is described below. 

2.1.1 Structural properties 

Lanthanum manganites belong to the group of perovskites named after a cubic structured mineral 

perovskite calcium titanium oxide (CaTiO3) which is also referred to as ABO3 structure (Figure 2.1a). 

The BO6 octahedra makes contact with neighbouring octahedras by vertices forming a three-dimensional 

network (Figure 2.1b) and A cations situate at the interstitial sites between the octahedras. in case of LSM the A-
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site of the manganite is occupied by La3+ and the substituted cation Sr2+, while the B-site is occupied partially by 

Mn3+ and partially Mn4+ ions.  

 

 
Figure 2.1. a) Unit cell structure of perovskite ABO3 with the A cations in the corners, the B cations in the centre 
and the oxygen anions at the centre of the faces of the cubic structure; b) the BO6 octahedra forms a three-
dimensional structure by connecting at the vertices, the A ions are between the octahedras at the interstitial 
sites. Here the octahedras are tilted (angle of the bond B-O-B is not equal to 180⁰), what is termed as a GdFeO3–
type of orthorombically distorted perovskites. 

2.1.2 Ionic size distribution 

Usually perovskite unit cells do not have a cubic structure as mismatch between sizes of A-site cations 

and B-site cations leads to distortion resulting in the orthorhombic lattice (Figure 2.1b). The stability of the 

perovskites is defined by the tolerance factor 𝑡∗ also called a Goldschmidt factor in honour of the scientist who 

proposed this criteria [81]: 

 𝑡∗ =
𝑟𝐴 + 𝑟𝑂

√2(𝑟𝐵 + 𝑟𝑂)
, 2.1 

where 𝑟𝐴  and 𝑟𝐵  are the mean radii of the ions occupying the A-sites and the B-sites, respectively, and 𝑟𝑂is the 

ionic radius of oxygen.  

The tolerance factor is a measure of the degree of distortion of a perovskite from the ideal cube. For the 

ideal cubic perovskites 𝑡∗ = 1, which is possible when the radius of A-site cation equals the radius of oxygen 

(0.140 nm), and the radius of the B-site cation matches the size of the interstitial sites formed by the oxygen and 

equal to (√2 − 1)𝑟𝑂 = 0.058 nm. If 𝑡∗ differs from unity, the cations are displaced from their ideal cubic 

positions in order to minimise the free energy by forming a distorted perovskite structure. For example, the BO6 
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octahedra tilt about the b and c axes is associated with the orthorhombic structure, while the octahedra tilt 

about each axis leads to formation of the rhombohedral structure. It was established that stable perovskites are 

obtained if the tolerance factor is in range 𝑡∗ ∈ [0.89; 1.02] [82]. 

The tolerance factor for the studied doped manganite LSM was calculated taking into account that in 

distorted perovskite structures the coordination number for A cations differs from the ideal twelve-fold 

coordination number of cubic structure (Table 2.1). The mean radius for the A-site (𝑟𝐴) is calculated as a sum of 

0.85*𝑟𝐿𝑎3+  and 0.15*𝑟𝑆𝑟2+; the radius for the B-site was given as a sum of 0.85*𝑟𝑀𝑛3+  and 0.15*𝑟𝑀𝑛4+  in order 

to balance the substitution of trivalent La3+ with a divalent Sr2+ions: 

 𝑡∗ =
0.85 ∗ 0.1216 + 0.15 ∗ 0.1310 + 0.140

√2(0.85 ∗ 0.0645 + 0.15 ∗ 0.0530 + 0.140)
= 0.92, 2.2 

The calculated tolerance factor for LSM 𝑡∗ = 0.92 lies in the mentioned range classifying LSM as a stable 

structure. However, the criterion of ideal cubic structure (𝑡∗ = 1) is not satisfied here, identifying that the LSM 

cell is distorted. 

Table 2.1. Ionic radii in La0.85Sr0.15MnO3 perovskite [83].  

A-site B-site O-site 

La3+ 0.1216 nm Mn4+ 0.0530 nm O2- 0.140 nm 
Sr2+ 0.1310 nm Mn3+ 0.0645 nm  

9-fold coordination 6-fold coordination 8-fold coordination 

2.1.3 Jahn Teller effect 

Apart from the distortion caused by size mismatch between the A-site and B-site cations, another 

typicality of transition metals effect is the Jahn-Teller (JT) distortion. In current work the understanding of JT 

effect is important due to the presence of the transition metal manganese in LSM structure and due to the final 

application in magnetic cooling being very sensitive to any magnetic or electronic transformation happening in 

LSM. 

The JT effect in manganese occurs due to doubly degenerate ground levels in d9, d7 low spin and d4 

(Mn3+) high spin states typical for octahedrally coordinated transition metals. Electronic configuration in valence 

orbitals for trivalent Mn3+ and tetravalent Mn4+ are 3d4 and 3d3, respectively. All five d-orbitals are split by the 

octahedral crystal field, built by six oxygen anions, into three-fold degenerate low-energy t2g orbitals (dxy, dyz, 

and dzx) and two high-energy eg orbitals (dx2−y2, dz2). The reason for splitting in energy is the difference of 

Coulomb repulsion between orbitals. According to the Hund rule the lowest energy (stable state) is achieved 

when electrons occupy degenerate orbitals (orbitals with the same energy) before pairing in the same orbital. 

Thus, the electron configuration for Mn3+ and Mn4+ is as given in Figure 2.2 [84]. 

The tetragonal elongation of the octahedron surrounding of Mn3+ cations is balanced by splitting 

electrons between t2g and eg orbitals (Figure 2.2). The saving in energy from lowering the dyz and dzx levels is 

exactly balanced by the rising of the dxy level. In that case it is energetically favourable to distort the octahedron 

environment of manganese anions along the tetragon because the spent elastic energy in that case is balanced 

by a resultant electronic energy savings, arising due to the JT splitting (Figure 2.2).  
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Figure 2.2. Electronic structure of Mn3+ and Mn4+ in octahedral coordination. For Mn3+ the electron structure is 
shown before and after Jahn-Teller distortion. Adapted from [84]. 

The t2g orbitals have their lobes oriented between the lobes of oxygen p orbitals (Figure 2.3a), hence 

three t2g electrons of Mn3+ and Mn4+ form a localised spin 3/2. For eg orbitals the lobes of Mn3+ overlap strongly 

with a lobes of p orbital of the neighbouring oxygen creating a σ* band (Figure 2.3b) [85]. 

 

Figure 2.3. Illustration of orbitals interaction between a) Mn t2g and b) Mn eg orbitals (white lobes) with a p 
orbital of neighbouring oxygen anion (grey lobes). Adapted from [85]. 

2.1.4 Double exchange mechanism as the origin of perovskites’ magnetic properties 

The end-member of the series of manganites the LaMnO3 is an antiferromagnetic insulator, where the 

magnetism is assigned by a typical for an oxides superexchange through the oxygen. LaMnO3 possess Mn3+ (the 

JT ion), and characterised by an A-type antiferromagnetic ordering. When trivalent La3+ cations are partially 

substituted by a divalent Sr2+ as in LSM, the JT effect is balanced (vanished) and the system becomes 

ferromagnetic, meaning that the σ* electrons can travel from the Mn3+ cation to the Mn4+ cation. 
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The exchange coupling associated with the electron transfer from the Mn3+ cation to the Mn4+ cation 

through the σ* bond (Figure 2.3b) with the oxygen, is known as a double exchange. The eg electron from the 

Mn3+ ion can hop to the vacant orbital of the neighbouring ion Mn4+ when the first Hund’s rule is satisfied. 

According to it, for a given electron configuration the maximum multiplicity, or the maximum spin angular 

momentum, is favourable for the system to reach the minimum energy. Hence, the electron will hop to the 

neighbouring Mn4+ ion just when it will be aligned to other three electrons in t2g level of Mn4+ (Figure 2.4 a). The 

antiparallel direction of the received eg electron (Figure 2.4b) comparing to the electrons direction in Mn4+ ion 

violates the Hund’s rule, meaning that it is energetically unfavourable. 

As the electron transfer requires aligning of electrons (magnetic moments) of the neighbouring ions, the 

double exchange mechanism sufficiently influences the magnetic and conducting properties of the mixed-

valence manganites. Ferromagnetic alignment in neighbouring ions requires a high arrangement of electrons in 

the donating and receiving ions in the whole structure. Therefore, magnetic properties of doped manganites 

change as a function of Mn4+ ions. For example, La1-xAxMnO3 with x=0 was shown [86] to be antiferromagnetic. 

As x grows the amount of tetravalent manganese ions in the system increases leading to an increase in the 

ferromagnetic moment of the manganite. However, this tendency has a maximum at x=0.33, after which further 

doping would cause a direct overlap between the manganese t2g known as antiferromagnetic coupling [87]. The 

latter is the result of the absence of the spin-down electrons in the system. At x=0.5 and further, the 

antiferromagnetic coupling becomes dominant. 

 

Figure 2.4. Double exchange mechanism raises ferromagnetic coupling between the Mn3+ cations to the Mn4+ 
cations. The hopping of the eg electron is possible if a) neighbouring ions are ferromagnetically aligned, and not 
if b) neighbouring ions are antiferromagnetically aligned. 

2.2 Powder calcination 
Normally the purchased or synthesized powder does not have morphology and properties required for 

the final product. However, powder’s surface area, density, degree of hydration are just to name a few 

parameters, which strongly affect the subsequent processing steps and determines properties of the final 

material. Aiming to better control and modify if needed powder’s morphology and surface chemistry, one of the 

following methods are normally used: powder washing and drying, hydration of powder surface, chemical 

surface treatment, calcination, etc. [37]. Calcination, which is a heating treatment at temperatures below 
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melting point of material, is applied whenever surface oxidation, diffusion or reaction between mixed materials 

is needed. In our laboratory calcination is mostly used in order to increase a crystallite size and/or provoke 

particles agglomeration.  

Detailed background on the phase transition and lattice analysis of LSM under heating can be found 

elsewhere and goes beyond the scope of present study. The purpose of X-ray diffraction analysis and others 

morphology and particles size descriptive methodics in current work serve more for a routine qualitative 

analysis of powder before being used for further processing. 

2.2.1 Experimental methods 

The morphology of the powders was investigated on scanning electron microscope TM3000 (Hitachi 

TM3000, Hitachi High-Technologies Europe GmbH, Germany) at 15kV. For measuring the particle size 

distribution (PSD) powders were dispersed in ethanol. The average particle sizes (d50) of as-received and 

calcined powders were obtained by laser scattering (LS 13320, Beckman Coulter Inc., USA). The specific surface 

area values were determined by Brunauer, Emmett and Teller method (BET) (SA3100, Beckman Coulter Inc., 

USA). 

The average crystallite sizes and constituent phases were determined by high temperature X-ray 

diffraction (XRD) analysis using the Cu-kα radiation with 2𝜃=20-90° (Bruker D8 diffractometer, Bruker AXS, 

Germany). The data were recorded “in-situ” at temperatures given in Figure 2.5. Scherrer’s equation was used 

to calculate the average crystallite size (D), adopting an average of the four most intense XRD peaks, as follows: 

 𝐷 =
𝜅𝜆

𝛽 cos 𝜃
, 2.3 

where 𝜅 is the coefficient equal to 0.94; 𝜆 the wavelength of the X-ray (𝜆 (Cu-kα)=0.154 nm), 𝛽 the full width at 

half maximum of the X-ray reflection, 𝜃 the diffraction angle. 

Powder La0.85Sr0.15MnO3 (LSM, Haldor Topsoe A/S, Denmark) was characterised as received, and after 

calcination at 800 °C, 1000 °C and 1200 °C. All three samples were calcined with a heating rate of 100 °C/h and a 

dwell time of 2 h. Before analysis, particles were milled for 10 min to break the big blocks/agglomerates of 

powder formed during the calcination. 

2.2.2 Effect of calcination regimes on powders morphology and size distribution 

First, phase identification is necessary. As it was described above, 15% strontium doped lanthanum 

manganese oxide (LSM15) has a distorted perovskite-type structure with formulae 

La0,85Sr0,15Mn(III)0,71Mn(IV)0,29O3,07 [88], [89]. As the X-ray pattern for exactly the same structure have not been 

found in the JCPDS database, powders diffraction patterns were compared with orthorhombic La0,88Sr0,12MnO3 

(0-053-0057) and rhombohedral La0,8Sr0,2MnO3 (0-053-0058).  

The evolution of the crystalline phase of LSM with a heating up to 1150 °C is illustrated in Figure 2.5. The 

crystal structure transformation observed at around 900 °C is normally ascribed to the transition between 

distorted cubic symmetry to rhombohedral structure of LSM perovskite. Another phenomena, occurred due to 

cation vacancies and non-stoichiometry in oxide in La0,85Sr0,15MnO3+δ structure is oxidation. Gaudon et al. [90] 

reported that during cooling LSM undergoes oxidation from 1000 °C to 700 °C, reduction from 700 °C to 200 °C 

and second oxidation from 200 °C to room temperature. The appearance of the secondary phases is normally 

attributed to oxidation of Mn cations on the surface. A decomposition of manganite phases observed around 
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850 °C - 900 °C is possible due to immiscibility region between perovskite, lanthanum manganite and strontium 

manganite phases at elevated temperatures [91]. 

Table 2.2. shows the micrographs and values of specific surface area and particles/crystallite sizes for 

four analysed LSM powders. For uncalcined LSM and LSM calcined at 800 °C the measurement of particles size 

from SEM images was hindered because samples had a sponge porous structure rather than a shape of 

distinctive particles. The PSD measurement though shows the clear tendency of increasing the average particle 

size and an equivalent decrease of surface area with increase in calcination temperature, as seen from BET 

analysis. This is in a good agreement with the results (D), estimated from XRD line broadening. The characteristic 

peaks of LSM (Figure 2.5.) show stronger and sharper profiles what indicates continuous crystallization and 

gradual grain growth with increase in calcination temperature. The sharp decrease of the surface area at 

temperatures around 900-1000 °C is most likely associated with an agglomeration of fine LSM particles formed 

during the powder synthesis into coarse lumps. 

This complete analysis of particles physical characteristics is of crucial importance and has to be a part of 

a regular procedure at processing laboratories. The practical issue with which we have experienced in our 

laboratory was the change of powder supplier from Haldor Topsøe A/S (LSM HT) to American Elements (LSM 

AE). 

 

Figure 2.5. High temperature XRD patterns of La0.85Sr0.15MnO3. 

The SEM pictures of LSM HT (Table 2.2) and LSM AE (Table 2.3), calcined at 1000 °C and 1200 °C were 

characterised with the identical particles sizes. However, sintering shrinkage of the tape, produced with use of 

LSM HT (calcination temperature Tcalc was 1000 °C) was significantly higher compared to the tape of LSM AE 

(Tcalc=1000 °C) with a very minor shrinkage during sintering. The morphology and crystallite size of LSM AE 

remained identical for uncalcined and calcined LSM AE powder, because the raw material was synthesized by 

solid state reaction at 1200⁰C and therefore it had been subjected to temperature higher than the calcination 

temperature (Table 2.4). 
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Table 2.2. SEM micrographs and results of particles size, calculated from the SEM images (dSEM), average particle 
size d50, average crystallite size (𝐷), and specific surface area (SBET) of uncalcined and calcined La0.85Sr0.15MnO3, 
purchased from Haldor Topsøe A/S. 

 uncalcined 800 °C 1000 °C 1200 °C 

SEM 

    
dSEM, 
µm 

- - 1.8(3) 1.6(8) 

d50, 
µm 

2.00(5) 2.37(1) 3.18(4) 3.40(1) 

𝐷, 
nm 

17.69 20.51 71.34 92.20 

SBET, 
m2/g 

23.35(3) 22.09(2) 2.65(2) 1.63(3) 

Table 2.3. SEM micrographs and results of particles size, calculated from the SEM images (dSEM), average particle 
size d50, average crystallite size (𝐷), and specific surface area (SBET) of uncalcined and calcined La0.85Sr0.15MnO3, 
purchased from American Elements. 

 uncalcined 800 °C 1000 °C 1200 °C 

SEM 

    
dSEM, 
µm 

1.9(5) 1.9(1) 2.0(3) 2.1(7) 

d50, 
µm 

8.67(2) 11.80(1) 12.42(4) 14.82(2) 

𝐷, 
nm 

94.3(7) 96.3(2) 95.8(8) 93.6(3) 

SBET, 
m2/g 

3.82(9) 3.76(4) 3.77(8) 4.80(5) 
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Figure 2.6. The linear sintering shrinkage of tapes, produced with use of LSM HT and LSM AE powders. 

 

Table 2.4. Details of production method and characteristics of uncalcined LSM HT and LSM AE 

 Production method Synthesis heating 
treatment 

SBET, 
m2/g 

d50, 
µm 

LSM HT Glycine-nitrate combustion 
synthesis 

700 °C 23.35(3) 2.00(5) 

LSM AE Mature solid state reaction 1200 °C 3.82(9) 8.67(2) 

 

Based on present study one conclude, that heating of the LSM15 powder has influence both on crystal 

structure and particle size of the sample. For identification if the synthesis method affects the magnetic 

properties of the LSM powder, the performance of uncalcined and calcined LSM HT (Tcalc=1200 °C), and calcined 

LSM AE (Tcalc=1200 °C) were compared (Figure 2.7) in a low magnetic field of H=1 Oe (10 mT). The uncalcined 

LSM HT has a broad magnetic transition with the 𝑇𝑐 ≈ 270 ± 5𝐾. The calcined LSM HT and LSM AE powders 

present a sharper magnetic transition which is assumed to be caused by the increased crystallinity proven by 

the data from the XRD analysis. However, the LSM HT (Tcalc=1200 °C) exhibits transition temperature around 

desired room temperature at 𝑇𝑐 ≈ 300 ± 2𝐾, while the transition temperature of LSM AE is lower 𝑇𝑐 ≈ 236 ±

3𝐾. Despite the fact, that the magnetisation of LSM AE is significantly higher than the magnetization of LSM HT, 

the latter powder was chosen for the tape casting experiments presented in the Thesis. Further in the text LSM 

HT will be referred as LSM powder. 

After the choice of powder supplier, the calcination temperature for LSM powder has to be determined. 

The general preference in liquid processing techniques is use of particles with a low surface area. The smaller 

the surface area, the lower the amount of dispersant is required for sufficient powder stabilisation. In turn, the 

lower the polymer content, the fewer pores and stresses will be accumulated during the organics burn out 

stage. Another advantage of using micrometer particles compared to finer submicron- and nano-sized powders 

is that the latter ones pack in very dense structures, which causes an increase in capillary forces on drying stage 

and provokes stress and crack nucleation [92]. In the same work [92] professor Rosen defines that the particles 
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which are easy to cast into uniform tape are typically in size of 1-5 µm or characterised by a surface area of 2-

5 m2/g. Therefore, for further processing LSM powder calcined at 1000 °C was chosen. 

 

Figure 2.7. Temperature dependence of magnetization for uncalcined and calcined (Tcalc=1200 °C) LSM HT and 
uncalcined LSM_AE in H=1000 G. 
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3 Slurry formulation  

The main ingredient in slurry composition, as it was said above, is a powder. This is the only fraction 

which formulates the final product, and, obviously, determines the properties of a shaped material. Since tape 

casting is a liquid forming technique, solvent is needed to create a media and carry powder under the casting 

blade, dissolve and assure a homogeneous distribution of all other slurries components. Solvent also features a 

resultant mixture with the fluid characteristics, such as viscosity, side flow, etc. In order to keep powders 

separated and homogeneously distributed in the volume of the solvent, particles surface should be modified by 

either having a double electrostatic layer or covering surface with a dispersant (dispersing agent, deflocculant). 

Next slurry component, binder, forms the only continuous phase in a green tape, which supplies a matrix for 

holding all constituents together, retains the formulated shape of material, featuring it with flexibility, plasticity, 

strength, and possibility to be laminated. Finally, other additives like plasticizers or sintering agents are usually 

added into any casting system just upon necessity to improve either mechanical parameters of green tape 

(flexibility, plasticity, etc.) or mechanical and physical parameters of sintered tape (density, microstructure) and 

a heating kinetics. The specific role of each component in slurries, used in current work, will be explained 

further. 

With the goal to reduce any intrinsic stresses at the interface of the graded tape it is reasonable to use 

of the same organic systems in adjacently co-cast slurries. The application of the same solvent and organic 

ingredients assure identical drying shrinkage rates and identical burning-out kinetics in neighbouring materials.  

Table 3.1. Formulation of MEKET-based slurry. * Polymers supplier and exact molecular weights are excluded due 
to confidentiality. 

Component Function Producer 

LSM or  
LSM/CGO or  
LCSM 

Ceramic powder 
Haldor Topsøe A/S, Denmark 
Rhodia, France 
CerpoTech AS, Norway 

Azeotropic mixture of  
methylethylketone and 
ethanol  
(MEKET) (2:1 wt.%) 

Solvent 

 
Alfa Aesar GmbH&Co KG, Germany 
CCS Healthcare AB, Sweden 

Polyvinylpyrolidone (PVP) Dispersant -* 
Polyvinyl butyral (PVB) Binder - 
Dibutyl phthalate (DBP) Plasticizer - 
Polyethylene glycol (PEG) Plasticizer - 
Additol Release and wetting additive  - 

 

The type and amount of each component has undoubtedly a profound influence on quality of the final 

tape. The obtained slurry is a multiphase system and therefore it is extremely complicated and sensitive to 

variations. Fortunately, tape casting as a shaping process has matured in recent decades from being a trial and 

search-based science to a well-developed engineer discipline, where finding the best organic system is no longer 

the main focus. Therefore, instead of building up a new organic system, it was decide to apply one of well-

studied MEKET-based slurry composition [37], [93] (Table 3.1) and concentrate on developing of SBS TC 



C h a p t e r  3 .  S l u r r y  f o r m u l a t i o n   

 
 
 

27 
 

technique instead. The role and the choice of every component in the composition will be given in the following 

chapters though. 

Before a real processing, the validation and analytical control of slurry composition for a certain shaping 

technique is qualitatively determined by rheological characteristics of slurry. A short but comprehensive outlook 

of a variety of rheological flow behaviours, rheological models with their usage in analytical and numerical 

modeling, main rheological characteristics and potential to be used in tape casting for the efficient fabrication of 

adjacently graded tape are also presented below. 

3.1 Choice of solvent and organic additives 

3.1.1 Solvent 

The main criterion for solvent choice was mentioned to enable dissolving all organic additives and 

uniformly distribute them in a mixture. In tape casting both organic (non-aqueous) and water solvents can be 

applied. Although water is valued as a promising solvent because of availability and especially a health and 

environmental aspects, and also due to possibility to easily adjust a pH of media [94], slow drying of aqueous-

based slurries leads to initiation of pin-holes and bubble on tape surface, foam formation, and hydration of 

ceramic powder issues. Besides, the selection of organic ingredients is harder as the variety of organics soluble 

in water is restricted to a very few systems. Moreover, high surface tension of water implies the use of extra 

additives as wetting agents to promote the adhesion with a carrier support. Typical for water based slurries (i) 

slow drying and (ii) absence of the shear thinning behaviour, i.e. increase of viscosity when stresses are released 

after a blading procedure, are two extremely unfavourable factors for successful adjacent co-casting of a graded 

tape with a sharp interface. Furthermore, as a requirement from the application needs there is a desire to tape 

cast self-supporting thick dense tapes, suggesting the use of highly viscous slurries [37], [95], which is difficult to 

achieve using water-based slurry. 

Meanwhile, adjacent co-casting of slurries into a dense comparably thick tape is possible when using an 

organic solvent. The organic-based solvents are so widely applied in tape casting recipes that they are normally 

referred as a solvent or solvent-based casting. Normally, applied in tape casting organic solvents such as 

alcohols, ketones or hydrocarbons are less environmentally friendly comparing to water, nevertheless, we 

choose to work with organic-based slurries to take advantage of the flexibility in choosing powders and organics 

for slurry formulation. Additionally, organic solvents have a low boiling point, low heat of vaporization, and high 

vapour pressure, and all of that facilitates shortening the drying time. Azeotropic mixture MEKET was chosen as 

it was shown to form a stable slurries [96] with enhanced wetting behaviour [97]. MEKET is widely used in tape 

casting as medium polar solvents like the azeotropic mixture are compatible with many commonly applied 

dispersants and binders. The azeotrope has to be applied as pure methylethylketone evaporates too fast 

forming skin and lumps at the tape surface and blocking further evaporation; while addition of the ethanol 

delays formation of the solvent-depleted regions, thus allowing entire drying to take place more uniformly and 

quickly [37]. 

3.1.2 Dispersant 

After calcination, described in Section 2.2.2., powders normally have a particles size distribution from 

hundreds of nanometers to tens of microns. When they are placed in liquid, ceramic particles of mentioned size 
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are usually exposed to colloid forces rather than gravity forces. Due to a large surface area of comminuted 

particles, they are exposed to clump together forming either a soft (low energy) agglomerates due to 

inteparticles Van der Waals forces and can be broken by simple stirring, or strong agglomerates requiring very 

energetic methods to disperse particles. 

The presence of agglomerates of any nature is undesired because soft agglomerates, for instance, can 

trap an air which will lead to non-uniform drying and ends in highly localized porosity in tape. In addition, 

presence of flocculated particles in slurries leads to slurry inhomogeneity and defective packing with a lower 

green density as a result. In order to keep the stable slurry and control the morphology of cast tape, powder 

should be stabilized. 

3.1.2.1  Powder stabilization 

There are three distinctive methods to stabilize colloidal system to avoid agglomeration: electrostatic, 

steric and a combination of the first two so–called electrosteric method (Figure 3.1). 

Electrostatic stabilization (Figure 3.1a) is caused by creation of electrical charge on particles surface 

happening mostly in water and caused by [34]: surface group ionisation (driven by the pH of the dispersed 

media), differential solubility of ions, or isomorphous replacement lattice substitution. The ions of which the 

solid particles are composed, hydrogen and hydroxyl ions or ions capable to form insoluble salts with the solid’s 

surface, create electrical double layer. First layer (Stern layer) comprises ions adsorbed directly at the surface of 

the particle as being attracted by the oppositely charged surface of the particles, and a second diffusive layer 

composes of counter-ions. When a colloidal particle moves in the dispersion medium, a layer of the surrounding 

liquid remains attached to the particle. The boundary of this layer is called slipping plane (shear plane). The 

value of the electric potential at the slipping plane is called Zeta potential (ζ). Zeta potential reflects the 

variation in surface potential for a specific material in a polar medium and the adsorption of ions into the inner 

part of the double layer. The pH where the particle surface carries no net electrical charge, i.e. where ζ=0 is 

termed the isoelectric point (pl). Hence, in order to generate a stable system, ζ has to have a large value by 

module, therefore, the pH of a working media has to be sufficiently away from pl. This type of stabilization is 

normally used for dispersing nano- or submicron-size particles and normally applied in water-based systems 

[95]. 

Below pictured test shows the result of test oriented on study of ionization of LSM particles in ethanol as 

part of the MEKET azyotrope. For that experiment 10 wt.% of LSM was diluted in ethanol. Ethanol was tested to 

not conduct electricity because it does not ionize to a sufficient extent (not shown here). Addition of an 

electrolyte cause to a slight conductivity but that is normally not enough for the electrostatic stabilization of the 

micron-sized particles. The zeta potential measured on LSM in ethanol is also very low (Figure 3.2), what 

demands for searching for the dispersant which could stabilize LSM with a steric mechanism. 

Steric stabilization (Figure 3.1b) is the alternative which hinders the close contact between particles by 

adsorbing organic molecules, usually short polymeric chains, on the surface of powders. The adsorption have to 

be strong enough to avoid desorption during the next processing steps. Besides, formed polymeric shell should 

be of a certain thickness and density to surmount the Van der Waals forces between particles. The steric 

stabilisation is often applied for covering micrometer sized powder in ceramic processing techniques as it also 

helps to regulate rheology of used suspensions. 
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Figure 3.1. Schematic of colloidal stabilization methods: a) electrostatic stabilization and an illustration of the 
double layer and potential drop across the double layer where (A) is a surface charge, (B) Stern layer, (C) slipping 
plane, and (D) diffuse layers of counterions; b) steric stabilization; c) electrosteric stabilization, which can be 
realized by (c1) charges and nonionic hydrophilic polymer or (c2) polyelectrolytes. 

The third method is electrosteric stabilisation, which can be realised by (i) a combination of charges and 

nonionic hydrophilic polymers (Figure 3.1c1) or (ii) by adsorbing polyelectrolytes on the particles surface (Figure 

3.1c2). The use of polyelectrolytes is very common in tape casting practice [54]. 

In the current work the steric stabilization by polar non-ionic polymer PVP (Mw=10000 g/mol) was 

chosen, since PVP was shown [93], [98] to form a stable slurry with non-agglomerated particles and improved 

packing of green tapes. 

 

 

Figure 3.2. Zeta potential of 10 wt.% dispersion of LSM in ethanol. 
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3.1.3 Binder and plastisizers 

The binder provides strength to the green tape after the solvent is evaporated by bridging ceramic 

particles into continuous material. The majority of binders used in organic-based slurries fall into two groups: 

polyvinyls (vinyl) and polyacrylates (acrylic) with the main difference in burnout kinetics in different 

atmospheres. In current work, cohesion between stabilized particles was ensured with a PVB binder. PVB is 

often used in solvent tape casting recipes because of excellent green tape functional characteristics, which it 

provides [99], [100]. 

Surface morphology, wetting behaviour and adhesion of tapes while using PVB was improved with 

additive Aditol. To soften the strong but stiff and brittle binder in the drying stage, and also modify flexibility, 

strength and viscosity of slurry, PEG and DBP were added [101]. These plasticizers break the close alignment and 

bond in the binder net, sufficiently increasing the flexibility and workability of the tape. 

3.1.4 Ingredients interaction 

Aside from purposeful functions of each component in the system, the side interaction between 

ingredients is possible due to complexity and multiphase nature of slurries [37]. Here, the effect of possible 

unintended interactions between organic molecules will be briefly described with the aim to easily distinguish 

and prevent them in currently used slurry. 

a) Binder-Dispersant interaction 

Normally, molecular weight of binder is higher comparing to this value for the dispersant. It can happen 

that insufficient cover of particles’ surface by a dispersant will induce the binder to behave as a dispersant too. 

Despite, binder can replace dispersant from the particles surface [102], therefore, the order of ingredients 

addition is very important. In these cases, competitive adsorption can cause flocculation of particles or 

formation of polymeric micro globules which cause disarranging of the slurry’s homogeneity, or reduction of the 

amount of binder networking the particles which weaken the strength of the tape. The clear evident of 

unintended binder behaviour is reduction of the slurry viscosity with increase in binder content, which is not the 

case for slurries used in current work (Section 5.3). 

b) Binder-Plasticizer interaction 

This interaction is normally desirable but requires at least 12 h for plasticizer to modify the binder 

polymer in order to increase tape’s flexibility. 

c) Dispersant-Plasticizer interaction 

Normally these two ingredients don’t interact. However, sometimes non-adsorbed dispersant chains can 

act as a plasticizer [37]. 

3.2 Requirement for formulation of slurry used in SBS TC 
Unlike traditional tape casting recipes, which intended to cast thin films usually below 200 µm [95], 

[100], [103], [104], magnetic refrigeration requires use of thicker tapes of about 300 µm. From the casting 

experience it is well known that the thicker tapes are to be obtained the more viscous slurries are to be used . 

Increase in casting viscosity can be also beneficial for adjacent co-casting because most viscous slurries are less 

prone to a side flow contributing to formation of distinctive intermaterial interface without mutual diffusion. 
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Hence, traditional solvent-based slurry recipe [37], [93] had to be adapted to a novel SBS TC technique. For the 

first experiments the amount of solvent in standard solvent recipes was reduced and the amount of a binder 

system content increased (Figure 3.3.a). The details on compilation of the slurry formulation and its influence on 

quality of adjacently graded tape is widely described in Section 5.3, Paper I and Paper IX. 

 

Figure 3.3. a) Compositional triangle of tape casting formulations used in various applications and b) 
compositions of the present work (dots in white area in the plot) compared to the recipes found in literature 
(dots in grey area in the plot). 

Systematic change in the binder system’s and the solvent’s mass loading lead to a consistent volumetric 

change of the total slurry volume, making the components volume percentage look inconsistent. Thus, the 

components of the slurries (Table 3.2.) are given both in volumetric percentage for easier comparison with 

standard slurry formulations (Figure 3.3b) and in volumetric ratios of binder system and solvent to constant 

ceramics load, BS/C and S/C, consequently. 

The literature based slurry compositions (Figure 3.3b) contain about 55-75 vol.% of solvent and 15-

25 vol.% of polymeric part including binder system (binder PVB, plasticizers DBP and PEG and wetting additive 

Additol) and dispersant PVP. The binder system content varies from 13 to 24 vol.%. Apparent viscosity of these 

slurries with comparable molecular weight polymers was below 1000 mPas at 10 s-1 shear rate. 

The weight of powder in all prepared slurries was fixed to be a 100 g. The weight ratio of LSM/CGO 

powders in LSM_CGO slurry was fixed at 8.9:1.1. The weight of dispersant in LSM and LSM_CGO slurries was set 

at 1.72 g (1.2 g/cm3) and 1.98 g, correspondingly. Since mass of solvent and binder system were changed 

alternatively, the total weight and, hence, the total volume of slurries was changed from experiment to 

experiment. Hence, the relative and not absolute value for solvent and binder system contents were defined as 

relative ratio of binder system volume to constant in slurry ceramics volume BS/C ratio and volume of solvent 

MEKET with respect to the ceramics volume S/C: 

 

 𝐵𝑆/𝐶 =
𝑠𝑢𝑚𝑚𝑎𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 𝑖𝑛 𝑏𝑖𝑛𝑑𝑒𝑟 𝑠𝑦𝑠𝑡𝑒𝑚

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑟𝑎𝑚𝑖𝑐𝑠
= [

𝑚𝑙

𝑚𝑙
] = [−] 3.1 
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 𝑆/𝐶 =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑟𝑎𝑚𝑖𝑐𝑠
= [

𝑚𝑙

𝑚𝑙
] = [−] 3.2 

 

The optimal slurries formulations for SBS TC were determined based on the flexibility and surface quality 

of the obtained green tapes and the absence of cracks and deformations after the sintering process (Figure 

3.3b). The increase in binder content together with an increase in viscosity was aimed to improve adhesion 

between adjacently co-cast materials, but exceeding the binder system content over 47 vol.% was shown to 

form tapes with a very fragile post-sintered structure. Based on these results, feasible binder solution content 

was established as 35.5-43.5 vol.%, or 2.01-3.62 with respect to the ceramics volume (BS/C ratio). Another 

approach to increase slurry viscosity included reduction of the solvent content. Experiments showed, that using 

MEKET in concentrations below 40 vol.% leads to formation of cracks during the drying stage, which were 

provoked by accumulated stress due to constrained volume shrinkage.. Hence, the optimum solvent content 

was found to vary as 40-48 vol.%, which corresponds to relative amounts, S/C of 2.50-3.61. Significant decrease 

in the amount of solvent as the only homogenizer in slurry formulation identified the need for dividing the 

milling process into 3 steps, as it is described in Section 3.3.1. 

Table 3.2. Content of LSM and LSM_CGO slurries used in current work. 

 Solvent 
vol.% 

Binder syst. 
vol.% 

S/C 
Volsolv./Volceram 

BS/C 
Volbind.syst./Volceram 

LSM 42.9 41.2 2.3 2.8 
LSM_CGO_1 43.9 42.5 3.6 3.4 
LSM_CGO_2 43.4 42.4 3.6 3.4 
LSM_CGO_3 42.8 43.7 3.5 3.6 
LSM_CGO_4 41.7 44.5 3.4 3.6 
LSM_CGO_5 40.6 45.3 3.2 3.6 
LSM_CGO_6 40.6 41.8 2.9 2.6 
LSM_CGO_7 41.1 41.6 2.6 2.6 
LSM_CGO_8 40.5 40.7 2.1 2.5 

 

3.3 Preliminary slurry preparation processes for tape casting 
A complete de-agglomeration of the calcined powder is of a major importance, because further no high 

shear will be applied during the process which would be able to destroy agglomerates. In turn, presence of any 

agglomerates or inhomogeneities in casting slurry provoke non-uniform green packing and are usually the 

source of crack nucleation during drying and sintering stages. In order to disperse particles evenly, high energy 

techniques like wet ball milling are applied. Along with breaking soft and hard agglomerates, milling distributes 

uniformly organics on the powders surface, and creates stable slurry. 

3.3.1 Milling 

The ball milling is the most commonly used procedure before casting. In order to eliminate the potential 

for competitive adsorption, mentioned above, the slurry is normally mixed in two steps. First, the powder(s), 

dispersant and solvent are mixed with a milling media in a jar. A dispersion milling procedure can vary from 4-72 
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h. After the powder is broken into individual particles, which are evenly covered with the dispersant, the second 

step including addition of binder and plasticizers comes. The slurry is then homogenized for the next 12-24 h at 

a very low speed, which is an effective way to remove the air from the slurry content and form a homogeneous 

binder net. 

The grinding kinetics for LSM (η=4200 mPas), LSM_CGO_1 (η=2700 mPas) and LSM_CGO_3 (η=38000 

mPas) (Table 3.2), appeared to be not-dependent on viscosity and the fine structures of 2 μm and 2.5 μm were 

achieved. First, 85 wt.% LSM powder used was suspended in MEKET with 80 wt.% dispersed PVP dispersant and 

ball milled for 40 h (220 rpm) (the weight percentage is specified out of the total component’s mass used). CGO, 

if any, and the last 15 wt.% of the LSM with the rest of 20 wt.% PVP, was then added to the suspension; and the 

slurry was milled for further 30 h (220 rpm). After adding the binder system (binder PVB, plasticizers DBP, PEG, 

and Additol) preliminary dissolved in MEKET to the obtained suspension, the slurry was milled for another 20 h 

(85 rpm). This program was also applied for preparation of LCSM slurries. 

 

Figure 3.4. Effect of ball milling time on average size of LSM and LSM_CGO particles in LSM, LSM_CGO_1 and 
LSM_CGO_3 slurries (Table 3.2). The 1st step of ball milling included milling of 85 wt% of PVP dispersant 
dissolved in solvent and 80 wt% of the ceramic powder. The rest 15 wt% of PVP dispersant and 20 wt% of the 
ceramic powder were added on the 2nd step. The binder system dissolved in solvent was added to the mixture at 
the 3rd step. 

3.3.2 Filtration 

After slurry is homogenized, the next step is to filter out unwanted inhomogeneties such as residual not 

destroyed agglomerates, undissolved binder, debris from the milling media or from container. For that, nylon 

tulle with mesh size of 100 μm was clamped between a bottleneck and a bottle lid with a hole in it. The slurry 

was squeezed through the tulle to another bottle. The size of meshes is defined by the size of the defects that 

need to be removed, the thickness of the tape to be formed and the time allocated to the filtration process. 

3.3.3 De-air 

During milling and filtration steps the air bubbles can easily be entrained into the volume of slurries. 

Presence of air bubbles in slurry cause defects in green tape such as “pinholes” (“giraffe dots”), what is very 
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typical for thick tape fabricated from high viscous slurries, or “crow foot” defects, which is crack radially 

propagated from the pinholes. Sometimes air bubbles become trapped under the doctor blade during tape 

casting, which cause the formation of streaks. Being a region of thickness variations, streaks are visually 

detected as thin lines at the tape surface parallel to the casting direction, and tapes with such kind of defects 

are not applicable for further casting processes. 

 The most common technique for removing air from the slurry before casting is vacuum de-airing 

accompanied by a gentle stirring or agitation. Too high vacuum or de-airing for a long time will tend to remove a 

large volume of solvent along with the air bubbles. For small volumes of slurries (two liters or less), the time for 

complete air removal is generally five to eight minutes. 

Depending on slurry formulation, prepared volume and slurry pre-treatment, bubbling action can be 

detected visually. In that case, completion of bubbling defines completion of de-airing process. In current work 

slurries were de-aired at 100 mbar vacuum and visual detection of bubbling action was complicated due to high 

viscosity of slurry and a narrow bottleneck. For detecting how much time it is required to remove air bubbles, 

how fast solvent evaporates at given pressure and how viscosity changes with de-airing, the mass control and 

viscosity were measured as functions of evaporation time. 

 

Figure 3.5. a) Mass loss and b) viscosity change of LSM, LSM_CGO_1, LSM_CGO_3 (Table 3.2) slurries as a 
function of duration of de-airing process hold in vacuum at 100 mbar pressure. 

Figure 3.5a illustrates that during the first 30 min through the surface of 28.3 cm2, 2-2.5 g of solvent 

evaporates, therefore, viscosity also changes drastically (Figure 3.5b). The initial stage is when together with 

entrapped air a lot of solvent evaporates from the slurry surface. The solvent’s mass loss is gradually decreases 

to the point where most of air is removed, solvent from the top layers of slurry has already evaporated, forming 

dried film on slurry surface and blocking evaporation, and diffusion of solvent through the slurry volume to the 

surface takes much more time.  

The slurry viscosity should be also taken into consideration for determining the de-airing time. 

LSM_CGO_1 (composition in Table 3.2) of lower viscosity contains more solvent, thereby, making air removal 

easier and faster. Solvents are more difficult to remove from the more viscous slurries as LSM_CGO_3 

(composition in Table 3.2), and they also require more time for agitation and complete de-airing. 

To achieve consistent results during de-air processing, the same volume of slurries were prepared, and 

they were all kept at 100 mbar vacuum for 5 minutes. 
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3.4 Slurry characterization  
When the slurry is ready to be cast, a number of characterization analyses are advised to be provided to 

control slurries uniformity, stability and suitability to tape casting. Among standard quality control tests are: 

viscosity, density (specific gravity), and particles size distribution.  

Particles size distribution must not be changed if the same batch of material is used and slurry 

preparation is identical. However, slurry viscosity and density are very sensitive to any minor changes in slurry, 

therefore, they have to be measured for each prepared slurry. 

Slurry density is normally measured using pycnometer. A fixed volume container is filled with slurry and 

weighted; a capillary tube is used to accurately determine the volume of suspension. The same method was 

applied in current work and the impact of slurry density on SBS TC will be explained further in Section 5.3 and it 

is described in details in Paper I and Paper IX. 

Viscosity is a key rheological property of the slurry, however, the scope of rheology in tape casting 

manufacturing also encompasses the study of a liquid flow and a solid-liquid interaction. Identification of the 

most sufficient dispersion agent and binder system for the specific powder, determination of the optimum 

amount of polymeric additives for composing a stable slurry, elicitation of inhomogeneties in slurry, 

representation the response of slurry flow behaviour on applied stresses are just to name a few characteristics 

which rheology suffice to estimate. A short introduction into rheology and the main rheological tests will be 

described in the following section since rheology is widely employed in the present study. 

3.4.1 Rheology 

This section aims to describe the methodology developed for study the rheological behaviour of casting 

slurries around which the further experimental tape casting work will be reported in this Thesis. In the following 

paragraphs, the terminology describing the slurries rheological behaviour will be given. 

Table 3.3. Overview on different kind of rheological behaviour representing different materials. 

Liquids Solids 
Viscous Viscoelastic Elastic 

(ideal-) viscous viscoelastic liquids viscoelastic solids (ideal-) elastic 
flow behaviour flow behaviour deformation behaviour deformation behaviour 
The deformation is fully 
dispersed by flowing 
under the application of 
very small stresses 

The deformation is partially recovered after the 
removal of the applied stress and partially 
dissipated by flowing 

The deformation is fully 
recovered after the 
removal of the applied 
stress 

De<<1 De≈1 De>>1 
Newton’s flow Maxwell’s law Kelvin/Voigt’s law Hooke’s law 
water, oils slurries, glues pastes, gels stones, steels 
←←           rotational tests            →→  
                ←←  ←←           oscillatory tests             →→ →→ 

 

Rheology is the science of deformation and flow under externally exerted forces. All kinds of materials, 

which can be described rheologically, are viewed as being in between two extremes: flow of ideally viscous fluid 

and deformation of ideally elastic solid (Table 3.3). The category of any material depends from the ratio of the 
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time, required for the material to adjust to applied stresses or deformations (relaxation time) and time of the 

experiment. This parameter is called a Deborah number: 

 𝐷𝑒 =
𝑡𝑐
𝑡𝑝

 3.3 

where De is the Deborah number, 𝑡𝑐 the stress relaxation time, 𝑡𝑝 the time scale of experiment. Therefore, all 

existing materials at certain external conditions (temperature, pressure) can be attributed into the viscous, 

viscoelastic or elastic categories depending on their response on the exerted deformation (Table 3.3.). Slurries 

used in tape casting are characterised by the viscoelastic behaviour. 

3.4.1.1 Definition of terms 

Viscosity (apparent viscosity, shear viscosity, dynamic viscosity) is one of the basic parameter in 

rheology, presenting simply a resistance of material to flow. The parallel-plate model is usually used to ease the 

definition of fundamental rheological terms (Figure 3.6.) [105]. The upper plate with the shear area A is set in 

motion by the shear force F and the resulting velocity 𝑣 is measured. The lower plate is stationary (𝑣=0). 

Between two plates there is the distance h, where the tested fluid is sheared. It is assumed that the following 

shear conditions are maintained: (i) the sample shows adhesion to both plates without any wall-slip effects, (ii) 

the tested flow is laminar, i.e. flow can be imagined in the form of parallel layers as opposed to vortices typical 

for the turbulent flow. Similar system of shearing between two plates is identical to the shearing occurring 

during rheological measurements, where rheometer support and moving measuring spindle form two parallel 

plate system. The two parallel plates system resembles the tape casting system, when slurry is sheared in the 

gap between the set motion carrier and parallel to it stationary blade. 

 

Figure 3.6. The two-plates model for shear experiments to illustrate the fluid velocity distribution in the shear 
gap. Adapted from [105]. 

A force F (Figure 3.6) applied tangentially to an area A, being the interface between the upper plate and 

the liquid underneath, gives rise to a shear stress in the liquid layer: 

 

 𝜏 =
𝐹

𝐴
= [

𝑁

𝑚2] = [𝑃𝑎] 3.4 

 

The shear stress 𝜏 causes the liquid to flow in a special pattern. The maximum flow speed 𝑣𝑚𝑎𝑥 is found 

at the upper boundary. The speed drops across the gap size h down to 𝑣𝑚𝑖𝑛 = 0 at the lower boundary 

contacting the stationary plate. Laminar flow means that infinitesimally thin liquid layers slide on top of each 
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other. The shear rate γ́ is the gradient of velocity 𝑑𝑣 between two neighbouring flowing layers determined for 

the infinity small thickness 𝑑h of a single flowing layer and in its general form is mathematically defined by a 

differential: 

 γ́ =
𝑑𝑣

𝑑h
= [

𝑚
𝑠⁄

𝑚
] = [𝑠−1] 3.5 

 

The dot above the γ́ indicates that shear rate is the time-derivative of the strain caused by the shear stress. 

For ideally viscous fluids analysed at a constant temperature, the value of the ratio of shear stress 𝜏 and 

corresponding shear rate γ́ is a material constant defined as dynamic viscosity η or usually called in literature 

just as a viscosity (diverse from the kinematic viscosity): 

 η =
τ

γ́
= [

𝑃𝑎

𝑠−1
] = [𝑃𝑎𝑠] 3.6 

 

The correlation between shear stress and shear rate determining the flow behaviour of liquid is 

graphically displayed in the diagram called flow curve [106] (Figure 3.7a). For described above ideally viscous 

liquid, also called a Newtonian liquid, the flow curve is linear, and viscosity is determined as a tangent of the 

angle to abscissa. Another diagram, corresponding to the flow diagram and commonly used for liquid 

characterization is dependence of viscosity from the shear rate. This diagram is referred as a viscosity curve 

(Figure 3.7b). 

3.4.1.2 Rheological models and properties 

Many liquids in practice deviate from the Newtonian flow and are no longer described by Eq. 3.6. 

Apparent viscosity of such non-Newtonian liquids is dependent on applied shear rate (Figure 3.7). If viscosity 

decreases with the shear rate, the rheological behaviour of such fluid is called pseudoplasticity or shear 

thinning. If viscosity increases with the shear rate, the rheological behaviour is referred as a dilatant or shear 

thickening. Both pseudoplastic and dilatant fluids can be characterised with a yield point (yield stress) 𝜏𝑦, i.e. 

stress which has to be applied for slurry to start flowing. The presence of yield point is attributed to the initial 

super-structure of liquid due to a chemical-physical network of interactive forces, which requires employment 

of a certain stress to break this structure and cause material’s flow or deformation. However, it is worth to 

mention, that the yield point is not the material constant since its value depends on the measuring method and 

on the analysis method used. The dilatant liquid will not be described here as it is the characteristic behaviour, 

for instance, for high solid concentrated systems which are not typical for tape casting slurries. 

Presence in casting slurries of large polymeric molecules and/or anisotropic particles violates the linear 

dependence of shear stress from shear rate, which is distinctive for Newtonian flow. At rest, both anisotropic 

particles and long polymer molecules with looping molecular chains maintain irregular internal order causing 

sizable internal resistance against flow, i.e. high viscosity [106]. Under casting shear anisotropic particles orient 

toward a casting direction, chain-type polymeric molecules stretch, soft sphere-shaped particles deform being 

smaller in diameter but longer, soft agglomerates or lumps if any break-up, and all of that accelerates slurry 

flow, i.e. reduces the slurry viscosity. The decrease of viscosity with increase in shear rate was mentioned to 

correspond to the pseudoplastic liquids. 
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Figure 3.7. Schematic of various types of common flow behaviour presented on flow and viscosity diagrams. 

Pseudoplasticity, ascribed to casting slurries due to employing long chain polymeric molecules and 

presence of anisotropic particles, is significantly beneficial and required for tape casting processing. At rest the 

viscosity of pseudoplastic slurry is high, which avoids the ceramic particles settling and preserves a 

homogeneous distribution of the slurry constituents in cast tape by reducing their mobility. The decrease of 

slurry viscosity when it passes below the casting blade enables a steady flow in shear area. After stresses are 

released, which is identical to moving the slurry from the blade region to free area in a drying chamber, viscosity 

again arises confining the uncontrollable side flow. Whereby the formed shape of the tape is retained as it was 

formed in the shearing region. Therefore, pseudoplasticity facilitates the maintenance and precise control of the 

tape shape during the casting process. 

However, the same pseudoplastic behaviour challenges the control of flow field through the casting 

blade gap: the actual shear rate and, thereby, viscosity continuously change while holding in the tank, being 

sheared, and being released to the free area [37]. This subject will be considered further in Section 5.3. 

In order to compare shear thinning and viscosity of different casting slurries, a number of various 

constitutive flow models were developed [106], [107] and the most often used are presented in Table 3.4. The 

flow is usually governed by the mass conservation equations, momentum and energy equations in regards of 

incompressible liquids and laminar flow [108], [109]. The general tendency is that most of models are solved 

under steady-state conditions assuming constant slurry column in reservoir for the entire casting process 

duration. 

Table 3.4. List of rheological models and their references in articles describing flow behaviour of solvent-based 
slurries. 

Rheological model References 

Ostwald-de-Waele model (power law) [93], [110], [104], [111], [112], [113], [114], 
[115] 

Bingham plastic model [115], [116], [117], [118] 
Herschel-Bulkley model [114], [119], [120], [121] 
Casson model [122] 

 



C h a p t e r  3 .  S l u r r y  f o r m u l a t i o n   

 
 
 

39 
 

Ostwald-de-Waele model is probably the most widely encountered rheological model describing 

behaviour of non-Newtonian slurry in tape casting: 

 𝜏 = 𝑘γ́𝑛 3.7 

then the apparent viscosity of power law slurry will be described as: 

 η = 𝑘γ́
𝑛−1

 3.8 

where 𝑘 is the consistency index, and 𝑛 is the shear thinning constant (power law index). For shear 

pseudoplastic behaviour 𝑑η 𝑑γ́⁄ < 0, i.e. the value of shear thinning constant 𝑛 should be smaller than unity. 

Moreover, departure of shear thinning value from unity indicates how much given slurry is different from 

Newtonian fluid with 𝑛 = 1. Thus, polymer melts or solutions are characterised by power law with index in the 

range 0.3-0.7 depending upon polymer’s molecular weight or concentration. The fluids with even lower shear 

thinning index 0.1-0.5 are accounted for the presence of fine particles in suspensions like bentonite-in-water, 

kaoline-in-water, etc. [123]. In practice, for identifying the power law parameters, flow curves are plotted in log-

log coordinates. Tok et al. [104] and Liu et al. [114] used power law constitutive model in analytical modelling to 

describe the influence of flow behaviour beneath the doctor blade on thickness of resultant green tape. 

Slurries containing long polymeric chains exposed to interlinkage or bonded particles require a certain 

applied stress 𝜏𝑦 to initiate the flow [16]. These materials can be described by a Bingham model: 

 𝜏 = 𝜏𝑦 + η𝑝γ́ 3.9 

or, in terms of apparent viscosity: 

 η = (
𝜏𝑦
γ́⁄ ) + η𝑝 3.10 

 

where η𝑝 is the viscosity limit at high shear rates also called constant plastic viscosity. Bingham model was 

applied by Joshi et al. [115] in analytical model for identification of slurries rheology impact on the thickness of 

the final tape. In another work, Bingham model was used for description the flow under the doctor blade and 

determination of the critical velocity 𝑣𝑐, with which carrier had to move to exceed the yielding stress [116]. 

A more general constitutive equation taking into account a yield point is the Herschel-Bulkley model: 

 𝜏 = 𝜏𝑦 + kγ́
𝑛 3.11 

Unlike the Bingham model, Herschel-Bulkley equation provides non-linear shear stress-shear rate dependence 

and represents an Ostwald-de-Waele fluids but with a yield point. 

Another model, describing non-Newtonian fluid system with weakly bonded particles, is Casson 

constitutive equation: 

 √𝜏 = √𝜏𝑦 +√ηγ́ 3.12 

The assumption behind the Casson model is that suspension consists of chain-like polymeric units which control 

viscosity [16]. The change in applied stresses cause change in elongation of the bounded polymeric system 

varying viscosity with the shear rates. A generalized form for the Casson model is: 

 η𝑎
𝑚 = η∞

𝑚 + (
𝜏𝑦
γ́⁄ )

𝑚
 3.13 
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where η∞ is the viscosity limit when the chain-like structure is broken at a very high applied shear rates, and 𝑚 

is the constant indication the deviation from linearity. From the literature survey it is clearly seen that Casson 

model usually describes the rheological behaviour of water-based slurries [124], [125], [126]. 

3.4.1.3 Rotation test 

The performance of rotational tests to investigate non-Newonian flow behaviour is usually divided into 

two categories: tests with controlled shear rate (CSR tests) and tests with controlled shear stress (CSS tests). In 

CSR tests the rotational speed or shear rate is preset and controlled by a rheometer [105]. This method is 

usually selected if the fluid shows no yield-point and if viscosity should be measured at a certain shear rate. This 

is the case if certain process conditions have to be simulated as it will be described in the Section 5.5. When 

accomplishing CSS tests, the torque or shear stress is preset and controlled by rheometer [105]. This method is 

applied to determine a yield point of fluids. Usually flow curves time-dependent effects are measured by CSR 

tests. 

3.4.1.4 Time-dependent rheology: thixotropy 

The rheological behaviour has to independent of pre-shearing history and shearing time. In order to 

eliminate the pre-shearing history and create a reproductive rheological measurements slurry is normally 

sheared for about 60-120 s at a very low shear rate with subsequent rheological measurements.  

The time dependent behaviour, also known as a thixotropy, is a fluid characteristic usually caused by 

flocculated structure of slurry network and, in opposite to the pre-shearing history, it cannot be eliminated. 

Thixotropy is defined as misalignment between flow curve corresponding to the decrease of the viscosity at 

applied shear rate – “up-curve”- and measured instantaneously flow curve corresponding to a gradual recovery 

of the viscosity when the shear stress is removed – “down-curve”. 

There are two main ways to estimate the thixotropic behaviour of fluids. First method includes sweeping 

the shear rate in a loop. The indication of thixotropic behaviour is when viscosity curves do not coincide when 

the shear rate is increased and decreased. Alternatively, another method includes instantaneous stepwise 

change of applied shear rate from the low values to high and again to the low shear rate values. Reproducibility 

of slurry viscosity for the first and third step at decreased shear rates defines non-thixotropic slurry behaviour, 

while the mismatch between viscosities at low shear rates attest slurry’s thixotropic behaviour. The second 

method also represents so-called structure-recovery test and will be in details presented in Section 5.5. 

3.4.1.5 Oscillatory tests: the study of viscoelastic behaviour. 

Running the oscillatory test means that upper plate of rheometer is no longer turning continuously like 

in rotational test, but it deflects with a sinusoidal time-function for the small angle 𝜑 in clock- and anticlock-wise 

directions. Oscillation is often performed at very low applied stresses and strains, normally significantly below 

the yield point of a sample. The tested fluid placed in between rheometer plates is thus forced in a similar 

sinusoidal function resulting in resisting stresses in the sample [106]. The response strain γ is measured as a 

function of the time. The shift of the strain response to the applied stress is termed as a delay time 𝛿 (phase 

shift angle, loss angle) between the preset and the resulting curve (Figure 3.8). The loss angle is specified in 

degrees (°) or, more rarely, in rad [105]. 
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Figure 3.8. The schematic of strain (γ) response to an oscillating stress (τ) applied to a material over time t. 
Adapted from [105]. 

Depending on kind of the test, the measuring parameters of sinusoidal oscillatory shearing are complex 

modulus (𝐺∗), elastic (or storage) modulus (G') and viscous (or loss) modulus (G"), phase angle (δ) and tangent 

of the phase angle (tan δ). The physics of the complex modulus is clear when the Hooke’s law is applied: 

 𝐺∗ = tan
𝐺′

𝐺′′
= tan δ =

𝜏(𝑡)

𝛾(𝑡)
=
[𝑃𝑎]

[1]
= [𝑃𝑎] 3.14 

Phase angle together with complex modulus define a viscoelastic map differentiating elastic solids and 

viscous liquids (left to right) and high to low rigidity or viscosity (top to bottom) (Figure 3.9). 

Viscoelastic behaviour of all materials consists both viscous and elastic portions, which sum can be 

illustrated by a vector diagram with 𝐺′ on the x-axis and 𝐺′′ on the y-axis (Figure 3.10). 

 |𝐺∗| = √(𝐺′)2 + (𝐺′′)2 3.15 

where the storage modulus 𝐺′ measures the deformation energy stored by the sample during shearing. The lost 

modulus 𝐺′′ measures the deformation energy used by sample during sharing and it is spent during the process 

of changing the material structure, i.e. when the sample is flowing [105]. The length of the vector 𝐺∗, being the 

sum of the vectors 𝐺′ and 𝐺′′, characterizes complete viscoelastic behaviour which is composed of elastic and 

viscous portions. 

 

Figure 3.9. Viscoelastic map describes the viscoelastic nature of materials by defining the phase angle and 
complex modulus. Adapted from [127]. 



C h a p t e r  3 .  S l u r r y  f o r m u l a t i o n   

 
 
 

42 
 

Alternatively to the complex modulus 𝐺∗ a complex viscosity 𝜂∗ can be determined: 

 𝜂∗ =
𝐺∗

𝑖𝜔
=

𝜏0
𝛾0𝜔

 3.16 

which describes the total resistance of fluid to a dynamic shear. The complex viscosity again contains the 

storage viscosity 𝜂’ – the elastic component, and the storage viscosity 𝜂′′ - the viscous component. 

 Oscillatory shear testing is a term generalizing techniques that can be applied to characterize and 

quaintly describe the presence, rigidity and integrity of materials internal structure. The most common 

techniques applied for fluids are amplitude and frequency sweep tests. 

The amplitude sweep (strain sweep) is oscillatory test performed at different strain amplitudes, while 

keeping frequency and measuring temperature constant. This test provides information about the soft-solid 

rigidity and yield stress of any kind of suspensions. At low amplitude values, in the so-called linear viscoelastic 

(LVE) range, both 𝐺′- and 𝐺′′-curves display constant plateau values identifying that the fluid structure is 

preserved. As the strain increases, the incrementing applied stress leads to the disruption inside fluid structure. 

This yield process is visualised in amplitude sweep test by decrease in elasticity and rigidity. 

 

Figure 3.10. Vector diagram showing the storage modulus 𝐺′, loss modulus 𝐺′′ and the resulting vector of 
complex modulus 𝐺∗. Adapted from [105] 

The viscoelastic character of fluids, applied in current work will be analysed on the example of 

LSM_CGO_2 (Table 3.2) slurry (Figure 3.11). Here, the slurry was analysed with a strain sweep experiment with 

the amplitude from 0.001% to 500% at 1 Hz frequency. The rheometer was equipped with a solvent trap to 

prevent evaporation of solvent during measurement and ensure consistent measurement conditions. This 

sample as well as all slurries used further for SBS TC exhibits a liquid character. Even higher viscous slurries with 

entangled polymeric molecules show this behaviour. At rest, however, slurries are usually not stable, which 

cause necessity to mix slurries continuously before pouring them into tape caster tank. However, for SBS TC 

such behaviour is also beneficial because of the ability of these fluids for self-levelling (Section 5.5.), which 

unifies the surface of fluidly deformable tape when slurry just passed the blade gap. 
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Often strain amplitude test is performed for determination at which strain values the frequency sweep 

test has to be done. The permissible maximum strain (deformation) for applied slurries is around 10%, so 

further the frequency sweep test was performed at strain 0.5%. 

Frequency sweep (dynamic oscillation) is oscillatory test performed at variable frequencies, while 

keeping the strain and temperature at a constant value [105]. This test is used to characterize time-dependent 

deformation behaviour as the frequency is the inverse value of time. Thus, short-term behaviour is simulated by 

a rapid motion, i.e. at high frequencies, and the long-term behaviour by slow motion, i.e. at low frequencies. 

 

 

Figure 3.11. Strain amplitude sweep test of viscoelastic LSM_CGO_2 (Table 3.2) slurry at applied frequency of 
1 Hz. 

 

Figure 3.12. Frequency sweep test of viscoelastic LSM_CGO_2 (Table 3.2) slurry at applied strain of 0.5%. 
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Figure 3.12. shows the trend of storage and loss modulus together with complex viscosity obtained for 

slurry LSM_CGO_2 (Table 3.2) at frequency sweep test. Although the viscous component 𝐺′′ of slurry dominates 

over the elastic component 𝐺′, at high frequencies both curves are crossed. That means that in a long-term 

period slurry is unstable and requires a continuous mixing in order to prevent sedimentation or other 

inhomogeneities. Continuous rising of complex viscosity value with decrease in frequency identifies slurry as a 

viscoelastic with a well cross-linked structure [105]. 
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4 Monolayer tape 

Conventionally, there are a number of governing characteristics, which are measured along the ceramics 

manufacturing process in order to identify defects in the earliest stage and/or control the reproducibility of 

running experiments. Among the most important parameters to control in tape casting are thickness uniformity 

and flatness of the cast tapes. These parameters determine geometrical stability of tapes and homogeneity of 

the tape parts properties. As the main goal of the tape casting technique is production of thin functional films of 

a certain thickness with a high morphological reproducibility and shape stability, green tape thickness is one of 

the first features characterizing the quality of the green tape. 

4.1 Thickness control 
Tape thickness is a very complicated parameter and, at the same time, the one which requires a precise 

control regardless of the application and design of the tape. Some straight forward factors, which directly affect 

the tape thickness and whose effects are verifiable by calculations, are gap size, drying shrinkage and shrinkage 

happening during de-binding and sintering. The decrease in tape thickness caused by drying shrinkage is 

proportional to the amount of solvent in the slurry; while the amount of organics in the system and particles 

compaction (grain growth) processes determine the tape thickness decrease during de-binding and sintering 

stages.  

 

Figure 4.1. The correlation between casting speed and casting gap with a shear rate. The shear rate values were 
calculated as a ratio of the casting speed to the gap. 

Indirect factors, however, affect the tape formation already at the shearing stage, when the slurry 

passes the doctor blade region. At the current stage of tape casting development three indirect factors are 

distinguished [37], namely: slurry viscosity, slurry level in reservoir (hydrostatic pressure behind the casting 

blade), and casting speed. The exact role and degree of influence of each of these factors on tape thickness 

formation is never clear from the experiment. The character of influence of each parameter is rather individual 

for each slurry and features an intricate function of the blade gap. For instance, the complicated correlation 

between casting speed and gap value results in a varying shear rate applied to the slurry flow during the tape 



C h a p t e r  4 .  M o n o l a y e r  t a p e   

 
 
 

46 
 

casting process (Figure 4.1). As most of the casting slurries are characterised by a shear thinning behaviour, 

viscosity as a function of changing shear rate also changes, yielding to the significant changes in the tape 

thickness. 

A number of analytical and numerical models have been developed to study the correlation between 

mentioned parameters and tape thickness (Table 4.1.). The general concept of these works is based on 

description of the slurry behaviour with one of the constitutive flow model (Table 3.4.) and derivation of the 

equation for the thickness calculation through the analytical or numerical description of the flow.  

Among a very few existent formulas governed the value of tape thickness [104], [114], [128], [129], 

there are two equations which are highly applicable on practice. Chou et al. [128] derived the equation 4.1, 

where they used a Newtonian flow behaviour and assumed the flow in a blade gap region  

to be linear combination of pressure and drag flow. On one hand, the use of Newtonian flow model is simplified 

and seldom applied as for the casting fluids more complex non-Newtonian behaviour is typical. On another 

hand, due to use of well-defined processing parameters this formula is often used by experimenter for a rough 

estimation of which casting parameters have to be imposed for achieving a certain tape thickness: 

 𝛿 =
𝛼𝛽

2

𝜌

𝜌′
ℎ [1 +

ℎ2∆𝑃

6𝜂𝑢𝐿
] 4.1. 

where 𝛿 is the dried tape thickness, 𝛼 the correction factor for side flow, 𝛽 the correction factor for weight loss 

during drying, 𝜌 the fluid density, 𝜌′ the density of the formed tape, ℎ the casting gap, ∆𝑃 the hydrostatic 

pressure exerted by slurry head, 𝜂 the slurry viscosity, 𝑢 the casting speed,𝐿 the length of the doctor blade. 

Using a similar approach of completely developed flow at the exit of the casting channel, Tok et al. [104] derived 

equation for calculation tape thickness using the Ostwald de Waele power law constitutive model (Eq. 3.7): 

 𝛿 =
𝛼𝛽

2

𝜌

𝜌′
[
1

2
ℎ +

2(ℎ 2⁄  )1 𝑛⁄ +2(∆𝑃)1 𝑛⁄

𝐿(1 𝑛⁄ + 2)𝑘1 𝑛⁄ 𝑢
] 4.2. 

where 𝑘 is the consistency index, and 𝑛 is the shear thinning constant (power law index). 

Currently, one of the most challenging points of tape casting flow simulation is the necessity to develop 

a material model suitable for each specific ceramic slurry. In the current work a number of detailed 

experimental investigations were performed with the purpose to extract material parameters and build a 

numerical model. In this respect, tape casting conditions were first verified on a simple model of casting a 

monolayer tape before starting the work on more complicated SBS graded design of tape.  

Table 4.1. List of analytical and numerical models for the flow field beyond the casting blade. 

Analytical models Numerical models 

Chou et al., 1987 [128] d’Halewyu et al., 1990 [130] 
Pitchumani et al., 1995 [131] Loest et al., 1994 [52] 
Huang et al., 1997 [132] Gaskell et al., 1997 [133] 
Tok et al., 2000 [104] Wonisch et al., 2011 [134] 
Joshi et al., 2002 [115]  
Zhang et al., 2002 [116]  
Terrones et al., 2005 [135]  
Kim et al., 2006 [129]  
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The single-blade tape caster set-up was chosen as it is the most common batch configuration of the tape 

caster often applied in lab scale experiments, in trial research tests and when developing a new recipes or 

setting up a tape casting parameters. Along with being the simplest doctor blade arrangement, the single blade 

configuration has not been modified for elimination of any accompanying tape casting phenomena or processes 

as, for instance, a double blade configuration was created to reduce the effect of the gradual pressure flow. 

Therefore, the single blade design preserves all the physics behind the tape casting process and is beneficial for 

the detailed analysis and understanding the role of each parameter in a new developing system.  

This work is aimed at filing the lack of numerical and analytical solutions, where most of the currently 

used models are solved under steady-state conditions (Table 4.1.), investigating the tape thickness change as a 

function of casting speed and not considering the free surface of the slurry in the blade exit region. 

The details of this work, presenting a quasi-steady state description of the casting velocity and 

continuously changing pressure field behind the casting blade in combination with a power law model for the 

fluid flow, are published in Paper V and Paper VIII. 

4.1.1 Analysis 

Before exploring the flow rate and modelling the tape thickness, the velocity field equation has to be 

developed. In regards to fluid mechanics, the slurry flow beneath the doctor blade can be described as a 

superposition of two velocity profiles [92]. One of the factors generating slurry velocity profile is the moving 

belt, which drags the slurry from the reservoir and, hence, creates a shear rate profile in a parallel channel 

between the stationary blade and the carrier belt. This type of flow is called Couette or drag-driven flow and its 

profile is given in Figure 4.2a [128]. Another velocity profile is governed by the hydrostatic pressure of the slurry 

column behind the casting blade with stationary boundary conditions both at the carrier and a blade surfaces. 

Such flow is denominated as a Poiseuille or pressure-driven flow (Figure 4.2b) [128]. In reality, velocity profile 

(Figure 4.2c) is affected by both drag- and pressure-driven flows and also the geometry of the doctor blade and 

the casting head [136].  

 

Figure 4.2. Velocity profiles for a) plane Couette flow, b) pressure flow in a parallel channel and c) a 
superposition of both at carrier velocity 𝜗0≠0. 

For obtaining the high quality tapes, it is important that the resulting shear rate profile beyond the 

doctor blade, retained constant during the whole casting period. To achieve this in laboratory scale tape casting, 

a double-blade set-up usually used as it ensures a constant hydrostatic pressure in between casting and rear 

doctor blades. However, in the chosen single-blade set-up, continuously changing value of the hydrostatic 

pressure significantly affects the tape thickness consistency. 
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The schematic of the single-blade design, used in the current work, is presented in Figure 4.3. The 

thickness of the green tape 𝛿 was studied by changing the casting gap ℎ, the velocity of the moving carrier 𝑣0 

and the height of the slurry column in tape casting reservoir 𝐻0. The geometrical parameters of the casting head 

are specified by the width of the doctor blade 𝑊, the depth of the reservoir 𝑑, the inclined length of the 

reservoir 𝑙, and the angle of the reservoir’s back wall 𝜃. 

 

Figure 4.3. Schematic geometry of the casting head and main tape casting parameters. 

The pressure gradient inside the channel is determined by the hydrostatic pressure of slurry column 

behind the doctor blade [116]: 

 
𝑑𝑝

𝑑𝑥
= −𝐴0 = −

𝜌𝑔𝐻0
𝑊

 4.3. 

where 𝜌 is the density of the slurry, and 𝑔 is the acceleration due to gravity. 

Assuming an infinitely wide and long plate comparing with tape thickness and taking into consideration 

the momentum conservation in 𝑥 direction under steady state conditions, one receive the following equation 

[104], [116]: 

 
𝑑𝜏

𝑑𝑦
=
𝑑𝑝

𝑑𝑥
 4.4. 

From equations 4.3. and 4.4. the shear stress 𝜏 is determined as: 

 𝜏 = −𝐴0𝑦 + 𝐴1 4.5. 

where 𝐴1 is an integration constant. 

For fluid described by Oswald de Waele power law behaviour (Eq. 3.7.) the shear stress can be given as 

following: 

 𝜏 = 𝑘 (
𝜕𝑣

𝜕𝑦
)
𝑛

 4.6. 

where it has been considered that the only velocity defining the applied shear stress is the velocity 𝑣 in the 𝑥 

direction. 

Combining equations 4.5. and 4.6. and integrating along the casting gap ℎ, we receive: 



C h a p t e r  4 .  M o n o l a y e r  t a p e   

 
 
 

49 
 

 ∫ (−𝐴0𝑦 + 𝐴1) 𝑑𝑦
ℎ

0

= ∫ 𝑘 (
𝜕𝑣

𝜕𝑦
)
𝑛

 𝑑𝑦
ℎ

0

 4.7. 

and taking into account that 𝑘 and 𝑛 are constants for the certain slurry used, we get 

 𝑣 = (−
𝐴0
𝑘
)
1/𝑛

 ∙  
𝑦
1
𝑛
+1

1
𝑛 + 1

+ (
𝐴1
𝑘
)

1
𝑛
 ∙ 𝑦 + 𝐴2        (0 < 𝑦 < ℎ) 4.8. 

where 𝐴2 is another integration constant. 

The boundary conditions for equation 4.8. in the casting gap region are: 

 {
𝑣(0) = 0
𝑣(ℎ) = 𝑣0

 4.9. 

Implementing these boundary conditions 4.9. into equation 4.8. we obtain: 

 

{
 

 0 =
𝜓

𝜒
𝐴1
𝜒
+ 𝐴2

𝑢0 =
𝜓

𝜒
(−𝐴0ℎ + 𝐴1)

𝜒 + 𝐴2

 4.10. 

where 

 𝜒 =
1

𝑛
+ 1 4.11. 

and 

 𝜓 = −
1

𝐴0𝑘
1
𝑛⁄

 4.12. 

The equations 4.10. can be re-written to 

 

{
 

 𝐴2 = −
𝜓

𝜒
𝐴1
𝜒

𝑣0 =
𝜓

𝜒
[(−𝐴0ℎ + 𝐴1)

𝜒 + 𝐴1
𝜒
]

 4.13. 

The integration constant 𝐴1 can be determined by using the Newton-Raphson method. For that, the 

following equation has to be solved numerically: 

 𝐹(𝐴1) =
𝜓

𝜒
[(−𝐴0ℎ + 𝐴1)

𝜒 + 𝐴1
𝜒
] − 𝑣0 = 0 4.14. 

after that, the integration constant 𝐴2 can be found from the upper equation in the system 4.13. 

By applying mass conservation, the wet thickness of the tape 𝛿𝑤 can be determined by integrating 𝑢 

over the gap height ℎ and dividing by the tape velocity: 

 𝛿𝑤 =
1

𝑣0
∫ 𝑣d𝑦
ℎ

0

=
−[(−𝐴0ℎ + 𝐴1)

𝜒+1 − 𝐴1
𝜒+1

]

𝑣0𝐴0𝜓𝜒(𝜒 + 1)
+  𝐴2ℎ 4.15. 

Now, the modification of standard steady state model [104], [116], [128], [129], [131] is needed in order 

to make it dependent on the gradually decreasing slurry level in the casting reservoir, i.e. to develop a quasi-

steady state model. To achieve that, the continuity equation is applied with assumptions that the slurry used is 

incompressible, i.e. the volume of the slurry which drops down in reservoir is equal to the volume of the slurry 

which is discharged on the moving carrier out from the blade region to the free space. Supposing that for the 

short period ∆𝑡, the height of the slurry decreases from the initial level 𝐻0 to the level 𝐻1, then the changed 

volume which is discharged to the free space will be equal to: 
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 ∆𝑆1 = [𝑑 +
1

2
𝑙 cos 𝜃(1 +

𝐻1 + ℎ

𝐻0 + ℎ
)] (𝐻0 −𝐻1) 4.16. 

This area is discharged from the doctor blade region with the constant here casting velocity of 𝑣0 on the 

distance of 𝑣0 × ∆𝑡, hence, this slurry volume is equal to 𝑣0 × ∆𝑡 × 𝛿1. The next step will include the decrease 

of slurry volume in reservoir from the level 𝐻1 on the new area in the free space ∆𝑆2, found from the 

equation 4.16., and so forth. 

There are few assumptions in this model. First, in the tape casting when the slurry is discharging from 

the doctor blade region, it flows also in a transverse directions (here, in the 𝑧 direction) which is so-called as a 

side flow. However, since the cast tape is very wide in the 𝑧 direction compared to its thickness, the side flow is 

relatively small and rather negligible. 

Due to luck of the tool for measuring wet thickness of the cast tape, experimental verification of the 

model is possible by evaluation the tape thickness just after drying stage. After drying the tape thickness is 

reduced due to solvent loss. Both side flow and evaporation are taken into account by Chou et al. [128] (Eq. 4.1) 

in the following equation: 

 𝛿 =
𝛼𝛽𝜌

𝜌′
∙ 𝛿𝑤 4.17. 

4.1.2 Experimental procedure 

For verification of the proposed quasi-steady state model, LSM slurry with the composition (Table 3.2) 

and the subsequent steps of slurry preparation described in Section 0, was used. The mean particles size and 

slurry density were 2.73 µm and 3.52 g/cm3, respectively. Experiments were carried out using a single-blade of 

6.4 mm width (𝑊) and a casting head with 𝑑=8.8 cm and 𝜃=45°.  

The doctor blade gap was set using an etalon measuring paddle and a micrometer gauge on a tape 

caster head with an accuracy of 0.01 mm. The thickness of the tapes was metered every 10 cm along the tape 

length after tapes dried for five days in a drying chamber ventilated by the airflow. 

Table 4.2. Set-up of experimental parameters. 

Parameter Case 1 Case 2 Case 3 

𝑣0, mm/s 3.67 
10 
14.67 

3.67 3.67 

ℎ, mm 1 0.25 
0.4 
1 

0.4 

𝐻0, mm 1.2 10.6 3.1 
6.6 
20.8 

 

The tape thickness 𝛿 was studied as a function of the casting velocity 𝑢, doctor blade height ℎ and the 

slurry level in reservoir 𝐻0. As the influence of one variable was studied, the other variables were kept constant 

(Table 4.2). The first set of the experiments Case 1 included tape casting of a series tapes with a three various 

casting velocities 𝑣0, but the same amount of LSM slurry and the same casting gap. In the second set of 
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experiments Case 2 the casting gap ℎ varied, while slurry load and casting velocity were remained. Then, in the 

Case 3 tapes were cast with a constant casting gap and velocity and varied slurry load in reservoir 𝐻0. The 

interplay between casting speed, gap and slurry level in reservoir was directed on clear understanding of the 

correlation between drag- and pressure-driven forces and a casting parameters on the side flow amount. 

The thickness values of the green tapes were collected about 2 cm from the edges of the tapes on both 

sides every 10 cm along the length using a circle flat dual point digital micrometer of 15 mm diameter. 

4.1.3 Results and discussion 

The rheological behaviour of the LSM slurry agrees well with the Ostwald de Waele power law (Figure 

4.4.) with the correlation between the shear stress and the shear rate as follows: 

 𝜏 = 3.31 ∙ (𝜕𝑢 𝜕𝑦⁄ )0.90 4.18. 

where the consistency index 𝑘 is equal to 3.31 and the shear thinning constant 𝑛 which is the amount of 

deviation from a Newtonian fluid is equal to 0.90 quite close to the unit typical for the Newtonian flow. 

The side flow constant 𝛼 was calculated comparing the doctor blade width and the found values lay in 

the interval 0.8<𝛼<0.9. The drying weight loss parameter 𝛽 was obtained by the additional experiment when 

the tape was cast manually on a laser profilometer support. Wet thickness was measured immediately after the 

casting and further compared with the thickness of the dried tape. As a result, the obtained 𝛽 fell within the 

range between 0.58 and 0.64. 

 

Figure 4.4. Rheological behaviour of an actual LSM slurry and the Ostwald de Waele power law simulation. 

4.1.3.1 Effect of the casting velocity 

Figure 4.5a shows the tape thickness obtained experimentally as the function of casting velocity, 

compared to the numerically obtained data from the steady state and quasi-steady state models. The thickness 

can be seen to decrease hyperbolically with increasing casting velocity, which is also evident from equation 4.15. 

In previous works [111], [128], [131] it was shown that the influence of the pressure flow decrease when tape 

casting is enhanced by increasing velocity of the carrier support, i.e. when the drag flow increases.  

Figure 4.5b illustrates velocity profiles of slurry flow below the doctor blade for three different casting 

velocities. For higher carrier velocities, the profile approaches a linear distribution which corresponds to the 

pure drag-driven flow and absence of any pressure-driven flow. When the casting velocity decreases, the role of 

the pressure becomes significant and starts to perturb the linear Couette flow, in this specific case causing a 
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maximum velocity at around 0.25 mm above the moving carrier. This flow is characterised as a combination of 

the Couette and Poiseuille flows and describes the dependence of the velocity profile, and, hence, the thickness 

of the cast tape, on the slurry level in the reservoir. This tendency of increased influence of the pressure-driven 

flow as the casting process slows down was also proved by analytical flow models developed by Kim et al. [129]. 

Required for tape casting shear thinning behaviour of fluid also explains the tendency of tape thickness 

reduction when the casting process accelerates. Increase in the casting velocity applies higher shear rates to 

slurries flow, the slurry viscosity subsequently decreases which means that there is less resistance for slurry to 

flow aside and form a thinner tape. The side flow and the corresponding slurry flow behaviour is described in 

Section 5.5. 

The results shown in Figure 4.5a demonstrate that the quasi-steady state model is in better agreement 

with experimental data compared to the steady state models proposed in literature [128], [129]. This is because 

the developed quasi-steady state model considers continuous decrease of the slurry level in reservoir typical for 

a real tape casting process. It should be noted, that the variation of the slurry load in the reservoir will lead to 

the change in 𝐴0 and, consequently, change in 𝐴1 and 𝐴2, which can be calculated numerically. 

 

 

Figure 4.5. a) Effect of the casting velocity on tape thickness and b) average velocity profiles of slurry sheared 
under the doctor blade with different carrier velocities. 

4.1.3.2 Effect of the casting gap 

The expected tendency of increase in the tape thickness with a higher doctor blade gap is shown in 

Figure 4.6. However, the slopes of the curves differ significantly. The thickness of tapes cast at high casting 

speeds are proportional to the gaps used, but at low casting speeds the thickness of the tapes cast with a higher 

gap of 1 mm is significantly larger comparing with the thickness of tape cast with a lower gap of 0.4 mm. As it 

was mentioned earlier, at high casting speeds the flow is formed solely by a drag-driven flow with a linear 

behaviour of slurry velocity along the gap height, while at low casting speeds the flow is defined both by drag- 

and continuously changing pressure-driven flow. Using a high doctor blade gap means that more material is 

passed through the blade region and it is easier for pressure behind the blade to push more slurry out of the 

reservoir, in most cases exceeding the gap height. At low casting gaps, this post-doctor blade exceess is 

proportionally smaller and hampered for high viscous slurries. 

In the experiments focused on analysis of the blade gap effect, the proposed quasi-steady state model 

also shows a better agreement with experimental data comparing to the steady state model. The higher 

deviation between data was observed at larger blade gaps, which can result from the fact that for all casting 
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gaps the side flow was assumed to be constant (Eq. 4.17.). However, the side flow effect, as it will be shown in 

Section 5.5., is affected by the gap value. 

 

Figure 4.6. a) Effect of the casting gap on tape thickness and b) comparison of proposed quasi-steady state 
model with steady state model and experimental results of tape cast with a velocity of 3.67 mm/s. 

4.1.3.3 Effect of the slurry load 

In the experiments described above, the data were given at initial slurry load 𝐻0, which corresponds to 

the slurry level in the reservoir at the beginning of the casting process. In this study, since the slurry load in 

reservoir is the main studied parameter, the data from the steady state model will be presented at initial slurry 

load 𝐻0 as well as at some average slurry fill in reservoir 𝐻𝑚, which supposed to correspond to the fill of 

reservoir in the middle of the casting process. The value 𝐻𝑚 is the average between the initial slurry height in 

reservoir 𝐻0 and the level of reservoir equal to the gap height, i.e. the last point where the fluid is experienced 

the hydrostatic pressure in reservoir. It is assumed that the decrease in the slurry level in the reservoir is linear 

as a function of time, which is different from the real parabolic trend (will be discussed in details in Section 4.2). 

 

Figure 4.7. Comparison of results of quasi-steady state modelling and steady state modelling at 𝐻0 and 𝐻𝑚 with 
experimental tape casting, performed with a slurry load a) 𝐻0 = 3.1 𝑚𝑚, b) 𝐻0 = 6.6 𝑚𝑚, and c) 𝐻0 =
20.8 𝑚𝑚. 



C h a p t e r  4 .  M o n o l a y e r  t a p e   

 
 
 

54 
 

With an increase in the slurry load, the length of the tape and grows (Figure 4.7). This trend is expected 

as the higher the slurry load is, the larger the volume of slurry to be cast in the process will be. 

There is a general tendency of decrease in the tape thickness from the beginning to the end of the 

process (from the right side of the plot to the left side of the plot corresponding to the end of the process) for 

the presented slurry loads of 3.1 mm, 6.6 mm, and 20.8 mm (Figure 4.7). This is because the slurry flow is driven 

by the sum of drag- and pressure- driven flows at the beginning of the casting process, while the effect of the 

pressure continuously decreases during the process, thus, decreasing the volume of slurry passing the blade 

region per time unit. Moreover, the higher the level of the slurry load, the thicker the tapes are obtained. This 

effect is also accounted for the higher hydrostatic pressure behind the casting blade when more slurry is filled 

into reservoir (Eq. 4.3). The trend of gradual decrease of the tape thickness during the casting process cannot be 

detected by the steady state model neither for slurry height 𝐻0 nor for slurry height 𝐻𝑚. The quasi-steady state 

model, in turn, repeats data from the experiment with a very high accuracy. The minor differences between the 

experiments and the proposed model can be attributed to neglecting the influence of the side flow in the 

model, which will be studied in details in Section 5.5). 

In order to understand the effect of the slurry height in the reservoir on the tape thickness clearly, the 

velocity profile below the doctor blade was analysed in detail for one of the test in the Case 3 (Table 4.2.): 

𝐻0 = 20.8 𝑚𝑚, ℎ = 0.4 𝑚𝑚 and 𝑣0 = 3.67 𝑚𝑚/𝑠. As can be seen from Figure 4.8a, the decrease in the 

hydrostatic pressure behind the casting blade caused by decrease of the slurry load in the reservoir cause a 

change in the velocity profile and the area under the corresponding curves. Earlier, Kim et al. showed [129] that 

the area formed by velocity curves behind the doctor blade is proportional to the “velocity profile area” out of 

the blade (Figure 4.8b). Therefore, the decrease of hydrostatic pressure behind the blade is shown [129] to 

decrease the resultant thickness of the tape. 

 

Figure 4.8. a) Effect of variation in slurry load on velocity profile below the doctor blade region and b) schematic 
illustration of effect of the increasing pressure behind the casting blade on tape thickness (P1>P2>P3) [129]. 
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4.1.4 Conclusion 

The influence of the main tape casting parameters, namely, casting speed, doctor blade gap and the 

slurry load in the reservoir, on the tape thickness consistency were studied both experimentally and 

numerically. The proposed quasi-steady state model describes the flow behaviour of non-Newtonian fluids and, 

unlike steady state models, includes the decrease of the slurry level in the reservoir. A good agreement has 

been found between experiment and a quasi-steady state model. 

The cumulative character of the constant drag-driven flow (Couette flow) and continuously decreasing 

along the casting process pressure-driven flow (Poiseuille flow) was shown to determine the thickness of the 

produced tape. It has been found that the tape thickness decreases with increase in the casting velocity as the 

Poiseuille flow is not dominant as for the case with a low casting velocity. The influence of the pressure-driven 

flow increases with the casting gap, because the high blade gap let a larger amount of slurry a time to pass by 

the blade region. Thick tapes formed due to larger casting gap tend to have inherent big variations in tape 

thicknesses as the process progresses; thin tapes cast with a small gap, in turn, are very sensitive to the exact 

adjustment of the gap over the entire tape width. Moreover, by increasing the slurry load in the reservoir, 

differences in thickness at the beginning and end of the tape arises. This is due to increased influence of the 

pressure-driven flow, which changes the velocity profile behind the doctor blade. 

Although the presented quasi-steady state model has minor inaccuracies due to the assumption of the 

same side flow used for different experiments, it describes the experimental results more precise than steady 

state models found in literature. Despite the fact, that the LSM slurry, used in this experiment, has a slight 

difference from the Newtonian fluid (𝑛 = 0.90), the model contains all parameters that influence the process 

and it has flexibility to describe behaviour of non-Newtonian power law fluids. 

4.2 Thickness control modes. Manufacturing strategies. 
The developed quasi-steady state model investigates flow behaviour using a single-blade configuration, 

which is applied on a regular basis in a batch-scale tape casting. However, the aforementioned study elucidated 

and proved that the main reason of tape thickness inhomogeneity is the compilation of the slurry flow formed 

by (i) intentionally fixed steady motion of the carrier, which drags the slurry from reservoir, and (ii) gradually 

decreasing pressure behind the casting blade, which by pushing the slurry from reservoir under gravity forces 

also participates in slurry flow formation. The continuous decrease of slurry pressure in the casting reservoir 

results in thinning of the tape throughout the casting process. This processing issue is well known in literature 

[111], [115] and a number of engineering solutions and casting modes have been proposed in order to achieve 

constant tape thickness. Some of those methods, however, were not accustomed in tape casting practice 

because of the complexity of the required tape casting set-ups or demands to slurries, which are to be used. For 

instance, the installation of a free-riding roller in the drying chamber [137] with the purpose to redistribute 

mass of fluidly deformable tape in order to achieve flat homogenous tape surface was not widely applied 

because of the accompanying risk of changing the microstructure of the film. 

The strategy of the most applicable solutions relies on a complete elimination or partial balancing of 

impact of the hydrostatic pressure during the flow formation and not in a post-casting processes like in [137]. 

The typical lab-scale solution is to use a double-blade configuration. The rear blade creates an extra pool, which 

is assumed to control the hydrostatic pressure drop behind the casting blade more accurately. Runk and 
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Andrejco (1975) were the first to study the influence of the differences between gap variation on the thickness 

of the formed tape [138]. They found that tape with the smallest thickness tolerance was obtained when both 

blades were mounted at exactly the same height. 

 The industrial finding for a pressure control differs from the lab-scale solution mainly because of the 

higher volume of slurry used. It solves the problem by keeping the same level of slurry in a single blade casting 

head by continuously pumping slurry into the reservoir. The reason of irrelevance of this method in lab-scale 

tape casting is accounted for a large loss of slurry required for adjustment of pumping and casting speeds as 

well as outage of slurry in a pumping supplying units like tubes. 

Another novel casting mode for keeping tape thickness constant was created as a result of the work 

mentioned in Section 4.1. (Paper V and Paper VIII). This novel method also includes modification of the flow 

rather than correcting the tape thickness after tape casting completed. The concept of this method relies on 

applying two revealed regularities: (i) at the beginning of the casting process, the tape is usually thicker because 

of the cumulative effect of shear-driven and pressure-driven flow (Section 4.1.3.3); (ii) tape thinning with 

increase in casting speed (Section 4.1.3.1). Thus, the novel method proposed here implies compensating of the 

hydrostatic pressure decrease by a gradual decrease in a casting speed. 

In order to distinguish which of the described tape casting modes is preferable to form tape of even 

thickness and, consequently, which one is to be chosen for future application in an advanced SBS TC, all four 

modes were compared in a series of experiments. The thickness of green tape, cast on a single blade set-up (SB) 

was taken as a reference and correlated with results of thickness when tape was cast using the double-blade 

setup (DB), continuously supplying slurry into reservoir by a pump system (PS), and by applying a new 

developed speed change (SC) program. Hence, this study focuses on finding the most adequate casting 

conditions and a process workflow to guide the experimenters in choosing the casting mode satisfying 

application needs. The details of this analysis are presented in Paper III. 

4.2.1 Experimental procedure 

The experiments were performed using LSM and LSM_CGO_4 (Table 3.2) slurries to ensure that 

obtained regularities are applicable to slurries of various composition of similar viscosity though. The slurries 

were prepared according to processing steps described in Section 0.  

The apparent viscosity η measurements were conducted with pre-shearing and reversing increase of 

shear rate up to 50 s-1 using a cone-plate system (angle 1°) at 21 °C (MCR 301, Anton Paar GmbH, Austria). A 

solvent trap was used to minimise the evaporation of the organic solvent during the rheological measurements. 

Single-blade tape casting (SB) was taken as a referring test. The precise description of the casting head 

set is described in details in Section 4.1.2.  

In double-blade tape casting (DB) the distance between blades were 20 mm, and the width and design of 

casting blades were identical to one, used in SB tape casting. According to data found in literature [116], [136], 

the gap of rear doctor blade was chosen to be at 1.2 mm height, and the front casting gap was fixed at 1 mm 

height. 

The single blade casting unit, which was identical to those used in the SB series of experiments, was 

applied in tape casting with use of a pump system (PS). Hence, the casting gap was also adjusted on height of 1 

mm. the differential pump system and plastic tubes with internal diameter of 18 mm were set to pump slurry 

from polyethylene bottles. 
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For the speed change (SC) mode, invented during this PhD project, setting the sequence and value of 

casting speeds were required. This was accomplished, first, by re-calculation of the mass conservation and trend 

of LSM tape thinning with an increase in casting speed (data from Section 4.1.3.1.). Based on preliminary re-

calculated program of speed change provided from the modelling work, the regularity of changing casting speed 

and values of casting speeds were corrected after a number of preliminary experiments. After testing, the speed 

change program (Figure 4.9) was successfully exported to the process control machine and implemented for 

tape casting with further thickness analysis. 

 

Figure 4.9. Casting program exported to the tape caster machine for improving the constancy of the dried tape 
thickness by continuous change of the casting speed. 

SB, DB and PS tape casting experiments were accomplished with a casting speed of 30 cm/min. The 

initial slurry load in the reservoir 𝐻0 was about 25±3 mm. The thickness values of the green tapes were 

measured about 2 cm from the edges of the tape on both sides of the tapes, every 10 cm along the length using 

a 15 mm diameter circle flat dual point digital micrometer. 

The ideal way to control and monitor the slurry level in the reservoir is usually accomplished by using a 

sensor (ultrasonic, photonic, air or capacitance), whereas the ideal way to justify the impact of the shear process 

on tape formation would be to measure the thickness of the wet tape right after the blade region by using, for 

example, a 𝛾-ray back-scatter apparatus. Due to lack of this equipment in our laboratory, however, the slurry 

level in reservoir was governed by the mark in the tank and instead of controlling a wet thickness, dry thickness 

was analysed with the assumption that drying process was uniform along the tape length. In order to ensure 

that the flow starts with the move of the Mylar carrier, the casting gap was occluded by a Duct adhesive tape. 

This guarantees the high accuracy of experimental tape casting in regards of modelling simulations by 

preventing instantaneous run of slurry through the gap before driving forces are applied. 

4.2.2 Results and discussion 

Figure 4.10 shows that both LSM and LSM_CGO_4 slurries are characterised with a shear thinning 

behaviour with extremely low yield stresses (inset in Figure 4.10), which is required for tape casting. Therefore, 

the flow behaviour of the slurries can be described by the Ostwald-de Waele power law equation 3.7. Due to 

thixotropy, viscosity curves for both LSM and LSM_CGO_4 slurries showed individual hysteresis loops. The 
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rheological behaviour and power law constitutive equation fit were chosen to be described by the reverse 

viscosity curves as they characterize the re-built viscosity. Fitting the experimental data of Figure 4.10 to power 

law constitutive equation 3.7, relatively high values of the correlation coefficient 𝑅2 were obtained (Table 4.3) 

which demonstrates a good compatibility of slurry fluid behaviour with the Ostwald de Waele model. The 

corresponding consistency indexes 𝑘 and shear thinning constants 𝑛 for LSM and LSM_CGO slurries are given in 

Table 4.3. 

 

Figure 4.10. Viscosity curves and flow curves (in the inset) of LSM and LSM_CGO_4 slurries. 

 

Table 4.3. Ostwald-de Waele power law model’s fitting parameters and a correlation coefficient R2. 

 k n R2 

LSM 6.63(2) 0.73(6) 0.994 
LSM_CGO_4 6.19(4) 0.77(7) 0.996 

 

Rheological behaviour of LSM and LSM_CGO_4 slurries were described by a power law equation in order 

to estimate the theoretical tape thickness (Eq. 4.2) [104], which would be formed if the casting flow was formed 

by a superposition of pressure- and drag-driven forces or when flow is generated by a pure drag-driven flow. 

Figure 4.11. depicts thicknesses of LSM and LSM_CGO_4 slurries, produced by four different casting 

modes. Position of curves at zero distance from the doctor blade exit corresponds to ends of tapes formulated 

last, i.e. when there was almost no slurry in reservoir. Another end of the curves, further referred as the 

beginning of the tape, was formulated at the beginning of the process, i.e. when the casting reservoir was filled 

by slurry. 

Both LSM and LSM_CGO_4 slurries show the similar tendencies for all the tested casting modes. 

However, the thicknesses of the dried tapes produced by SB and SC modes are slightly different for the LSM and 

LSM_CGO_4 slurries (Figure 4.11). Among feasible reasons for this distinction in dried thicknesses can be either 

difference in shear rate profiles or difference in drying kinetics of the LSM and LSM_CGO_4 slurries during the 

SB and SC tape casting, which leads to various packing in green tapes. Another reason for the differences in tape 
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thickness between the LSM and LSM_CGO_4 slurries can be their minor mismatches in viscosity curves which 

might affect the shear rate profile and a side flow, resulting in different dried thickness. 

Tapes are also shown to have a slightly different length because of a minor uncertainty in the initial 

slurry load in the reservoir. Since there was no an automatic control of slurry filling at the reservoir, the slurry 

load was controlled manually, the difference in resultant length of slurry was predictable and permissible. In 

order to ensure that the thicknesses of the tapes are comparable to having the same slurry level in tape caster, 

the curves correlated to tape thickness were aligned by the zero position, i.e. when the reservoir was definitely 

empty in all the tested casting modes. 

 

Figure 4.11. Thickness deviation of tapes cast using the single-blade (SB), double-blade (DB), single blade and 
pump system (PS), single-blade and a program of casting speed change (SC). The estimated error in tape 
thickness measurement is 15 µm. 

The ideal condition providing the most uniform thickness across the entire tape length is when the 

actual slurry flow rate is equal to the carrier flow rate, i.e. when the flow is determined just by the first term in 

equation 4.2. or when the actual slurry flow is constant for the whole duration of the casting process, i.e. when 

the flow speed is determined by the superposition of both terms in equation 4.2. which is constant during the 

whole casting process.  

The second concept is realized in industrial application by continuously pumping slurry into the tank. The 

limitation of this method is that the viscosity of slurries has to be low enough to prevent clogging and ensure 

homogeneous flow in tubes supplying slurry to the reservoir. Slight thickness changes of 7 and 9 % for the LSM 

and LSM_CGO_4 slurries, respectively, were a result of adjusting the casting parameters and pumping speeds. 

Depending on the chosen slurry level in reservoir, which is analogue to the hydrostatic pressure, the wet 

thickness might be even higher than the casting gap. In that case the slurry experiences so-called “welling” [37] 

also mentioned in literature and adapted here as a “swelling” phenomenon [136]. Swelling occurs when the 

hydrostatic pressure pushes a large volume of slurry under the doctor blade so that the slurry exceeds the gap 

level. Swelling is normally determined by the height of the casting gap, polymer content in the slurry, slurry 

viscosity and casting speed. An indirect method of measuring swelling is by comparing the thickness of tape 

obtained by a PS method and the stable part of a tape obtained by SB method. For instance, for LSM slurry cast 



C h a p t e r  4 .  M o n o l a y e r  t a p e   

 
 
 

60 
 

with 30 cm/min speed and maintaining a slurry level in reservoir at 22 mm, the swelling extent is found to be 

70-80 µm (Figure 4.11). The direct method of measuring the swelling level is measuring the slurry trace on the 

side of the blade facing the drying area. The LSM slurry rise was 140-150 µm, which is higher than the values 

obtained from the analysis of the thickness curves in Figure 4.11. 

An alternative method to minimise the influence of the hydrostatic pressure and maintain the same 

slurry level behind the casting blade is the DB approach. Tape thickness formed by DB tape casting was on 

average 10% smoother comparing to the SB method. Nevertheless, the 20 % thickness gradient across the 

whole tape length was presumably because the gap under the rear blade was too high to keep constant the 

hydrostatic pressure in relief reservoir. Moreover, inconsistence in tape thickness can be also caused by swelling 

as it was proven [136] to be typical for DB tape casting with a large (over 1mm) casting gap. Despite careful 

adjustment of gaps values, the final tape thickness showed a smoothly decrease toward the end of the tape, 

both in the LSM and LSM_CGO_4 tapes. However, further optimisation on the adjustment of the gaps in the 

double blade setup was discontinued due to presence of a vortex flow in the relief reservoir, which was proved 

numerically [134] and experimentally [139]. Later, Roosen et al. [136] found that vortex originates from the 

velocity gradient: between two blades the shearing velocities are much lower than velocities under blades. The 

vortex flow affects the rheological behaviour of the slurry, making a shearing flow during casting uncontrollable 

which is undesirable for the processing technique. 

In the newly implemented technique SC, tape thickness was prescribed by a change in the casting speed 

𝑢 due to decrease in the hydrostatic pressure ∆𝑃 in the casting head. As a result, the thickness tolerance stayed 

within 5%, identifying the SC approach as the most appropriate tool for processing with high precision thickness 

control. Achieved thickness values of LSM and LSM_CGO_4 tapes are in concert with the thickness values of 

tape, produced by SB tape casting, exactly as the framework of the speed change program was settled and 

optimised. Moreover, the SC approach was shown to form the smoothest dried tapes compared to other casting 

modes. However, the SC method should be used bearing in mind that if the casting slurry is unstable or if it 

contains elongated particles, the speed fluxions during casting process is undesired as it drastically affects the 

applied shear rates and the resulting microstructure of the tape. 

Based on the conducted studies, the novel casting mode of continuous speed change showed to form 

the most smooth tape surface, but from the casting experience we can expect that use of SC mode in systems 

containing poreformer and/or elongated powder will originate significant instabilities in morphology and/or 

porosity along the green tape. The SB approach was seen to be preferential for a small-scale co-casting as the 

thickness tolerance is within 10 % if the first 10 mm are not taken into account and the slurry flow is better 

described and analysed in literature compared to the DB mode, where the velocity gradient within the casting 

unit was proven to generate uncontrolled slurry vortices. PS mode would be beneficial for study an adjacent 

tape casting in large scale but this is out of the scope of the current study. 

4.2.3 Conclusion 

The newly established mode of tape casting was shown to ensure formation of smooth green tapes with 

a high consistency of tape thickness. Determination of the casting program is individual for each slurry 

formulation; but it is easy to build the program if the kinetics of the slurry reduction with a casting time is 

known. The proposed method of changing the casting speed has shown the best results among other casting 

modes with regard to the tape thickness constancy exhibiting a thickness tolerance of less than 5%. 
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The high accuracy and constancy of LSM and LSM_CGO_4 tapes formed by pumping the slurry into the 

tape casting reservoir had a limitation of how viscous slurry can be pumped without creating clogs and providing 

a uniform fluid flow inside the polyethylene tubes used in pumping system. This method, however, is highly 

recommended if a large slurry volume is to be cast so that the high losses during slurry supply will be 

reasonable. 

The double blade configuration of the tape caster showed that it was necessary to adjust the blade gaps 

at first in order to guarantee a steady slurry level behind the casting blade. The work on adjustment of the gap 

height discontinued because of another drawback of DB mode associated with inhomogeneous flow inside the 

casting unit [134], which results in formation of vortex flow. Nevertheless, this method has seen an increasing 

attention for the fabrication of small lab-scale devices in recent works [140]–[142]. 

Tape casting with a single blade tank design appeared to have a high tape thickness increase at the 

beginning of the process due to high pressure resulting in high swelling at the beginning of the casting process. 

However, after casting about 10 mm with the speed of 30 cm/min the rise is decreasing and the tolerance of the 

dried thickness become no more than 10% until the end of the casting process. 
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5 Side-by-side tape casting 

The newly proposed shaping technique SBS TC achieves parallel joining of dissimilar materials into 

functional adjacently graded tapes. The fact that the adjacent co-casting method itself was independently 

proposed by two scientific groups, working on magnetic refrigeration [66] and on improvement of a laser gain 

element [143], indicates a high potential of SBS TC for gaining a broad commercial acceptance and 

development. Although the range of application scenarios for adjacently graded materials continuously grows 

and become of concern as a structure beneficial for thermoelectric generator [144], detailed analysis of 

processing parameters influencing the quality of cast tape till needs to be carried out. 

The current work is aimed to identify and systematically explore the slurry properties and operational 

parameters affecting the quality of the interface between co-cast materials. A twofold approach has been 

adopted as the basis for recognising the controlling parameters: 

- One of the approaches focuses on “operational parameters” that covers the practical issues of co-casting 

feasibility such as dividing a conventional tape caster into a multichamber one with sufficient isolation, 

finding optimum settings for the tape caster unit (like single- or double-blade design), establishment of 

applicable correlation between casting speed and gap and tape thickness consistency. 

- The second approach is “slurry focused” and consists of analysis of the quality of the graded tape in respect 

to the slurry composition, its density and flow behaviour.  

These two approaches were applied in sequential and iterative order, unravelling the complex co-flow 

process and providing a comprehensive view on the SBS TC issues, which will be discussed further. 

The output parameters characterizing the quality of the produced tapes are tape thickness consistency 

and the shape of the interface. Results on tape thickness consistency are presented by comparison of absolute 

thickness values and thickness gradient. The shape of the interface at the confluence area have one of the 

following profiles (Figure 5.1a): steep vertical, arc shape, angled to the surface of the substrate, or the boundary 

can be blurred due to mixing and interdiffusion between adjacently co-flowed slurries. The third case is so-

called overlapping, which is covering or extending one of the SBS co-cast materials over another due to the 

overflow of slurries in the interface area. In order to measure the extent of overlap between adjacently co-cast 

materials, the position of the interface viewed from the top side of the tape was compared with the interface 

position, viewed from the Mylar bottom side of the tape (Figure 5.1b). From the tape profile view (z-y plane), 

the interface looked like either a steep line, giving an extent of overlap equal to zero, or like an angled line. In 

the last case the extent of overlap was measured in mm as the distance between interfaces seen from either 

side and some line, parallel to the side edge of the tape. 

First, the conceptual idea of co-casting and necessary modification of a conventional casting tank is 

described. Then the casting modes are considered again but in terms of formulation of a stable flow and straight 

interface along the tape length. With the casting mode chosen to facilitate the most clear recognition of 

phenomena happening with a flow field during co-casting, the effect of slurry density and viscosity as well as 

casting speed are briefly described in Thesis. More details on this subject can be found in Paper I. Adhesion 

assessment was required to define if adjacently graded tape behaves as a single material or as a combination of 

weakly joined individual tapes. Hence, as the next step, mechanical tests were performed on green tapes with 

and without interface, characterizing the adhesion forces between the co-cast materials. After establishment of 
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slurry parameters and casting speed, the design of the partition dividing the casting tank into chambers is 

investigated (Paper III). The side flow is shown to be a critical parameter determining the dimensional stability 

of cast tapes, and shape and strength of the interface and its effect is summarised at the end of this Chapter 

under Section 5.4. 

 

Figure 5.1. a) Schematic of possible shapes of interfaces formed between adjacently co-cast materials in SBS TC 
and b) determination of extent of overlap between SBS co-cast tapes. The scale of the tape doesn’t match to the 
real size of green tape, and proportions between tape width and length are exaggerated. The sketch aims to 
show how the interface position change along the tape and definition of the extent of overlap. 

5.1 Design of the tape caster 
SBS TC includes simultaneous co-shearing of a number of slurries next to each other, forming a thin tape. 

To accomplish that, a conventional tape casting tank has to be divided into chambers. The width and the 

amount of chambers depends on the application needs (Figure 5.2a). In the current work, partitions were cut off 

from the Teflon plate 1.95 mm wide (Figure 5.2b). The material for the partition is free of choice as long as it is 

chemically inert to the chemicals used in slurry and the surface tension between the partition and slurry such 

that it does not affect the flow next to the tape caster walls and the partition. Kupp et al., for instance, used a 

steel partition to divide the casting tank into chambers [145]. 

 

 

Figure 5.2. a) Photography of casting tanks for SBS TC with seven and two chambers and b) schematic of Teflon 
partition designed to divide casting tank into chambers. 
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The shape of the partition has to precisely repeat the shape of the casting reservoir. Before tape casting, 

the required number of partitions were fixed in the casting tank by use of Duct tape. The Duct tape was also 

intended to prevent the interleakage of slurries between adjacent chambers. 

It was found that a tapered front edge of the partition was required since a blunt flat partition was 

shown to leave traces on dried green tape and led to an undesired inhomogeneity at the interface area (Figure 

5.3). These traces on the tape surface were a consequence of the significant distance between the two slurries 

created by a blunt partition, which co-casting viscous slurries had to overflow just by flowing sideways. To 

overcome this challenge either less viscous slurries could be used but that would affect the shape of the 

interface between co-cast materials and final thickness. Another solution was sharpening the partition at the 

front edge in order to create a smooth merge for co-casting slurries (Figure 5.2b and Figure 5.3). The use of the 

sharpened partition opened a chance to co-cast slurries with a wide variety of viscosity values including highly 

viscous ones. 

In order to guarantee simultaneous shearing of adjoining slurries, the gap between doctor blade and the 

carrier was closed with Duct tape in such a way that it prevented a drain of slurry before the carrier substrate 

started moving. At the start-up of the process, the carrier pulls slurries out of the casting tank with Duct tape 

moving with a front flow of co-casted materials. This optimisation was implemented as an engineering solution 

while casting of a monolayer tape (Chapter 0) in order to adapt experimental conditions to the numerical 

modelling. 

 

Figure 5.3. Schematic representation of surfaces of green graded tapes after co-casting using a non- sharpened 
and sharpened partition and below the pictures of surface topography of green tape samples, which were 
analysed by means of laser profilometry. The short slit on the sample, cast with the tapered partition, was made 
by knife in order to later identify the interface region on a completely smooth graded tape. The length of each 
piece of tape was 20 mm, and the width was 80 mm. 

5.2 Evaluation of tape casting modes in side-by-side tape casting 
Section 4.2. described a variety of optimal casting modes, their challenges and advantages in a matter of 

formulating green tapes with a low thickness gradient. In this section the significance of casting modes in terms 

of the interface shape and the extent of overlap will be investigated. For that, the same LSM and LSM_CGO_4 

slurries were co-cast adjacently with a speed of 30 cm/min for SB, DB, and PS casting modes. 
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Figure 5.4. Extent of overlap in a green tape, formed between co-cast LSM and LSM_CGO_4 slurries in single 
blade (SB), double-blade (DB), speed change (SC), and with use of a pump system (PS) modes. 

Figure 5.4. shows that the steepest interface was formed in tape casting where slurry was supplied to 

the casting tank by pump system. Minor fluctuations in the extent of the overlap are attributed to continuous 

manual adjustment of the pumping speed to casting speed. An absence of an overlap (1st model in Figure 5.1a) 

identifies PS casting mode as the mode, which guarantees a steady slurry flow and formation of a uniform green 

tape with a steep interface. 

The decreasing overlap observed as the casting proceeds, typical for tapes obtained by SB and SC modes 

is presumably associated with fluid irregularities at the beginning of the tape casting process. A large overlap at 

the beginning of the graded tapes can be induced by a high pressure in the initial stage of the process and the 

resultant swelling, which does testify the unstable flow. The fact, that SC and SB modes have similar overlapping 

profiles indicates that the casting speed probably does not affect the extent of overlap. A detailed study of the 

casting speed on interface shape, however, is described further in Section 5.3. 

The large overlap between slurries, co-cast by a DB system, can be attributed to the vortex and the 

continuous viscosity change described in [134]. Because of uncontrolled flow in the spare reservoir and beneath 

the blades, this method will not be considered for future analysis. 

For further adjacent co-casting experiments, the single-blade casting head was chosen. The SB mode is 

beneficial for lab-scale research of co-casting, as it simplifies the modelling of main parameters on flow 

formation, and saves a considerable amount of slurry and time for individual castings. But the main reason to 

use a single blade system instead of a stable flow in pump system approach is to investigate the effect of 

superposition of pressure- and drag-driven flows on formation of interface in SBS TC. 

5.3 The effect of slurry properties and casting speed on quality of graded tape 
The general advantage of all liquid forming techniques is that they offer a high level of control over the 

fluid mechanics in the process, which makes it an ideal tool for fabricating tapes of various chemical 

composition and microstructure. A number of researches have been carried out using that correlation and 
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establishing a pattern between tape thickness constancy, alignment of particles along the casting direction and 

drying shrinkage coefficient as a dependence of slurry parameters like density and viscosity [146]–[150]. 

Because the fluid field inside the casting unit showed to define the dimensional characteristics of the 

final green tape (Section 4.1), it was decided to start the study on the SBS TC was decided to start by 

distinguishing the slurry viscosity and density values suitable for co-casting. From tape casting experience 

known, that for fabrication of thick tapes, viscous slurries (above 2000 mPas at a casting shear rate) have to be 

used. The variation of slurry viscosity is usually achieved by varying the solid load, solvent or/and binder 

content. In the current work, it was decided to keep the solid load constant as the ceramics to dispersant ratio 

was already optimised and the already defined concentration of ceramics had been shown to have the highest 

possible value [93], [98], [151]. The most straight-forward method to increase viscosity leaving the same solid 

loading includes increasing the polymer content. However, the range of binder concentration has to be minimal 

because during the next step, pyrolysis, a high concentration of organics should be burned off, which in extreme 

cases can give undesirable high porosity in the final tape. Hence, the slurry viscosity was varied by changing the 

solvent and binder concentrations. 

For systematic analysis, composition of one of the co-cast slurry LSM decided to preserve over all set of 

viscosity experiments, while viscosity of the adjacently cast LSM_CGO slurry was gradually changing. The 

composition of LSM slurry was tailored such that no surface defects were observed. The viscosity of the 

LSM_CGO slurry was varied by changing the content of solvent MEKET and binder system as described above 

(Table 3.2). Along with interface control, tape thickness was also verified as a function of slurry viscosity. After 

the optimum slurry composition was chosen, the effects of casting speed on tape thickness gradient and 

interface shape were investigated. 

This study addresses the experimental approach of SBS TC with the aim to understand the character and 

weight of slurry viscosity variation and casting velocity on the quality of adjacently graded tape. The full 

examination of the rheological behaviour of the slurries and casting velocity on thickness consistency and 

interface quality are described in Paper I and Paper IX. 

5.3.1 Experimental procedure 

Table 5.1. shows the LSM and LSM_CGO slurries compositions used for the co-casting. Slurries were 

prepared according to milling conditions, filtering and de-air as it was described in Section 3.3. Measurements of 

apparent viscosity (η) were conducted on pre-sheared and recovered (50 s-1 for 20 s, 0 s-1 for 10 s) slurries with 

reversing increase of shear rate γ́ up to 50 s-1 using a parallel-plate sensor system (Haake RheoStress 600, 

Thermo Electron GmbH, Germany). A solvent trap filled by ethanol was designed to prevent evaporation of 

organic solvent during rheological measurements. The densities of slurries were measured using a pycnometer 

as described in Section 3.4.  

The casting head used in the experiment was divided into two chambers and had single blade geometry. 

The partition front side was sharpened and the gap under the casting blade was occluded by Duct tape (Section 

5.1.). The casting gap was set to 1000 µm, and the slurry load in the reservoir was 22±2 mm. After pouring into 

adjacent chambers, slurries were kept in there for 30 s to reset stress history and then simultaneously cast with 

a velocity of 20 cm/min. 
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An analogous procedure was used for the set of experiments where the influence of casting speed on 

quality of graded tape was studied. LSM and LSM_CGO_4 slurries were co-cast onto a graded tape at a speed 

between 10 cm/min and 40 cm/min. 

Table 5.1. Dependence of slurry’s viscosity on the content of MEKET solvent and binder system. Because of 
experimental uncertainty, viscosity values were rounded to the nearest 100. 

 Solvent 
vol.% 

Binder syst. 
vol.% 

S/C 
Volsolv./Volceram 

BS/C 
Volbind.syst./Volceram 

Viscosity η 
mPas 

(γ́=3.3 s-1) 

Density ρ 
g/cm3 

LSM 42.99 41.24 2.98 2.86 4200 3.52 
LSM_CGO_1 43.98 42.47 3.61 3.48 2700 3.64 
LSM_CGO_2 43.44 42.45 3.57 3.45 3200 3.68 
LSM_CGO_3 42.84 43.73 3.54 3.62 3800 3.86 
LSM_CGO_4 41.78 44.53 3.39 3.62 4300 3.82 
LSM_CGO_5 40.69 45.37 3.24 3.62 4500 3.78 
LSM_CGO_6 40.65 41.83 2.93 2.68 6000 3.35 
LSM_CGO_7 41.02 41.69 2.63 2.68 6700 3.39 
LSM_CGO_8 40.50 40.74 2.01 2.50 9400 3.34 

 

The produced tapes were dried for one day in a drying chamber and subsequently for 2 days in ambient 

atmosphere. The thickness values of green tapes were measured like in previous experiments by a digital 

micrometer with 15 mm diameter flat circle plates. The interface behaviour was characterised by the extent of 

overlap (Figure 5.1b). Cross sections of green tapes containing interface were examined with a scanning electron 

microscope (SEM) (Inspect, 50 nm at 30 kV, FEI Company, Kyoto, Japan) with energy dispersive X-ray 

spectroscopy (EDX, Oxford Instruments, Abingdon, United Kingdom). For reproductive comparison of interface 

shapes, samples for SEM and EDX were punched 10 cm from the end of each tape. Since polishing of green 

samples is impossible, the tapes were frozen in liquid nitrogen and then broken apart in order to have a smooth 

surface. The samples were retained between two plastic plates and covered by nanocarbon. 

5.3.2 Results and discussion 

The LSM and LSM_CGO slurries formulations used in the current study were selected from slurries 

(Figure 3.3a), which have been found to form green tapes without any surface defects. The variation of solvent 

and binder system in that range, however, did not affect the slurry density to a wide extent (3.60 ± 0.26 g/cm3) 

(Table 5.1). That is because the density of slurries is mainly determined by the load of the heaviest fraction, i.e. 

by the load of ceramics in the studied system. However, in the current work, the mass of ceramics was kept 

constant, which gives only minor variations in slurry density, complicating further study of the impact of slurry 

density on the interface formation in SBS TC. 

Nevertheless, the effect of slurry density was studied numerically by applying experimentally 

determined parameters (rheological parameters and densities of LSM and LSM_CGO slurries, dimensions of 

casting head) in the model described in Section 4.1. The tested range of slurries densities was wider than in the 

current experimental work, and amounted to 2-4 g/cm3 [152]. Results of co-flow simulations found no influence 
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of the slurries’ density on the interface shape and position. Hence, the role of slurries density was neglected in 

the current study. 

Unlike slurry density, slurry viscosity was undoubtedly dependent on content of solvent and binder 

system in slurries. As expected, the viscosity of highly viscous slurries was more sensitive to changes in the 

binder system or solvent content compared to the viscosity of less viscous slurries. Thus a slight increase in 

solvent concentration in a very viscous slurry would decrease the slurry viscosity drastically. The fact that the 

increase of binder system content increased slurry viscosity, proved the conjectured hypothesis (Section 3.1.3.) 

that the binder interacted as an adhesive agent without replacing dispersant from the powder surface [37], 

[113]. Thus the dispersant is acting as intended and is not accumulated between polymeric chains of the binder, 

which could deteriorate the mechanical properties.  

Shear thinning, required for tape casting, was typical for all prepared slurries (Figure 5.5a). Here, data of 

a few slurries are presented (Figure 5.5) (Table 5.2) assuming that the rheological behaviour of the rest of the 

used slurries (Table 5.1) are similar. By fitting the rheological parameters of the slurries to the Herschel-Bulkley 

model (Eq. 3.9.) (Table 5.2) and plotting flow curves in a logarithmic scale (Figure 5.5b), the yield point of the 

used slurries was evaluated. Taking into account that at the beginning of the casting process the estimated 

(Eq. 4.3) hydrostatic pressure behind the casting blade is about 700 Pa, yield stresses below 10 Pa (Table 5.2) are 

assumed to be negligible. Hence, the developed numerical model (Section 4.1) (Paper V and Paper VIII) with 

incorporated power law rheological behaviour of slurries is suitable for further analysis.  

The slurry LSM_CGO_8 will not be considered further because of extremely high viscosity and low shear 

thinning capabilities (Figure 5.5a), which are undesired for the tape casting process. The influence of viscosities 

on quality of the produced tape was decided to study deeper on the following five slurries: two slurries with a 

similar rheological behaviour LSM and LSM_CGO_4, two the least viscous slurries LSM_CGO_1 and LSM_CGO_2 

and the most viscous slurry LSM_CGO_6. LSM slurry was co-cast with all four LSM_CGO slurries in sequence. 

 

Figure 5.5. a) Viscosity curves and b) flow curves of the studied slurries. 

The flow field beneath the blade was shown to be the main cause of particles orientation and the degree 

of shrinkage [134], [146]. Hence, before starting a close investigation of slurry viscosity as a factor determining 

the shape of the interface, a clear definition of the fluid field of used slurries inside the casting unit during the 

whole tape casting process has to be determined. 
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Table 5.2. Rheological behaviour of cast slurries. 

 k n Yield point τy 
Pa 

R2 

LSM 4.7(7) 0.85(6) 1.0(8) 0.999 
LSM_CGO_1 2.0(2) 1.00(3) 0.8(2) 1.00 
LSM_CGO_2 3.0(8) 0.93(2) 0.7(6) 0.999 
LSM_CGO_4 5.8(2) 0.81(2) 1.0(4) 0.999 
LSM_CGO_6 6.2(9) 0.71(2) 4.8(3) 0.999 
LSM_CGO_8 13.4(2) 0.58(8) 6.2(7) 0.999 

 

It is very common, both in laboratory and industrial practice, to characterize slurries referring just to one 

viscosity value, measured on rheometer and given (i) either at a certain shear rate or (ii) viscosity value taken 

from the viscosity curve at a certain cast shear rate. This certain cast shear rate is determined as a ratio between 

the casting velocity and the casting gap [100], [126]. For instance, in current work, the cast shear rate is 3.3 s-1 as 

tapes are cast with a gap of 1000 µm at casting speed of 20 cm/min. But the above mentioned formula only 

gives a rough estimation of casting shear rate, because it anticipates continuous nature of dragging forces and 

neglects descending pressure drop. The real flow profile during tape casting is more complicated; shear thinning 

character of slurries, complicated system of slurries surface tension, and wetting behaviour are just a few forces 

imparting the flow of the slurries. In order to minimise the uncertainties and determine the actual viscosity 

profile during SBS TC, the quasi-steady state model (Section 4.1) (Paper V) combined with a power law model 

and slurry height dependent flow has been applied. 

Figure 5.6a displays that the shear rate profile is very sensitive to the slurry load in reservoir. The higher 

the slurry level behind the blade, the higher the deviation in shear rate profile and, hence, the higher the 

viscosity across the casting gap is. Thus, it is of a crucial matter to keep the slurry level equal in adjacent 

chambers in SBS TC and always start casting experiments with the same initial slurry volume in reservoir in order 

to have reproducible experiments of high accuracy. 

As long as slurries were loaded up to the same level in the casting chamber, the flow field appeared to 

be independent on rheology of cast slurries (Figure 5.6b). The influence of hydrostatic pressure drop was found 

by shifting the roughly calculated share rate value of 3.3 s-1 to a wider range of shear rates. The carried modeling 

determined the region of shear rates, acting during the whole casting process and for slurries applied in this 

work belonging to the interval of 0.6 s-1 to 5 s-1 (Figure 5.6c). That fact allows describing slurries’ flow behaviour 

by referring to one value of viscosity. 

All four LSM_CGO slurries described above were adjacently co-cast with LSM slurry, and the four 

produced SBS graded tapes were dried under the same conditions. Figure 5.7. depicts that the thickness of 

green tape is a function of slurry viscosity and not the slurry density, as it was also shown above. The leap at the 

beginning of each curve is associated with the sharp launch of tape casting process with high hydrostatic 

pressure in the slurry column. Another observed tendency is that more viscous slurries form thicker tapes with a 

higher gradient of tape thickness along the casting direction. For example, the LSM_CGO_6, LSM_CGO_4 and 

LSM_CGO_2 slurries have the thickness deviations on last cast 20cm of the tapes of 20.17%, 9.67% and 3.24%, 

respectively. This is caused by a higher resistance of viscous slurries to side flow, while less viscous slurries tend 
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Figure 5.6. Shear rate profile across the casting blade a) for LSM at different slurry load in reservoir, b) for 
various slurries at slurry load H=22mm; c) corresponding interval of slurries viscosity curves at re-calculated 
working shear rates acting underneath the doctor blade during the casting process. 

to easier flow aside, redistributing the slurry volume and reducing the tape thickness. Higher thickness gradient 

typical for more viscous slurries is assumed to originate from the swelling phenomena. Higher content of binder 

in more viscous slurries supposed to adsorb better on the front side of the blade restricting the uniform 

controlled slurry flow. This phenomenon causes the draw of slurry not directly from the initially determined 

side, but after slurry being protruded over the casting blade. The gradual decrease of tape thickness inherent for 

slurries of all tested viscosities is caused by the superposition of steady drag-driven flow and decaying pressure-

driven flow explained above (Section 4.1.). The effect of hydrostatic pressure diminishes continuously with 

process duration as the volume of slurry in the reservoir continuously decreases and the rate of change in the 

hydrostatic pressure is reduced. As a consequence, the green thickness values of tapes, cast from slurries with 

different viscosity values, converge with decreasing slurry amount in reservoir. 

Furthermore, the impact of casting velocity on the thickness of green tape is presented (Figure 5.8). 

Since the detailed study on speed-tape thickness correlation was already presented in detail in Section 4.1.3.1., 

the relation will be only considered here in order to highlight the main reasons of tape thinning and applying 

these reasons while study the SBS cast tapes. The differences in thickness of the LSM and LSM_CGO_4 sides at 

the same speeds was presumably due to different solvent content, which evaporated in the drying process. The  
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Figure 5.7. Tape thickness gradient along the green tape length. Viscosity values are given at a shear rate γ́ 
=3.3 s-1 (corresponds to the casting speed of 20 cm/min); density values are referred to the slurry density values 
given in Table 5.1. The estimated error is 15 µm. 

drying ratio, estimated from equation 4.2, approximated to 30-40% for the LSM side and 35-50% for the 

LSM_CGO_4 side. As having a different binder system load in adjacent materials, a minor systematic additive 

error is possible during thickness measurement due to different softness of materials. This uncertainty 

disappears after the de-binding step, forming a dense solid material with equal thicknesses on both sides of the 

graded tape. The obvious tendency of thickness smoothing after first 10 mm cast, proves the fact that tapes are 

mostly formed by a drag-driven flow, defining the steady flow during the most of tape casting process.  

Another aspect of casting velocity impact is the difference in shearing or, equivalently, casting time. Fast 

tape casting reduces the time when slurry is sheared, hence, limiting the time when slurry is capable of 

undergoing pressure-driven flow. On the other hand, slow cast slurries experience pressure and viscosity effects 

for a longer time. As a consequence, at low casting speeds the actual slurry volume flow below the blade is 

higher than the volume flow with a speed equal to the carrier speed. Due to capillary forces, thick slurries 

experience swelling after crossing the blade gap zone, causing thickening of dried tape cast with a slow speed. 

The same tendency of decrease of the swelling height with increase in casting speed was declared in [136]. 

Casting velocity also affects the drying kinetics. Tapes, which cast fast are dragged for longer distances in a 

drying chamber being “fluidly deformable”. As it was shown by Prof. Roosen [136] the velocity profile changes 

with the distance from the front edge of casting blade. However, more experiments on this subject will be 

described further in Section 5.5. 

The most illustrative and precise way to show the character of interface dependence is to compare the 

interface shape with the energy dispersive X-ray (EDX) mapping as adjacent materials are often barely 

distinguishable on SEM pictures. Samples were punched from the graded tapes 10 cm away from the end of the 

tape, corresponding to the end of the process, thus guaranteeing the same pressure in the reservoir during the 

casting process. No diffusion or intermix between adjacently co-cast materials was found (Figure 5.9.). 

 



C h a p t e r  5 .  S i d e - b y - s i d e  t a p e  c a s t i n g   

 
 
 

72 
 

 

Figure 5.8. The effect of casting speed on green tape thickness measured along both edges on LSM and 
LSM_CGO_4 sides. The estimated error is 15 µm. 

It was decided to investigate the effects of slurry viscosity and casting speed in a parallel study in order 

to make tendencies more clear. The increase in casting speed from 10 to 40 cm/min for our particular slurry 

formulations resulted in a decrease of overlap from 1.2 mm to none at all (Figure 5.9a). This behaviour can be 

explained by the duration of the slurry co-shearing process and side flow. Thus, slurries which were co-cast fast 

have a very short time beneath the blade to flow aside and barely merge to form the interface; in the drying 

zone dried slurries are not capable of moving anymore. In turn, slurries, cast at lower speeds, have more time in 

a low viscosity state, leading to formation of wider contact area between adjacent materials. For casting speeds 

of 20 cm/min and 30 cm/min, the increased role of surface tension between adjacent slurries is evident by a 

sudden change in the straight line interface shape to the arced shape (second scheme of interface shape in 

Figure 5.1a). The correlation between slurry surface tension and interface shape formation is a subject planned 

to be studied in our future work. 

Figure 5.9b depicts that the impact of slurry viscosity on the extent of overlap between co-cast materials 

is significantly larger compared to casting speed. More viscous slurries are restricted to flow aside, and due to 

less content of solvent they dry fast. Due to more content of solvent low viscous slurries are fluidly deformable 

after passing the blade region. That explains their capability to flow aside and spread over more viscous 

adjacent material. Hence, low viscous slurries intend to form a wide overlapping region or overflow over the 

more viscous co-cast slurry (Figure 5.9b). The absence of intermixing between slurries in the interface region can 

be explained by apparently high enough capillary hydrostatic forces of co-sheared slurries. 
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Figure 5.9. SEM pictures and corresponding EDX image below visualizing the interface area of SBS co-cast a) LSM 
and LSM_CGO_4 materials at various casting speeds, given on SEM pictures; b) LSM and LSM_CGO slurries of 
different formulations at casting speed 20 cm/min. CGO phase is marked with a yellow colour here. 

5.3.3 Conclusion 

LSM and LSM_CGO co-cast slurries were proven to have a negligibly low yield point, thus, the developed 

quasi-steady state model with a power law fluid model is relevant for co-flow numerical description. Most 

importantly, this model verified that slurry velocity profile across the casting blade depends significantly on 

slurry load in the reservoir irrespectively of the slurry viscosity. 

Highly viscous slurries were shown to form thicker tapes with high thickness gradients compared to 

casting of less viscous slurries. Thickness constancy, however, is likely to be improved by casting slurries with a 

speed of 30 cm/min and above.  

Adjacent co-casting of slurries of certain viscosity with various speeds is shown to change the shape of 

the interface in a narrower range. The line of contact can be either settled into a long line tilted to the substrate 

surface when tape casting slowly (in case of SBS co-cast LSM and LSM_CGO_4 at 10 cm/min), or be rounded 

toward the drying surface of the green tape and toward the carrier film (20 cm/min), or be steep, almost 

perpendicular to the substrate (40 cm/min). In the experiment with varying LSM_CGO viscosity, the dominant 

factor of forming the shape of green tape is the side flow, so it affects the extent of overlap but not the interface 

shape. 
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5.4 Adhesion between co-cast materials 
The discrete interfaces are often weaker than the surrounding continuous material and also act as stress 

concentrators, a dangerous combination that can lead to structural failure. The current challenge for 

manufacturing FGMs is to develop a shaping process that can easily control the evolution of the gradient 

architecture within a structure in order to optimise structural performance. SBS TC, on one hand, has an 

advantage forming the interface during the liquid forming technique, so the stresses can be relaxed while the 

slurry is fluidly deformable. On the other hand, the one-dimensional interface between co-cast materials does 

not guarantee as good adhesion as the two-dimensional interface in multilayered structures. Thus, the series of 

tests on adhesion between adjacently cast materials was aimed to identify if obtained graded tapes behave as a 

single or unified material. 

The adhesion between co-cast LSM and LSM_CGO slurries in graded green tapes was tested 

mechanically. For measurement of fracture tensile stress (strain-stress resistivity) of the green tapes and 

evaluation of the interface quality, green samples of 100x10 mm were cut with the interface in the middle of the 

long side. These pieces were fixed in an Instron tensile machine (the cell load was 5 N, 5900 Testing System, 

Instron, MA). To secure getting relevant data, at least four tests for each specimen were collected. The data 

obtained from the specimens which failed nearby the fitting clips were excluded from evaluation. The tensile 

test was also performed on individual samples of LSM and LSM_CGO, which were punched from the graded 

sample but far from edges and interfaces to ensure homogeneity and purity of analysed specimens. 

 

 

Figure 5.10. a) The stress-strain relations of green tapes of pure LSM, pure LSM_CGO_4 strips, and interface 
area; b) Young’s modulus change with binder content in the LSM_CGO material side and interface, the content of 
LSM side is constant. 

The green strengths of pure LSM and LSM_CGO materials, as well as a graded tape, are shown to be high 

because of the high content of polymers, and, particularly, binder system content (Figure 5.10a). Using the same 

polymer loading in adjacent materials the plasticity of both tapes is very similar despite the content of particles 

with different surface area, which according to Yoon and Lee [153] is supposed to have a dominant influence on 

the tensile strength of the green tapes.  

Considering the LSM_CGO slurry, it can be seen that slightly higher binder content generates higher 

green tape elasticity (Figure 5.10b). This can be attributed to increasing adhesion strength and uniform 
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distribution of the binder, as it is the only continuous phase in the green tape. The same tendency of increasing 

green tape elasticity was observed for the adjacently graded tape, as the pure LSM stripe composition remains 

constant from sample to sample (Figure 5.10b). All the specimens of the graded tapes always broke on the pure 

LSM material side, characterised by a lower green strength. Therefore, adherence between the adjacently co-

cast materials was proven to be strong enough to keep the interface area intact while applying the tensile 

stress. By carrying out the tensile test on green samples, it was proven that it is possible to shape a side-by-side 

graded material with a good adhesion in a one-dimensional interface (Paper I). 

In addition to proving a high adhesion between stripes, high strength performance of SBS tapes 

guarantees an easy removal of green samples from the Mylar substrate without deforming the green sample. 

5.5 Partition design 
Apart from determination of quality of materials by specifying fluid properties in liquid forming 

techniques, optimisation of operational parameters is also to some extent required for successful production of 

a target material. A partition as a distinctive operational unit in SBS TC has already showed the importance of its 

design for improving the quality of green tape surface (Section 5.1.). Moreover, partition shape was different in 

work on magnetic refrigeration [66] and on improvement of a laser gain element [143]. In Kupp’s et al. study 

[145], the partition separated the casting tank and covered the whole gap below the doctor blade. In works, 

directed on co-casting for magnetic refrigeration application, as well as in study described above, partition 

covered just the reservoir space. Hence, co-flowed slurries in the latter example were flowing together below 

the casting blade.  

Another aspect of dividing the casting tank into segments, which was found in literature, is the aim to 

improve alignment of elongated particles into the casting direction [154]. This is caused by a torque, generated 

next to the tank walls, which was proven to affect the rotation of the particles even more than an increase in 

casting speed [155], [156]. In a comparison of a set of tapered blades installed 5 mm apart from each other at 

the exit of the tank and an array of sharpened pins 0.7 mm from each other, the latter ones shown to exhibit a 

higher degree of particle orientation in a cast tape [154]. 

As can be seen, the new idea of separating a standard casting tank into compartments is used for as 

different purposes as joining dissimilar materials into functional graded tape and forming the high-ordered thin 

films. Nevertheless, information on partition shape influence on slurry flow is still needed. Current work is 

aimed to define and systematically explore which features of tapes it is possible to control, changing the design 

of the partition and casting speed as one of the settings of operational characteristics. From previous 

experience, the presence of the division between slurries in the casting region below the blade was assumed to 

be of high importance. Hence, tests were built by using a continuous change of the division below the blade by 

changing the length of the partition located in the casting gap. This chapter contains information extracted from 

Paper III. 

5.5.1 Experimental procedure 

All tests were carried out using the same LSM and LSM_CGO_4 slurries with the same formulation and 

pre-casting rheological parameters as ones used in our previous tests (Section 5.3.). The single blade tape 

casting unit has been applied. Experiments were conducted with different length of partition tongue at various 

casting speeds. The series of experiments were set as follows. First three experiments included co-casting of 
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LSM and LSM_CGO_4 slurries with the whole partition length and 10 cm/min, 15 cm/min and 30 cm/min casting 

speeds, consequently. Afterwards, the partition tongue was shortened by a quarter, the front edge was 

sharpened, and co-casting continued with a 0.75 fraction of partition with 20 cm/min and 30 cm/min 

alternately, etc. The shearing surface of blade was cleaned after each time and the sub-reservoirs were emptied 

in order to create reproducible conditions for each test. 

Measurements of apparent viscosity (MCR 301, Anton Paar GmbH, Austria) were analogous to the ones 

described in Section 4.2. Viscosity curves are given in Figure 4.10. A special four step experiment was designed 

on the rheometer aiming to reproduce the tape casting process. The test was performed using a spindle of 25 

mm diameter and with holes on top (Figure 5.11) in order to improvise the drying process giving solvent 

opportunity to evaporate. 

The green tape thicknesses were measured both on the LSM and LSM_CGO_4 sides of the tape, about 2 

cm from either edge of the tapes in order to avoid possible edge defects. Measurements were performed using 

a flat dual point digital micrometer of 15 mm in diameter every 10 cm along the tape length. Precise collection 

of thickness data was necessary in order to track the general tendency of tape thickness regularities along the 

length. Besides, the extent of overlap was measured using an optical microscope by comparing position of 

interface, seen from the top and the Mylar sides of green tape. The side flow was studied on a laser 

profilometer CyberScan Vantage CT300 (Cyber Technologies GmbH, Germany). 

 

 

Figure 5.11. Photos of spindle PPR25/23 from the Anton Paar spindle set used for the imitation of the drying 
process, happening after tape casting process. 

5.5.2 Results and discussion 

Each dot in Figure 5.12a corresponds to a SBS TC experiment, carried out at casting speeds in a range 

from 10 cm/min to 50 cm/min, and at certain lengths of the partition tongue (Figure 5.12b). The partition 

tongue here is the part of the Teflon partition situated beneath the blade. Here, the partition tongue is the 

length of the Teflon partition beneath the casting blade (Figure 5.12b), with a height identical to the casting gap 

of 1 mm, the width is equal to width of the whole partition, 1.95 mm; the maximum length of used partition 

matches the width of the casting blade of 6.5 mm and is referred to here as the whole (fraction of one) of the 

partition (Figure 5.12b). The partition width of about 2 mm was required as it was complicated to set a thinner 

partition precisely in the middle of the tank. Besides, it is also challenging to fasten a thinner partition tight to 

the tank walls, causing leaking of slurries in between adjacent reservoirs at the seams. Use of thick partitions 
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would hinder the merging of co-flowing slurries and would limit the use of highly viscous slurries with confined 

side flow. 

 

Figure 5.12. a) Experiments identifying the effect of the partition design and casting velocity; marked grey dotes 
denote co-casting tests where splitting between co-cast materials was observed (shown in the inset); b) Side 
view of Teflon partition design; red lines show the way of cutting the partition length for experiment on 
identifying the effect of partition design on adjacent fluids flow. Given numbers imply the fraction of partition 
tongue which was used in the experiment. 

The grey dots in Figure 5.12a represent tests, where co-cast slurries did not merge and a gap in the 

interface area was formed (inset in Figure 5.12a). The ability of adjacently cast slurries to merge in the 

confluence area and form an interface was shown to improve as the casting speed was reduced and the 

partition tongue shortened.  

To quantify the influence of flow behaviour on the formation of the graded tape, the tape casting 

process was reproduced on a rheometer according to the shear rates applied to slurries during each step of the 

real casting process. Essentially, tape casting is considered as a consequence of shearing processes: first, we 

pour slurries into reservoir applying a certain shear rate assumed to be about 5 s-1, later we keep slurries in the 

reservoir for 10-15 s in order to remove any effects of sampling on the rheological history of the slurries 

Afterwards the casting process starts where shear rates can be approximately re-calculated as casting speed 

divided on the height of the gap under the blade. The last step is drying, which is assumed to be a step where no 

shear stresses are applied, ignoring the shrinkage stress and possible edge effects. During this multistep 

program, the viscosity of LSM and LSM_CGO_4 slurries were measured as a response to the applied shear rates. 

Unlike the previous conclusion (Section 5.3) (Paper I) that the real working shear rate is much wider than the 

one re-calculated from the casting speed and casting gap, the slurries used in this work was show (Figure 5.6c) 

to have a steady viscosity in the whole range of the applied shear rates. Thus, to simplify rheological test, a 

single shear rate value was chosen as representation of the casting process. 

Figure 5.13a illustrates changes in the rheological behaviour of the LSM and LSM_CGO_4 slurries during 

the test imitating tape casting at 10 cm/min casting speed. Tracking the flow field in the tape caster unit, three 

clear regions of characteristic viscosity changes are identified: (i) after pouring slurries into the tape caster 

reservoir and allowing the slurry to rest, the molecules of the binder in the highly viscous slurries start to form a 
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polymeric matrix increasing the viscosity of the slurries; (ii) under an applied shear rate, polymeric chains 

elongate causing uniform viscous flow of slurries under the casting blade; (iii) when slurries flow in a free space, 

reciprocal action of the polymeric matrix formation and the drying process increase the viscosities of the 

slurries. Hence, the changes in the system are caused by both shear thinning behaviour of casting slurries and 

the drying process. 

The thixotropic behaviour (Section 3.4.1.), characteristic for both LSM and LSM_CGO_4 slurries, requires 

approximately 7 s to 10 s to completely recover the initial structure and retrieve initial viscosity. During that 

time the slurry is assumed to be fluidly deformable. The fluidly deformable state is a state of cast tapes at the 

initial stage of the drying process when the dried film is still not formed at the tape surface and its edges are 

capable of shifting under the weight of the tape. 

 

Figure 5.13. Structure recover test for LSM and LSM_CGO slurries co-cast at a) 10 cm/min and b) 30 cm/min 
casting speed. 

Decrease in viscosity, typical for casting slurries while passing the blade region, allows the slurry to flow 

aside under the influence of gravity, surface tension forces and levelling without revealing stresses in surfaces. 
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Thus, complete absence or a short partition tongue below the blade improves merging of co-flowing slurries and 

formation of a uniform interfaces. When the partition tongue divides the co-flowing slurries all the way under 

the blade, the slurries are free to flow aside just after passing the blade region. Casting with a speed of 10 

cm/min, the fluidly deformable state of slurries lasts for at least 7 s to 10 s. That time was proven (Figure 5.12a) 

to be enough for slurries to merge and form a well-defined interface.  

However, when the slurries are cast faster, the duration when slurries are fluidly deformable drastically 

shortens (Figure 5.13b). Thus, the faster the casting speed, the lower is the possibility for co-casting slurries to 

merge when the whole partition tongue is used (horizontal tendency in Figure 5.12a). For instance, in the 

current work the relatively small change in casting speed from 10 cm/min to 14 cm/min results in splitting 

between co-cast materials. 

Another noteworthy result is the shortening of the shearing time with an increase of the casting speed. 

For example, when the partition tongue divides the casting gap at a fraction of 0.75 of the blade width, the time, 

during which the slurry has a low viscosity at the casting speed of 10 cm/min is 6 s (Figure 5.13a) and less than 

3 s for a casting speed of 30 cm/min (Figure 5.13b). Thus, the time for adjacent flowing slurries to merge in the 

partition free area beneath the blade is 1.5 s and less than 0.75 s for 10 cm/min and 30 cm/min casting speeds, 

respectively. The results show (Figure 5.12a) that 1.5 s in a low viscosity state is enough for adjacent slurries to 

join in the confluence area of 1.95 mm (the width of the partition), while 0.75 s is too short time for slurries to 

flow aside and form the interface. 

 

Figure 5.14. Cross-section profile of the LSM slurries made on a laser profilometer showing the side flow effect. 

Normally, gravity is ignored in tape thickness studies as it is assumed that its effect is negligible for tape 

dimensional consistency, but in SBS TC an accurate determination and tuning of all parameters, which influence 

the forming of the confluence interface area, is of great importance. The study of the impact of gravity was built 

on the well-known fact that the tape thickness decreases when the casting speed is increased (Paper I). Thus, 

the tape thickness of the same slurry was shown to be halved when the casting velocity was increased from 

10 cm/min to 40 cm/min (Paper I). In order to estimate the role of gravity forces on the side flow effect (the 

correction factor for side flow 𝛼 in Eq.4.2.), three 80 mm wide tapes were cast manually on a laser profilometer 

substrate covered with a Mylar film. The speed was about 80 cm/min and casting gaps of 1000 µm, 500 µm, and 
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90 µm were chosen. LSM slurry was used for all three experiments. The laser profilometer was used in order to 

measure the tape thickness gradient in-situ. Results showed (Figure 5.14) that the side flow of tapes cast with a 

1000 µm gap, which was supposed to represent tape casting with slow casting speeds, exceeded 10 mm 

(𝛼=0.89), while for the tape cast with 500 µm (𝛼=0.96) and 90 µm (𝛼=1) gaps, which were supposed to refer to 

faster casting, these numbers were 3.5 and 0 mm, consequently. In the experiment with a casting speed change, 

proportional change in tape thicknesses would lead to the proportional changes in side flow. When the partition 

creates a 1.95 mm wide confluence area to be filled by co-cast slurries from both sides, the side flow plays a 

crucial role. However the side flow is of practical value as long as slurries are able to flow, i.e. being at low 

viscous state. 

5.5.3 Conclusion 

In this work, the influence of partition geometry on the quality of graded tape was studied. It was shown 

that the likelihood of obtaining a uniform adjacently graded tape decreases with increasing length of the 

partition tongue beneath the casting blade and with increasing the casting speed. Moreover, unlike the regular 

practice in shaping techniques, where rheological study of processing slurries and their numerical description 

are limited by providing viscosity and flow curves, a new approach of describing and measuring slurries fluid 

behaviour was proposed. The most distinct difference between the proposed approach and conventional 

rheological examination of pre-casting slurries is the consideration of rheological test as a representation of the 

dynamic sequence of the tape casting processes. Nevertheless, the application of standard rheological programs 

with pre-shear and increasing shear rate is required in order to analyse and be able to compare shear thinning 

behaviour of casting slurries. 
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6 De-binding and sintering 

Once the tape was cast, it was left to dry in the drying chamber for two to three days. The drying process 

is very complicated and includes not just solvent evaporation, which reduces the tape thickness, but mass re-

distribution under gravity and shrinkage of the organic system, leading to densification of the green tape. Cracks 

or surface defects like pine-holes [157], [158] can be developed as a result of the pressure gradient caused by 

capillary tension on the drying tape. The mechanism and main challenges of the drying process are profoundly 

described elsewhere [149], [159] and is not a subject of research and optimisation in this work. Later, the 

desired shape of green ceramics is obtained by punching the sample with hardened steel knifes of a certain 

shape template [37] or cutting of the required green shape with a precise computer controlled laser [160]. 

Due to relatively high amount of organics present in cast tapes (Figure 3.3b), their burn-out is very 

critical for obtaining uniform defect-free tapes. Among wicking, supercritical fluid extraction and other de-

binding techniques, thermal de-binding is utilized the most. Thermal de-binding includes a number of 

simultaneous processes like decomposition of organic species, chemical interaction between organic 

components, mass transport of reactants including volatile species, change in the distribution of condensed 

polymers within the pores formed, just to name a few. In order to minimise and/or avoid defect formation 

during de-binding, the balance between the time for organic removal and defect propagation time is essential. 

The mechanism of de-binding depends on the molecular weight of the polymers used, the interaction between 

the particles and the organics, the heating rate, etc.  

The processing step, following the de-binding which is required for tape densification, is called sintering. 

To achieve a dense hard ceramic material, high temperatures and sometimes pressure are applied. The 

mechanism of sintering is described in details by German [161], where he presented the main steps in the 

sintering process (Table 6.1). 

Table 6.1. Stages of sintering. Adapted from [161]. 

Stage Process Surface Area Loss Densification Coarsening 

Adhesion Contact formation Minimal unless compacted 
at high pressures 

None None 

Initial Neck growth Significant, up to 50% loss Small at first Minimal 

Intermidiate Pore rounding and 
elongation 

Near total loss of open 
porosity 

Significant Increase in grain 
size and pore size 

Final Pore closure, final 
densification 

Negligible further loss Slow and relatively 
minimal 

Extensive grain and 
pore growth 

 

It can be assumed, that for high mechanical and thermal resistance to stresses, the tapes with small and 

homogeneous pore sizes and high sintering densities, few and small residual porosities are desired. The 

possibility to achieve a controlled grain growth, which happens at the last stage of sintering (Table 6.1), requires 

a slowed grain growth and simultaneous increase in the densification rate. Hence, some of the most crucial 

parameters to control are: powder composition, particle size and particles size distribution, density of green 

tapes, amount and size of green tapes, heating rate, sintering temperature, sintering time, and sometimes using 

a sintering atmosphere different from the ambient air (pressure, gas atmosphere). 
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Thus, after the brief introduction of de-binding and sintering processes, given above, this Chapter aims 

to optimise the de-binding and sintering profiles for obtaining high quality post-sintered graded tapes. The 

techniques applied here, such as thermogravimetric analysis and differential scanning calorimetry of the green 

tapes provided the valuable information about the heating path which should be followed for tape 

densification. Further, densification kinetics of pieces of LSM, LSM_CGO_4 and a piece containing the interface 

SBS_LSM_CGO was compared using an optical dilatometer TOMMI. The observed issue of LSM tapes being stuck 

to the repton plate after sintering required an extra study in order to find a solution fast. After optimisation of 

all the processing steps starting from the powder treatment and slurry preparation and ending with 

simultaneous co-casting and sintering step optimisation, five slurries containing a target for magnetic 

refrigeration LCSM material have been processed and the quality of their interface has been analysed.  The 

details on some of the studies and challenges presented in this chapter, can be found in Paper II and Paper VII. 

6.1 Optimisation of the de-binding program 
The amount of binder in the system was shown to affect the mechanical features of the green tapes 

strongly (Section 5.4.), as well as the functional properties of the final post-sintered films. However, complete 

removal of all organics from the system is needed to ensure a defect-free structure and maximum densification. 

Incomplete organic burn-out causes poor mechanical strength, low density, and poor thermal, electrical, or 

magnetic performances. 

A number of studies were conducted in order to optimise de-binding programs of similar organic system 

[100], [162]. However, due to a slight modification of slurries recipes, resulting in fabrication of thick dense 

materials, it was decided to optimise a heating program by studying organic burn-out steps obtained in current 

work. This work includes a study of temperatures, when the burn-out of organics occurs as well as it considers 

the effect of the heating speed on the quality of tapes. 

Thermal analysis was used to monitor the burn-out process in real-time. This analysis encompassed 

control of enthalpy change, studied by differential scanning calorimetry (DSC), and control of weight loss, 

studied by thermogravimetric analysis (TGA). Since organic burn-out is assumed to occur at temperatures far 

below sintering temperatures, DTA and TGA were performed up to 700 °C (Netzsch STA 409CD, Netzsch GmbH, 

Germany). For that, an LSM_CGO_4 green tape was chosen. After three days of drying, a small piece of green 

tape about 0.32mm x 9.5mm x 10.2 mm was cut off. The study of the effect of heating speed was conducted 

with heating rates of 300 °C/h, 60 °C/h, and 30 °C/h. 

Figure 6.1a depicts TGA curves of LSM_CGO_4 at various heating rates. For the same temperatures, the 

weight loss was higher at lower heating rates. Also, the faster the heating was applied the higher the 

decomposition temperature became.  

In addition, examination of the enthalpy of the transition reaction was performed (Figure 6.1b). The 

sharp and high peak, observed when the sample was heated to 300 °C/h, is representative of a fast and drastic 

change in system energy. Such sharp and large energy transfers are unfavourable during burn-out process as 

they can cause large stresses in the system and further nucleation of cracks and other defects. Hence, slow 

heating rates are preferable. 

TGA analysis performed with a heating rate of 30 °C/h, reveals a two-step weight loss of about 3% 

starting at about 50 °C and completed at 150 °C, presumably corresponding to evaporation of MEKET residues, 

the degradation of DBP and PEG. During heating at 150 °C-370 °C the second weight loss has occurs, which 
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corresponds to the degradation of PVB and PVP. In order to relieve stresses, a dwell time was added at 

temperatures corresponding to decomposition temperatures. Thus, the heating program was defined as shown 

in Figure 6.2. The heating rate up to 400 °C was 15 °C/h; the dwell temperatures were set at 100 °C, 200 °C and 

400 °C. The subsequent heating rate of 30 °C/h up to the sintering temperature of 1300 °C; finally, the cooling 

rate was set to 60 °C. This sintering profile was applied for all co-cast green tapes in this work. 

 

 

Figure 6.1. a) TGA and b) DSC thermograms of LSM_CGO_4 tape at heated rates of 300 °C/h, 60 °C/h, and 
30 °C/h. 

 

Figure 6.2. Sintering profile used for de-binding and sintering of LSM and LSM_CGO tapes. 

6.2 Sintering of adjacently graded tapes 
For understanding the sintering kinetics of adjacently graded tapes as well as further possible 

optimisation of the sintering profile aiming to obtain defect-free sintered graded materials, a detailed analysis of 

densification kinetics was performed. For this experiment graded tapes obtained by co-casting of LSM and 

LSM_CGO_4 slurries were chosen. In order to correlate shrinkage behaviour of the graded tapes, it was 

compared with the shrinkage of pure LSM and LSM_CGO_4 materials. Experimental analysis was carried out in a 

scanning electron microscope, a gas displacement density analyser and with the use of optical dilatometry. 
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6.2.1 Experimental procedure 

Commercially available La0.85Sr0.15MnO3 (LSM, calcined at 1200°C; d50: 3.4 μm) and Ce0.9Gd0.1O2 (CGO, 

uncalcined; d50: 0.27 μm) were used as starting materials. The LSM and LSM_CGO_4 slurries were co-cast as it 

was described above (Section 5.3.). The mass-median-diameters (d50) of particles in pre-casted slurries were 

2.01 μm and 6.43 μm for the LSM and LSM_CGO_4 slurries, correspondingly.  

The thickness of the dried green tape was measured along the length of the graded tape, both on LSM 

and LSM_CGO_4 sides, and were about 400 μm. Rectangular samples of 1x10 cm size with rounded corners 

were punched out for the free-sintering test, carried out in a chamber furnace. The only difference between the 

sintering program presented in Section 6.1 (Figure 6.2) and the sintering program applied here was a sintering 

temperature of 1300 °C. Three samples were cut from the LSM, LSM_CGO_4 parts of the green tape and one 

sample SBS_LSM_CGO containing an interface area in the middle of the 10 cm side. Obtained tapes were rolled 

and pressed so to form three “bulky” samples of LSM, LSM_CGO_4 and SBS_LSM_CGO to perform test in the 

optical dilatometer (TOMMI, Fraunhofer ISC, Germany) (Figure 6.3.). By this method, the shape development 

during de-binding and sintering is followed in-situ by gathering a sequence of images of the samples´ shadows 

projected by a source of visible light onto a high definition camera [163]. To observe the bending effect of 

graded SBS_LSM_CGO tapes a 1x10 cm piece was also placed in the chamber of the optical dilatometer with a 

wire indicating the interface area. The same de-binding and sintering program (Figure 6.2) was performed in the 

optical dilatometer. Linear dimensional changes were delivered by the instrument as the ratio l/l0, where l is the 

instant dimension, and l0 is the current dimension of the sample. Here, the term dimension is referring both to 

the height and width of the projected sample. 

 

 

Figure 6.3. Photos of LSM, LSM_CGO_4 and graded SBS_LSM_CGO, which were rolled and pressed to obtain 
“bulky” materials, and SBS_LSM_CGO tape in profile in the optical dilatometer chamber at 200 °C. 
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The microstructure of tapes cross-sections were studied in a scanning electron microscope (SEM, Hitachi 

TM3000, Japan). The relative density was calculated based on SEM images by post-image processing using 

ImageJ software. In order to reduce errors, density values were re-calculated from 5 different positions chosen 

randomly for each sample. Densities of green, de-bindered and sintered tapes were also measured in a gas 

displacement density analyser (AccuPyc II 1340, Micromeretics Instrumental Corporation, GA). 

6.2.2 Results and discussion 

Figure 6.4. shows that cracks were formed during the heating experiment in the optical dilatometer. In 

order to elucidate the origin of these cracks, densification behaviour of pure LSM, LSM_CGO_4 and the graded 

sample SBS_LSM_CGO had to be compared. Figure 6.5 shows the variation of shrinkage in temperature range of 

600 °C to 1300 °C, heated with 30 °C/h; the shrinkage during de-binding was subtracted. The strain curves for all 

three samples has a similar trend, however, the shrinkage behaviour of LSM_CGO_4 is slower compared to an 

LSM pellet (Figure 6.5a). The strain curve of the graded SBS_LSM_CGO tape is between the strain curves of pure 

LSM and LSM_CGO_4 pellet. Moreover, the temperature at which LSM_CGO_4 starts shrinking is about 60 °C 

lower comparing to LSM and SBS_LSM_CGO pellets. This tendency is even more obvious from the strain rate 

curves (Figure 6.5b). The shrinkage of LSM_CGO_4 starts at about 700 °C and achieves highest shrinkage at 1000 

°C. The shrinkage rate of graded SBS_LSM_CGO starts slower together with the shrinkage of the LSM pellet at 

about 840 °C, but at temperatures higher than 900 °C it has a higher strain rate and achieves maximum 

shrinkage at about 1000 °C. The highest shrinkage of the LSM pellet is achieved at approximately 1010 °C. De 

Wei et al. [164] showed, that densification behaviour is sensitive to the shaping technique. Hence, there is a 

chance of minor uncertainties in strain and strain rate curves, which is attributed to stresses presumably 

occurring during the pressing of cast tapes into pellets. 

 

Figure 6.4. Photo of “bulky” LSM, LSM_CGO_4, and graded SBS_LSM_CGO samples, and SBS_LSM_CGO tape 
after sintering in the optical dilatometer. 
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Figure 6.5. a) Strain upon sintering temperature and b) corresponding sintering strain rate for LSM, 
LSM_CGO_4 and graded SBS_LSM_CGO “bulky” samples, carried out in optical dilatometer. 

The usage of the optical dilatometer TOMMI allows non-contact in-situ following of the sample 

densification process during firing with the possibility to register both swelling and shrinkage in a certain 

range of sizes and with a high enough resolution [165], [166]. Resolution of the optical dilatometer is usually 

enough to analyse shrinkage of cast tapes with a typical high content of organics, which burns off during the 

de-binding process. In order to calculate the tapes shrinkage, the shrinkage was assumed to be isotropic. The 

relative density was calculated based on the shrinkage strain measured on TOMMI: 

 𝜌(𝑇) = 𝜌0𝑒𝑥𝑝
−3𝜀 6.1. 

where 𝜌0 is the relative density of the green sample, and 휀 the linear strain. The green densities (the density 

of samples after de-binding) of the LSM and LSM_CGO_4 are given in the Table 6.3. Density evaluation during 

sintering was also examined based on SEM images (Figure 6.7) by a post-image processing technique (Table 

6.2.) and it was measured in a gas displacement density analyser (Table 6.3). 

Figure 6.6. depicts the variation of relative densities for all three pellets LSM, LSM_CGO_4 and 

SBS_LSM_CGO at a heating rate of 30 °C/h in the temperature range of 600 °C to 1300 °C. As in previous 

analyses of densification rate, this test also detects that densification of the LSM_CGO_4 pellet starts to 

densify earlier at around 800 °C. Densification of the LSM and SBS_LSM_CGO pellets starts 100 °C later at 

around 900 °C. The relative density for all three pellets is later increased continuously without forming a 

typical plateau at the final stage of sintering. The latter identifies that a further decrease in porosity is 

possible, hence, for future works on SBS TC it was decided to achieve by increasing a sintering time from 4 to 

6 h. 

Significant differences in the values of sintering densities during the firing was observed for the LSM 

and LSM_CGO_4 pellets compared to the densities of the SBS_LSM_CGO pellet. The same tendency is 

observed from the measurement of sintered densities by the post-image processing technique (Table 6.2) and 

gas displacement density analysis (Table 6.3.). Despite the increased porosity in the area next to the interface 

(about 2 mm to both sides of interface), what supposed to testify that the interface region is the weakest part 

of the sintered graded material, cracks if any were usually observed about 1.5-2 cm far from the interface line. 
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Figure 6.6. Relative density evolutions of LSM, LSM_CG_4 and SBS_LSM_CGO “bulky” laminated samples as a 
function of temperature during free sintering in optical dilatometer. 

Figure 6.7. SEM images of cross sections for the sintered in optical dilatometer a) LSM, b) LSM_CGO_4, and c), 
d) SBS_LSM_CGO tapes. 

a

) 

c

) 
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Table 6.2. Density values (%), estimated from SEM images using ImageJ software. 

 LSM LSM_CGO_4 SBS_LSM_CGO 

Green tape 45.58(5) 40.99(3) - 
De-bindered 50.73(4) 44.47(4) - 
Post-sintered 93.10(2) 91.45(5) 84.16(7) 

 

Table 6.3. Density values (g/cm3), measured by gas displacement density analyser. 

 LSM LSM_CGO_4 SBS_LSM_CGO 

Green tape 3.606(1) 3.310(4) 3.633(3) 
De-bindered 6.446(2) 6.462(4) 6.231(2) 
Post-sintered 6.764(3) 7.075(2) 6.54(2) 

 

Meanwhile, it was noticed that cracks were observed when thin films are cast on the repton plates, to 

which they were stick. Literature survey showed that a repton plates coated with ZrO2, which at elevated 

temperatures reacts with strontium present in both LSM and LSM_CGO_4 and, furthermore, Mn ions dissolves 

into ZrO2 [167]–[170]. LSM and LSM_CGO slurries were believed to penetrate into the pores of the repton 

plate in the de-binding stage, where tapes are partially melted due to the presence of binders. In order to 

eliminate this issue of sticking the sample to the repton plate, which presumably affects the degree of 

densification and further contributes to cracking, other sintering substrates were tested. Thus, graded tapes 

were sintered on LSM powder, paper, Al2O3 sintering plate and on a repton plate. Among these sintering 

substrates, paper was chosen for further sintering experiments. The criteria of choosing a sintering substrate 

were chemical inertness between tapes and substrates, absence of cracks and curvatures of sintered tapes, 

and smooth surfaces. Sintering on paper showed the best result in terms of unity of the sample, however, the  

 

Figure 6.8. Photos of tapes sintered at repton plate, Al2O3 sintering plate, a piece of paper and LSM powder. 
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material was shown to be very fragile. In order to After sintering on paper, which is burned during the de-

binding stage, defect-free tapes were obtained (Figure 6.8.). 

The detailed study on distortions and camber developments during sintering is described both 

numerically and experimentally in Paper VII. 

6.2.3 Conclusion 

Compared sintering of pellets, obtained by pressing of cast tapes, densification of LSM and 

SBS_LSM_CGO starts at 900 °C, what is on 100 °C higher than densification start of LSM_CGO_4 pellet. All 

three pellets achieve their highest shrinkage rate at approximately 1000 °C. However, the relative density of 

the graded SBS_LSM_CGO pellet was shown to be lower during the whole sintering process, which is also 

proven by a porous microstructure observed next to the interface of the post-sintered tape. However, that 

does not make the interface area the weakest part of the graded tape as post-sintered cracks were always 

observed relatively far from the interface. The cracks were believed to originate in areas, which stick to the 

repton plate restraining sintering shrinkage. In order to suppress this issue, sintering of LSM and LSM_CGO 

contained thin plates was conducted on a paper.  

6.3 Characterisation of the interface after sintering 
When the main principles of SBS TC processing have been investigated and the whole shaping 

procedure from powder treatment to sintering as well as operational characteristics and slurries properties 

were consistently modified, the optimised patterns were applied for a lab-scale formation of a target 

magnetocaloric material. Five compositions of the magnetocaloric perovskite La0.67Ca0.33-xSrxMn1.05O3 (LCSM) 

with various x ∈ [0.0375-0.0600] and, hence, exhibiting various TC (Paper IV), were chosen to be co-cast into an 

adjacently graded magnetocaloric material. Since LCSM powder has a surface area different from LSM and CGO 

powders, new adjustments of five LCSM slurries recipes were required to obtain a final viscosity of about 

4000 mPas. The details on tailoring slurries viscosities, adjacent co-casting and sintering can be found in 

Paper II. The goal of the current section is to verify the above stated principles for fabricating a distinctive steep 

interface between SBS cast materials and to demonstrate different approaches for its characterisation. 

6.3.1 Experimental procedure 

Spherical particles of a series of commercially available manganites with five different compositions 

La0.66Ca0.33−xSrxMnO3 in the range of x ∈ [0.0375-0.0600] (LCSM) (CerpoTech AS, Heimdal, Norway) were 

prepared by spray pyrolysis; subsequent calcination at 1000°C for 2 h was applied to remove the absorbed 

water from the powders and to increase the phase purity and get a coarser structure. The five LCSM powders 

were named from LCSM1 to LCSM5 according to the increasing Curie temperature (TC) (Table 6.4) as the TC is 

very sensitive to the composition of doped perovskites (Paper IV). The Curie temperature was measured as the 

point of maximum heat capacity in a zero applied magnetic field. This was measured on a custom built 

Differential Scanning Calorimeter (DSC) [172], and the results are shown in Figure 6.9. Due to the chemical 

similarity of the powders the exact composition of each powder is not known exactly. However, the correlation 

between the Curie temperature and the intended composition is consistent with that given in [173]. 
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Table 6.4. Characteristics of the calcined LCSM powders. 

 TC,  
[K] 

PSD (d50), 
[μm] 

BET 
[m2/g] 

LCSM1 272 1.43 7.53 
LCSM2 277 2.04 10.85 
LCSM3 281 2.08 7.97 
LCSM4 284 1.63 15.04 
LCSM5 288 1.74 10.86 

 

 

 

Figure 6.9. DSC data of the five LSCM powders at zero applied field after calcination at 1000°C. 

The specific surface area of the powder was measured using the Brunauer, Emmett and Teller method 

(BET) (SA3100, Beckman Coulter Inc., Miami, FL) (Table 6.4). The slurry preparation was according to the earlier 

described procedure (Section 3.3.). The optimised composition of LCSM slurries (Paper II) were co-cast 

adjacently with a casting speed of 20 cm/min, gap of 1000 µm and no partition tongue beneath the casting 

blade, resulting in the formation of uniform defect-free green tape (Figure 6.10.). Further, samples of 100 mm 

length were punched from the green tape for further burn-out and sintering. Sintering conditions and heating 

profile are with respect to optimisation described in Section 6.1. 

The magnetic properties were analysed using a Vibrating Sample Magnetometer (VSM) (Model 7407, 

Lake Shore Cryotronics Inc., Westerville, OH). Magnetisation as a function of the magnetic field and 

temperature was measured in fields up to 1.2 T. The magnetic entropy change ΔSM (T,H) was calculated from 

magnetization curves employing the thermodynamic Maxwell relation: 

 ∆𝑆𝑀(𝑇, 𝐻) = ∫ (
𝜕𝑀

𝜕𝑇
)𝑑𝐻

𝐻

0

 6.2. 
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Figure 6.10. Adjacently graded LCSM green tape. The width of the graded ceramic tape is 17.8 cm, and the 
length is 110 cm. 

The interface regions of green and sintered graded tapes were investigated structurally by scanning 

electron microscopy. For a distinct identification of the interface region and analysing the degree of cross 

interface diffusion, the isothermal entropy change was measured by a vibrating sample magnetometer since 

the magnetic transition temperature (Curie temperature) is very sensitive to the dopant level in ceramics. 

6.3.2 Results and discussion 

As a result of a number of optimisation studies of LCSM slurries recipes and subsequent sintering, 

uniform defects-free adjacently graded tapes have been produced. Cross section between LCSM1 and LCSM2 

for both green and sintered tapes was studied by SEM. In the case of the green tape, different particle and pore  

 

Figure 6.11. SEM microstructure of interface between LCSM1 and LCSM2 stripes in a) green and b) sintered 
states. The arrows indicate the interface between co-cast LCSM1 and LCSM2. 
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sizes of the adjacent materials indicate the position of the interface (Figure 6.11a). Unlike the green tape, the 

interface area in the sintered tape was difficult to find due to a uniform grain size and pore distribution along 

the whole graded tape (Figure 6.11b). This image confirms that the recipes of all the slurries were adjusted well 

enough, such that there is a perfect match in the shrinkage and strain development between neighbouring 

materials. Due to the very similar chemical compositions of the five LCSM materials used in this work, energy-

dispersive X-ray spectroscopy (EDS), which would normally be used for the elemental analysis of chemical 

differences, was not able to resolve the interface. 

Due to the high sensitivity to the exact composition of the materials magnetic properties of the 

different LCSM materials are used here to differentiate adjacently cast materials and distinguish the interface 

area. Figure 6.12 shows the isothermal entropy change SM of sintered tapes of the five materials LCSM1 

through LCSM5 in an applied field of 1.2 T. These samples were cast and sintered individually in order to 

prevent any risk of contamination between co-cast materials. The entropy changes shown in Figure 6.12. can 

be seen to be relatively evenly spaced, with the peak height decreasing as the temperature increases. The 

peaks are found at values a few degrees higher than the specific heat peaks shown in Figure 6.9., which is 

presumably due to distributions of the dopants in the samples [174]. 

The SM peaks of individual materials (Figure 6.12) appeared to be very broad and located only a few 

degrees apart, the resulting SM curves from the samples cut from the interface region showed just one broad 

peak. In order to better characterise the interface region between two co-cast materials, samples were taken 

from a tape using two other compositions of LCSM from a similar batch. The temperature spacing between the 

SM peaks of these two adjacently cast LCSM materials was approximately 20 K, so that the two peaks are 

easily recognisable. Figure 6.13 shows the SM data recorded from the interface region in a field of 0.25 T. The 

low field strength was used in order to make the peaks narrower and thus easier to distinguish. The sample 

used for the measurements was broken from an area of the sintered tape containing the interface, with about  

 

Figure 6.12. Temperature dependence of magnetic entropy change for LCSM stripes of sintered graded tape in 
the field of 1.2 T. 
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1 mm of material on either side of the interface. Since it was difficult to break the samples accurately to get the 

position of interface right in the middle, there was a difference in the height of the two peaks due to a 

difference in the amounts of the two materials on either sides. The red curve in Figure 6.13 represents a 

superposition of data recorded from individual samples of the two materials taken far from the interface 

region. It was found that using a ratio of 3.35 between the high and low transition temperature datasets 

reproduced the heights of the measured interface data best. It is observed that the peaks in the data recorded 

from the interface piece are spaced slightly closer together than the data from the individual pieces. This be 

due to some inter-diffusion of Ca and Sr between the two materials at the interface, causing the difference in 

the Ca/Sr ratio to even out. The profile of the peak in the SM data is determined by the local Ca/Sr ratios in the 

measured sample. 

 

Figure 6.13. Temperature dependence of magnetic entropy change for sintered sample, containing interface 
between two LCSM stripes, and for the superposition of the data from the individual materials in an applied 
magnetic field of 0.25 T. 

The cation diffusion constant for similar materials at 1275 K is in the order of 10-17 m2/s [174]. Over a 

sintering time of four hours, this will only give rise to diffusion on the length scale of 10 m. However, even a 

small overlapping of these thin tapes will result in a relatively large interface area. Thus diffusion and grain 

growth of mixed grains during the sintering process well explain the small shifting of the peaks in Figure 6.13. 

6.3.3 Conclusion 

Elaborated principles of SBS TC, studied on LSM and LSM_CGO slurries, are shown to be applicable for 

successful co-casting of other perovskite powders La0.66Ca0.33−xSrxMnO3, x ∈ [0.0375-0.0600]. Uniform green 

tapes with a well distinguished in green state steep interfaces were obtained. 

In order to distinguish the interface region, the magnetic properties of a graded plate were quantified. 

Curie temperature values, being very sensitive to dopant concentrations, showed a very good correlation of 

data measured empirically from the interface piece and re-calculated as a superposition of entropy change of 
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the individual materials. However, at elevated sintering temperatures only minor diffusion between co-cast 

materials was found, which proves that quite well defined interfaces between the materials can be maintained.  

Tapes of adjacently side-by-side casted La0.67Ca0.33-xSrxMn1.05O3 materials have been produced in a 

quantity of 3 kg. These tapes are currently in use in a large scale magnetic refrigeration prototype. 
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7 Fabrication of alternative regenerator geometry 

As it was described in Section 1.1., the performance of magnetic refrigeration is determined not only by 

the design and strength of the magnet and the magnetic properties of the materials, but the geometry of the 

regenerator is also of crucial importance. The greatest challenge of the mostly used regenerator design, which 

are packed spheres/particles and the parallel plate geometries, which were described earlier, is the precise 

spacing required between the plates/particles for the flow of heat transfer liquid. A well-packed material have 

been proven to yield the largest temperature spans and cooling powers [174]. However, these systems provide 

a large pressure drop resulting in a significant increase in losses. The requirements to the optimal geometry is a 

dense structure with highly ordered channels, for facilitating the movement of the heat transfer liquid, with an 

estimated diameter of 97 µm-129 µm [175]. This thesis proposes a new shaping process, based on the 

knowledge and experience obtained from the SBS TC technique. Furthermore, the main principles of producing 

a dense bulk material with highly ordered channels, which display equivalent performance to the packed-

particles regenerator, but exhibit a lower pressure drop resulting in less losses. 

The phenomenon observed earlier, when slurries were co-cast at high speeds and with the use of a long 

partition tongue, left a gap in the confluence area. This is a drawback for fabrication of uniform adjacently 

graded materials (Section 5.5). However, this drawback opens up for a possibility to create a comb-like 

structure by using a new co-casting technique. The engineering approach for fabrication of a highly ordered 

dense regenerator was a combination of: (i) a dense flat monolayer and (ii) a striped layer of the same material 

with a gap between the stripes of about 100 µm as well as a thickness of about 100 µm. If laminating a number 

of striped-flat-striped layers on top of each other (Figure 7.1a), the comb-like structure with highly-ordered 

open channels of 100 µm x 100 µm (Figure 7.1b) can be obtained. 

 

 

Figure 7.1. a) Schematic of stripped layer (stripped plate) produced by SBS TC at high casting speed and long 
partition length and uniform flat layer (black plate); b) the comb-like structure formed after lamination of 
stripped and flat layers. 
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For the current experiment, the LSM slurry was cast with a gap of 250 µm and a casting speed of 

70 cm/min, forming a uniform flat monolayer. The thickness of the resultant flat green layer was 120±10 µm. In 

order to yield a striped layer, the LSM slurry was cast with the same casting gap of 250 µm and a speed of 

70 cm/min, but in this case there were obstacles of 1 mm wide in front of the casting blade. Thus, the LSM 

slurry flow was separated by the obstacles after passing the casting blade region. As it was shown in 

Section 5.5., after passing the blade region, the slurry exhibits fluid deformable properties, i.e. free flow is 

hindered by a sharply increasing viscosity and simultaneous drying process. The last two phenomena were 

beneficial for forming a striped layer with the gap between the stripes of about 200 µm to 300 µm. High 

reproducibility of the LSM stripes’ width and thicknesses was shown, by thickness measurements performed at 

different places along the striped tape, which implies formation of a uniform green tape with a high 

consistency in tape thickness. 

 

 

Figure 7.2. A number of profiles of stripped layer recorded at different places along the cast tape. The profile 
was measured by laser profilometer.  

 

Figure 7.3. Sintering profile used for de-binding and sintering of LSM comb-like structure. 
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In order to obtain the required comb-like structure, flat and striped materials were first laminated at 

80 °C. When the thickness of the laminated stacks exceeded 3 mm, they were hot pressed at 80 °C (30 s, 10 N) 

(Fortune Presses, Fortune, USA). For the sintering process, a very fast heating program was used in order to 

prevent filling the open channels by melting polymers (Figure 7.3). During the heating, the stack was inclined at 

about 30° to the chamber surface in order to minimise the effect of gravity on possible deformations. 

The microstructure of the green and sintered comb-like geometry was studied in an optical microscope. 

Unfavourable coalescence of a number of striped layers, were observed already in the green state (Figure 

7.4a), which was caused by inhomogeneous stress development in the lamination process. One of the 

suggested solutions aims to prevent coalescence, which includes closing the open channels by paraffin. Paraffin 

in this case, will support the shape of open channels during mild hot pressing and de-binding without leaving 

any residues. Another suggestion for eliminating the issue of coalescence is optimisation of the program used 

in the hot press machine. Despite issues with the green sample, the comb-like structure was shown to maintain 

the shape of the material and open channels (Figure 7.4b). Hence, if the challenge of collapsing striped layers 

can be solved, the comb-like geometry is expected to be a very promising alternative to existing regenerator 

structures.  

 

Figure 7.4. Microstructure of LSM comb-like geometry in a) green and b) sintered state. 
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8 Conclusion and Outlook 

This PhD thesis describes the main challenges and identifies qualitative characteristics of the newly 

proposed design of adjacently graded thin tape and side-by-side tape casting as the main shaping technology 

used for its production. One of the fundamental parts was the recognition of the relevance and limitation of 

side-by-side tape casting, and tape casting in general, among other shaping techniques, what was aimed to 

expand and clarify the choice of an experimenter. Side-by-side tape casting was shown to be not just a new 

processing tool but rather an important contribution towards the creation of new designs for materials with 

promising features, with a possibility for up-scaling and applying a wide range of functional materials. 

In collaboration with DTU MEK a novel quasi-steady state model has been developed, which together 

with distinguishing the role of the main casting parameters was the first to take into consideration a 

continuously decreasing slurry level in the tape caster reservoir. Creation of such a model was meaningful for 

the elaboration of further tape casting experiments with precisely-defined dimensional characteristics of cast 

tapes. Moreover, the developed quasi-steady state model based on experimental data established the kinetics 

program with which the pressure behind the casting blade reduces. Combining this program together with the 

tendency of tape thickness decrease with increase in casting speed, the new method to control the tape 

thickness during the casting process was developed. As the result of tape casting with use of proposed speed 

change mode, tapes with the highest thickness consistency have been obtained.  

Contrary to the majority of existing reports it was shown that a single blade co-casting is sufficient to 

produce tapes with a high precision thickness control if a certain parameters are tailored. Thus, decrease of the 

casting gap, increase in the casting speed and reduction of slurry level in reservoir was shown to produce tapes 

with uniform tape consistency. Comparison of casting modes with use of a single blade, double blade, casting 

while supplying the slurry by a pump system and proposed method of continued processing speed change was 

aimed to be beneficial for most of fluid forming techniques in general. Looking for a casting mode which would 

guarantee a stable flow during co-casting, tape casting with the single blade was identified to be the most 

reliable for fabrication of lab-scale graded tapes. 

In the scope of co-casting, the modification of the tape casting tank was described and the optimal 

slurry composition window was determined. Slurries with viscosities of 3000-6000 mPas at casting shear rates 

were shown to have good results. The control loss arises with increase in slurry viscosity since the shearing is 

not constant under the blade. The tape casting of low-viscous slurries on such segmented structures has been 

shown to be very complex and rather unsuccessful leading to poor interface qualities. One of the key 

requirements, which guarantee the possibility for slurries to be co-cast and form defect-free tapes, is the 

necessity to co-cast slurries with the same organic system and identical solid and organics load. The main 

finding was that slurry viscosity and the difference between viscosities of co-cast slurries define the extent of 

overlap, wherein casting speed is rather capable to determine the extent of overlap on a micro-scale and 

define the shape of the interface. Mechanical test verified that adhesion between co-cast materials is strong 

enough to hold the load of 5 N and to be broken far from the interface area. The partition length under the 

blade together with the casting speed was shown to be critical parameters influencing if co-cast slurries form 

an interface in confluence area or produce a two separated stripes of materials with splitting in between. 

Optimisation of de-binding and sintering programs was shown to gain crack-free post-sintered tapes. 
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Side-by-side tape casting reached the level what opens a wide horizon of various applicable 

technologies for new materials fabricated by co-casting. Thus, an alternative way to create a comb-like 

structure with the use of side-by-side tape casting technique has been proposed in current work. Side-by-side 

tape casting is already researched for the production of thermoelectric generators [144] and believed to 

promptly expand the application range among other emerging technologies. 

The future development of side-by-side tape casting should be addressed to study of slurries surface 

tension as the impact factor on the interface quality; co-casting materials with various chemical composition, 

particle size and morphology. Besides, new interesting concepts like lamination of adjacently graded tapes are 

revealed and have to be studied in order to extent the design of promising functional graded materials. 
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bstract

 novel method of co-casting called side-by-side tape casting was developed aiming to form thin functionally graded films with varying properties
ithin a single plane. The standard organic-based recipe was optimized to co-cast slurries into thick graded tapes. Performed numerical simulations

dentified the stable flow beneath the blade with a shear rate profile independent of slurry viscosity as long as the slurry load in the casting tank
as low. Thickness and interface shape could be well predicted if the rheological behaviour of slurries is known and the processing parameters

re well-controlled. A well-defined steep interface was obtained by co-casting slurries with similar viscosities above 4000 mPas at a speed of
0 cm/min. The elastic properties of green tapes were proven to be defined by the binder concentration in the recipe formulation. The interfaces in

raded tapes were shown to withstand high stresses identifying a good adhesion between side-by-side cast materials.

 2014 Elsevier Ltd. All rights reserved.

eywords: Tape casting; Functional graded material; Tape thickness; Rheological properties; Flow behaviour.
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.  Introduction

Tape casting is a large scale fabrication technique for flat
hin tapes in ceramics, metals and glass processing. The abil-
ty to produce uniform tapes tens of metres long which can be
ubsequently green machined (punched), laminated and stacked
o form a specimen with uniform composition and properties,

akes tape casting a very versatile manufacturing technique for
any products in many industries. Especially, the last decades’

echnological development requires production of functionally
raded materials (FGM), meaning materials with a gradual vari-
tion in structure and/or composition over its volume and, as
Please cite this article in press as: Bulatova R, et al. Thickness control and 

in side-by-side tape casting. J  Eur  Ceram  Soc  (2014), http://dx.doi.org/10

onsequence, with a gradual change in properties within the
ample.1 Among all ceramic FGMs, recently fabricated by tape
asting, multilayer design is the most common to be used in such

∗ Corresponding author at: Frederiksborgvej 399, P.O. Box 49, Building 779,
000 Roskilde, Denmark. Tel.: +45 4677 5871; fax: +45 4677 5858.

E-mail addresses: regb@dtu.dk, rrbulatova@gmail.com (R. Bulatova).

s
a

s
r
p
d
t

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
955-2219/© 2014 Elsevier Ltd. All rights reserved.
pplications as solid oxide fuel cells (SOFC),2,3 membranes4,5

nd flue gas purification systems.2 However, in some tech-
ologies, planar not layered segmented variation of properties
s required. For instance, a planar gradual increase in mag-
etic phase transition temperature (Curie temperature), greatly
mproves performance of the active magnetic regenerator (AMR)
sed in the emerging magnetic refrigeration technology.6,7 This
esign allows replacement of the expensive rare earth element
adolinium with ceramics as AMR. The requirements are adja-
ently adhered materials (stripes) varying by a stepwise increase
n ceramic doping, forming homogeneous flat dense tapes. To
roduce such a planar gradual structure (Fig. 1a),7 the novel
haping technique, so-called side-by-side tape casting (SBS  TC)
lso referred to as adjacent tape casting, was proposed.8

SBS TC includes simultaneously drawing-out ceramic loaded
lurries from the conventional doctor blade tank (tape caster
eservoir), which is divided by Teflon partitions into com-
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

artments. The number and width of compartments can vary
epending on application needs. Under the dragging force of
he moving carrier, slurries are co-sheared adjacently forming a

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
http://www.sciencedirect.com/science/journal/09552219
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Fig. 1. (a) Photo of a side-by-side (SBS) graded tape with a length of about 40 cm
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increase of shear rate γ up to 50 s using a plate–plate system
nd (b) schematic of possible shapes of interfaces formed between adjacently
o-cast materials in SBS TC.

ontinuous thin tape with one-dimensional interfaces at the con-
uence areas. In that case, from the tape profile view, interface
etween SBS co-cast materials (adjacently co-cast materials,
tripes) may form one of the following shapes (Fig. 1b): steep
ertical, arc shape, angled to the surface of the substrate, or
he boundary can be blurred due to mixing and interdiffusion
etween adjacently co-flowed slurries. The third case is so-called
verlapping, which is covering or extending one of the SBS co-
ast material beyond another due to the slurries overflow in the
nterface area.

The challenge of the new adjacent co-casting technique is
o produce and maintain the same thickness of adjacent materi-
ls having different composition at comparable flow behaviour
similar rheology). Another challenge is the precise control of
he interface shape and a sufficient adhesion between the adja-
ent stripes. In a first optimization of the novel technique, initial
arameter settings, such as fluid (i.e., ceramic loaded slurry
n current work) properties and processing features are to be
etermined. This would suggest SBS co-casting of slurries with
imilar well-studied dispersed phase and use of a well-developed
ecipe. However, in order to facilitate easier identification and
tudy of the interface area, the adjacent materials are desired
o possess solid loads of different compositional, morpholog-
cal and/or magnetic parameters. Taking these demands into
ccount, the first slurry was formulated based on strontium
oped lanthanum manganite oxide La0.85Sr0.15MnO3 (LSM),
hile for the second slurry a mixture of LSM and gadolinium
oped cerium oxide Ce0.9Gd0.1O2 (CGO) was chosen. LSM
nd CGO are widely used as cathode and inter-diffusion barrier
ayer in SOFC, as a solid constitute of the porous layer in gas
urification applications and gas separation membranes, LSM
erovskite is characterized by high magnetotransport properties
nd is applied in memory and sensor applications.9,10 Due to
he coarse structure and white colour of the CGO powder, as
pposed to the fine rounded shape and black colour of LSM, the
nterface line between co-cast LSM and mixture of LSM and
GO (LSM/LSM  CGO) materials was easily distinguished both
isually by colour and due to morphological and compositional
ifferences. Concerning the choice of dispersive media, it was
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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ecided to use a well-developed organic-based recipe2,10 with an
zeotropic mixture of methylethylketone and ethanol (MEKET)
s the solvent. It was important to use MEKET because organic

(
G
t

 Ceramic Society xxx (2014) xxx–xxx

olvents benefit, firstly, in sufficiently fast drying so to avoid
nter-diffusion between stripes, and, secondly, minimizing the
urface skinning and trapping of evaporating solvent what facil-
tate better control of the surface finishes. The same MEKET
ased recipes were applied for both SBS co-cast materials to
uarantee similar drying kinetics and shrinkage.

The work addresses the processing approach of adjacently
asting LSM and LSM CGO slurry by the SBS TC technique.
or this purpose (i) the influence of the slurry properties (slurry
ensity, rheology, solvent content and loadings of organic addi-
ives) and (ii) the casting parameters (speed) on the adjacently
raded tape quality were investigated. Specific focus was set
n the thickness variation of green tapes and the quality of the
nterface between the two adjacent stripes.

.  Experimental  procedures

.1.  Raw  materials  and  slurry  preparation

The SBS cast tapes were prepared by adjacent co-shearing
f two slurries. The first slurry initially contained 62.05 wt.%
f La0.85Sr0.15MnO3 (LSM, Haldor Topsoe A/S, Denmark; cal-
ined at 1200 ◦C for 2 h, 18.0 m2/g, 6.55 g/cm3). The second
lurry had 52.05 wt.% LSM with 5.74 wt.% of Ce0.9Gd0.1O2
CGO, Rhodia, France; uncalcined, 12 m2/g, 7.71 g/cm3) as

 solid loading. Slurries were prepared according to standard
EKET (azeotropic mixture of methylethylketone and ethanol)

ased recipe2,10 using PVP (polyvinylpyrolidone) as a disper-
ant.

The preparation of both LSM and LSM CGO slurries was
erformed taking into account the necessity to cast highly vis-
ous slurries. In order to achieve homogeneous component
istribution and avoid competitive adsorption of polymers in the
lurry with a low solvent content, powder and PVP dispersant
ere dispersed in solvent in two steps. First, 52.05 wt.% of the
owder and 0.85 wt.% of the PVP dispersant were milled in the
EKET solvent for about 20 h. The second portion of powder

nd the remaining 0.21 wt.% of PVP were added whenever the
rst portion of powder was fully dispersed. The obtained suspen-
ion was milled for another 20 h. After adding the binder system
binder polyvinyl butyral PVB, plasticizers dibutyl phthalate
BP, polyethylene glycol PEG, and release and wetting additive
ith commercial name Additol) in MEKET to the powder and
ispersant suspension, the slurry was milled for another 20 h.
inally, d50 for both slurries was within 2.3–2.5 �m. Before

ape casting, LSM and LSM CGO slurries were filtered through
 100 �m meshed tulle and the slurries were degassed using a
acuum pump (100 mBar) in order to remove air bubbles.

Particles size distribution was measured during the whole
eriod of the slurry preparation using Scattering Particle Size
easurements (Beckman Coulter LS 13320, Beckman Coulter

nc., Miami, FL). The apparent viscosity (η) measurements were
onducted on pre-sheared and recovered slurries with reversing

′ −1
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

Haake RheoStress 600, Thermo Electron GmbH, Karlsruhe,
ermany). A solvent trap was used to minimize the evapora-

ion of organic solvent during rheological measurements. Slurry

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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Table 1
Dependence of slurry’s viscosity on the content of MEKET solvent and binder system. Because of experimental uncertainty the viscosity values were rounded to the
nearest 100.

Solvent (vol.%) Binder syst. (vol.%) S/C (Volsolv./Volceram) BS/C (Volbind.syst./Volceram) Viscosity η (mPas)
(γ ı́ = 3.3 s−1)

Density ρ (g/cm3)

LSM 42.99 41.24 2.98 2.86 4200 3.52
LSM CGO 1 43.98 42.47 3.61 3.48 2700 3.64
LSM CGO 2 43.44 42.45 3.57 3.45 3200 3.68
LSM CGO 3 42.84 43.73 3.54 3.62 3800 3.86
LSM CGO 4 41.78 44.53 3.39 3.62 4300 3.82
LSM CGO 5 40.69 45.37 3.24 3.62 4500 3.78
LSM CGO 6 43.65 39.83 2.93 2.68 6000 3.35
LSM CGO 7 41.02 41.69 2.63 2.68 6700 3.39
LSM CGO 8 44.50 35.74 2.50 

Fig. 2. (a) Tape caster used for SBS TC of two materials and (b) design of the
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speed on tape thickness gradient and interface behaviour. For
that test, the recipe of co-cast slurries was fixed using LSM and
artition dividing a doctor blade reservoir into compartments.

ensity was measured using pycnometer: a fixed volume con-
ainer was filled with slurry and weighted; a capillary tube was
sed to accurately determine the volume of suspension. The
ensity of each slurry was measured 3 times and the average
alue (uncertainty interval was maximum 0.02 g/cm3) is given
n Table 1.

In order to elucidate the effect of slurry characteristics on the
ape interface formation, binder solution and solvent concentra-
ions were varied with subsequent casting and drying processing
teps to observe the effect of rheological behaviour on green
apes quality.

.2.  Tape  casting

For adjacent tape casting the conventional casting tank has to
e modified. Fig. 2a shows the doctor blade setup for SBS TC of
wo adjacent stripes. A special wing-shaped partition (Fig. 2b)
as made to separate the entire tank space into two reservoirs,

ach the same width. The partition was fixed to the walls of
he tank by two-side adhesive tape. Duct tape was stuck on the
unction between partition and tank walls, partition and casting
nife, aiming to precisely fix the partition to the tape caster and
revent slurries leaking between neighbouring reservoirs. The
ront side of Teflon partition was sharpened by about 1.5 mm
n order to induce smooth merger of adjacently co-cast slurries.
n experiments, when partition front edge was not acuminated,
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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 concave trace of the partition on the dried tape was observed
not shown here). To make tests reproducible, the same amount
f SBS co-cast slurries were synchronously added into each

L
1

2.01 9400 3.34

ompartment of the doctor blade tank. No refilling of the slurries
n the reservoirs was done during casting.

In order to clearly identify parameters which influence the
nterface quality in SBS TC the most, it was decided to sim-
lify the tape caster design and use a well-studied single-blade
ape caster setting. Although the use of a double-blade in tape
aster design was invented to keep the slurry level in pre-sheared
one constant and thus produce a smooth tape, the inhomoge-
eous flow inside the spare pool of tape caster11 and complicated
esign of the partition needed for double blade system did not
uarantee a high reproducibility of casting experiments. This
avours the use of single-blade over the double-blade system for
BS TC.

The blade gap was fixed at a height of 1000 �m due to the fol-
owing reasons. First, it was dictated from the application needs
o have the final post-sintered tape thickness of 250–300 �m.
econd, the thicker the tape, the more obvious the changes in tape
tructure as a function of casting parameters2,12 which makes
xperimental data change easier to detect.

Before starting the experiments, the gap was tightly occluded
ith the Duct tape, stuck on to the Mylar carrier. When the
rocess starts this Duct tape moves together with the Mylar
arrier. One reason to occlude the gap was to keep the slur-
ies in the reservoir for about 30 s before the start of the
asting process in order to let the rheological stresses, accumu-
ated while slurry pouring, to relax. Another benefit of having
he casting gap closed is the guarantee that adjacent slurries
ill start to co-flow simultaneously, providing a condition for
ood agreement between experiments and modelling simulation
ata.13

Two sets of experiments were conducted. The first test was
riented at understanding how fluid nature, i.e. density and vis-
osity (Table 1), affects the green tape thickness and the interface
uality between SBS co-cast materials. Slurries were cast with a
arrier speed of 20 cm/min, and viscosity varied by changing sol-
ent/ceramics (S/C) and binder system/ceramics (BS/C) (binder
ystem excluded solvent MEKET) volumetric ratios. The sec-
nd series of experiments aimed to study the effect of casting
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

SM CGO 4 slurries (Table 1), and casting speed varied from
0 cm/min up to 40 cm/min.

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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Fig. 3. Schematic illustration of tape caster and extent of overlap between SBS
co-cast tapes. The scale of the tape doesn’t match to the real size of green tape,
and proportions between tape width and length are exaggerated. The sketch aims
to show how the interface position may change along the tape and definition of
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Fig. 4. Tape casting formulations used in the present work (dots in white area
in the plot) compared to literature (dots in grey area in the plot).
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he extent of overlap.

.3.  Characterization

The thickness values of green tapes were collected about 2 cm
rom the tapes’ edges on both sides of the tapes every 10 cm along
he length using a 15 mm diameter circle flat dual point digital

icrometre.
The interface behaviour was characterized by the extent  of

verlap in tape profile plane x–z  (Fig. 3). By overlapping is
eant either the overflow of one slurry on top of the neighbour-

ng one, or its displacement which results in interface shifting
nd/or its inclination (Fig. 1b, third schematic model). There-
ore, to measure the extent of overlap between adjacently co-cast
aterials, position of the interface, viewed from the top side of

he tape, was compared with the interface position, viewed from
he Mylar bottom side of the tape (Fig. 3). From the tape profile
iew (plane z–x), the interface looked like either a steep line,
iving an extent of overlap equal to zero, or like an angled line.
n the last case the extent of overlap was measured in mm as the
istance between interfaces seen from the top and Mylar sides
f the tape.

For measurement of fracture tensile stress (strain–stress resis-
ivity) of the green tapes and evaluation of the interface quality,
reen samples of 100 mm × 10 mm were cut with the interface
n the middle of the long side. These pieces were fixed in an
nstron tensile machine (the cell load was 5 N, 5900 Testing Sys-
em, Instron, Norwood, MA). To secure getting relevant data,
t least four tests for each specimen were collected. The data
btained from the specimens which failed nearby the fitting clips
ere excluded from evaluation. The tensile test was also per-

ormed on individual samples of LSM and LSM CGO, which
ere punched from the graded sample but far from edge side and

nterface so to ensure the homogeneity and purity of analyzed
pecimens.

Cross sections of green tapes containing interfaces were
xamined with a scanning electron microscope (SEM) (Inspect,
0 nm at 30 kV, FEI Company, Kyoto, Japan) with possibil-
ty for energy dispersive X-ray spectroscopy (EDX, Oxford
nstruments, Abingdon, United Kingdom). For reproductive
omparison of interface shapes, samples for SEM and EDX
ere punched 10 cm from the end of each tape. Since pol-
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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shing of green samples is impossible, the tapes were frozen
n liquid nitrogen and then broken apart in order to have a
mooth surface. The samples were retained between two plastic
lates.

a
i
a
s

.  Results  and  discussion

.1.  Slurry  formulation

In most tape casting applications thin films with a thickness
elow 100 �m12,14–16 are required, which dictates using low vis-
osity slurries as highly viscous slurries create inhibitive forces
nder shear in small casting gaps. For magnetic refrigeration
hicker tapes of about 300 �m thickness are required, therefore,

ore viscous slurries compared to standard tape casting slur-
ies have to be applied. Thus, a modification of conventionally
sed organic tape casting recipes2,10 was needed. Fig. 4 shows
he compositions of typical MEKET-based tape casting recipes
ound in literature2,16–18 (each experiment from literature is pre-
ented as a dot in the grey range of low viscosities area in Fig. 4)
nd recipes that were designed in this work for adjacently co-cast
apes of a thickness about 300 �m (each experiment is given as a
ot in the white area in Fig. 4). A higher viscosity for the slurries
sed in this work for SBS TC was achieved by increasing the
inder system content and decreasing the solvent concentration,
herein the ceramics mass load was kept constant. Systematic

hange in the binder system’s and the solvent’s mass loading lead
o a consistent volumetric change of the total slurry volume,

aking the components volume percentage look inconsistent.
hus, the components of the slurries (Table 1) are given both

n volumetric percentage for easier comparison with standard
lurry formulations (Fig. 4) and in volumetric ratios of binder
ystem and solvent to constant ceramics load, BS/C and S/C,
onsequently.

The literature based slurry compositions (Fig. 4) contain
bout 55–75 vol.% of solvent and 15–25 vol.% of polymeric part
ncluding binder system (binder PVB, plasticizers DBP and PEG
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

nd wetting additive Additol) and dispersant PVP. The binder
ystem content varies from 13 to 24 vol.%. Apparent viscosity

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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Table 2
Rheological behaviour of cast slurries.

k n Yield point τy (Pa) R2

LSM 4.7(7) 0.85(6) 1.0(8) 0.999
LSM CGO 1 2.0(2) 1.00(3) 0.8(2) 1.00
LSM CGO 2 3.0(8) 0.93(2) 0.7(6) 0.999
LSM CGO 4 5.8(2) 0.81(2) 1.0(4) 0.999
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R. Bulatova et al. / Journal of the Eur

f these slurries with comparable molecular weight polymers
as below 1000 mPas at 10 s−1 shear rate.
The optimal slurries formulations for SBS TC were deter-

ined based on the flexibility and surface quality of the obtained
reen tapes and the absence of cracks and deformations after
he sintering process. The increase in binder content together
ith an increase in viscosity was aimed to improve adhesion
etween adjacently co-cast materials, but exceeding the binder
ystem content over 47 vol.% was shown to form tapes with a
ery fragile post-sintered structure. Based on these results, feasi-
le binder solution content was established as 35.5–43.5 vol.%,
r 2.01–3.62 with respect to the ceramics volume (BS/C ratio).
nother approach to increase slurry viscosity included reduction
f the solvent content. Experiments showed, that using MEKET
n concentrations below 40 vol.% leads to formation of cracks
uring the drying stage, which were provoked by accumulated
tress due to constrained volume shrinkage. Hence, the opti-
um solvent content was found to vary as 40–48 vol.%, which

orresponds to relative amounts, S/C of 2.50–3.61. Significant
ecrease in the amount of solvent as the only homogenizer in
lurry formulation identified the need for dividing the milling
rocess into 3 steps, as it is described in Section 2.

Among all working recipe formulations for further investi-
ations we chose ones with high shear thinning (pseudoplastic)
apabilities and composing a number of viscous slurries with
radually increasing viscosity values for the LSM CGO slurries.
able 1 shows the formulations of these organic-based slurries.

.2.  Effect  of  slurries  properties  on  quality  of  adjacently
raded tape

Among slurry properties, the impact of slurry density and
lurry viscosity affecting the tape consistency and quality of the
enerated interface was considered.

First, the importance of the density of the slurries on the
uality of green tapes was evaluated. However, varying sol-
ent and binder system concentrations in afore-established
orking range, density of slurries did not change significantly

3.60 ±  0.26 g/cm3) (Table 1). That is because the density of
lurries is mainly determined by the heaviest fraction load, i.e.
y the load of ceramics in the studied system. However, in the
urrent work the mass of ceramics was maintained constant,
xplaining minor variations of slurry density and complicating
urther study of the impact of slurry density on the interface
ormation in SBS TC. Additionally, the effect of slurry density
as addressed by numerical modeling19 using the rheological

haracteristics of the slurries in Table 1 as input. The range of
ensity studied in the simulations was between 2 and 4 g/cm3

hich is essentially broader than in the current experimental
ork. The simulations of co-flow did not show major influence
f the slurry density on the interface shape.19 Hence, the role of
lurries density on quality of SBS graded tape was neglected in
he current study.
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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Unlike the density values, the rheological behaviour of slur-
ies varied significantly with minor changes in solvent and binder
ystem concentrations (Table 1). As expected, the viscosity of
ighly viscous slurries was more sensitive to changes in the

k

d
o

SM CGO 6 6.2(9) 0.71(2) 4.8(3) 0.999

inder system or solvent content compared to the viscosity of
ow viscosity slurries. Thus a slight increase in solvent concen-
ration decreased the slurry viscosity drastically. The fact that
he increase of binder system content increased slurry viscosity,
ndicated that the binder interacted as an adhesive agent with-
ut replacing dispersant from the powder surface.2,20 Thus the
ispersant is acting as intended and not accumulated between
inder polymeric chains, deteriorating mechanical properties.
seudoplasticity, required for tape casting, was typical for all
repared slurries (Fig. 5a).

For a clear understanding the impact of flow behaviour
n the quality of the formed tape, all slurries were described
umerically by a constitutive model of fluid. Compared to
ther pseudoplastic models the Herschel–Bulkley21 constitutive
quation was chosen because it describes both yield point and
hear-thinning factors, and nicely matches the fluid flows mea-
ured on the rheometer with the coefficient of determination R2

lose to one for all slurries:

 =  τγ +  k  · γ ′n (1)

here τγ is the yield point, k  the Herschel–Bulkley viscosity,
nd n the Herschel–Bulkley index. For pseudoplastic slurries

 is always below unity and deviation from unity implies the
eviation from a Newtonian behaviour. The model parameters
Table 2) for five slurries considered were obtained from flow
urves plotted in Fig. 5b.

The very low yield points, typical for all the studied slurries
Table 2), are negligible for tape casting processing. Since the
ield point (yield stress) manifests itself as the stress needed
or the slurry to flow, the use of slurries with low values of yield
oints widens the range of casting speeds, casting gaps and slurry
oads that can be applied. Low yield stress or its absence for
lurry is preferable if low shear stress (slow casting speed, low
iscosity slurries, a big gap and/or a small amount of slurry load
n tank) is the driving force of the casting process. Besides, all
lurries but the least viscous LSM CGO 1 have n value less than

 (Table 2), which characterizes them as pseudoplastic fluids.
seudoplasticity is required for tape casting process because of

he viscosity dependence on shear stress behaviour: the viscosity
f pseudoplastic slurries significantly decreases while the slurry
asses under the casting blade simplifying uniform flow and
evelling, and viscosity increases when the slurry is dragged out
f the casting unit preventing the slurry from flowing aside and
eeping the shape of the formed tape.
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

Since the viscosity of pseudoplastic slurry is shear stress
ependent and changes during the tape casting process, study
f a real flow profile, subject to a complex system of driving

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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b) flow curves of the studied slurries.
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Fig. 6. (a) Shear rate profiles across the doctor blade gap calculated for the
considered slurries at a slurry load in the reservoir of H = 22 mm; (b) Interval of
slurries viscosity curves at re-calculated working shear rates acting underneath
Fig. 5. (a) Viscosity curves and (

orces inside the whole casting unit, is required. Besides, the
ape casting process with use of a single-blade system is ham-
ered by continuous reduction of slurry load in the reservoir.
n that case, the flow volume beneath the doctor blade, directly
ffecting the wet thickness of the formed tape, is governed not
ust by a steady state carrier speed (shear  rate, Couette  flow,
hear-driven  flow, drag-driven  flow) but also by a continuously
ecreasing pressure-driven flow (Poiseuille  flow).

A recently developed quasi-steady state model11,13 of the
hear rate and the pressure-driven flow in the tape caster unit
ncluded the dropping of the slurry height during casting. Using
heological parameters for all 5 slurries in Fig. 5b, the gap of

 mm and casting speed 20 cm/min as input parameters, the shear
ate profiles under the doctor blade were numerically calculated
s shown in Fig. 6a. At an initial slurry loading of 22 mm it
s observed that there is a very minor dependence of shear rate
rofile beneath the casting blade as a function of slurry viscosity
alues, i.e., the rate of the velocity change across the casting gap
s closefor high and low viscosity slurries. The same tendency
as observed for shear rate profiles re-calculated at different

lurry load in reservoir.
The initial slurry column of about 22 mm was chosen because

he shearing character is very sensitive to the slurry level in reser-
oir. At higher slurry loading, for example, 50 mm the velocity
radient under the doctor blade was calculated to change in a
elatively wide range from 0.8 s−1 to 12 s−1, giving a detrimen-
ally high effect of the pressure-driven flow.13 This would lead
o inhomogeneous flow inside each slurry across the casting gap.

ith casting time the slurry level in the reservoir continuously
eclines, and shear rate profile becomes steeper until the reser-
oir is empty. Aiming for a smooth stable flow during the whole
asting process, adjacent reservoirs were filled with slurries until
eaching 22 ±  2 mm height as maximum. If it is required to pro-
uce a longer tape with the same 1 mm gap, either double-blade
r pump system is advisable.
Please cite this article in press as: Bulatova R, et al. Thickness control and interface quality as functions of slurry formulation and casting speed
in side-by-side tape casting. J  Eur  Ceram  Soc  (2014), http://dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013

From the numerical simulations, described above, the rele-
ant working range of shear rates can also be estimated. The
ighest deviation of shear rates across the gap, as it was already

the doctor blade during the casting process.

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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Fig. 7. Tape thickness gradient along the green tape length. Viscosity values are
given at a shear rate γ ı́ = 3.3 s−1 (corresponds to the casting speed of 20 cm/min);
density values are referred to the slurry density values given in Table 2. The
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the thickness is determined just by the first term. At the end
stimated error is 15 �m.

entioned, is at the beginning of the process. In our case, at a
lurry load of 22 mm the shear rate values varies from 0.7 s−1 to

 s−1 (Fig. 6a). Transferring this shear rate working range into
iscosity curves (Fig. 5a), measured on the rheometer, the rough
valuation of how slurry viscosity changes under the gap became
ossible (Fig. 6b). In the determined region of shear rates, the
iscosity curves for all but the most viscous slurry LSM CGO 6
re relatively flat and do not cross over each other. Taking into
ccount the assumptions applied in the numerical simulations,13

uch as no flow movement next to the blade surface, fixed casting
peed at the substrate surface, and also disregard of the wall slip
ffect, tension between surfaces and the compositional content
f slurries; it is likely that in practice the actual working range
f shear rate values is shifted to a higher values.

Thus, this study showed that slurries, obtained based on
ptimized recipes (Fig. 4) (Table 1), are characterized by the
seudoplastic behaviour, required for tape casting, and negligi-
le small yield point (Table 2), these slurries are stable during
he whole tape casting process and the rheological behaviour of
he slurries can be described with a consistent viscosity for a
hole SBS TC process carried with 1 mm gap and 20 cm/min

peed (Fig. 6b).

.2.1.  Effect  of  slurry  viscosity  on  uniformity  of  tape
hickness

All four LSM CGO slurries described above were adjacently
o-cast with LSM slurry, and the four produced SBS graded tapes
ere dried in the same conditions. Fig. 7 depicts the change of

he green tape thicknesses along the casting direction. From the
ensity and viscosity values, given in the plot, it is again seen
hat the impact of the slurries’ rheological behaviour on the tape
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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hickness consistency is very strong, whereas, as it was shown
efore, there is not any dependence between slurry density and
ape thickness uniformity.
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For further analytical description of the thickness gradient
nd its dependence on casting parameters, the simple empiri-
al formula derived by Chou et al.,22 will be used. Although
his expression assumes a Newtonian fluid, it is widely used in
ractice for estimation of dried tape thickness:

 = αβ

2

ρ

ρ′ h
[

1 + h2ΔP

6ηUL

]
(2)

here δ  is the dried tape thickness, α  the correction factor for side
ow, β  the correction factor for weight loss during drying, ρ  the
uid density, ρ′ the density of the formed tape, h  the casting gap,
P the hydraulic pressure exerted by slurry head, η  the slurry

iscosity, U  the casting speed, L  the length of the doctor blade.
n this formula viscosity η  has a time and stress independent
haracter. The first term describes the shear-driven flow and the
econd term describes the pressure-driven flow.

Regardless of the slurry viscosity, the first 10 cm of each
ape is much thicker compared to the thickness of the rest of
he tape (Fig. 7). This can be explained by (i) the cumulative
orce of externally applied shear-driven and hydraulic pressure-
riven forces and (ii) a harsh start of the SBS TC process and
nstantaneous release of large amount of slurry onto the carrier
lm. This fast start also leads to a side bulb at the beginning
f the tape seen in Fig. 1a. In order to avoid a large bulb at the
eginning of the tape, the gap was tightly occluded before the
asting process starts (see Section 2).

Besides, at the beginning of each curve, corresponding to
he beginning of the SBS co-casting process, tape thickness is
ensitive to the viscosity of the slurry. The hydraulic pressure
P, entering in the second term of Eq. (2), stems from the slurry
eight and affects the volume flow below the casting blade. Vis-

osity η, also present in the second term of Eq. (2), describes the
esistance of slurry to flow and, therefore, determines the extent
f slurry to flow under an applied hydraulic pressure. Highly
iscous slurry deforms to a lesser extent and is, consequently,
ore susceptible to a change from cumulative pressure- and

hear-driven forces to a pure shear-driven forces.
The general tendency of less viscous slurries forming thinner

apes (Fig. 7) is also ascribed to the use of higher amounts of
olvent in the slurry recipes, which evaporates during the drying
tage. The weight loss during drying is corrected by a coefficient

 in Eq. (2). Another comparably small feasible reason of tape
hinning with slurry viscosity decrease, which is reasonable for
onsideration just for thick tapes, is the side flow effect23 under
ape gravity forces.

At the end of the drying process all green tapes are about
40 �m thick and their thicknesses are no longer affected by slur-
ies viscosity values. This matches with the behaviour described
n Eq. (2). Whenever the slurry column behind the casting blade
s low, there is no pressure-driven flow. At 
P  = 0, the influence
f viscosity has a constant character and is only described by a
ide flow α and a drying coefficient β  to some extent, therefore,
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

f the process tape thickness is supposed to be half of the gap,
nd, taking into account that final dried thickness is 240 �m we
ssume the drying factor amounts to approximately 50% and

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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ig. 8. The effect of casting speed on green tape thickness measured along both
dges on LSM and LSM CGO 4 sides. The estimated error is 15 �m.

 is close to one. Tape, fabricated from LSM CGO 1 slurry, is
hinner than other green tapes, as it contained more solvent and
he correction factor β  for weight loss during drying is higher in
hat particular case.

For future analysis LSM and LSM CGO 4 slurries were cho-
en as they are characterized with similar rheological behaviour
Fig. 5a) (Table 2) and could be cast into a graded tape with
omparable post-dried thickness of the two adjacent stripes.

.3.  Effect  of  tape  casting  parameters

Another factor of concern in tape casting control is the effect
f processing parameters, such as casting gap, casting speed and
lurry filling in the tank. In the present work it was decided to
oncentrate the study on correlations between casting velocity,
ape thickness consistency and interface quality using LSM and
SM CGO 4 slurries.

.3.1.  Effect  of  casting  velocity  on  uniformity  of  the  tape
hickness

The relation between casting speed and tape thickness has
een the subject of several studies.24,25 Here, the same correla-
ion between casting speed and tape thickness was considered
n order to explain the main reasons of tape thinning of our par-
icular slurry formulations and further elucidate the influence of
asting speed on changes in interface character.

Fig. 8 shows the variation of green tape thicknesses, mea-
ured along the length on both LSM and LSM CGO 4 sides of
he graded tape. The differences in thicknesses of the LSM and
SM CGO 4 sides at the same speeds was presumably due to
ifferent solvent content, which evaporated at the drying pro-
ess. The drying ratio, estimated from Eq. (2), approximated
o 30–40% for the LSM side and 35–50% for the LSM CGO 4
ide. As having a different binder system load in adjacent materi-
ls, a minor systematic additive error is possible during thickness
easurement due to different softness of materials. This uncer-
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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ainty disappears after the de-bindering step, forming a dense
olid material with equal thicknesses both sides of the graded
ape.

t
c
n

aterials LSM and LSM CGO 4. The errors are due to the width of the pen line
arking the interface line.

Thinning of the green tape does not originate from change
n slurry viscosity (Fig. 8), because, as was shown above, at the
pplied casting shear rates viscosities for LSM and LSM CGO 4
lurries are at a linear and quite flat part of the viscosity curves
Fig. 5a). Flattering and thinning of tapes with increasing cast-
ng speed is comprehensively explained by the domination of
teady shear-driven flow, i.e. first term in Eq. (2), over a decay-
ng pressure-driven flow. Here, the shearing or casting time plays

 significant role on the flow characteristics of the slurry and
uality of the tape. Due to pseudoplasticity, slurry viscosity is
ower at all casting speeds under applied shear, and the viscosity
ncreases when stress is released after the slurry leaves the doctor
lade zone. Fast tape casting reduces the time when a slurry is
iscous, hence, limiting the time when it is capable of undergo-
ng pressure and viscosity effects typical for the pressure-driven
ow. Oppositely, slow cast slurries experience pressure and vis-
osity effects for longer times. As a consequence, at low casting
peeds the actual slurry volume flow below the blade is higher
han the volume flow at the given carrier speed. Due to capillary
orces, thick slurries experience welling after crossing the blade
ap zone, causing thickening of dried tape cast with a slow speed.
asting duration, welling and slurry recovery impacts will be the

ubjects of our future work.
Other authors, along with tape thinning, detected alignment

f particles and change in drying kinetics with increase in casting
elocity.21,22 These changes in tape structure also go along with
he continuous shear rate profile change due to pseudoplasticity
iscussed above.

.3.2.  Effect  of  casting  velocity  on  the  extent  of  the  overlap
etween SBS  co-cast  materials

The extent of the overlap was studied with an optical micro-
cope comparing the position of the interface line seen from the
ylar side with the interface line seen from the top side of the
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

ape (Fig. 9). The extent of overlap decreases with an increase of
asting speed. A general tendency of irregularities at the begin-
ing of tapes, cast with different velocities, is observed. These

dx.doi.org/10.1016/j.jeurceramsoc.2014.07.013
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Fig. 10. SEM pictures and corresponding EDX image below visualizing the interface area of SBS co-cast (a) LSM and LSM CGO 4 materials at various casting
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peeds, given on SEM pictures; (b) LSM and LSM CGO slurries of different fo
ere.

rregularities are assumed to result from either sharply applied
asting speed at the beginning of the process (discussed above)
r higher shear rate deviation beneath the blade owing to the
omplex correlation between pressure-and shear-driven flows.

To investigate the dependence between casting speed and the
xtent of overlap more precisely, the interfaces of each sample
ere studied with the energy dispersive X-ray (EDX) mapping

s adjacent materials are often barely distinguished on SEM
ictures. Samples were punched from the graded tapes 10 cm
way from the end of the tape, corresponding to the end of the
rocess, thus guaranteeing the same pressure in the reservoir
uring the casting process. No diffusion or intermix between
djacently co-cast materials was found (Fig. 10a).

The inclination of the interface line at low casting speeds
nd its steepening at higher speeds was detected (Fig. 10a). The
ncrease in casting speed from 10 to 40 cm/min for our partic-
lar slurry formulations resulted in a decrease of overlap from
.2 mm to its complete disappearance. As it was shown in Sec-
ion 3.3.1, this behaviour can be explained by the duration of the
lurry co-shearing process and side flow. Thus, slurries co-cast
ast have a very short time beneath the blade to flow aside and
arely merge to form the interface: in the drying zone dried slur-
ies are not capable of moving anymore. In turn, slurries, cast
t lower speeds, have more time in a low viscous state, leading
o formation of wider contact area between adjacent materials.
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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or casting speeds of 20 cm/min and 30 cm/min the increased
ole of surface tension between adjacent slurries is evident by a
udden change of the straight line interface shape to the arced

i
s
c

ations at casting speed 20 cm/min. CGO phase is marked with a yellow colour

hape (Fig. 1b). The correlation between slurry surface tension
nd interface shape formation is a subject planned to be studied
n our future work.

Although the latter conclusion denies an influence of minor
hear rate change on the interface shape, a change in slurry
iscosity significantly affects the junction of adjacent slurries
Fig. 10b). As viscosity implies the fluid resistance to flow under
pplied shear stresses due to inner forces, then the change in
nner forces, namely in the amount of interacting polymers and
olving media, also change the resistance of slurries to flow
side. Therefore, more viscous slurries are eager to either keep
he initially formed shape of the doctor blade slit they have been
ischarged from, forming steep contact angle to the substrate
urface, or form more acute contact angle due to side-flow under
ravity forces. For low viscous slurry it is easier to spread over
ny surface, causing its overflow on top of the adjacent more vis-
ous slurry. As a result, the obvious tendency of a low viscous
lurry overflowing on top of the adjacent more viscous slurry
as observed (Fig. 10b). The absence of intermixing between

lurries in the interface region can be explained by apparently
igh enough capillary hydraulic forces of co-sheared slurries.

Fig. 10b shows concisely that viscosity values of co-shearing
lurries determine the extent of the overlap in the interface
egion. Adjacent co-casting of slurries of certain viscosity with
arious speeds (Fig. 10a) is shown to change the shape of the
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

nterface in a narrower range. The line of contact can be either
ettled into a long line tilted to the substrate surface when tape
asting slowly (in case of SBS co-cast LSM and LSM CGO 4
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ig. 11. (a) The stress–strain relations of green tapes of pure LSM, pure LSM C
he LSM CGO material side and interface, the content of LSM side is constant.

t 10 cm/min), or be rounded towards the drying surface of the
reen tape and towards the carrier film (20 cm/min), or be steep,
lmost perpendicular to the substrate (40 cm/min). In the exper-
ment with varying LSM CGO viscosity, the dominant factor of
orming the shape of green tape is the side flow, so it affects the
xtent of overlap but not the interface shape.

.4.  Adhesion  between  SBS  co-cast  materials

The final analysis was on understanding if tapes, which were
ptimized based on dimensional characteristic and interface
uality, behave as a single piece of graded material or as a
umber of more or less weakly joined plates. The adhesion
etween adjacent materials was studied by tensile tests. The
reen strengths of pure LSM and LSM CGO materials, as well
s a graded tape, are high because of the high content of poly-
ers, and particularly binder system content (Fig. 11a). Using

he same polymer loading in adjacent materials the plasticity of
oth tapes is very similar despite the content of particles with
ifferent surface area, which according to Yoon and Lee26 is sup-
osed to have a dominant influence on the green tapes tensile
trength.

On the example of LSM CGO slurry, it is seen that slightly
igher binder content generated higher green tape elasticity
Fig. 11b). The LSM slurry composition through all experiments
as kept constant so the cause must be attributed to the high

dhesion strength and uniform distribution of binder, as it is the
nly continuous phase in the green tape. The same tendency of
ncreasing green tape elasticity was observed for the adjacently
raded tape, as the pure LSM stripe composition remains con-
tant from sample to sample (Fig. 11b). All the specimens of
he graded tapes always broke on the pure LSM material side,
haracterized by a lower green strength. Therefore, adherence
etween the adjacently co-cast materials was strong enough to
eep the interface area intact while applying the tensile stress.

In addition to proving a high adhesion between stripes, high
Please cite this article in press as: Bulatova R, et al. Thickness control and 
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trength performance of SBS tapes guarantees an easy removal
f green samples from the Mylar substrate without deforming
he green sample.

fl
t
v
v

4 strips, and interface area; (b) Young’s modulus change with binder content in

.  Conclusion

The flow field in a novel side-by-side tape casting technique
as studied. With a goal to form dense self-supporting thick
raded tapes a standard methylethylketone and ethanol-based
ecipe has been modified. Minor changes in binder and solvent
ontent strongly influenced viscosity values but did not have a
trong effect on slurry density as the ceramics mass load in our
ork was kept constant. Slurries with 35.5–43.5 vol.% binder

ontent and 40–48 vol.% solvent load were proven to form adja-
ently segmented tapes with a well distinguished interface and
igh mechanical performance. The slurry densities varied in a
ery small range.

With rheological characteristics of the used slurries as the
asis, the detailed velocity and the pressure field in the doc-
or blade region was numerically described. Developed model13

howed that the investigated ceramic slurries with different
iscosities emerge with similar shear rates during the casting
rocess. The maximum feasible slurry load in the casting reser-
oir in our particular case was set to 22 ±  2 mm. Despite that
umerically determined relevant working shear rate region was
uite wide, and only slurries with viscosities below 5000 mPas
t 3.3 s−1 shear rate were stable in the defined working region.

A qualitative analysis using the formula, derived by Chou
t al.22 for dried thickness calculation aimed to assess the main
ources of flow instabilities and their further verification on the
nterface shape formation. Both when the viscosity of cast slur-
ies and the casting speed were changed, the main reasons of tape
hickness deviation were the correlation between shear-driven
nd pressure-driven forces and the difference in the duration of
o-casting. As the slurry viscosities were corrected by solvent
nd binder content, a decrease in slurry viscosity resulted in a
ecrease in tape thickness due to a higher amount of solvent
vaporating during drying. Describing the influence of casting
peed on tape thickness consistency, the correlation between
ressure- and shear-driven forces played the major role. Side
interface quality as functions of slurry formulation and casting speed
.1016/j.jeurceramsoc.2014.07.013

ow, typical for low viscous slurries, gave a minor impact on
ape thinning but a high impact on the interface formulation. Low
iscous slurries were noticed to overflow slurries with a higher
iscosity forming a tilted interface. When slurries of similar
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iscosities were co-cast, the interface was steep perpendicular
o the casting surface.

Considering the formation of steeper interfaces with increas-
ng casting velocity, the duration of co-shearing, drying time and
urface tension between adjacent materials played a dominant
ole. The faster the slurries were co-cast, the less time adja-
ent materials had to merge and form the interface and undergo
nstabilities, caused by pressure-driven flow. Future work will
e devoted to studying the effect of co-shearing time and surface
ension impact on the quality of graded tapes.

By carrying out the tensile test on green samples, it was
roven that it is possible to shape a side-by-side graded material
ith a good adhesion in a one-dimensional interface.
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Functionally Graded Ceramics Fabricated with Side-by-Side Tape
Casting for Use in Magnetic Refrigeration

Regina Bulatova,* Christian Bahl, Kjeld Andersen, Luise Theil Kuhn, and Nini Pryds

Department of Energy Conversion and Storage, Technical University of Denmark, Risø Campus, Roskilde, DK 4000,
Denmark

Functionally graded ceramic tapes have been fabricated by a side-by-side tape casting technique. This study shows the possi-

bility and describes the main principles of adjacent coflow of slurries resulting in formation of thin plates of graded ceramic
material. Results showed that the small variations of solvent and binder system concentrations have a substantial effect on slurry
viscosity. Varying these parameters showed that side-by-side tape casting with a well-defined interface area is possible for slurries

with viscosities above 3500 mPa s at a casting shear rate of 3.3 s�1. As it was expected, the choice of de-bindering and sintering
regimes significantly influences crack formation, and a three-step heating programme was found to result in tapes of the highest
quality. The interface regions of green graded tapes were investigated structurally by scanning electron microscopy; for a distinct

identification of the interface region and analysing the degree of cross-interface diffusion, the isothermal entropy change was
measured by a vibrating sample magnetometer as the magnetic transition temperature (Curie temperature) is very sensitive to the
dopant level in ceramics. Also the purpose of developing this graded ceramic tape casting was applications of these specific mag-
netocaloric properties within the magnetic refrigeration technology.

Introduction

Over the last decades, the technology of magnetic
refrigeration (MR) has been developed toward the level
of becoming a potential substitute for the conventional
compressor-based refrigeration or air-cooling devices 1,2

due to the potential for higher efficiency and the emis-
sion-free technology used. The principle of MR relies on
the magnetocaloric effect (MCE),3 that is the reversible
temperature change of magnetocaloric materials as a
response to the application of a magnetic field. For ferro-
magnets, the MCE is strongest close to the magnetic
transition temperature, the so-called Curie temperature
(TC). Thus for room temperature applications, magnet-
ocaloric materials with TC in this range are desired.

Recently, a large number of papers have been pub-
lished reporting on the MCE in the mixed valence
perovskite manganites with the general formula A1-x

A0xMnO3 (A — rare earth element, A0 — Sr, Ca, Ba,
etc.).4–7 Among other advantages of ceramics such as
easy shaping and cost-effective production, one of the
most important features of the perovskites is that the
compounds are suitable for chemical doping. As the
magnetic properties of these powders, for example TC,
are strongly doping-dependent, these materials are suit-
able for MR at various operating temperatures and espe-
cially near room temperature. A compound, which has

been demonstrated in use as a magnetocaloric material,
is La0.67Ca0.33-xSrxMn1.05O3 (LCSM) (perovskite), which
can exhibit a range of TC by varying the ratio between
Ca and Sr (Ca/Sr).8

The design of magnetic refrigeration devices7,9

defines some geometrical requirements of the magnetoca-
loric materials to be used. Among all possible geome-
tries,1 thin dense plates are desired due to the fact that
these plates provide low pressure drop and can transfer
heat effectively. Plates with a thickness of about 300 lm
are chosen for practical reasons of preparation, handling
and stacking. The flatness of the plates is very important
as it is desired to stack the plates as close as possible. A
thickness variation of <5–10% of the average tape thick-
ness is desirable to avoid maldistribution of the flow.10

To extend the temperature span of the MR device, a
graded material with varying TC along the length is also
needed (for details, see 8,11,12).

The new “side-by-side” adjacent tape casting method
has been suggested to achieve the goal of having a gradu-
ally increasing TC within one dense platelet structure.
Tape casting (also known as doctor blading, knife coat-
ing) was chosen as it is the most common technique pro-
ven to be effective for manufacturing uniform thin plates
on a large scale.13 In general, tape casting is a forming
process in which a slurry, with a high concentration of
solid loading, is pulled out by a moving carrier from the
tank reservoir, forming a thin film of predefined
geometry; subsequent sintering leads to forming of dense
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self-supporting plates. The principal novelty of the side-
by-side tape casting technique is based on simultaneous
adjacent cocasting of a number of slurries adjacently
from the doctor blade reservoir, predivided into com-
partments by partitions. The advantage of side-by-side
tape casting is versatility of materials adjacently cocast
into a single plate with well-defined interfaces.

In this study, microstructure and magnetic proper-
ties of the interface regions between adjacent stripes both
in the green and sintered states were investigated. Mix-
ing/diffusion in the interface region were proven to be
strongly dependent on the flow properties.

Experimental Procedure

Spherical particles of a series of commercially avail-
able manganites with five different compositions
La0.66Ca0.33-xSrxMnO3, x 2 [0.0375–0.0600] (LCSM)
(CerpoTech AS, Heimdal, Norway) were prepared by
spray pyrolysis; subsequent calcination at 1000°C for
2 h was applied to remove the absorbed water from the
powders, increase the phase purity and get a coarser
structure. The five LCSM powders were named from
LCSM1 to LCSM5 according to increasing Curie
temperature (TC) (Table I) as the TC is very sensitive
to the composition of doped perovskites.8 The Curie
temperature was measured as the point of maximum
heat capacity in zero applied magnetic field. This was
measured on a custom-built differential scanning calo-
rimeter (DSC),14 and the results are shown in Fig. 1.
Due to the chemical similarity of the powders, the
exact composition of each powder is not known exactly.
However, the correlation between the Curie tempera-
ture and the intended composition is consistent with
that given in the Ref. (15).

The particle size distribution was identified at every
step of slurry preparation by light scattering (LS 13320;
Beckman Coulter, Miami, FL). Specific surface area of
the powder was measured using the Brunauer, Emmett,

and Teller method (BET) (SA3100; Beckman Coulter).
The measured values are given in Table I.

The magnetic properties were analysed using vibrat-
ing sample magnetometer (VSM) (Model 7407; Lake
Shore Cryotronics, Westerville, OH). Magnetization as a
function of magnetic field and temperature was measured
in fields up to 1.2 T. The magnetic entropy change DSM
(T,H) was calculated from magnetization curves employ-
ing the thermodynamic Maxwell relation (1):

DSMðT ;H Þ ¼
ZH

0

oM

oT

� �
dH ð1Þ

The initial slurry composition with proportions of
all ingredients as proposed by Raeder et al. 16 was used
with polyvinylpyrrolidone (PVP, Mw = 10,000 g/mol)
as a dispersant. An azeotropic mixture of methylethylke-
tone and ethanol (MEKET) (2:1 wt%) was chosen due
to the ability to dissolve most organic additives, uniform
distribution of ingredients and drying fast enough to
avoid formation of defects.13 0.2 wt% of the lubricant
Additol was added to reduce friction between the materi-
als. To find the optimal rheological behavior and
improve the quality of green and sintered graded tape,
the loading of MEKET as a solvent and the binder sys-
tem [polyvinyl butyral (PVB), polyethylene glycol
(PEG), dibutyl phthalate (DBP), and Additol] was varied
in the range of 46.02–48.85 wt% and 38.54–41.80 wt
%, respectively.

The desire to use high viscosity slurries for the tape
casting requires the ball-milling process to be divided
into steps to break apart the particle agglomerates to the
smallest possible sizes and to ensure homogeneity of
ingredient distributions. Initial suspensions were prepared

Table I. Properties of the Calcined LCSM Powders

TC

(K)
PSD (d50)
(lm)

BET
(m2/g)

LCSM1 272 1.43 7.53
LCSM2 277 2.04 10.85
LCSM3 281 2.08 7.97
LCSM4 284 1.63 15.04
LCSM5 288 1.74 10.86

Fig. 1. Differential scanning calorimeter (DSC) data of the five
LCSM powders at zero applied field after calcination at 1000 °C.
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by, first, dissolving 85 wt% of dispersant in solvent and
adding 80 wt% of the ceramic powder, followed by a
low-energy ball-milling for 40 h; subsequently, the rest
of the powder, dispersant, and solvent were added.
Another 30 h of low-energy ball-milling was required to
break down powder agglomerates. The duration of each
milling step was identified experimentally by measuring
the particle size at intervals during the milling. In the
last step, the binder solution, containing the binder and
plasticizer suspension, was added to the mixture to yield
the final slurry composition. The slurries were kept
slowly rotating for another 20 h to continue homogeni-
zation with minimum risk of bubble formation within
the slurry. Before tape casting, slurries were poured over
a 100-lm meshed filter to separate possible agglomerates.
Any air bubbles in the slurries were removed by placing
the slurries in a vacuum chamber at 200 mbar for
5 min. Rheological parameters of suspensions were mea-
sured at every step of the slurry preparation (Haake
RheoStress 600; Thermo Electron GmbH, Karlsruhe,
Germany). The shear rate programme was used with a
plate–plate sensor system with plate diameters of 60 mm
and a gap height of 0.1 mm. A preshear mode of 50 s�1

was applied for 1 min with a subsequent 1-min rest to
approach measuring conditions close to those for tape
casting and disregard the history of slurry pretreatment.

The slurries were cast using a single doctor blade
vessel on a moving Mylar tape. The vessel was subdi-
vided into five compartments as shown in Fig. 2a using
pieces of Teflon. The quality of cast tapes was strongly
dependent on a careful fixation of compartment parti-
tions in the doctor blade chamber. Before attaching the
plastic partitions in the vessel, the fronts of the plastic
partitions were sharpened with sand paper, creating
about 1.5 mm keen edge at 45 degrees to the Mylar
substrate and to the doctor blade (Fig. 2b). This was

done to avoid mixing and overlapping of adjacently
moving suspensions. Partitions with a blunt front side
were observed to result in furrows in the surface of the
dried green tape, that is, because thick slurries dry fast,
without having time to flow aside, and assume shape
with a minimum surface area. After sharpening the front
side, partitions were mounted inside the tank using dou-
ble-side adhesive tape. On top of that, the partitions
were fixed by a one-sided adhesive tape to avoid interlea-
king of slurries between adjacent compartments.

All the tapes were cast with a gap height of 1 mm
and a casting speed of 20 cm/min on silicon-coated
Mylar film. An example of a tape cast with five materials
is shown in Fig. 3. After drying in room temperature for
2 days, tapes were punched out in 30-cm-long pieces.

To optimize de-bindering and sintering profiles,
simultaneous measurements of thermogravimetric analy-
sis (TG) and differential thermal analysis (DTA) of green
tapes were performed in atmospheric air (Netzsch STA-
449C; NETZSCH GmbH, Selb, Germany). The results
from the TG and DTA analysis was used to optimize
the sintering programme as discussed below.

X-ray analysis was carried out on each of the cal-
cined LCSM powders using a Bruker D8 Advance pow-
der diffractometer. All the powders were found to be
highly phase-pure with an orthorhombic structure with
the space group pnma.

To study the interface between the different materi-
als after sintering, pieces of the tapes were embedded in
epoxy, polished, and carbon coated. Pieces of the green
tapes were held in clamps. The cross-sections of both
green and sintered samples were observed with a scan-
ning electron microscope (SEM) (Hitachi TM3000, Hit-
achi High-Technologies Europe GmbH, Krefeld,
Germany) at 15 kV.

(a) (b)

Fig. 2. (a) Tape caster vessel divided with partitions in a five-compartment setup; (b) sharpened front side of a Teflon partition, used for
separation of doctor blade reservoir into compartments. The width of the tape caster vessel was 17.8 cm.
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Results and Discussion

Based on the previous experience in ceramic-shaping
techniques, the ability to tape cast slurries adjacently was
assumed to rely on the following principles. Firstly, co-
cast slurries must be viscous enough to prevent intermix-
ing in the interface area, minimize overlapping between
cocasting slurries, and guarantee high physical adhesion
between neighboring materials. Secondly, processed sus-
pensions are to be characterized by a similar flow behav-
ior (fluid properties), that is pseudoplasticity, density,
surface tension, etc. This is required to ensure similar
shrinkage rates and identical final thickness of neighbor-
ing materials, thus minimizing stress development during
drying and sintering processes. To satisfy this, the same
solvent system and organic additives for cocast slurries
must be chosen. Thus, it was decided to use a recipe
with a high solid loading as a starting formulation.16 In
addition to that, the desire to tape cast thick tapes
demanded simplification and acceleration of the slurry
drying process,13 leading to the choice of the organic sol-
vent MEKET. Initially, the same slurry formulation was
used for preparation of all five suspensions (Fig. 4).
However, viscosity values of precast slurries were differ-
ent because of variations in the specific surface areas of
the different powders (Table I). Slurries were cocast with
these five identical slurry formulations, but the obtained
graded tapes cracked during the sintering programme
due to stresses accumulated at the interfaces between
slurries with a different shrinkage behavior. Therefore,
each slurry had to be individually tailored to account for
the variation in shrinkage.

To optimize the slurries for cocasting, the viscous
properties of each slurry were measured at different

contents of binder and solid loading. As the amount of
dispersant was optimized by a sedimentation test and
was fixed at 11.24 vol% with respect to solid content for
all five LCSM powders, it was decided to keep dispersant
and solid loading constant. The recipe varied by adjust-
ing the solvent and binder solution (binder and plasti-
cizer) amounts referring to the volumetric content of the
solid part (ceramics).

The general tendency of viscosity increase with a
reduction in the amount of solvent (solid load was kept
constant) was typical for all five formulations, as seen in
Fig. 4. Increased slurry viscosities as a result of increased
binder solution content are due to the effect of simulta-
neous decrease of solvent content in the total slurry vol-
umes. It proves that the fraction of solvent affects the
viscosity more compared to the binder solution content.
However, the slurry viscosity is also sensitive to the bin-
der system content, which was varied to adjust drying
and sintering shrinkage of cocast materials. In tests,
where the slurry formulation was corrected by raising the
binder system concentration while keeping the solvent
content constant, the viscosity for all five slurries also
increased (Fig. 4). This indicates that polymeric chains
of binder form a dense matrix, without replacing disper-
sant from the surface of the powder. A decrease of slurry
viscosity with binder system would indicate insufficient
stabilization of powder surface allowing the binder to act
as a dispersant.13

In addition to optimizing the recipes with the aim
of preparing slurries with similar high viscosity values,

Fig. 4. Viscosity of LCSM slurries as a function of binder solu-
tion and solvent MEKET concentrations with respect to constant
ceramics load. Five different formulations of five slurries are con-
nected with arrows, which show the experimental sequence for each
of slurry.

Fig. 3. Adjacently graded LCSM green tape. The width of the
graded ceramic tape is 18.6 cm, and the length is 110 cm.
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the main criterion for the final recipe formulation was
obtaining flat uniform tapes of a certain thickness with-
out any defects after the sintering process. It was decided
to aim for slurries with viscosities in the range of 3500–
4000 mPa s due to qualitative analysis of tapes cast with
a given range of viscosities. The less viscous slurries
resulted in more complicated control of tape thickness,
and less uniform tapes were obtained. Thus, the differ-
ence in drying shrinkage rates induces stress accumula-
tions at the interface area with subsequent crack
nucleation (Fig. 5a). The second origin of fracture prop-
agation was due to a weak microstructure being formed.
In case of solvent excess, the polymer chains of the bin-
der are more remote, making the polymeric matrix
stretched over a long distance, and therefore the tape
becomes more fragile (Fig. 5b).13 Because of the low
slurry viscosity, fractures may be caused even on the sin-
tering stage.

The test indicated that reducing the amount of sol-
vent by 10 wt% (2 g in slurry with 100 g of powder),
the viscosity was increased from 2200 to 3000 mPa s.
The results showed that the viscosity changed about
500 mPa s per 1 g of solvent with 100 g of powder in
the range 2000 mPa s to 3500 mPa s. For higher viscos-
ities, less reduction was needed. Up to approximately
5000 mPa s, a 1000 mPa s change for every gram of sol-
vent with 100 g of powder was observed. So, by reduc-
ing the amount of solvent (Fig. 4) it was possible to
achieve a viscosity in the range of 3500–5000 mPa s,
which is what is desired for casting the tapes with a gap
between doctor blade and casting carrier of 1 mm. This
blade height resulted in thickness of the sintered plates
in the range from 200 to 300 lm.

The measured viscosity curves for the binder solution
for the five optimized slurries compositions show
pseudoplastic (shear-thinning) behavior, reflecting their

flocculating nature (Fig. 6). In the case of binder solu-
tion, in the region of small shear rates, polymer chains
tend to curl up to globules to minimize surface energy.13

Increasing the shear rate leads to elongation of polymers
in the direction of tape casting, and apparent viscosity
decreases as a consequence leading to shear-thinning
behavior, required for tape casting slurries. No difference
was observed in the viscosity curves from increasing the
shear rate from 0.1 to 50 s�1 to the curves obtained
when reducing the shear rate from 50 to 0.1 s�1. This
shows that the slurries for cocasting do not exhibit thixo-
tropic behavior. The casting shear rate, purely driven by a
moving carrier and neglecting the effect of the gradually
decreasing pressure in the reservoir, was calculated by a
simple formula, used for approximate estimation of the
casting viscosities, c = v/h, where c is the shear rate, v is
the casting speed, and h is a gap between doctor blade
and carrier film. Thus with the parameters used here, the

(a) (b)

Fig. 5. Crack propagation due to (a) difference in drying and sintering between cocast materials (the second formulation of optimizing reci-
pes) and (b) excess of the solvent load, happening during sintering of graded materials (the third formulation of optimizing recipes).

Fig. 6. Flow curves for the binder and five cocast slurries after
recipe optimization.
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shear rate will be 3.3 s�1. At this shear rate, the viscosities
of the final slurries prepared from the powders LCSM1–
LCSM5 were 3950 mPa s, 3950 mPa s, 3920 mPa s,
3500 mPa s, 3320 mPa s, respectively, with a viscosity
of 8000 mPa s for the pure binder solution.

The final formulation of slurries, containing 46.69–
47.15 vol% of MEKET (MEKET/ceramics variation is
3.78–3.85) and 39.21–39.55 vol% of binder system
(binder solution/ceramics is 3.20), was cast into a graded
flexible tape with a crack-free surface.

Standard tape casting involves the use of two doctor
blades. The first blade controls the shearing of the slurry,
while the other blade, situated behind the first, is
intended to control the slurry level and consequently
keeps the pressure in the space between two doctor
blades constant. That allows neglecting the factor of
gradual hydrostatic pressure decrease during tape casting
process. In the case of side-by-side tape casting, the dou-
ble doctor blade adoption is hard to implement as the
separation would have to extend below the second blade
to prevent leaking across adjacent compartments. Oppo-
sitely, casting with just one doctor blade results in tapes
with thickness variation along the tape length. Depend-
ing on casting velocity, gap height, viscosity and density
of slurry, and loading level in the reservoir, this deviation
could vary from tens to hundreds of micrometer.17

After tape casting, the green tapes were kept in a
ventilated room for 40 h before being sintered. To create
solid dense material, the dried graded tape is to be sin-
tered with minimum stresses accumulated in polymeric
matrix and minimum stresses generated during sintering
programme.

The sintering profile was optimized by studying the
mass loss during TG analysis of LCSM 2 green tape
(Fig. 7) carried out up to 700°C. Two characteristic

transition temperatures were observed at approximately
200, 350, and 400°C, and no other mass loss was found
up to 700°C. The effect of minor mass loss at about
270°C was compensated with a slow heating speed in a
sintering programme. To define dispersant, binder, and
plasticizers burnout temperatures, TG was carried out
for each individual polymer solution. Here the boiling
points for plasticizers DBP and PEG are 200 and
250°C, respectively, and PVP burns off at 380–420°C.
The mass loss curve of PVB showed two transition tem-
peratures at 330 and 440°C. No significant difference in
the TG was observed when comparing pyrolysis profile
of single polymers solutions to the equivalent compo-
nents in cast tapes. Thus, no reactions between polymers
in cast tapes have taken place and the heating rate was
slow enough to represent gradual removal of the polymer
matrix without stress formation.

Therefore, a three-step heating programme was cho-
sen. First, green tapes were heated to 200°C and then to
400°C both with 15°C/h heating rate. At both tempera-
tures, a dwell time of two hours was applied. Further
sintering was performed with a heating rate of 60°C/h
up to 1250°C keeping this sintering temperature for
another four hours. The following cool down to room
temperature was realized with a cooling rate of 100°C/h.
Applying this sintering profile resulted in tapes free of
defects by a visual inspection. The densities of the sin-
tered tapes LCSM1–LCSM5 were 5.90(4), 5.28(7), 5.56
(5), 5.71(1), and 5.67(3) g/cm3, respectively.

The SEM microstructure pictures in Fig. 8 show for
both green and sintered tapes the cross-section of the
interface regions between LCSM1 and LCSM2. The
cracks observed in the microstructure of the green tape
are the result of mechanically punching the sample from
the green tape. Normally, polishing of cross-section of
the bulk ceramic material is required to neglect any pre-
treatment influence of studied structure. However, pol-
ishing of green ceramic thin plates is not possible due to
high flexibility of tapes. The sintered tape was polished
in epoxy following the standard way described in the
experimental part.

In the case of the green tape, the difference in parti-
cle and pore sizes of the adjacent materials can be used
to visualize the interface, see Fig. 8a. The exact profile of
the interface is hard to determine, but it is seen that any
intermixing or overlapping takes place on a length scale
of less than about 500 lm.

Unlike in the green tape, the interface in the sin-
tered tape is hard to identify (Fig. 8b). The image con-
firms that the recipes of all slurries were adjusted well
enough, so there is a perfect match of the shrinkage and
strain development between neighboring materials.
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Fig. 7. TG-DTA results of green tape LCSM2, showing the tem-
perature range of organic thermal decomposition.
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Therefore, after sintering, a uniform grain size and pores
distribution was achieved along the whole graded tape.
Due to the very similar chemical compositions of the five
LCSM materials used in this work, energy-dispersive X-
ray spectroscopy (EDS), which would normally be used
for the elemental analysis of chemical differences, was
not able to resolve the interface. Thus, the profile of the
interface in the sintered tape is unknown, but visual
inception of the cross-sections indicates that the overlap-
ping is on a scale of below 1 mm.

The magnetic properties of the different LCSM
materials used here differ somewhat from each other due
to the high sensitivity to the exact composition of the
materials. Fig. 9 shows the isothermal entropy change
DSM of sintered tapes of the five materials LCSM1 to
LCSM5 in an applied field of 1.2 T. The tapes were cast
individually and sintered using the programme described
above. Individual casting of the five tapes eliminated any
risk of contamination between cocast materials at the
region close to the interfaces. The entropy changes shown
in Fig. 9 are seen to be relatively evenly spaced, with the
peak height decreasing as the temperature increases. The
peaks are found at values a few degrees higher than the
specific heat peaks shown in Fig. 1. This is presumably
due to a distribution of Curie temperatures in the sam-
ples, due to distributions of the dopants.18

The magnetic properties of a tape sample containing
the two materials LCSM4 and LCSM5 and the interface
between these were characterized in the VSM. However,

as the DSM curves from the individual materials were
very broad and the peaks are only a few degrees apart,
the resulting DSM curve from the sample cut from the
interface region showed just one broad peak. To better
characterize an interface region between two materials,
samples were taken from a tape cast using two other
compositions of LCSM from a similar batch. The tem-
perature spacing between the DSM peaks of these two
adjacently cast LCSM materials was approximately 20 K,
so that the two peaks are easily distinguishable. Fig-
ure 10 shows the DSM data recorded from the interface
region in a field of 0.25 T. The low field was used to
make the peaks narrower and thus easier to distinguish.
The sample used for the measurements was broken from
an area of the sintered tape containing the interface, with
about 1 mm of material either side of the interface.
However, a small overlapping of the two materials, on
the order of 1 mm by visual inspection, made it hard to
get equal amounts either side of the interface. So the dif-
ference in the height of the two peaks is due to a differ-
ence in the amounts of the two materials. Overlaid in
Fig. 10 is a superposition of data recoded from individ-
ual samples of the two materials taken far from the inter-
face region. It was found that using a ratio of 3.35
between the high and low transition temperature datasets
reproduced the heights of the measured interface data
best. It is observed that the peaks in the data recorded
from the interface piece are spaced slightly closer
together than the data from the individual pieces. This
may be due to some interdiffusion of Ca and Sr between
the two materials at the interface, causing the difference
in the Ca/Sr ratio to even out. The profile of the peak
in the DSM data is determined by the local Ca/Sr ratios
in the measured sample.

Fig. 9. Temperature dependence of magnetic entropy change for
LCSM stripes of sintered graded tape in the field of 1.2 T.

(a)

(b)

Fig. 8. SEM microstructure of interface between LCSM1 and
LCSM2 stripes in (a) green and (b) sintered states. The arrows
indicate the expected positions of the interfaces between cocast
LCSM1 and LCSM2.
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The cation diffusion constant for similar materials at
1275 K is of the order of 10�17 m2 s�1.15,17 Over a sin-
tering time of four hours, this will only give rise to diffu-
sion on the length scale of 10 lm. However, even a
small overlapping of these thin tapes will result in a rela-
tively large interface area. Thus diffusion and grain
growth of mixed grains during the sintering process may
well explain the small shifting of the peaks in Fig. 10.

Conclusion

This work showed that plates made by side-by-side
tape casting with five different materials can be pro-
duced. Among the challenges of adjacent coflow are
matching slurry viscosities by varying solvent and binder
content, optimizing shrinkage magnitude and rate during
drying and de-bindering, and control of stress develop-
ment during sintering. Slurries with viscosities of
3500–5000 mPa s at a shear rate of 3.3 s�1 result in
well-adhered samples. No signs of significant intermixing
of the two stripes were observed in green state on the
length scale of 0.1 mm (Fig. 7a).

The sintered graded tape of optimized composition
was shown to be dense and highly uniform. To distin-
guish the interface region, the magnetic properties of a
cocast plate were quantified. Curie temperature values,
being very sensitive to dopant concentrations, showed a
very good correlation of data measured empirically from
the interface piece and recalculated as a superposition of
entropy change of the individual materials. However, at
increased sintering temperatures, only minor diffusion

between cocast materials was found, which proves that
quite well-defined interfaces between the materials can be
maintained.

Tapes of adjacently side-by-side casted La0.67Ca0.33-
xSrxMn1.05O3 materials have been produced in a quan-
tity of 3 kg. These tapes are currently in use in a large-
scale magnetic refrigeration prototype.

For future casting, the detailed study of the fluid
flow impact and influence of the production parameters
in cocasting technique is planned. The novel shaping
technique of side-by-side tape casting opens a broad
opportunity to form multistructural complex designs by
a cost-effective and easy-scalable method.
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Abstract 

The optimum condition among tape casting with single blade, double blade, using pump 

system and a proposed continuous speed change mode has been analysed for the purpose of 

forming green tapes of constant thickness. Advantages and limitations of every method are 

described here. The tape casting experiments were conducted using a solvent-based slurry 

and were built to be as generic as possible in order to allow the control of various processing 

conditions.  

The single-blade tape casting technique from this study has been used for side-by-side tape 

casting of strontium doped lanthanum manganite oxide La0.85Sr0.15MnO3 (LSM) slurry next to 

slurry, consisting of a mixture of LSM and gadolinium doped cerium oxide Ce0.9Gd0.1O2 

(CGO). In this work the influence of the geometric parameters of the partition, dividing the 

casting tank into chambers, on the quality of graded tape were studied. It was elucidated that 

at casting speeds above 30 cm/min and the shortest partition ‘tongue’ beneath the blade 

favours the formation of smooth graded tapes, while lower casting speeds and the presence of 

a partition tongue results in splitting and formation of a gap in the confluence area. 

Introduction 

Needs in manufacturing a functionally graded film grows together with development of 

such advanced technologies as solid-oxide fuel cells, piezoelectric devices, batteries, 

capacitors and actuators production. Tape casting (film casting, doctor blading, doctor blade 

casting), initially invented for manufacturing ceramic capacitors with the aim to improve 

dielectric properties and densify a microelectronics package [1], now is widely implemented 

into other advanced technologies. A wide range of shaping solid loads such as ceramic, 

polymeric, glass or metal particles of nano- and micro-sizes into thin, uniformly flat, hard or 

flexible films of tens meters, if required, is the one side of tape casting development. 

Nevertheless, in order to surpass more a machinery modern forming techniques and still tailor 

the requirements of smart technologies, the design of tape caster tank itself often has to be 

modernized. For instance, modernization of casting head included the inclination of the back 

wall of the tank, aiming to uniform the fluid flow inside the reservoir [2]. 

In the scope of enhancement the efficiency of advanced functional graded materials, the 

new side-by-side tape casting (SBS TC) (adjacent co-casting) forming technique has been 

invented. The fact that co-casting method itself was independently proposed by two scientific 

groups, working on magnetic refrigeration [3] and on improvement of a laser gain element 

[4], shows the high potential of SBS TC for gaining a broad commercial acceptance and 

development. Having the general idea of co-casting in common, these two works differed 

both by recipe composition and processing parameters. Kupp et.al. [5] tape cast xylenes- and 

ethanol-based slurry loaded with particles of micro- and nano-sizes; tapes were fabricated 

with a casting gap of 0.356 µm and a casting speed of about 70 cm/min.  For magnetic 

cooling thicker films were required [6], so the graded tapes of micro-sized ceramic particles 



were fabricated from the methylethylketone-based slurry using a gap of a 1000 µm and a 

casting speed of 20 cm/min. As it is seen, SBS cast tapes are possible to shape in a wide 

range of casting speeds and gaps with dissolving powders of both nano and micro sizes in 

organic solvents. Optical properties of Er:YAG graded tapes and magnetic properties of 

LCSM graded tapes were proven to be comparable with performances of typical 

commercially applied materials. Another critical difference in given works was the design of 

partition (divider). In Kupp’s et.al. work [5], divider was made of steel and covered the whole 

tape caster reservoir and the gap under the shearing blade. Authors of magnetic cooling work 

used a Teflon partition, 1.95 mm wide and covering just the reservoir space, co-flowed 

slurries were sheared together underneath the blade. 

Another aspect of dividing casting tank into segments is the target to improve alignment of 

elongated particles into the casting direction, since a torque, generated next to the tank walls, 

was proven to affect the particles rotation even more than a basic concept of increase in 

casting speed [5, 6]. In comparison of a set of tapered blades installed 5 mm apart from each 

other at the exit of the tank and array of sharpened pins 0.7 mm from each other, the latter 

ones shown to exhibit a higher degree of particles orientation in cast tape [8]. 

As one can see, the new idea of separating a standard casting tank into compartments 

came as an engineering solution for solving as different tasks as joining dissimilar materials 

into functional graded tape and forming of high-ordered thin films, however, optimization 

and study how partitions geometrical parameters affect the quality of cast tape is still missing. 

Current work is aimed to define and explore systematically which features of tapes is possible 

to control changing the design of the partition and changing the casting speed as one of the 

setting of machinery characteristics. For that, slurry with a solid load of ceramics strontium 

doped lanthanum manganite oxide La0.85Sr0.15MnO3 (LSM) and another slurry, consisting a 

mixture of LSM and gadolinium doped cerium oxide Ce0.9Gd0.1O2 (CGO) were co-cast. 

In all three works [1, 2, 6], described above, tapes were cast using a single-blade system. 

However, nowadays lab-scale doctor blading technique use a double-blade system aiming to 

diminish the effect of the hydraulic pressure (pressure-driven flow, Poiseuille flow) on the 

tape thickness formation. The effect of hydraulic pressure stems from the differences in slurry 

level on opposite sides of the casting blade, affecting the actual slurry speed (shear-driven 

flow,  during tape casting [9]. This pushing the slurry out of reservoir by a hydraulic force in 

addition to pulling force applied by a moving carrier (shear-driven flow, drag-driven flow, 

Couette flow) increase the total volume flow below the casting gap results in welling of the 

slurry right after it pass the blade. In some cases, due to welling the wet thickness of the tape 

exceeds the casting gap height. 

Hence, the review of methods available in tape casting is proposed here in order to 

distinguish, first, which tape caster design guarantee a stable uniform slurry flow for the 

whole shaping process; and afterwards study the influence of the partition shape using 

selected tape caster design. Among tested, the double-blade system is the lab-scale solution 

for stabilizing the fluid flow and minimizing the effect of the hydraulic pressure drop behind 

the casting blade. Industrial finding differs mainly because of the higher volume of slurry 

used, which is supplied continuously on the long moving belt by a pump system. Another 

novel method of keeping tape thickness constant was invented as analysis of results of our 

previous work [10]. The concept relies on two simultaneous processes: at the beginning of 

the process the tape is usually thicker because of the cumulative effect of shear-driven 

viscous drag due to the peeling move of the substrate and pressure-driven hydraulic pressure 



generated by a slurry column in reservoir; the second approach implies tape thinning with 

increase in casting speed [10], [11]. Therefore, the forth of proposed method is based on 

compensating the hydrostatic pressure decrease by a gradual decrease in casting speed. 

Current study is comprehensively divided into two parts: establishing the tape caster 

design and a casting program with a focus to achieve a stable flow and uniform tape 

thickness, in another words, aiming to minimize or eliminate the hydrostatic pressure drop 

during the experiment. The second part of this study is devoted to clarification how partition 

design affects the graded tape formation at various casting speeds. As the output parameters 

for both adjacently cast slurries the tape thickness consistency and the interface shape 

between materials were controlled. 

Experimental procedure 

1. Raw materials and slurry preparation 

The SBS cast tapes were prepared by adjacent co-shearing of two slurries. The first slurry 

contained 14.25 vol% of La0.85Sr0.15MnO3 (LSM, Haldor Topsoe A/S, Denmark; calcined at 

1200°C for 2 hours, arriving at a specific surface area of 18.0 m
2
/g). The second slurry had 

9.59 vol% LSM and 0.90 vol% of Ce0.9Gd0.1O2 (CGO, Rhodia, France; uncalcined, specific 

surface area of 12 m
2
/g) as solid loading. The choice of powders used is based on the wide 

usage of these ceramics in various applications [12], [13] with tape casting as the shaping 

technique. Another reason for using LSM and CGO is the difference in particle morphology 

and color, which facilitates detection of the interface between co-cast materials both visually 

by color and electronic microscopy due to the powders morphological and chemical 

differences. 

Slurries were prepared according to the standard MEKET (azeotropic mixture of 

methylethylketone and ethanol) based recipe [9], [11], [14]. Uniform distribution of 

chemicals and fine grinding of particles in highly viscous slurry was achieved by the division 

of the milling process into steps. The detailed description of slurry content and workflow 

steps are given in our previous work [11]. 

In order to be able to compare and reproduce results from different tests, each step of 

slurry preparation has to be precisely controlled. To attain that, particles size distribution was 

measured during the whole period of the slurry preparation using Scattering Particle Size 

measurements (Beckman Coulter LS 13320, Miami, FL). 

  

2. Rheological characterization 

 

The apparent viscosity (η) measurements were conducted with pre-shearing and reversing 

increase of shear rate up to 50 s
-1

 using a cone-plate system (angle 1°) at 21 °C (MCR 301, 

Anton Paar GmbH, Graz, Austria), as shown in Figure 1. A solvent trap was used to 

minimize the evaporation of organic solvent during the rheological measurements. Both LSM 

and LSM_CGO slurries were characterize with a shear thinning behavior as required for tape 

casting. 

Flow curve test (inset in Figure 1) showed that both LSM and LSM_CGO slurries possess 

an extremely low yield stresses, therefore the flow behavior of the slurries can be described 

by the Ostwald-de Waele power law fluid behavior: 

     
 
                                          



where   is the shear stress,    the shear strain rate,   the constant describing the consistency of 

fluid, and   the constant describing deviation from the Newtonian flow. Due to thixotropy, 

viscosity curves for both LSM and LSM_CGO slurries yield individual hysteresis loops. The 

rheological behaviour and power law constitutive equation fit were chosen to be described by 

the reverse viscosity curves as they characterize the re-built viscosity. Fitting the 

experimental data of Figure 1 to Eq. 1, relatively high values of the correlation coefficient 

were obtained (Table 1), demonstrating a good compatibility of slurry fluid behavior with the 

Ostwald-de Waele power law model. 

 

Table 1. Ostwald-de Waele power law model’s fitting parameters and correlation coefficient. 

 k n R
2
 

LSM 6.63(2) 0.73(3) 0.994 

LSM_CGO 6.19(2) 0.77(3) 0.996 

 

 

Figure 1. Viscosity and flow curves of LSM and LSM_CGO slurries. 

In order to study how the rheological behavior of the slurries changes during the entire 

process of tape casting, the casting process was reproduced on the rheometer, using a 

specially built four step program (see Results and Discussion). To imitate the slurry drying 

process during the tape casting process, a spindle with 6 holes on its surface was implied. The 

test was performed using the spindle of 25 mm diameter with holes on top in order to 

improvise the drying process allowing the solvent to evaporate through these holes. 

Before tape casting, LSM and LSM_CGO slurries were filtered through a 100 μm meshed 

tulle with a further de-airing step in a vacuum pump (100mBar) in order to remove air 

bubbles from the slurry volume. Slurries with viscosities (η) of about 4000 mPas at 3.3 s
-1

 

shear rate (  ) for both LSM and LSM_CGO  were used for tape casting as discussed in Ref. 

[11]. 

3. Tape casting 

3.1.Tape casting in the thickness control experiments. 

LSM and LSM_CGO slurries were tape cast adjacently using a Teflon partition of 

1.95 mm width, completely separating the two slurries into 4 cm wide sub-reservoirs [11]. 

The blade gap height was kept constant at 1 mm, and the casting speed for all experiments 

was 30 cm/min, except the fourth experiment, where the casting speed was changing. The 



partition with no division (no partition ‘tongue’) underneath the casting blade was used for all 

tests. At the beginning of every test the casting gap was closed by Duct tape to ensure the 

simultaneous flow of adjacently cast slurries. Four different techniques for adjacently casting 

slurries were tested as described below. 

Single-blade tape casting (SB) was taken as a reference test. The precise description of 

the casting head setup is described in details by the authors earlier [11], [15]. 

Double-blade tape casting (DB) is used in laboratories as a solution for avoiding a 

continuous slurry level decrease in the casting head. According to the work of Zhang’s et al. 

[16] on precise thickness control in tape casting, the rear gap was chosen to be at 1.2 mm 

height, and the front casting gap was fixed at 1 mm height. The partition had a more 

complicated shape, since it had to separate the tank both in the slurry loading reservoir, 

beneath the backside blade, and in a narrow supplemental reservoir between two blades. 

Besides, all joints between partition and caster walls, partition and blades had to be isolated 

with Duct tape in order to prevent leaking of slurries from adjacent sub-reservoirs. This 

introduced some non-controlled inaccuracies into the DB setup. 

With the requirement to tape cast continuously for a long time with a steady slurry 

stream, industry normally employs a pump system in tape casting (PS). This method benefits 

in keeping the slurry under pressure and continuously agitated ensuring homogeneity of the 

slurry; besides, the slurry column in the reservoir in this case is constant during the whole 

process providing a uniform wet tape thickness. The single-blade system was used for this 

experiment.  

The speed change (SC) mode for tape casting was developed based on our previous study 

[10]. The idea was to balance two of the following trends:  continuous thickness decrease 

with processing time (as the hydraulic pressure behind the casting blade decreases), reduction 

of casting gap or increasing the carrier velocity, and the trend of thickness increase with 

enlargement of casting gap or slowing down the carrier movement. A change of casting gap 

during the casting process is not favourable as it demands the simultaneous screwing of two 

gap determining gauges on blade with micron-scale accuracy and, besides, needs the tape 

casting chamber to be open which can drastically affect the drying kinetics. Thus, it was 

chosen to compensate the decrease of tape thickness, associated with a pressure drop behind 

the casting blade, with tape thickening due to a decrease of carrier velocity. Taking into 

account mass conservation, the profile with which tape thickness reduces as the slurry filling 

in reservoir decreases was numerically calculated [10]. After testing the modelled program on 

LSM and LSM_CGO slurries in tape casting experiment, the program was corrected and 

exported to the process control machine (Figure 2). 



 

Figure 2. Casting program exported to the tape caster machine for steadying the dried tape 

thickness by continuous change of the casting speed. 

3.2.Tape casting with varied length of the partition tongue. 

All tests were carried out using the same LSM and LSM_CGO slurries with the same 

formulation and pre-casting rheological parameters as ones in the tape thickness control tests. 

The single blade tape casting unit has been applied. Experiments were conducted with 

different length of partition tongue at various casting speeds. Here, the partition tongue is the 

length of the Teflon partition beneath the casting blade, with a height identical to the casting 

gap of 1 mm, the width is equal to width of the whole partition, 1.95 mm; the maximum 

length of used partition matches the width of the casting blade of 6.5 mm and is referred to 

here as the whole (fraction of one) of the partition. The experiment sets were set as follows. 

First three experiments included co-casting of LSM and LSM_CGO slurries with the whole 

partition length and 10 cm/min, 15 cm/min and 30 cm/min casting speeds, consequently. 

Afterwards, the partition tongue was shortened by a quarter, the front edge was sharpened, 

and co-casting continued with a 0.75 fraction of partition with 20 cm/min and 30 cm/min 

alternately, etc. The shearing surface of blade was cleaned after each time and the sub-

reservoirs were emptied in order to create reproducible conditions for each test. 

 

4. Green tapes characterisation 

The green tape thicknesses were measured both on LSM and LSM_CGO sides of the 

tape, about 2 cm from either edge of the tapes in order to neglect possible edge defects. 

Measurements were performed using a flat dual point digital micrometer of 15 mm in 

diameter at every 10 cm along the tape length. Precise collection of thickness data was 

necessary in order to track the general tendency of tape thickness regularities along the 

length. 

Results and discussion 

1. Tape casting in thickness control experiments 

Figure 3 illustrates the thickness variation along the lengths of the LSM and 

LSM_CGO parts of the green tapes, produced by SB, DB and PS tape casting methods with 

30 cm/min casting speed and by the SC casting mode. Similar tendencies in tape thickness 

consistency were detected for LSM and LSM_CGO slurries for all four tape casting modes. 



Tapes are also shown to have a slightly different length because of a minor uncertainty 

in the initial slurry load in the reservoir. Since there was not an automatic control of slurry 

filling in the reservoir and slurry load was controlled manually, the difference in the resulting 

length of tapes was predictable and permissible. In order to ensure that thicknesses of tapes 

are compared when there was the same slurry level in tape caster, the curves correlated to 

tape thickness were aligned to the zero position, i.e. when the reservoir was empty in all 

casting modes. 

Thickness irregularity at the start is pronounced when using the single blade for the 

tape casting (Figure 3) as the hydraulic pressure of the slurry column, accumulated behind the 

only casting blade, is ejected to the free space rapidly presumably resulting in a swelling 

effect. Swelling encounters when hydrostatic pressure pushes a large volume of slurry under 

the doctor blade so that the slurry exceeds the gap level. Swelling is normally determined by 

the height of the casting gap, polymer content in the slurry, slurry viscosity and casting speed. 

In other methods, the sharp release of a large amount of slurry onto the casting substrate was 

diminished due to either less slurry behind the casting blade like in the DB system or due to 

better control of hydrostatic pressure like in the cases of using SC and PS approaches. 

 

Figure 3. Thickness deviation of tapes, cast with usage of single-blade (SB), double-blade 

(DB), single blade and pump system (PS), single-blade and a program of casting speed 

change (SC). The estimated error in tape thickness measurement is 15 µm. 

As for most other fluid forming techniques, the fluid flow for tape casting is determined 

by a complex combination of influencing factors, among which are the surface tension 

between slip and the moving carrier and, consequently, a side flow; air flow in the drying 

chamber affecting the drying kinetics; viscous friction of slurry and tape caster elements, 

shear thinning behaviour, etc. But the prevalent factor influencing the overall thickness 

variation in tape casting is the combination of the steady flow caused by the continuously 

moving carrier and irregular flow caused by the unfavourable decaying hydraulic pressure. A 

formula, which describes the influence of both shear- and pressure-driven forces on the 

thickness of a dried tape, was developed by Tok et al. [17] and considers the flow behaviour 

of non-Newtonian fluid using Ostwald-de Waele power law model (Eq. 1) (Table 1): 
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where     is a dried tape thickness,   the correction factor for side flow,   the correction 

factor for weight loss during drying,    the slurry density,     the density of the formed tape, 

   the casting gap,    the hydraulic pressure exerted by the slurry column in a casting tank, 

  the length of the doctor blade in the casting direction,   the casting speed;   and  , as was 

described above, are slurry constants for the fluid consistency and the deviation from the 

Newtonian flow. 

The simplest condition providing a uniform thickness across the entire tape length is 

when the actual slurry flow rate is equal to the carrier flow rate, i.e. the flow, determined just 

by the first term in Eq. 2, or when the actual slurry flow is constant for the whole duration of 

the casting process, i.e. when the flow rate, determined by the sum of both terms in Eq. 2 is 

constant during the whole casting process. The second concept is realized in the industrial 

tape casting by continuously pumping slurry into the tank maintaining a constant level of 

slurry in the tape caster reservoir, e.g. maintaining    constant. The slight thickness changes 

of 7 and 9 % for LSM and LSM_CGO sides, respectively, were a result of adjusting casting 

and pumping speeds in the PS mode. Depending on the chosen slurry level which is analogue 

to the hydraulic pressure, the wet thickness might be even higher than the casting gap. In that 

case the slurry experiences the so-called swelling phenomena. An indirect method of 

measuring the swelling is comparing the thickness of tape obtained by a PS method and the 

stable part of a tape obtained by the SB method. For instance, for LSM slurry, cast with 30 

cm/min speed and maintaining a slurry level in the reservoir of 22 mm, the swelling extent is 

found to be 70-80 µm (Figure 3). The direct method of measuring the swelling level is to 

measure the slurry trace on the side of the blade facing the drying area. The LSM slurry rise 

was 140-150 µm, which is higher than the values obtained from the analysis of the thickness 

curves in Figure 3. 

An alternative method directed at minimizing the influence of the hydraulic pressure 

effect and maintaining the same level behind the casting blade is the DB approach. Tape 

thickness formed by DB tape casting was on average 10% smoother compared to the SB 

method. Nevertheless, the 20 % thickness gradient across the whole tape length was 

presumably because the gap under the rear blade was too high to keep the hydraulic pressure 

in the relief reservoir constant. As it is not the target of the current work, the choices of 

casting gaps were based on the study of Zhang et al. [16] and  fixed at 1200 µm for the rear 

blade and 1000 µm for the front blade. Despite careful adjustment, the resulting tape 

thickness had a smoothly decaying character toward the end of the tape both in the LSM and 

LSM_CGO parts. At the end of the process, as expected, the tape thickness cast by DB mode 

was equal to the thicknesses of tapes, cast with the SB and SC methods. Further optimisation 

on the adjustment of the gaps in the double blade set-up was discontinued due to the presence 

of a vortex flow in the relief reservoir, proven both experimentally [18] and numerically [19]. 

The vortex flow affecting the rheological behaviour of the slurry makes a shearing flow 

during casting uncontrollable. Together with a complicated design of partition required to 

separate both reservoirs and both gaps under the blades, the DB approach was shown to be 

not applicable for the control of the multiple material flow applied in the current SBS TC 

work. 

In the newly implemented technique SC, tape thickness was prescribed by a change in 

the casting speed   due to the decrease of the slurry pressure head   . As a result, thickness 

irregularities stayed within 5%, identifying the SC approach as a well-controlled tool. The 

thickness values achieved on both the LSM and LSM_CGO sides of the graded tape are in 

good correspondence to the thickness values of the tape, produced by SB tape casting, exactly 

as the speed change program was settled and optimized. Despite the fact that the SC approach 

forms the smoothest dried tapes, this method should be applied with care, as the continuous 



change of casting speed can lead to a change of microstructure and, consequently, porosity if 

the elongated particles and/or pore formers are in use. Moreover, the chosen pseudoplastic 

slurries have to have a plateau in the viscosity curves at the applied casting shear rates.  

Otherwise, slurry is not stable during the tape casting, which usually leads to morphological 

irregularities in green and sintered tapes. 

Based on the conducted study, the novel casting speed change mode and tape casting 

using a pump system was shown to form smooth tape surfaces. The use of pump system in 

tape casting, however, is highly recommended if a large slurry volume is to be cast so that the 

high losses caused by the time, required to adjust casting and pumping speed during slurry 

supply, are reasonable. The use of the SC program was also eliminated for further SBS TC 

test, as the shear rate profile, determining the quality of the interface [11], was proven to be 

dependent on the casting speed [20]. For the same reasons of high possibility of unstable flow 

[19] during co-casting, the work with a DB set-up was discontinued. Considering the detailed 

study of the multiple materials co-flow in a lab-scale tape casting, the SB approach was 

decided to be applied for further SBS TC tests. 

2. Tape casting with varied length of the partition tongue 

The partition width of about 2 mm was chosen as it was complicated to set a thinner 

partition precisely in the middle of the tank. Besides, it is also challenging to fasten a thinner 

partition tight to the tank walls, causing leaking of slurries in between adjacent reservoirs at 

the seams. The use of thick partitions would hinder the merging of co-flowing slurries and 

would limit the use of highly viscous slurries with confined side flow.  

During the primary experiments on SBS TC it was found that a tapered front edge of 

the partition was required since a blunt flat partition was shown to leave traces on the dried 

green tape and lead to undesired inhomogeneity at the interface area (Figure 4). These traces 

on the tape surface were a consequence of the significant distance, which was created by the 

blunt partition and which co-casting viscous slurries had to overflow just by flowing aside. 

Typical for highly viscous slurries limited side flow and rapid evaporation of organic solvent 

happening right after the doctor blade region hindered merging of two adjacent slurries and 

impeded a complete healing of the co-flowing gap. The two solutions were found to 

overcome this challenge. The first solution included the use of less viscous slurries, which 

was shown to affect the shape of the interface and final thickness [11]. Another solution was 

sharpening the partition at the front edge in order to create a smooth merging for co-casting 

slurries and thinning the confluence area (Figure 4). The use of the sharpened partition 

opened a chance to co-cast slurries with a wide variety of viscosity values including highly 

viscous ones.  



 

Figure 4. Schematic representation of surfaces of green graded tapes after co-casting using a 

non- sharpened and sharpened partition and below the pictures of surface topography of 

green tape samples, which were analysed by means of laser profilometry. The short slit on 

the sample, cast with the tapered partition, was made by knife in order to later identify the 

interface region on a completely smooth graded tape. The length of each piece of tape was 20 

mm, and the width was 80 mm. 

To examine the effects of partition design and casting speed on slurry flow behaviour, a 

number of experiments were carried out. Each dot in Figure 5a corresponds to a SBS TC 

experiment, carried out at casting speeds in a range from 10 cm/min to 50 cm/min, and  

various lengths of the partition tongue (Figure 5b). The dots marked in grey colour (Figure 

5a) represent experiments, where the co-cast slurries did not merge and a gap in interface area 

was formed (inlet in Figure 5a). The ability of adjacently cast slurries to merge in the 

confluence area and form an interface was shown in general to grow as the casting speed was 

reduced and the partition tongue shortened. 

 

 

Figure 5. a) Experiments identifying the effect of the partition design and casting velocity; 

grey dots denote co-casting experiments where the splitting between co-cast materials was 

observed (an example is shown in the inset); b) Side view of a Teflon partition wall; red lines 

show the way of cutting the partition length.. The numbers indicate the fraction of partition 

tongue which was used in the experiment. 



The ability of adjacently cast slurries to merge in the confluence area and form an 

interface was shown to grow as the casting speed was reduced and the partition tongue was 

shortened (Figure 5a). To indicate the influence of flow behaviour on the formation of the 

graded tape, the tape casting process was reproduced on a rheometer according to shear rates 

applied to slurries during each step of the real casting process. Basically, tape casting is a 

shearing processes (Figure 6): first, we pour slurries into a reservoir applying a certain shear 

rate about 5 s
-1

, later we keep slurries in the reservoir for 10-15 s in order to remove any 

effects of the rheological history of the slurries. Afterwards, the casting process starts where 

shear rates can be approximately evaluated as the casting speed divided by the size of the gap 

under the blade; and the last step is drying, which we here assume as a step where no shear 

stresses are applied, ignoring the shrinkage stress and possible edge effects . However, in 

order to be able to measure the viscosity, a minor shear rate of 0.1 s
-1

 was applied on that last 

step of the rheological program. During this multistep program the, viscosity of LSM and 

LSM_CGO slurries were measured as a response to the applied shear rates. For SBS TC of an 

adjacently graded tape with a steep interface it is required [11] for the LSM and LSM_CGO 

viscosity curves to have a similar rheological response at each of described steps. 

Figure 6a illustrates changes in LSM and LSM_CGO rheological behaviour during the 

test imitating tape casting at 10 cm/min casting speed. Tracking the flow field in the tape 

caster unit, three clear regions of characteristic viscosity changes are identified: (i) after 

pouring slurries into the tape caster reservoir and allowing the slurry to rest, the molecules of 

binder in the highly viscous slurries start to form a polymeric matrix increasing the viscosity 

of the slurries; (ii) under an applied shear rate polymeric chains elongate causing the uniform 

viscous flow of slurries under the casting blade; (iii) when slurries flow in a free space, 

reciprocal action of the polymeric matrix formation and the drying process increases the 

viscosities of the slurries. Hence, the changes in the system are caused by both shear thinning 

behaviour of casting slurries and the drying process. 

The thixotropic behaviour, characteristic for both LSM and LSM_CGO_4 slurries, 

requires approximately 7 s to 10 s to completely recover the initial structure and retrieve 

initial viscosity. During that time the slurry is assumed to be a fluidly deformable. The fluidly 

deformable state is a state of cast tapes at the initial stage of the drying process when the 

dried film is still not formed at the tape surface and its edges are capable of shifting under the 

weight of the tape. 

Low viscosity, typical for slurries passing the blade region, allows the slurry to flow 

aside under the influence of gravity, surface tension forces and levelling without revealing 

stresses in surfaces. Thus, complete absence or a short partition tongue below the blade 

favours the merging of the co-flowing slurries and formation of a uniform interface. When 

the partition tongue divides the co-flowing slurries all the way under the blade, the slurries 

are free to flow aside just after passing the blade region. Casting with a speed of 10 cm/min, 

the fluidly deformable state of slurries lasts for at least 7 s to 10 s. That time was proven 

(Figure 6a) to be enough for slurries to merge and form an interface.  

However, when the slurries are cast faster, the duration when slurries are fluidly 

deformable drastically shortens (Figure 6b). Thus, the faster the casting speed, the lower is 

the possibility for co-casting slurries to merge when the whole partition tongue is used 

(horizontal tendency in Figure 5a). For instance, in the current work the small change in 

casting speed from 10 cm/min to 14 cm/min results in splitting between co-cast materials 

(Figure 5a). 



Another noteworthy result is the shortening of the shearing time with an increase of the 

casting speed. For example, when the partition tongue divides the casting gap at a fraction of 

0.75 of the blade width, the time, during which slurry has a  low viscosity at the casting speed 

of 10 cm/min is 6 s (Figure 6a) and less than 3 s for a casting speed of 30 cm/min (Figure 6b). 

Thus, the time for adjacent flowing slurries to merge in the partition free area beneath the 

blade is 1.5 s and less than 0.75 s for 10 cm/min and 30 cm/min casting speeds, respectively. 

The results show (Figure 5a) that 1.5 s in a low viscosity state is enough for adjacent slurries 

to join in the confluence area of 1.95 mm (the width of the partition), while 0.75 s is too short 

time for slurries to flow aside and form the interface. 

 

Figure 6. Structure recover test for LSM and LSM_CGO slurries co-cast at a) 10 cm/min and 

b) 30 cm/min casting speed. 

Normally, gravity is ignored in tape thickness studies as it is assumed that its effect is 

negligible for tape dimensional consistency, but in SBS TC an accurate determination and 

tuning of all parameters, which influence the forming of the confluence interface area, is of 



great importance. The study of the impact of gravity  was built on the well-known fact that 

the tape thickness decreases when the casting speed is increased [11]. Thus, the tape 

thickness of the same slurry was shown to be halved when the casting velocity was increased 

from 10 cm/min to 40 cm/min [11]. In order to estimate the role of gravity forces on the side 

flow effect (the correction factor for side flow   in Eq.2), three 80 mm wide tapes were cast 

manually on a laser profilometer substrate covered with a Mylar film. The speed was about 

80 cm/min and casting gaps of 1000 µm, 500 µm, and 90 µm were chosen. LSM slurry was 

used for all three experiments. The laser profilometer was used in order to measure the tape 

thickness gradient in-situ. Results showed (Figure 7) that the side flow of tapes cast with a 

1000 µm gap, which was supposed to represent tape casting with slow casting speeds, 

exceeded 10 mm ( =0.89), while for the tape cast with 500 µm ( =0.96) and 90 µm ( =1) 

gaps, which were supposed to refer to faster casting, these numbers were 3.5 and 0 mm, 

consequently. In the experiment with a casting speed change, proportional change in tape 

thicknesses would lead to the proportional changes in side flow. When the partition creates a 

1.95 mm wide confluence area to be filled by co-cast slurries from both sides, the side flow 

plays a crucial role. However the side flow is of practical value as long as slurries are able to 

flow, i.e. being at low viscous state. 

 

 

Figure 7. Cross-section profile of the LSM slurries made on a laser profilometer showing the 

side flow effect. 

 Conclusion 

Tape casting with a single blade, double blade, with use of a pump system and tape 

casting with a continuous speed change have been compared in order to cast tapes with a 

uniform tape thickness. The proposed method of consistent casting speed change showed the 

minimum of tape thickness gradient of 5% along the casting length. However, this method 

requires the use of stable slurries with particles as close as possible to a spherical morphology 

(with no elongations). The use of a pump system in order to maintain the same slurry level in 

the casting reservoir exhibited about 10% of thickness gradient. A better representation of 

this test would presumably be possible if a larger amount of slurry was cast because of the 

required adjustment of casting and pumping speeds. The use of double blade to support the 



same level behind the casting reservoir also showed an unexpected thickness fluctuation. 

Better results might be achieved if the casting gaps below both blades were  adjusted. This 

work has been discontinued because of the presence of the vortex when high viscous slurries 

are applied [19]. Single blade was chosen for SBS TC process in the small lab-scale as it 

shows relatively small thickness gradient of below 10% after the cast first 10 mm. Moreover, 

the use of the single blade guarantees a stable flow with well-studied pressure and shear 

impacts on the tape formation.  

The influence of partition geometry on the quality of the graded tape was also 

presented. It was shown that the chance to obtain a uniform adjacently graded tape decreases 

with an increase of the length of the partition tongue beneath the casting blade and with an 

increase in casting speed. Moreover, unlike the regular practice in shaping techniques, where 

rheological study of processing slurries and their numerical description are limited by 

providing viscosity and flow curves, a new approach of describing and measuring slurries 

fluid behaviour was proposed. The distinctive difference between the proposed approach and 

a routine rheological examination of pre-casting slurry is consideration of rheological test as 

the representation of dynamic sequence of tape casting process. Nevertheless, the application 

of a standard rheological program with pre-shear and increasing shear rate is required in order 

to analyse and be able to compare shear thinning behaviour of casting slurries. 
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We have applied mixed valance manganite perovskites as magnetocaloric materials in a magnetic

refrigeration device. Relying on exact control of the composition and a technique to process the

materials into single adjoined pieces, we have observed temperature spans above 9K with two

materials. Reasonable correspondence is found between experiments and a 2D numerical model,

using the measured magnetocaloric properties of the two materials as input. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3695338]

Mixed valence manganites have recently found use in

applications due to the rich physics present in these. The

applications range from colossal magneto-resistance1 to

spintronics2 and thus these ceramic perovskite materials

have been extensively studied.3 The magnetocaloric effect,

which manifests itself as a temperature change of the mate-

rial upon a change of the applied magnetic field, is maxi-

mised close to the magnetic phase transition. Numerous

studies of the magnetocaloric properties of perovskite

ceramics have been conducted, finding a strong dependence

of both the magnetic transition temperature and the size of

the magnetocaloric effect on stoichiometry and the level and

type of various dopants.4,5 Among the most promising of

these ceramics, in view of application and device perform-

ance in the range of room temperature, are materials in the

series La2/3(Ca,Sr)1/3MnO3 (LCSM). While the adiabatic

temperature change, DTad, is in general found to be relatively

low compared to conventional metallic and intermetallic

magnetocaloric materials, such as Gd, La(Fe,Co,Si)13, or

Gd5Si2Ge2, the high specific heat gives these materials an

isothermal entropy change, Ds, which is close to that of Gd.6

We will show here how the ability of accurately tuning the

Curie temperature by doping, coupled with the advantageous

abilities of these materials to be shaped into fine structures,

leads to high performance in magnetic refrigeration devices.

This makes them promising materials for this technology,

opening up yet another application for this class of materials.

The high performance found in the experimental results is

corroborated by numerical modelling results.

In the active magnetic regenerator (AMR) cycle, a porous

magnetocaloric regenerator is alternatingly magnetised and

demagnetised, e.g., by moving in and out of the magnet field

source. After each movement, a heat transfer fluid is pushed

through the void space in the regenerator in alternating direc-

tions. Upon performing this AMR cycle, a temperature gradi-

ent will build up across the regenerator, as heat is moved from

the “cold end” to the “hot end”. The use of layered regenera-

tors consisting of materials with different magnetic transition

temperatures has been proposed and experimentally tested in

a few devices.7–9 The regenerators are constructed so that

each material along the temperature gradient is operating

close to its optimal temperature, i.e., Curie temperature. Such

a design relies heavily on the ability to tune the Curie temper-

ature as well as the ability of constructing a multiple material

regenerator in a practical way. We show how the materials se-

ries La2/3(Ca,Sr)1/3MnO3 and the processing route of tape

casting are well suited to achieve this.

Powders of the two materials La0.67Ca0.2925Sr0.0375
Mn1.05O3 and La0.67Ca0.2850Sr0.0450Mn1.05O3, referred to in

the following as LCSM-1 and LCSM-2, respectively, were

prepared by spray pyrolysis. Each of these powders was cal-

cined at 1273K for 2 h and suspended in a slurry with an

azeotropic mixture of methylethylketone and ethanol, poly-

vinyl pyrolidone and polyvinyl butyral. Using a so-called

doctor blade to control the thickness, the slurries are applied

from a vessel onto a moving substrate. This technique is

known as tape casting and is a conventional processing route

to produce thin and flat ceramic plates.10 The recently devel-

oped technique of adjacently tape casting multiple slurries

into a single tape11 was employed to prepare tapes with adja-

cent stripes of LCSM-1 and LCSM-2. The resulting tapes

were sintered at 1473K for 4 h to densities of 96% and 95%

of the atomic, for LCSM-1 and LSCM-2, respectively. Plate-

lets containing equal amounts of the two materials were laser

cut to the size 40mm� 25mm, with the boundary between

the materials in the middle of the 40mm side. A stack of 28

such platelets with a total mass of 51.1 g was assembled

according to the method described in Ref. 12, using a laser

profilometer to quantify the quality of the stacking. An aver-

age platelet thickness of 0.306 0.04mm and channel thick-

nesses of 0.396 0.10mm were measured attesting to the

good quality of the stacking.

The magnetocaloric properties DTad, Ds, and specific

heat, cH, were measured as a function of temperature and

applied magnetic field on pieces of the sintered platelets of

each of the two materials using the equipment discussed in

Ref. 13. The data for the peak values and temperatures, in

good correspondence with literature values,14 are given in

Table I.

a)Author to whom correspondence should be addressed. Electronic mail:

chrb@dtu.dk.
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The 28 plate stack was mounted as an active magnetic

regenerator in a magnetic refrigeration test device at the

Technical University of Denmark with a 1.1 T Halbach type

permanent magnet assembly and a heat transfer fluid of

water containing 20% commercial ethylene glycol being

moved through the channels between the plates by way of a

piston. The LCSM-2 parts of the plates are oriented toward

the hot end, while the LCSM-1 parts of the plates are ori-

ented toward the cold end. A heat exchanger in the hot reser-

voir of the device allows the hot end temperature to be

controlled. Further details of this device and the operation of

it can be found in Refs. 15 and 16 and a sketch of the device

is given in Figure 1.

The utilization, /, of the AMR is conventionally defined

as the ratio between the thermal mass of fluid pushed through

the regenerator and the thermal mass of the regenerator

/ ¼ mf cf
MscH;s

; (1)

where mf is the mass of the fluid pushed through in one direc-

tion, cf is the specific heat of the fluid, Ms is the mass of the

solid regenerator, and cH,s is the specific heat of the regenera-
tor. As the regenerator consists of equal amounts of two

materials, each with a temperature dependent specific heat,

the value chosen for cH,s is the average of the peak values of

the two materials, i.e., 765 J kg�1 K�1. Experiments were

performed with the LCSM regenerator varying the mass flow

rate, the utilization, and the hot end temperature. During

operation, a steady state temperature span is reached

between the set hot end temperature and the cold end tem-

perature. Figure 2(a) shows the temperature spans achieved

as a function of hot end temperature and utilization, keeping

the fluid flow rate at a constant value of 1.32 gs�1. The high-

est temperature span of 9.3K was reached at a hot end tem-

perature of 283.8K and a utilization of 0.4, which results in

a cycle time of 8.9 s. This is an exceptionally high span,

more than 7.5 times the average maximum DTad of the two

materials. For comparison, the highest temperature span

obtained in this device with of the benchmark magneto-

caloric material Gd was 10.2K,16 albeit with somewhat

thicker flat plates of 0.9mm. It is also seen that the tempera-

ture span decreases either side of the optimum utilization of

0.4, in good correspondence with previously obtained

results.16 Doubling the mass flow rate while maintaining /
results in a lowering of the maximum temperature span to a

value of 8.1K, again at an optimum utilization of 0.4 and a

optimum hot end temperature of 283.9K. This is due to a

reduction in the number of transfer units (NTU) with an

increase of the mass flow rate, leading to a reduced tempera-

ture span.17

A numerical 2D model of the AMR cycle has recently

been developed.18 Using only the measured properties of the

LCSM plates and physical properties of the heat transfer

fluid, the no-load temperature span has been modelled as

shown in Fig. 2(b). Comparing the curves in Fig. 2, it is evi-

dent that the trend and peak temperatures are the same, albeit

with the predicted temperature span being a little higher and

TABLE I. Measured magnetocaloric properties of the two materials. DTad
and Ds are reported upon magnetisation in an applied field of l0H¼ 1T

while cH is at zero applied field.

Properties Peak temperature Peak value

LCSM-1

DTad 277K 1.30K

Ds 275K 3.7 J kg�1 K�1

cH (H¼ 0) 273K 780 J kg�1 K�1

LCSM-2

DTad 282K 1.17K

Ds 282K 3.5 J kg�1 K�1

cH (H¼ 0) 278K 750 J kg�1 K�1

FIG. 1. Sketch of the experimental setup showing the different components.

FIG. 2. (Color online) Temperature spans obtained at a mass flow rate of

1.32 gs�1. (a) gives experimental results and (b) gives the predictions of the

numerical model. The lines are guides to the eye.

121905-2 Bahl et al. Appl. Phys. Lett. 100, 121905 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  130.226.56.2
On: Wed, 20 Aug 2014 13:18:30



the peak broader than the measured. Such a reduction in the

experiment may be caused by a number of factors not

accounted for in the model including thermal losses to the

ambient, the effect of magnetostatic demagnetisation, and

the variation of the plate spacing in the stack. Each of these

factors has previously been shown to reduce the regenerator

performance. Taking this into account, the correspondence

seems reasonable.

Directly below the cold end of the regenerator, there is a

small electrical heater. Applying power to this simulates the

presence of a cooling load in the refrigeration device allow-

ing the cooling curve to be mapped out. The cooling curves

have been recorded for different utilizations and hot end tem-

peratures keeping the mass flow rate at a constant value.

Depending on the device performance, there will be a varia-

tion in the heat transfer between the heat exchanger and the

hot end of the device. This results in a slight variation

(�0.2K) in the actual hot end temperature at a fixed set-

point temperature, so for comparison rounded values of the

hot end temperature are reported.

The best performance is observed at a mass flow rate of

2.63 gs�1 and Figure 3 shows the results, with the cooling

power normalised to the mass of the regenerator for conven-

ience. At zero load, the highest span is, as discussed above,

at a utilization of 0.4 and a hot end of 284K. As expected,

the span is reduced as the load increases. This decrease is

close to linear for single material regenerators8,17 and for

two material regenerators with a close spacing of Curie tem-

peratures.9 An increase in the maximum cooling power is

observed when the utilization is increased to 0.5, due to the

increased thermal capacity of the fluid being pushed through

the regenerator. Also, the lower span at high cooling power

favours the lower hot end temperature of 281K as this brings

the temperature span closer to the range where both LCSM

materials operate best. Figure 3 also gives the results from

the numerical model. Again, the trends are observed to be

the same with regards to the order and crossing of the lines.

As expected, the model over predicts the temperature span,

but surprisingly the experimental zero span cooling powers

are slightly above the predicted values. This may be caused

by dissipation of some of the heater power through the walls

of the device rather than into the regenerator. The extrapo-

lated maximum zero-span cooling power of about 35W kg�1

in the experiment is significantly larger than the highest

measured value of 16W kg�1 for Gd plates in the same de-

vice in similar conditions.19 Due to the lower parasitic loss

of larger devices and the faster operation possible when

using packed bed regenerators, significantly higher values

are reported for such devices8,9 but at the cost of a signifi-

cantly higher pumping pressure.

In conclusion, the results clearly show the potential

value of the mixed valence manganese ceramics as magneto-

caloric materials for application in devices. The strength of

the materials lies in the ability to accurately tune the Curie

temperature and process the materials into thin plates with

adjacent regions of different Curie temperatures. Future

regenerators will be constructed of numerous adjacent mate-

rials, leading to further improvements of the performance.

The relatively low cost of materials and especially the proc-

essing route, compared to conventional materials and proc-

essing routes, reduces the price which is otherwise a major

obstacle in the way of magnetocaloric applications.

The authors would like to acknowledge the support of

the Programme Commission on Energy and Environment

(EnMi) (Contract No. 2104-06-0032) which is part of the

Danish Council for Strategic Research.

1S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh, and L.

H. Chen, Science 264, 413 (1994).
2J.-H. Park, E. Vescovo, H.-J. Kim, C. Kwon, R. Ramesh, and T. Venkate-

san, Nature 392, 794 (1998).
3J. M. D. Coey, M. Viret, and S. von Molnár, Adv. Phys. 58, 571 (2009).
4M.-H.-H. Phan and S.-C.-C. Yu, J. Magn. Magn. Mater. 308, 325 (2007).
5K. A. Gschneidner, Jr., V. K. Pecharsky, and A. O. Tsokol, Rep. Prog.

Phys. 68, 1479 (2005).
6K. A. Gschneidner, Jr. and V. K. Pecharsky, Annu. Rev. Mater. Sci. 30,
387 (2000).

7A. Rowe and A. Tura, Int. J. Refrig. 29, 1286 (2006).
8S. Russek, J. Auringer, A. Boeder, J. Chell, S. Jacobs, and C. Zimm, in

Proceedings of the 4th International Conference on Magnetic Refrigera-
tion at Room Temperature, Baotou, Inner Mongolia, China (International

Institute of Refrigeration, Paris, France, 2010), p. 339.
9D. Arnold, A. Tura, and A. Rowe, Int. J. Refrig. 34, 178 (2011).

10A. Larbot, Fundamentals of Inorganic Membrane Science and Technol-
ogy, Membrane Science and Technology, Vol. 4, edited by A. Burggraaf

and L. Cot (Elsevier Science B.V., Amsterdam, The Netherlands, 1996)

pp. 119–139.
11R. Bulatova, K. B. Andersen, L. Theil Kuhn, C. R. H. Bahl, and N. Pryds,

Adjacent tape casting of multiple ceramic slurries, (unpublished).
12K. Engelbrecht, K. K. Nielsen, and N. Pryds, Int. J. Refrig. 34, 1817
(2011).

13R. Bjørk, C. R. H. Bahl, and M. Katter, J. Magn. Magn. Mater. 322, 3882
(2010).

14A. R. Dinesen, S. Linderoth, and S. Mørup, J. Phys.: Condens. Matter 17,
6257 (2005).

15C. R. H. Bahl, T. F. Petersen, N. Pryds, and A. Smith, Rev. Sci. Instrum.

79, 093906 (2008).
16K. Engelbrecht, C. R. H. Bahl, and K. K. Nielsen, Int. J. Refrig. 34, 1132
(2011).

17K. K. Nielsen, C. R. H. Bahl, A. Smith, N. Pryds, and J. H. Hattel, Int. J.

Refrig. 33, 753 (2010).
18K. K. Nielsen, C. R. H. Bahl, A. Smith, R. Bjørk, N. Pryds, and J. H. Hat-

tel, Int. J. Refrig. 32, 1478 (2009).
19K. K. Nielsen, R. Bjørk, J. B. Jensen, C. R. H. Bahl, N. Pryds, A. Smith,

A. Nordentoft, and J. Hattel, in Proceedings of the 8th IIF/IIR Gustav Lor-

entzen Conference on Natural Working Fluids, Copenhagen, Denmark,

September 7-10, 2008.

FIG. 3. (Color online) Cooling curves obtained at a mass flow rate of 2.63

gs�1 for both experiments and model predictions. Each curve is indexed by

the hot end temperature and the utilization. The lines are guides to the eye.

121905-3 Bahl et al. Appl. Phys. Lett. 100, 121905 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  130.226.56.2
On: Wed, 20 Aug 2014 13:18:30



 

 

 

 

 

 

PAPER V 

M. Jabbari, R. Bulatova, J. H. Hattel, and C. R. H. Bahl, “Quasi-steady state power law model for flow 

of (La0.85Sr0.15)0.9MnO3 ceramic slurry in tape casting”, Mater. Sci. Technol., vol. 29 (9), pp. 1080–

1087, 2013. 

. 



Quasi-steady state power law model for flow
of (La0?85Sr0?15)0?9MnO3 ceramic slurry in tape
casting

M. Jabbari*1, R. Bulatova2, J. H. Hattel1 and C. R. H. Bahl2

One of the most common ways used to produce multilayer ceramics is tape casting. In this

process, the wet tape thickness is one of the single most determining parameters affecting the

final properties of the product, and it is therefore of great interest to be able to control it. In the

present work, the flow in the doctor blade region of a slurry containing (La0?85Sr0?15)0?9MnO3 (LSM)

material is described with a simple quasi-steady momentum equation in combination with an

Ostwald–de Waele power law constitutive equation. Based on rheometer experiments, the

constants in the Ostwald–de Waele power law are identified for the considered LSM material and

applied in the analytical solution for the tape thickness. This solution is then used for different

values of substrate velocity and doctor blade height and compared with experimental findings of

the wet tape thickness, and good agreement is found.

Keywords: Tape casting, Doctor blade, Fluid flow, Non-Newtonian, Power law

Introduction
Tape casting is an important process for producing large
area, thin, flat ceramics, which can be patterned, stacked
and laminated to form three-dimensional structures.1

The method was originally developed for producing
electronic ceramics (insulating substrates and packages
and multilayer capacitors) and is still mainly used for
this. Structural laminates, knives, membranes and solid
oxide fuel cells are examples of other applications for
thin ceramics formed by tape casting. The tape thickness
that can be achieved is generally in the range of 25 up to
1 mm, but it is possible to produce tapes with
thicknesses of ,5 mm.

The parallel (doctor) blade process was first used in
preparing ceramic tapes in the 1940s, and it has a key
role in producing thin and flat ceramic tapes.2,3

Thickness control is of critical importance in tape
casting, since it affects the final properties of the tape.
Different parameters such as powder distribution, slurry
composition, flow field and sintering affect the thickness
of the final tape.4–6 In addition to this, the geometry of
the process set-up itself has different effects on the
related final properties of the manufactured product.7

In the tape casting process, a slurry is pumped into a
reservoir and this slurry is then moved by the peeling
belt. Since this technique is used to produce tapes with
relatively small thicknesses, accurate control of the tape

thickness which exits the doctor blade is a key factor
determining the final properties.

One of the most challenging parts of modelling the
flow of the ceramic slurry in the tape casting process is to
conduct the modelling with the proper constitutive
equation which governs the material’s rheological
behaviour. In general, this rheological behaviour can
be classified by five different material types as shown in
Fig. 1. For Newtonian fluids, the shear stress t has a
linear correlation with the shear rate:c in which the slope
of the line is the constant Newtonian viscosity m. The
second type is represented by pseudoplastic fluids that
are often represented by the Ostwald–de Waele power
law equation. The third one is named dilatant fluids, and
they are characterised by an increasing slope of the shear
stress–shear rate behaviour. The fourth is the Bingham
plastic material which has a yield point ty below which
no flow takes place, whereas above it, the behaviour is
linear and characterised by the plastic viscosity. Finally,
for viscoplastic materials, there is also a yield point like
for the Bingham material, but above that, a polynomial
behaviour can be seen.

The first model for predicting the tape thickness in
tape casting was developed by Chou et al.4 In their
work, the Newtonian behaviour was used and they
assumed that the flow in the parallel doctor blade region
is a linear combination of pressure and drag flow.
However, in the tape casting process of ceramics,
the slurry seldom behaves like a Newtonian fluid.
Pitchumdni and Karbhari9 evaluated the effects of an
imposed pressure gradient due to the height of the slurry
in the casting head, as well as those of the drag due to
the moving substrate on the slurry flow by modelling the
slurry discharge as a generalised power law flow, i.e.
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t~k
:
cn

(1)

where k and n are the consistency of the fluid and
deviation from a Newtonian fluid respectively, and both
are constants for a specific slurry. However, in their
work, the height of the ceramic slurry is assumed to be
constant as opposed to the present work where it is
allowed to vary.

Ring10 modelled the tape casting slurry by applying
the Bingham plastic constitutive law

t~t0zm:c (2)

where t0 is the Bingham yield stress, which is the finite
stress required for flow initiation, and m is the plastic
viscosity. In this model, the material acts as a rigid body
below the yield point, and above it, the ceramic slurry
flows with the constant plastic viscosity. However, the
(La0?85Sr0?15)0?9MnO3 (LSM) ceramic used in the present
work did not show any yield point, which means that the
slurry flows all the time. Recently, the Herschel–Bulkley
model was used in the tape casting process for modelling
the flow field by Huang et al.11 This model is a
combination of the Bingham plastic and power law
models; however, again, they did not consider the
transient behaviour of the ceramic slurry height.

Ceramics might be attractive materials for high
temperature applications provided that both their
reliability and toughness could be improved. The key
factor improving the toughness of these materials is the
presence of weak interfaces between fibres and the
composite matrix or between the ceramic layers in
multilayered structures. These interfaces allow for
energy dissipation before fracture through mechanisms
of crack deflection, crack bridging, fibre pullout and
interface delamination. Multilayered ceramics are gen-
erally processed by tape casting and firing or hot
pressing.12 The presence of the different layers in
multilayer materials controls the crack path, frequently
avoiding completely brittle behaviour. When the layers
are strongly bonded together, a crack in one layer can
propagate readily into the adjacent layer, and then the
material behaves as a conventional ceramic.13 Most

often, the graded structures are produced from laminat-
ing two or more single layers. In this respect, controlling
the tape thickness and its uniformity along the casting
direction becomes more important.

Moreover, the shape changes that happen during the
sintering process due to the shrinkages in different
directions will result in shape instability.14 This shape
instability is more important in the multilayer materials,
since during the sintering process every layer has
different thermal behaviour. However, even in the case
of monolayer tape casting, it is of great importance to
control the aforementioned shape instabilities. Raj and
Cannon14 proposed a formula to measure the percentage
of anisotropic shrinkage in the tape casting process.
They showed that the tape thickness and its variation
have a great impact on the anisotropic shrinkage and the
resultant mechanical properties, where an increase in the
tape thickness causes a decrease in the anisotropic
shrinkage. This emphasises the importance of the
thickness control in the tape casting process.

Hence, in the present paper, an analytical model
capable of predicting the final tape thickness is
presented. It is based on a quasi-steady state description
of the velocity and the pressure field in the doctor blade
region, allowing the slurry height to drop during casting,
and this is combined with a power law model for the
fluid flow. Many of the affecting parameters in the
process are embedded and they can easily be varied to
evaluate their influence. The proposed models describe
the flow characteristics of tape casting well. Results of
the model are compared with experiments, and good
agreement is obtained.

In the present paper, a quasi-steady state description
of the velocity and the pressure field in the doctor blade
region, allowing the slurry height to drop during casting, is
combined with a power law model for the fluid flow. Many
of the affecting parameters in the process are embedded,
and they can easily be varied to evaluate their influence.
The proposed models describe the flow characteristics of
tape casting well. Results of the model are compared with
experiments, and good agreement is obtained.

Analysis
In order to express the volume flow and thus the tape
thickness, the velocity field equation in the doctor blade
region must be developed. Based on the number of
doctor blades, there are two kinds of tape casters: a
simple tape caster that has only one doctor blade
(illustrated schematically in Fig. 2), and a double blade
tape caster in which a front doctor blade is used to
ensure a hydrostatic pressure in front of the rear one.15

As shown in Fig. 2, d is the green tape thickness, h is
the doctor blade height, W is the width of the doctor
blade, H0 is the height of the slurry in front of the doctor
blade, d is the depth of the reservoir, l is the inclined
length of the reservoir and h is the angle of the reservoir.

The pressure gradient inside the channel below the
doctor blade is constant, since there is a hydrostatic
pressure in front of the doctor blade and it can be
determined by the height of the slurry as shown below15

dp

dx
~{A0~{

rgH0

W
(3)

where r is the density of the slurry, and g is the
acceleration due to gravity.

1 Rheological classification of flow8
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By assuming an infinitely long and wide plate as
compared to the thickness and combining with momen-
tum conservation in the x direction under steady state
conditions, we obtain the following15,16

dt

dy
~

dp

dx
(4)

where t is the shear stress. From equations (3) and (4), t
is found to be

t~{A0yzA1 (5)

where A1 is an integration constant.

For power law fluids, the shear stress t is given by the
constitutive equation16

t~k
Lu

Ly

� �n

(6)

where it has been assumed that the only velocity
component contributing to the shear rate is the velocity
in the x direction u.

Rewriting equations (5) and (6) and integrating along
the channel height h

ðh

0

{A0yzA1ð Þdy~

ðh

0

k
Lu

Ly

� �n

dy (7)

and assuming that k and n are constants, we obtain

u~ {
1

A0k
1

n

0
B@

1
CA 1

1

n
z1

0
B@

1
CA {A0yzA1ð Þ1nz1

zA2 0vyvhð Þ
(8)

where A2 is another integration constant.

The boundary conditions for equation (8) in the
doctor blade region of tape casting are

u 0ð Þ~0

u hð Þ~u0

�
(9)

where u0 is the velocity of the moving belt.

Applying these boundary conditions in equation (8),
and introducing the expressions that (1/n)z15x and
{ 1=A0k 1=nð Þ½ �~y, we get

0~
y

x
A

x
1zA2

u0~
y

x
{A0hzA1ð ÞxzA2

8>><
>>:

(10)

which is rewriting into

u0~
y

x
{A0hzA1ð ÞxzA

x
1

� �

A2~{
y

x
A

x
1

8>><
>>:

(11)

In order to find the integration constant A1, the
Newton–Raphson method is used. To do so, the
following equation originating from the upper expres-
sion in equation (11) is solved numerically to find the
parameter A1

F A1ð Þ~ y

x
{A0hzA1ð ÞxzA

x
1

� �
{u0~0 (12)

and consequently after finding A1, the parameter A2 is
calculated from the lower expression in equation (11).

As a consequence of mass conservation, the thickness
of the green tape d, can then be determined by
integrating u over the channel height and dividing by
the tape velocity, i.e.

d~
1

u0

ðh

0

udy~
{ {A0hzA1ð Þxz1

{A
xz1
1

h i
u0A0yx xz1ð Þ zA2h (13)

Reaching to a constant tape thickness is not an
impossible goal, since most of the manufacturing
processes for tape casting are at the continuous form
in which the reservoir at all times is fed by slurry.
Moreover, using two doctor blades in the design of the
machine will result in having almost constant hydro-
static pressure during the casting process. However, it is
of great importance to control the tape thickness in the
small tape casters especially in small scale production
and laboratories, in which the slurry height is not
constant in the reservoir but gradually decreasing with
time. This phenomenon leads to the present modifica-
tion of the standard steady state model,2,4,9,15,16 making
it dependent on the height variation.

Now, the proposed quasi-steady state formulation is
developed based on the continuity equation. Assuming
that the slurry is incompressible, the volume of the slurry
which drops down in the reservoir is equal to the volume
of the slurry which is conveyed out of the doctor blade
region by the peeling belt. Assuming that during the
time period equal to Dt, the height of the slurry will
decrease from the initial value of H0 to H1, the
aforementioned volume (equals area in the present

2 Schematic geometry of tape casting machine
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two-dimensional model) in the reservoir which is
decreased will be given as

DS1~ dz
1

2
l cos h 1z

H1zh

H0zh

� �� �
H0{H1ð Þ (14)

This area is moved out of the doctor blade region with
the constant velocity of u0 and the distance of u06Dt;
hence, it is equal to u06Dt6d1. The new initial height in
the next time step is now H1 and the new DS2 is found
from using H1 as initial height in equation (14) and so
forth.

In the tape casting process, when the flow exits the
doctor blade region, the fluid starts to flow in a
transverse direction also (here in the z direction) and
this is mostly named side flow. As the final tape is in
general very wide in the z direction compared to its
thickness, this side flow will be relatively small.
Moreover, after the drying stage, the tape thickness is
decreased due to weight loss. Considering both these
effects, the final thickness of the dried tape is

dtp~
abr

rtp

d (15)

where dtp is the thickness of the dried tape, a is the
fraction loss for side flow, b is the fraction loss for
weight reduction due to drying, r is the density of green
tape and rtp is the density of dried tape, and d is the
thickness of the green tape.

Experimental
The different constituents and their function for the
LSM slurry used in the experiments are given in Table 1.
A commercial LSM was calcined at 1000uC and used in
the amount of 62?05 wt-% in the final slurry. The
average particle size and specific surface area were
12?42 mm and 23?24 m2 g21 respectively. Moreover, the
weight ratios between LSM and MEKET (solution of
methylethylketone and ethanol with the weight ratios of
1 : 3) and PVB/LSM were 1 : 2?44 and 1 : 11?53 respec-
tively. To remove air bubbles from the slurries,
mechanical vacuum was enforced for 15 min. The mean
particle size and density of the final slurries were
accordingly equal to 2?20–2?73 mm and 1?91 g mL21.
The particle size distributions were measured with a
laser diffraction particle size analyser LS 13 320 from
Beckman Coulter (USA). The rheological profiles were
measured using a narrow gap parallel plate sensor
system in Rheometer HAAKE Rheo Stress 600 (Haake,
Germany).

Experiments were carried out using a one-doctor
blade continuous type of tape casting bench, and the

plastic carrier tape (Mylar in the present case) was
driven by stainless steel rollers. The doctor blade gap
distance was set by using etalon sticks and a micrometre
screw with an accuracy of 0?01 mm. After the propul-
sion of the torque drum, whose speed was programmed
in advance, the slurry was peeled out according to the
carrier movement, forming a thin layer of tape. The cast
tapes were dried in air for 5 days, and their thicknesses
were measured using the micrometer screw. The
thicknesses of the cast tapes were measured in every
10 cm from doctor blade exit.

Experiments were conducted in three different cases,
which are summarised in Table 2. For the first set of
experiments, the same amount of ceramic slurry (con-
stant H0) was cast with three different substrate
velocities. Then, in case 2, with constant velocity and
slurry height, the amount of the doctor blade height was
varied. In the last set of experiments during constant
substrate velocity, the material load in the reservoir H0

was varied. These experiments were carried out to
investigate the effect of the three important parameters,
i.e. drag forces related to substrate velocity, hydrostatic
pressure and doctor blade height on the side flow
amount.

Results and discussion
Results from the rheology experiment showed that the
LSM slurry follows the Ostwald–de Waele power law
fluid behaviour. This is illustrated in Fig. 3, and the
relationship for the shear rate and shear stress was found
to be

t~3:31 Lu=Lyð Þ0:90
(16)

where the constant k, which is the consistency of fluid, is
equal to 3?31 mPa sn (where n50?90), and the constant
n, which is the proximity to a Newtonian fluid, is equal
to 0?90, quite close to the Newtonian fluid value of 1.
The constant for the side flow a was obtained by a
volumetric comparison of the tape which flowed outside

Table 1 Material content and their function for LSM
slurry used in experiments

Material Function

(La0?85Sr0?15)0?9MnO3 (LSM) Ceramic substrate
Methylethylketone Solvent
Ethanol Solvent
Polyvinyl pyrrolidone (PVP) Dispersant
Polyvinyl butyral (PVB) Binder
Polyethylene glycol (PEG) Plasticiser
Dibutyl phthalate (DBP) Plasticiser
Additol Deflocculant

Table 2 Summary of experimental studies

Parameter Case 1 Case 2 Case 3

W/mm 6.4 6.4 6.4
h/mm 1 0.25, 0.4, 1 0.4
v0/mm s21 3.67, 10, 14.67 3.67 3.67
H0/mm 1.2 10.6 3.1, 6.6, 20.8
d/cm 8.8 8.8 8.8
a/u 45 45 45

3 Rheology behaviour of LSM slurry
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the casting width to the tape within the casting width
(0?8,a,0?9). The drying weight loss factor b was
obtained from drying experiments, which measured the
dried tape mass and compared it to the wet slurry mass
(0?58,b,0?64).

Effect of substrate velocity
Figure 4 shows the effect of the substrate velocity on the
dried tape thickness for the experimental data, steady
state and quasi-steady state model. As seen from the
figure for all types of data, an increased substrate
velocity results in decreasing of the tape thickness. By
further increase in the substrate velocity, it is found that
the tape thickness decreases hyperbolically,4,9 which is
also seen from equation (13). From previous works,4,8,9

it was found that when the drag force is increased by
increasing the substrate velocity, it becomes more
dominant compared to the pressure force that results
in more stretching of the slurry over the peeling belt.
Figure 4 shows that the proposed quasi-steady state
model is in better agreement with corresponding
experiments as compared to the steady state model,
since in the quasi-steady state model the effect of
decreasing level of the slurry height was taken into
account. It should be noted that the variation of the
height in the slurry will change the parameter A0 and the
resultant values of A1 and A2 (which are calculated
numerically); this of course is neglected in the steady
state model.

Figure 5 depicts the velocity profiles below the doctor
blade for three different tape velocities. It is seen that for
the higher substrate velocity (of 14?67 mm s21), the
distribution approaches a linear correlation, which

corresponds to Couette flow conditions. For lower
velocities, the hydrostatic pressure plays a more
dominant role, resulting in a velocity peak ,0?25 mm
above the peeling belt, which originates from the
combination of Couette and Poiseuille flow conditions.
These tendencies are also found in the analytical model
for flow in tape casting originally proposed by Kim
et al.2 and further developed on dimensionless form by
Jabbari and Hattel.8

Effect of doctor blade height
The effect of the doctor blade height on the tape
thickness is illustrated in Fig. 6. It is seen that increasing
the doctor blade height leads to a higher tape thickness,
which is expected. However, the difference between the
curves in Fig. 6 is decreased by increasing the velocity.
For a constant pressure height, increasing the doctor
blade height results in more material being carried out of
the doctor blade region. This means that the thickness of
the tape will be increased. As mentioned before, for high
casting velocities (substrate velocity), the drag force
becomes more dominant. The increase in the tape
thickness coming from a higher doctor blade gap is
reduced as the velocity is increased.

The comparison between the proposed model, steady
state model and experimental results is shown in Fig. 7.
It can be seen that the new proposed model is in better
agreement with experiments in comparison to the steady
state model. The highest deviation between data was
observed for the higher values of the doctor blade
height. This could arise from some of the assumptions
used in the equations for the proposed model. The main
assumption in this regards is the use of constant side

4 Effect of substrate velocity on tape thickness with doc-

tor blade height of 1 mm

5 Average velocity profile below doctor blade region with

different substrate velocities

6 Results of modelling for effect of doctor blade height

on tape thickness

7 Comparison of proposed quasi-steady state model with

steady state model and experiments for u053?67 mm s21
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flow factor a for calculating the tape thickness based on
equation (15). However, this factor is not constant
based on the numerical investigation done by the
authors,17 and highly dependent on the geometry of
the tape caster and the process parameter. On the other
hand, in most cases, the desired thickness for the final
tapes is in the range of #100 mm, in which the proposed
model agrees well with the experimental data. The
smaller deviation found in the experiment might be due
to the effect of side flow, which obviously reduces the
tape thickness as compared to the analytical solution.

Effect of slurry load
It should be emphasised that for the comparisons shown
in Figs. 4 and 7, the height of the slurry that was
inserted in the steady state solution15,16 was the initial
height H0. This of course overestimates the hydrostatic
pressure and hence the tape thickness in cases where the
slurry height is actually decreasing over time.

Thus, in order to make a more fair comparison
between the analytical steady state model and the

proposed quasi-steady state model, it was chosen to
represent the slurry height (which is constant) in the
steady state model by some reasonable average.

Now, consider Fig. 8 in which the decrease in the
height of the slurry in the reservoir over time is
represented schematically. Here, H0 is the initial ceramic
height and Hf is the last point where the fluid experiences
the hydrostatic pressure (equal to the doctor blade
height h). Of course, the real trend for the decrease of the
height is a non-linear behaviour, starting with high
hydrostatic pressure and decreasing by time, but as a
reasonable average, one could assume that there is a
linear behaviour in the reduction of the slurry height by
time, i.e.

Hm~
H0zHf

2
(17)

This mean value is used in the steady state model when
comparing with the quasi-steady state model in Figs. 9
and 10.

By choosing fairly small time increments for the
modelling, the results for different values of heights in
the reservoir are shown in Fig. 9. As it seen from Fig. 9,
the thickness of the tape in the end of a strip is higher
than that in the beginning of a strip. This is due to the
higher level of material in the reservoir in the beginning
of the process. As time passes, the height of the slurry in
the reservoir decreases, and consequently, the resultant
height of the tape will decrease. This means that the
hydrostatic pressure decreases by time and the drag
forces start to show their dominance by making the tape
thinner. However, this phenomenon cannot be detected
by the steady state model, no matter which value of the
slurry height (initial or average) is applied. Moreover, it
can be seen that the higher level of slurry in the reservoir
leads to a higher tape thickness in the strip. On the other

8 Schematic illustration of slurry height change by time

a H053?1 mm; b H056?6 mm; c H0520?8 mm
9 Results of modelling and their comparison with experimental data for case 3
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hand, it is also seen that the mean assumption for the
initial slurry height (steady state with Hm) in some points
catches the experimental data better than the one with the
initial height (steady state with H0). However, it does not
predict the transient behaviour of the slurry height, which
is embedded in the quasi-steady state model.

Furthermore, the higher level of slurry will result in a
longer final strip because of more material content in the
process. The predicted values from the quasi-steady
state, steady state model with initial height and steady
state with the mean height assumption and the estimated
data from experiments for the length of strip with the
different heights of the slurry are shown in Fig. 10. The
results of the quasi-steady state model are in very good
agreement with the experimental data. The small
differences between the experiments and the proposed
model might be due to the influence of the side flow.
However, it can also be seen that there is much more
difference between the steady state model and the
experimental data, which was expected. It is obvious
that the steady state model with the initial height gives a
constant value of the tape thickness, which only fits to
the experimental and the quasi-steady state model in the
beginning where the slurry height is actually H0.
Moreover, the results of the steady state model with
the mean assumption for the initial slurry height are in
good agreement with both the quasi-steady state and the
experimental data; however, they are still constant and a
more representative level is expected.

To get a better understanding of the effect of the
variable slurry height on the tape thickness, the velocity
profile was analysed below the doctor blade region for
one of the tests in case 3 (H0520?8 mm, h50?4 mm and
u053?67 mm) which is shown in Fig. 11. Here, the line
with the asterisk marker represents the velocity profile
for the initial slurry height (H0520?8 mm), the line with
the ‘o’ marker is the representative of the velocity profile
after some period of time and the line with the dot
marker represents results even later in time. As seen,
since the hydrostatic pressure decreases by time due to

the reduction in level in the slurry height, the velocity
profile is changed and the area under the velocity profile
is decreased, which can be seen in Fig. 12, and
consequently, the ‘area’ out of the blade is decreased.
On the contrary, decreasing the pressure head for a
constant velocity, the thickness of the tape is decreased
in the exit and vice versa. This behaviour very much
emphasises the importance of the proposed quasi-steady
state model, in which the transient effect of the slurry
height in the reservoir (which resembles the pressure
head) is implemented. As already discussed, the varia-
tion in the velocity profile will cause a change in the tape
thickness (Fig. 12). This phenomenon can easily be seen
in Fig. 9, where the tape thickness decreases in the
casting direction due to the transient decrease of the
slurry height in the reservoir.

Conclusions
A quasi-steady state power law model for the constitu-
tive behaviour of the non-Newtonian slurry of LSM was
proposed and used to analyse the effect of substrate
velocity, doctor blade height and slurry height in the
reservoir on the final tape thickness in tape casting. This
proposed model was based on the continuity equation
assuming incompressibility such that the decrease of the
volume of the slurry in the reservoir is equal to the one
that leaves the doctor blade region. The results show
that increasing the substrate velocity (casting speed)
causes a decrease in the tape thickness due to the
dominance of drag force over hydrostatic pressure. On
the other hand, increasing the doctor blade height with
constant velocity, the thickness of the final tape will be
increased, since the gap size for the slurry is high enough
for it to be conveyed more out of the doctor blade
region. In both cases, the developed quasi-steady state
model has better agreement with the experiments
compared to the well known steady state model. For
both quasi-steady state model and experiments, it is
observed that the height of tape at the end point of the
strip is higher in comparison to the beginning of the

10 Correlation between height of slurry and length of

strip from model and experiments with substrate velo-

city of 3?67 mm s21

11 Effect of variation in slurry height on velocity profile

below doctor blade region with doctor blade size of

h50?4 mm

12 Schematic illustration of effect of increased pressure head on tape thickness (P1.P2.P3)2

Jabbari et al. (La0?85Sr0?15)0?9MnO3 ceramic slurry in tape casting

1086 Materials Science and Technology 2013 VOL 29 NO 9

http://www.maneyonline.com/action/showImage?doi=10.1179/1743284713Y.0000000255&iName=master.img-009.jpg&w=227&h=130
http://www.maneyonline.com/action/showImage?doi=10.1179/1743284713Y.0000000255&iName=master.img-010.jpg&w=227&h=134
http://www.maneyonline.com/action/showImage?doi=10.1179/1743284713Y.0000000255&iName=master.img-011.jpg&w=359&h=59


strip, which is not predictable by steady state solution.
Moreover, by increasing the material load (the height of
slurry in the reservoir), the aforementioned differences
between the beginning and the end of strip and the length
of strip will be increased. A new modified steady state
model is also presented based on a linear correlation
between the level in the slurry height and the time.
Although the presented model does not have the full
accuracy of the quasi-steady state model, it showed some
good results compared to the conventional steady state
calculations from the literature. Although the LSM
ceramic used in the present study has a slightly non-
Newtonian behaviour (n50?90), the model contains all
main parameters that influence the process, and it has the
flexibility to be used for different slurries, which are more
non-Newtonian, as well as different machine designs.
Moreover, the results show that the classical steady state
is not so well describing for the real process in which the
ceramic height in the reservoir is not constant. However,
the results of the proposed quasi-steady state model show
that it has good agreement with the experimental data.
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The aim of the present study is to evaluate the different interface capturing methods as
well as to find the best approach for flow modeling of the ceramic slurry in the tape casting
process. The conventional volume of fluid (VOF) method with three different interpolation
methods for interface capturing, i.e. the Geometric Reconstruction Scheme (GRS), High Res-
olution Interface Capturing (HRIC) and Compressive Interface Capturing Scheme for Arbi-
trary Meshes (CICSAM), are investigated for the advection of the VOF, both for
Newtonian and non-Newtonian cases. The main purpose is to find the best method for
the free surface capturing during the flow of a ceramic slurry described by a constitutive
power law equation in the tape casting process. First the developed model is tested against
well-documented and relevant solutions from literature involving free surface tracking and
subsequently it is used to investigate the flow of a La0.85Sr0.15MnO3 (LSM) ceramic slurry
modeled with the Ostwald de Waele power law. Results of the modeling are compared
with corresponding experimental data and good agreement is found.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Tape casting is a forming method that has mainly been used in the electronics industry to produce multi-layer capacitors
and electronic substrates [1,2]. This method basically starts with a specially designed slurry which can be cast by a blade to a
flat sheet or layer, then dried into a flexible solid tape which can be sintered subsequently into a hard ceramic substrate layer
[3]. This technique is a well-established process which is used to produce ceramic layers and multi-layered ceramics (MLC).
The parallel (doctor) blade process was first used in preparing ceramic tapes in the 1940s and today it plays a key role in
producing thin and flat ceramic tapes [4,5].

Generally, the fluid flow in the doctor blade region and the subsequent outflow can be analyzed using Navier–Stokes
equations in two dimensions assuming that flow is generated by both viscous drag due to the peeling velocity of the sub-
strate and the static hydraulic pressure in the slurry reservoir. There are a few research papers in which the flow field
and the resulting tape thickness were modeled analytically. Chou et al. [6] modeled the flow in the parallel blade region
and due to the low Reynolds number, they neglected the inertia forces by assuming Newtonian-Stokes flow.
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In a general sense, fluids that exhibit characteristics not covered by the Newtonian constitutive equation are non-New-
tonian. The exceptions to the Newtonian fluids are not of rare occurrence, and in fact many common fluids are non-Newto-
nian. Fig. 1 shows the rheological classification of the non-Newtonian fluids.

In the tape casting process, the ceramic slurry is mostly categorized as a non-Newtonian flow with relatively high viscos-
ity. The viscoplastic description was used by Huang et al. [7] to model the flow field in the tape casting process. In their 2D
analytical model the effects of pressure gradient, substrate velocity and resultant tape thickness were evaluated. The effect of
different rheological behaviors of the tape slurry (Newtonian, power law and Bingham plasticity) for a generalized pressure
flow in tape casting was investigated by Joshi and et al. [8]. They estimated the tape thickness analytically and controlled the
size of the parallel channel in tape casting accordingly.

The flow of Bingham fluids are evaluated and investigated in different areas of the engineering sciences [9,10]. The ideal
Bingham material model is characterized by a shear stress (s) which is a linear function of shear rate ( _c). The yield stress (sy

in Fig. 1) is the finite stress which is required for flow initiation (Fig. 1). The main mathematical difficulty when solving ideal
Bingham flows is the non-differentiability of the constitutive law at the yield point. The most straightforward and conve-
nient way to circumvent this difficulty is to approximate the material behavior by a bi-viscosity model, in which the material
has no true yielding point but flows with a very high viscosity below the yield stress and with the plastic viscosity above it
[11]. In most engineering applications, flow of non-Newtonian fluids are characterized by the Bingham, Herschel-Bulkley or
Ostwald de Waele power law constitutive models which are shown in Fig. 1 [8,12–16]. A summary of work published regard-
ing the rheological classification of non-Newtonian fluids and the existence of analytical/numerical models with focus on
tape casting have been given previously by the authors [17].

Flow processes often involve the presence of free surfaces, the tracking of which has significant impact on the manufac-
turing and the final quality of the product. Examples abound, e.g., casting processes, mold filling, thin film processes, extru-
sion, coatings, spray deposition, fluid jetting devices in which material interfaces are inherently present. This phenomenon is
also considered in multi-material flows with sharp immiscible interfaces [18]. Several CFD methods have been developed in
the last decades with the aim of simulating such complex flows with free surfaces. Two very well-known example of this is
the volume of fluid (VOF) and level set methods. In general, there are a lot of different research papers which are dedicated to
free surface modeling, different interpolation schemes, liquid/gas phase flow, multi fluid flow, multiphase flow and different
numerical methods to simulate the flow field with the presence of an interface [18–26].

A proper discretization of the convective term in the equation for transport of the VOF is crucial for simulation of a mul-
tiphase flow. It is well-known that numerical schemes, commonly used for discretization of the convection term, introduce
numerical diffusion or numerical dispersion phenomena [27]. For this reason, some additional techniques are needed, i.e.
high-resolution schemes. Examples of these can be found in [28–31] with special focus on capturing sharp interfaces.

The aim of this paper is to evaluate the different interface capturing methods and to find the best approach for flow mod-
eling of the ceramic slurry in the tape casting process using the commercial software ANSYS FLUENT. The conventional VOF
method will be used with three discretization schemes for the convection of the VOF: Geometric Reconstruction
Scheme (GRS), High Resolution Interface Capturing (HRIC) and Compressive Interface Capturing Scheme for Arbitrary
Meshes (CICSAM), which all will be discussed in detail. The main purpose is to find the best method for capturing the free
surface in the flow of a non-Newtonian ceramic slurry described by the constitutive power law equation in the tape casting
process. To do so, two different test cases will be investigated and compared with data in literature. One of the cases is the
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flow of water (as a Newtonian fluid) in a box with a small obstacle in its path. In the other case, the flow of a power law
ceramic fluid on an inclined plate will be tested. The aim of these cases is to serve as validation for the developed model
and to investigate the influence of material behavior, i.e. a Newtonian fluid with n = 1 and a highly non-Newtonian fluid with
n = 0.5294, on the different schemes for interface interpolation. Moreover, these cases are chosen because they are relatively
simple modeling-wise in combination with being very well documented in literature [30,32]. After testing the developed
model, it will be used to investigate the flow of a La0.85Sr0.15MnO3 (LSM) ceramic slurry with the Ostwald de Waele power
law constitutive behavior in tape casting. Results of the modeling will be compared with corresponding experimentally ob-
tained data.
2. Governing equations

When dealing with flow problems, the coupled momentum and continuity equations should be solved:
q
@u
@t
þ u � ru

� �
¼ �rpþr � T þ F ð2:1Þ
@q
@t
þr � ðquÞ ¼ 0 ð2:2Þ
where q is density, u is velocity, p is pressure, T is stress tensor and F is the contribution from external forces. Here, the
momentum Eq. (2.1) expresses Newton0s second law of motion, and the continuity Eq. (2.2) ensures conservation of mass.
The momentum equation is dependent on the volume fraction of all phases through the properties q and l (viscosity in the
term T) via volume-fraction averaging as shown in Eq. (2.4)

The non-Newtonian Ostwald-de Waele constitutive law states that the shearing force (per unit area)) s is proportional to
the shear rates (the rate of shear strain _c ¼ @u=@y) as given below:
s ¼ k _cn ð2:3Þ
in which k and n are the consistency of the fluid and amount of deviation from a Newtonian fluid, respectively.
The volume of fluid (VOF) model is a surface-tracking technique applied to a fixed Eulerian mesh. It is designed for two or

more immiscible fluids where the position of the interface between the fluids is of interest. In the VOF model, a single set of
momentum equations is shared by the fluids, and the volume fraction of each of the fluids in each computational cell is
tracked throughout the domain [33].

The properties appearing in the transport equation are determined by the presence of the component phases in each con-
trol volume. In a two-phase system, for example, if the phases are represented by the subscripts 1 and 2, and if the volume
fraction of the second of these is being tracked, the density in each cell is given by
q ¼ f2q2 þ ð1� f2Þq1 ð2:4Þ

The evolution of scalar f (volume fraction) is governed by the simple advection equation:
@f
@t
þ @uif
@xi
¼ 0 ð2:5Þ
More information on the VOF method can be found in the original work by Hirts and Nichols [33].
When coupled with the Navier–Stokes equations, the volume fraction is treated as an active scalar (it has influence on the

velocity field). The main numerical difficulties connected with discretization of the transport equation for the volume frac-
tion are: keeping constant width of the interface, i.e. avoiding artificial diffusion of the step interface profile and assuring a
monotonic change of the variables. This last condition is also known as the boundedness criterion [33]. In order to overcome
the aforementioned problems different methods were proposed. For instance, in Hirt and Nicholls [33] a Donor–Acceptor
Scheme (DAS), based on the availability criterion, was introduced. Problems that arose when using this scheme provoked
other proposals that follow the idea of geometric interface reconstruction; examples are SLIC (Simple Line Interface Calcu-
lation) method, PLIC (Piecewise Linear Interface Construction) method or more recent methods that use the least-square pro-
cedure or splines [23]. Methods that employ these ideas give good approximation of the shape of the interface and they allow
for proper calculation of the fluxes through faces of the control volumes. However, their application is often restricted to
structured grids with simple shapes of the control volumes. Moreover, since estimation of a spatial orientation of the inter-
face from the distribution of the volume fraction needs a substantial number of numerical operations, interface reconstruc-
tion methods increase the computational effort [34].

Unlike geometric interface reconstruction methods, the high-resolution schemes, i.e. Compressive Interface Capturing
Scheme for Arbitrary Meshes (CICSAM) [27] and High Resolution Interface Capturing (HRIC) [28], do not introduce geomet-
rical representation of the interface but try to satisfy the aforementioned conditions by properly chosen discretization
scheme [34]. The different VOF differencing schemes of volume fraction equation, i.e. geometrical reconstruction, donor–
acceptor, CICSAM and HRIC, and their definitions are well summarized by Lopez and Quinta-Ferreira [35].



Fig. 2. Computational domain used for calculation of the flow for Newtonian (water) fluid.
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3. Test case1: dam breaking with obstacle

In this case flow of water (Newtonian fluid) inside a box was investigated. The computational domain used for this cal-
culation is illustrated in Fig. 2. The no-slip boundary condition was used for the wall and the thermal effect (energy equation)
was neglected. The results of numerical modeling with different interface capturing methods are illustrated in Fig. 3a. It is
seen that both the CICSAM and HRIC methods show the same profile, whereas the GRS is substantially different. Moreover,
the numerical results of the present study were compared with the numerical and experimental data by Panahi et al. and
shown in Fig. 3b and c [30]. It is obvious that the GRS scheme deviates from all other numerically obtained results, but it
seems that it does not deviate a lot from the experimental data. Furthermore, the CPU times for the three methods are shown
in Fig. 4. It is seen that the computational efforts are almost similar for the three schemes, however with a slightly higher
value for the GRS scheme as compared to the others.
Fig. 3. Results and comparison of dam break for; (a) present study for different surface capturing methods, (b) numerical simulation by Panahi et al., and (c)
experimental visualization by Koshizuka et al. [30].
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Fig. 4. CPU time comparison for different interface capturing method.

Fig. 5. Schematic of (a) experimental and (b) 3D computational domain used in the present case and taken from Haeri et al. [32].
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4. Test case2: falling film on an inclined plate

The falling film of a non-Newtonian fluid on an inclined plate was investigated in this case. The geometry and the bound-
ary conditions were used from the work by Haeri et al. [32] and are shown in Fig. 5. Full details of the modeling procedure
can be found in Haeri et al. The constitutive model used for the material behavior is the power law equation with the con-
stants shown below:
s ¼ k _cn; ðk ¼ 11:007;n ¼ 0:5294Þ ð4:1Þ
a [t = 15s] Haeri et al. [32]
GRS
CICSAM
HRIC

b [t = 20s] Haeri et al. [32]
GRS
CICSAM
HRIC

(b)

(a)

Fig. 6. Comparison of different interface capturing methods at different times of (a) t = 15 s and (b) t = 20 s.
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The main purpose of this case is to test the model implemented in ANSYS FLUENT for the three different interface cap-
turing methods and validate it for the case of a highly non-Newtonian fluid. The position of the resultant film thickness was
extracted from the aforementioned work by Haeri et al. [32] and compared with the model developed in this study, see Fig. 6.
The results reveal that the CICSAM method shows the best agreement. However it should be noted that the interpolation
method that was used in Haeri et al. [32] was also the CICSAM method. Moreover, it is seen that the GRS again has the high-
est deviation from the other schemes. Moreover, in comparison to the Newtonian fluid (Test case1), the non-Newtonian fluid
showed more instability in the interface. This was concluded from investigating the interface obtained by the HRIC method
in more detail. Although the mentioned scheme has the highest accuracy as compared to the other methods, it still showed
some oscillations in the interface.

The CPU times for the simulation of the falling film on a plate with different schemes are shown in Fig. 7. As seen, the
computational time for the GRS method is again the highest. Moreover, for this special case there is a noticeable difference
in the computational time between the CICSAM and the HRIC methods.

From the two test cases it can be concluded that for capturing the free surface, for both Newtonian and non-Newtonian
fluids, the CICSAM scheme has less computational time as compared to the other interpolation schemes. More importantly,
the CICSAM scheme showed less instability in the interface as well as a good prediction of the free surface for both the New-
tonian and the non-Newtonian case.
5. Modeling of tape casting

5.1. Numerical procedure

A schematic illustration of the computational domain is shown in Fig. 8. The calculation domain is designed in 2D, and the
side effect of flow outside the doctor blade region which to some extent affects the tape thickness is neglected. However, the
mentioned effect is mimicked using extra parameters which were measured experimentally. The dimensions are chosen
according to the machine design of the tape caster which was used in the experiments. The domain is discretized with a rel-
atively fine mesh.
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Fig. 7. CPU time comparison for different interface capturing methods.

Fig. 8. Computational domain for modeling of tape casting.
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For the inlet boundary condition the velocity is set to a very small value (10�8m=s), just to avoid the initial zero boundary
condition. A fixed velocity in the x -direction (v0) is implemented on the substrate expressing the velocity of the peeling belt
with no slip condition. A zero gradient is assumed for all flow properties in the outlet boundary condition. All other bound-
aries are implemented as wall boundaries with no slip condition.

For the transient calculations the non-iterative time-advancement (NITA) scheme is used to reduce the amount of com-
putations. The idea underlying the NITA scheme is that, in order to preserve overall time accuracy, there is no need for reduc-
ing the splitting error to zero, but only having to make it the same order as the truncation error. The NITA does not need
outer iterations and hence there is only one single ‘‘outer iteration’’ per time-step, which significantly speeds up transient
simulations. The NITA is used with the fractional-step method, which offers the possibility of a considerable increase in effi-
ciency [36].

The illustrated domain in Fig. 8 is discretized with a structured mesh. The general cell size is chosen to be 10 lm. How-
ever, in order to check the dependency of the solution on the mesh size, two other different mesh sizes were also tested. As
shown in Fig. 9, the convergence history of the wall shear stress in the substrate (where the casting velocity is implemented)
is evaluated by three different mesh sizes of 10, 5 and 1 lm. The results show that the simulation is reasonably independent
of the mesh size where elements smaller than 10 lm are used. For the mesh and the velocity of the substrate used in this
paper, the time step size is set in the range of 0.0005–0.002 s.
5.2. Experiments

The different materials used as well as their function for the La0.85Sr0.15MnO3 (LSM) slurry are given in Table 1. A com-
mercial LSM was calcined at 1000 �C, and used in the amount of 62.05 wt.% in the final slurry. The average particle size
and specific surface area were 12.42 lm and 23.24 m2/g, respectively. Moreover, the weight ratio between LSM:MEKET
(solution of methylethylketone and ethanol) and PVB:LSM were 1:2.44 and 1:11.53, respectively. To remove air bubbles from
slurries, the mechanical vacuum was enforced for 15 min. The mean particle size and density of the final slurries were
accordingly equal to 2.20–2.73 lm and 1.91 g/ml. The particle size and particle size distribution were measured by the Laser
Diffraction Particle Size Analyzer LS 13 320 from BECKMAN COULTER (USA). The rheological profiles were measured using a
narrow-gap parallel plate sensor system in Rheometer HAAKE Rheo Stress 600 (Haake, Germany).

Experiments were carried out using a one-doctor blade continuous type of casting bench, and the plastic carrier (in the
present case Mylar) was driven by a stainless steel roller. The doctor blade gap distance was set by using etalon sticks and a
micrometer screw with an accuracy of 0.01 mm. After the propulsion of a torque drum, whose speed was programmed in
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Table 1
The different materials used and their function for the non-Newtonian LSM slurry.

Material Function

La0.85Sr0.15MnO3 (LSM) Ceramic substrate
Methyl ethyl ketone Solvent
Ethanol Solvent
Polyvinyl pyrrolidone (PVP) Dispersant
Polyvinyl butyral (PVB) Binder
Polyethylene glycol (PEG) Plasticizer
Dibutyl phthalate (DBP) Plasticizer
Additol Deflocculant

Table 2
Summary of parameter settings during the two experimental studies.

Parameter Case 1 Case 2

W (lm) 6000 6000
h (lm) 1000 400
v0 (mm/s) 3.67, 10, 14.67 3.67
H0 (lm) 1200 3536, 7074, 21222
d (cm) 8.8 8.8
a (deg) 45 45
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advance, the slurry was peeling out along the carrier movement, forming a thin layer of tape. The cast tapes were dried in air
for 5 days, and finally their thicknesses were measured using a micrometer screw.

Experiments were conducted in two different cases, which are summarized in Table 2. For the first set of experiments, the
same amount of ceramic slurry (constant H0) were cast with three different substrate velocities. Then in case 2, during con-
stant substrate velocity the material load in the reservoir (H0) was varied. These experiments were carried out to investigate
the effect of the two important parameters, i.e. drag forces related to substrate velocity and hydrostatic pressure, on the tape
thickness (d).

6. Results and discussion

6.1. Material constants

The results of the rheology experiment showed that the LSM slurry follows the Ostwald power law fluid behavior. This is
illustrated in Fig. 10 and the relationship between shear rate and shear stress is found to be:
s ¼ 3:31 � ð@u=@yÞ0:90 ð6:1Þ

From Eq. (6.1) the constant k which is the consistency of the fluid is found to be equal to k = 3.31 mPa � sn. Moreover, the

constant n which is the amount of deviation from a Newtonian fluid is equal to 0.90 (indicating close to Newtonian behav-
ior). These parameters are implemented in the numerical calculations for the behavior of the non-Newtonian LSM ceramic.

In the tape casting process, when the flow exits the doctor blade region, the fluid starts to flow in the transverse direction
also (here the z direction which was neglected in the numerical model) and this is typically named side-flow. However, since
the final tape in general is very wide in the z direction compared to its thickness, this side-flow will be relatively small. More-
over, after the drying stage, the tape thickness is decreased due to weight loss. Considering both these effects, the final thick-
ness of the dried tape can be expressed as [37]:
dtp ¼ abðq=qtpÞ � d ð6:2Þ
where dtp is the thickness of the dried tape, a is the fraction loss for side-flow, b is the fraction loss for weight reduction due
to drying, q is the density of green tape and qtp is the density of dried tape. The constant for the side flow (a) was obtained by
a volumetric comparison of the tape which flowed outside the casting width to the tape within the casting width leading to
0.8 < a < 0.92 [37]. The drying weight loss factor (b) was obtained from drying experiments which measured the dried tape
mass and compared it to the wet slurry mass resulting in 0.58 < b < 0.65.

6.2. Effect of velocity on thickness

The aim of this case study is to evaluate the effect of velocity changes in the peeling substrate on the tape thickness both
experimentally and numerically. The results of the numerical modeling and the experiments are shown in Fig. 11. As seen, an
increased substrate velocity results in decreasing of the tape thickness. By further increase of the substrate velocity it is
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found that the reduction in tape thickness decreases and it seems to become constant. The drag force is increased by increas-
ing the substrate velocity and it becomes more dominant compared to the pressure force which results in more stretching of
the slurry over the peeling belt. On the contrary, increasing the substrate velocity for a constant pressure force, the thickness
of tape is decreased in the exit and vice versa. Moreover, it can be seen that the CICSAM method has the best prediction as
compared to the other schemes. Moreover, a small difference can be detected between the two high resolution schemes, the
CICSAM and the HRIC, which is due to the non-Newtonian behavior of the fluid. However, since the deviation from Newto-
nian behavior for the studied flow is small (n ¼ 0:90), the difference between the aforementioned schemes is relatively lim-
ited, even when considering the GRS scheme. So, the only key factor that makes the CICSAM method more desirable for the
tape casting process is the computational time, which is illustrated in Fig. 12.
6.3. Effect of slurry height

The effect of the material load (slurry height) in the reservoir (H0) on the tape thickness is investigated with different
interface capturing methods. Results of both numerical simulations and experiments are illustrated in Fig. 13. As the slurry
height increases in the reservoir the hydrostatic pressure on the doctor blade region will be increased. Consequently, the
tape thickness increases when it is conveyed out of the doctor blade region. The further increase in the numerical result
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Fig. 12. CPU time comparison for different interface capturing method in the tape casting process.
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Fig. 14. Oscillations in the tape interface in the casting direction with the initial slurry height of (a) 7074 lm and (b) 21222 lm.
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for H0 = 21222 lm as compared to the experiment may be caused by the neglecting of the side effect flow which can de-
crease the final height of the tape especially for higher pressures. Again it is obvious that the CICSAM method has a some-
what better correlation with experimental data in comparison to the other methods. Based on the findings presented in
Figs. 11–13, it was decided to use the CICSAM method for the final analysis in which a comparison with experiments was
carried out. These experiments did show the non-constant tape height as well as the oscillation detected at the interface
which arises from the decreasing slurry height in the reservoir over time. These variations in the tape thickness are recorded
along the casting direction both experimentally and numerically (using the CICSAM scheme as mentioned before). Results of
the measurements are shown in Fig. 14a and b for the slurry height of 7074 and 21222 lm, respectively.

Two types of information can be observed from Fig. 14. In the early stage of the process, the tape thickness is higher than
that of the end due to the decrease in the slurry height in the reservoir over time. Moreover, this difference between the two
ends of the strip gets higher as the initial slurry height is increased. On the other hand the more the height in the reservoir,
the longer the strip which will be produced in the process.

As earlier mentioned, the increased level of material in the reservoir forces the ceramic to flow in the z-direction (and �z,
side flow, see Fig. 8) which is neglected in the numerical modeling in both sides of the tape. Increasing the slurry height will
therefore increase this side flow and decrease the tape thickness. However, increasing the slurry height will also increase the
tape thickness due to the increased pressure. These two competing phenomena obviously work against each other, but the
latter will be most predominant.

7. Conclusions

A multiphase flow model based on the volume of fluid (VOF) method was implemented in ANSYS FLUENT. Three different
interpolation schemes, the Geometric Reconstruction Scheme (GRS), High Resolution Interface Capturing (HRIC) and Com-
pressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM), were investigated to find the optimum one for captur-
ing of the free surface. The aforementioned methods were tested both for Newtonian and non-Newtonian fluids with two
cases from literature regarding interface position as well as computational time. The results show that the CICSAM method
has the best combination of accuracy of predicting the free surface and low cost of computation, especially for the non-New-
tonian fluid. Moreover, the results of the validation show that in the fluids with Newtonian behavior, the high resolution
interface capturing methods (both the CICSAM and the HRIC) give the same results. However, the higher deviation from a
Newtonian fluid, the higher the difference between the two methods.

After testing the implemented model, numerical modeling of the non-Newtonian slurry of La0.85Sr0.15MnO3 (LSM) was
conducted by ANSYS FLUENT with the three different interpolation schemes, and the effects of substrate velocity and slurry
height in the reservoir on the final tape thickness were evaluated. It was observed that the CICSAM method gave the closest
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prediction to the experimental cases. Moreover, the results show that increasing the substrate velocity (casting speed)
causes a decrease in the tape thickness due to the dominance of drag force over hydrostatic pressure. On the other hand,
an increased value of the slurry height in the reservoir, results in increasing the final tape thickness. This is also the reason
for the height of the tape in the end point of the strip being higher as compared to the beginning of the strip. Moreover, by
increasing the material load (the initial height of the slurry in the reservoir) the aforementioned differences between the
beginning and the end of strip and the length of the strip were increased.
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Finite Element Modeling of Camber Evolution During Sintering of Bilayer
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The need for understanding the mechanisms and optimization

of shape distortions during sintering of bilayers is necessary

while producing structures with functionally graded architec-
tures. A finite element model based on the continuum theory of

sintering was developed to understand the camber developments

during sintering of bilayers composed of La0.85Sr0.15MnO3 and

Ce0.9Gd0.1O1.95 tapes. Free shrinkage kinetics of both tapes
were used to estimate the parameters necessary for the finite

element models. Systematic investigations of the factors affect-

ing the kinetics of distortions such as gravity and friction as

well as the initial geometric parameters of the bilayers were
made using optical dilatometry experiments and the model.

The developed models were able to capture the observed behav-

iors of the bilayers’ distortions during sintering. Finally, we
present the importance of understanding and hence making use

of the effect of gravity and friction to minimize the shape dis-

tortions during sintering of bilayers.

I. Introduction

CERAMIC structures with functionally graded multilayer
architectures are generally considered as promising

materials for various applications related to efficient energy
technologies. Some of the application areas include solid
oxide fuel cells, piezoelectric actuators, gas membranes etc.1–4

Manufacturing of multilayered structures often includes cos-
intering of laminated tapes prepared from different sets of
powders. One of the problems often observed during sinter-
ing of bi-layer systems is distortion of the samples which
often poses as a problem in the final assembly of the different
components. For example, in the case of solid oxide fuel cells
it is important to cofire the different layers with little or no
shape distortion of the planar geometry to succeed with the
intended assembly of the solid oxide fuel cell stacks.4,5

Distortion during sintering of bilayers occurs mainly due
to mismatch in the shrinkage behaviors of the layers. The
other factor affecting distortion in bilayers is the evolution of
relative viscosity between the layers during the sintering
cycle.6,7 In an effort to reduce the distortions during sintering
of bilayers, it is sometimes necessary to modify the intrinsic
material behaviors of each tape. For example, though it
requires cumbersome experimental works, tailoring the densi-
fication kinetics of each layer so as to minimize the mismatch
in shrinkage strains could significantly reduce stress develop-
ments during cofiring. In addition to modifying the intrinsic
material behaviors of the tapes, few authors have also sug-
gested other techniques like applying external loads resisting

the deformation8 and optimization of the sintering tempera-
ture profile.9

However, camber evolution is also affected by geometrical
parameters such as the ratio of layers’ thickness and length
of the sample.6,10 Furthermore, additional factors like own
weight of the sample (gravity) and friction (between the
edges of the bilayer and the surface of the sample support
while the bi-layer deforms) have often significant effect on
the overall distortion of the sample.3,5,11,12

With regards to the effect of geometrical parameters,
methodical studies describing the effect of the thickness ratio
of layers on the camber evolution have been previously
reported.8,10 Olevsky et al. also discussed how the initial
porosity of each layer making the bi-layer could also be used
to optimize the camber evolution during cofiring.10 On the
other hand, M€ucke et al. showed the effect of gravity on the
evolution of camber by sintering bilayers in the horizontal
and vertical orientations.5

For the basic understanding of the influence of materials
intrinsic properties on the evolution of camber during sinter-
ing of bilayers, the continuum theory of sintering together
with the use of beam theory have been applied and its use is
widely reported.2,13,14 In general, to model the sintering
behavior of multilayers, the continuum theory of sintering
with the assumption of linear response of the shrinkage rate
to the applied load can be used.2,3,13–16 Often free sintering
of tapes is assumed to be isotropic but anisotropies due to
nonuniform initial density distributions can also be intro-
duced into the continuum model.17

Despite these works, there are still needs to create better
understanding on how stress and distortions develop with
respect to geometrical parameters and factors like gravity and
also friction during cofiring in order to have better and
refined process optimizations. This can be achieved by the use
of numerical techniques, such as the finite element method.

The use of finite element method to describe stresses dur-
ing the sintering process has so far focused mainly on the
powder compaction process.18–21 Numerical implementation
of the continuum theory of sintering to describe shape distor-
tions of cylindrical porous specimen under free sintering in
the presence of gravitational forces is reported by Olevsky
et al.22 Schoenberg et al. modeled stresses during cofiring of
bilayers consisting of layers with different initial densities.23

In their study, Schoenberg et al. used temperature-dependent
artificial coefficient of expansion (CTE) as an input to the
finite element model to simulate the volumetric shrinkage
strain in each layer. A good agreement between the stress
predicted from the finite element model and analytical mod-
els is shown.23 However, it is difficult to use the technique
proposed by Schoenberg et al. to model stresses and distor-
tions during isothermal sintering cycle as the artificial CTE is
a function of the changing temperature in their iso-rate
sintering experiment. Similarly, analysis of stresses during
sintering of multilayered structures using the continuum the-
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ory is reported by Brown et al.24 Brown et al. was able to
show the distortions during sintering of trilayered solar cells
using experimental measurements of the free shrinkage of
each layers to estimate the input parameters for the 3D finite
element model.

In this study we have developed a finite element model in
the commercial software, ABAQUSTM, based on the contin-
uum theory of sintering in order to be able to predict the
curvature evolution during sintering of bilayered structures.
To verify the model, different sintering experiments of bilay-
ers composed of La0.85Sr0.15MnO3 (LSM) and
Ce0.9Gd0.1O1.95 (CGO) tapes have been conducted. In addi-
tion, the influence of the geometric parameters of the bilayer,
gravity, and friction on the evolutions of curvature have been
studied both experimentally and numerically. For such pur-
pose, systematic variation of the initial length of the samples
and thickness ratio between the layers making the bilayer is
made. Sintering experiments of similar bilayers with different
orientations is also made to study the effect of gravity and
friction on the evolution of curvature.

II. Experimental Procedures

Ce0.9Gd0.1O1.95 (CGO, specific surface area: 5.2 m2/g, Rho-
dia S.A., La D�efense, France) and La0.85Sr0.15MnO3 (LSM,
d50: 0.6 lm; specific surface area: 23.24 m2/g, Haldor Topsoe
A/S, Copenhagen, Denmark) were used as starting powders
for the development of CGO and LSM tape cast layers by
standard processing. Details of the tape casting processing
can be found in Ni et al.25,26 After drying, both the CGO
and LSM green tapes had a uniform thickness of 220 and
110 lm respectively.

In this work, the conducted experiments involve measure-
ments necessary for obtaining material input parameters for
modeling (free shrinkage kinetics of the individual layers) as
well as experiments necessary for validation of the model
(sintering of bilayered laminates).

Individual CGO and LSM green tapes were rolled and
pressed to obtain ‘bulky’ sample of the thin layers for dila-
tometry measurements. Final shapes of the samples were
obtained by cutting the rolled tapes in cylindrical shapes of
3–5 mm in length and 2–3 mm in diameter.

The asymmetric CGO/LSM bilayered samples were assem-
bled by colamination of the CGO and LSM green tapes both
oriented along the tape-casting direction. Five different CGO/
LSM bilayered samples with different thickness ratio and
length were prepared by laminating different numbers of CGO
and LSM green tapes. Final shapes of the laminated samples
were obtained by stamping and punching rectangular shapes
from the green material. Table I summarizes the initial size of
five different CGO/LSM bilayered samples used in this work.

Measurements of shrinkage and curvature evolutions on
all the samples were performed under the same heating pro-
file in an optical dilatometer (TOMMI, Fraunhofer Institut
Silicatforschung ISC, Neunerplatz 2, D-97082 W€urzburg,
Germany). This allows for the sample shape evolution during
sintering to be followed in situ and noncontact, by simply
collecting the sequential images (i.e., a video sequence) of the
samples silhouettes projected by a source of visible light onto
a high definition camera.

The rolled tape samples were oriented in a way to allow
measurement of the evolution of shrinkage of the samples in
the length direction of the cylindrical samples. During the
dilatometric measurements of bilayered samples, the CGO
was placed on the bottom side of the asymmetric laminates.
The bilayer samples were placed on a plane support (Alu-
mina repton plates). The complete thermal cycle of the pro-
cessing, including the de-binding step and sintering, was
performed directly in the optical dilatometer to avoid moving
the samples with possible mechanical failure after the de-
binding step. The de-binding cycle includes a slow heating
ramp at 0.33°C/min from room temperature to 400°C and an
isothermal step at 400°C for 4 h aimed at removing the
organic component from the samples. The sintering cycle
was performed by an iso-rate heating ramp step up to
1250°C at a heating rate of 1°C/min, followed by an isother-
mal step at 1250°C for 4 h. The shrinkage (free sintering)
and curvature evolution (bilayered CGO/LSM samples) were
monitored in situ continuously during the heating and cool-
ing cycles. Microstructures of cross-section were character-
ized using scanning electron microscopy (SEM, Supra, Carl
Zeiss, Germany).

Figure 1 shows the dilatometric image from TOMMI
depicting the sample geometry at the onset of the sintering
cycle (i.e., after de-binding) for one of the bilayers built with
an initial thickness ratio, X (CGO:LSM) = 4 and initial
length of l0 = 40 mm. Due to differential de-binding, signifi-
cant deformations of the bilayer samples were observed after
de-binding (600°C) or at the onset of the sintering cycle.

III. Model Development

The linear-viscous form of the continuum theory of sintering
(SOVS) is used to define the inelastic (sintering related) strain
rate in the porous body. According to SOVS, the total strain
rate, _es, during sintering of a body is given by the sum of
creep, _ecr, and free sintering, _ef,strain rates as:14

_es ¼ _ecr þ _ef

_es ¼ r0

2g0u
þ rm � rs

3ð2g0wÞ
I (1)

where r0, rm, and rs are the deviatoric stress tensor, mean and
sintering stresses, respectively. The mean stress is equivalent to
the hydrostatic pressure, rm ¼ 1

3 trðrÞ. During the implementa-
tion of SOVS, normalized parameters, u and w, are used to
relate the effective shear and bulk viscosities of the porous
body to the viscosity of the fully dense body depending on the
instantaneous amount of porosity, see Eq. (2).14

u ¼ ð1� hÞ2and w ¼ 2

3

ð1� hÞ3
h

(2)

In view of the continuum theory of sintering, the driving
force for sintering or sintering stress is directly proportional

Table I. Initial Sizes of the Bilayered CGO/LSM Samples

Samples

Length

l0(mm)

Width

b0(mm)

Thickness

ratio

X(CGO:LSM)

Thickness

of CGO

h01ðlmÞ

Thickness

of LSM

h02ðlmÞ

1 25 5 2:1 220 110
2 25 6:1 660
3 25 4:1 440
4 15 4:1 440
5 40 4:1 440 Fig. 1. Geometry of the sample at the onset of the sintering for bi-

layer with an initial length of 40 mm.
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to the surface energy per unit area, a, of the porous surface
and is given by:

rs ¼ 3

2

a
G
ð1� hÞ2 (3)

where h and G are the instantaneous amount of porosity and
grain size respectively. The viscosity of the fully dense body,
g0, varies with temperature,T, and is given by an Arrhenius
form expression with an Arrhenius constant, A, and the
effective or apparent activation energy for densification, Ea.

27

Here R is the universal gas constant.

g0 ¼ ATexpðEa

RT
Þ (4)

Sometimes the viscous parameters of the porous body are
measured and reported in terms of the uniaxial viscosity, gu,
and viscous Poisson’s ratio,mv, as:

10

gu ¼
18g0wu
6wþ u

and mv ¼ 3w� u
6wþ u

(5)

The grain growth during the sintering process is a strong
function of time, t, and the initial grain size, G0, as given
by:28

Gn ¼ Gn
0 þ k0expð�Eg

RT
Þt (6)

where k0 and Eg are the grain growth pre-exponential factor
and the activation energy for grain growth respectively. Here
n is the grain growth exponent depending on the densifica-
tion mechanism (e.g., n = 3 for volume diffusion).28 In this
work, the possible anisotropies in the pore-grain structure
are not considered and hence the shrinkage rate in the free
standing tape is assumed to be isotropic, which is formulated
using Eqs. (2)–(4), see Eq. (7). For a detailed description of
the continuum theory of sintering, please refer to Ref. [15].

_ef ¼ � rs

6g0w
¼ � 3

8

a
AGT

expð�Ea

RT
Þð h
1� h

Þ (7)

For the numerical implementation, the elastic part of the
material response is assumed to be isotropic and character-
ized by Hooke’s law as:

_r ¼ C _eel (8)

Here C is the elastic stiffness matrix and, _eel, is the elastic
strain rate. The total strain rate, _e, in the porous body can
be given by:

_e ¼ _eel þ _es (9)

Combining Eqs. (1), (8), and (9), it is possible to get the
constitutive relationship for the incremental stress during sin-
tering as:

_r ¼ C _eel ¼ Cð _e� _ecr � _efIÞ (10)

The above model was used to simulate the sintering of
bilayer systems made up of tapes with different initial den-
sity. This was made possible by implementing the linear-vis-
cous form of the continuum theory of sintering (SOVS) in
ABAQUSTM with the help of a user subroutine. The creep
user subroutine provided by ABAQUSTM defines the total

incremental inelastic strain, de, as the sum of creep, decr, and
swelling, desw, strains40 which are obtained integrating Eq.
(1) with time.

The evolving relative density or porosity in the structure
can be updated using the principle of mass conservation. The
inelastic volumetric strain is used to calculate the relative
density as shown in Eq. (11) by using the initial relative den-
sity of the porous body, q0.

em ¼ ecrIþ esw

qi ¼ q0expð�emÞ (11)

ABAQUSTM provides users with the ability to define solu-
tion-dependent state variables (SDVs) in the user subrou-
tines. In this work, two SDVs have been employed to update
the relative porosity and grain size in each layer. For exam-
ple, the porosity in each tape is stored in one of the SDVs,
such that it can be passed every time the subroutine is called,
thereby updating the current value. At the end of the simula-
tion, they can be used to analyze the model’s behavior in
time. The grain sizes and porosities in each layer are updated
on every time step using the equations described above, see
Eqs. (6) & (11).

Geometrically linear as well as nonlinear analysis can be
performed using ABAQUSTM based on the strain measures
defined as41:

e ¼
L�L0

L0
; Linear

ln L
L0
; Non-linear

(
(12)

The effect of the evolving porosity on the mechanical
properties of the tape i.e., on the elastic modulus, E, and
Poisson’s ratio,m during densification is estimated by a
composite sphere model suggested by Ramakrishnan and
Arunachalam.29 Here E0 and m0 are the Young’s modulus
and Poison’s ratio of the fully dense body.

E ¼ E0
ð1� hÞ2
ð1þ bEhÞ where bE ¼ 2� 3m0

m ¼ 0:25
4m0 þ 3h� 7m0h
1þ 2h� 3m0h

(13)

Two dimensional plain strain formulations were used
together with symmetry boundary conditions on half of the
bilayer geometry. Quadratic elements with an average size of
50 lm have been chosen for meshing with visco analysis
steps.

The distortion at the onset of the sintering, see Fig. 1, is
taken into account as the initial geometric configuration of
the bilayer model as shown in Fig. 2. The sintering temper-
ature ramp is defined as a boundary condition on the entire
geometry of the model. Figure 2 also shows examples of
the directions of the gravity, Fg, and friction, Ff, forces act-
ing on the bilayer bending towards the LSM layer. Note
that the friction force is generated between edge and sup-
port of the sample in the furnace. The effect of gravity on
the evolution of the distortions is considered by applying a
body force obtained by using the theoretical density of each
tape.

IV. Results and Discussions

(1) Obtaining Material Parameters
The parameters defining the viscosity of both CGO and
LSM tapes, A and Ea, were estimated by fitting the free
shrinkage strain model in Eq. (7) to experimental measure-
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ments of free sintering. The approach used here has been
explained in detail in previous work by Molla et al.12 and
Reiterer et al.27

Based on the optimization procedure, Fig. 3(a) shows the
comparison between the free shrinkage strains in each tape
during the entire sintering cycle. About 11% and 26% of
shrinkage was observed in CGO and LSM tapes respectively.
The free shrinkage strain model is also shown to agree well
with the experimental observations of shrinkage strains.

The evolution of the viscosity as a function of temperature
is the other important parameter for modeling the distortions
in the bilayer system. Figure 3(b) shows the fully dense vis-
cosities of both CGO and LSM tapes during the iso-rate sin-

tering cycle, which is calculated as per Eq. (4). The effect of
porosity on the viscosity of the porous body is included
based on the evolution of porosity during the sintering of the
bilayer. The fully dense body viscosity results are consistent
with previous observations of same materials reported in.12

All the other parameters required to model densifications
and distortions during the cofiring of CGO and LSM tapes
are obtained from experimental measurements and are sum-
marized in Table II. Note here that the impact of the grain
growth on the viscosity of the fully dense tapes is not consid-
ered explicitly as shown by Eq. (4). But those effects can be
included in the Arrhenius constant, A and the effective or
apparent activation energy, Ea, as these, are made to be free
parameters, while fitting the shrinkage strain model to the
experimental measurements. This approach is explained in
detail in previous works by Molla et al. 12 as well as Reiterer
et al.27

The change in the elastic properties of both tapes as a
function of the evolving porosity during the sintering process
was considered using Eq. (13). Fan et al. and Atkinson et al.
studied the elastic properties of CGO10 as a function of
porosity where the fully dense CGO is reported to have a
Young’s modulus, E0 = 200GPa at 800°C.31,32 Similarly Gi-
raud et al. studied the elastic properties of LSM tapes with
different porosities in which he reported the Young’s modu-
lus of dense LSM at room temperature to be, E0 = 110GPa
and shown to change little with temperature between 350°C
and 950°C.33 In fact, the variation of the Young’s modulus
with temperature is not critically important as the elastic
response from the porous bodies during sintering is very
small. In this study, the Poisson’s ratio for the dense bodies,
m0, of both tapes is assumed to be 0.328.32

(2) Effect of Gravity and Geometric Nonlinearity
Figure 4 (left) shows the dilatometric images for the evolu-
tion of curvature at different temperatures for one of the bi-
layers built with an initial thickness ratio, X(CGO:LSM) = 4
and initial length Io = 40 mm. The corresponding results
from the finite element model are also shown in Fig. 4
(right). The model is shown to agree well with the experimen-
tal observations in terms of shape evolutions during the sin-
tering cycle. Example of the 2D contour plot showing
principal stresses in the xx direction (S11) at 1180°C is also
shown where the CGO layer is under compressive stress due
to the fast shrinking LSM layer.

Fig. 2. The initial geometric configuration of the bilayer sample
with an initial length of l0 = 40 mm and initial thickness ratio of
X ¼ h01

h02
¼ 4 with the finite element meshes.

(a)

(b)

Fig. 3. (a) Comparison of model and experiments for free
shrinkage strains and (b) The evolution of fully dense body viscosity
as a function of temperature.

Table II. The Parameters used in the Modeling for LSM

and CGO Layers

Parameter LSM CGO Source

Initial porosity,
h0 (%)

0.58 0.38 Measurement

Initial grain size,
G0 (lm)

0.45 0.13 Measurement

Final grain size,
G (lm)

1.34 0.2 Measurement

Surface energy,
a (J/m2)

2.5 1 [11,42]

Activation energy
for grain growth,
Eg (kJ/mol.K)

420 480 [25,30]

Grain growth
coefficient, k0

1.11 e�8 4.39 e�9 Fitting

Arrhenius constant,
A (GPa.s/K)

121 1202 Fitting

Apparent
activation energy,
Ea (kJ/mol.K)

148 138 Fitting
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To study the effect of gravity and geometric nonlinearity,
the evolution of curvature during cofiring of CGO and LSM
tapes is analyzed with different models. Two models based
on linear-viscous theory as reported by Cai et al.,6which does
not consider gravity, and Frandsen et al.,11which considers
gravity, are compared with two finite element models based
on geometrically linear and nonlinear analysis.

Comparison of model predictions for curvature including
the experimental measurements in a bilayer with an initial

length of lo = 40 mm and thickness ratio X ¼ h01
h02
¼ 4 is

shown in Fig. 5. Note that in this work, curvature develop-
ment towards the bottom layer i.e., the CGO layer is taken
as positive and vice versa.

The experimental results show almost no curvature devel-
opment for the first 5.5 h, which is due to the small shrink-
age rate difference between the two layers. After this period
of time the LSM (top) layer shrinks faster than the CGO
layer. This is followed by development of stress in the bilayer
sample and hence led to camber of the sample. After
t � 10 h, the curvature changes in the bilayer sample starts
to slowdown because of the combined effects of slower
shrinkage activity in the LSM layer, gravity, and stress relax-
ation in the constraining CGO layer.

All the models considered predict a similar trend in cam-
ber growth for the first 9 h of the sintering. The model by
Cai et al. predicts a further growth in curvature in the later
stages of the sintering, while the other model by Frandsen
et al. show reductions in the curvature after t � 10 h. The
finite element models also show reductions in the curvature
as observed in the experiment. Similarly almost all the mod-
els predict an early start in curvature evolution, when com-
pared to the experiment, which may be caused by stress
relaxations in the bilayer during the experiment. From the
comparisons shown in Fig. 5, it is clear to see the significant
effects of gravity on the evolution of curvature and it is obvi-
ous that including gravity capture the real physics of the
camber development. It is also shown that the results from
the linear-viscous model, which accounts for gravity (the
model by Frandsen et al.) differs from the finite element
models. This could be due to the absence of elasticity and/or
the simplifications made by Frandsen et al. in the analytical

(a)

(b)

(c)

(d)

Fig. 4. Experimental (left) and finite element model results (right) showing the evolution of distortion during the sintering cycle.

Fig. 5. Comparison of different model predictions for curvature
evolution over time with the experimental measurements.

Modeling Camber during Cofiring 5



implementations of the effect of gravity in to the linear-vis-
cous model.11

During the experiments, a significant amount of distortion
after de-binding in the bilayer samples was observed. It is
therefore important to model stresses and shape distortions
because of differential de-binding of the layers during sinter-
ing of bilayer. In the finite element model, considering the
initial deformed geometry of the sample at the onset of the
sintering process is also important to properly include
the effect of gravity. For example, in the beginning, the grav-
ity force actually supports the evolution of curvature until
the sample become flat (before bending to the LSM layer).
The finite element model based on geometrically nonlinear
analysis is also shown to predict the magnitude of the curva-
ture better than the model based on geometrically linear
analysis. Some discrepancy between the most advanced
nonlinear model and the experiment are still present, though.
Table III shows the convergence behavior of the FE model
as a function of the total number of elements for bilayer
sample with an initial length l0 = 15 mm and thickness ratio
X = 4.

(3) Effect of Initial Length and Thickness Ratio
Different finite element models based on geometrically non-
linear analysis have been developed to simulate the curvature
evolutions for samples with different initial length and thick-
ness ratio. As explained above, the respective initial deforma-
tions at the onset the sintering for all the samples are
considered while building the bi-layer models.

Figure 6 shows the curvature measurements of three dif-
ferent bilayers of CGO/LSM tapes with the same initial
thickness ratio of X ¼ h01

h02
¼ 4 but different initial length

lo = 15, 25, and 40 mm. For the sake of comparison, the ini-
tial curvature of all the samples is adjusted to zero. If there
was no effect of gravity on the development of the distor-
tions, all the three bilayer systems should have shown the
same evolutions of curvatures. This is because the internal
stresses balance over the thickness of the layers which makes
the curvature to be affected only by the thicknesses in addi-
tion to the material properties.9–11 However, it is observed
that the curvature varies depending on the length of the sam-
ples where less curvature is shown as the length of the sam-
ple increases because of gravity.

Figure 6 also shows the model predictions for curvatures
of bilayers simulated for the three different samples described
above. The variation of curvature with the length of the sam-
ples is also verified by the finite element models. The influ-
ence of gravity is pronounced when the length of the bilayer
increases due to longer arm span of the distorted sample,
which increases the effect of gravitational weight opposing
the development of the distortion.

Similarly, three separate experiments and simulations have
been made for bilayer geometries consisting of the same ini-
tial length lo = 25 mm but different thickness ratios of
X ¼ h01

h02
¼ 2; 4; and 6. The simulations were used to study the

effect of the initial thickness ratio of the layers on the curva-
ture evolution, Fig. 7.

It is observed that for a bilayer having a thickness ratio of
X = 2, the distortion is very large and it reduces with increas-
ing thickness ratio. The trend shown in the experiments has
also been verified by the finite element models built with dif-
ferent thickness ratios as shown also in Fig. 7. For the sake
of comparison, the initial curvatures of all the samples have
been adjusted to zero.

Although the model accounts for most of the known
effects including geometric nonlinearity, some discrepancies
between the model predictions and experimental measure-
ments in all the bilayers are observed, see Figs. 6 and 7.
These might be due to stress relaxation that results from
some observed microcrack growth close to the interface of
the bilayer after de-binding and/or during the sintering cycle.
Microcracks close to the interface between the CGO and
LSM layer and also around the surface of the CGO layer
has been observed by SEM images taken from the bilayer
samples at the end of the sintering cycle, see Fig. 8.

Development of microcracks especially in the constraining
layer can reduce the stress development in the bilayer result-
ing in small curvature development. A similar observation is
reported by Ollagnier et al.3 The effect of micro-cracks is
more pronounced when there is a very large stress as in the
case of bilayer with initial thickness ratio X = 2, as seen on

Table III. Mesh Convergence Behavior of the Finite Element

Model (for Bilayer Sample with an Initial Length of 15 mm

and Thickness Ratio of 4)

Total number of elements Maximum curvature (1 m�1)

200 93.62
250 100.21
390 112.43
940 136.84
1275 139.22
1850 140.01
2861 140.12

Fig. 6. Comparison of curvature evolutions for three bilayers with
different initial lengths (solid lines) together with the corresponding
model predictions (dashed lines).

Fig. 7. Comparison of curvature evolutions for three bilayers with
different initial thickness ratios (solid lines) together with the
corresponding model predictions (dashed lines).
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Fig. 7 showing larger discrepancy between the model and
experiments compared to the others. Other effects such as an-
isotropies in the pore-grain structure, which has not been
considered in this work, could also explain the discrepancies
between the models and experiments. Continuum theory of
sintering, in its current state, is not able to account for these
losses of continuity. The continuum theory of sintering could
be combined with damage models 34 or meso-scale models35–
37 in order to describe the development of these micro-cracks
and the consequent reduction of stresses. It is beyond the
scope of this work to pursue such enrichments of the contin-
uum theory of sintering.

In addition to the micro-cracks in the bilayer samples, the
simplified constitutive models used in this study, for example,
to describe sintering stress and creep properties could be the
other factors for the discrepancy between the model and the
experiments. For instance, the limitations of linear-viscous
models, originally developed for bodies that sinter by viscous
flow, are discussed by Garino et al.38 Furthermore, the effec-
tive sintering viscosity could be described by more rigorous
models which can account for additional parameters, e.g.,
grain size, as described by Arg€uello et al.39 with more experi-
mental works. Summary of the different models for sintering
viscosity can also be found in Ref. [14].

As an example of how the change in the final curvature as
a function of the initial thickness ratio of the layers after 8 h
of sintering has also been shown in Fig. 9. The change in
curvature is drastic for the range in the thickness ratio of
0 < X < 2. By increasing the thickness of the slowly shrink-
ing layer, in this case the CGO layer, it is possible to signifi-
cantly reduce the curvature at the end of the sintering cycle.

(4) Effect of Friction
Finally the effect of friction between the edges of the sample
and the surface of the sintering furnace has also been investi-
gated. Two bilayers with the same initial length and thickness

ratio of CGO and LSM tapes were cofired in different orien-
tations. In the first orientation, the bilayer sample is cofired,
where it is placed in such a way that the CGO layer is on the
bottom side. The opposite is made in the second orientation
i.e., the bilayer sample is placed in a way that the CGO layer
is on the top side of the bilayer. Figure 10 shows the curva-
ture evolutions measured during the sintering cycle. In the
second orientation where the curvature is growing towards
the LSM tape, in contact with the support surface, it is
shown that the distortion is retarded compared to the first
orientation. This is clearly due to the friction between the
sample edges and the surface of the sample support hindering
the kinetics of distortion. Furthermore the bumpy kinetics of
distortion (curvature plot) in the second orientation clearly
indicates the effect of friction. Note here that the curvature
of the bilayer in the first orientation is opposite to the second
one. The curvatures are plotted with opposite signs and nor-
malized to zero at the start of the sintering for the sake of
comparison.

V. Conclusions

A finite element model based on the continuum theory of
sintering were developed to justify the distortions during sin-
tering experiments of bilayers composed of LSM and CGO
tapes. Free shrinkage kinetics of both tapes were used to
estimate the input parameters necessary for finite element

(a)

(b)

Fig. 8. Microcracks observed in the bilayers at the end of the
sintering cycle (a) micro-cracks at the interface of the layers and (b)
micro-cracks at the surface of the CGO layer.

Fig. 9. Variation of final curvatures after sintering for 8 h as a
function of initial thickness ratio.

Fig. 10. Curvature evolution of the same bilayer samples in
different orientations showing the effect of friction.
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models. Systematic studies on the effect of factors like gravity
and friction together with the initial geometries on the kinet-
ics of distortions of bilayers during sintering is presented.
The finite element model simulations were able to capture
the observed behaviors of distortions during different sets of
experiments involving different bilayers. Some discrepancies
are still observed, and it was speculated that these were due
to stress relaxation near the interfaces of the bilayers due to
micro-crack growth. Understanding the effect of factors like
gravity and friction during sintering of bilayered porous
structures could be helpful to reduce the shape distortion
problems usually observed during cofiring.
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Abstract

Since its onset, tape casting has been used to produce thin layers of ceramics that can be used
as single layers or can be stacked and laminated into multilayered structures. Today, tape casting
is the basic fabrication process that provides multilayered capacitors and multilayered ceramic
packages. In addition, many startup products such as multilayered inductors, multilayered varistors,
piezoelectrics, ceramic fuel cells and lithium ion battery components are dependent upon tape
casting technology. One of the growing sciences in the processing of ceramics by tape casting is
the use of fluid flow analysis to control and enhance the final tapes. The fluid dynamics analysis
of the ceramic slurries during tape casting is an efficient mean to elucidate the physical parameters
crucial to the process. A review of the development of the tape casting process with particular focus
on modelling the material flow is presented and in this context the current status is examined and
future potential discussed.

Keywords: tape casting, fluid flow, rheology, non-Newtonian, modelling
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Nomenclature

English Letters
A Area (m2) l Reservoir tapered length (mm)
A0 Integral constant n Power law constant
A1 Integral constant p Pressure (Pa)
A2 Integral constant T Stress tensor
d Reservoir length (mm) t Time (s)
F Force (Pa ·m2) u Velocity (mm/s)
g Gravity acceleration (m/s2) v0 Substrate velocity (mm/s)
H0 Initial slurry height (mm) vc Critical velocity (mm/s)
h Doctor blade height (mm) W Doctor blade width (mm)
k Consistency of fluid (Pa · sn)

Greek Letters
α Side flow factor ρ Density (kg/m3)
γ̇ Shear rate (s−1) τ Shear stress (Pa)
δ Tape thickness (µm) τ0 Yield stress (Pa)
θ reservoir tapered angle (deg) τB0 Bingham yield (Pa)
λ Time constant (s) τH0 Herschel-Bulkley yield (Pa)
µ Dynamic viscosity (Pa · s) ψ Constant
µ0 Zero shear viscosity (Pa · s) χ Constant
µ∞ Infinite shear viscosity (Pa · s) $ Pressure/viscous ratio
µB Bingham viscosity (Pa · s)

Subscripts
0 Zero shear rate point B Bingham model
∞ Infinite shear rate point

Superscripts
B Bingham model H Herschel-Bulkley model

1. Introduction to tape casting

Tape Casting was first introduced in the 1940s during the second world war when there was
a serious lack of the quartermaster materials to produce mica capacitors [1]. In tape casting,
sometimes referred to as the doctor-blade process, the slurry is spread over a surface using a carefully
controlled blade referred to as a doctor blade. The schematic of the tape casting process from
beginning (powder preparation) to the end, is illustrated in Figure 1. The tape casting process was
firstly reported publicly in 1947 by Howatt et al. [1] to produce thin ceramic sheets for usage of
capacitor dielectrics, and was shortly after applied to industrial production of ceramic capacitors
[2].

Years after in 1967, Stetson and Gyurk [3] prepared alumina (Al2O3) substrates by tape casting,
which were used as substrates for thin film circuits, devices, and integrated circuits. Meanwhile,
Schwartz and Kirkpatrick [4] together with the IBM corporation developed a layer packaging ma-
terial for use in computers by means of the tape casting process. In the 1970s many new products
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were successfully developed and a number of tape casting applications emerged [5–7]. Many works
on materials development and process improvement were published in 1980s-1990s [8–16]. Basically
this era was a period in which the technology matured and new applications were being explored,
such as the production of thin membranes for fuel cells [17, 18]. Most of the work later on is ded-
icated to the different material investigations and development of different products by means of
tape casting.

Figure 1: The tape casting process [19].

In general, the flow behavior of a fluid system can be analyzed using the principles of fluid
dynamics. There have been extensive studies on fluid dynamics and transport phenomena in pro-
cessing organic engineering materials, e.g., petroleum and polymers [20–24]. The same principles
are applicable to the flow of ceramic slurries during the tape casting process. However, taking a
closer look at the tape casting process, one will find that it is a multidisciplinary field combining
different aspects to investigate. The most important aspects that have been investigated rely on
the fluid behavior (rheology of fluid) and numerical/analytical models to simulate the process with
the aforementioned rheology behavior taken to account.

1.1. Applications of tape casting
As mentioned earlier, the initial motivation for the tape casting process was to produce thin

ceramic sheets for usage in the capacitors. However, after almost 60 years, the usage of the tape
casting process has become more broad in the ceramic industry. A summary of the different appli-
cations of tape casting will be given below.

1.1.1. Substrates
For many years almost all of the (single-layered) substrate materials produced for the electronics

industry were manufactured by tape casting. Substrates can be defined as the carrier or “backbone”
of the electronic circuit. They are the ceramic insulator upon which the circuitry is deposited and
patterned. These substrates range in size from as small as 6 × 6mm (0.25 × 0.25in) to as large
as 30 × 30cm (12 × 12in), and in some cases larger sizes has been produced. What all of these
substrates have in common is their very small thickness, usually 1.5mm (0.060in) or less.

1.1.2. Multilayered ceramics
Multilayered ceramic packages (MLC) would not exist if tape casting had not been invented

[9]. The basis for the multilayer industry is the ability to individualize layers with respect to
metallization and via interconnections and then to laminate a set of these individual layers together
into a package that can be sintered into a monolithic structure. Multilayered ceramic packages
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with as few as two layers up to structures with as many as a hundred or more layers are common
in the electronic ceramics industry today [25]. Moreover, multilayered ceramics produced by tape
casting, have also been developed and used for flue gas purification [26], thus underlying the growing
diversity of today’s applications of the tape casting process.

1.1.3. Solid oxide fuel cell (SOFC)
Solid oxide fuel cells (SOFCs) are generally based on the same principle as the oxygen sensor,

where the electrical energy is produced from a reaction of gases such as hydrogen and oxygen or
natural gas and oxygen with water as a by-product [27]. The electrolyte in these fuel cells is the
stabilized zirconia, which becomes a conductor of oxygen ions at elevated temperatures. In many
cases the zirconia membrane, which is relatively large in the x and y directions and has a very thin
cross section ( z in Figure 2) is manufactured by tape casting.

Figure 2: (a) Schematic illustration of a SOFC, (b) cross-sectional fracture surface of anode support, anode and
electrolyte produced by tape casting after application of cathode and current collector and second firing step [28].

1.1.4. Functionally graded materials (FGMs)
A considerable amount of research has been conducted recently to produce functionally gra-

dient materials (FGMs) for a wide variety of applications, e.g. [29, 30]. The ability to tape-cast
and laminate several layers of materials with differing chemical compositions makes these FGMs
possible [31, 32]. Although FGMs produced by tape casting are used for different applications,
i.e. metal/ceramic composites and electronically graded composites, the newly developed FGMs
for magnetic refrigeration applications [33] (see Figure 3) are of particular interest, and this will be
discussed in detail in section 5.
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Figure 3: Schematic illustration of the newly developed method of tape casting to produce FGMs for magnetic
refrigeration applications [33].

2. Rheology of fluids

Rheology is the study of the flow of matter, primarily in the liquid state, but also as soft solids
or solids under conditions in which they respond with plastic flow rather than deforming elastically
in response to an applied force. It almost applies to everything, but it is interesting to study for
the listed materials which have a complex molecular structure, such as muds, sludges, suspensions,
polymers and other glass formers (e.g., silicates), as well as many foods and additives, bodily fluids
(e.g., blood) and other biological materials.

Most low molecular weight substances such as organic and inorganic liquids, solutions of low
molecular weight inorganic salts, molten metals and salts, and gases exhibit Newtonian flow char-
acteristics, i.e., at constant temperature and pressure, in simple shear, the shear stress (τ) is pro-
portional to the rate of shear (γ̇) and the constant of proportionality is the well-known dynamic
viscosity (µ). Such fluids are classically known as Newtonian fluids, albeit the notion of flow and
of viscosity predates Newton [34]. For most liquids, the viscosity decreases with temperature and
increases with pressure. For gases, it increases with both temperature and pressure [35]. In general,
the higher the viscosity of a substance in tape casting, the more resistance it presents to flow.

During the past 50-60 years, there has been a growing recognition of the fact that many sub-
stances of industrial significance, especially of multi-phase nature (foams, emulsions, dispersions
and suspensions, slurries, for instance) and polymeric melts and solutions (both natural and man
made) do not conform to the Newtonian postulate of the linear relationship between (τ) and (γ̇)
in simple shear, for instance. Accordingly, these fluids are variously known as non-Newtonian, non-
linear, complex, or rheologically complex fluids. Indeed, so widespread is the non-Newtonian fluid
behavior in nature and in technology that it would be no exaggeration to say that the Newtonian
fluid behavior is an exception rather than the rule.

2.1. Newtonian fluids
The first models that were developed for the flow analysis in tape casting were based on a simple

Newtonian assumption, i.e.:

τ = µ

(
∂u

∂y

)
= µγ̇ (1)

In paticular, the first model for predicting the tape thickness was developed by Chou et al. [36].
In their work Newtonian behavior was used and they assumed that the flow in the parallel doctor
blade region was a linear combination of pressure and drag flow. The Newtonian fluid assumption
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was also used by Gaskell et al. [37] to investigate the impact of the reservoir geometry on the
flow behavior inside the tape caster. Kim et al. [38] developed an analytical model to investigate
the impact of the relative magnitudes of the driving forces (wall shear and pressure gradient)
on the resulting tape thickness. They also compared the beveled and parallel blades in terms
of productivity, minimum thickness, and potential influence on particle alignment. The authors
of the present work [39] also used the Newtonian fluid assumption in the numerical modelling of
fluid flow in the doctor blade region by further developing existing models from literature [39] and
introducing a non-dimensional tape thickness. However, in the tape casting process of ceramics the
slurry seldom behaves like a Newtonian fluid, and consequently more general non-Newtonian fluid
description should be applied if higher accuracy models are the goal. This will be addressed in more
detail in the next section.

2.2. Non-Newtonian fluids
The simplest possible deviation from the Newtonian fluid behavior occurs when the simple shear

data τ − γ̇ does not pass through the origin (equation (1)) and/ or does not result into a linear
relationship between τ and γ̇. Conversely, the apparent viscosity, defined as τ/γ̇, is not constant
and is hence a function of τ or γ̇. Indeed, under appropriate circumstances, the apparent viscosity
of certain materials is not only a function of flow conditions (geometry, rate of shear, etc.), but it
also depends on the kinematic history of the fluid element under consideration. It is convenient,
though somewhat arbitrary, to group such materials into the following three categories:

1. Systems for which the value of γ̇ at a point within the fluid is determined only by the current
value of τ at that point; these substances are variously known as purely viscous, inelastic,
time-independent or generalized Newtonian fluids (GNF).

2. Systems for which the relation between τ and γ̇ shows further dependence on the duration of
shearing and kinematic history; these are called time-dependent fluids.

3. Systems which exhibit a blend of viscous fluid behavior and of elastic solid-like behavior. For
instance, this class of materials shows partial elastic recovery, recoil, creep, etc. Accordingly,
these are called visco-elastic or elastico-viscous fluids.

As noted earlier, the aforementioned classification scheme is quite arbitrary, though convenient,
because most real materials often display a combination of two or even all these types of features
under appropriate circumstances. For instance, it is not uncommon for a polymer melt to show
time-independent (shear-thinning) and visco-elastic behavior simultaneously and for a china clay
suspension to exhibit a combination of time-independent (shear-thinning or shear-thickening) and
time-dependent (thixotropic) features at certain concentrations and /or at appropriate shear rates.
Generally, it is, however, possible to identify the most dominant non-Newtonian aspect and to use it
as basis for the subsequent process calculations. In the following the time-independent fluids (first
category) will be discussed in more detail, since they represent quite well the fluid behavior in the
tape casting process [40–51].

As noted above, in simple unidirectional shear, this sub-set of fluids is characterized by the
fact that the current value of the rate of shear at a point in the fluid is determined only by the
corresponding current value of the shear stress and vice versa. Conversely, one can say that such
fluids have no memory of their past history. Thus, their steady shear behavior may be described
by a relation of the form,

γ̇yx = f(τyx) (2)

Depending upon the form of equation (2), three possibilities exist:
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1. Shear-thinning or pseudoplastic behavior (power law)
2. Visco-plastic behavior with or without shear-thinning behavior (Bingham-plastic and Herschel-

Bulkley)
3. Shear-thickening or dilatant behavior

Figure 4 shows qualitatively the flow curves (also called rheograms) for the above-noted three
categories of fluid behavior [39]. The third type of the non-Newtonian fluids (dilatant) will not be
discussed in the present review, since it is not relevant for tape casting.
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Figure 4: Rheological classification of different flows [39].

2.2.1. Shear-thinning
This is probably the most widely encountered type of time-independent non-Newtonian fluid

behavior in engineering practice. It is characterized by an apparent viscosity µ (defined as τyx/γ̇yx)
which gradually decreases with increasing shear rate. In polymeric systems (melts and solutions),
at low shear rates, the apparent viscosity approaches a Newtonian plateau where the viscosity is
independent of shear rate (zero shear viscosity, µ0).

lim
γ̇yx→0

τyx
γ̇yx

= µ0 (3)

Furthermore, only polymer solutions also exhibit a similar plateau at very high shear rates
(infinite shear viscosity, µ∞), i.e.,

lim
γ̇yx→∞

τyx
γ̇yx

= µ∞ (4)

In most cases, the value of µ∞ for the solution is only slightly higher than the solvent viscosity µ0.
Figure 5 shows this behavior in a shear-thinning solution embracing the full spectrum of values going
from µ0 to µ∞. Obviously, the infinite-shear limit is not seen for polymer melts and blends, or foams
or emulsions or suspensions. Thus, the apparent viscosity of a pseudoplastic substance decreases
with the increasing shear rate. The values of shear rate marking the onset of shear-thinning is
influenced by several factors such as the nature and concentration of polymer, the nature of solvent,
etc for polymer solutions and particle size shape, concentration of solids in suspensions, for instance.
Therefore, it is impossible to suggest valid generalizations, but many polymeric systems exhibit the
zero-shear viscosity region below γ̇ < 10−2s−1 [52]. Usually, the zero-shear viscosity region expands
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as the molecular weight of polymer falls, or its molecular weight distribution becomes narrower, or
as the concentration of polymer in the solution is reduced.
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Figure 5: An example of shear-thinning behavior.

The next question which immediately comes to mind is how the fluid behavior can be approx-
imated. Over the past 100 years or so, many mathematical equations of varying complexity and
forms have been reported in the literature; some of these are straightforward attempts at curve
fitting the experimental data (τ − γ̇) while others have some theoretical basis (blended with em-
piricism) in statistical mechanics as an extension of the application of kinetic theory to the liquid
state, etc. [53]. While extensive listing of viscosity models is available in several books e.g., see,
Ibarz and Barbosa-Canovas [54] and Govier and Aziz [55], a representative selection of widely used
expressions is given here.

Power Law or Ostwald-de Waele law
Often the relationship between shear stress (τ)-shear rate (γ̇) plotted on log-log co-ordinates for

a shear-thinning fluid can be approximated by a straight line over an interval of shear rate, i.e.,

τ = k · γ̇n (5)
or, in terms of the apparent viscosity,

µ = k · γ̇n−1 (6)
Obviously, 0 < n < 1 will yield dµ/dγ̇ < 0, i.e., shear-thinning behavior fluids are characterized

by a value of n (power-law index) smaller than unity. Many polymer melts and solutions exhibit
the value of n in the range 0.3 − 0.7 depending upon the concentration and molecular weight of
the polymer, etc. Even smaller values of power-law index (n ∼ 0.1 − 0.15) are encountered with
fine particle suspensions like kaolin-in-water, bentonite-in-water, etc [52]. Naturally, the smaller the
value of n, the more shear-thinning the material is. The other constant, k, (consistency index) is a
measure of the consistency of the substance.

Although, equations (5) or (6) offer the simplest approximation of shear-thinning behavior, it
predicts neither the upper nor the lower Newtonian plateaus in the limits of γ̇ → 0 or γ̇ → ∞.
Besides, the values of k and n are reasonably constant only over a narrow interval of shear rate
range hence one needs to know a priory the likely range of shear rate to be encountered in an
envisaged application.
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The power law model is the most common used constitutive behavior for the rheology of the
ceramic slurry in tape casting. Pitchumoni and Karbhari [56] evaluated the effects of an imposed
pressure gradient due to the height of the slurry in the casting head, as well as those of the drag
due to the moving substrate on the slurry flow by modelling the slurry discharge as a generalized
power law flow. Tok et al. [57] also used the power law constitutive model in analytical modelling
of flow below the doctor blade region and the resultant tape thickness. The power law constitutive
behavior was also implemented in the quasi-steady state analytical model developed by the authors
[58], capable of modelling a non-constant height of the ceramic slurry in the reservoir and its
resultant variation in the tape thickness. A 2D simulation of a power law ceramic was conducted
by the authors [59] in combination with a multiphase model (VOF) to track the free surface of
the La0.85Sr0.15MnO3 (LSM) ceramic slurry. More specifically, the power law behavior is given in
equation (7) and shown in Figure 6.

τ = 3.31
(
∂u

∂y

)0.90
(7)
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Figure 6: Rheology behavior of LSM ceramic [58].

The Cross/Carreau viscosity
In order to rectify some of the weaknesses of the power-law, Cross [60] presented the following

empirical form which has gained wide acceptance in the literature. In simple shear, it is written as

µ− µ∞
µ0 − µ∞

= 1
1 + k · γ̇n

(8)

It is readily seen that for n < 1, this model also predicts shear-thinning behavior. Furthermore,
the Newtonian limit is recovered here when k → 0. Though initially Cross [60] proposed that
n = 2/3 was satisfactory for numerous substances, it is now thought that treating it as an adjustable
parameter offers significant improvement in terms of the degree of fit [52]. Evidently, equation (8)
correctly predicts µ = µ0 and µ = µ∞ in the limits of γ̇ → 0 and γ̇ → ∞ respectively. The
Cross model was used by Wonisch et al. [40] in the tape casting for numerical modelling both the
macroscopic flow behavior and the orientation of individual particles inside the ceramic slurry.

The inherent deficiencies in the power-law model are remedied by the Carreau model [41]:
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µ− µ∞
µ0 − µ∞

= 1[
1 + (λ · γ̇)2

](1−n)/2 (9)

where λ is the time constant in seconds. The Carreau model was used by Terrones et al. [42] to
predict the tape thickness of the aqueous suspensions numerically.

2.2.2. Visco-plastic fluids
This type of non-Newtonian fluid behavior is characterized by the existence of a threshold stress

(called yield stress or apparent yield stress, τ0) which must be exceeded for the fluid to deform
(shear) or flow. Conversely, such a substance will behave like an elastic solid when the externally
applied stress is less than the yield stress, τ0. Of course, once the magnitude of the external yield
stress exceeds the value of τ0, the fluid may exhibit Newtonian behavior (constant value of µ)
or shear-thinning characteristics, i.e., µ(γ̇). It therefore stands to reason that, in the absence of
surface tension effects, such a material will not level out under gravity to form an absolutely flat
free surface. Quantitatively this type of behavior can be hypothesized as follows: such a substance
at rest consists of three-dimensional structures of sufficient rigidity to resist any external stress less
than |τ0| and therefore offers an enormous resistance to flow, albeit it still might deform elastically.
For stress levels above |τ0|, however, the structure breaks down and the substance behaves like a
viscous material. In some cases, the build-up and breakdown of structure has been found to be
reversible, i.e., the substance may regain its (initial or somewhat lower) value of the yield stress.

A fluid with a linear flow curve for |τ | > |τ0| is called a Bingham plastic fluid, and is characterized
by a constant value of viscosity µB. Thus, in one-dimensional shear, the Bingham model is written
as:

τyx = τB0 + µB γ̇yx |τyx| >
∣∣∣τB0 ∣∣∣

γ̇yx = 0 |τyx| <
∣∣∣τB0 ∣∣∣ (10)

Application of the Bingham constitutive model for the tape casting process was attempted by
Ring [43]. However, he wrongly used shear rate, rather than shear stress as a yield criterion.
The Bingham model was used by Zhang et al. [44] to model the flow behavior below the doctor
blade region and the resultant tape thickness. They proposed a critical velocity (vc) and derived
an analytical equation based on sufficient (vc ≤ v0) or insufficient (vc > v0) belt velocity (v0) to
overcome the yielding point. Joshi et al. [45] also used the Bingham model in their analytical
models to predict the tape thickness and compared with the corresponding data from Huang et al.
[46]. The Bingham constitutive model was also used for analytical modelling of the fluid flow in a
two doctor blade configuration by the authors [47], however this will be discussed later in section
(3.1.3).

3. Modelling approaches

When dealing with the flow in tape casting, the coupled momentum and continuity equations
should in general be solved:

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+∇ · T + F (11)

∂ρ

∂t
+∇ · (ρu) = 0 (12)
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where ρ is density, u is velocity, p is pressure, T is stress tensor and F is the contribution from
external forces. Here, the momentum equation (11) expresses Newton’s second law of motion, and
the continuity equation (12) ensures conservation of mass. The aforementioned equations can be
solved either analytically or numerically. In the following a review of the existing models for tape
casting will be presented.

3.1. Analytical models
It is well-known that analytical solutions to the coupled flow equations given above are limited

to relatively simple cases in terms of geometry, boundary conditions and material properties. This
is certainly also the case for the relatively few analytical solutions for the flow in tape casting. More
specifically only 1D flow is considered, constant material data is assumed as well as incompressible
behavior of the slurry. Moreover, only steady state or quasi-steady state conditions are considered.
Under these assumptions it is possible to develop some relatively simple, yet highly applicable
analytical solutions for the flow in the doctor blade region in tape casting. The most important of
these solutions will be presented next.

3.1.1. Steady state model
In order to express the volume flow and thus the tape thickness, the velocity field equation in the

doctor blade region must be developed. Based on the number of doctor blades there are two kinds
of tape casters, a simple tape caster which has only one doctor blade (illustrated schematically in
Figure 7), and a double-blade tape caster in which a rear doctor blade is used to ensure a hydrostatic
pressure in front of the rear one [44].

Figure 7: Schematic geometry of the tape casting machine in 2D.

The pressure gradient inside the channel below the doctor blade is constant, since there is a
hydrostatic pressure in front of the doctor blade and it can be determined by the height of the
slurry as shown below [44],

dp

dx
= −A0 = −ρgH0

W
(13)

where ρ is the density of the slurry, g is the acceleration due to gravity, H0 is the height of the
slurry in front of the doctor blade, and W is the width of doctor blade.

By assuming an infinitely long and wide plate as compared to the thickness and combining with
momentum conservation in the x-direction under steady state conditions, we obtain the following
[44, 57], highly simplified 1D version of equation (11)
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dτ

dy
= dp

dx
(14)

where τ is the shear stress. From equations (13) and (14), τ is found to be

τ = −A0y +A1 (15)

where A1 is an integration constant.
For the power law or the Bingham fluid the shear stress, τ , is given by the constitutive equation

[44, 57]:

τ = k
(
∂u
∂y

)n
τ = τB0 + µB

(
∂u
∂y

) (16)

where it has been assumed that the only velocity component contributing to the shear rate is the
velocity in the x-direction, u.

Rewriting equations (15) and (16) and integrating along the channel height (h) we get
´ h

0 (−A0y +A1) dy =
´ h

0 k
(
∂u
∂y

)n
dy

´ h
0 (−A0y +A1) dy =

´ h
0

[
τB0 + µB

(
∂u
∂y

)]
dy

(17)

These equations compose the main structure of almost all research done to analytically model
the fluid flow below the doctor blade region [36, 38, 44, 45, 56–58]. By solving the above equations
the velocity profile below the doctor blade region (u(y)) will be found, and subsequently used to
find the tape thickness as follows

δ = 1
v0

ˆ h

0
u(y) · dy (18)

which follows from mass conservation and incompressibility of the slurry. An example of such
analytical model is illustrated in Figure 8. As seen, by decreasing the hydrostatic pressure (P ) due
to a reduction in the level of the slurry height, the velocity profile is changed and the area under
the velocity profile is decreased. Moreover, an increased substrate velocity results in decreasing the
tape thickness since the drag force is increased by increasing the substrate velocity, and it becomes
more dominant compared to the pressure force which results in more stretching of the slurry over
the peeling belt.
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Figure 8: Results of analytical modelling for (a) velocity profile below the doctor blade region with different pressure
head [45, 46], and (b) influence of the casting velocity on the tape thickness [45, 56].

3.1.2. Quasi-steady state model
By assuming that k and n are constants, equation (17) for the power law material can be solved for
u [58]

u =
(
− 1
A0 · k

1
n

)
·
(

1
1
n + 1

)
· (−A0y +A1)

1
n

+1 +A2, (0 < y < h) (19)

where A2 is another integration constant.
The boundary conditions for equation (19) in the doctor blade region of tape casting are{

u(0) = 0
u(h) = v0

}
(20)

where v0 is the velocity of the moving belt.
Applying these boundary conditions in equation (19), and introducing the expressions that

1
n + 1 = χ and −1

A0·k
1
n

= ψ, the thickness of the green tape, δ, can be determined by integrating u
over the channel height and dividing by the tape velocity as indicated in equation (18) [58], i.e.:

δ = 1
v0

ˆ h

0
u · dy =

−
[
(−A0h+A1)χ+1 − (A1)χ+1

]
v0 ·A0 · ψ · χ · (χ+ 1) +A2h (21)

Reaching at a constant tape thickness is not an impossible goal, since most of the manufacturing
processes for tape casting are of the continuous form in which the reservoir at all times is fed
by slurry. Moreover, using two doctor blades in the design of the machine will result in having
almost constant hydrostatic pressure during the casting process (see section (3.1.3)). However, it
is of great importance to control the tape thickness in small tape casters especially in small scale
production and laboratories, in which the slurry height is not constant in the reservoir but gradually
decreasing with time. This phenomenon leads to a modification of the standard steady state model
[36, 38, 44, 56, 57] making it dependent on the slurry height variation.

The steady state formulation shown previously was developed by the authors [58] based on the
continuity equation. For the quasi- steady state solution a similar approach was adopted. Thus,
assuming that the slurry is incompressible the volume of the slurry which drops down in the reservoir
is equal to the volume of the slurry which is conveyed out of the doctor blade region by the peeling
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belt. Further assuming that during the time period equal to ∆t, the height of the slurry will decrease
from the initial value of H0 to H1, the aforementioned decrease in volume (which equals the area
in the present 2D model) in the reservoir will be given as:

∆S1 =
[
d+ 1

2 · l · cos θ
(

1 + H1 + h

H0 + h

)]
· (H0 −H1) (22)

This area is moved out of the doctor blade region with the constant velocity of v0 and the
distance of v0 ×4t, hence it is equal to v0 ×∆t× δ1. The new initial height in the next time step
is now H1 and the new ∆S2 is found from using H1 as initial height in equation (22) and so forth.

As seen in Figure 8a, since the hydrostatic pressure (P ) decreases by time due to the reduction
in level of the slurry height, the velocity profile is changed and the area under the velocity profile is
decreased, and consequently the “area” out of the blade is decreased. On the contrary, decreasing
the pressure head for a constant velocity, the thickness of the tape is decreased in the exit and
vice versa. This behavior very much emphasizes the importance and relevance of the proposed
quasi-steady state model, in which the transient effect of the slurry height in the reservoir (which
resembles the pressure head) is implemented. This phenomenon can easily be seen in Figure 9,
where the tape thickness decreases in the casting direction due to the transient decrease of the
slurry height (the pressure head) in the reservoir.

Figure 9: Schematic illustration of the effect of the increased pressure head on the tape thickness (P1 > P2 > P3) [48].

3.1.3. Steady state two doctor blade model
As already mentioned, using the two doctor blade configuration is one of the ways to reach an

almost constant tape thickness in the tape casting process. The interesting thing in this case is to
control the height of the slurry in both doctor blade regions based on the desired tape thickness,
substrate velocity, consitutive behavior of the ceramic slurry and the machine design parameters
[47]. A general schematic of the two doctor blade configuration is illustrated in Figure 10. The
authors [47] have modeled analytically the velocity and the pressure field in both doctor blade
regions assuming the Bingham-plastic model for the fluid flow. The developed model then was used
to predict the height of the slurry in both doctor blade regions based on the desired tape thickness
and the belt velocity.
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Figure 10: 2D illustration of the tape casting process with two doctor blades [47].

The authors [47] showed that based on the ability of the flow to overcome the yield stress (for
the Bingham-plastic fluid), there are two different zones, i.e. a sufficient one and an insufficient one,
in which the predicted values for the slurry height and velocity profiles are totally different. The
region with the insufficient belt velocity shifts toward the higher velocities by increasing the value of
the critical velocity, vcr = A0ih

2
i

2k , (see Figure 11), when increasing the doctor blade (hi), increasing
the slurry height behind the doctor blade (Hi), decreasing the doctor blade width (Wi), and the
plastic viscosity (k), which all gives an increase in the critical velocity vcr = A0ih

2
i

2k . Moreover, the
tape thickness is always larger than the half of the doctor blade height (δ > hi/2) no matter what
belt velocity is used [47].
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Figure 11: Variation of the tape thickness by the substrate velocity for (a) h2 = 4mm, and (b) h2 = 5mm [47].

It was also found by the authors [47] that when the belt velocity is not high enough to overcome
the Bingham yield point (insufficient belt velocity), there is always a region with zero shear rate
below the doctor blade (see Figure 12), and this region decreases its width by increasing the plastic
viscosity (k). The results of the required slurry height based on the desired tape thickness as well as
the belt velocity showed that in the insufficient condition the slurry height behind both doctor blades
will increase in comparison to the sufficient condition (see Figure 13). Moreover, the variation of
the aforementioned heights are different in the sufficient and insufficient condition, showing a linear
increase for the sufficient condition. On the other hand, increasing the doctor blade width, Wi,
(or decreasing the reservoir size, di) with constant velocity and tape thickness, the required slurry
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Figure 12: Shear rates below the doctor blade region for (a) v0 > vcr and different k, and (b) v0 ≤ vcr and different
k. The value of the critical velocity in these cases is equal to 10.5 [47].

height behind the both doctor blades will be increased. The proposed model by the authors [47]
contains all main parameters which influence the process, and it has the flexibility to be used for
different slurries with different constitutive behaviors as well as different machine design.
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Figure 13: Impact of increasing the value of the tape thickness on the required height of the slurry behind both doctor
blades with (a) sufficient and (b) insufficient belt velocity [47].

3.2. Numerical models
Numerical modeling is a powerful method of visualizing the dynamic behaviour of physical sys-

tems. Numerical solutions have several advantages over analytical solutions such as being much
more intuitive and easy to handle. Thus more realistic models of greater complexity can be in-
vestigated using numerical techniques. This is certainly the case for computational fluid dynamics
(CFD) methods, which numerically solve the differential equations governing the flow, and makes
them a prime tool for analyzing manufacturing processes involving material flow. Nonetheless, only
few CFD studies have considered tape casting so far and those which did have been restricted to two
dimensions. One reason why CFD-based simulations are not widely used to simulate tape casting -
despite their obvious benefits - might be due to their complex nature, requiring extensive know-how
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and special software. In the following the numerical models used for modelling the tape casting
process will be reviewed.

3.2.1. General fluid flow
The first numerical model to solve the fluid in tape casting was introduced by Loest et al. [49],

where the finite element method (FEM) was used for the forming flow of ceramic tapes having
viscoplastic Bingham behavior with a yield stress. In their work the flow domain encompassed both
the slurry reservoir and the doctor-blade region with free surface (the free surface modelling will be
discussed in detail in part 3.2.2) and was two-dimensional. They changed the design of the doctor
blade from being a straight wall to a tapered one to avoid recirculation.

Gaskell et al. [37] modeled the fluid flow in the reservoir region of the tape casting process
numerically using a linear finite element formulation. Their analysis showed that the flow is char-
acterized by an ever-present primary recirculation, adjacent to the moving substrate, and that the
size and number of secondary recirculations above the primary one depend upon both the aspect
ratio of the reservoir (height over width) and the angle of inclination of the side walls (see Figure
14).

Figure 14: Flow pattern inside the reservoir solved by (a) finite element formulation [37], and (b) corresponding finite
volume modelling conducted by authors.

The first numerical model based on the finite volume method was conducted by the authors
[39]. The flow field was computed inside the reservoir and below the doctor blade region. Based on
the velocity profiles obtained below the doctor blade region the tape thickness was predicted for a
Newtonian fluid.

Wonisch et al. [40] also conducted a CFD calculation in the tape casting process. They used
smoothed particle hydrodynamics (SPH) to simulate the flow of the non-Newtonian fluid, and
consequently the orientation of the particles (and resultant anisotropic particle alignment) was
predicted by Jeffery’s equations of motion.

3.2.2. Free surface tracking
Flow processes often involve the presence of free surfaces, the tracking of which has significant

impact on the manufacturing and the final quality of the product. Examples abound, e.g., casting
processes, mold filling, thin film processes, extrusion, coatings, spray deposition, fluid jetting devices
in which material interfaces are inherently present. Several CFD methods have been developed in
the last decades with the aim of simulating such complex flows with free surfaces. Two very well-
known examples of this are the volume of fluid (VOF) and level set methods. In general, there are a
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lot of different research papers which are dedicated to free surface modelling, different interpolation
schemes, liquid/gas phase flow, multi fluid flow, multiphase flow and different numerical methods
to simulate the flow field with the presence of an interface [50].

As previously introduced, Loest et al. [49] conducted FEM simulations on tape casting com-
bined with a free surface model. Though, their results showed that the free surface tracking was
implemented in the close region to the doctor bled region. The authors [59] modeled the flow of a
slightly non-Newtonian ceramics slurry with the power law constitutive behavior as well as tracking
the free surface. They also investigated the different interface capturing methods in modelling of free
surface tracking of tape casting, and reported that the Compressive Interface Capturing Scheme for
Arbitrary Meshes (CICSAM) method is the most reliable scheme for capturing of the free surface in
the modelling of the tape casting process [50]. Apart from this, the authors presented a coupled fluid
flow-multiphase model to predict the influence of the process parameters on the side flow, as the
flow leaves the doctor blade region [51]. Some 3D results for the flow of the (La0.85Sr0.15)0.9MnO3
(LSM) slurry in the tape casting process are illustrated in Figure 15. The LSM slurry showed to
follow the power law constitutive behavior for the viscosity as τ = 3.31 · γ̇0.90.

Figure 15: Flow of LSM ceramic slurry in tape casting in different simulation time (a) 2.5 sec, (b) 5 sec, and (c) 7.5
sec. The dark blue surface is the symmetry plane.

There is also ongoing research regarding the tape casting process, fluid flow modelling, and
multiphase models, which has been conducted by the authors and this will be discussed in detail in
part 5.

4. Process parameters

In general, for any manufacturing process, it is of great interest to identify the affecting parame-
ters on the quality of the final product and evaluate their impact. Tape casting is no exception and
in this process the parameters of interest are material composition in the slurry, physical properties
(i.e. density), dimensions (design) of the machine, and the speed of the process (also known as the
substrate velocity). Specifically, thickness control is of critical importance in tape casting, since
this substantially affects the final properties of the tape. Having a uniform tape thickness along
the casting direction is very often the final target, and in the following the influence of different
parameters on this will be reviewed.

4.1. Material properties
The material properties considered here, are the ones describing the constitutive behavior of

the flow used in tape casting. Considering the density as constant, the viscosity changes have an
important influence on the tape thickness. The rheological classification of the flow was discussed
shortly before in part 2 and an example of the changes in the materials function (n) was illustrated
in Figure 8b for a power law material.
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4.2. Tape caster machine
Almost in all of the works done on the modelling of tape casting [36, 38, 39, 44–46, 50, 51, 56–

59], the influence of the tape casting machine design and geometry on the final tape thickness was
investigated. All analytical models developed are somehow taking into account the tape caster
dimensions and the constitutive behavior of the material. There are three important parameters
(regardless of material properties) in the tape casting process that are of the great interest to
investigate and easy to change in the real life experiments, i.e. the substrate velocity, doctor blade
height, and the slurry load (slurry height in the reservoir).

4.2.1. Substrate velocity
Figure 16 shows the effect of the substrate velocity on the dried tape thickness based on ex-

perimental findings as well as steady state and quasi-steady state analytical models for the same
set-up [58]. As seen from the figure for all types of data, an increased substrate velocity results
in decreasing the tape thickness. More specifically, it is found that the tape thickness decreases
hyperbolically with substrate velocity [36, 56], which is also seen from equation (21). From previous
works [36, 39, 56], it was found that when the drag force is increased by increasing the substrate ve-
locity it becomes more dominant as compared to the pressure force which results in more stretching
of the slurry over the peeling belt. Figure 16 shows that the quasi-steady state model proposed by
the authors [58] is in better agreement with corresponding experiments as compared to the steady
state model, since in the quasi-steady state model the effect of decreasing the level of the slurry
height is taken into account.
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Figure 16: Effect of substrate velocity on tape thickness with a doctor blade height of 1 mm [58].

4.2.2. Doctor blade height
The effect of the doctor blade height on the tape thickness is illustrated in Figure 17. It is seen

that increasing the doctor blade height leads to a higher tape thickness which is expected. However,
the difference between the curves in Figure 17 is decreased by increasing the velocity. For a constant
pressure height, increasing the doctor blade height results in more material being carried out of the
doctor blade region. This means that the thickness of the tape will be increased. As mentioned
before, for high casting velocities (substrate velocity) the drag force becomes more dominant. The
increase of the tape thickness coming from a higher doctor blade gap is reduced as the velocity is
increased.
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Figure 17: Results of modelling for effect of doctor blade height on the tape thickness [58].

Another comparison between the quasi-steady state model, steady state model and experimental
results is shown in Figure 18 [58]. It can be seen that the proposed model by the authors [58] is in
better agreement with experiments in comparison to the steady state model. The highest deviation
between data was observed for the higher values of the doctor blade height.
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Figure 18: Comparison of the quasi-steady state model proposed by the authors with steady state model and experi-
ments for v0 = 3.67mm/s [58].

4.2.3. Slurry load
The slurry load, known as the hydrostatic pressure, is the other main parameter which influences

the final tape thickness. This parameter is a direct consequence of the height of the fluid behind
the doctor blade region (4P = ρgH). Using this, it is possible to define one single parameter which
determines the shape of the velocity profiles as well as the wet tape thickness and this is the ratio
of pressure force to viscous force ($) [38, 39]

$ = 4P · h2µWv0
(23)

As illustrated in Figure 19 increasing the value of the aforementioned ratio ($) results in in-
creasing of the velocity shape (area) below the doctor blade region, and as shown before in Figure
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9, this leads to an increase of the tape thickness.
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Figure 19: The non-dimensional velocity profile in the doctor blade region on the basis of different $ [39].

In most existing models [36, 38, 39, 44, 45, 56, 57] this ratio is assumed to be constant. However,
as already discussed in part 3.1.2 the height of the slurry inside the reservoir is not constant, but
decreasing by time [58]. As seen from Figure 20 the thickness of the tape in the beginning of a strip
(which is the part leaving the doctor blade region first) is higher than the end of a strip. This is
due to the higher level of material in the reservoir in the beginning of process. As time passes the
height of the slurry in the reservoir decreases and consequently the resultant height of the tape will
decrease. This means that the hydrostatic pressure decreases by time and the drag forces start to
show their dominance by making the tape thinner. However, this phenomenon can of course not be
detected by the steady state model.

0 50 100 150 200

70

80

90

100

110

120

130

Distance from Doctor Blade Exit [cm]

T
ap

e
T
h
ic
k
n
es
s
[µ
m
]

 

 
Experiments
Quasi-Steady State
Steady State

Figure 20: Results of modelling and their comparison with experimental data for tape casting of LSM slurry with a
substrate velocity of v0 = 3.67mm/s and an initial slurry height of H0 = 20.8mm [58].

4.3. Side flow
As already discussed in the tape casting process the dried tape thickness is of great interest

to control for the desired products and applications. One of the parameters that influences the
final tape thickness is the side flow factor (α) which is mostly measured at the end of the process
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by a volumetric comparison of the tape which flowed outside the casting width to the tape within
the casting width. Although this side flow in tape casting is of relatively limited magnitude it is
interestingly enough always mentioned as an influencing parameter in the calculations of the tape
thickness and always measured experimentally [36, 39, 45, 57–59]. The authors have presented the
first example in literature where the side flow factor (α) is predicted numerically [51]. Moreover,
they investigated the influence of the process parameters, i.e. substrate velocity, doctor blade height
and slurry height, on the side flow factor (see Figure 21).

The effect of substrate velocity on the side flow factor is illustrated in Figure 21a. The results
showed that by increasing the velocity of the peeling belt, the value of the side flow factor will be
increased, which means that the slurry flows less towards the sides. This is due to the increase of
the drag forces in the casting direction compared to the side direction, which gives the slurry less
possibility to flow towards the sides. Note that the side flow factor is defined in such a way, that
when the side flow increases, the side flow factor decreases. As shown in Figure 21b, by increasing
the doctor blade height, the size of the side flow factor (α) increases. For the lower value of the
doctor blade height, since the slurry height in the reservoir and the velocity of the peeling belt are
constant, the hydrostatic pressure behind the flow is higher compared to the one with the bigger
doctor blade height. Increasing the hydrostatic pressure will increase the flow to the sides and
hence lead to a decrease in the resultant side flow factor. On the other hand, due to the low velocity
used in these series of experiments, the ceramic slurry has much time to flow towards the sides
after leaving the doctor blade region. These two phenomena obviously interact, but with the bigger
doctor blade height, the effect of hydrostatic pressure decreases and leads to a decrease in the flow
to the sides and hence an increase of the side flow factor. And finally, increasing the initial slurry
height in the reservoir will increase the tape thickness (see section 4.2.3), thereby promoting the
flow towards the sides and hence decrease the resultant side flow factor (see Figure 21c).
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Figure 21: Numerical modelling and corresponding experiments values of side flow factor (α) influenced by (a)
substrate velocity, (b) doctor blade height, and (c) slurry height [51]. The dash lines are guides to the eye.

5. Advaned application

Apart from the more common applications of tape casting mentioned in the introduction, the
process is well suited for manufacturing of functionally graded materials (FGMs). The concept
of graded materials was first established by Bever and Duwez[29] for composite materials, and
then further developed for polymeric materials [30]. FGMs are materials that have a gradual
variation of material properties from one end to another. The FGMs were originally developed as
special materials which could sustain long-term exposure to high temperature and large differences
of temperature. There are different techniques to produce FGMs which are well summarized by
Kieback and et al. [61], and among them tape casting is reported extensively in literature [31, 32]
due to producing large-area, thin, flat ceramics, which can be patterned, stacked, and laminated to
form three-dimensional structures [62].

In an era of critical demand for the development of alternative energy sources, magnetic re-
frigeration attracts significant interest as an environmentally friendly and energy efficient alter-
native to conventional refrigeration [63]. The technology relies on the so-called magnetocaloric
effect (MCE), for reversible heating and cooling of magnetocaloric material (MCM) in magnetiza-
tion/demagnetization cycles [64]. It is known for ferromagnetic materials that the largest temper-
ature changes, as a response to a variation in magnetic field, occurs near the phase transition, also
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known as the Curie temperature. The Curie temperature is very sensitive to changes in electronic
or crystal structure and can thus often be chemically tuned. In order for a magnetic refrigeration
device to produce a temperature span a graded magnetocaloric material is desired, where the range
of Curie temperatures is close to that of the device temperature span. In perovskite ceramic materi-
als the Curie temperature can be tuned by a small amount of chemical doping. These materials can
then be shaped into parts using the recently proposed method of side-by-side (SBS) tape casting
[33]. Plates containing materials with two different ceramic materials have been prepared by this
method and successfully tested in a magnetic refrigeration test device [65]. A large batch of plates
containing five different Curie temperatures has recently been prepared and will soon be tested in
a large-scale magnetic refrigeration device [66].

As explained by Dinesen et al. [33], in the recently developed technique of side-by-side (SBS)
tape casting, multiple slurries are tape casted adjacently forming a single tape to produce function-
ally graded ceramics (FGCs). Then, these FGCs are used in the magnetic refrigeration process in
which there is a temperature gradient along the part (see Figure 22(a)).

One of the most important parameters which has a significant effect on the final properties of
the SBS ceramics, is the behavior of the interface (Φ) between the adjacent layers (see Figure 22(b))
[67]. The aforementioned interface in the FGCs used for magnetic refrigeration are supposed to be
close in shape to its ideal form of a 2D in-plane surface (in the y− z plane), which is perpendicular
to the substrate plane (x − y plane). However, based on the slurry properties (i.e. the density
and the viscosity) and the process conditions (i.e. the initial slurry height in the reservoir and the
velocity of the peeling belt), the interface between the two adjacent layers can vary from its ideal
shape to have different shapes as follows:

1. α1 = α2 6= 90: Φ is a planar interface.
2. α1 6= α2 6= 90: Φ is a twisted-planar interface.

Figure 22: (a) Schematic example of FGCs used in magnetic refrigeration, and (b) schematic representation of the
interface between the two adjacent layers [67].

Numerical modeling of the SBS tape casting process with two fluid entries was conducted by the
authors [67–69]. The predicted interface was investigated to understand the influence of the material
parameters of the two adjacent fluids, i.e. the density (ρ) and the viscosity (µ), on the position of
the interface. It was observed that the densities of the fluids do not influence the interface between
the adjacent fluids, whereas the viscosity of the fluids plays a key role in the interface behavior.
Specifically, it is seen that the viscosity difference (4µ) causes the fluid with lower viscosity to move
toward the one with the higher viscosity. Moreover, increasing the aforementioned difference leads
to further movement of the interface toward the fluid with the higher viscosity.

The impact of the substrate velocity was also investigated. As expected, it was found that by
increasing the substrate velocity the height of both fluids decreased. Moreover, in the presence
of the viscosity difference for the adjacent fluids, by increasing the substrate velocity the interface
moved more toward the fluid with the higher viscosity.
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Finally, it was concluded that for the magnetic refrigeration applications with the objective of
an ideal (totally perpendicular) interface between the adjacent fluids, the viscosities of the fluids
should be kept as close as possible. Moreover, in the presence of a viscosity difference (4µ), to
decrease the diffusive region, as low velocities as possible for the substrate should be used. This
is illustrated in Figure 23. This is due to an increase of the drag force by increasing the substrate
velocity (v0), which makes it more dominant compared to the pressure force, and results in more
stretching of the slurry over the peeling belt [38, 51, 56, 58, 59].
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Figure 23: The change in the predicted interface between the adjacent layers for different cases, (a) v0 = 3.67mm/s,
ρF 2 = 2ρF 1 = 4kg/m3 and µF 2 = 2µF 1 = 6Pa.s, (b) v0 = 3.67mm/s, ρF 2 = 2ρF 1 = 4kg/m3 and µF 2 = µF 1 = 3Pa.s,
(c) v0 = 7.34mm/s, ρF 2 = 2ρF 1 = 4kg/m3 and µF 2 = 2µF 1 = 6Pa.s, (d) v0 = 7.34mm/s, ρF 2 = 2ρF 1 = 4kg/m3 and
µF 2 = µF 1 = 3Pa.s. The gray lines indicate the geometry at the exit from the tape caster.

6. Concluding remarks

Tape casting technology has been developing rapidly and the commercial exploitation in manu-
facturing of different ceramic components is now growing even more rapidly. Most of the researches
made in the field of tape casting are focused on the materials characterization and the slurry for-
mulation for desired applications. However, the interest point of this review was the outlook for
modelling of the process via fluid flow simulations. Fluid flow modelling as a tool, is an efficient
mean to elucidate the physical parameters crucial to the process. Despite its benefit in simulating
a real life process, fluid dynamic calculations have some complexity to overcome, which is the case
lead to conduct analytical solution for a specific governing equation. This has been more common
for the tape casting process, as the analytical models were developed to control the tape thickness.
Most of the aforementioned models contain the rheological behavior of the ceramic slurry as well
as the tape caster configuration, i.e. casting speed, doctor blade height and the height of the slurry
in the reservoir. As reported by almost all researchers in the field, the Ostwald-de Waele power law
model as well as the Bingham model are the common non-Newtonian models for the flow behavior
of the ceramic slurry. The literature reviewed in this paper shows that most of the researchers have
focused on the development of various analytical models to increase the precision of the predicted
thickness of the produced tape, as one of the most affecting parameters in the final quality of the
ceramic layers.

In addition to the development in the analytical models, some researchers have tried to model
the flow of the ceramic slurry in tape casting numerically. Back into the 1990s (1994-1997), the
initial numerical models were mostly dealing with the flow simulation inside the reservoir as well
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as the doctor blade region. However, since then strong models have been developed to simulate
the tape casting process as the computational size of the computers has increased. Except for one
important contribution made by a group in Germany which has been published in 2011, most of
the numerical models developed in the field were developed by the authors. The current numerical
models can simulate the flow in tape casting capable of capturing the interface of the ceramic slurry.
All parameters of the tape casters (i.e. casting speed, doctor blade height and the height of the
slurry in the reservoir) together with different rheological behavior of the ceramic slurry can now
be modeled with the present models developed by the authors. The developed models have been
taken to the next levels to simulate the tape casting of functionally graded ceramics (FGCs) for the
magnetic refrigeration applications.

The prospects for the development of the fluid flow modelling in tape casting can also be related
to other processes such as extrusion, non-Newtonian flow mixer, biological flow and any other
processes dealing with complex fluids. The influence of additional force fields should be taken into
consideration. In conclusion, it may be said that, being a new fast developing interdisciplinary
approach, the fluid flow modelling in tape casting offers considerable possibilities for progress in the
area of mechanics and materials.

7. Future outlooks

The “model” and the “computer” are now integral components in studies for fluid mechanics
and materials engineering. Indeed, numerical methods and computing techniques have become daily
tools for formulating conceptual models and mathematical theories integrating diverse information
about rheology, ceramic science, processing technique, energy systems and their interactions. This
achievement has greatly enhanced the development of modern processing techniques from the tradi-
tional “try-and-error” art of producing ceramic components and support design to the rationalism
of modern fluid mechanics, governed by and established on the three basic principles of physics:
mass, momentum and energy conservation.

The use of numerical methods to describe the flow phenomenon in the ceramic industry has pro-
duced a large number of models. Some assumptions such as simplified geometrical shape, constant
rheological properties during the process, homogeneous ceramic slurry, and most importantly ne-
glecting the thermal influences during the processing were widely used in modelling of tape casting.
However, more research should be conducted to justify the acceptability of those assumptions by
sensitivity analysis and to improve the accuracy of models by finding more information on multi-
phase flow of the ceramic slurry which contains different ingredients (either liquid phase or particle
phase) as well as the thermal impact on the flow behavior during processing.

Although much progress has been achieved, there remain several areas that warrant further
investigation. Recalling from the aforementioned assumptions, the most pressing of these, in our
opinion, is the impact of temperature changes on the flow behavior of the ceramic slurry during the
process. Such modelling will pass important information for the follow up processes in tape casting
such as the drying and the sintering processes. This means that, before fluid flow analysis and
numerical methods can become a quantitative tool for correctly analyzing the tape casting process,
determination of thermal-physical properties of a ceramic slurry remains an important area to be
studied.

And finally, the demands for conducting accurate and complex numerical modelling of real life
processes is an input for the information technology and computer science industry, which began to
appear and, by the end of the 20th century, massively parallel supercomputers with tens of thousands
of “off-the-shelf” processors were the norm. We believe that, existence of such computational power
will give the engineering society this power to lead their research in an advanced way.
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Summary 
 
Homogenous and flexible adjacently graded tapes were produced by casting the organic-based slurries 
simultaneously. To develop side-by-side tape casing (SBSTC), the material optimization, modernization 
of the doctor blade design, and parameters control of such processes as casting, drying, de-bindering 
and sintering were studied. Solvent and binder concentrations were varied in order to optimize co-casting 
flow, as well as the drying and sintering shrinkage. Tapes were evaluated in terms of rheological behavior 
of the slurries, the green and sintered tape microstructure, the quality of the interface area, and the 
mechanical properties of the green tapes. 
↔ 
 
Introduction 
 
Magnetic refrigeration (MR) at room temperature is a developing alternative for conventional vapor 
compression refrigeration due to lower energy consumption and environmentally friendly materials [1,2].  
For this application, high efficiency magnetocaloric materials with a graded Curie temperature are 
desired. The functional ceramics with the continuously variable composition and the transition 
temperature has been recently produced by side-by-side tape casting (SBSTC) [3, 4], resulting in new 
advanced technique to form thin ceramic plates with adjacently graded materials. One of the main 
scientific challenges of the graded materials produced by tape casting is to control the interface between 
the adjacent fluids. 
The goal of this work is a deep research of SBSTC with the main focus on the fundamental understanding 
of controlling of the well-defined and steep interface between the adjacent slurries. For this purpose, a 
graded tape (LSM_CGO) with the solid loadings of La0.85Sr0.15MnO3 and La0.85Sr0.15MnO3/Ce0.9Gd0.1O2 
(LSM and LSM/CGO) were used for the first and the second stripes, consequently. In this work, CGO 
was added into the second slurry in order to form well distinguished interface in between co-casted 
materials. With the overall aim of developing the SBSTC process, a number of experiments were carried 
out. The other objective of this work is to predict morphological and mechanical properties of the green 
tapes given the initial production conditions, i.e. slurry compositions and rheological characteristics. 
As mentioned earlier, the main part of this work is to study the multiple material flows. The rheological 
behavior of the slurries influences not only the entry flow of the multiple materials, but also the 
homogeneity and stability of the suspensions. Moreover, it results in developing a stress in the contact 
area while drying, de-bindering, and sintering. Taking all these factors into account, slurries with different 
viscosity values (achieved by using different ratios between components) have been tape cast. As a 
result, formation of different interface shapes lead to variations in the shrinkage behavior. 
Additionally to the standard procedure, SBSTC technique requires modernization of the doctor blade 
design. To form well adhered interconnected interface, each individual partition, dividing doctor blade 
reservoir into smaller vessels, have to be sharpened in the front side [3]. The main challenge of SBSTC is 
to acuminate partition by a way to let adjacent slurries join and co-flow smoothly, and, as a consequence, 
without intermixing or leaving partition trace in the interface area. 
 
Experimental 
 
Based on the well-known industrially used recipes [5], the slurries, initially containing of 14,02 vol% 
La0.85Sr0.15MnO3 (LSM, calcined at 1000°C) and  11,15 vol% LSM with 1,05 vol% of uncalcined 
Ce0.9Gd0.1O2 (LSM/CGO) were prepared. 



To insure a stable slurry, the powder was added in two steps: The 80% of the LSM powder was 
suspended in MEKET with PVP dispersant and ball milled for 72 h. CGO, if any, and the last 20% of the 
LSM with PVP as dispersant, was then added to the suspension; and the slurry was milled for further 
72 h. Powder, MEKET solvent and PVP dispersant were milled in two steps until the powder is fully 
dispersed, with the average particle size of 3 μm for both slurries and no further reduction of the particle 
size was observed. After adding binder solution (binder B60H, plasticizers DBP, PEG, and Additol), 
suspension was milled for another 24 h. To study kinetics of milling, particle size distribution was 
measured during the whole period of the slurry preparation using Scattering Particle Size measurements 
(Beckman Coulter LS 13320 with a measurement range of 0.04–2000 μm, Miami, FL). All slurries were 
characterized by a pseudoplastic behavior (viscosity curves are not shown here) as it is required for tape 
casting. 
For the first screening, binder solution and solvent concentrations were varied with subsequent casting 
and sintering to observe the effect not just on rheological behavior, but also on microstructure formation. 
After milling and before casting, the slurries were filtered on a 100 μm mesh (thin tulle) to ensure a 
structure with a powder fine. Then suspensions were degassed in vacuum in order to avoid bubbles in the 
slurry volume, and to minimize the defects formation during drying process.  
The doctor blade was prepared by splitting the loading reservoir into two compartments. The splitting was 
done with the camper partition [3]. Tapes with the sintered thickness of 300μm were required [4]. To 
achieve that, the high of doctor blade was adjusted to 1 mm, and tapes were formed with 20 cm/min 
casting speed. The slurry couples were simultaneously added to each compartment of the doctor blade. 
After drying, the tapes were punched out and sintered at 1250°C for 4h. 
Post sintered tapes were embedded in epoxy, grinded and the cross sections with interfaces were 
investigated. To study the interface between the adjacent materials in the green state, a cross section of 
green tapes was prepared and studied with a scanning electron microscope (SEM) (Zeiss, EVO 60 at 
15kV with Noran EDS). 
For measurement of tensile stress (strain-stress resistivity), samples were fixed in Instron tensile machine 
keeper providing independent conditions. 
 
Results and discussion 
 
The special procedure of ball milling was used due to necessity to work with slurries of high viscosities 
(2000 mPa∙s to 8000 mPa∙s at casting shear rate 4 s-1) while producing adjacently graded tape (Fig.1). 
Fig. 2 shows decreasing of particles size distribution with milling LSM_CGO slurry, with the casting 
viscosity of 3000 mPa∙s at casting shear rate. The same tendency was observed for all used slips. 
The main target of ball milling is to ensure in isotropic reproducible dimensional stability of final tape 
properties. The high viscosity was achieved by decreasing the amount of the solvent, therefore, milling 
and mixing was hindered. To achieve a fine microstructure of the cast tapes, solid phase was added in 
two steps. First, the solvent, dispersant and 80 wt% of the powder were mixed. Once this suspension 
became less viscous and the smallest particle size was achieved, next 20 wt% of powder was added. On 
that stage one can see a little jump on the curve, which is due to the addition of the bigger particles to the 
milled mixture with the finer ones. After this portion of powder was broke down, the third stage of 
chemicals, such as binder and plasticizers solution, were added. To prevent matrix formation, re-
agglomeration of particles, and slurry thickening, 20 hours of milling after binder addition was required. 
One of the key factors, influencing the interface shape and position of adjacent tapes, is the slurries 
viscosity which will be described here in details. To detect the influence of the solvent and binder content 
on the tape structure formation, two simultaneous experiments were conducted. The first experiment 
implied solvent content variation, which was proved to have stronger effect on the slurries viscosities, 
while small variations in binder concentrations had a high impact on tape densification and adherence 
between the adjacent strips. The majority of the matrix instabilities in the form of the pores and cracks 
appear throughout the drying process due to the binder lack, while binder excess leads to tape 
deformations during de-bindering. The biggest challenge of necessity of matching the properties for the 
co-casted components, especially during densification, was overcome by using the same organic 
systems for the adjacent materials as well as varying the solvent and binder concentrations in a narrow 
area of 5 wt% maximum for both ingredients. Four samples with different binder/powder ratio were tested 
and investigated on a sense of interface area quality (Fig. 3).  
Adjacent tape casting, in addition to the possibility of creating sheets of desired thickness and density, 
aims overlapping and interface position control. Here overlapping is either overflow of one slurry on top of 
neighboring one, or it’s displacement what result to the interface shifting and/or inclination. Fig. 4 shows 
that beginning of green tape is thicker comparing with end of the cast tapes, no matter which slurry 
viscosities were used. The changes in the tape thickness are predictable due to constant decrease in 



hydrostatic pressure behind the doctor blade region [6]. However, after the first 10 cm the thickness of the 
graded tapes become more uniform. Moreover, the more viscous slurry is cast, the smoother the tape 
was produced. Due to the variation of the side flow based on the viscosity of the slurry, the thickness and 
the width of the tapes uncontrollably vary along the length. More viscous slurries keep the shape 
stronger, reducing the side flow, and hence the tape thickness becomes more uniform. However, impact 
of the viscosity on the green tape density is not that strong as on the tape thickness (Fig. 5). That 
advance one-doctor blade technique for industrial production.  
With advantages of adjacently graded tapes properties, the process should comprise formation of steep 
and flat interface formation. Fig. 6 shows continuous decrease in the overlapping along the tape length. 
That effect attributes to sharp processing start, due to that overlapping on the beginning of the tape is 
higher. Co-casting of similarly high viscous slurries leads to formation of steep interface with comparably 
small overlapping. 
To evaluate the SBSTC further in the interface area, the energy dispersive X-ray (EDS) mapping has 
been carried out. The EDS analysis was performed to compare the composition in the area of the pure 
material and in the interface region. Unified behavior for the whole range of slurries viscosities with the 
only difference in overlapping value was observed. No diffusion or intermix between co-casted materials 
was found. The overlap between the two materials at the interface was less than 600 μm (Fig.7). 
Magnetic cooling application requires for the magnetocaloric materials to be able to withstand the heat 
exchange while the liquid is pumped through graded plates. And to insure in nonablative system, the 
tensile test was chosen to evaluate the green tapes. Polymers influence on the flexibility and the green 
strength for the cast tapes, as a result, mechanical properties of pure LSM_CGO green tapes were 
increasing with loading binder solution and increasing of viscosity, consequently (Fig. 8b). The same 
tendency was observed for the graded tape, as pure LSM stripe remain constant from sample to sample 
(Fig. 8a). Therefore, adherence between the co-casted materials improves with increasing of the polymer 
content. 
After tape casting, sheets were subjected to thermo-treatment including burnout and sintering. The 
heating regime was optimized based on TGA and DTA data (not shown here). Samples were heated up 
to burn-out temperatures of 200 and 400 °C with 0,5 °C/min heating speed and 2 hours dwell time. 
Further tapes were heated up to sintering temperature of 1250 °C following by cooling with  1°C/min 
speed.  No any damages or distortion were observed. 

 
Conclusion 
 
Modifying doctor blade reservoir and optimizing slips recipe generates the new design of the cast tapes 
generation, namely formation of adjacently graded materials different natures, what could be considered 
for a wide variety applications. The parametric study of SBSTC has been conducted to see how slurries 
viscosities influence on interface formation. The co-casted green tapes were characterized by uniform 
density, dimensional stability after 10 cm of cast tape, sufficient flexibility for tapes handling and 
machining, high strength in green state, absence of defects after de-bindering and sintering. It was shown 
that the adjacent co-casting of slurries with viscosities higher than 4000 mPa∙s leads to the flat interface. 
Moreover, the more viscous slurries were used, the more uniform tapes with not significant overlapping 
were achieved. 
For the future work, SBSTC with a constant slurry loading in reservoir is planned. That will decrease the 
tape thickness instabilities. Moreover, experiments with various casting speed will be carried out. 
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Interface Oscillation in the Side-by-Side (SBS) Tape Casting of
Functionally Graded Ceramics (FGCs) MASOUD JABBARI, Department of
Mechanical Engineering, Technical University of Denmark, REGINA BULATOVA,
Department of Energy Conversion and Storage, Technical University of Denmark,
JESPER HATTEL, Department of Mechanical Engineering, Technical University
of Denmark, CHRISTIAN BAHL, Department of Energy Conversion and Storage,
Technical University of Denmark — Room temperature magnetic refrigeration is a
new highly efficient and environmentally protective technology. Although it has not
been maturely developed, it shows great applicable prosperity and seems to be a
potential substitute for the traditional vapor compression technology. Tape Casting
is a common process in producing multilayer ceramics, which now is used for pro-
ducing side-by-side (SBS) functionally graded ceramics (FGCs). These FGCs are
mostly used in the magnetic refrigeration sectors due to the varying composition
of the magnetocaloric materials so that the magnetic transition temperature of the
magnetic regenerator varies along the paths. The main goal of this research is to
study the multiple material flow in SBS tape casting and analyze its influence on
the interface between the stripes. The materials used for the experimental part
are La0.85Sr0.15MnO3 and Ce0.9Gd0.1O2 ceramic slurries. The rheological behavior
of the slurries are extracted from experiments and used in the ANSYS FLUENT
commercial code to develop a fluid flow model for the non-Newtonian ceramic slur-
ries and evaluate the interface oscillation between the stripes in SBS tape casting.
The Numerical results show reasonable agreement with corresponding experimental
results.
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