
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 27, 2023

Novel ceramic processing method for substitution of toxic plasticizers

Foghmoes, Søren Preben Vagn; Teocoli, Francesca; Brodersen, K.; Klemensø, Trine; Della Negra,
Michela

Published in:
Journal of the European Ceramic Society

Link to article, DOI:
10.1016/j.jeurceramsoc.2016.05.043

Publication date:
2016

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Foghmoes, S. P. V., Teocoli, F., Brodersen, K., Klemensø, T., & Della Negra, M. (2016). Novel ceramic
processing method for substitution of toxic plasticizers. Journal of the European Ceramic Society, 36(14), 3441-
3449. https://doi.org/10.1016/j.jeurceramsoc.2016.05.043

https://doi.org/10.1016/j.jeurceramsoc.2016.05.043
https://orbit.dtu.dk/en/publications/54e20d23-4ac8-4435-b696-3acc77565113
https://doi.org/10.1016/j.jeurceramsoc.2016.05.043


 

1 

 

Novel ceramic processing method for substitution of toxic plasticizers 

 

*S. Foghmoes, F. Teocoli, K. Brodersen, †T. Klemensø and M. Della Negra 

Department of Energy Conversion and Storage, Technical University of Denmark, 

Frederiksborgvej 399, DK-4000 Roskilde, Denmark 

 

Abstract 

 

A systematic screening of plasticisers for a polyvinyl butyral based binder system revealed 

that dibutyl maleate, dibutyl adipate and Pycal 94 are promising and less toxic alternatives 

to the very harmful but frequently used dibutyl phthalate. Pycal 94 seems especially 

promising as it unlike the two other candidates did not require a co-plasticiser, such as a 

polyethylene glycol, thus simplifying the system and reducing the risk of unwanted cross-

interactions. 

An effective and systematic procedure for substitution of the plasticiser, while maintaining 

chemical compatibility and mechanical properties, was also demonstrated. Incompatible 

systems were discarded in an initial broad screening while primary systems were further 

evaluated based on debinding properties, mechanical properties, flow behavior as well as 

sintering properties of ceramic tapes. The thermomechanical characterization performed 

on dried drops of binder and their corresponding tapes show strong similarities in the 

strain/stress profiles, validating the qualitative method used. 
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1. Introduction 

 

For non-aqueous binder systems for tape casting, polyvinyl butyral (PVB) is a common 

binder [1], [2], [3], [4] and [5], and it forms a network based on hydrogen bonding which 

acts as a matrix for the ceramic particles [3] and [4]. A PVB based system is ascribed a 
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number of beneficial properties including high green strength, good flow properties, 

solubility in many common non-aqueous solvents, compatibility with other additives as well 

as a stabilizing effect on ceramic suspensions [4]. The length of the PVB chain determines 

the mechanical properties in the green state and it has been shown that an increased 

molecular weight of the PVB binder will result in increased green strength at the expense 

of plasticity [1]. 

 

In order to add an adequate plasticity to a PVB based binder system, an ortho-phthalate 

plasticizer is the common choice for non-aqueous processing [5]. The plasticizer acts by 

reducing the attractive forces between nearby binder chains and prevents the formation of 

stiff and brittle green ceramics [3]. The plasticizer will in general reduce the strength while 

improving the flexibility and decreasing the elastic modulus, internal stresses and the glass 

transition temperature in the green state [3], [4], [5], [6]. The properties are often enhanced 

with increasing amounts and Pradhan et al. [10] has shown a decreased transition 

temperature with increasing plasticizer amounts. 

 

The efficiency of the plasticizer will in general depend on the size and the active groups, 

and a plasticizer with a low molecular weight and few active groups is in general more 

efficient. This effect is achieved through a high mobility [3], [4] though the effect can be lost 

if the plasticizer is too small compared to the binder [6]. The effect will also be lost if the 

active groups cross-link with the binder, causing stiffening and strengthening of the binder 

network [6]. 

 

Ortho-phthalates have been shown to be very efficient, when compared to aliphatic linear 

structures for PVB based binder systems, and this is ascribed to the aromatic unit [3]. 

Ortho-phthalates have however recently become unwanted as some of them exhibit a 

number of unwanted health effects including possible damage to unborn children, high 

toxicity to aquatic life as well as suspected damages to fertility. Dihexyl phthalate, dipentyl 

phthalate (DPP), N-pentyl-isopentyl phthalate, diisopentyl phthalate, bis(2-methoxyethyl) 

phthalate, diisobutyl phthalate (DIBP), Benzyl butyl phthalate (BBP), bis(2-ethylhexyl) 

phthalate (DEHP) and dibutyl phthalate (DBP) have all been included on the European 

Chemicals Agency’s “Candidate List of substances of very high concern for authorisation” 

with the reason “Toxic for reproduction” [7]. The latter four also appears on the 

“Authorization List” [8] while dihexyl phthalate is on the “Recommendation for inclusion in 

the Authorisation List” [9]. It is hence desirable to replace ortho-phthalates with other 
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components even though it may affect lamination properties and microstructure [4], [10], 

[11]. 

 

Typically azeotropic solvent mixtures such as toluene-ethanol, xylene-ethanol or 2-

butanone-ethanol are investigated for binder systems and tape casting slurries [12] due to 

beneficial properties such as solubility, dielectric constant and evaporation rate [13], [14]. 

Pure ethanol is however much more desirable from a handling and health perspective. 

 

Recent investigations have shown viable alternatives to ortho-phthalates such as a 

modified castor oil [15] and triethylene glycol di-2-ethylhexanoate (S-2075) [16]. The 

present work aims at identifying additional plasticizers which are compatible with a PVB 

based binder system with ethanol as the sole solvent. Specifically dibutyl maleate, dibutyl 

adipate, Pycal 94, Hexamoll Dinch, tris(2-ethylhexyl) trimellitate and bis(2-ethylhexyl) 

terephthalate (a para-phthalate) was investigated both with and without a polyethylene 

glycol (PEG) as a co-plasticizer. 

Incompatible systems were discarded in an initial broad screening while primary candidate 

systems were evaluated based on debinding properties, mechanical properties, flow 

behaviour as well as on sintering properties. The applicability of the systems, and thereby 

also of the more general substitution methodology, was demonstrated on a tape cast 

8YSZ (8 mol% Y2O3 stabilized ZrO2) electrolyte layer for use in an electrolyte supported 

solid oxide fuel cell. 

 

2. Experimental procedure 

 

2.1. Materials 

 

The powder used was TZ8Y from TOSOH while the solvent was 99.9 % ethanol from CCS 

Healthcare. 

For the binder and dispersant a PVB and polyvinyl pyrrolidone (PVP) polymer were used 

respectively [17]. Figure 1 gives structures and additional specifications. 
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Figure 1: Chemical structures, names and additional specifications for (a) 

polyvinyl pyrrolidone and (b) the binder. For the binder a = 78.0 ± 3.0 mol%, 

b = 19.5 ± 1.5 mol% and c = 2.5 ± 1.5 mol% 

 

As plasticisers the following were obtained from Sigma-Aldrich: Polyethylene glycol (PEG 

600), tris(2-ethylhexyl) trimellitate (99 %), bis(2-ethylhexyl) terephthalate (96 %), dibutyl 

adipate (96 %), dibutyl maleate (96 %). Additionally 1,2 cyclohexane dicarboxylic acid 

diisonyl ester (Hexamoll Dinch) from BASF, Pycal 94 from Tape Casting Warehouse and 

dibutyl phthalate (for synthesis) from Merck were used. The dibutyl phthalate is included 

as a reference. The structures of all plasticisers but Pycal 94 were given by the supplier 

and can be seen in figure 2. 
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Figure 2: Chemical structures and names of (a) polyethylene glycol, 

(b) dibutyl phthalate, (c) 1,2 cyclohexane dicarboxylic acid diisonyl 

ester, (d) tris(2-ethylhexyl) trimellitate, (e) dibutyl maleate, (f) bis(2-

ethylhexyl) terephthalate and (g) dibutyl adipate 

 

Pycal 94 has previously been identified as a polyoxyethylene aryl ether [18] but the 

specific structure has not been disclosed. 

 

2.2. Selection and preparation of plasticizer systems 
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The variety of plasticisers was chosen in order to screen a broad spectrum of alternatives 

to DBP including different positions and lengths of the functional groups as well as 

different rigidities of the overall molecules. The dibutyl adipate is a small molecule with free 

rotation around all carbon bonds and with small functional groups, while tris(2-ethylhexyl) 

trimellitate is a much more rigid molecule, due to the stiff aromatic ring, with much bigger 

functional groups. 

The total amount of plasticisers as well as the number of possible combinations made 

some initial rough screenings of suitable systems necessary. 

It was decided to use a two component plasticizer system with a PEG as co-plasticiser. 

The use of a co-plasticiser can be desirable as different classes of plasticisers acts 

differently and induce slightly different behaviours to the final green tape [19] and [20]. 

PEG 600 was selected as initial mixtures indicated increased sweating, when using 

shorter and more mobile PEGs, and as long chained PEGs has previously been described 

as unfavourable [4]. 

An overall composition with 20 % binder, 20 % total plasticizer and 60 % solvent was used 

as initial screenings showed suitable viscosities for most mixtures at these ratios. The 

chosen ratio also allows for a suitable ceramic content of approx. 43 vol.% in the dried 

tape with slight variations depending on the specific plasticiser(s) used. The ratio between 

the two plasticisers was varied between the pure PEG 600 to the other pure end 

component with intermediate steps at a 75:25, 50:50 and 25:75 ratios. 

The binder systems were prepared by first mixing bigger batches of the PVB binder in 

ethanol and then subsequently mixing the plasticisers with parts of these base mixtures. 

This was done in order to have a more constant binder loading in all mixtures. 

A base mixture was prepared by dissolving 200 g of PVB with 600 g of ethanol in a 2 L 

PE-bottle for 24 h at approximately 100 rpm. 40 g of this mixture was subsequently 

transferred into a 100 ml PE-bottle and mixed with 10 g of plasticiser(s) for another 24 h at 

100 rpm. The samples were visually inspected for homogeneity after each step. 

For a few selected systems the binder to plasticiser ratio was additionally varied in order to 

obtain slightly better flow properties. This was done by varying the amount of plasticisers 

added to the base mixture in the second mixing step. 

After the above preparation the mixtures were poured onto a tape casting carrier foil and 

allowed to dry for at least 24 hours. Samples showing good chemical compatibility as well 

as mechanical properties similar to the reference were selected as primary candidates for 
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further testing. As a reference a DBP based system with a 50:50 DBP:PEG 600 ratio was 

used. This is similar to the systems used by Raeder et al [17]. 

 

2.3. Thermogravimetric analysis on binder droplets 

 

Thermogravimetric (TG) measurements were performed using a Netzsch STA 409 CD 

with an alumina crucible in a flow of air set to 50 ml/min. Heating ramps were set to 0.25 

°C/min from 20 – 700 °C followed by cooling ramps set to 2.0 °C/min down to 25 °C. About 

100 mg of sample were used for each measurement. 

 

2.4. Rheology 

 

Flow curves are obtained using a controlled shear rate test (CR). Rheological data was 

collected using a Haake RheoStress 600 rheometer (Thermo Electron GmbH) equipped 

with a DC30 temperature control unit operating at 21 °C. A 60 mm parallel plate geometry 

with a 0.8 mm gap was used. The following measuring protocol was selected: 0.1-50 1/s 

and 50-0.1 1/s over 100 sec with a pre-shear of 5 1/s and 0.1 1/s for 30 sec. 

A viscosity range of 3000 mPa · s ± 500 mPa · s at a shear rate of 10 1/s was considered 

acceptable for the final tapes. 

 

2.5. Particle sizing 

 

A Beckman Coulter LS 13320 with a measurement range of 0.04-2000 µm was used to 

analyse the particle size distributions before and after binder addition in order to ensure 

that the selected binder system does not affect the slurry stability. All particle size 

distributions were evaluated using at least 3 samplings to ensure good data quality. The 

effect of different obscurations was used to assess different sensitivities at different size 

ranges [21]. 

 

2.6. Thermomechanical analysis on tapes and binder droplets 

 

For thermomechanical analysis (TMA) a Netzsch TMA 402 F1 Hyperion was used for a 

quantitative analysis of the strength of 8YSZ based tapes prepared using selected binder 

systems. The tape segments were analysed using tension mode and had a length of 

approx. 7.25 mm, a width of approx. 2.25 mm and a thickness of approx. 170 µm. The 
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temperature was adjusted to 25 °C in a nitrogen atmosphere and the applied force was 

then ramped to 3 N over 5 hours using a constant rate. 

For measurements on pure binder mixtures the same measuring protocol was used. The 

droplets were produced using a deaired binder and a hand operated doctor blade with a 

height of 1000 µm. This route was applied in order to eliminate some of the inherent errors 

associated with the crude initial screening described in a previous section. 

Young’s modulus was calculated as the slope of the initial straight part of a stress-stain 

curve. The reported elongation brake and tensile strength is given by the last recorded 

point before sample rupture and is therefore a lower estimate. 

 

2.7. Tape casting, sintering and post examination 

 

The tape casting slurries were prepared by dissolving 6.7 g of dispersant in 78.5 g of 

ethanol in a 1 L PE bottle. Upon dissolving the dispersant 150 g of TZ8Y was then added 

and the slurry was milled for 3 days at approx. 200 rpm using 1 kg of 3/8 inch zirconia 

milling beads. 74.7 g of a premixed binder system was then added and mixed in over the 

following 24 hours. The binders were mixed according to the ratios later identified as 

primary candidates. 

The slurries were filtered using a 37 µm filter and de-aired prior to tape casting. 

A double doctor-blade system was used for tape casting with a casting gap of 1000 µm 

and the tapes were allowed to dry at slow ventilation overnight inside the tape caster 

before further handling. 

 

Four samples with a diameter of 40 mm were stamped out of each tape and sintered. 

In order to ensure a slow debinding, the samples were slowly heated with 0.25 °C/min to 

600 °C followed by a binder burnout for 4 hours at 600 °C. The samples were then heated 

with 1 °C/min to 1255 °C followed by a sintering for 12 hours at 1255 °C. The samples 

were finally cooled to room temperature with 100 °C/h. 

 

The sintered samples were mounted in epoxy and polished until a ¼ micron diamond 

suspension for investigation with a Hitachi TM1000 microscope, using a solid state 

backscattered electron detector, to assess the microstructure of the sintered samples. 

 

3. Assessment of environmental and health impact of the selected plasticizers 
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To avoid replacing the toxic ortho-phthalates with other toxic chemicals some effort was 

used to assess possible environmental and health issues with the chemicals proposed. 

An initial evaluation of the material safety data sheet (MSDS) of the used plasticisers 

reveals much favourable properties when compared to DBP. The MSDS of dibutyl maleate 

indicates problems with skin and eye sensitisation. The remaining plasticisers are 

classified as “not a hazardous substance or mixture according to Regulation (EC) No. 

1272/2008” and “not a hazardous substance or mixture according to EC-directives 

67/548/EEC or 1999/45/EC”. 

However, regarding bis(2-ethylhexyl) terephthalate and Hexamoll Dinch, a comprehensive 

independent study has been found indicating both subchronic toxicity, persistence and 

bioaccumulation for both chemicals [22]. Regarding aquatic toxicity bis(2-ethylhexyl) 

terephthalate could not be evaluated with present data while Hexamoll Dinch showed no 

issues. 

All in all, the selected plasticisers are considered as less toxic alternatives to ortho-

phthalates although the amount of literature is very limited compared to that regarding 

ortho-phthalates. 

 

4. Results and discussion 

 

The prepared model samples of the binder systems were, for the initial rough screening, 

evaluated by the qualitative measures: strong (S), weak (W), flexible (F), inflexible (I), 

opaque (O) and sweating (SW). Opaqueness and sweating did in many cases occur at the 

same time and often weak or sweating binders will have some stickiness. A few examples 

are shown in the pictures presented in figure 3. 

 

(a)  (b)  (c)  

Figure 3: Pictures of dried binder droplets without de-airing illustrating (a) a very inflexible 

and strong binder with lack of transparency due to binder recrystallization, (b) a suitable 
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binder composition and (c) a weak and very flexible binder being so sticky that it can glue 

to itself. 

 

This very visual and qualitative initial characterization is similar to the one reported by 

Schafbauer et al. for optimizing the binder content in slurries for tape casting formulations 

[23] 

For Hexamoll Dinch, tris(2-ethylhexyl) trimellitate and bis(2-ethylhexyl) terephthalate all of 

the tested binder mixtures showed signs of sweating or had an opaque appearance. The 

sweating is believed to be due to an exsolution of excess plasticiser while the opaque 

appearance is believed to be due to a recrystallization of excess binder both indicating an 

unwanted poor chemical compatibility of the plasticiser with a PVB and ethanol system. 

These plasticisers were additionally exhibiting very little plasticity and they were thus 

discarded from further testing. The little plasticity added by these more bulky and stiff 

molecules seems consistent with earlier reports recommending plasticisers with low 

molecular weight and few active groups due to the higher mobility [3], [4]. 

For dibutyl maleate, dibutyl adipate and Pycal 94 at least one composition showed good 

chemical compatibility, indicated by no sweating or opaqueness, as well as a mechanical 

properties roughly comparable to the reference system as seen from figure 4. 

Figure 4 shows the compositions of the model samples, and the qualitative evaluation is 

indicated next to the composition. The one or two compositions showing good chemical 

compatibility, observed through lack of sweating and opaqueness, as well as a strength 

and flexibility similar to the phthalate based reference, are marked as “primary candidate” 

and “secondary candidate”, respectively. 

 

(a)  (b)  
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(c)  

 

Figure 4: Plot of tested compositions for (a) dibutyl maleate, (b) dibutyl adipate and (c) 

Pycal 94 with W = Weak, F = Flexible, S = Strong, I = Inflexible, O = Opaque and Sw = 

Sweating 

 

The PEG 600 rich compositions all appeared opaque with little plasticity. For Pycal 94 a 

PEG 600 free system is preferred whereas both the dibutyl adipate and dibutyl maleate 

based systems require addition of some PEG 600 for maintaining adequate strength. The 

consistent opaqueness and sweating at high PEG 600 loadings suggests limited 

compatibility between PEG 600 and PVB while the lack of plasticity is consistent with the 

earlier reported preference for plasticisers with a low molecular weight and few active 

groups [3], [4]. The location of the optimal compositions can be seen in figure 5. 

 

 

Figure 5: Plot of the optimum composition for the best candidates. 
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A region around the 3 compositions marked in figure 5 could likely be a general region for 

other plasticisers within this system considering both mechanical properties and the 

chemical compatibility between PEG 600 and PVB. 

As shown in figure 6 the viscosity of the three candidate systems were somewhat below 

that of the reference system but at a level which is handable by variation of solvent 

addition for a tape casting slurry. All mixtures show a slight shear thinning behaviour which 

is favourable during the tape casting process. 

The shear thinning effect is desirable during tape casting as it ensures a low viscosity 

during passage of the narrow gap under the doctor-blade(s), allowing for a good uniform 

coverage, and a high viscosity in the casting tray and in the deposited film thus preventing 

sedimentation and stabilizing the final shape. 

 

 

Figure 6: Plot of the viscosity (η) as a function of sheer rate () for the best candidates 

with a DBP based binder system as reference 

 

Regarding burnout properties it is advantageous to have a slow and smooth profile thus 

limiting the rate of gas release during binder burn-out and allowing for some necking of the 

ceramic particles before all the organics are gone. Looking at the TG profiles given in 

figure 7 the profiles are in general suitable for tape casting with the only concern being the 

binder system containing dibutyl adipate, which exhibits a rapid change just above 300 °C. 

This rapid decomposition is likely due to an unfavourable overlap of the boiling point of 

DBA and the auto ignition temperature of PEG 600 at 305 °C. 
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The decomposition is in all cases on-setting at temperatures in excess of approx. 200 °C 

and all decomposition is over at around 450 °C. Similar behaviour has previously been 

reported for comparable systems [23, 24]. 

 

 

Figure 7: TG profile for the best candidates with a DBP based binder system as reference 

 

For the optimum binder compositions, given in figure 5, tapes of about 1 meter in length 

were made. All tapes came out defect free with very small variations in thickness and with 

smooth surfaces and good releasing properties. The green thickness was measured to 

about 170 µm ± 5 µm for all tapes estimated from a number of measurements points along 

and across the tapes. 

 

The particle size distribution was measured before and after binder addition as shown in 

figure 8. This was done in order to ensure that a difference in particle size distribution 

would not be the origin of a possible difference in sintering properties and to ensure that 

none of the plasticizers has unwanted incompatibilities with the used dispersant which 

could for instance cause flocculation. 
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Figure 8: Typical particle size distributions for all systems before and after binder addition. 

 

All samples have similar distributions just before and after binder addition and none of the 

binder systems did thus induce any severe agglomeration when compared to the DBP 

based system. The addition of binder in general results in a slightly larger particle fraction. 

As shown in figure 9 a viscosity in the range of 3100 – 3300 mPas·s at 10 -1 is observed 

for dibutyl phthalate, dibutyl adipate and dibutyl maleate but for Pycal 94 a significantly 

lower viscosity of approximately 2500 mPas·s is observed. 

 

 

 

Figure 9: Plot of the viscosity (η) as a function of shear rate () for tape casting slurries of 

the best candidates with a DBP based binder system as reference. 
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The comparatively low viscosity of a Pycal 94 based system has previously been noted 

[18], and it has been suggested as an advantage, as this might allow a lowering of the 

solvent content. 

 

The thermomechanical analysis performed on binder droplets and tapes reveals similar 

trends as seen in figure 10 with elongation brake, tensile strength and Young’s modulus 

being reported in table 1 and table 2. 

 

(a)  (b)  

 

Figure 10: Stress strain profiles for a) binder droplets and b) tapes produced using the 

best candidates with a DBP based system as reference 

 

Plasticiser Elongation brake 

(%) 

Tensile strength 

(MPa) 

Young's modulus 

(MPa) 

Dibutyl phthalate 40.8 0.10 0.42 

Dibutyl adipate > 33.2 > 0.04 0.14 

Pycal 94 46.1 0.06 0.26 

Dibutyl maleate  36.2 0.15 0.66 

Table 1: Elongation brake, tensile strength and Young’s Modulus for tested 

binder droplets 

 

Plasticiser Elongation brake 

(%) 

Tensile strength 

(MPa) 

Young's modulus 

(MPa) 
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Dibutyl phthalate 5.5 4.2 148 

Dibutyl adipate 13.7 1.9 37 

Pycal 94 7.4 3.1 60 

Dibutyl maleate  1.8 5.8 450 

Table 2: Elongation brake, tensile strength and Young’s Modulus for tested 

tapes 

 

The binder droplet of dibutyl adipate seems to repeatedly brake prematurely due to 

insignificant strength but otherwise measurements on the binder droplets reveal relevant 

information and trends similar to those observed in the ceramic tapes. Therefore, they 

could be a shortcut to get a quantitative measurement on binder strength without having to 

make the actual tapes. On the other hand, quantitative measurements of strength seem 

necessary for highlighting the large variations between the various compositions, which 

were not appreciated in the initial rough screening. The reason for this can be either due to 

a lower sensitivity in the screening phase or due to the fact that the samples used in the 

screening were not de-aired or cast at a specific thickness in order to save time at this 

initial step, which was more focused on chemical compatibility. 

The strength of the tapes could be tailored by changing the plasticiser and PVB content or 

by selecting a PVB with a slightly different chain length but same overall chemical 

composition. An increase in the strength at the cost of plasticity can be achieved by 

increasing the PEG 600:co-plasticiser ratio or by increasing the PVB:total plasticiser ratio 

as demonstrated in figure 4. Alternatively the PVB chain length could be increased as 

previously reported [1]. As getting a PVB with the same overall chemical composition but 

different chain length from a commercial supplier could be difficult, the preferred choice 

seems to be a slight variation in the amount of added plasticisers and binder. In order to 

improve the strength of the rather weak dibutyl adipate based tape, it was deemed 

advantageous to increase the PVB content as a larger PEG 600 content would also induce 

opaqueness indicating poor compatibility. For the somewhat stronger Pycal 94 based tape 

the addition of PEG 600 would also induce opaqueness but a slightly higher PVB content 

could be advantageous. 

For dibutyl maleate the tape seems overly strong and inflexible requiring either a reduction 

of the PEG 600 content or a lowering in the PVB content. Both approaches seem 

compatible with the compositional stability regimes found in the initial rough screening. 
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Considering the overall better compatibility at lower PEG 600 loadings a reduction of the 

PEG 600 content is likely the more beneficial approach. 

 

Upon sintering the produced tapes exhibited similar shrinkages (24 - 27%) for all 

compositions both in the lateral dimensions () as well as the thickness (h) as shown in 

table 3. 

 

Plasticiser before 

sintering 

after 

sintering 

Shrinkage 

 

hbefore 

sintering 

hafter 

sintering 

Shrinkage 

h 

Dibutyl phthalate 40.00 mm 29.90 mm 25.3 % 173 µm 131 µm 24.3 % 

Dibutyl adipate 40.00 mm 29.65 mm 25.9 % 172 µm 131 µm 23.8 % 

Pycal 94 40.00 mm 30.05 mm 24.9 % 170 µm 130 µm 23.5 % 

Dibutyl maleate 40.00 mm 29.95 mm 25.1 % 168 µm 122 µm 27.3 % 

Table 3: Diameter (), height (h) and shrinkage of sintered pieces before and after 

sintering at 1255 °C. 

 

All the samples appeared flat and semi-transparent after sintering, with the semi 

transparency indicating a dense microstructure. Based on the dimensions given in table 3 

and assuming prefect cylindrical geometry the volume before sintering (VI) and the volume 

after sintering (VA) can be calculated. The experimental solids loading in the green tape 

(vol.%exp) can then be calculated as the ratio between them (VA/VI). The corresponding 

theoretical solids loading (vol.%theory) has been calculated from the mass and densities of 

the added components. The values are given in table 4. 

 

Plasticiser VI VA vol.%exp vol.%theory 

Dibutyl phthalate 869.6 mm3 367.9 mm3 42.3 % 43.1 % 

Dibutyl adipate 864.6 mm3 361.8 mm3 41.8 % 42.3 % 

Pycal 94 854.5 mm3 368.8 mm3 43.2 % 43.3 % 

Dibutyl maleate 844.5 mm3 343.8 mm3 40.7 % 42.8 % 

Table 4: Initial sample volume (VI), sample volume after sintering 

(VA), experimental solids loading (vol.%exp) and theoretical solids 

loading (vol.%theory) 
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The in general rather good agreement between vol.%exp and vol.%theory suggests a good 

packing in the dried tapes. For dibutyl maleate the slightly bigger deviation indicates a still 

good, but not complete, packing in the green tape. As friction against the sintering 

substrate provides some in-plane shrinkage resistance the densification is realised through 

a larger change of the height as seen from table 3. 

When comparing microstructures, obtained by electron microscopy of the sintered 

samples, a good densification is observed with a tendency for a little extra porosity 

towards the carrier foil seen at the bottom of the pictures in figure 11. However, only 

closed porosity appears to be present, and the layers are gas tight and therefore 

applicable for use as electrolyte layer in solid oxide fuel cell. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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Figure 11: Microstructure of a sample prepared with (a) the phthalate based reference 

binder, (b) the optimized dibutyl maleate based binder, (c) the optimized dibutyl adipate 

based binder and (d) the optimized Pycal 94 based binder. 

 

The similar shrinkages, lack of curvature and crumpling and almost dense microstructures 

indicate that there are no significant disadvantages of using these non-phthalate binder 

systems and that a substitution is possible. The plasticizer substitution was demonstrated 

for the preparation of a dense 8YSZ layer using tape-casting but it could, however, also be 

expanded to be used in the preparation for other ceramic components. 

 

The presented approach, using a qualitative screening followed by more quantitative 

experiments, is not limited to the substitution of toxic ortho-phthalates. It could also be 

used for substituting the polymeric binder or for systematically modifying the mechanical 

properties of an already known system giving the used method a more broad application 

span. 

 

5. Conclusions 

 

The presented results demonstrate a number of low toxicity plasticisers as alternatives to 

ortho-phthalates in a PVB and ethanol based system. 

The dibutyl adipate and dibutyl maleate based systems have performances comparable to 

the dibutyl phthalate system, whereas, the Pycal 94 seems to be an even more promising 

alternative as it unlike the other candidates does not need PEG 600 as a co-plasticizer 

thereby simplifying the system and reducing the risk of unwanted cross-interactions. These 

unwanted interactions are demonstrated as sweating of plasticiser and recrystallization of 

binder when PEG 600 is the main or sole plasticiser added. 

The paper also illustrates a systematic procedure for the substitution of one plasticiser with 

another resulting in good component compatibility, favourable burn-out properties and 

similar mechanical properties. 
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