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A B S T R A C T

Improving the power density of solid oxide fuel cell stacks would significantly enhance this technology for
transportation. Using a monolithic structure to downsize the stack dimension offers a key to elevate the
power density of solid oxide fuel cell stacks. This innovative design is promising but manufacturing is a
challenge. The monolith is co-sintered in one firing step, and the gas channels are formed by burning off
sacrificial organic materials. Structure distortion or fracture was observed in post-mortem investigations. In
this work a multiscale, multiphysics modelling approach is proposed to describe and resolve this challenge
in the debinding process occurring in a monolithic stack, i.e. the burning of organics and transportation of
gases through the gradually opening microstructure, as well as the pressure build-up in the microstructure
due to gas development. Simulation results show that a prominent pressure peak is experienced in the
stack when a plasticiser (polyethylene glycol) and a pore-former (polymethyl methacrylate) are decomposed
simultaneously. To reduce the high pressures, we investigate two possible strategies: (i) changing the mixture of
organic additives; (ii) modifying the debinding temperature profile. Three tapes with different pore-formers are
prepared, and the generated pressures during debinding of the three stacks are compared. The corresponding
stack shapes after debinding are recorded. Numerical investigations show a good agreement with the post-
mortem observations. By changing the composition of organics the distortion or fracturing of the stack can be
avoided. Furthermore, to facilitate stack manufacturing, the high pressures can also be reduced by adjusting
the heating rates and dwell temperatures of debinding. By using the new temperature profile suggested by the
simulation study, the duration of debinding can also be reduced.
1. Introduction

Solid oxide fuel cell (SOFC) stacks are receiving attention due to the
increasing demands of energy efficiency for future transportation. For
transportation SOFCs are required to have small dimensions yet high
power density, guaranteed structural stability and moderate durability
(e.g. lifetime ∼4,000 h) [1–4]. In particular structural stability is
needed to allow for the dynamic operations associated with the fast
thermal cycling in mobile applications.

Using metal materials as mechanical supports for the cell, combined
with monolithic design endows high power density, superior mechan-
ical performance, and economic competitiveness to the SOFCs [5–7].
A monolithic design integrates cell support, gas channels, and in-
terconnects into a single layer, unlike conventional stacks, thereby
significantly reducing the stack height and increasing the power den-
sity [8]. Manufacturing monolithic SOFCs is however a challenge. For
example, the thermal removal of organics adopted to form the gas
channels will produce large amounts of gases in the stack, which can
lead to significant distortion or fracturing of the structure.

∗ Corresponding author.
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Thermal debinding is one of the most critical processes for manufac-
turing electrochemical cells through sintering e.g. solid oxide electroly-
sis cells (SOECs) and SOFCs from green tapes prepared by tape-casting
and laminating. This is especially true for the manufacture of mono-
lithic stacks with gas channels [9–12]. The porosity of a sintered body
will increase during the thermal decomposition of organic additives,
along with the generation of large amounts of gases, which will produce
high transient pore pressures within the structure. The high pressure
may damage the green tape, causing distortions or fractures, as shown
in Fig. 1, [9,13,14].

Previous studies of thermal debinding reported in the literature
have confirmed the potential distortion or damage of the structure, as
elaborated in the following. Cracks formed during thermal debinding
of a wax-based zirconia–binder system was reported in [15]. Distor-
tion of complex-shaped Ti-6Al-4V parts after thermal debinding of a
multi-component binder system with high molecular binder content
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Nomenclature

Throughout the article bold face symbols denote tensors and
vectors. Normal face letters represent scalar quantities.

Greek symbols

κ Permeability tensor [m2]
λ Thermal conductivity tensor [W K−1 m−1]
𝜇 Dynamic viscosity [Pa s]
𝜚 Density [kg m−3]
𝜏 Tortuosity [–]
𝜙 Porosity [–]

Roman symbols

𝐴 Pre-exponential factor [s−1]
𝑐 Molar concentration [mol m−3]
𝐶0 Kozeny’s constant [–]
𝑐p Specific heat capacity [J K−1 kg−1]
𝐷 Diffusion coefficient [m2 s−1]
𝐷S Fractal dimension scale of pore-solid inter-

face [–]
𝑑𝑤 Effective grain size [m]
𝐸 Activation energy [J mol−1]
𝑘 Reaction rate [kg m−3 s−1]
𝑀 Molar mass [kg mol−1]
𝑚𝑖 Mass of organic additive 𝑖 [–]
𝑟ℎ Mean hydraulic radius [m]
𝑅s Specific gas constant [J K−1 kg−1]
𝑅𝛼 Effective thermal resistance of layer 𝛼 in a

single repeating unit, 𝛼 = IC, MS, CH, AL,
EL, CL [K m W−1]

𝑇 Temperature [K]
𝑣 Volume fraction [–]
𝑤 Mass fraction [–]

ig. 1. Picture of a SOFC distorted and fractured after the debinding process, cf. [8].

as evaluated by [16]. Distortion of the structure after thermal de-
inding of a high-density polyethylene binder system was observed
y [17]. The driving forces that cause the failure are diverse. For
xample, high stresses, high internal pressures, viscous creep flow can
ead to distortion or fracturing of a structure. The diversity of failure
echanisms makes it very difficult and time-consuming to investi-

ate through experiments. Seeking failure mechanisms and potential
ptimisation strategies using numerical models is considered much
ore efficient and comprehensive compared to experimental methods.
1993
For example, in the thermal debinding of powder injection moulding
compact, distortion due to the non-uniform distribution and flow of the
polymer was examined through a numerical simulation [18]. A three-
dimensional model of thermal debinding was presented to determine
the binder distribution, temperature distribution, and deformation in
metallic components during the thermal debinding process [19]. The
migration mechanisms of fluids within the green body were also deter-
mined using numerical models. In the early stage of thermal debinding
of green bodies with organics (referred to as first debinding step), the
transport of liquids is mainly driven by capillary forces as stated in [20,
21]. In the stage of thermal debinding prior to sintering when many
pores have been formed (second debinding step), pressures become the
dominating driving force for the failures [18,21,22]. The transport of
gases depends on the flow resistance and pressure gradients [23].

The multi-component and multiphysics nature of solid oxide cell
(SOC) stacks impose computational challenges in the simulation of
stack performance. Too many geometric details and heterogeneities
would lead to a high computational demand in numerical modelling
of multiphysics processes. Running a transient three-dimensional mul-
tiphysics stack model is even more computationally expensive. In [24],
it took 44 h to obtain four-seconds transient-dynamic states of a re-
peating unit of an SOFC stack. Conducting complex parametric studies
to determine critical parameters results in even higher computational
costs. However, in cell manufacturing, we expect a fast modelling
examination on e.g. decomposition of organics, cause of distortions or
cracks to guide experimental design, saving time and expense. This
would benefit the manufacturers. Homogenisation treatment is useful
when modelling structures with repeating complex geometries. Navasa
et al. [25] developed a new homogenised stack model to simulate
all relevant physical phenomena with very low computational cost.
Miao et al. [26] further developed a novel multiscale multiphysics
modelling framework using homogenisation and localisation to exam-
ine local mechanical failures in full SOC stacks. The microstructural
characteristics of cell components may have a significant impact on the
macroscopic response of an SOC stack. For example, the microstruc-
tural morphology e.g. pore structures affect the macroscopic properties
e.g. permeability, mechanical stiffness. Zhuang et al. [27] developed a
multiscale homogenised model of porous material, linking the evolving
microstructure to the macroscopic mechanical response.

To address the computational challenge, in this work we present
a computational-efficient three-dimensional multiscale multiphysics
modelling framework, focusing on the main physical phenomena oc-
curring during the debinding process, i.e. fluid flow in porous media,
heat and mass transfer, as well as chemical reactions. This model is
realised with the commercial software COMSOL Multiphysics 5.6. The
objective of this work is two-fold: (i) to quantify the transient pressure
build-up during the debinding of SOFC monoliths, and (ii) to investigate
potential optimisation methods to reduce the critical pressures that
might damage a stack.

The present article is organised as follows. In Section 2, the pro-
duction of monolithic SOFC stacks is briefly introduced. The overall
model concept is described in Section 3. The relevant experiments are
described in Section 4. In Section 5, material and structural properties
used in debinding modelling are determined. Particular attention is
placed on the identification of kinetic parameters associated with the
reaction kinetics model and effective material properties for the stack
modelling. A comprehensive analysis of debinding monolithic SOFC
stacks including optimisation efforts towards reducing the risk of stack
damages is conducted in Sections 6 and 7. The main conclusions of this
paper are stated in Section 8.

2. Production of a monolithic solid oxide fuel cell stack

A single repeating unit (SRU) contains seven layers: an anode
layer, an electrolyte layer, a cathode layer, two metal support layers
containing gas flow channels, and two interconnect layers, as shown in
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Fig. 2. Schematic of multiscale modelling for thermal debinding of SOFC monoliths. (a) An SRU monolith. (b) One-channel repeating unit with a highlight of microstructural
details. (c) Equivalent porous medium with effective material properties. (d) Modelling debinding process. (e) 3D reconstruction of porous microstructure [28,29].
Fig. 2(a). The interconnect and metal support are made of steel (dense
Fe22Cr, provided by Sandvik Osprey Ltd, UK). The electrolyte is made
of scandia-doped yttria-stabilised zirconia (ScYSZ, provided by Daiichi
Kigenso Kagaku Kogyo Co., Ltd., Japan). The anode and the cathode
are composed of ScYSZ-Fe22Cr composite. The gas channels are placed
between the interconnects and the electrodes, and they are formed from
the thermal removal of tapes made of pore-formers.

The slurries prepared for the monolith contains three types of
organic additives: binder (polyethylene glycol B60H, provided by Ku-
raray), plasticisers (polyethylene glycol S2075, provided by Solutia;
polyethylene glycol PEG, provided by Sigma – Aldrich Products –
Life Science), and pore-formers (graphite, provided by AMG Graphite
– Graphit Kropfmühl GmbH; polymethyl methacrylate PMMA, pro-
vided by Esprix Technologies). Three pore-former tapes made of 100 %
PMMA, 50/50 vol % mixture of graphite and PMMA, and 100 % graphite
were prepared. The pore-former powders were ball-milled in a solvent
for 72 h using polyethylene bottles and zirconia balls. A mixture of
butan-2-one and ethanol in a 2 : 1 weight ratio was used as solvent
for the gas channel slurry. The amount of solvent corresponds to
34.52 wt % of slurry. Afterwards, the mixture of binder and plasticisers
were added and the slurries were homogenised for an additional 24 h
by ball milling. The viscosity of the suspensions were analysed and
adjusted either by adding or removing solvent. Prior casting, the
slurries were filtered and de-aired.

The dimensions of the SRU components are listed in Table 1. The
basic material properties of the components are provided in Table 2,
and the details of the slurry compositions in each layer are given in
Table 3.

In monolithic design, the cell support, gas channels, and intercon-
nects are integrated into a single support layer. The cell with electrolyte
sandwiched between the air electrode and the fuel electrode is placed
between the support layers. Seals along the cell sides and the support
layers are also integrated.

Tape casting, lamination, co-sintering, and catalyst infiltration are
used for manufacturing the monolith. Particularly, the monolith is co-
sintered in one firing step, and the gas channels are formed by burning
off sacrificial organic materials. A detailed description of the concept
and manufacturing of monolithic SOFC stacks can be found in [8].
1994
Table 1
Dimensions of the SRU.

Material layers Length Width Height
𝐿 / mm 𝑊 / mm 𝐻 / mm

Interconnect (IC) 90 52 0.07
Anode (AL) 90 52 0.02
Electrolyte (EL) 90 52 0.02
Cathode (CL) 90 52 0.02
Metal support (MS) 0.2 52 0.20
Gas channel (CH) 0.8 52 0.20

Table 2
Material properties of stack components.

Materials Density Thermal conductivity Molar mass References
𝜚 / kg m−3 𝜆 / W K−1 m−1 𝑀 / g mol−1

ScYSZ 6100 2.00 – [30]
Fe22Cr 7400 16.0 – [31]
PEG 1000 0.19 370 [32]
PMMA 1180 0.25 100 [33]
B60H 1070 0.24 142 [34]
S2075 1130 0.19 402 [32]
Graphite 2250 134 12.0 [35]

3. Modelling concept

The debinding model is realised using a multiscale modelling ap-
proach. The modelling schematic is illustrated in Fig. 2. So-called
homogenisation [25,26] is applied to the stack to build the macroscale
model with the following physical phenomena: fluid flow in porous
media, heat and mass transport, and chemical reactions. The relevant
physical processes are described using flow equation for porous media,
heat conduction equation, and convection–diffusion equation, respec-
tively, see Table 4. The constituents of all layers are averaged over
the stack, forming an equivalent porous medium at the macro scale as
shown in Fig. 2(c). This equivalent porous material is assumed to be
homogeneous. The organics are thus distributed over the entire stack
volume. The decomposition of organics will occur everywhere in the
stack, and the generated gases during debinding will migrate through
the whole volume. Thus the mass balances in the transient simulations
refer to the average masses.
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Table 3
Mass of components in each layer.

Materials IC AL EL CL MS CH Mass in a repeating unit / g
(mass for 2 layers)

ScYSZ 0.000 0.065 0.810 0.065 0.000 0.000 0.943
Fe22Cr 1.694 0.118 0.000 0.118 2.450 0.000 8.524
PEG 0.070 0.011 0.046 0.011 0.125 0.069 0.596
PMMA 0.000 0.009 0.000 0.009 0.000 0.352 0.721
B60H 0.124 0.020 0.081 0.020 0.220 0.122 1.052
S2075 0.066 0.010 0.043 0.010 0.117 0.064 0.558
Graphite 0.134 0.016 0.000 0.016 0.340 0.000 0.980

Note: The polymerisation degree of the PEG used in the slurry is 9.
Table 4
Mathematical models applied in the debinding model.

Physical quantities Mathematical models Coupling terms

Pressure 1
𝑅s𝑇

𝜕 (𝜙𝑝)
𝜕𝑡

− 𝜚div
(

κ
𝜇
grad𝑝

)

− 𝑘 = 0 (1) 𝑇 , 𝑐

Temperature
(

𝜚𝑐p
)

eff
𝜕𝑇
𝜕𝑡

+ 𝜚𝑐pgrad𝑇 ⋅ 𝐮 − div
(

λgrad𝑇
)

= 0 (2) 𝐮 (Darcy velocity), 𝑐

Molar concentration 𝜕 (𝜙𝑐)
𝜕𝑡

+ div (𝐮𝑐 − 𝜙𝐷grad𝑐) − 𝑘
𝑀

= 0 (3) u (Darcy velocity), 𝑇

Note: The definitions of all relevant parameters are given in Nomenclature.
𝑚

Effective material parameters are used in the macroscale modelling
to properly describe the mass transport as if all the geometric details
were included. Some equivalent material properties can be determined
using the volume-weighted method, e.g. porosity. For some material
properties that are strongly affected by the microstructural characteris-
tics of the stack components, e.g. permeability, a detailed microscale
model is built from a three-dimensional reconstructed geometry to
reflect the microscale porous structure in the macroscale stack model,
e.g. determining the relation between the permeability and porosity
of the equivalent porous material. The microstructural data from the
studies by [28,29] are used for the purpose, see Fig. 2(e).

4. Experimental

4.1. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to investigate at
which temperatures the organic additives would be removed and obtain
reaction kinetics parameters. A thermogravimetric (TG) analyser (STA
409 CD – Simultaneous TG-DSC) manufactured by NETZSCH – Geräte-
bau GmbH, Germany was used to measure mass changes of organics.
Green tapes were placed in alumina crucibles and heated following the
heating profile shown in Fig. 3 with a heating rate of 0.25 ◦C min−1. To
ensure a complete decomposition of organic additives, the temperature
is held for 4 h at 200 ◦C and 410 ◦C, and 6 h at 600 ◦C, respectively.
Pictures of the TG analyser and the samples (i.e. rolled green tapes) are
shown in Supplementary Figure S1(a) and S1(b), respectively.

4.2. Thermal debinding of SOFC monolith

The monolithic SOFC stack presented in the green state in Fig. 4
is thermally treated in a chamber furnace (LH 15/12 – LF 120/14,
Nabertherm GmbH, Germany) from room temperature to 600 ◦C in air
to remove the organic additives contained in the tapes. To smoothly
burn off the organics, heating ramps of 0.25 ◦C min−1 and dwell times
of 4 h, 4 h, and 6 h are used at 200 ◦C , 410 ◦C , and 600 ◦C
respectively.

5. Determination of material parameters

In this section, material parameters that will be used to model the
debinding process of monolithic SOFCs are determined by experimental
and numerical approaches.
1995
Fig. 3. Heating profile of TGA.

Table 5
Chemical equations of thermal decomposition of the organic additives.

Materials Chemical equations

PEG C16H34O9 + 20 O2 → 16 CO2 + 17 H2O

PMMA C5H8O2 + 6 O2 → 5 CO2 + 4 H2O

B60H C8H14O2 + 21
2

O2 → 8 CO2 + 7 H2O

S2075 C22H42O6 + 59
2

O2 → 22 CO2 + 21 H2O
Graphite C + O2 → CO2

5.1. Chemical equations of organics degradation

The chemical equations for the thermal decomposition of organic
additives in pore-former green tapes are detailed in Table 5. Note
that the intermediate stages of thermal decomposition of the organic
additives are neglected in the models. CO2 and H2O are considered the
final products.

5.2. Reaction kinetics parameters

The activation energy and pre-exponential factor of each organic
component are determined by fitting the reaction kinetics models to
the results from the TG experiment, see Table 6. The kinetic model is
written below, which describes the change of mass �̇� as a function of
temperature 𝑇 and the current mass 𝑚 [36].

̇ =
d𝑚𝑖 = −𝐴 𝑒

−𝐸𝑖
𝑅𝑇 𝑚 (4)
𝑖 d𝑡 𝑖 𝑖
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𝑚

Fig. 4. Picture of a monolithic SOFC stack in green state (stack dimension: 90 mm ×
52 mm). The gas channels are formed using honeycomb shaped pore-former tapes [8].

Table 6
Activation energies and pre-exponential factors of organic additives.

Materials Activation energy Pre-exponential factor
𝐸 / J mol−1 𝐴 / min−1

PEG 8.22 × 104 2.57 × 107

PMMA 8.87 × 104 1.27 × 107

B60H 9.09 × 104 1.94 × 106

S2075 9.41 × 104 3.09 × 105

Graphite 1.05 × 105 1.06 × 104

where 𝑖 is organic component identifier in subscript, 𝑚 represents the
mass of organics. The total change of mass per time is

̇ total =
5
∑

𝑖=1
�̇�𝑖𝑤𝑖 (5)

Note that the current models do not describe the many decompositions
steps which are needed to describe the very fast ramp rates. Due to the
low heating ramp rates used in this work, the activation energies and
pre-exponential factors are assumed to be constants [37].

Fig. 5 shows the mass variations of organic additives as a function
of the temperature. The sequence of thermal removal is PEG, PMMA,
B60H, S2075, and graphite, as shown in Fig. 5(a). Fig. 5(b) shows
the mass–temperature curves obtained from the kinetic model with
the fitted reaction kinetics parameters shown in Table 6 and the TG
experiment. The agreement between the two approaches suggests that
the applied kinetic models are suitable for describing the reaction
kinetics of the organic additives.
1996
5.3. Thermal conductivity

The equivalent anisotropic thermal conductivity tensor is written as

λ =
⎡

⎢

⎢

⎣

𝜆𝑥 0 0
0 𝜆𝑦 0
0 0 𝜆𝑧

⎤

⎥

⎥

⎦

(6)

where the three components are determined in terms of Fig. 6.

𝜆𝑥 = 𝜆𝑦 =
2

𝑅IC
+ 1

2𝑅MS + 𝑅CH
+ 1

𝑅AL
+ 1

𝑅EL
+ 1

𝑅CL
+ 2

𝑅MS
+ 1

𝑅CH
(7)

𝜆𝑧 =
2𝑅MS + 𝑅CH

(

2𝑅IC + 𝑅AL + 𝑅EL + 𝑅CL
) (

2𝑅MS + 𝑅CH
)

+ 𝑅MS𝑅CH
(8)

where 𝑅𝛼 represents the effective thermal resistance of layer 𝛼. Note
that 𝑅𝛼(𝑐organics) will change with the temperature due to the decompo-
sition of organic components, and so the other physical properties of
the stack, i.e. 𝜚avg, 𝜙, κ.

5.4. Permeability

The permeability as a function of the changing porosity of the
porous media is determined based on the Kozeny–Carman equation [38–
40], which provides good results for similar microstructures [29].

𝜅 = 𝐶0𝜏
2 𝜙3

(1 − 𝜙)2
𝑑2𝑤 (9)

with the tortuosity

𝜏 = 𝜙
2−2𝐷S
2−𝐷S (10)

where 𝜅 represents the permeability, 𝜏 the tortuosity, and 𝜙 the poros-
ity. 𝐶0 is the Kozeny’s constant, 𝐷S the fractal dimension scale of
pore-solid interface, and 𝑑𝑤 the effective grain size.

To implement Eq. (9) into the stack model, the product of 𝐶0
and 𝑑2𝑤 needs to be obtained first. This product can be determined
with an extracted microstructure sample. By reconstructing this sample
from X-ray computed tomography, its microscale geometry can be
implemented into finite element software to evaluate the current per-
meability 𝜅 and porosity 𝜙 [28]. 𝐷S is also estimated to accommodate
the specific characteristics of the stack model. With the known 𝜅, 𝜙, and
𝐷S, 𝐶0𝑑2𝑤 can then be obtained by combining Eq. (9) and Eq. (10). In
this work, we assume that 𝐶0𝑑2𝑤 will not change during the debinding
process.

5.5. Porosity

The porosity in debinding process is determined in terms of the
average volume fraction of each component, i.e. 𝜙 = 1 − 𝑣Fe22Cr −
𝑣ScYSZ − 𝑣PEG − 𝑣PMMA − 𝑣B60H − 𝑣S2075 − 𝑣Graphite. The average volume
fraction of each component is determined by dividing the volume of
the component by the total volume of the stack. With the burning
of organics in the debinding process, the volume fractions of PEG,
PMMA, B60H, S2075 and graphite will decrease correspondingly, and
the porosity will dramatically increase due to the removal of organic
additives. To simulate that the gasses can diffuse through the partially
liquid binder at the point of decomposition, we ascribe an initial
porosity of 0.1.

6. Simulations of debinding monolithic SOFCs

6.1. Base case

A monolithic SOFC made of PMMA pore-former tape is modelled
as a base case. The mass of each component in each layer is given in
Table 3. The same debinding temperature profile used in the debinding
experiments (Fig. 3, Section 4) is applied in this base case model.
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Fig. 5. Mass change of the pore-former tape over temperature. (a) TG measurement with heating rate of 0.25 ◦C min−1; (b) reaction kinetics modelling vs. TG measurement.
Fig. 6. Calculation of effective thermal conductivities of the stack. (a) The equivalent thermal conductivity corresponding to the 𝑥 and 𝑦 direction shown in Fig. 2(a) and (b) the
equivalent thermal conductivity in 𝑧 direction.
Table 7
Initial conditions used for the simulations.

Variables Values Units Description

𝑐PEG 328 mol m−3 Initial concentration of PEG
𝑐PMMA 1467 mol m−3 Initial concentration of PMMA
𝑐B60H 1467 mol m−3 Initial concentration of B60H
𝑐S2075 282 mol m−3 Initial concentration of S2075
𝑐Graphite 16 619 mol m−3 Initial concentration of graphite
𝑝ref 1 atm Reference pressure
𝑇ini 20 ◦C Initial temperature

6.2. Initial and boundary conditions

The initial conditions used for the simulations are presented in Ta-
ble 7. The initial temperature is set to the room temperature,
i.e. 20 ◦C. The temperature as a function of time 𝑇 (𝑡) is applied on
all boundaries of the stack volume representing the heating profile for
debinding. The reference pressure is 1 atm. The generated gases can
flow out from all boundaries.
1997
6.3. Numerical settings and computational times

The debinding model is realised with the commercial software COM-
SOL Multiphysics 5.6. A discretisation of 1110 hexahedral elements
with a uniform element size of 3 mm is applied. A direct solver is
used for resolving the linear system. Newton iterations are performed to
solve non-linearities with a relative tolerance of 10−4. All calculations
are performed on a workstation with an Intel(R) Xeon(R) W-2135 CPU
@ 3.70 GHz 6 Cores, and 128 GB RAM. Simulating a thermal debinding
process of 3140 min (∼52 h) takes 50 min.

6.4. Simulation of base case

Fig. 7 shows the molarity changes of organic additives over the
debinding cycle. The decomposition behaviour of organic additives is
consistent with the results of the TG measurement shown in Fig. 5(a).
The generation and migration of gases during the thermal removal of
the organics result in the change of porosity and pressure are shown in
Fig. 8 and Fig. 9. Five peak pressures (14, 4, 3, 0.6, and 0.4 mbar) are
found at 190 ◦C, 240 ◦C, 283 ◦C, 366 ◦C, and 573 ◦C, respectively.
The pressure peaks occur when large amounts of gases are generated
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Fig. 7. Change of molarity per unit volume of organic additives.
Fig. 8. Porosity change over the time.

within a short period. Pressure variations inside the stack volume are
represented by the pressure variations along the centre lines in the
width and height direction at the pressure peaks in the insert images of
Fig. 9. Note that as the heat transport in the stack is significantly faster
than the heating ramp of the furnace, the temperature inside the stack
is uniform.

7. Process optimisation

As can be seen in Fig. 9, the highest pressure peak corresponds to
the thermal removal of PEG and PMMA. The decomposition of PEG and
PMMA occurs at similar temperatures (160 ◦C∼180 ◦C, cf. Fig. 7(a)),
which contributes to generating large amounts of gases in a short
period, leading to deformation and eventually to fracturing of the stack,
as shown in Fig. 1. To better distribute the amount of developed gases
over the temperature and time, two strategies are possible: (i) change
the mixture of organic additives; (ii) modify the debinding temperature
profile.

7.1. Modification of pore-former composition

The amount of PEG can be reduced by modifying the mixture of
plasticiser or reducing the PMMA content in the mixture of pore-
formers. Particularly, the type of pore-former has a significant im-
pact on the pressure build-up, as the relative volume percentage of
pore-former in the stack is much higher than that of other components.

To confirm whether the damage of the stack results from the peak
pressures, we compare three SOFC stacks containing three different
pore-former tapes: 100 % PMMA, 50/50 vol % mixture of graphite and
PMMA, and 100 % graphite, respectively. The pressures generated dur-
ing the debinding of the three monoliths are calculated using the pro-
posed stack model, and the corresponding stack shapes after debinding
are recorded with the debinding experiments.
1998
As can be seen in Fig. 10, the highest pressure peak in the monolith
made of PMMA pore-former tape (maximum: 14 mbar) is much higher
than that in the other two stacks. The highest pressure in the monolith
made of graphite/PMMA mixture and made of graphite pore-former
tape are 9 mbar and 7 mbar, respectively. Using graphite to partly/fully
replace the PMMA pore-former can significantly reduce the pressure
build-up in the early stage of the debinding process. This is because (i)
the total mass of PMMA is reduced, resulting in a significant reduction
of the molar volume of gases, and (ii) the graphite decomposes after
400 ◦C, where other organics have been almost completely decom-
posed. The simulation results were consistent with the experimental
observations. Fig. 10 also shows the post-mortem pictures of the three
stacks. It can be seen that the stack composed of PMMA pore-former
tape was distorted and damaged, while the other two stacks remained
flat and intact, suggesting that reducing the build-up pressures can
lower the risk of fracturing the stack during the debinding process.

Fig. 11 shows the scanning electron microscopy (SEM) images of
monoliths after debinding. From a representative cross-sectional mi-
crograph of the cell made of PMMA pore-former tape, i.e. Fig. 11(a),
we can see that multiple cracks occurred in the monolith when PMMA
sacrificial material was used to form the gas channels. The thermal
removal of PEG and PMMA in the temperature range 160 ◦C∼200 ◦C
provokes significant damages to the monolith. On the contrary, no
cracks occurred in the monolith made of graphite/PMMA mixture, as
can be seen in Fig. 11(b).

7.2. Modification of debinding temperature profile

If the stack manufacturer is reluctant to modify the slurry compo-
sition, the high pressures generated during the debinding process can
also be significantly reduced by adjusting the debinding temperature
profile. By using varied heating rates in different debinding periods,
the pressures can also be reduced without changing the composition of
organic additives. The base case where the stack is made entirely with
PMMA pore-former is used in the following.

Figs. 12(a) and 12(b) show the debinding temperature profiles and
the corresponding build-up pressures, respectively. Unlike the constant
rate of 0.25 ◦C min−1 used in the original temperature profile, a
heating rate of 0.20 ◦C min−1 is used up to 212 ◦C, and 0.60 ◦C min−1

after 212 ◦C in the modified temperature profile. Moreover, in the
modified temperature profile five dwell temperatures (116 ◦C, 148 ◦C,
188 ◦C, 212 ◦C, and 600 ◦C) instead of three (200 ◦C, 410 ◦C,
and 600 ◦C) in the original temperature profile is used, as shown in
Fig. 12(a). The first four dwells are set at relatively low temperatures
from 116 ◦C to 212 ◦C to facilitate a slow decomposition of PEG and
PMMA. Thus the decomposition of PEG and PMMA are controlled,
and the pressures are decreased compared to the original case, see
Fig. 12(b).
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Fig. 9. Pressure build-up over the time at centre location. Inserts show pressure variations along the centre lines in the width and height direction (red lines in the schematic) at
the temperatures where pressure peaks occur, i.e. at 190 ◦C, 240 ◦C, 283 ◦C, 366 ◦C, and 573 ◦C, respectively, due to the decomposition of specific organic components.

Fig. 10. Pressure build-up in the three SOFC stacks and stack shapes photographed after thermal debinding (stack dimension: 70 mm × 40 mm).

Fig. 11. SEM micrographs of monoliths after debinding. (a) Cross-sectional micrograph of the cell made of PMMA pore-former tape and (b) cross-sectional micrograph of the cell
made of graphite/PMMA mixture.
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Fig. 12. Debinding of the stack made of PMMA pore-former tape using constant (0.25 ◦C min−1) and varied heating rate (0.2 ◦C min−1 before 212 ◦C, and 0.6 ◦C min−1 after
212 ◦C). (a) Comparison of the debinding temperature profiles; (b) comparison of the pressure build-ups.
Note that the pressure build-up per unit volume during decompo-
sition of the graphite is much smaller than that generated during the
burning of PEG and PMMA. Thus a high heating rate (0.60 ◦C min−1)
can be adopted in the later stage. Nevertheless, compared to the orig-
inal temperature profile, a longer temperature dwell (7 h) at 600 ◦C
is applied in the modified debinding procedure for the complete de-
composition of the graphite used in the pore-former tape. As can be
seen in Fig. 12(b), there are seven pressure peaks generated in the
modified debinding procedure. Simulation results show that the highest
pressure peak (14 mbar) in the original case is broken into several
lower pressure peaks (< 7 mbar), with a 51 % reduction of the highest
one. All adjustments made on the debinding temperature profile for the
reduction of the pressures also lead to a reduction of the total time for
the debinding procedure. Thanks to the relatively fast heating ramp
used after 212 ◦C (0.60 ◦C min−1), the total time is reduced from
3,140 min to 2,917 min, corresponding to a reduction of 7 % (∼4 h)
compared to the original debinding cycle.

8. Conclusions

In this work, the driving force that leads to the damage of mono-
lithic solid oxide fuel cell stacks during the debinding process is
investigated. The structural responses of stacks composed of differ-
ent pore-former tapes are determined using a numerical model. A
computational-efficient multiscale multiphysics model is proposed to
quantify the pressures induced by the thermal decomposition of or-
ganic additives. The microstructural properties are determined using
a microscale model and are linked to the macroscopic responses of the
stacks to the thermal treatment. To greatly reduce the computing time
of transient simulations, a homogenisation method is applied to the
macroscale model, i.e. the full-scale stack model.

Numerical investigations show a good agreement with the post-
mortem observations. Specifically, simulation results show that the
gases generated during the debinding of the stack composed of PMMA
pore-former tape result in high build-up pressures and this stack are
observed distorted and fractured in the post-mortem pictures. Stacks
with gas channels formed by having graphite and graphite/PMMA
mixture based sacrificial material present lower build-up pressures and
these stacks remain flat and intact in the post-mortem pictures.

Furthermore, the highest transient pressures can also be signifi-
cantly reduced by regulating the debinding temperature profile, i.e. ad-
justing the dwell temperatures and using varied heating rates. Particu-
larly, by applying the new temperature profile proposed in this work,
the total time of the debinding cycle can be reduced.

The reduction of the debinding time through employing an opti-
mised heating profile would increase the manufacturing efficiency of
monolithic solid oxide fuel cell stacks, reducing the cost of fabrication.
The multiscale model presented in this work can provide qualitative
predictions of experimental results and can be used to optimise im-
portant parameters of solid oxide cell stack manufacturing (e.g. slurry
composition, debinding temperature profiles).
2000
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