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Abstract

Aim of this work is to present, for the first time, the use of Dynamic Mechanical Analysis as a tool
to characterize the thermo-mechanical behavior of green tapes defining the process conditions for
the subsequent lamination step. This method was applied on tapes of protonic conductors, key-
materials for different applications in the energy sector, from gas separation membranes to solid
oxide fuel cells and electrolyzers. The pore former (rice starch) content was found to considerably
affect the thermomechanical behavior (elastic and storage moduli, elongation to break, viscosity) of
the tape and therefore the lamination process. The temperature required for a proper lamination
increases from 50 up to 75°C passing from the system without rice starch to the one with the
highest pore former amount. This work identifies for the first time an optimal lamination viscosity

(10'° Pa s), regardless the tapes formulation, required for a suitable adhesion among the layers.
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1. Introduction

Tape casting is the most widely used technique for large scale fabrication of green sheets to be used
in multilayer ceramic technology [1-2]. Since the 50s, tape casting has been mainly exploited for
the commercial production of electronic substrates and multilayer capacitors [3-4]. In this area, the
research has been applied in multilayer structures of a large variety of dielectric, ferroelectric,
insulator and piezoelectric materials for electronic components such as capacitors, actuators,
transducers, varistors, resistors, energy harvesters, etc. [5]. More recently, tape cast multilayer
structures have been developed for structural applications [6-11], YAG-based lasers [12-14], Solid
Oxide Fuel Cells [15-18], Solid Oxide Electrolysers cells [19-20], Lithium / Sodium lon Batteries
[21-23] and Gas Separation Membranes [24-27], confirming tape casting as powerful and flexible
industrial technology.

The technique generally requires the following steps (Figure 1): i) slurry preparation, ii) casting and

drying, iii) punching and lamination and iv) thermal treatments.
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Figure 1 Production steps for the fabrication of multilayer architectures through tape casting

technology.

Each step of the process must be carefully optimized in order to obtain the final multilayer product
with the desired properties. The green sheets, in particular, are the fundamental building blocks for
the multilayers development and need to meet several requirements to enable high quality and
reliable final products.

The green ceramic tapes are generally produced starting from well-optimized slurries. These are
typically prepared by dispersing the ceramic powder in a solvent with the addition of significant
amounts of organic compounds (binders, plasticizers, dispersing agents and eventually pore formers
and surfactants) necessary to give, after casting and solvent evaporation, flexible and crack-free
tapes [28-29]. In this respect, the green tape can be considered as a polymer-ceramic composite
where the mutual physicochemical interaction of the components defines the mechanical

characteristics of the material in terms of elasticity, strength and toughness. These important



properties strongly affect the further processing steps: tapes handling, cutting and lamination and
deformation during the thermal treatments.

The determination of the mechanical properties of the green tapes is therefore of paramount
importance in order to optimize the whole ceramic process. Up to now, the mechanical properties of
the green tapes have been assessed through stress-strain measurements in tensile mode to optimize
tapes composition (i.e PVP-PVA-gelatin co-binder [30], binder and plasticizer content [31-34]),
adjust water based suspension [35-40], asses the influence of leached cations (i.e. Ba®* [41],
optimize the solid loading [42-43]).

However, the complex structure and the viscoelastic behaviour of a green tape cannot be described
only using static methods. The macromolecular mobility is in fact dependent upon many factors
related either to the intrinsic material properties (i.e. chemical structure, molecular architecture,
molecular weight and crosslinking, copolymers and blends, plasticizers, molecular orientation,
fillers) and the operating conditions (i.e. time, temperature, frequency, stress or strain applied) [44].
To the authors knowledge the viscoelastic properties in terms of stiffness (modulus), ability to
recover from deformation (elasticity), tendency to flow (viscosity) for green ceramic tapes have
never been investigated so far. The lack of a deep understanding of the thermomechanical
properties of the ceramic tapes has hindered the development of validated and standardized methods
able to predict the lamination conditions necessary for the multilayers production and therefore
simplify the optimization process.

In this paper we will present for the first time, the use of advanced Dynamical Mechanical Analysis
(DMA), commonly used for polymer-based materials, to univocally define the lamination process
conditions needed to obtain products with the suitable morphological and functional characteristics.
To firstly demonstrate the potential of this technique, the characterization of proton conductive
ceramic tapes based on the solid solutions of yttrium-doped barium cerate and barium zirconate
(BCZY) will be presented as case study. The use of this material combined to the tape casting

technology has received increasing interest in proton-conducting intermediate-temperature solid-



oxide fuel cells and electrolysers (SOFC/SOECSs) [45-47] as well as in hydrogen separation
membranes [48-50]. These devices are constituted by a porous/dense laminated structure where the
porous layer is obtained by mixing organic or inorganic pore-forming agents into the ceramic slurry
before tape casting.

In this study, the influence of the slurry formulation, in particular of the pore former content, on the
thermo-mechanical properties of the tapes, will be investigated using a dynamic mechanical
analyser. This work will allow to develop a characterization protocol for green tapes able to
optimize the lamination process through the identification of parameters such as lamination

temperature and viscosity.

2. Experimental

For the production of the tapes, BCZY powder (BaCeo.65Zr0.20Y0.1503-5, Specific Surface Area
(SSA) = 5.8 m?/g), supplied by Marion Technology was used as starting material. Rice Starch (RS,
moisture content between 7.5-13 %, Aldrich, USA), with average particle size of 5-6 um was used
as sacrificial pore forming agent.

The slurries were prepared by adding to the starting ceramic powders the desired amounts of
solvent (azeotropic mixture of ethyl alcohol and methyl ethyl ketone (EtOH-MEK), Sigma-—
Aldrich), deflocculant (glycerinetrioleate (GTO), Fluka), binder (Butvar B98, Monsanto Co., St
Louis, MO, USA) and plasticizer (Santicizer 160 Monsanto Co., St Louis, MO, USA), following
the standard colloidal processing technique already described elsewhere [50]. The compositions of
the green layers are reported in Table 1. The rice starch content was increased from 35 up to 50 Vol
% respect to the ceramic powder, lowering the amount of the organics (binder + plasticizer) but
keeping constant the binder/plasticizer ratio as well as the ceramic loading and the amount of

deflocculant. The tape formulation without rice starch was considered as well for comparison. The



ball-milled suspensions were deaerated under vacuum and cast on a moving Mylar carrier (v =6

mm/s) obtaining, after solvent evaporation, green tapes with the desired thickness (= 0.4 mm).

Table 1 Green tapes formulations with different amounts of rice starch as pore former. The number

in the tape’s name indicates the % amount of Rice Starch added in respect to the ceramic powder.

Tape Powder Deflocculant Binder Plasticizer Rice Starch
Vol % Vol % Vol % Vol % Vol %

BCZY_0O 25.27 1.37 34.98 38.38 -

BCZY_35 25.27 1.37 28.49 31.26 13.62

BCZY_40 25.27 1.37 26.95 29.57 16.84

BCZY_45 25.27 1.37 25.12 27.56 20.68

BCZY_50 25.27 1.37 22.93 25.16 25.27

Figure 2 reports pictures of the tapes obtained with the formulations reported in Table 1. All the

resulting tapes were defect-free.
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Figure 2 Pictures of the tapes with different amount of pore former. The corresponding

formulations are reported in Table 1.

The thermo-mechanical properties and the lamination conditions of BCZY green tapes with

different rice starch content were evaluated through a dynamic mechanical analyzer (DMA Q800,



TA Instruments, USA), using a tension film-fiber (Fig. 3a) and a compression clamp (Fig. 3b)
respectively. The experimental DMA analyses conditions and the corresponding properties

evaluated are summarized in Table 2.

Figure 3 Scheme of the DMA clamps used in this work: tension film-fiber (a) and compression

clamp.

Table 2 Summary of the experiments carried out with the DMA. The reported abbreviations stand
for Fstatic (Static Force), T (Temperature), o (Stress), € (Strain/Elongation), f (Frequency), E’
(Storage modulus), E’’ (Loss Modulus), tan 6 (Loss factor), t (Time), J(t) (Creep compliance) I]
(Viscosity) Al/lp (Deformation).

Sample Operative .
Clamp Mode b b Properties evaluated
shape Parameters
o Stress, strain, yield to
Tension film - . € =5000-25000 o max [MPa] .
. Strain rate Dog-bone fracture, elastic modulus,
flber l.lm, Fstatic = 001 N Emax [%]

toughness




e=0.2%; f =2 Hz;

Multi E’ [MPa] Determination of the
Trange = Tamb — i i
frequency - Rectangular . E”’ [MPa] moduli as functions of
. 100°C, heating rate
strain ) tan & temperature
=3 °C/min

Creep compliance,
c=0.4MPa;t=5 J(@t) [um? N1

. Squared ] viscosity and deformation
Compression Creep . min; Il [Pa-s] )
bilayers as functions of the
T=35-75°C Al/lp [%]
temperature

The as-laminated DMA bilayer samples were observed with an optical microscope (Leica DM
RME) to verify the quality of the lamination following the procedure reported elsewhere [51].

The adhesion among the layers was also assessed after the thermal treatment of the bilayer samples
at 1450°C x 4h, following a sintering profile previously optimized [50]. The sintered bilayers cross
sections were then embedded under vacuum in epoxy resin (EpoFix, Struers) and then polished
down to 0.25 um finish with an automatic polishing machine (Tegramin-25, Struers). The
lamination adhesion was finally evaluated through microstructural/morphological scanning electron

microscopy analyses (SEM-FEG, Carl Zeiss Sigma NTS GmbH, Oberkochen, Germany).

3. Results and Discussion

3.1 Thermomechanical behaviour of the green tapes

The effect of the pore former (rice starch) load onto the mechanical properties of BCZY green tapes
was firstly investigated. The pore former amount is in fact a key variable that governs the final
porosity of the ceramic layers and, therefore, the gas permeation, an important parameter for the
final performances of solid oxide fuel cells/electrolyzers [52] and gas separation membranes [53].
Dog-bone samples were obtained from the different tapes and stress-strain curves were collected
using the film-tension clamp at room temperature. The results show that the amount of rice starch

strongly affects the elastic modulus, the elongation and stress to break (Figure 4 and Table 3).
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Figure 4 Stress-strain curves of the BCZY tapes with different rice starch contents.

Table 3 Mechanical properties of the green BCZY tapes as a function of the RS content.

Elastic modulus

Elongation to break

Tape Gmax

(MPa) (MPa) (%)
BCZY_0 3402 6.7+0.6 1339+31
BCzY_35 35%0.1 8.9+0.8 76.7 £ 5.7
BCZY_ 40 4.2+0.1 205+1.38 58.6 +5.9
BCZY_45 43+%0.1 21.7+0.6 33.8+15
BCzZY 50 5%0.1 40442 21215

As clearly shown by Table 3, an increasing amount of pore former increases the elastic modulus of

the tape. It is worth remembering, in fact, that each tape has the same volume of powder and

dispersant, differing only on the % of starch and, as a consequence, of organics (binder+plasticizer).



This behaviour is related to two synergic effects: i) the blocking effect of the rice starch on the
mobility of the binder polymeric chains and ii) the lower content of the binder, which results in a
more rigid net. The binder provides, in fact, strength to the green tapes after the solvent evaporation
through organic bridges between the ceramic particles. When there is not enough binder, the
resulting green tape develops only the elastic portion of the stress-strain curve.

This is confirmed by the results showed in Figure 5a, were elastic moduli decreases with an

increase of the binder content.

50 0.6
45 @) OBCZY_0 b)
+BCZY_35 05 | o

401 % mBCZY_40

35 ABCZY_45 04 | .
E 30 XBCZY_50 w OBCZY_O0
S 25 g 03 . *BCZY_35
W 20 - A m e mBCZY_40

15 | 02 1 A ABCZY 45

12 i . . ol X X BCZY_50

0 : | : 0 : ; |

20 25 30 35 40 20 25 30 35 40
Binder content (vol.%) Binder content (vol.%)

Figure 5 Elastic modulus(E) (a) and (omax/E) (b) values as a function of the binder content.
Standard deviations are also reported in (a), while in (b) standard deviation indicators are smaller

than the symbols.

In literature, one of the parameters used for estimating the tape toughness is the tensile
strength/elastic modulus ratio (omax/E) [54-55]. High ratio values mean high fracture toughness and
therefore good crack resistance. Figure 5b shows the omax/E values as a function of the binder
content for the tapes with different amount of pore former. The omax/E ratio increases raising the
binder content, confirming again its role into the polymer-ceramic composite for the formation of a
macromolecular network with the suitable mechanic-physical properties. However, it is worth to
notice that, even if the substitution of binder with rice starch greatly affects the elongation to break

parameter, the mechanical properties in terms of E and omax/E are only slightly influenced when the



lowest amount of pore former is introduced into the tape (BCZY _35). This might be due to a
compensation-synergic behaviour of the polymeric components i.e. binder and pore former.

All the previous tests confirmed that at room temperature the organic pore former increases the
elastic modulus of the tape acting like an inorganic, ceramic fraction rather than an organic
component as it should be expected considering its chemical nature. Rice starch is as a matter of
fact a polymer, therefore its thermomechanical properties may vary with temperature, i.e. during the
lamination process. In particular, it is a semicrystalline polymer in which crystalline regions are
interspersed into a continuous amorphous matrix [56]. On heating or plasticizer addition (i.e.
moisture) the mobility of the amorphous part increases, and the material becomes more flexible or
rubbery. However, the molecular motion of starch, which defines its glass transition temperature
(Tg), is hindered by cohesive forces along and between the chains. The crystalline regions of the
polymer act in fact as physical cross-linkers that add rigidity to the amorphous region having an
effect similar to that of chemical cross-links [56].

The effect of temperature on the behaviour of tapes with rice starch is therefore very important to
assess its role onto the green mechanical properties. For this purpose, rectangular samples were cut
from the different tapes and a sinusoidal stress was applied increasing the temperature, measuring
the resulting oscillating sinusoidal strain. Figure 6 shows the temperature-dependence of the storage
modulus (i.e. the elastic part of the polymer) recorded in the as-mentioned dynamic mode. The
trend obtained with the dynamic application load agrees with the results previously discussed for
the tensile tests: for an increasing amount of pore former the storage modulus of the tape increases
in the whole temperature range considered. In particular, the graph underlines that the tape without
pore former has E’ values similar to the ones registered for the sample with the lowest amount of
RS (BCZY_35) up to about 75°C. At higher temperatures however, the softening of the binder-
plasticizer network of the BCZY _0 tape becomes predominant due to the lack of RS acting as cross-
linker. The crystalline regions of the latter in fact, for which the melting transition is above 95°C

depending on the moisture content [57], probably promote the rigidity of the tape. In addition, the



higher the rice starch content, the more E’ varies with the temperature. For example, BCZY 50 has
an E’ value of 131 MPa at 40°C which decreased to 43 MPa at 100°C; while the E’ of the

BCZY _40 decreased from 57 MPa to 11 MPa in the same temperature range (note that the y-scale
of Figure 6 is logarithmic). This behaviour is probably ascribed to the activation (softening) of the
amorphous parts of starch above the Tg4 that occurs in the 50-70°C temperature range depending on

the moisture content [57-58].
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Figure 6 Storage modulus (E’) of the different tapes as a function of temperature.

As explained at the beginning of this paragraph, the optimization of the lamination parameters is
extremely important in order to obtain a multilayer without deformation and/or mass loss. This
process is strictly related to the viscosity of the tape and in particular to the mobility of the
macromolecular chains, responsible for the tape’s lamination/adhesion. Therefore, viscosity values

of each tape were calculated from the creep measurements at different temperatures (Table 4).



The viscosity values for the formulation with the highest amount of RS (BCZY _50) are not
reported. Their corresponding registered creep curves, in fact, have a negative slope due to the
slipping of the sample from the clamp during the tests as a consequence of a plasticizer release in

temperature [59].

Table 4 Viscosities values obtained from creep tests at different temperatures.

1] [Pa- s] - 10°
Temperature (°C) 40 50 60
BCZY_0 72114 1.3+02 0401
BCZY_35 142 +4.1 14+02 0401
BCZY_40 20.2+2.9 26+07 0701
BCzY_45 31.3+17.6 81+14 16+0.2

Viscosity values have the same trend of the storage modulus (Figure 6): the higher the starch
content the higher the viscosity and the highest is its variation with temperature. A less temperature-
dependence of viscosity for tapes without or with low starch content was in fact registered in the
investigated temperatures range, confirming therefore the importance of the lamination process
optimization.

These results confirm that the pore former content considerably affects the thermomechanical

behaviour of the material, with predictable implications on the lamination process.

3.2 Mimic of the Lamination Process

The optimization of the lamination parameters is a key step for the production of a multilayer. The
previous results allowed to obtain useful correlations between composition and elastic/storage
modulus or viscosity as a function of temperature. To directly correlate these results with the actual
lamination process, a new innovative experimental set-up was designed: two rectangular samples

cut off from the tapes were stacked and inserted between the plates of the compression clamp of the



DMA. This new configuration was used to directly measure the bilayer deformation (in terms of
strain and shrinkage along the thickness), creep compliance and viscosity under a given pressure
and temperature, mimicking the actual lamination process.

The strain and the creep compliance of two stacked layers for BCZY _0 tape with the temperature
are correlated in Figure 7. Optical microscope images are also reported to assess the lamination
condition after each test. The results obtained for the other two stacked layers of BCZY _35,
BCZY_40,BCZY_45, BCZY_50 are reported in Appendices (A.1, A.2, A.3, A.4 respectively).

In general there is an increase in strain with temperature, that means a sample’s thickness reduction
induced by a definite mass flow while a pressure is applied. For an effective lamination the creep
compliance should increase so that less force is needed to deform the material. In particular, this
analysis confirmed that the lamination temperature increases from 50 up to 75°C passing from the
system without rice starch to the one with the highest amount of pore former. For higher lamination
temperatures, the strain and, therefore, the shrinkage increases enhancing the probability of

multilayer deformation. This is perfectly in line with the considerations previously done on the

thermomechanical behaviour of each single tape with different amount of organics.
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Figure 7 Creep compliance and stain values at different temperatures of the tape BCZY _0. Optical

microscope images of the sample after each test are reported above.

For each creep test on the bilayers, the viscosity as well as the shrinkage along the thickness were
determined at the different temperatures. The shrinkage values, in particular, were calculated
considering the strain values registered at the end of the creep test at each temperature (Figures 7,

A1-A4):
Shrinkage (%)= % *100
0

Where, Lo and L+ are the sample thickness before and after creep test, respectively.

Figure 8 shows how the temperature and rice starch content affect the viscosity (Fig. 8a) and the
shrinkage (Fig. 8b) for each system evaluated. The results obtained confirm the ones previously
discussed on the thermomechanical behaviour of each tape. The viscosities decrease with the
increase in temperature. On the other hand, the absolute values of viscosity calculated for each
bilayer are comparable but shifted at higher temperatures by increasing the pore former content as
previously observed for the single tape, confirming again the blocking effect of RS. Note that a
viscosity value discontinuity was registered for BCZY_50 in the 60-70 °C temperature range. Even
if this behaviour is probably linked to the softening of the amorphous parts of starch that is present,
in this formulation, in large amount, further investigations will be needed to fully understand this
phenomenon.

Finally, the trend of the shrinkage follows the one of viscosity: changes in viscosity imply changes

in the material’s shrinkage and thus in the lamination of the bilayers.
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Figure 8 Viscosity a) and shrinkage b) values calculated after each creep test at different

temperatures for all the bilayers analysed.

Figure 9 reports the optimal lamination parameters in terms of lamination viscosity and Tiamination
determined from the previously described creep tests for each system. The reported correlations
demonstrate that the lamination process is hindered by the presence of rice starch: the pore former

in fact increases the viscosity of the tape making the lamination process more difficult.
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Figure 9 Lamination viscosity and lamination temperature trends as a function of the rice starch

content.

It is important to notice that the tapes show similar values of lamination viscosity (10%° Pa s).

This result seems to indicate that it is possible to identify a common value of viscosity necessary to
obtain an effective lamination. The discrepancy showed by BCZY _50 is ascribed to the high level
of pore former in the system that substitutes the binder-plasticizer network. This tape was in fact
theoretically formulated to complete the series of samples with incremental RS, following the logic
approach reported in the experimental part, with the aim to be comparable with the other
formulations and thus understanding the influence of pore former. A fully optimization of this tape,
in terms of balacing of organics amount, should be necessary if considered for the further
processing steps and practical applications.

In order to assess the influence of the lamination temperature on the final adhesion between the
layers, the different bilayers were sintered at 1450°C x 4h, and the resulting cross sections
investigated by SEM analyses. The SEM micrographs reported in Figure 10 show that the
optimization of the lamination condition is crucial for the adhesion of the multilayers even after the
sintering process. No delamination defects were in fact detected for bilayers properly laminated at
the temperatures equal to the optimal ones as derived from the study on the lamination process

previously described in Figure 9.
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Figure 10 Effect of the lamination temperatures on the sintered bilayers with different amount of

rice starch.

Conclusions

This work explored for the first time the possibility to use Dynamic Mechanical Analysis as a
powerful tool to characterize and design green tapes and multilayers for energy applications.
DMA allowed to find helpful results correlating the formulation of the tapes with their

thermomechanical behaviour and then with the lamination process.



In particular, it was found that the rice starch, used as pore former, has a ceramic particle-like
blocking effect on the chain mobility at low temperature. Temperature-programmed static and
dynamic experiments assessed however the temperature-dependence of the rice starch blocking
effect on storage modulus and viscosity.

Exploiting a compressive-mode experimental set-up, the lamination process was successfully
mimicked and investigated. The main results show that the viscosity, strain and shrinkage along the
bilayer thickness are strongly affected by the temperature and the rice starch content. As a
consequence, the optimal lamination temperature for each system strongly differs with the tape
formulation, increasing from 50 up to 75°C rising the rice starch amount. For the first time, an
optimal lamination viscosity (10'° Pa s) required for a suitable adhesion among the layers was
individuated. Even if more research has to be done to confirm this result, the possibility to identify a
unique parameter defining the best conditions for lamination represents an important breackthrough

for the multilayers technology field.
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