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Effect of Reaction Layers on Internal Stresses in Co-Fired
Multilayers of Calcium Manganate and Calcium Cobaltite

Patrick Stargardt, Sophie Bresch, Rainer Falkenberg, and Bjérn Mieller*

A widespread recovery of waste heat requires a cost-effective production of
thermoelectric generators. Thermoelectric oxides are predestined for use at high
temperatures. For manufacturing reasons, a multilayer generator design will be
easily scalable and cost-effective. To evaluate the potential of ceramic multilayer
technology for that purpose, a multilayer of the promising thermoelectric oxides
calcium cobaltite (Ca3C0,405), calcium manganate (CMO, CaMnO3), and glass—
ceramic insulation layers is fabricated. Cracks and reaction layers at the interfaces
are observed in the microstructure. The compositions of these reaction layers
are identified by energy-dispersive X-ray spectroscopy and X-ray diffraction.
Mechanical and thermal properties of all layers are compiled from literature or
determined by purposeful sample preparation and testing. Based on this data set,
the internal stresses in the multilayer after co-firing are calculated numerically. It
is shown that tensile stresses in the range of 50 MPa occur in the CMO layers.
The reaction layers have only a minor influence on the level of these residual
stresses. Herein, it is proven that the material system is basically suitable for
multilayer generator production, but that the co-firing process and the layer
structure must be adapted to improve densification and reduce the tensile

thermoelectric generator has been success-
fully demonstrated by Funahashi et al. in
2006.! In several review articles, calcium
cobaltite (Ca3;Co409, CCO) and calcium
manganate (CaMnO;, CMO) are consid-
ered to be very promising material systems
for application in high-temperature ther-
moelectric generators.>®”! The use of
ceramic multilayer technology, well estab-
lished for cost-effective large-scale produc-
tion of multilayered ceramic capacitors!®
and circuit boards in low-temperature
co-fired ceramics technology, is an attrac-
tive route for the production of cheap
multilayered thermoelectric generators
(MLTEG) for low power applications.
This approach was exemplarily demon-
strated using NigoMog; as p-type
thermoelectric, Lag 935570965 1103 as n-type
thermoelectric, and Y 03Z1¢.970; as insula-
tor.'”) Slightly modified concepts such as

stresses in the CMO.

1. Introduction

The conversion of waste heat into electrical power by exploiting
the thermoelectric effect is gaining increasing attention for a
wide variety of applications.!”! Thermoelectric oxides are particu-
larly suited for high-temperature applications due to their oxida-
tion stability.[! Although their figure of merit is lower compared
to other material systems like tellurides or half-Heusler com-
pounds,®! thermoelectric oxides have application potential
for energy harvesting because of their viable power factors at
high temperatures.!! Powering of a mobile phone by an oxide
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the transverse MLTEG, where the stack

plane is tilted to the temperature gradient,

were even produced with CCO or CMO,

respectively.'"'? An MLTEG in which
CCO and CMO are combined has not yet been presented. In gen-
eral, the fabrication of such a module requires the adjustment of
the sintering intervals and thermal expansion of the ceramics
involved, the selection of a suitable metallization, and an under-
standing of the interfacial reactions between the different layers.
Matched thermal expansion coefficients are important to mini-
mize internal stresses during cooling of the module after sinter-
ing and during operation at higher temperatures. In case of
CCO/CMO, the thermal expansion coefficients are sufficiently
similar, but the sintering temperature of CMO must be lowered,
which is investigated in detail in another study."” A glass-
ceramic composite suitable as insulation layer between CCO
and CMO has also been reported.!**]

Building on this work, it is now logical to manufacture a mul-
tilayer component from this material system and thereby test the
feasibility of the multilayer approach experimentally. This was
carried out in the present study. The experimental prototype
was not thermoelectrically functional due to excessive internal
electrical resistance. Analysis of the microstructure revealed ver-
tical cracks in the CMO layers and the formation of different
reaction layers at the various interfaces. This raises the question
if the failure of the CMO is related to the formation of the
reaction layers.

Assuming that the thermal expansion of CCO and CMO is
sufficiently similar to allow co-firing,*! it can be hypothesized
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that failure-relevant residual stresses are generated by the reac-
tion layers. To test this hypothesis, the thermal and mechanical
properties of the reaction layers were determined and the resid-
ual stresses in the multilayer were calculated numerically. This
allows a comparison of the stress distribution in a hypothetical
multilayer without reaction layers with the stress distribution in
the real component to assess the impact of the reaction layers.

The presented study covers the manufacturing of the multi-
layer prototype from powder to component, the identification
of the reaction layers by energy-dispersive X-ray spectroscopy
(EDX) and X-ray diffraction (XRD) analyses, a compilation of
thermal and elastic properties from literature and specially
prepared samples, and the numerical calculation of stress distri-
butions. It is complemented by data on the biaxial strengths of
the main constituents CCO and CMO to discuss the damage
potential of the calculated internal stresses.

2. Results

2.1. Multilayer Characterization

The multilayer prototype is macroscopically intact. Scanning
electron micrographs of a polished cross section of the inner part
are shown in Figure 1. Metallization is not shown in this image
section. The individual layers can be clearly distinguished by
their gray value and thickness (Figure 1a). The EDX mapping
shows a clear separation of the different layers (Figure 1b).
No warping or other deformations are observed. The thicknesses
of the different layers are CCO 160 &+ 6 pm, CMO 100 + 6 pm,
insulation 12 4+ 5 pm, and metallization 6 + 1 pm. The screen-
printed insulation layers, identified by the Si signal in
Figure 1b, show significant variations in layer thickness. This
indicates process fluctuations during screen printing in the
production of the prototype. A horizontal crack in the central
insulation layer 1is visible in the secondary electron
(SE) contrast (Figure 1a). As the other insulation layers are crack
free, the one crack may be an artifact of preparation or a conse-
quence of errors in the screen-printing process. It can be
assumed that under stable production conditions it is possible
to manufacture the insulating layers without defects. In the
CMO layers, which can be clearly identified by the Mn signal,
many vertical cracks can be recognized by means of in-lens
contrast (Figure 1c). Some of these vertical cracks continue in
the insulation layers and even in the CCO layers.

A closer examination of the interfaces in Figure 2 allows the
identification of reaction layers at the different interfaces.

Co-K Mn-K Ca-K
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Figure 2a provides a schematic overview of the layer sequence
and the location of the detailed interface images shown in
Figure 2b—e. The interface between CMO and insulation is
shown in Figure 2b. The upper image area shows the CMO layer.
In the transition to the insulation (downward in the image), a
Ca-depleted layer occurs (designated “1”). Further down, already
in the insulation, a Ca-rich and Ba-depleted region is visible (des-
ignated “2”). Table 1 summarizes the element concentrations in
the respective layers. Based on these, reaction layer “1” could be
CaMn,0, (marokite). Accordingly, layer “2” could be calcium
silicate, CaSiOs. Isolated Ba signals are visible in the CMO layer.
These are probably artifacts from sample preparation.

The interface between insulation and CCO is shown in
Figure 2c, with CCO in the lower half of the picture. The SE
contrast on the right side of the image shows a crack in black.
Above the crack, a Ca-rich layer is identified (designated “3”).
A noticeable light gray layer below the crack contains only Co
and O (designated “4”). Considering the element concentrations
(Table 1), these could be calcium oxide (CaO) and cobalt oxide
(Co30y), respectively.

At the top and bottom of the multilayer, the CCO is in contact
with the alumina release tape. Figure 2d shows this interface
with alumina in the upper half of the picture. A calcium and
oxygen-rich layer can be identified on the alumina side of the
interface (designated “5”). According to the concentrations
(Table 1), this could be a monocalcium aluminate layer
(CaAl,0,). In the CCO below, a thin-layer enriched in Co and
O is found (designated “6”). According to the concentrations, this
could be another Co;0, layer.

Figure 2e shows a section in which the CCO, CMO, and insu-
lation are in contact with the Ag metallization. CMO is found in
the upper half if the image, CCO in the bottom half. The insula-
tion in between, recognizable by the Al and Ba signals, is on the
left-hand side. The Ag metallization is visible in the right third of
the image. Apart from the reaction layers already described, no
further reaction layers with Ag are discernible.

The thicknesses of all identified reaction layers are 1-3 pm
(see Table 1). Two reaction layers were found at each interface.
Compared to the thickness of the main layers, the reaction layer
affected zone is roughly 1.8% of CCO, 3% of CMO, and 10% of
the insulation, respectively.

Due to the low thickness of the reaction layers, the porosities
of these layers are difficult to measure. CaSiOs (layer 2), CaO
(layer 3), and Co304 (layer 4) seem rather dense. CaMn,Oy, (layer 1)
and CA (layer 5) are rather porous with porosity levels in the
range of the CMO and alumina release tape, respectively.

200 pm

Figure 1. Polished cross section of the sintered multilayer: a) SE detector, b) element distribution (EDX), and c) in-lens detector.
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Figure 2. a) Element distributions across interfaces in the sintered multilayer; b—e) schematic structure of the multilayer with localization of the different

element mappings.

Table 1. Element concentration in the reaction layers and calculated
phases.

Reaction layers in Number Element Calculated Layer
between concentration phase thickness
[mol%s] [um]
CMO and insulation 1 Ca-Mn-O CaMn,0,4 3
12-25-63
2 Ca-Si-O CaSiO; 1
16-22-62
CCO and insulation 3 Ca-O CaO 1
33-67
4 Co-O Co30, 3
55-44
CCO and alumina 5 Ca-Al-O CaAl,0, 2
release tape 16-31-52
6 Co-O Co30,4 1
59-41
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For phase calculation of the reaction layers, the quantitative
element concentrations obtained by EDX were used. The results
of the calculations needed to be verified due to the intrinsic
uncertainties of the EDX method. Therefore, the gracing incident
XRD was performed at the surface of the multilayer sample
where CCO and alumina release tape formed an interface during
sintering (reaction layer 5 and layer 6 in Figure 2).

Figure 3a,b shows the measured XRD spectra. For reaction
layer 6 apart from CCO, cobalt oxide (Co3O4) was identified
as additional phase (see Figure 3a). The reaction layer 5 is
mainly composed of CA as shown in Figure 3b. The gracing
incident XRD patterns confirm the previously calculated
phases for the reaction layers at the interface of the CCO and
the alumina release tape. Based on the good agreement
between XRD and calculated phases at the surface of the multi-
layer, it can be estimated that the EDX analysis is sufficiently
accurate to analyze the chemical composition of the inner
reaction layers.
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Figure 3. Surface analysis by gracing incident XRD of a) reaction layer 6
and b) reaction layer 5; c—e) reference patterns.

In the following, a dataset of thermal and elastic properties of
the identified layers is provided. Therefore, the materials were
synthesized, their phase composition and phase purity were

CMO powder
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analyzed, and the thermal expansion and elastic properties were
measured. These measurements were supplemented by litera-
ture data.

The phase composition and phase purity of the prepared pow-
ders were analyzed by powder XRD. Figure 4a shows the XRD
pattern and Rietveld analysis of the calcined CMO powder. The
powder consists of CMO and CuO, no secondary phase is
detected. According to the quantitative Rietveld analysis, the pow-
der contained 97 wt% CaMnOs and 3 wt% CuO (Bragg R factor =
4.6, reduced X* = 7.9). The Rietveld analysis differs slightly from
the 4 wt% CuO added during milling. Figure 4e shows the XRD
pattern of the calcined CA powder. The main peaks can be allo-
cated to the desired CaAl,O, phase. Three peaks at 26 angles of
18°, 33.5°, and 40° can be assigned to a minor secondary impurity
phase: Ca;,Al;4053. Quantitative analysis by Rietveld method
resulted in 96 wt% CaAl,O4 and 4 wt% Ca;,Al;4053 as secondary
phase (Bragg R factor = 4.2, reduced X* = 4.0). This is consid-
ered as sufficiently pure to analyze the coefficient of thermal
expansion. The prepared CCO powder is phase pure according
to XRD analysis published in our previous work.!** The sintered
insulation material is composed of 13 wt% celsian, 36 wt%
quartz, and 51wt% residual glass according to quantitative
Rietveld method, as published before.l'*]

Sintered CMO and CCO samples have relative densities of
70% and 90%, respectively. The CaAl,04 sample has a relative
density of 75% and the insulation sample has a relative density
of 96%. It should be noted that CaAl,0,, CMO, and insulation
were conventionally sintered, whereas the multilayer sample was
pressure-assisted sintered with 7.5 MPa. However, the density
values are in good accordance with literature data for pressure-
assisted sintered samples from the same materials.!>~*!

CA powder

(a) raw data
calculated

97 wt-% CaMnO,
3 wt-% CuO

N le

(e) raw data
calculated

97.6 wt-% CaAl,0,
2.4 Wt-% Ca,Al;,0s;

bt s

% (b) difference plot % (f) difference plot
§ A rA all § ool ol
£ k=
g (c) ref. CaMnO, g (g) ref. CaAl,0,
% COD: 96-152-5995 % COD: 96-430-8076
1 1 T 1111 I I [ T '.I..|..|| n |l
(d) ref. CuO (h) ref. Ca;,Al;4,043
COBR9G-101=1149 COD: 96-810-4355
| | 1 ||1l ||| ||I II ||I|||l |||l|I||I|||||I|
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Figure 4. Powder XRDs and Rietveld analysis of synthesized a) CMO powder and e) CA powder with raw data in black and calculated pattern in blue.
b,f) The difference plots between calculated and raw data are shown, respectively. c,d,g,h) The used respective reference data.
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Table 2. Linear coefficient of thermal expansion of layer materials and
reaction layers.

Www.pss-a.com

Table 3. Elastic constants of layer materials and reaction layers at room
temperature.

Material ®20-600°c in 107° [K’1] Source
cco 10.79 This study
CaAl,O, 6.76 This study
Insulation 13.3 This study
CMO 12.75 This study
Co304 10.43 126]
Ca0 13.1 127]
CaSiO; 21 28]
CMO composite (CMO + CaMn,0y) 19.7 [16]

2.2. Thermal Expansions and Elastic Properties of Single
Materials

Table 2 summarizes the coefficients of thermal expansion of all
materials. A temperature regime from 20 to 600 °C was evaluated
with respect to the glass-transition temperature of the insulation
at 600 °C.**"! Further values were compiled from literature. Please
note that the thermal expansion data of a composite material
from CMO and CaMn,0, instead of pure CaMn,0, is used.[*®

Figure 5a shows a Weibull plot of the biaxial strength of CCO
and CMO. The characteristic strength, at which 63% of the sam-
ples failed, amounts to 227 MPa for CCO and 68 MPa for CMO,
respectively. Weibull moduli of 6 and 13 were determined for
CCO and CMO, respectively.

Table 3 shows the results of the Young’s modulus, shear mod-
ulus, and the Poisson ratio at room temperature for all identified
reaction layers and layer materials. The results of the high-
temperature measurement are depicted in Figure 5b. The
Young’s modulus of CMO is decreasing with rising temperature
as expected from literature.'”! The glass-ceramic insulation
shows this behavior to a much lesser extent. Due to the glass-
transition region of the glass phase, the measurement was
stopped at 600 °C."* Elastic constants depend on the microstruc-
ture, especially on porosity.*®! The literature data of CCO, Co30,,
CaO0, and CaSiOs have a similar porosity as the respective layers

(a)
99.9 99.9
® 9@ cmo 99
B 90 m=13 90
5 70} o=68MPa 70
s L| rel. density ~70 % 2
:0: gg - A cco 3§
2 20 | m=6 20
3 10 oy=227MPa 10
3 5 | rel. density ~90 % |/ 5
2 3t / 3
o 2L [ 2
!
1 . ! T T T T 1
10 50 100 200 300

Biaxial strength / MPa

Material Young's Shear modulus  Poisson  Porosity Source
modulus [GPa] [GPa] ratio [%6]
CMO 81 32.7 0.24 30 This study
insulation 80 325 0.26 4 This study
cco 52 20.8 0.25 10 Ref. [29], hot
pressed
with 5 MPa
CaAl,O, 107 43 0.25 0 30]
Co304 218 87 0.25 1 [37]
Ca0 202 74 0.21 0 30]
CaSiO3 73 29.6 0.235 1 [32]

in the multilayer sample. Only for CaAl,0, the elastic properties
should be adapted to the porosity of the layer which is
approximately 30%. The porosity dependency of the Young’s
modulus can be estimated according to E = Ey- e’ with
Young’s modulus of sample with 0% porosity E,, and porosity
P.I"® For 30% porous CaAl,O,, this gives E =32 GPa and simi-
larly 13 GPa for the shear modulus.

2.3. Numerical Calculation of Internal Stresses

The stress distribution plot in Figure 6a shows that the stress
distribution in the multilayer is homogeneous and independent
of length, apart from short range disturbance at the edge. Thus,
the reduction of length in the model is admissible. Normal stress
in x direction exported along the path through the middle of the
domain presented in Figure 6a is shown in Figure 6b. Evaluating
the middle of the domain guarantees that the results are free of
edge disturbances confined within a short distance from the left
and right (not shown) boundaries. The blue line shows the stress
values for the multilayer without reaction layers. The multilayer
with reaction layers is represented by the red line. Comparing
both cases, it stands out that a) the reaction layers show high
internal stresses due to their significantly different material prop-
erties and b) the stresses in the principal layers CMO and CCO

(b)
85 85
o. 4
80 fo—6=>= 180 o
‘\B\ ] o
75 175 @
1.0 3
70 - 170 g
L 4 (7]
65 —o—CMO 65 ko))
—O— insulation ] g
60 + al 60 g
\|:|/ 4
55 ~ 55

100 300 500 700 900
Temperature / °C

Figure 5. a) Weibull plot of thermoelectric oxides strength results and b) high-temperature Young’s modulus results of CMO and insulation.
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Figure 6. Distribution of internal stresses in the multilayers calculated by
FEM with and without consideration of reaction layers in terms of orthog-
onal normal stress in x direction: a) left half of the contour plot of multi-
layer without reaction layers including path for stress evaluation, and
b) normal stress in x direction along evaluation path; positive values
correspond to tensile stress.

are only slightly affected by the presence of the reaction layers.
The stresses are evaluated to approximately —32/-37 MPa for
CCO and 50/43 MPa for CMO without/with reaction layers,
respectively. This means that both in the simplified model with-
out reaction layers and in the realistic model with reaction layers,
the CMO layers are under tensile residual stress and the CCO
layers under compressive residual stress.

3. Discussion

Fabrication of a multilayer prototype from CCO, CMO,
insulation, and metallization lead to a macroscopically intact
but microscopically cracked component. Many vertical cracks
were detected in the CMO layers. Analyses of the co-fired multi-
layer resulted in the identification of five different reaction layers
at the different interfaces. The properties of the reaction layers
differ significantly from CMO and CCO. However, there is only a
subtle effect on the distribution of internal stresses in the proto-
type multilayer. Compared to a virtual multilayer without reac-
tion layers, the presence of reaction layers even reduces the
internal tensile stress in CMO by 14%. To evaluate the risk of
failure, the internal stress has to be compared to the strength
of the material. The data on the biaxial flexural strength of

Phys. Status Solidi A 2024, 2300956 2300956 (6 of 9)
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CMO shown in Figure 5 indicate a characteristic strength of
68 MPa and no failure at stress up to 50 MPa. In the multilayer,
however, in-plane tensile stress is effective on the CMO layer.
It can be assumed that in-plane tensile stresses lead to failure
at lower stress levels compared to flexural stresses. In PZT
ceramics for example, in several studies, bending strength cor-
responds to nearly twice the tensile strength.'” According to
Leguillon et al. a ratio between flexural strength and tensile
strength can be calculated depending on the Weibull modulus
m.*®! As the relation is not derived for biaxial strength testing,
alternatively pure bending (Equation (1)) and three-point
bending (Equation (2)) are considered here, respectively.

Rpp = [2(m +1)]1/m (1)
Rap_p = [2(m + 1)2}(1””) )

With m =13 for CMO, a bending to tensile strength ratio of
Rpp=1.3 or R3p_p = 1.6 is calculated accordingly. The strength
under tensile load is therefore lower than under bending. It is
therefore likely that, under tensile load, a relevant probability
of failure in the CMO layers already exists at stresses of less than
50 MPa.

It should be noted that the biaxial strength testing was per-
formed on dry-pressed specimen. Although sintered density
has been adjusted, microstructure and defect population may
be somewhat different in the CMO layers of the multilayer.

As the presented FE model contains simplifications and ideal-
izations, local stress concentrations exceeding the determined
peak values of 50/43 MPa are not explicitly taken into account
but must be expected. Those simplifications are, e.g., the
assumption of ideal straight edges between layers and the
neglection of any flaws, such as precipitations, defects, or pores.
As presented in Figure 2, boundaries between layers show an
uneven topography and even inhomogeneities in the material.
Both are reasonable causes for local stress concentrations.
Furthermore, homogeneous material properties for each layer
are assumed, which idealizes an expected gradient distribution
due to the sintering process. This procedure cannot account
for elevated stress values due to locally varying material proper-
ties. Moreover, as this simulation only compares two tempera-
ture states and does not incorporate transient heat conduction,
any effects due to temperature gradients cannot be calculated.
Taking these discrepancies into account, the actual residual ten-
sile stresses in the CMO layers of the prototype are likely to be
higher than the calculated 43 MPa.

In summary, it is concluded that the tensile strength of the
CMO is probably lower than 50 MPa and the residual tensile
stresses are probably higher than 43 MPa. It is therefore reason-
able to assume that the cracks in the CMO are a result of the
residual tensile stresses. Contrary to the hypothesis, the critical
residual stresses are not caused by the formation of the reaction
layers. This study rather shows that although CMO and CCO
principally appear to be suitable for co-firing, internal stresses
arise in specific multilayer designs that are high enough to cause
cracking. From a purely mechanical point of view, these stresses
could be altered by specifically changing the CMO and CCO layer
thickness. With regard to the desired application as a thermoelec-
tric generator, however, electrical design aspects should also be
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taken into account. Most importantly, the ratio of the cross area
of the thermoelectric materials (A, and A,) should be equal to the
square root of the reciprocal ratio of their electric conductivities
(6 and o, see Equation (3)) to minimize the electrical resistance
of the generator.*"

P On
pP_ [In 3
2=y 3

Consequently, when designing an MLTEG consisting of CCO
and CMO, mechanical and electrical aspects must be considered
together to facilitate a successful co-firing. This was beyond the
scope of the present study. Still, the data reported here may serve
as starting point for such a development. Furthermore, the poor
densification of the CMO layer in the prototype multilayer leaves
room for improvement, for example, by an increased pressure
during co-firing or other means. This could increase the strength
and thus the tolerable residual stress.

4, Conclusion

A multilayer module consisting of the thermoelectric oxides
CCO and CMO, including insulation layers and AgPd metalliza-
tion, was fabricated by tape casting, screen printing, stacking,
and pressure-assisted sintering with 7.5MPa at 900°C.
Vertical cracks were found in the CMO layers and identified
as the cause of the high internal resistance of the multilayer,
which prevents thermoelectric characterization. Five different
reaction layers were identified and characterized in terms of com-
position, thermal, and mechanical properties. The residual
stresses in the multilayer after cooling were assessed by numeri-
cal calculations. The experimental results show that the reaction
layers exhibit significantly different thermal expansion and
mechanical properties compared to the principal layers CCO
and CMO. However, the numerical calculations show that the
presence of the reaction layers has only a minor influence on
the residual stresses in the principal layers. Regardless of the
reaction layers, co-firing leads to tensile stresses in the CMO
layers at the level of the biaxial strength. Regarding the manufac-
turability of such a multilayer, the reaction layers appear to be
tolerable. The main issue is the insufficient strength of the
CMO. For successful co-firing, either the thickness of the layers
would have to be adjusted for better stress distribution or the
strength of the CMO layer would have to be increased through
better densification during sintering. The data provided here can
be helpful for the future design of thermoelectric multilayer gen-
erators in the CCO/CMO material system to take mechanical
aspects into account in addition to electrical criteria.

5. Experimental Section

Powder Production and Multilayer Fabrication: Thermoelectric oxides
were synthesized using classical mixed oxide route. Stoichiometric
amounts of CaCOs; (99%, low-alkali, Riedel-de Haén) and Co30,
(99,97+%, Chem-PUR) or CaCO; (99%, low-alkali, Riedel-de Haén),
MnCO; (>99.9%, Aldrich Chemistry), and Sm(OH); (Carl Roth
GmbH + Co., KG) were attrition milled (ZrO,-grinding media, 45 min,
800s~', moliNEx, Netzsch) and then calcined at 900°C for 12h or at
1250°C for 2 h to form Ca3;Co404 (CCO) or CagogSmeo2MnO; (CMO),
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respectively. The calcined mixtures were then crushed with a planetary ball
mill (agate grinding balls, 20 min, 215 min™", Pulverisette 5, Fritsch) and
fine milled using an attrition mill (ZrO,-grinding media, 800 s, moliNEx,
Netzsch) for 45 min (CCO) or 4 h (CMO). And, 4 wt% CuO were added to
CMO as sintering additive during the attrition milling."® The resulting
mean grain size was 4um (laser diffraction method) for CCO and
0.1 pm (volume specific surface area, mean particle diameter derived from
true density and specific surface) for CMO. Tape-casting slurries were pro-
duced by mixing the thermoelectric oxides with polyvinyl butyral (Sekisui
Specialty Chemicals Europe S.L.), dibutyl phthalate (Laborchemie Apolda
GmbH), Rhodafac RE-610 (SOLVAY GmbH), and a solvent mixture con-
taining ethanol (Merck KGaA), methyl ketone (Merck KGaA), and cyclohex-
anone (Merck KGaA) for 24 h in porcelain containers on a rolling bench.
The slurries were tape cast on a tape-casting machine (doctor blade
method, Netzsch). The resulting tapes (width =150 mm) had a thickness
of 150pm (CCO) or 85um (CMO), respectively. For the insulation
material, 55 vol% of the glass G69250 (Heraeus) and 45 vol% of quartz
(SIKRON SF 600, Quarzwerke) were attrition milled for 1h (moliNEx,
Netzsch). A commercial screen-printing medium (801026, Ferro) was
added to the powder and homogenized in a planetary ball mill (60 min,
Pulverisette 5, Fritsch) to produce a screen-printable paste. On the ther-
moelectric tapes, layers of the insulation paste and stripes of the metalli-
zation paste AgPd (DP6146, Dupont) were screen printed (P-200A, Keko
Equipment). The printed tapes of CCO and CMO were alternatingly
stacked and laminated (custom-made heated stacking tool, 70°C,
20 MPa, 20 min), sandwiched in between two alumina release tapes
(Ceramtape A, CeramTec GmbH) and laminated again. The laminate
was sintered in a commercial low temperature co-fired ceramic sintering
press (900 °C, 7.5 MPa, PHP-630, ATV Technologie GmbH). After sinter-
ing, the release tapes were carefully removed by scrubbing. The produced
multilayer stack comprising three thermoelectric pairs of CCO and CMO
had a thickness of 1 mm, a length of 20 mm, and a width of 20 mm.

Characterization of the Sintered Multilayer: The sintered multilayer was
analyzed by scanning electron microscopy (SEM, Gemini Supra 40, ZEISS)
on polished samples. Secondary electron detector and in-lens detector
were used for different contrasts. The element distributions and concen-
trations were determined by EDX (NSS 3.1, Thermo) at Uy =15kV on at
least five different points on the sample. Off-color images were taken for
better visualization of the element distribution. Furthermore, the multi-
layer was phase-analyzed at the surface by gracing incident XRD (3000
TT, Seifert) with Cu-Ka light source (1.5418740A). The patterns were
evaluated with the software package Match! 3.

The elemental concentration data obtained by EDX was used to
calculate possible phases formed during sintering. The average was used
for calculation, and the measured element mass ratio was converted to an
atomic ratio x using Equation (4).

_ w/M,
i (/M)

Xi

)

w is the mass ratio of the specific element and M is the molar mass of
that element. By dividing the atomic ratios by the smallest ratio in the
respective composition, the composition of the corresponding phase
was calculated.

Preparation of Single Materials: Samples of the single materials and the
main reaction layer phase were prepared for mechanical analysis. The
glass-ceramic insulation, CMO, and the identified reaction layer phase
CaAl,O04 (CA) were synthesized. Powders of the insulation and the
CMO were prepared as described earlier. For the CA, stoichiometric
amounts of CaCO; (99%, low-alkali, Riedel-de Haén) and vy-Al,O3;
(Merck) were attrition milled (ZrO,-grinding media d=2-3mm,
45 min, 800s~', moliNEx, Netzsch) and calcined at 1400°C to form
CA. The calcined mixtures were then crushed with a planetary ball mill
(agate-grinding balls, 20 min, 215 min~", Pulverisette 5, Fritsch) and fine
milled using an attrition mill (ZrO,-grinding media d = 2-3 mm, 45 min,
800s~', moliNEx, Netzsch). After milling, the calcined powders were
characterized by powder XRD (Ultima IV, Rigaku) with Cu-Ka radiation
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(1.5418740A) to confirm the phase compositions. The patterns were
analyzed with the software package Match! 3.

For sample preparation, the calcined powders (CMO, insulation, and
CA) were mixed with 1.5wt% pressing agents (Zusoplast 9002 and
OptapixAC95, Zschimmer & Schwarz). The following samples were uni-
axially pressed with 60 MPa (KV247.02, Rucks Maschinenbau): bars for
stiffness measurement (120 x 8 x 5mm), bars for thermal expansion
measurement (25 x 5 x 5mm), and disc samples for strength testing
(d=12mm, h =3 mm). The samples were sintered in air at 900 °C (insu-
lation, L16/14, Nabertherm), 955°C (CMO, L16/14, Nabertherm), or
1370°C (CA, FHT180, Ceram-Aix). The sinter profiles were adapted to
match the density of the respective layer in the multilayer sample.

CCO samples were prepared by multilayer technology because
pressure-assisted sintering was necessary for sufficient densification.
Green tapes of CCO were stacked to 1 mm thickness. Lamination and
sintering were performed as previously described. Bar (75 x 8 x 0.5 mm)
and disk specimens (d =10 mm) were prepared by cutting.

The linear thermal expansion was measured on specimens with plane-
parallel ends (length: 25 mm, width: 4 mm) with a heating rate of
5 Kmin~"in air. A push-rod dilatometer (DIL402c, Netzsch) with a contact
force of 0.25N was used. The coefficient of thermal expansion was
calculated according to Equation (5).

T~y 1

TT) =
a(Tg;T) To T_Te

®)

with the thermal expansion coefficient a in K™'; the length at room tem.-
perature, lp; the temperature-dependent length, /(T); the room tempera-
ture, Tg; and the upper temperature, T.

Biaxial strength was determined by ball on three ball tests on 21 disk
samples (d =10 mm) of CMO and CCO (7 mm ball diameter, Z5, Zwick/
Roell), respectively. A detailed description of the ball on three ball method
can be found in literature.’?! The results were evaluated by Weibull plots
using maximum likelihood method to fit the data. Room-temperature elas-
tic constants of all materials involved were determined by vibrational
method. The elastic constants of CMO and insulation as a function of
temperature were determined by sonic resonance measurement on 70 x 6
x 2mm bars from room temperature to 900 and 600 °C, respectively.
This method was first described by Férster™ and was performed accord-
ing to ASTM E1875-20a.24

Bulk density (p) of the sintered samples was determined by Archimedes
method (according to standard DIN EN 623-2) according to Equation (6).

~ M'I * Pw
M3-M,

(6)

with the dry sample mass, My; the submerged sample mass, M,; the
water-soaked sample mass, Ms; and the density of water, p,,.

Numerical Calculation of Internal Stresses: The cooling of the multilayer
compound from 600 to 100 °C was numerically simulated by means of the
finite-element method (FEM) to assess the developing in-plane stresses in
the different layers. Two domain configurations were simulated and com-
pared to study the relevance of the reaction layers for the stress response
of the principal layers CCO and CMO: 1) without reaction layers; and
2) with reaction layers. The domains were discretized using second-order
plane-strain triangle elements. A statically determinate system was defined
using boundary conditions that restricted displacements at the bottom left
corner in x and y directions and at the bottom right corner in y direction.
Therefore, evolving thermal stresses were not caused by the boundary con-
ditions itself but by the strains induced by inhomogeneously distributed
internal properties of the domain layers. Since only the stresses at 600 and
100 °C were of interest and transient stresses over the entire temperature
range were not relevant, a fully coupled temperature-displacement analysis
was not necessary. The mechanical equilibrium together with linear-
elastic isotropic material behavior at 100 °C was evaluated using an initial
condition of T= 600 °C. The length of the domain was reduced to 5 mm to
minimize computational effort without altering the results. The input deck
for the calculation job is publicly available.?’!
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