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Abstract  

To assess the risk of failure of various components in solid oxide cell (SOC) stacks, the temporal 

evolution of stresses from sintering and thermal gradients in the operating stacks must be known. In this 
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work it is shown experimentally that the residual stresses in a solid oxide cell are relaxed and, in most 

cases, go to zero at the point of chemical reduction of the structurally dominant fuel electrode from NiO-

YSZ to Ni-YSZ. This is essential for understanding and modelling the stresses during the SOC stack 

assembly and after. In part I, the in-plane macro-strain and stresses in each layer is determined by in-situ 

X-ray diffraction at different temperatures and during the chemical reduction. The stresses are also 

analyzed by a multilayer model of the cell. The relaxation of stresses is explained and attributed to so-

called accelerated creep occurring in the nickel phase of fuel electrode.  

 

1. Introduction 

The solid oxide cell (SOC) technology offers energy conversion between electrical and chemical energy 

at a high efficiency and a high flexibility to fuels. Due to cost (materials, production and limited life-

time) market penetration for the technology remains. Ensuring mechanical stability of SOC stacks is a 

key challenge for the lifetime and thus the commercialization of the technology [1]. To evaluate the 

reliability of the SOC stacks during operation, the stress field in the stack must be known at all times 

during the lifetime of the stack. The stresses in a stack evolve over time depending on the operational 

conditions, external pressures, thermal expansions, elastic and creep properties of the various stack 

components. Determining the stress level of a stack in-situ is challenging and has so far not been done. 

However, the material behavior of the different components can be measured independently, and with 

these it is possible to estimate the stress evolution over time by a thermo-mechanical model [2–6]. It is 

however essential that the initial stress field generated through the assembly and reduction of the SOC 

stack is known.  



To determine the initial stress field, the creep of each stack component is of key importance, as the stress 

development depends on the mutual relaxation of stresses. It is essential that the electrolyte remains intact 

through the operation of the stack, as cracks would lead to direct combustion, local heating, and after 

further operation and thermal cycling complete failure of the stack. In the current fuel electrode supported 

cell designs the thin electrolyte rests on a thicker (typically by 20 to 100 times) support of Ni(O)-YSZ, 

which has a higher coefficient of thermal expansion (CTE). This results in build-up of compressive 

stresses in the electrolyte during cooling after sintering, which effectively protects the layer 

mechanically. Additional tensional stresses from external loading and thermal fields must thus exceed 

the sum of the protective compressive stress and the tensile failure stress before failure occurs.  

Recently a phenomenon, termed accelerated creep of SOC Ni(O)-YSZ fuel electrodes occurring upon 

the reduction of the NiO, has been reported[7]. A hypothesis for the mechanisms behind the accelerated 

creep was also proposed; it is due to a fast softening / creep of the Ni(O) phase during reduction, which 

results in; 1) increased creep rate of the now relatively porous YSZ backbone (primary creep), 2) a 

significant decrease of the elastic modulus of the composite (by a factor of ~10) making  YSZ practically 

the only load carrying phase, and 3) an expansion due to relaxation of compressive internal residual 

stresses in the YSZ component of the Ni(O)-YSZ electrode. Due to the accelerated creep a hypothesis 

was put forward; that the residual stresses in the half-cell (fuel electrode and electrolyte)  were effectively 

relaxed[7]. The very important consequence of this is that the protective compressive residual stress in 

the electrolyte is zeroed at the reduction temperature (as this is originates from balancing the residual 

stress in the fuel electrode). 

This is well in line with the finding of Sun et. al. [8], who determined the residual stresses before and 

after reduction from the elastic strain measured by X-ray diffraction (XRD) at room temperature. From 



the stresses determined at room temperature, the residual stresses at high temperature were estimated 

using the components CTEs and found to be negligible at the point of reduction.  

Previously, residual stresses in SOCs have been measured by XRD by following the shift of a Bragg 

reflection for different incident X-ray angles at room temperature, see e.g. [8–10]. The residual stresses 

are also often estimated from the curvature of half-cells at room temperature combined with modeling 

using classical laminate theory or similar [6,11–13]. Both approaches allow an estimate of the elastic 

strain (~stresses) right after reduction at high temperature, but are not direct measures of this. The residual 

stresses at operating conditions and through the reduction of NiO to Ni have, to the authors’ best 

knowledge, not previously been measured directly. 

This work utilizes in-situ XRD to measure directly the residual stresses in the different layers of a SOC 

half-cell upon heating in air, reduction and cooling in reducing atmosphere. It is of particular interest to 

study the stresses during the reduction of NiO to Ni in relation to the hypothesis for accelerated creep, 

but indeed also because this is highly important for assessing the initial stress field in a SOC stack before 

operation, which significantly influences its mechanical reliability. From the evolution of the stresses 

with temperature, the reference temperature is determined in both the reduced as well as oxidized state. 

This is the temperature at which the residual stresses in the multi-layer is zero, which is below the 

sintering temperature due to the fast creep at higher temperatures. The measurements were consequently 

utilized to assess if the widely used simple classical laminate theory can be used to describe the observed 

stress variation. 



2. Materials and Methods 

2.1. Sample Preparation 

The used samples were tape-cast, laminated and sintered half-cells (HC) consisting of a NiO-3YSZ 

(3 mol% Y2O3 substituted metastable tetragonal ZrO2, Y0.06Zr0.94O2) support (with approximately equal 

volumetric amounts of NiO and 3YSZ), a NiO-8YSZ (8 mol% Y2O3stabilized cubic ZrO2, Y0.16Zr0.84O2) 

fuel electrode, and an 8YSZ electrolyte. Samples with an additional CGO10 (Ce0.9Gd0.1O1.95) 

electrolyte/barrier layer (HC+BL) were also investigated. For details on processing please refer to Ref. 

[14]. In order to restrain the curvature of the samples and to get a good bonding between the layers, a 

loading plate (180 g) was placed on top of each half-cell (initially 18 cm x 18 cm) during sintering (1320 

°C) and cooling.  

The thickness and porosity of each layer, determined by image analysis of scanning electron micrographs 

are presented in Table 1. Both types of samples have similar layer thicknesses and porosities, the only 

notable difference being the addition of the CGO10 layer for the HC+BL samples. 

 

Table 1 Geometrical characteristics of the different layers of the investigated samples. 

Layer Thickness (µm) Porosity % 

HC HC+BL HC HC+BL 

NiO-3YSZ 277 ± 1 276 ± 1 5.2 5.3 



NiO-8YSZ 13.4 ± 0.1 14.0 ± 0.1 1.2 1.0 

8YSZ 6.1 ± 0.1 6.1 ± 0.1 0.0 0.0 

CGO10  10.0 ± 0.1  8.3 

 

2.2. In-situ X-ray diffraction 

The in-situ XRD measurements were carried out using a Rigaku SmartLab diffractometer with Cu Kα 

radiation, equipped with an Anton Paar HTK 1200N high temperature oven chamber with atmosphere 

control. We utilized the (6 2 0) reflection of 8YSZ, (4 2 0) of NiO, (3 3 1) of Ni, (3 3 2) of 3YSZ, and (5 

3 3) of CGO10. Each reflection was measured at 9 different ψ-angles at equal distances in sin2ψ from 0 

to ca. 0.5, ψ being the angle between the vector normal to the surface and the lattice plane normal, as 

shown in Figure 1. This is realized by rotating both the X-ray source and the detector, retaining a rigid 

angle between them such that the Bragg condition is fulfilled for the required reflection. A step of Δ2θ = 

0.02° was used in each 2θ-scan. The position of each Bragg reflection was determined by fitting the 

peaks with split pseudo-Voigt functions and employing a linear background. The in-plane stress σϕ is 

determined from the angle ψ dependence of the lattice plane distance dϕψ according to ref. [15–17]: 
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where ϕ is the azimuthal angle, and E and ν are the Young modulus and Poisson ratio, respectively, 

corresponding to the lattice spacing (h k l) under consideration for each material. In this biaxial stress 



case, the stress is invariant with the azimuthal angle. Since X-ray elastic parameters, which describe the 

crystallographic directional dependence of E and ν, are generally unavailable, bulk values of the elastic 

parameters were used in Eq. (1). The strain-free values d0 for the different lattice planes were determined 

from the ψ=0° measurement.  

 

Figure 1 Schematic representation of the measurement geometry used for detecting the in-plane residual 

strains and definition of angles ψ and 𝜽.  

Since dϕψ and the corresponding Bragg angle is material specific, this technique can be used to assess the 

strain level in both the different materials constituting a composite material layer and in the different 

layers of a multi-layer sample, to the extent that the penetration depth and layer thicknesses permit. 

Utilizing half-cells with approx. 6 μm thick 8YSZ electrolyte layer enabled us to probe simultaneously 

the evolution of residual in-plane strain in both the electrolyte and the fuel electrode layer, by following 

the reflections of 8YSZ in the electrolyte and either the NiO or the Ni reflection in the fuel electrode.  



2.3. Curvature 

The curvature, 𝜅, of the cells were measured on a long slender thin strip (10 mm x 100 mm), cut from 

the same cell, by measuring the bow, u, by a micrometer screw, through the relationship 

𝜅 =
8𝑢
𝐿1  (2) 

where 𝐿 is the length of the sample. 

3. Mechanical Modeling 

Stresses are built up in the layers of the SOC during cooling from the sintering temperature, due to the 

different thermal contraction of each of the layers. At higher temperatures, near the sintering temperature, 

the cell materials creep relatively fast, allowing only small amounts of stress to build up. Gradually, upon 

decreasing temperature, the creep rates diminish, and the elastic response becomes dominant.  

The cell is loaded during sintering to restrain the warpage due to potential differences in shrinkage strains. 

Thus, any creep or plastic strain emerging with these boundary conditions will be the same through the 

cell (the cell remains flat). This entails that the curvature of the cell observed, when removing the load 

at room temperature, is only due to elastic strains arising from mismatches in thermal strains. The 

curvature can thus be used to estimate the stress variation within the cell[12,18]. 

The magnitude of the stresses is therefore related to both a transitional temperature regime with both 

creep and elastic response, and a regime where the elastic response is dominant. Re-heating the cell 

quickly and unconstrained, the curvature will decrease towards zero as the sintering temperature is 

approached and the difference in thermal contractions minimized. The stress will therefore also go 



towards zero. The temperature with zero stress and zero curvature (Tref) is below the sintering 

temperature, as creep and imposed load have flattened the cell and relaxed some of the stress built up in 

the high temperature regime. Below Tref the mechanical response of the cell can be assumed to be purely 

elastic with good approximation.  

Here, the stresses and the curvature are estimated using the classical laminate theory (CLT), which is 

widely used for the purpose [10–12,19–21]. The measured zero-stress temperature (also called reference 

temperature), as well as literature values of Young’s moduli and CTE of the electrolyte are used in the 

calculation. The modelled residual stresses and curvature are however highly dependent on the CTE of 

the composite NiO-YSZ electrode and the support, why small deviations can easily cause inconsistencies. 

Thus, we model the residual stresses and curvature as a function of the CTE of the NiO-YSZ support, to 

study if CLT can consistently reproduce measurements of reference temperature, residual stresses and 

curvature simultaneously.   

3.1. Material properties 

Elastic properties are dependent on the porosity of the material, a relation which is typically described 

by the Composite Sphere Model (CSM)[22,23] 

𝐸 = 𝐸2
(1 − 𝑝)1

1 + 𝑏" . 𝑝
	 

(3) 

𝜈 = 0.25
4𝜈2 + 3𝑝 − 7𝜈2𝑝
1 + 2𝑝 − 3𝜈2𝑝

 (4) 



where 𝐸2 and 𝜈2 are the Young’s modulus and Poisson ratio at zero porosity, p is the porosity and 𝑏" is 

a material specific empirically obtained constant, see Table 2.  

Table 2 Material properties at room temperature of the various layers used in the CLT model. 

Material E0 

(GPa) 

bE ν0 CTE  

(10-6 K-1) 

Ref 

CGO10 200 1.016 0.33 12.96 [24,25] 

8YSZ 216 1.076 0.311 10.9 [8,24] 

NiO-8YSZ 207.1 2.48 0.32 12.9 [8,26] 

NiO-3YSZ 207.1 2.48 0.32 13.1 [26] 

4. Results 

4.1. X-ray ψ scans and data analysis 

An example of the raw X-ray data obtained on the (6 2 0) reflection of 8YSZ for the HC sample at 

different ψ angles is shown in Figure 2a). It is clear that the (6 2 0) reflection peak shifts towards a larger 

2𝜃 angle with an increasing ψ angle. Using Braggs law, the lattice plain spacing can be obtained from 

the Bragg angle (𝜃) as shown in Figure 2b) for varying sin2ψ. A linear fit was applied to the d-sin2ψ data 

to deduce the slope. The negative slope of the fitted curve indicates that the 8YSZ is under in-plane 

compression. The compressive stress can be estimated to be of the magnitude σ = - 606 ± 9 MPa in this 

example from Eq. 1, using the elastic parameters listed in Table 3. 



 

Figure 2 a) Raw X-ray data for varying ψ angles and b) lattice plane spacing vs. sin2ψ plot for the (6 2 0) 

reflection of 8YSZ for sample HC. 

 

4.2. Residual stresses at room temperature (oxidized state)   

The in-plane residual stain and stress values determined for the different layers at room temperature are 

summarized in Table 3. 

Table 3 Residual stress determined at room temperature for the different layers of samples HC, HC+BL, 

and NiO-3YSZ supports and elastic properties for the crystal plane of the different materials used in the 

stress estimation. The measurements and elastic property provided relates to the underlined phase. 

Layer Bragg 

reflection 

Strain (´105) Stress (MPa) Elastic properties 

HC HC 

+BL 

support HC HC 

+BL 

support E (GPa) ν Ref 

CGO10 (5 3 3) - -4 ± 3 - - -7 ± 5 - 200 0.328 [24] 

b) a) 

 



8YSZ (6 2 0) -281 ± 

4 

n.d. - -606 ± 

9 

n.d. - 216 0.311 [8] 

NiO-

8YSZ 

(4 2 0) 30 ± 

11 

n.d. - 82 ± 31 n.d. - 270 0.3 [27] 

NiO-

3YSZ 

(4 2 0) 7 ± 3 9 ± 3 9 ± 2 20 ± 8 

 

24 ± 9 23 ± 5 270 0.3 [27] 

NiO-

3YSZ 

(1 0 5) -26 ± 6 -17 ± 5 -4 ± 7 -51 ± 

12 

-33 ± 9 -7 ± 14 200 0.3 [28] 

From Table 3 it can be seen that the 8YSZ electrolyte experiences substantial compression, whereas the 

NiO in the NiO-8YSZ electrode layer just below is in mild tension.  

In the support NiO is also in tension whereas the 3YSZ in the layer is in compression. This pattern is 

observed consistently for all samples, i.e. HC, HC + BL and the single NiO-3YSZ unconstrained support 

layer (Table 3). The determination of the internal “micro-strain” in the composite NiO-3YSZ support 

layer and its evolution upon heating, reduction and cooling is the topic of Part II of this work.  

The CGO10 layer is almost strain-free, which makes this layer more prone to mechanical failure during 

operation when e.g. stresses from a thermal field are imposed than is the 8YSZ layer, which is “protected” 

by residual compressive stresses. The stress of the 8YSZ and the NiO-8YSZ layers in sample HC+BL 

could not be determined (n.d.) due to the fact that the penetration depth of the X-rays utilized is smaller 

than the thickness of the CGO10 barrier layer (overlayer) employed. The penetration depth (attenuation 



length) is approximately 5, 16 and 27 µm for CGO10, 8YSZ and NiO-YSZ, estimated from the Beer-

Lambert law for the dense materials, and thus slightly larger for the porous materials.  

4.3. Residual stresses during heating, reduction, and cooling 

Results derived from following the selected reflections of the individual materials as a function of 

temperature are summarized in Figure 3. The in-plane residual compressive stress in the 8YSZ electrolyte 

layer decreases monotonously on heating in air to 700 °C, reaching a value of -168 ± 10 MPa. 

Extrapolation using linear regression of this trend suggests a reference temperature of 970 °C, where the 

stress go to zero.   

At 700°C the sample was subsequently reduced (in 9% H2 3% H2O, 88% N2). This resulted in in a drastic 

reduction of the stress. After 5 hours the stress had relaxed to -36 ± 15 MPa  (from the -168) and after 20 

hours to -30 ± 19 MPa 5 h after the switching there is no longer any signal from NiO in the fuel electrode 

as it has reduced to Ni  

Compressive stress builds up again in the 8YSZ layer upon subsequent cooling in the reducing 

environment, but at a slower rate (0.46 ± 0.02 MPa K-1) than the stress release rate of the unreduced half-

cell during the heating run in air (0.60 ± 0.02 MPa K-1). When reaching room temperature the 

compressive stress has reached a level of -340 ± 23 MPa. 



 

Figure 3 Evolution of in-plane residual stress in the 8YSZ electrolyte layer of the HC sample upon heating 

in air to 700 °C, reduction in 9% H2 (3% H2O, 88% N2), and cooling in the same reducing environment. 

The evolution of in-plane stress in the 8YSZ electrolyte was explored upon heating in air to different 

reduction temperatures of 600, 700 or 800 °C. Figure 4 offers a comparative plot of the results. Heating 

to 800 °C in air results in further decrease of the compressive stress (as compared to 700 °C) to a value 

of -73 ± 11 MPa. Upon reduction in 9% H2 (3% H2O, 88% N2) at 800 °C, the stress relaxes to -28 ± 9 

MPa, which is the same value as that established upon reduction at 700 °C. Compressive stress builds up 

again upon cooling in the same reducing environment, reaching a value of -394 ± 12 MPa at 25 °C, which 

is a somewhat higher value than that established upon cooling from 700 °C. 

The stress evolution follows a different pattern upon reduction at 600 °C. The compressive stress in the 

8YSZ layer decreases again upon heating in air, reaching -225 ± 12 MPa at 600 °C, following (within 

experimental uncertainty) the same curve as upon heating in air to 700 °C. Upon reduction in 9% H2 (3% 

H2O, 88% N2) at 600 °C though, the compressive stress increases initially to -260 ± 10 MPa, 1.5 h after 



initiation of the reduction process, before it starts decreasing slowly (compared to the much faster 

relaxations observed at 700 and 800 °C) to reach a value of -169 ± 12 MPa, 12 h later. Hereby, a 

significant compressive stress is retained even after full reduction of NiO to Ni in contrast to the situation 

at 700 and 800 °C, where the compressive stress was next to fully relaxed upon reduction. Compressive 

stress builds up again upon cooling in the same reducing environment after reduction at 600 °C with a 

similar rate (0.47 ± 0.02 MPa K-1) as that observed upon cooling after reduction at 700 °C, reaching a 

value of -407 ± 10 MPa at 25 °C. This is higher than that measured after reduction at both 700 and 800°C. 

 

Figure 4 Evolution of in-plane residual stress in the 8YSZ electrolyte layer of the HC sample upon heating 

(squares) in air to 600°C (green), 700°C (black) or 800°C (red), reduction (circles) in 9% H2 (3% H2O, 88% 

N2), and cooling in the same reducing (triangles) environment. 

The evolution of the in-plane tensile stress in the fuel electrode layer was also explored by following the 

NiO (4 2 0) Bragg reflection on heating in air and the Ni (3 3 1) reflection on reduction and cooling in 

reducing environment. As can be seen in Figure 5, the tensile stress decreases upon heating to 700 or 800 



°C in air, reaching values of 17 ± 7 MPa and 6 ± 8 MPa, respectively. The stress relaxes fully upon 

reduction (9% H2 ,3% H2O, 88% N2) at these temperatures (to 0 MPa ±8 MPa), and builds up again upon 

cooling in the same reducing environment. The signal to noise ratio is substantially reduced relative to 

the 8YSZ electrolyte data, due to the attenuation of the X-ray beam from the overlaying 8YSZ electrolyte 

layer. This causes some uncertainty on the results, compared to the 8YSZ electrolyte results, and prevents 

a detailed analysis of stress relaxation/build-up rates during the heating and cooling runs. 

 

Figure 5 Evolution of in-plane residual stress in the Ni(O)-8YSZ layer of the HC sample upon heating 

(squares) in air to 700°C (black) or 800°C (red), reduction (circles) in 9% H2 (3% H2O, 88% N2), and 

cooling (triangles) in the same reducing environment. 

 

4.4. Modelling of residual stress and curvature 

In Figure 6 the measured residual stresses and curvatures are plotted together with CLT model results as 

a function of the support CTE for three different assumed porosity-levels of the support. Both CTE and 



porosity can be challenging to measure accurately, and Figure 6 is an attempt to illustrate the importance 

of small variations in these values. 

 

Figure 6 Measurements of curvature radius, stress in the electrolyte (se) and the support (ss) together with 

the same quantities modelled as a function of CTE of the support (as) and different elastic moduli of the 

support (Es). 

As mentioned previously, the CTE of the support, or more correctly the difference between the CTE of 

the support and the electrolyte, influences the modelled stresses and curvature significantly. The CTE for 
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both YSZ, CGO and NiO-YSZ varies significantly from RT to 1000°C [25], with a tendency of 

increasing with temperature with values in the vicinity of 13	∙10-6 K-1. 

Three different porosities have been chosen in the model calculations, all representative for those 

typically present in the supports produced at DTU Energy, although the low porosity measured (5.2 %) 

is rarely observed. A variation from 5-15 % on the porosity impacts the stiffness significantly and 

consequently also the calculated radius of curvature. The stress in the electrolyte, 𝜎3, is however only 

moderately influenced by these variations.  

Both the stress measured in the electrolyte and in the support are compressive stresses, which may be at 

first thought be counter intuitive (as the integral of the stresses over the full cross section need to balance 

to zero). However, considering the uneven thermal contraction over the thickness of the cell, resulting in 

the cell curvature, it is clear that the stress must as well vary over the thickness. The variation of the 

stress together with the measured stresses in the top and the bottom of the cell are shown in Figure 7 for 

the case where the porosity of the support equals 10.4 % and the CTE of the support 13.27∙10-6 K-1. This 

is the case where the CLT model reproduces both the measured curvature and residual stresses well (see 

Figure 6). The distribution of stress between the NiO and YSZ is covered in greater detail in Part II of 

this work. 

5. Discussion 

5.1. Relaxation of residual stresses during reduction 

The significant stress relaxation of the Ni(O)-YSZ support during reduction, as observed by the in-situ 

XRD reported here, is consistent with the hypothesis for the previously observed “accelerated creep” 



phenomenon [7], namely that the Ni phase softens significantly during reduction. This will release the 

residual stresses, as indeed measured here. Under load, all the stress is moved to the YSZ phase of the 

Ni(O)-YSZ backbone (in the fuel electrode and support layers) which consequently deforms significantly 

elastically and in primary creep providing an overall fast creep response. Thus, a high deformation rate 

(𝜀̇ ≈1·10-3 s-1) is observed due to the combined effect of; release of residual stress, elastic straining and 

primary creep of the YSZ phase[7]. 

At 700 °C and 800 °C the stress is relaxed within the first set of measurements of the residual stress,  

lasting ca. 0.5-1 h. From the rate of the accelerated creep[7], the stress is expected to relax within 5-10 

minutes, which is however below the sampling rate that can be achieved with lab-scale XRD employed 

here. 

The residual stress in the 8YSZ electrolyte decreases strongly during the reduction at 700°C and 800°C 

(from -168 MPa to -30 MPa, and from -73 MPa to -28 MPa, respectively), and although less clear due to 

lower signal to noise ratio, the stress in the Ni(O)-8YSZ fuel electrode balances this (17 MPa to 0 MPa, 

6 MPa to 0 MPa).  

At 600 °C the stress level in the electrolyte first increases (goes from -225 to -260 MPa) and then later 

drops (to -169 MPa). Our proposed explanation for this is that the Ni(O) has some stiffness in the early 

stages of reduction, and a contraction of the Ni(O) during the reduction would add to the pre-existing 

stress from the CTE mismatch. As the reduction of Ni(O) progresses, it becomes softer (just as at 700 °C 

and 800 °C) and the stress relaxes to some extent, but due to the increased stiffness at 600 °C the stress 

is not relieved to the same extent as at higher temperatures.  



Thus, the varying stiffness of the Ni phase during the reduction at different temperatures seems to play a 

role in the stress relaxation in the cell, as indicated by the differences in the cooling curves, illustrated in 

Figure 4. 

5.2. Room temperature residual stresses in oxidized state  

Before the reduction, the temperature where the cell I stress free (Tref) in the oxidized sample is estimated 

to be 970°C by extrapolation of the experimentally determined stress-temperature curves. This is close 

to the average determined reference temperature of 940°C (RT+920°C) estimated in Faes et al [29], 

estimated by back calculating with the CLT using the room temperature curvature of the cells, elastic 

moduli and CTEs as input. As pointed out in Section 3 the latter estimate is however rather sensitive to 

the CTEs (as also illustrated in Figure 6) To account for this uncertainty, the influence of variations of 

CTE and porosity of the mechanically dominant fuel electrode support layer on the stresses and curvature 

were studied. It is found that the CLT theory can represent the combined measurement of curvature, 

stresses, and reference temperature, if the CTE of the support is assumed to be 13.27∙10-6 K-1 and the 

porosity is closer to 10 % than the 5% estimated from the micrographs (effectively the E modulus is thus 

151 GPa rather than 177 GPa). 10 % is in fact closer to the typical porosity of the supports produced at 

DTU Energy, and it could be that the image analysis results in this work underestimate the porosity.  

An estimated CTE of the NiO-3YSZ support of 13.27∙10-6 K-1 is however a bit higher than literature 

values for NiO-8YSZ fuel electrodes, which are typically ~12.9∙10-6 K-1 for the given temperature 

interval [8]. This deviation could relate to the slightly higher CTE of 3YSZ as compared to 8YSZ, but it 

could also be due to the simplicity of the CLT model.  



The stress variation over the cell cross section as calculated from the CLT model is illustrated in Figure 

7 (blue line). Also shown are the stress estimated from the X-ray strain in the YSZ and NiO phases 

(circles and crosses, respectively). In the singled phased electrolyte layer, the CLT model reproduces the 

measured stress exactly, due to the calibration procedure.  

 

Figure 7 Variation of stress through the thickness of the half-cell modelled by the CLT together with 

measurements of stress in the electrolyte and in bottom of the fuel electrode support. 

 

In the other composite layers the CLT model provides the macro-stress, i.e. the stiffness averaged stress 

in the NiO and YSZ phases, as it was a homogeneous layer. The CLT model does thus not provide any 

information regarding the uneven stress distribution between the phases due to the difference in CTE 

between NiO and YSZ. In the measurements, the reference state is taken from the distance between lattice 
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planes parallel to the surface (Figure 8, case A), where the traction (macro stresses, S, normal to the 

surface) are zero. In this direction, micro scale stresses, s, are however not zero but varies due to the 

different CTEs. The distance between lattice planes oriented differently to surface are influenced in 

varying degree by both the macro and micro stresses, depending on their orientation (Figure 8, case B 

and C). The method behind Eq. (1) assumes zero stress normal to the surface, which is correct for single 

phase materials. Using the method on a composite as here results in that the micro-stresses are considered 

as zero stress state and thus effectively removed, when deducing the elastic strain in lattice planes, which 

are not perpendicular to the surface. Thus, only the average stress in the two phases is obtained by this 

method. Thus, the CLT model and the X-ray diffraction measurements should provide the same macro-

stress, and variations of micro-strain only are not obtained in either. 

 

Figure 8 Microstructure of NiO-YSZ composite, where distance between lattice planes depends on micro 

stresses, s, as well as macro (in-plane) stresses, S. 

The two measurements in NiO and YSZ should thus also be comparable (but stiffness weighted) and 

match that of the CLT model. This is however not the case, although the measurements in the YSZ of -

51 MPa and the model results in -33 MPa at the bottom of the support are comparable. The reason for 



the stress in the NiO phase is consequently below the anticipated is not understood at this stage and 

deserves further research. 

The stress level in the different phases of the NiO-YSZ composite is the topic of Part II of this work. 

In the half-cell with a barrier layer, the latter is observed to be in a state of low compressive stress (see 

Table ). When the top layer of the cell is YSZ, this layer is in a state of high compressive stresses. These 

stresses effectively protect the layer from damage, because tensile stresses that may be imposed during 

handling or due to thermal strains during operation must first exceed the compressive stress before any 

tension and chance of failure emerge. This is not the case for the CGO barrier layer, because this layer 

has a CTE only slightly below the stiffness weighted average of the underlying layers and is thus only in 

a state of mild compression. This fact and the low strength of CGO makes it more prone to failure during 

handling. 

5.3. Residual stresses in reduced state at operation conditions 

After reduction, the stresses relax significantly, and the cells are close to stress-free state at the reduction 

temperature (for reduction temperatures of 700 °C or higher); the remaining stress in the electrolyte is -

28 ± 9 MPa. 

The reason for the remaining stress in the 8YSZ electrolyte could be associated with the slight difference 

in CTE of 3YSZ (used in the support) and 8YSZ (as used in the active electrode and the electrolyte). The 

CTE of the tetragonal 3YSZ is typically higher than that of 8YSZ and is in the order of 13.0∙10-6 K-1 – 

extrapolated from data in ref. [30] (in the interval between 800°C and 970°C, in lack of better) and 

12.49∙10-6 K-1 (in the interval between 900°C and 1200°C)[8].  



Based on this it is possible to deduce the stress level after reduction, and the following considerations: 

From the sintering and during cooling the different phases in the half-cell contracts according to their 

CTE, and they are all constrained by each other. However, if we assume that the stiffness of the Ni(O) 

phase goes to zero during reduction, then the stresses in the half-cell after reduction is only determined 

by the YSZ phases of the support, fuel electrode and electrolyte (3YSZ, 8YSZ, and 8YSZ, respectively). 

Because, when the Ni(O) softens, the YSZ phases are only constrained by each other, but still want to 

contract according to the thermal contraction from sintering. The stresses in the half-cell during and after 

reduction can thus be modelled by assuming that the YSZ scaffold (without NiO) is cooled from the 

stress-free temperature (reference temperature) to the reduction temperature. Without NiO, the stiffness 

of the YSZ in the composite layers is in this estimation assumed to be half of that of the composite (NiO-

YSZ) and the CTEs are assumed to be those determined above. Hereby the stress in the electrolyte is 

estimated to ~-17 MPa at a reduction temperature of 800°C. This is, given the uncertainties, close to the 

measured value of -28 MPa. An alternative explanation is that the Ni phase retains some stiffness after 

all at higher temperatures as in the case of the reduction at 600°C, see Figure 4. A combination of the 

two explanations could also be the case. 

6. Conclusions 

The objective of this work was to clarify the residual stresses in solid oxide cells (SOC) after fabrication 

and through the chemical reduction of the NiO to Ni in the fuel electrode and support at initiation of 

operation. The following conclusions can be drawn: 



• X-ray diffraction can be used to determine the residual in-plane strain in the different layers of a 

joined multilayer structure, e.g. a SOC both in oxidized state as in the production, through the 

chemical reduction at elevated temperature, as well as in a reduced state as in operation. 

• The 8YSZ electrolyte layer is under high compression at RT, whereas the CGO10 barrier layer 

is close to strain free and thus more prone to mechanical failure. 

• In-situ XRD has revealed that the in-plane residual stresses: 

• decrease during heating in air 

• relax to almost zero upon reduction of NiO to Ni at 700 or 800 ˚C 

• show a complex response upon reduction at 600 ˚C, first increasing and then decreasing 

to a finite value 

• increase during cooling in 9% H2 (H2:H2O = 3), but at a slower rate than upon heating in 

air 

• The relaxation of stresses at reduction here directly observed confirms the previously proposed 

explanation of the phenomenon of accelerated creep. 

• The temperature at which the cell is stress free (prior to reduction) is by extrapolation estimated 

to be approximately 970 °C.  

• The SOC never becomes completely stress free after reduction. This is believed to be due to either 

small differences between the coefficients of thermal expansion of 3YSZ and 8YSZ, which is 

present in the support and in the active fuel electrode + electrolyte, respectively. An alternative 

explanation is that the Ni retains a fraction of its stiffness during the reduction. The complex 

behavior while reducing at 600°C could be explained by Ni retains more stiffness here than at 

higher temperatures. 



• It is advisable to perform the reduction at a temperature higher than the desired operation 

temperature, as this would retain more of the compressive stress in the electrolyte. Alternatively, 

low reduction temperature of ~600°C could be chosen, as some compressive stress in the 

electrolyte is retained here as well. The drawback for the latter would be a slower processing 

time. 

• The classical laminate theory (CLT) can be used to relate residual stress, curvature radius and 

zero-stress temperature, with reasonable assumptions about porosity and thermal expansion 

coefficients of the SOC support layer.  

• The zero-stress (reference) temperature is better determined via XRD than by the indirect back 

calculation using CLT, as this model relies on very accurate knowledge of CTEs and porosity 

7. Acknowledgements 

The research leading to these results has received funding from the European Union’s Seventh 

Framework Programme (FP7/2007-2013) for the Fuel Cells and Hydrogen Joint Technology Initiative 

under grant agreement n° 32527. 

8. References 

[1] M.B. Mogensen, M. Chen, H.L. Frandsen, C. Graves, J.B. Hansen, K. V. Hansen, A. Hauch, T. 

Jacobsen, S.H. Jensen, T.L. Skafte, X. Sun, Reversible solid-oxide cells for clean and sustainable 

energy, Clean Energy. 3 (2019) 175–201. doi:10.1093/ce/zkz023. 

[2] A. Nakajo, Z. Wuillemin, P. Metzger, S. Diethelm, G. Schiller, J. Van herle, D. Favrat, 

Electrochemical Model of Solid Oxide Fuel Cell for Simulation at the Stack Scale I. Calibration 



Procedure on Experimental Data, J. Electrochem. Soc. 158 (2011) B1083. doi:10.1149/1.3596433. 

[3] A. Nakajo, P. Tanasini, S. Diethelm, J. Van herle, D. Favrat, Electrochemical Model of Solid 

Oxide Fuel Cell for Simulation at the Stack Scale II: Implementation of Degradation Processes, J. 

Electrochem. Soc. 158 (2011) B1102. doi:10.1149/1.3596435. 

[4] A. Nakajo, F. Mueller, J. Brouwer, J. Van Herle, D. Favrat, Mechanical reliability and durability 

of SOFC stacks. Part I: Modelling of the effect of operating conditions and design alternatives on 

the reliability, Int. J. Hydrogen Energy. 37 (2012) 9249–9268. 

doi:10.1016/j.ijhydene.2012.03.043. 

[5] A. Nakajo, F. Mueller, J. Brouwer, J. Van herle, D. Favrat, Mechanical reliability and durability 

of SOFC stacks. Part II: Modelling of mechanical failures during ageing and cycling, Int. J. 

Hydrogen Energy. 37 (2012) 9249–9268. doi:10.1016/j.ijhydene.2012.03.023. 

[6] F. Greco, H.L. Frandsen, A. Nakajo, M.F. Madsen, J. Van herle, Modelling the impact of creep 

on the probability of failure of a solid oxide fuel cell stack, J. Eur. Ceram. Soc. 34 (2014) 2695–

2704. doi:10.1016/j.jeurceramsoc.2013.12.055. 

[7] H.L. Frandsen, M. Makowska, C. Chatzichristodoulou, F. Greco, D.W. Ni, D.J. Curran, M. Strobl, 

L. Theil Kuhn, P.V. Hendriksen, Accelerated creep in solid oxide fuel cell anode supports during 

reduction, J. Power Sources. 323 (2016) 78–89. 

[8] B. Sun, R. a. Rudkin,  a. Atkinson, Effect of thermal cycling on residual stress and curvature of 

anode-supported SOFCs, Fuel Cells. 9 (2009) 805–813. doi:10.1002/fuce.200800133. 



[9] B. Charlas, C. Chatzichristodoulou, K. Brodersen, K. Kwok, P. Norby, M. Chen, H.L. Frandsen, 

Residual stresses in a co-sintered SOC half-cell during post-sintering cooling, in: N. Christiansen, 

J.B. Hansen (Eds.), 11th Eur. SOFC SOE Forum 2014, Lucerne, 2014: p. B1107. 

[10] W. Fischer, J. Malzbender, G. Blass, R.W. Steinbrech, Residual stresses in planar solid oxide fuel 

cells, J. Power Sources. 150 (2005) 73–77. doi:10.1016/j.jpowsour.2005.02.014. 

[11] J. Malzbender, T. Wakui, R.W. Steinbrech, Curvature of planar solid oxide fuel cells during 

sealing and cooling of stacks, Fuel Cells. 6 (2006) 123–129. doi:10.1002/fuce.200500109. 

[12] H.L. Frandsen, T. Ramos, A. Faes, M. Pihlatie, K. Brodersen, Optimization of the strength of 

SOFC anode  supports, J. Eur. Ceram. Soc. 32 (2012) 1041–1052. 

[13] B. Charlas, H.L. Frandsen, K. Brodersen, B.F. Sørensen, P.V. Hendriksen, M. Chen, Influence of 

the layup configuration on residual stresses and mechanical strength of Multilayer Tape-Cast Solid 

Oxide Fuel and Electrolysis Half-Cells, J. Power Sources. (2015). 

[14] S. Ramousse, M. Menon, K. Brodersen, J. Knudsen, U. Rahbek, P.H. Larsen, Manufacturing of 

Anode-Supported SOFC’s: Processing Parameters and their Influence, in: ECS Trans., ECS, 2007: 

pp. 317–327. doi:10.1149/1.2729107. 

[15] H. Yakabe, Y. Baba, T. Sakurai, Y. Yoshitaka, Evaluation of the residual stress for anode-

supported SOFCs, J. Power Sources. 135 (2004) 9–16. doi:10.1016/j.jpowsour.2003.11.049. 

[16] X. Zheng, J. Li, Y. Zhou, X-ray diffraction measurement of residual stress in PZT thin films 

prepared by pulsed laser deposition, Acta Mater. 52 (2004) 3313–3322. 



doi:10.1016/j.actamat.2004.02.047. 

[17] P. S. Prevéy, X-Ray Diffraction X-Ray Diffraction Residual Stress Techniques, Met. Handbook. 

10. Met. Park Am. Soc. Met. (1986) 380–392. 

[18] A. Faes, H.L. Frandsen, A. Kaiser, M. Pihlatie, Strength of Anode-Supported Solid Oxide Fuel 

Cells, Fuel Cells. 11 (2011) 682–689. doi:10.1002/fuce.201100038. 

[19] C.H. Hsueh, M.J. Lance, M.K. Ferber, Stress distributions in thin bilayer discs subjected to ball-

on-ring tests, J. Am. Ceram. Soc. 88 (2005) 1687–1690. 

[20] A. Nakajo, J. Van Herle, D. Favrat, Sensitivity of stresses and failure mechanisms in SOFCs to 

the mechanical properties and geometry of the constitutive layers, Fuel Cells. 11 (2011) 537–552. 

doi:10.1002/fuce.201000108. 

[21] B. Charlas, H.L. Frandsen, K. Brodersen, P.V. Henriksen, M. Chen, Residual stresses and strength 

of multilayer tape cast solid oxide fuel and electrolysis half-cells, J. Power Sources. 288 (2015) 

243–252. doi:10.1016/j.jpowsour.2015.04.105. 

[22] N. Ramakrishnan, Effective elastic moduli of porous solids, J. Mater. Sci. 25 (1990) 3930–3937. 

[23] A. Selcuk, A. Atkinson, Elastic properties of ceramic oxides used in solid oxide fuel cells (SOFC), 

J. Eur. Ceram. Soc. 17 (1997) 1523–1532. 

[24] A. Atkinson, A. Selçuk, Mechanical behaviour of ceramic oxygen ion-conducting membranes, 

Solid State Ionics. 134 (2000) 59–66. 

[25] A. Atkinson, A. Selcuk, Residual stress and fracture of laminated ceramic membranes, Acta Mater. 



47 (1999) 867–874. doi:10.1016/S1359-6454(98)00412-1. 

[26] M. Pihlatie, A. Kaiser, M. Mogensen, Mechanical properties of NiO/Ni-YSZ composites 

depending on temperature, porosity and redox cycling, J. Eur. Ceram. Soc. 29 (2009) 1657–1664. 

doi:10.1016/j.jeurceramsoc.2008.10.017. 

[27] N. Uchida, Elastic Constants and Acoustic Absorption Coefficients in MnO, CoO, and NiO Single 

Crystals at Room Temperature, J. Acoust. Soc. Am. 51 (1972) 1602. doi:10.1121/1.1913005. 

[28] Z. Deng, J. Yang, Y. Beppu, M. Ando, T. Ohji, Effect of agglomeration on mechanical properties 

of porous zirconia fabricated by partial sintering, J. Am. Ceram. Soc. 85 (2002) 1961–1965. 

http://apps.webofknowledge.com.globalproxy.cvt.dk/full_record.do?product=UA&search_mode

=GeneralSearch&qid=1&SID=R2KX8sXXXgveNwmjldH&page=1&doc=4 (accessed June 17, 

2015). 

[29] A. Faes, H.L. Frandsen, M. Pihlatie, A. Kaiser, D.R. Goldstein, Curvature and Strength of Ni-YSZ 

Solid Oxide Half-Cells After Redox Treatments, J. Fuel Cell Sci. Technol. 7 (2010) 51011. 

doi:10.1115/1.4001019. 

[30] H. Schubert, Anisotropic Thermal Expansion Coefficients of Y2O3-Stabilized Tetragonal 

Zirconia, J. Am. Ceram. Soc. 69 (1986) 270–271. doi:10.1111/j.1151-2916.1986.tb07424.x. 

 


