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applied or high fuel utilization conditions (especially in case of high H2O content in the fuel) 

or when no protective gas is used during shut down and start up [1], [12]. Therefore, redox 

cycling stability of Ni-YSZ electrodes is strongly desired. 

 Recent studies on the influence of stress on the reduction progress as well as the fact that SOC 

under real operating conditions are exposed to significant stresses  have revealed the importance 

of investigating reduction and oxidation of NiO/Ni-YSZ under applied load, like it is the case 

during stack assembly and operation[13], [14]. It has been shown that there is a strong 

correlation between reduction progress and stress field development, which could also influence 

the phenomenon of accelerated creep in solid oxide fuel cell anode supports during reduction 

[15]. H. L. Frandsen et al. have observed significant deformations of NiO/Ni-YSZ composite 

samples during reduction conducted under external load. The observed deformations were 

orders of magnitude larger than the deformation observed due to the creep present when only 

load and temperature corresponding to operational conditions were applied. This phenomenon 

was explained  by 1) softening and mobility of the NiO/Ni phase during the reduction process 

and 2) an associated release of residual stresses and 3) increased loading of the YSZ phase [15]. 

The total deformation was also explained to be due to a change of elastic stiffness during the 

reduction. This hypothesis is in good agreement with the results of the in-situ environmental 

TEM studies of NiO-YSZ reduction presented by S.B. Simonsen et al. in [6] who demonstrated 

a significant change of NiO/Ni particle shapes and positions during the reduction reaction. The 

accelerated creep is expected to have strong influence on the microstructure and stress field in 

Ni-YSZ cermet in SOCs, which are crucial for SOC performance and durability. Even though 

the effect of stress on the reduction of NiO-YSZ has been studied before, the recently 

demonstrated phenomenon of accelerated creep has shown that stress influence on the reduction 

process NiO-YSZ for SOC is not fully understood yet [15]. Hence, in-situ studies of this relation 

are important for the robustness of SOC stacks and should be considered in the further 

development of the technology.  







  

 

in this work are summarized in Table 1. During the experiments, the samples were loaded by 

an applied dead-load (Figure 1). The stress field was modeled by a finite element analysis using 

the commercial software Comsol Multiphysics. The resulting stress field is illustrated in Figure 

1 a), and the maximum stress is provided in Table 1. 

  
Figure 1. a) axial stress distribution in the sample due to the applied load evaluated using 
finite element analysis. Positive values on the color scale (normalized to the maximum) 
correspond to tension, and negative to compression; b) a neutron transmission image 
illustrating a deformation and the scheme for defining the load displacement.  
 
Table 1. List of samples and their exposure to different temperatures, atmospheres, maximum 
axial stress due to the applied dead-load. 
 

Sample 
T [°C] Reducing atmosphere a)  Oxidizing atmosphere Processes sequenceb)  Maximum stressc)  

S1 650 9% H2 None R -38 MPa / 29 MPa 
S2 700 9% H2 None R -38 MPa / 29 MPa 
S3 800 9% H2 None R -38 MPa / 29 MPa 
S4 800 9% H2 None R -82 MPa/64 MPa 
S5 750 4% H2 Air R-OX-R-OX -24 MPa / 19 MPa 
S6 900 5% H2 Air R-OX-R-OX-R-OX-R-OX -24 MPa / 19 MPa 

a) (hydrogen concentration in inert gas); b) (R-reduction, OX-oxidation); c) (compression/ 
tension) 



  

 

 
 

Both deformation and phase transition were observed in-situ during oxidation and reduction by 

means of monochromatic neutron imaging performed at the test Beamline for neutron Optics 

and other Application (BOA) at the Paul Scherrer Institute (PSI)  [29]. 

Deformation of the samples due to the accelerated creep was observed in the time resolved 

series of neutron transmission images. As a measure of the deformation, the shift of the load 

fixed to the sample was used. The displacement of the load was defined as the relative vertical 

position change of the load from its initial position defined at the point indicated by the red 

arrow (DISPLACEMENT) in Figure 1 b) (48 mm from the fixed point in the sample, defined 

by the pin in the sample holder). 

Phase transition was observed by local measurements and analyses of the neutron attenuation 

coefficient (macroscopic cross section), which, as was mentioned in the introduction, depends 

on the material composition and structure.  

The neutron detection method utlilizes a neutron sensitive scintillator, which converts captured 

neutron radiation into photons of visible light, which consequently are recorded by a CCD 

camera [30], [31]. For this experiment a double crystal monochromator [32] and a detector 

setup consisting of a 6Li-based scintillator and a CCD camera were utilized, resulting in an 

image with pixel size of 100 um. An extended Bragg edge pattern can be measured by a 

wavelength scan within a certain wavelength range, i.e. separate stepwise measurements at 

consecutive wavelengths with a defined step width. Taking into account the time needed for the 

acquisition of a single image (~ 60 s) and for changing the monochromator settings every time 

the wavelength is changed, measurement of this type require a time scale which is significantly 

longer than the time resolution meaningful for full pattern in-situ investigations and, in 

particular, for the process investigated here (up to 5 min). 





















  

 

 
Figure 4. a) Displacement of the load on the NiO-YSZ sample S5  measured during redox 
cycles at 750°C loaded with half weight (with respect to the other samples). b) Macroscopic 
cross section of the sample; green and red curves correspond to the regions A (low stress 
region) and B (high stress region), respectively, as illustrated in figure 1 a). 
 


























