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1. Introduction

The strategy of the world’s leading states is the in-
tensive development of alternative energy. An important 

place in this direction is occupied by environmentally 
friendly technologies of fuel cells, which are electrochem-
ical devices for the direct conversion of chemical energy 
into electricity. Solid oxide fuel cells (SOFCs) are favor-
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The effect of reduction treatment in a 
high-temperature (600 °C) hydrogen-con-
taining environment on the microstructure 
and tendency to brittle fracture of YSZ–
NiO(Ni) materials for solid oxide fuel cell 
anodes has been studied. To assess the 
crack growth resistance of the ceramics, the 
Vickers indentation technique was adapted, 
which allowed estimating the microhard-
ness and fracture toughness of the material 
in the complex.

The requirements for high porosity of 
the anodes to ensure functional properties 
show that the strength may be an insuffi-
cient characteristic of the bearing capaci-
ty of the anode. More structurally sensitive 
characteristics are needed to assess its crack 
growth resistance.

The average levels of microhard-
ness of YSZ–NiO ceramics in the as-sin-
tered state and YSZ–NiO(Ni) cermets 
(2.0 GPa and 0.8 GPa, respectively) and 
their fracture toughness (3.75 MPa∙m1/2 and 
2.9 MPa∙m1/2, respectively) were experi-
mentally determined.

It was found that the microstructure of 
YSZ–NiO(Ni) cermet after redox treatment 
is formed by a YSZ ceramic skeleton with 
refined Ni-phase grains combined in a net-
work, which provides increased electrical 
conductivity. Along with higher porosity of 
the cermet, its fracture toughness is not lower 
than that of the one-time reduced cermet due 
to the implementation of the bridging tough-
ening mechanism of fracture.

The proposed treatment method allowed 
forming the microstructure of the anode 
material, resistant to crack propagation 
under mechanical load. The propensity of 
the anode material to brittle fracture on the 
basis of evaluation of its crack growth resis-
tance and analysis of the microstructure and 
fracture micromechanism was substantiated. 
This result is interesting from a theoretical 
point of view. From a practical point of view, 
the developed technique allows determining 
the conditions of redox treatment in the tech-
nology of manufacturing fuel cell anodes
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ably distinguished among a variety of fuel cell types in 
terms of efficiency.

In SOFCs, where hydrogen-containing gas mixtures 
are used as fuel, the most common material for anodes is 
YSZ–Ni cermet based on zirconium oxide stabilized with 
yttrium oxide. This material is characterized by high cata-
lytic activity during hydrogen oxidation, structural stability 
during operation in a hydrogen-containing atmosphere, and 
a coefficient of thermal expansion close to ZrO2-based elec-
trolytes [1]. Additive technologies, given their increasing use 
in powder metallurgy, are considered as a promising tool for 
the manufacture of SOFC anodes.

Reduction of NiO to Ni is the final stage of processing 
sintered YSZ–NiO anodes. In our previous works, the re-
sults of the study of the YSZ–NiO anode material [2, 3], 
treated by reduction-oxidation (redox) cycling for 5 cycles 
with a final one-time reduction, were presented. Based on 
these researches and the obtained characteristics of strength 
and electrical conductivity, it was found that the formed cer-
met has an advantage in strength over the one-time reduced 
within 4 h material. Besides, the cermet after redox treat-
ment has an electrical conductivity advantage of 2.6 times.

Therefore, at present, the industrial implementation of 
this treatment technique is promising, and the development 
of the structural optimization method to achieve the re-
quired structural and functional properties of materials of 
this class is an urgent and necessary task to be solved.

2. Literature review and problem statement

The microstructure of YSZ–NiO(Ni) cermets for SOFC 
anodes is formed by processing YSZ–NiO ceramics accord-
ing to various modes in a high-temperature hydrogen-con-
taining gaseous environment [4, 5]. This allows reducing 
NiO to Ni and forming an electrically conductive nickel 
network in the anode [1]. The bearing capacity of SOFC 
anodes is evaluated by the strength of the materials they are 
made of [6, 7]. However, the requirements for high porosity 
of the anodes to ensure the supply of fuel to the zone of its 
oxidation reaction show that the strength may be an insuf-
ficient characteristic of the bearing capacity of the anode. 
Therefore, more structurally sensitive characteristics are 
needed to assess its ability to resist the growth of microc-
racks, which can potentially lead to the failure of the anode 
and the entire SOFC. All this suggests that it is advisable to 
study the effect of treatment modes of YSZ–NiO ceramics on 
its microstructure and propensity to brittle fracture.

Among the mechanical methods of diagnosing the 
load-bearing capacity of structural ceramic materials and 
articles made of them, the indentation method is one of the 
most common and has been used for a long time. Relevant 
standards [8, 9] regulate the conditions for measuring the 
microhardness of materials. Vickers microhardness (in GPa) 
is calculated according to ASTM C 1327 [9] by the formula:

20.0018544 ,
P

HV
d

 =   
    (1)

where P is the load (N), d is the average length of the diago-
nals of the indentation imprint (mm).

The critical stress intensity factor, KIc, is another important 
parameter for the evaluation of fracture toughness of brittle 
ceramic materials. Methods for estimating fracture toughness 

of materials under Vickers pyramid indentation have long 
been proposed. Some of them are thoroughly described and 
confirmed by experimental data and analytical calculations. A 
method proposed in the work [6] is one of the first. Based on 
experimental measurements of force and geometric parameters 
of indentation of silicon, quartz, silicon carbide, and alumi-
na-based ceramics, the authors proposed the following formulas 
for estimating fracture toughness of brittle ceramic materials:

1/2

Ic 0.0177 ,
HP

K
c

 =   

or
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Ic 0.0154 ,
HP

K
c

 =   
    (2)

for silicon carbide and alumina, respectively. These formulas 
include the following parameters: microhardness H (kgf/mm2), 
indentation load P (kg), radial crack length c (mm) according 
to ASTM C 1327 [5]. KIc values are obtained in MPa∙m1/2.

At the same time, based on experimental results obtained 
during glass indentation, a simplified empirical formula for 
calculating the critical stress intensity factor KIc was pro-
posed [11]:

Ic 3/20.0726 .
P

K
c

 =   
    (3)

This formula includes only two parameters: the indenta-
tion load P (N) and the radial crack length c (m). To obtain 
the value of KIc in MPa∙m1/2, you need to multiply the value 
obtained by this formula by 10-6.

A similar formula, which differs only in the coefficient 
(0.0752 vs 0.0726), was proposed in the work [12]:

Ic 3/20.0752 .
P

K
c

 =   
    (4)

The same formula, which has a coefficient close to (3) 
(0.0725 vs 0.0726), was proposed by the authors of the 
work [13]:

Ic 3/20.0725 .
P

K
c

 =   
    (5)

A more complex formula, which has more parameters, was 
proposed in the works [14, 15] based on empirical results:

( )
( )

0.5

Ic 1.57

0.0424 /
.

/

PE a
K

c a
=     (6)

This formula includes the following parameters: inden-
tation load P (N), Young’s modulus E (GPa), the lengths of 
the half diagonal of the imprint a (mm) and the radial crack 
c (mm). KIc values are obtained in MPa∙m1/2.

The authors of the work [16], who observed Palm-
quist-type cracks after indentation with the Vickers pyr-
amid, used this formula to calculate the critical stress 
intensity factor KIc in YSZ–NiO ceramics. The authors of 
the work [17] also used this formula to calculate KIc in ZrB2 
ceramics after indentation.

Many researchers [18–20] used the formula proposed by 
the authors of the work [21] for calculating KIc values:
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Ic 3/20.016 .
E P

K
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   =       
   (7)

This formula includes the following parameters: Young’s 
modulus E (GPa), microhardness H (GPa), indentation load 
P (N), and radial crack length c (m). To obtain the value of 
KIc in MPa∙m1/2, you need to multiply the value obtained by 
this formula by 10-6.

The same formula, which has a coefficient close to (7) 
(0.014 vs 0.016), was proposed by the authors of the work [22]:

1/2

Ic 3/20.014 .
E P

K
H c

   =       
   (8)

The author of the work [23] proposed a more complex 
empirical formula for calculating the critical stress intensity 
factor KIc:

0.6 0.4 0.5
Ic

8.4
0.0285 ln .

a
K H E a

c
 =   

  (9)

This formula includes the following parameters: micro-
hardness H (MPa), Young’s modulus E (MPa), the lengths 
of the half diagonal of the imprint a (m) and the radial crack 
c (m). KIc values are obtained in MPa∙m1/2.

A similar empirical formula for calculating KIc was pro-
posed by the author of the work [24]:

0.56
0.6 0.4 0.5

Ic 0.0735 .
c

K H E a
a

-
 =   

   (10)

The units of measurement here are the same as in for-
mula (9).

It should be noted that the invariant values according to 
formula (2) are obtained only for a narrow range of ceramic 
materials. Moreover, formula (2) does not take into account 
the Young’s modulus of the material. In formula (6) there 
is a Young’s modulus, but there is no microhardness as a 
parameter. The same applies to formulas (3), (4), and (5), 
which do not take into account either the microhardness 
or the Young’s modulus. In formulas (7), (8), (9), and (10) 
there is a Young’s modulus of material and microhardness. 
Formulas (7) and (8) are similar, but differ by experimen-
tally determined coefficients. The advantage of each of these 
coefficients should be proved experimentally. In formulas (9) 
and (10) there are a large number of empirically determined 
powers for the corresponding material characteristic pow-
er functions, and this may limit the use of these formulas. 
Therefore, it is necessary to check the applicability of all 
these formulas to determine the fracture toughness of porous 
cermets.

Based on the study of changes in the microstructure, 
phase composition, and fracture micromechanism of the 
YSZ–NiO(Ni) cermet after redox treatment, as well as the 
values of fracture toughness, it is necessary to assess the 
propensity of the material to brittle fracture. The performed 
analysis does not allow to unambiguously choose the optimal 
formula for calculating the fracture toughness of the studied 
materials. Each of the above formulas can be used, but there 
is an issue of reliability of the obtained values. To substan-
tiate and select the most optimal of these formulas for the 
characterization of the YSZ–NiO anode ceramics and the 
corresponding cermets, it is advisable to calculate the KIc 
value for each of the above formulas for model ZrO2–Y2O3 

ceramics. These values should be compared with those ob-
tained for such materials by traditional methods of fracture 
mechanics.

3. The aim and objectives of the study

The aim of the study was to estimate the effect of redox 
treatment on the microhardness, fracture toughness, micro-
structure, and phase composition of the YSZ–NiO(Ni) cer-
met. This will make it possible to evaluate the crack growth 
resistance by the Vickers pyramid indentation method and 
determine the relationship between the fracture toughness 
and the structural-phase composition of the cermet.

To achieve this goal, the following objectives were set:
– to adapt the Vickers pyramid indentation method for 

the study of cermet materials;
– to calculate the fracture toughness of the YSZ–

NiO(Ni) cermet using the indentation parameters;
– to study the change in the microstructure, fractog-

raphy and phase composition of the YSZ–NiO(Ni) cermet 
after redox treatment.

4. Characteristics of the material and features of the 
research methods used

The ceramics of the YSZ–NiO system, which is perhaps 
the most common modern material for solid oxide fuel cell 
anodes, were studied [1, 4].

Plates of YSZ–NiO ceramics (zirconium oxide, stabi-
lized by 8 mol% Y2O3, with the addition of 50 wt% NiO; 
hereinafter – YSZ–NiO) were made by three-dimensional 
(3D) printing and subsequent sintering. The manufactur-
ing technology of ceramics provided preliminary (700 °C 
for 2 h) and final (1,450 °C for 2 h) sintering in an argon 
atmosphere.

The resulting ceramic grain size was 1–2 µm.
Series of prismatic specimens of YSZ–NiO ceramics were 

undergone to one-time reduction in a hydrogen-containing 
atmosphere or subjected to reduction-oxidation (redox) 
cycling at 600 °С (Table 1, [25]). A one-time reduction 
consisted of heating in vacuum to 600 °С, holding for 4 h 
in Ar–5 vol% Н2 mixture under a pressure of 0.15 MPa 
and cooling in argon [2, 3, 26]. Redox treatment was per-
formed for five cycles in a hydrogen-containing medium and 
air [2, 3, 26]. Specimens were heated in vacuum to 600 °C 
and held for 4 h in Ar–5 vol% Н2 mixture under a pressure of 
0.15 MPa. Next, the chamber was evacuated, the specimens 
were oxidized in air for 4 h at 600 °C and cooled in air. After 
redox cycling, the material was reduced in a hydrogen-con-
taining environment and cooled in argon. The heating and 
cooling rate was 20 °C/min [2, 3].

The fracture stresses for ceramics in the as-sintered state 
(sf 0) and after treatment (sf) were determined from the 
load–flexure diagrams at 20 °С in air using the appropriate 
formulas [27, 28]. The relative strength of the material was 
also determined as the sf /sf 0 ratio.

The Vickers pyramid indentation technique was adapted 
to assess the fracture toughness of the ceramic material on 
model ZrO2–Y2O3 ceramics (zirconium oxide stabilized 
with 8 mol% Y2O3). This ceramic is similar in nature to the 
YSZ ceramic skeleton in the YSZ–NiO(Ni) cermet struc-
ture. Ceramic specimens were made by sintering powders 
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of zirconium and yttrium oxides in an inert atmosphere at 
a temperature of 1450 °C. The resulting ceramic grain size 
was 1–3 µm. The strength and microhardness of ZrO2–Y2O3 
ceramics due to the single-phase cubic structure and, ac-
cordingly, sintering regimes are 3–7 times higher than those 
of YSZ–NiO(Ni) cermet [5–7, 16, 29]. Literature sourc-
es [30, 31] demonstrate rather invariant results of measured 
microhardness of such ceramics.

To measure the microhardness of the studied material 
variants, 6 levels of indentation load were set: 0.49 N, 0.98 N, 
1.96 N, 2.94 N, 4.91 N, and 9.81 N. The measurements were 
performed on a NOVOTEST TC-MKB1 microhardness tes-
ter. The method is based on the determination of hardness 
by the size of the imprint left by the Vickers diamond tip 
(indenter). The indenter (a diamond regular quadrangular 
pyramid with an angle at the apex of 136°) is pressed into 
the surface under the action of a load applied over a period 
of time [8, 9]. An imprint remains on the surface of the spec-
imen, and the imprint diagonals are used to calculate the 
arithmetic mean of the length of the diagonal of the imprint. 
Hardness is calculated as the ratio of the load applied to the 
indenter to the area of the inclined surface of the imprint. 
The microhardness tester automatically applies a load to the 
indenter smoothly, without shocks and vibrations, and pro-
vides exposition for 10–15 s. After entering the values of the 
measured diagonals of the imprint, the microhardness tester 
automatically calculates the value of the microhardness. The 
obtained values (in kgf/mm2) were converted into other 
units of measurement (GPa) according to ASTM C 1327 [9]. 
On each variant of the material (Table 1), at least 10 inden-
tations for each of the selected load levels were performed.

Estimation of the fracture toughness of the material 
under Vickers pyramid indentation was based on the use of 
an array of force and geometric data. Microhardness, inden-
tation load, and Young’s modulus of material were used as 
force parameters. The geometric parameters of the imprint 
and crack (if any) were as follows: the length of the inden-
tation diagonal 2a, the length of the angular crack l, and the 
total length of the crack c according to ASTM C 1327 [9].

The values of fracture toughness were calculated by formu-
las (2–10) (section “Literature review and problem statement”).

The Young’s modulus of YSZ–NiO ceramics in the 
as-sintered state E=150 GPa was determined based on the 
analysis of literature sources [6, 7]. We also used our pre-
viously proposed method of indirect measurement of the 
Young’s modulus for the material after corresponding treat-
ment [27]. The relative stiffness characteristic E/E0 was de-
termined (E0 and E are the values of the Young’s modulus for 

the material in the as-sintered state and after corresponding 
treatment). Using the slopes of the linear parts of the stress–
flexure diagrams, the characteristic E/E0 was determined as 
the ratio of the tangents of the slope angles for the material 
after treatment and in the as-sintered state. To substantiate 
this approach, we used the formula for the deflection of the 
beam specimen under the three-point bending [28, 32]

3

,
48
Ps

EJ
δ =   (11)

where P is the load, s is the span be-
tween the supporting rollers, E is the 
Young’s modulus, J is the moment of 
inertia of the corresponding profile, for 
a beam of rectangular profile

3

,
12
bh

J =    (12)

where b is the width and h is the height.
From here, the Young’s modulus of 

the material can be calculated by the 
formula:

3

3 .
4

Ps
E

bh
=

δ
     (13)

For some value of δ=const, selected within the elastic 
section of the stress–flexure diagram, and the same cross-sec-
tional geometry, the following relationship can be written:

0 0

,i iE P
E P

=      (14)

or

0 0

,i iE
E

s
=

s
     (15)

where E0 and σ0 are the Young’s modulus and the stress in 
the material in the as-sintered state, respectively, Ei and σi 
are the Young’s modulus and the stress in the material after 
corresponding treatment, respectively.

Therefore, the modulus Ei can be calculated from the 
stress–flexure diagram using the formula:

0
0

.i
iE E

s
= ⋅

s
     (16)

The Young’s modulus of YSZ–NiO(Ni) cermets after 
the corresponding treatments of the as-sintered material 
(Table 1) was calculated based on the measurements of the 
corresponding slopes of the stress–flexure diagrams (Fig. 1).

Microstructural and fractographic studies were per-
formed on a Carl Zeiss EVO-40XVP scanning electron 
microscope (SEM). The elemental composition was deter-
mined by local energy dispersive X-ray analysis (EDX) 
using an INCA ENERGY 350 spectrometer. The geometry 
of imprints and cracks in the materials was studied using a 
Neophot-21 optical microscope.

X-ray diffraction studies were performed on a DRON-3.0 
diffractometer in monochromatic CuKa radiation.

The porosity of the materials was determined by the hy-
drostatic weighing method and specified by the express meth-

Table	1

Influence	of	treatment	modes	on	physical	and	mechanical	properties	of	investigated	
materials	[25]

Vari-
ant

Treatment mode

Average value of the characteristics

sf, 
MPa

sf/sf0 E/E0 E, 
GPa

s, S/m
Poros-
ity, %%

1 As-sintered material (initial state) 112 100 100 150 (*) 25.2

2
One-time reduction in Ar–5 vol% 

H2 mixture
94 84 81.7 123 2.7∙105 28.7

3
Redox treatment (5 cycles in 

Ar–5 vol% H2 mixture/air) and final 
reduction in Ar–5 vol% H2 mixture

108 96 83.1 125 7∙105 35.5

Note: (*) The electrical conductivity is very low.
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od of determining the porosity by analyzing their microstruc-
ture [33], successfully tested by the authors of the works [34].

5. Estimation of the fracture toughness of materials under 
Vickers pyramid indentation

To develop a method for estimating the fracture tough-
ness of the material under Vickers pyramid indentation, an 
array of microhardness data of model ZrO2–Y2O3 ceramics 
was used. A regression function H=15.009P-0.043 was fitted 
to the data of the obtained experimental dependence of the 
material microhardness on the indentation load P (Fig. 2, a). 
It satisfactorily describes the relationship between these 
parameters according to the power law (the coefficient of 
determination R2=0.79). The regression curve indicates the 
dependence of the microhardness of the material on the load, 
known as the indentation size effect in microhardness test-
ing [31, 35, 36], when the average values of microhardness 
decrease with increasing indentation load.

To calculate the fracture toughness value, a point with a 
microhardness value H closest to the corresponding position 
on the regression curve was selected for each indentation 
load level P. Thus, 6 points were chosen for the indentation 
load of 0.49 N, 0.98 N, 1.96 N, 2.94 N, 4.91 N, and 9.81 N 
(points in Fig. 2, a, connected by a broken line). The values 
of the fracture toughness KIc were calculated by formulas 
(2–10), using the following material parameters: Young’s 
modulus E (220 GPa [29, 37, 38]); indentation load P; Vick-
ers microhardness H. The geometric parameters of the 
imprint and crack according to ASTM C 1327 [9] were 
also used: the length of the indentation diagonal 2a and 
the total crack length c. The dependences of the fracture 
toughness KIc of ZrO2–Y2O3 ceramics on the indentation 
load P obtained by calculating by formulas (2–10) are 
given in Fig. 2, b. There is a tendency to reach the plateau 
at indentation loads over 4.91 N for the values of fracture 
toughness, KIc, calculated by all formulas. The levels of the 
values of this parameter obtained by different formulas were 
compared with the values obtained by traditional methods 
of fracture mechanics [18, 38]. Based on the comparison, it 
was concluded that formula (7) is the most optimal, because 
the values of the fracture toughness KIc obtained by using 
this formula are closest to those obtained by other methods. 
The same formula is recommended to be used by other re-
searchers based on the analysis of the obtained calculation 
results [20, 38, 39].

The results of microhardness tests of YSZ–NiO ceramics 
and corresponding cermets (variants 1–3) are presented in 
Fig. 3 as the dependence of the microhardness of the investi-
gated material variants on the indentation load.

The graph (Fig. 3, a) clearly shows the indentation size 
effect [31]. That is, with increasing indentation load, the 
average values of microhardness decrease, and the depen-
dence of microhardness on the load reaches the plateau in the 
range from 2.94 to 9.81 N. In this range, the corresponding 
average levels of microhardness for materials of variants 1–3 
are experimentally determined. For YSZ–NiO ceramics in 
the as-sintered state (variant 1) this level is 2.0 GPa. For 
YSZ–NiO(Ni) cermets obtained as a result of both one-time 
reduction and redox cycling (variants 2 and 3), the level of 
microhardness is 0.8 GPa.

The values of fracture toughness (in MPa∙m1/2) of ma-
terials of variants 1–3 were calculated by formula (7) for 
each level of the indentation load P and the obtained value 
of microhardness H [21].

It was found that the nature of the dependences of the 
fracture toughness of material variants 1–3 on the indenta-
tion load is opposite to that noted for their microhardness. 
As the indentation load increases, the average values of their 
fracture toughness increase, and in the range from 4.91 
to 9.81 N we observe the plateau-like dependence of their 
fracture toughness on the load (Fig. 3, b). In this range, the 

Fig.	1.	Stress–flexure	diagrams	of	material	of	variants	1–3	
(Table	1)	[25]

Fig.	2.	Change	of	mechanical	characteristics	of		
ZrO2–Y2O3	ceramics	under	Vickers	pyramid	indentation	

conditions	depending	on	the	indentation	load:	a	–	Vickers	
microhardness	(1	–	regression	function	(dashed	line);		

2	–	solid	broken	line	connecting	experimental	points	closest	
to	the	corresponding	positions	on	the	regression	curve);	
b	–	fracture	toughness	(the	dependence	numbers	2–10	

correspond	to	the	formula	numbers	according	to	which	the	
fracture	toughness	values,	KIc,	were	calculated)

a

b
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corresponding average levels of fracture toughness were 
experimentally determined for each of the investigated ma-
terial variants. For YSZ–NiO ceramics in the as-sintered 
state (variant 1) this level is 3.75 MPa∙m1/2, and for cermets 
(variants 2 and 3) it is 2.9 MPa∙m1/2. These values are con-
sistent with those obtained for such materials by traditional 
methods of fracture mechanics [6, 40].

6. Analysis of changes in microstructure, microhardness 
and fracture toughness of YSZ–NiO ceramics due to 

redox treatment

It is known [3, 25] that the exposure of YSZ–NiO ce-
ramics at a temperature of 600 °С for 4 h in Ar–5 vol % Н2 
mixture leads to the formation of thin Ni fringes with a 
thickness of 0.1–0.3 µm on NiO particles. The residual 
stresses do not change significantly compared to the as-sin-
tered ceramics, and there are no significant changes in 
the zirconium phase skeleton. However, due to the partial 
structural transformation of the nickel phase, a decrease 
in strength was revealed for this treatment mode (84 % of 
the value for the as-sintered material [3]). However, nickel 
fringes united into a network provide satisfactory electrical 
conductivity of the material.

When YSZ–NiO ceramics were reduced at 600 °С for 4 h 
in pure hydrogen, nanopores were formed in the particles of 
the nickel phase due to the rapid shrinkage of the material in 
a pure hydrogen atmosphere. These nanopores, together with 
the pores between the particles, prevented the occurrence of 

residual tensile stresses. However, such a transformation of 
the nickel phase with a concomitant change in volume and 
increased porosity caused the loss of a significant number of 
interparticle bonds. This violated the integrity of the mate-
rial, leading to a decrease in strength by 48 % of the value for 
the as-sintered ceramics [3]. Therefore, for a more balanced 
reduction of the anode material, Ar–5 vol%Н2 mixture was 
used [25].

For YSZ–NiO ceramics, which was investigated in this 
work, studies have previously been conducted to determine 
its strength in the as-sintered state and after the above 
treatments [25]. We noticed a tendency to a slight decrease 
in the strength of cermet after one-time reduction (Table 1, 
variant 2) compared to the as-sintered YSZ–NiO ceramics. 
After redox cycling, the strength of the cermet remained 
almost at the same level as for the as-sintered material (Ta-
ble 1, variant 3). Due to the nickel phase reduction, electrical 
conductivity of the material of variant 2 increased to a level 
sufficient for a SOFC anode [1, 26], and electrical conduc-
tivity of the material of variant 3 increased significantly 
compared to that of variant 2 (Table 1, [25]).

The diffraction pattern of ceramics in the as-sintered 
state (Fig. 4, line 1) contains, in addition to the peaks of 
the YSZ phase, only peaks that correspond to the NiO 
phase. The diffraction pattern of the material, one-time 
reduced in a hydrogen-containing gas mixture (Fig. 4, 
line 2), contains, in addition to the peaks of the YSZ phase, 
also peaks that correspond to the NiO and Ni phases. Like 
the latter, we can see for the material after redox treatment 
(Fig. 4, line 3) peaks corresponding to all three phases 
(YSZ, NiO, and Ni). However, we observe slight differences 
in the shapes of the diffraction patterns of variants 2 and 
3, because for variant 3 the peaks corresponding to the Ni 
phase are slightly higher, and the peaks of the NiO phase 
are lower than for variant 2.

The analysis of features of microstructure of the re-
duced cermets of variants 2 and 3 (Figs. 5, a and Fig. 5, b, 
respectively) has been carried out. It was found that vari-
ant 2 has a relatively homogeneous microstructure with 
evenly distributed isolated pores (their average size is 
2–10 µm). The microstructure of variant 3 is qualitatively 
different, as we see larger pores (up to 10–20 µm), as well 
as fragments of the network of combined pores. On the 
one hand, such structural transformations in the cermet 
of variant 3 have a positive effect on its functional prop-
erties. This is manifested, in particular, in the improved 
ability to pass the operating environment from the side of 
its supply to the anode surface in the direction of localiza-
tion of the oxidation reaction of the fuel at the interface 
of the anode and electrolyte. On the other hand, this can 
lead to deterioration of mechanical properties and partial 
loss of bearing capacity of the anode. The characteristics 
presented in Table 1 indicate that there was no signifi-
cant decrease in the strength of the cermet of variant 3 
compared to the as-sintered ceramics. On the contrary, 
we note higher strength compared to one-time reduced 
material (variant 2).

It should be noted, however, that the gross strength can 
not fully characterize the bearing capacity of such a highly 
porous material. More structurally sensitive characteristics 
are needed to assess its potential ability to resist the ini-
tiation and growth of microcracks. Such microcracks can 
originate from pores both inside (in the bulk) and outside 
(from the surface and edges) of the anode.

Fig.	3.	Change	of	mechanical	characteristics	of	the	
investigated	materials	of	variants	1–3	under	Vickers	pyramid	

indentation	conditions	depending	on	the	indentation	load:	
a	–	Vickers	microhardness;	b	–	fracture	toughness.	The	

graphs	show	the	microhardness	and	fracture	toughness	values	
obtained	by	approximating	these	parameters	to	the	plateau

a

b
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At high magnifications of the microscope, it was confirmed 
that variant 2 has a relatively homogeneous microstructure. 
Light gray areas in Fig. 5, b, (zone 1; Table 2, spectrum 1) is 
a ceramic matrix of zirconium dioxide. In this matrix, the 
grains of the nickel phase are evenly distributed as dark gray 
areas separated from each other, each of which is bounded by 
a white fringe (zone 2 in Fig. 5 b; Table 2, spectrum 2). Such 
dark gray areas are NiO oxide, and white fringes are metallic 
Ni. The image of the material microstructure of variant 3, 
made at high magnifications of the microscope (Fig. 5, d), 
shows the result of redox treatment, and one can assess the 
essence of structural changes in comparison with the material 
of variant 2. The nickel phase grains (Fig. 5, d, zone 4 Table 2, 
spectrum 4), located in the ceramic matrix of zirconium diox-
ide (zone 3; Table 2, spectrum 3), generally became smaller. 
However, the grains contact each other with nickel fringes, 
forming an electrically conductive network. The smaller ones 
(0.5–1.5 µm) were completely reduced to metallic nickel, and 
the larger ones still have a non-reduced core. This explains 
the 2.6 times higher electrical conductivity of the material of 
variant 3 compared to variant 2 (Table 1).

The reduction in the nickel phase grain size can be 
explained by several reasons. First, it is shrinkage, i.e., a 
significant reduction in the nickel phase volume during the 
conversion of NiO to Ni [3, 41]:

Ni NiO

NiO

41.6 %.red

V V
V

V
-

∆ = = -    (17)

Here VNi is the nickel phase volume after conversion and 
VNiO is the nickel phase volume before conversion.

Second, it is the diffusion of Ni2+ cations in half-cycles of 
oxidation at 600 °C [4, 42, 43] and, accordingly, the redistri-
bution of nickel in the material bulk.

In the microphotographs of the specimen surfaces with 
Vickers imprints of materials of variants 1–3 (Fig. 6) at the 
same indentation load (9.81 N) we observe a difference in 
their sizes. The diagonals of the imprint on the YSZ–NiO ce-
ramics in the as-sintered state (variant 1) are shorter than on 
the material of the other two variants. Cracks at the corners 
of the imprints were fixed for the vast majority of indenta-

tions. For example, the enlarged part of the photograph for 
the material of variant 3 shows a crack from the corner of the 
imprint length of 12.3 µm (Fig. 6, c).

The nature of the initiation and growth of cracks in the 
reduced cermets depends on the size and morphology of the 
pores. In the fracture of the specimen of the as-sintered ma-
terial (Fig. 7, a) we observe a smaller number of pores than 
in the specimens after reduction (Fig. 7, c, e). Compared 
to variant 2 (Fig. 7, c), slightly larger pores formed in the 
cermet of variant 3 due to redox cycling (Fig. 7, e) serve as 
potential foci of microcracks.

Table	2

Data	of	EDX	spectra	(1–4)	of	material	specimens	of	
variants	2	and	3	(Table	1).	The	spectra	correspond	to	zones	

1–4,	indicated	by	white	numbered	arrows	in	Fig.	5

Chemical 
element

Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4

wt% at% wt% at% wt% at% wt% at%

O K 19.09 57.30 18.47 49.73 26.03 65.42 12.63 38.06

Ni K – – 44.80 32.88 7.86 5.38 53.67 44.08

Y L 6.14 3.32 3.52 1.71 4.99 2.26 2.65 1.43

Zr L 74.77 39.38 33.21 15.68 61.12 26.94 31.06 16.42

At high magnifications of the microscope, multiple facets 
of transgranular cleavage are observed in the material of vari-
ant 1 (Fig. 7, b), which indicates the high bond strength be-
tween the particles of different phases. This fracture microme-
chanism corresponds to the relatively high fracture toughness 
of YSZ–NiO ceramics (Fig. 3, b). In the fracture, relatively 
small pores with a size of 2–5 µm are observed between the 
agglomerates of sintered ceramic particles (Fig. 7, b). These 
pores do not significantly affect the ceramics fracture tough-
ness. In the material of variant 2, smaller interparticle pores 
with a size of 0.2–1.5 µm are observed (Fig. 7, d), in addition 
to the observed large pores at small magnifications of the mi-
croscope (Fig. 5, a). In contrast to this material, even smaller 
interparticle pores with a size of 0.1–0.3 µm are observed 
in the cermet of variant 3, and their number is even smaller 
(Fig. 7, f). There are also large pores and their colonies be-
tween particle agglomerates of the material (Fig. 5, c).

Fig.	4.	X-ray	diffraction	patterns	of	YSZ–NiO(Ni)	anode	material:	1	–	as-sintered	state;	2	–	cermet	after	a	one-time	
reduction;	3	–	cermet	after	redox	treatment	(Table	1).	Light	triangles	–	YSZ	phase;	light	circles	–	NiO	phase;		

dark	circles	–	Ni	phase.	The	numbers	in	parentheses	indicate	the	corresponding	Miller	indices
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Fig.	5.	SEM	microstructure	of	the	material:	
a,	b	–	variant	2;	c,	d	–	variant	3;	a,	c	–	low	

magnifications;	b,	d	–	high	magnifications.	White	
numbered	arrows	indicate	EDX	analysis	zones

a

b

c

d

Fig.	6.	Optical	microphotographs	of	the	specimen	surfaces	with	Vickers	imprints	
obtained	under	a	load	of	9.81	N:	a	–	variant	1;	b	–	variant	2;	c	–	variant	3	(the	

magnified	part	of	the	image	shows	a	12.3	μm	long	crack	started	from	the	corner	
of	the	imprint).	The	contours	of	the	imprints	are	drawn	with	dashed	lines

a b

c

Fig.	7.	SEM	microfractography	of	material	specimens:	a,	b	–	variant	1;	c,	d	–	variant	2;	e,	f	–	variant	3;		
a,	c,	e	–	low	magnifications;	b,	d,	f	–	high	magnifications

a b c

d e f
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7. Discussion of the research results on the estimation of 
the effect of reduction treatment on the microstructure 
and crack growth resistance of YSZ–NiO(Ni) materials

The obtained results can be explained by the nature of for-
mation (change) of microstructural components of YSZ–NiO 
anode ceramics as a result of treatment under different modes 
in a high-temperature hydrogen-containing gas environ-
ment [4, 5]. This treatment provides the reduction of NiO to 
Ni with the formation of an electrically conductive nickel net-
work (Fig. 5), which serves as a conductor of electrons from 
the area of the fuel oxidation reaction in a SOFC [1]. Despite 
the increase in the porosity of the cermet of variant 3 (Ta-
ble 1), its fracture toughness is not lower than that of variant 
2 (Fig. 3, b). This can be explained by a detailed analysis of the 
fracture surfaces. At high magnifications of the microscope, 
uniformly distributed microregions (up to 1 µm2) of plasti-
cally elongated metallic nickel (Fig. 7, d) are observed in the 
fracture of the material specimen of variant 2. In this case, the 
intergranular fracture micromechanism, which is characteris-
tic of one-time reduced Ni-containing anode materials, is im-
plemented [1, 7, 16]. For the material of variant 3, we observe 
a more complex picture. Here, fracture along the boundaries 
of agglomerates 6–8 µm in size, probably separated by pores, 
is combined with a small number of microregions of plastically 
elongated metallic nickel (Fig. 7, f). In variant 3, the stresses 
relax when microcracks reach the particles of the ductile 
metal nickel phase [4, 41], and the mechanism of “bridging by 
bonds or fibers” is implemented. This toughening mechanism 
is known as one of the ways to increase the fracture toughness 
of brittle materials [44–47]. Therefore, the growing crack 
bypasses such strengthened agglomerates of particles and 
propagates along a curved trajectory, uniting relatively large 
pores, as evidenced by a more relief fracture.

Based on this and previous [2, 3, 25, 43] research, we can 
conclude that the material reduced by redox treatment has 
an advantage in strength and electrical conductivity over 
one-time reduced material. Besides, the material after redox 
treatment is not inferior to the one-time reduced material in 
terms of microhardness and fracture toughness. Given these 
results, the industrial implementation of this treatment at 
the enterprises for the production of SOFC components 
looks attractive and promising.

The proposed redox treatment applies only to Ni-con-
taining anode materials, as it is based on the process of 
nickel phase particle refinement. This refinement occurs 
due to the cyclic change of the operating environment (re-
ducing/oxidizing) at a temperature of 600 °C. Our studies 
have shown that the treatment at a temperature of 800 °C 
does not increase the strength and electrical conductivity of 
Ni-containing anode materials [25].

Anode materials of other systems, which contain, in par-
ticular, oxides of copper and aluminum, are now becoming 

more and more widely used [48]. Such materials are used in 
fuel cells running on hydrocarbon fuel. The proposed meth-
od for estimating the fracture toughness of material under 
Vickers pyramid indentation can be effective for character-
izing the anode materials of other systems. However, for the 
application of redox treatment to anode materials of other 
systems, it is necessary to conduct thorough research that 
will optimize the modes of this technique. This, in turn, will 
contribute to the achievement of high electrical conductivity 
and corrosion resistance, as well as the strength and fracture 
toughness of the SOFC anodes.

8. Conclusions

1. The method of estimating the fracture toughness of 
the material under Vickers pyramid indentation conditions 
based on the analysis of the calculation results using the em-
pirical formulas proposed in the literature has been adapted. 
The optimal formula is the one that includes the following 
parameters: Young’s modulus, microhardness, indentation 
load, radial crack length. For the studied cermets, which are 
characterized by a significant scatter of microhardness val-
ues, the optimal range of indentation load was found. In this 
range, where the microhardness values reach the plateau, the 
average level of microhardness used to calculate the fracture 
toughness is determined. The calculated values of fracture 
toughness are consistent with those obtained by traditional 
methods of fracture mechanics.

2. The microhardness of YSZ–NiO ceramics and cor-
responding cermets was measured and the dependences of 
the microhardness of the investigated material variants and 
their fracture toughness on the indentation load were con-
structed. The average levels of microhardness and fracture 
toughness of the studied materials were determined exper-
imentally. For YSZ–NiO ceramics in the as-sintered state, 
the microhardness is 2.0 GPa, and for cermets obtained as 
a result of both one-time reduction and redox cycling, it 
is 0.8 GPa. The fracture toughness of YSZ–NiO ceramics 
in the as-sintered state is 3.75 MPa∙m1/2, and the fracture 
toughness of cermets is 2.9 MPa∙m1/2.

3. The influence of one-time reduction in a high-tempera-
ture hydrogen-containing gas mixture and redox treatment 
on the microhardness and fracture toughness of the YSZ–
NiO(Ni) cermet was studied and structurally dependent 
features of its crack growth resistance under Vickers pyramid 
indentation conditions were determined. Based on microfrac-
tographic analysis of the specimen fracture surfaces, it was 
found that the material after redox treatment exhibits signs of 
fracture along the boundaries of the agglomerates, separated 
by pores, and plastic elongation of metallic nickel particles, 
i.e., the “bridging” mechanism, known as one of the extrinsic 
toughening mechanisms, is implemented in this material.
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