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Oliver Pharr method may overestimate the hardness because of the effect of pile up. In this paper, the mechan-
ical properties of oxide fuel cell, such as hardness and elastic modulus, are determined by a work of indentation,
then a reverse analysis algorithms is followed to analyze the yield strength. From the nanoindentation tests
carried out for the half-cell structure of solid oxide fuel cells (SOFCs), the typical mechanical properties are
derived by the work of indentation and the reverse analysis algorithms. Due to the differences of Young's
modulus and the mismatch of thermal expansion coefficients in the half-cell structure (NiO-YSZ/YSZ), the
residual stress, which has effects on the fuel cell's performance, is aroused during sintering. Numerical results
show that the load-displacement curve is agreement with the experimental curve if the residual stress was

considered.
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1. Introduction

Solid oxide fuel cells have attracted special inter-
ests as a method of future electric power generation
because of high efficiency and pollution-free opera-
tion. Yet their widespread use is hindered by high
costs and poor long-term thermomechanical reliability
due to the different thermal expansion coefficients and
particular work environments!). Thermal stresses can
cause cracking within the microstructure or even de-
lamination and other catastrophic failurel?!. Measur-
ing the mechanical properties, such as elastic modulus
and yield strength, is always the first critical step to
analyze their mechanical integrity. However, this is
often considered difficult since the conventional tech-
niques, such as the tensile, the three-point or four
point bending technique, require extensive machining
efforts 13

Several methods exist for measuring the elastic
modulus and hardness of materials on the submi-
cron scalel!l. Among them the instrumented indenta-
tion techniques (Oliver Pharr method) has become a
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primary technique for determining the mechani-
cal properties of thin films and small structural
features*. During the past decade, several impor-
tant changes have been made to the method that
both improve its accuracy and extend its realm of
application!®. These changes have been developed
both through experience in testing a large number of
materials and by improvements of testing equipment
and techniques. For example, an improved meth-
ods for calibrating indenter area functions and load
frame compliancesl®. However, if h¢/hy (final in-
dentation depth/peak load indentation depth)>0.7,
the method overestimates the hardness by as much as
100% because of the effect of pile up. In addition, all
magnitude and type of internal stress have an effect
on determining the elastic modulus and hardness!®:7.
For instance, the CN, film with compressive inter-
nal stress has larger hardness and modulus than that
without compressive internal stress®l.

Alternatively, because of the use of the energy dis-
sipated or work done during the indentation, work of
indentation methods can particularly be an attrac-
tive approach when a pile up effect is observed![!-8-12),
Based on the relationship among the total, plastic and
elastic energy constants, a reformative work of inden-
tation has been used to determine the hardness and
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elastic modulus of SOFCI. The hardness obtained
by the work of indentation exhibits well agreement
with the values determined by Oliver Pharr method.

Study on the determining the elastic and hardness
by indentation is active, while there are few litera-
tures focused on the study of yield strength®. From
the principle of dimensional analysis, the relationships
between the indentation load-displacement curve and
material yield strength have been established by the
finite element method®. This method can be used
to elastic-perfectly plastic material and material with
work hardening. However, this method is not consid-
ered the effect of residual stress.

In our previous work!'3l, based on Oliver-Pharr
method, we have introduced the residual stress into
the reverse analysis algorithms to determine the
elastoplastic properties of SOFC before reduction. In
this study, the work of indentation is used to deter-
mine the elastic modulus of SOFC before and after
reduction, then the yield strength is obtained by the
reverse analysis algorithms considering the residual
stress. FE simulation is performed to verify the ex-
periment results.

2. Analysis of Nanoindentation Data

2.1 Reverse analysis algorithms without residual stress

Useful elastic and/or plastic properties of the film
material can be readily obtained from the indentation
P-h loading curve by one indentation test, once the
substrate modulus is known. From the numerical for-
ward analysis, the relationships between the material
properties and the indentation parameters were estab-
lished based on extensive finite element simulations
by Zhao et al.[>'4 Based on these relationships, the
film material properties can be determined from the
reverse analysis by performing an indentation test on
the sample material, and measuring data at two dif-
ferent indentation depths of ¢/3 and 2t/3 (t is the film
thickness). The technique is applicable to ceramic or
high-strength metal thin films whose indentation be-
haviors can be effective described by the phenomeno-
logical elastic-perfectly plastic material model as long
as significant cracking does not occur.

From extensive finite element analyses by varying
the material properties in a large range, the follow-
ing functional forms can be established to relate the
normalized indentation load with film /substrate prop-

erties:
P F FE
- F ( , ) 1
oyh? "\E, oy (1a)
P F E
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oy h% 2(ES ’ oy ) (1b)

where hq =¢/3 and hy = 2h/3; E and oy are Young’s
modulus and yield stress of film respectively; Fs is the
modulus of substrate. The functions can be fitted in

the following form/?!:
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here, £é=In(E/E;) and n=In(E/oy). These two func-
tions relate the indentation response with the film
elastoplastic properties as well as film/substrate elas-
tic mismatch. They can be employed in the reverse

analysis for determining the film properties!s).

2.2 Reverse analysis algorithms with residual stress

Without consideration the residual stress, the rela-
tion between the mechanical properties of the film and
the P — h load curve was given by Eq. (1). However,
residual stress is an inevitable universal phenomenon
when co-firing or preparation. Depending on the de-
position process and the deposition parameters, these
stresses can be either compressive or tensile.

If we get the residual stress o, of the film, Eq. (1)
can be rewritten as

P B (E FE
(Uy + Ur)h% ! Ey’ (Uy + o)

P B FE FE
(Uy + Ur)hg

(3a)

*F2(Esa (0y+0r)) (3b)

Residual stress, in the film, can be calculated ana-
lytically according to the thermal misfit theory, the
residual expressed by(13:1%]

or = EAaAT/(1 —v) (4)

where Aa=as — a1, as and a1 denote thermal ex-
pansion coefficient of substrate and film, respectively;
AT denotes temperature difference from sintering to
room temperature; v denotes Poisson ratio.

2.8 Elastic modulus of substrate

In nanoindentation, Young’s modulus of sub-
strate could be calculated by the load-displacement
curves through the Oliver-Pharr method. However, if
h¢/hm >0.7, the Oliver-Pharr method may overesti-
mate the hardness by as much as 100% because of the
effect of pile up. Alternatively, the hardness H can
be calculated using the work of indentation:

kW (n+1) P,
H= = 5
hwh2 B2 5)
where the relationship between contact depth and
maximum displacement is given by Attaf [11:
2(ve — 1)

hc = (Z'YE _ 1)hm (6)
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where g is the elastic energy constants, defined as
Ws = yeWg (7)

Once we know the hardness by the work of in-
dentation approach Eq. (5), elastic modulus can be
determined by following equation °!:

Wr—Wg H
~1-5 8
WT Er ( )
where FE, is the reduced modulus, which combines
modulus of both the indenter and specimen. Con-
sidering the properties of the diamond indenter, the
reduced modulus could have the following relation-
ship:
1 () (1)
E.  E,  FE ©)
If we substituted Eq. (8) into Eq. (9), the E and oy
of film can be calculated using Eq. (1) or Eq. (3).

3. Experimental Procedure

The half-cell structure of SOFC was made by
Ningbo Institute of Material Technology and En-
gineering, Chinese Academy of Sciences (Ningbo,
China). The anode-supported cells were fabricated by
co-firing the thin electrolyte (YSZ) on the anode sub-
strate (NiO-YSZ) at 1400 °C. The thickness of YSZ
film and NiO-YSZ substrate were about 10 ym and
310 pum, respectively. For measuring the anode me-
chanical properties after reduction, NiO-YSZ/YSZ
composite ceramic was reduced in Ho-4%N» at 800 °C
to make Ni-YSZ/YSZ cermets.

Before indentation testing using Berkovich dia-
mond in MTS Nano Indenter II, each specimen with
dimension of 0.32 mm (height)x11 mm (width)x
15 mm (length) was sandwiched in middle between
epoxy. The system has load and displacement resolu-
tions of 1 mN and 0.04 nm. Fig. 1 shows the cross-
section of the test sample which polished before test.
The indentation points are perpendicular to the half-
cell structure interface of SOFC. Among six points,
four points are on film side and two on anode side, re-
spectively. The indenter was first loaded to the peak
load 20 mN which was held constant for 10 s, then
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Fig. 1 Schematic of testing sample and indentation
points of the experiments

unloading terminated at 10% of the peak load with
another 100 s holding period to allow any final time
dependent plastic effects to diminish, and the speci-
men was fully unloaded. According to our early pub-
lished study!!!, the indentation point Al which is far
from the interface was held to avoid the substrate ef-
fect in hardness testing, and the film can be consid-
ered as bulk material due to the shallow indentation
depth.

4. Results and Discussion

4.1 Elastic modulus and hardness of SOFC

Fig. 2 presents the experimental data of NiO-
YSZ/YSZ and Ni-YSZ/YSZ for indentations made to
peak load of 20 mN. The differences in hardness are
apparent from the large differences in the depth. The
hardest is YSZ film, and the softest region is in sub-
strate. The whole results in terms of load, displace-
ments and elastic modulus (by Eq. (8)) are presented
in Table 1.

4.2 Yield strength of SOFC without residual stress

The maximum indentation depth is not more than
500 nm, the thickness of YSZ film is 10 pm. Due to
the depth of Alwhich far from the anode substrate
(about 8 pm) is 242.5 nm, the effect of anode sub-
strate on the mechanical properties of YSZ film is lit-
tle. The film could be think as a bulk material during
the nanoindentation test, the yield strength of film
can be calculated by Eq. (1). Different is, the further
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Fig. 2 Experimental indentation force-displacement
curves



140 Xiang ZHAO and Fenghui WANG: Acta Metall. Sin. (Engl. Lett.), 2013, 26(2), 137-142.

the indentation points is from the interface, the
greater is the hardness and modulus of film.

Corresponding to 2t/3 and t/3, the indentation
load are 20.14 mN and 5.54 mN when the test inden-
tation depth are 242.5 nm and 121.3 nm, respectively.
The elastic modulus of Al calculated by the work of
indentation is 224.46 GPa, the yield strength of Al
calculated by Eq. (1) is 6.21 GPa. Because test point
Al is far from the interface, the yield strength val-
ues of YSZ can be considered as 6.21 GPa, without
considering the residual stress.

Similarly, Table 1 compares the yield strength of
each test point in two material systems. Because test
points Al (or B1) and A6 (or B6) are all far from the
interface, the yield strength values of YSZ, NiO-YSZ
and Ni-YSZ can be considered as 6.21 GPa, 2.56 GPa
and 1.23 GPa, respectively. It can be seen that the
yield strength of substrate is decreased by 52% due to
NiO-YSZ reduced to Ni-YSZ. In addition, as shown in
Table 2, the elastic modulus and hardness of substrate
are decreased by 34% and 48%, respectively.

4.8 Yield strength of SOFC with residual stress

The anode-supported cells are fabricated by co-
firing the thin electrolyte on the anode substrate at
1400 °C, then cooling to home temperature. The
thermal expansion coefficients (TEC) of YSZ, NiO-
YSZ and Ni-YSZ are 10.8x1076/°C, 13x107¢/°C
and 12.5><10*6/°C[15’16], respectively. The residual
stress in YSZ film is then calculated by Eq. (4). How-

ever, the reduction procedure causes a drastic modi-
fication of the microstructure, which cannot be mod-
elled by Eq. (4), the thermal expansion coefficient
will change from 13x1076/°C into 12.5x1076/°C at
800 °C. Due to the bending theory, the residual stress
in substrate layer is [15;

02 = Eiy(e — anAT) (14)

where ¢ is linear bending strain caused by residual
stress. As shown in Fig. 3, substituting o,o=—901
MPa into Eq. (3), the yield strength of Al is calcu-
lated and listed in Table 1.

Similarly, the yield strength with residual stress
of each test point in two material systems is shown in
Table 1. When the residual stress was considered, the
yield strength values of YSZ, NiO-YSZ and Ni-YSZ
is 7.11 GPa, 2.53 GPa, 1.20 GPa, respectively. It can
be seen that the yield strength values computed by
Eq. (3) are higher than Eq. (1), as shown in Table 1.
According to empirical formulal'”), the ratio between
the hardness and yield strength, A, is 2.5-3.0. The ra-
tios A1, A2 (without and with residual stress) are listed
in Table 1 for both two material systems. The ratio Ay
for test point Al is higher than empirical formula, if
the residual stress is not taken into account. On the
contrary, Ao is in agreement with the empirical for-
mula. However, in the region of interface, these ratios
should be further researched because of the compli-
cated stress field and the location uncertainty in test
points A5 and B6.

Table 1 Mechanical properties of the indentation region

oy/GPa(Eq. (1))

oy/GPa(Eq. (3)) M\ A2

6.21 7.11 3.43 3.00
5.63 6.53 3.15 2.72
3.82 4.72 3.61 2.92
3.67 4.57 3.46 2.78
2.11 2.08 3.15 3.19
2.56 2.53 2.76 2.79
6.42 7.09 3.38  3.02
6.19 6.86 3.07 2.78
5.99 6.66 290 2.61
3.57 4.24 3.01 2.53
2.61 2.58 226 2.29
1.23 1.20 2.99 3.06

Table 2 Mechanical properties of two material systems

Sample Test point E/GPa H/GPa
NiO-YSZ/YSZ Al 224.46 21.30
A2 209.36 17.73
A3 197.92 13.78
A4 179.36 12.70
A5 129.65 6.64
A6 130.68 7.07
Ni-YSZ/YSZ B1 227.28 21.39
B2 205.77 19.04
B3 204.26 17.37
B4 176.07 10.73
B5 117.02 5.92
B6 85.68 3.68
Material E/GPa H/GPa
YSZ 224.46 21.30
NiO-YSZ 130.68 7.07
Ni-YSZ 85.68 3.68

oy/GPa(Eq. (1)) oy/GPa(Eq. (3))
6.21 7.11
2.56 2.53

1.23 1.20
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Fig. 3 Residual stress distribution in film/substrate system: (a) NiO-YSZ/YSZ; (b) Ni-YSZ/YSZ

5. Numerical Results

In the present work, we have studied the nanoin-
dentation process of YSZ film on NiO-YSZ (and Ni-
YSZ) substrate. In addition, we have verified if this
process is appropriate by performing an analysis with
a three-dimensional model. Due to the complexity of
the phenomena involved in the indentation process,
we used the FE program ABAQUS which allows ef-
fective modeling of non-linear problems such as the
materials properties, the contact between two bodies
and the large deformations of the material under the
indenter.

Nanoindentation by a three-sided Berkovich in-
denter with an included half-angle, 65.3, was sim-
ulated. The film/substrate materials were repre-
sented by reduced integration elements (C3D8R el-
ement type[ls]). It is known that the region of inter-
est, which is in the vicinity of the indenter tip, is very
small compared with the overall specimen size. Ac-
curate FE simulations require fine mesh in the region
of interest. The friction coefficient between the in-
denter tip and cross-section of the specimen surface is
assumed to be zero'®!, as shown in Fig. 4. The inter-
face of thin films and substrates is defined as perfectly
bonded. Both the film and the substrate are assumed
to be homogeneous and isotropic and having a perfect
elastic-plastic behavior.

According to the experiment A1, the nanoindenta-
tions have been performed on NiO-YSZ/YSZ system
with different situations: the initial thermal stress
field is considered or not. The elastic modulus and
Poisson’s ratio of YSZ are set to be 224.46 GPa and
0.3. The same parameters are 130.68 GPa and 0.3 for
NiO-YSZ and 1141 GPa and 0.25 for the indenter.

In the first simulation, the residual stress is ne-
glected in the finite element simulations. The yield
strength of YSZ is set to be 6.21 GPa. In the sec-
ond, the thermal residual stress field shown in Fig. 5
is taken as the initial stress field to simulate the load-
displacement curve under nanoindentation. The yield
strength of YSZ is set to be 7.11 GPa. Fig.6 shows
that the load-displacement curve is agreement with
the experiment curve if the residual stress was con-
sidered.

o)

Berkovich

Ysz

NiO-YsZ

Fig. 4 3D FEM model of SOFC
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Fig. 5 Thermal residual stress field: multiply the values
in legend by 10°
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Fig. 6 Comparison of experimental indentation force-
displacement curves and numerical results consid-
ered residual stress or not
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6. Conclusions

The mechanical properties such as elastic mod-
ulus, coefficient of thermal expansion and yield
strength of SOFC will change before and after reduc-
tion. Nanoindentation tests were carried out for the
half cell structure of SOFCs before and after reduc-
tion.

Using the work of indentation, the elastic modulus
and hardness of SOFC is determined. And then the
yield strength is determined by the reverse analysis
algorithms with residual stress. Results show that,
the hardness, elastic modulus and yield strength of
YSZ film are higher than that of substrate NiO-YSZ
or Ni-YSZ. With reducing to Ni-YSZ, hardness, elas-
tic modulus and yield strength of substrate can be
decreased by almost 50%. A three-dimensional model
was used to verify the nanoindentation process. It is
found that the load-displacement curve is agreement
with the experiment curve if the residual stress was
considered.
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