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a b s t r a c t

This study utilizes nanoindentation to investigate and measure creep properties of a barium calcium
alumino-silicate glass–ceramic used for solid oxide fuel cell seals (SOFCs). Samples of the glass–ceramic
seal material were aged for 5, 50, and 100 h to obtain different degrees of crystallinity. Instrumented
nanoindentation was performed on the samples with different aging times at different temperatures to
investigate the strain rate sensitivity during inelastic deformation. The temperature dependent behavior
is important since SOFCs operate at high temperatures (800–1000 ◦C). Results show that the samples
eywords:
OFC
lastic properties
reep
lass–ceramic

with higher crystallinity were more resistant to creep, and the creep compliance tended to decrease with
increasing temperature, especially with further aged samples.

© 2009 Elsevier B.V. All rights reserved.
eal
anoindentation

. Introduction

Solid oxide fuel cell (SOFC) technology has been demonstrated
s a promising and efficient alternative energy source. In planar
OFCs, a hermetic seal is required to separate fuel and air sides
f the electrodes. The seal also is often used to bond components
f the fuel cell together. This seal must be able to withstand the
hermal cycling caused by powering up and powering down the
uel cell, which operates at approximately 800 ◦C. Also, it is impor-
ant that the joining temperature of the seal is above the operating
emperature of the fuel cell it is intended for. Glass–ceramic materi-
ls are currently being investigated as candidates for SOFC sealant
aterials. This is due to their ability in maintaining mechanical

roperties at high temperatures, manufacturability and low cost.
he seal is bonded to several components of the seal (e.g. intercon-
ect, electrodes, frame, etc.), therefore making it costly to replace.

eal materials must have long life spans due to their difficulty to
epair [1–5].

Furthermore, a SOFC seal must not display significant creep
t high temperatures to maintain the stack level geometric sta-
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bility. By understanding the creep properties, the life of the seal
may be predicted in terms of creep deformation. In the case of
glass–ceramics, changing the degree of crystallinity of the mate-
rial can alter the properties. The desired level of crystallinity can
be produced by a combination of aging time and temperature. The
creep properties can be changed to an extent by “designing” the
microstructure in this sense of crystalline volume fraction.

In this study, nanoindentation is performed on G18 (a
glass–ceramic seal developed by Pacific Northwest National Lab-
oratory [3–8] to determine its temperature- and time-dependent
viscoplastic properties. Nanoindentation has been used in other
studies, for glasses at high temperatures and more especially
for polymers, in finding creep properties [9–14]. Because G18
is a glass–ceramic designed for high-temperature operation,
it displays similar viscoplastic characteristics as polymers at
high temperatures. Nanoindentation is an effective technique to
study mechanical properties high-temperature SOFC materials.
High-temperature nanoindentation is used establish mechanical
behavior–microstructure relationships in the SOFC seal material.
Glass–ceramic seals are multi-phase materials, with the ability to
tailor the mechanical behavior through controlling the amount

of crystallinity. With better mechanical property–microstructure
relationships, development of glass–ceramic seals could be more
rapid and progressive. Nanoindentation can also reveal periodicity
in mechanical properties, which may be due to phase clustering
or other morphologies in the microstructure. Nanoindentation of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jackie.milhans@gmail.com
dx.doi.org/10.1016/j.jpowsour.2009.12.038
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amples with different levels of crystallinity can show the effects
f crystalline volume fraction.

In this study, nanoindentation is performed to measure the elas-
ic modulus, hardness, and creep of G18. The tests are performed
t different temperatures, up to 400 ◦C, using Berkovich tip. Dur-
ng nanocreep testing, the indenter is held at the maximum load
or a certain period of time. This results in material creep follow-
ng indentation, which is dependent on the load and holding time.
he short time nanocreep tests will in turn help us understand the
reep and mechanical behavior of G18.

It is desired to be able to predict the creep behavior at operating
emperatures over long periods of time. Nonlinear curve fitting will
ater be employed in order to predict long-term time-dependent
ehavior [2,8,15,16]. In this paper, we report the creep experiments
nd the data measured for G18.

. Procedure

.1. Materials and processing

G18 is a barium alumino-silicate (BCAS)-based glass–ceramic
t the Pacific Northwest National Laboratory (PNNL) for potential
pplication as a seal material for SOFCs. In addition to providing
hermetic seal over long periods of SOFC operation time, G18
ust also help maintain stack geometric stability to minimize creep

nduced narrowing of the air and fuel flow channels. All these man-
ate a better characterization and understanding of the G18 creep
roperties over time and at elevated temperatures. After sintering,
crystallization volume fraction of approximately 55% has been

bserved. Further aging has shown increases in crystallinity of up to
2% [5,17–19]. The glass transition temperature has been reported
s 619 ◦C and a softening temperature of 685 ◦C.

The crystalline phases in G18 are needles that are approximately
–6 �m in length and about 1–3 �m in diameter. As the nanoinden-
er comes in contact with the sample, the contact area is larger than
micron. Therefore, it is assumed that the indentations cover both

he glass matrix and crystalline needle phases because the exact
ocation of the indent is unknown a priori.

G18 disks were sintered at 850 ◦C, and aged at 750 ◦C for 5, 50
nd 100 h. The purpose of the different aging times is to provide
ifferent amounts of crystallization in each sample. Sealants aged to
aximum crystallinity, such as the 100 h aged sample, will not age

urther at operating temperature. The purpose of the different aging
imes is to purely to provide different amounts of crystallization in
ach sample, which can be done because the tests are below Tg.
he samples were then ground and polished to a mirror finish for
anoindentation preparation. Sample damage in the hard, brittle
ample is minimal during polishing. If there is damage to the surface
r voids within the sample, nanoindentation will show either steps
n the indentation curve, or a different surface contact depth than
ndicated.

.2. Nanoindentation

Nanoindentation was performed using a Berkovich indenter tip,
three sided pyramid, diamond tip. The indentation was performed
n each sample at the temperatures: 25, 200, 300, and 400 ◦C.
anoindentation above 400 ◦C is not yet possible, and therefore, the

tudy was done to understand intermediate SOFC temperatures,
uch as when they are heating up or cooling down. Indentation

ests at higher temperatures will be performed, once the facilities
re available. These results are considered as global results, and not
esults of individual phases. A loading/unloading rate of 2 mN s−1

ith a maximum load of 50 mN was used to measure the hardness,
lastic modulus, and creep properties.
Fig. 1. Load–displacement curve of nanoindentation showing loading, load holding,
and unloading.

In order to obtain creep data, the maximum load was held con-
stant for 60 s during each indent before unloading. The dwell data
was recorded for the maximum load allowed for the corresponding
loading rate. For each thermal condition and sample, 5–10 indents
were performed, with a 20 �m spacing. Only individual tests were
selected for reporting creep data. This is because it is difficult to
average nanoindentation creep data, due to load overshoots by the
machine, causing a slight difference maximum load in each test,
on the order of 0.1–1 mN. Therefore, the general trend is studied,
and a representative test trial of all of the tests is selected. This is
within common practice of nanoindentation. The nanoindentation
was performed at the University of New Mexico, using a Nano Test
system from Micro Materials, Ltd., UK.

2.3. Indentation analysis

When using sharp indentation, for any elastic–plastic material,
the loading curve can be described with the following power law:

P = Ch2 (1)

where C is a material dependent constant, P is the load, and h is the
indentation depth.

The modulus and hardness were calculated using the well-
known Oliver–Pharr method [20,21] from the load–displacement
curves. A typical indentation curve is shown in Fig. 1 from A to B,
the indentation is loading, B to C shows a constant hold for the load,
and C to D displays unloading.

Several parameters are needed for calculating the modulus and
hardness using the Oliver–Pharr method. The unloading curve, as
shown in Fig. 1 can be described by the Oliver–Pharr method as:

P = A(h − hf )m (2)

where A and m are material constants [20,21]. Depth of the inden-
tation, h, is acquired from the indentation, where hc is the contact
depth, hs is the displacement at the perimeter of the indent. Contact
depth and total depth are defined by:

hc = ε
Pmax

S
(3)

hmax = hc + hs (4)

Pmax represents the maximum load, which corresponds to the

depth hmax. At this point, the stiffness is the initial unloading stiff-
ness, Spmax. The correction factor, ε = 1.0 for a spherical tip, and 0.75
for a Berkovich tip.

These parameters can be seen in Fig. 2. The area of contact is
calculated as a function of the contact depth, shown below for a
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Table 1
Hardness and Young’s modulus results from indentation.

Sample Hardness (GPa) Young’s modulus (GPa)

RT 5 h 4.07 ± 1.13 70.33 ± 5.96
RT 50 h 3.90 ± 0.22 66.66 ± 1.21
RT 100 h 3.21 ± 0.88 68.09 ± 5.28
200 ◦C 5 h 5.42 ± 0.49 78.25 ± 6.44
200 ◦C 50 h 4.14 ± 0.94 77.11 ± 4.64
200 ◦C 100 h 3.98 ± 0.64 71.38 ± 2.29
300 ◦C 5 h 5.32 ± 0.66 80.50 ± 5.99
300 ◦C 50 h 3.68 ± 0.49 76.40 ± 5.67
300 ◦C 100 h 3.74 ± 0.84 75.72 ± 4.28
400 ◦C 5 h 7.47 ± 0.83 121.59 ± 6.42

The change in elastic modulus seems to be more affected by the
aging time, whereas the hardness seems to be less sensitive to aging
at lower temperatures.
Fig. 2. Scheme of indentation

erkovich indenter tip:

c = 3
√

3h2
c tan265.3 = 24.5h2

c (5)

The reduced modulus is given by:

1
Er

= 1 − �2
i

Ei
+ 1 − �2

s

Es
(6)

here � is the Poisson’s ratio, E is the elastic modulus, and i and s
epresent the indenter tip and specimen (where for the diamond
ip, �i = 0.07 and Ei = 1141 GPa). The stiffness is related to the load,
epth, contact area, and reduced modulus by the following relation:

= dP

dh
= 2Er

√
Ac√
�

(7)

Also, hardness was calculated, with the contact depth calculated
t h = hmax, using the relationship:

= Pmax

24.5h2
c

(8)

Finally, the elastic modulus of the sample can be calculated from
he equation give by:

s = dP

dh

1
2hc

1
ˇ

√
�

24.5
(9)

is a tip parameter, is 1.034 for a Berkovich indenter tip.

. Results and discussion

.1. Hardness and Young’s modulus

Using the Oliver–Pharr method, hardness and Young’s modulus
esults are calculated, and shown, in Table 1.

The nanoindentation results in Fig. 3 show that the elastic modu-
us increases slightly with raised temperature. From 300 to 400 ◦C,
here is a significant jump of about 100% in the elastic modulus.
lthough previous tests have shown a jump in elastic modulus
t 400 ◦C, the increase is much larger than previous observed [6].
his may be due to self-healing of cracks or some other changes

n the microstructure. This should be further examined by high-
emperature image analysis.

The hardness stays almost constant, and then, similar to the elas-
ic modulus, almost doubles at 400 ◦C for each sample. This can be
een in Fig. 4.
400 ◦C 50 h 6.16 ± 0.79 168.52 ± 6.22
400 ◦C 100 h 8.19 ± 0.80 187.87 ± 6.32
Fig. 3. Reduced modulus results of G18 with different aging times, indented at
750 ◦C.
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Fig. 4. Hardness results from nanoindentation of different aging times.

.2. Creep testing

Creep data was normalized, by subtracting the initial depth of
ach creep test. This is to better compare only the creep results,
ithout taking the depth from the indenting period into consider-

tion.
Samples aged longer did not have such a drastic increase in

epth before it reached steady-state creep (the linear portion of the

urve). Therefore, samples that were higher in crystallinity were
ore resistant to creep at high temperatures.
Tests done at lower temperatures reached steady-state creep

aster, and were more resistant to creep. This is conclusive from a
ore linear creep curve, with a small primary creep region. It can

Fig. 5. Creeps tests done for samples aged different amounts of time
urces 195 (2010) 3631–3635

be seen that a logarithmic curve is formed during the constant load
tests in Fig. 5. There is no drastic creep observed, which is excel-
lent for SOFC performance. The amount of creep does not change
significantly with temperature.

3.3. Steady-state creep

The steady-state region of creep is also known as secondary
creep. Steady-state regions of curves shown in part B were taken.
In order to isolate the steady-state region, the first 20 s of the creep
test were removed. This is the portion of the curve where the creep
achieves almost linear behavior after its initial primary creep, due
to a balance between work hardening and recovery. The linear
regression models were obtained by a least-squared approach. The
behavior of steady-state creep, with a minimum, constant creep
rate, allows for prediction of failure before tertiary creep.

Steady-state creep results as shown in Fig. 6, show that there
is no clear dependence on aging time in each temperature range.
Comparing across aging time, results show no apparent trend. This
is most likely due to the fact that there is no change in behavior
at lower temperatures due to aging, below Tg. There is no phase
change, or viscoelasticity provided by the glassy phase, and there-
fore stays a completely brittle material. In order to find the effects
of change in microstructure, tests must be repeated at higher tem-
peratures.

There is a slight pattern in the steady-state creep data when
comparing effects of temperature in Fig. 6. Results show there is
a general increase in rate as temperature increases, with some
blemishes in the trend. An increase in creep rate is expected with
increasing temperature, as some softening is expected, and creep
generally increases at higher temperatures. The noise at higher

temperatures is due to higher air convection. Despite the noise,
the general trend is still visible. Because we cannot compare the
average of several creep tests, it is difficult to determine the error.
Changes in steady-state creep rates with respect to temperature
and aging will become more apparent above the glass transition

at (a) room temperature, (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C.
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Fig. 6. Steady-state creep at (a) room tem

emperature, 619 ◦C. In general, creep becomes more measurable
bout Tg. As soon as facilities become available, these tests will be
epeated at higher temperatures. Modeling and prediction of the
reep behavior, however, can begin for temperatures below Tg.

. Conclusions

In this study, high-temperature nanoindentation experiments
ere performed on G18, a glass–ceramic intended for SOFC seal use.
onstant loading rates were applied during the loading segment,
nd a creep test was performed at maximum load for 60 s. This study
ocused on the plastic deformation, rather than elastic deformation,
ue to the indentation.

Creep tests performed at higher temperatures gave more linear
esults, while testing at higher temperatures gave a more logarith-
ic shaped creep curve. The logarithmic shaped curve is due to

ignificant primary creep, which is usually more apparent at higher
emperatures. This suggests viscoelastic effects during the loading
egment at higher temperatures, and a greater creep resistance at
ower temperatures. Samples with higher crystallinity were more
esistant to creep.
Steady-state creep tended to increase with increasing tempera-
ure. Steady-state creep did not show a trend with respect to aging,
hich is more likely due to the fact that the tests were performed

elow the glass transition temperature. It would be highly ben-
ficial to repeat these tests for longer creep times and at higher

[
[

[
[
[
[

ure, (b) 200 ◦C, (c) 300 ◦C, and (d) 400 ◦C.

temperatures, past the glass transition temperature, and well into
the operating temperature range.
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