ELSEVIER

Ceramics International 32 (2006) 263-270

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Effect of thermal exposure on hardness and Young’s modulus of
EB-PVD yttria-partially-stabilized zirconia thermal barrier coatings

Shugi Guo®*, Yutaka Kagawa

b

* Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505, Japan
® Department of Materials Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyu-ku, Tokyo 113-8586, Japan

Received 21 December 2004; received in revised form 4 January 2005; accepted 30 January 2005
Available online 26 April 2005

Abstract

The effect of thermal exposure on hardness and Young’s modulus of 4.0 mol% Y,Oj3-partially-stabilized ZrO, coating material deposited
by an electron beam physical vapor deposition has been investigated after exposure at 1200 °C and 1400 °C in air for up to 100 h, using an
ultra-micro-indentation technique. The indentation tests were carried out with loading rate of 0.88 mN/s and holding time of 20 s at the
maximum load of 50 mN. Before and after thermal exposure, the microstructure of the coating was characterized using scanning electron
microscopy. Before thermal exposure, the coating showed a typical columnar structure. After thermal exposure, however, the columnar
structure degraded and the degradation depended on exposure temperature and time. The hardness and Young’s modulus were higher on the
plan-section than on the cross-section before and after thermal exposure. The hardness and Young’s modulus on both sections significantly
increased after thermal exposure. The increases depended on exposure temperature and time, as a result of the sintering effect.

© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) have been used for almost
three decades to extend the life of combustors and augmentors
and, more recently, stationary turbine components [1,2].
Among them, air-plasma-sprayed (APS) and electron beam
physical-vapor-deposited (EB-PVD) yttria-partially-stabilized
zirconia TBCs have widely been studied in recent years
because of their potential possibilities to substantially extend
turbine lives and/or improve engine efficiencies [2-6],
resulting from surface catalytic and emissivity effect of the
ZrO; layer on combustion zone components. In particular EB-
PVD TBC:s have a longer service life compared to APS TBCs
[6-8]. This superior performance of EB-PVD TBCs is due to
their columnar microstructure, which exhibits very high levels
of stress compliance [9,10], as a result of prevention of the
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individual columns of this columnar structure from the build-
up of tensile stresses and from the match of the coefficient of
thermal expansion differences between the TBCs and the base
metal. To understand the full potential performance benefits
offered by the TBCs, on the other hand, it is necessary
quantitatively evaluating its mechanical properties.

Hardness and Young’s modulus are the two essential
mechanical properties of the TBCs, and they are measured and
evaluated using various techniques [10—14]. These measure-
ments [10-14] showed that hardness and Young’s modulus
were closely linked to process parameters, microstructure and
surface roughness. Early studies [12,13] in APS TBC have
showed that the Young’s modulus was orientation specific,
with higher modulus on the cross-section than on the plan-
section. Furthermore, Young’s modulus of the APS TBCs
increased after thermal exposure between 1000 °C and
1400 °C for 100h [13,14]. This increase depended on
exposure temperature and time as well as on the measured
section sides [13,14]. For the EB-PVD TBCs, however,
hardness and Young’s modulus on the cross-section and the
plan-section and the effect of thermal exposure are little
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known. Therefore, it is required for the EB-PVD TBCs
material to measure hardness and Young’s modulus on the
cross-section and plan-section before and after thermal
exposure at elevated temperature. This study presents
experimental results of hardness and Young’s modulus on
the cross-section and the plan-section of an EB-PVD yttria-
partially-stabilized zirconia coating before and after thermal
exposure at 1200 °C and 1400 °C in air for up to 100 h.

2. Experimental procedure
2.1. Specimen preparation

The material used in this study was a 4.0 mol% Y,Os-
partially-stabilized ZrO, coating material, which was depos-
ited by an electron beam physical vapor deposition (EB-PVD)
onto a MA738LC nickel-based supperalloy substrate. The
material was supplied by JFCC (Japan Fine Ceramic Center,
Nagoya, Japan). Typically, the obtained coat was approximate
500 pm in thick. Before measurement, all specimens were
polished with diamond paste up to 0.5 um through a
conventional metallographical process to eliminate influence
of surface roughness on the measurement. Finally, the obtained
polished coat specimens were about 200 pm in thick. To learn
the effect of thermal exposure on hardness and Young’s
modulus, the polished specimens were thermally exposed at
1200 °C and 1400 °C in air for 25 h and 100 h in an electron
furnace (S-73401, Hallstahammar, Sweden). The heating rate
was 10 °C/min and the furnace cooling was used to cool the
exposed specimens to room temperature. Before and after
thermal exposure, the microstructures of the plan-section and
the cross-section of the specimens were characterized by
scanning electron microscopy (SEM), respectively.

2.2. Ultra-micro-indentation test

The ultra-micro-indentation tests were performed using a
dynamic ultramicrohardness tester instrument (DUH-
W201S, Shimadzu Corporation, Kyoto, Japan), with a
displacement resolution of 1 nm and a force resolution of
0.2 uN. The polished specimen was affixed to a thick copper
metal plate and then it was fixed in the table of the
instrument. A microscope allowed the user to pinpoint the
position at which an indent is to be made. Indents were
performed on the cross-section and the plan-section of the
specimen. The indentation tests were performed at loading
rate of 0.88 mN/s, with a hold period duration of 20 s at the
maximum load of 50 mN. The detailed measuring process
has been reported elsewhere [15]. A minimum of 20
indentations were made for each measurement.

2.3. Hardness and Young’s modulus determination

The hardness, H, is defined as the mean pressure under
the indenter. With this definition, the hardness is calculated

as the maximum applied load during indentation test, Py.x,
divided by the projection area, Ac, of contact between the
indenter and the sample as follows

Pmax

Ac

H= (1)
The projection contact area, Ac, is an indenter shape func-
tion at the contact depth, hc. For an ideal pyramidal geo-
metry case, the area function, Ac, is given by [16]:

Ac ~ 24.5h% )

The contact depth, hc, immediately before unloading can be
directly estimated from the load—displacement data and is
given by [17]:
Pmax
S

where ¢ is the geometric constant and the value ¢ = 0.72 is
generally used [17] for a conical or pyramidal indenter, S is
the experimentally measured stiffness of the upper portion of
the unloading data (i.e., slope of the unloading curve) and is

3)

hC = hmax — &

given by:
dpr
S=4 @)

Young’s modulus, on the other hand, is determined in the
case of assuming that the area in contact remains constant
during initial unloading. The relationship between load and
displacement on initial unloading is related to the stiffness of
the sample and the indenter, and to the contact area between
the sample and the indenter, and is given by [18]:

1 T (dP
Ee= e\ m(&) ©)

1 1= 1—1?
. i 6
E, E + E; ©

where B is a constant which depends on the geometry of the
indenter (8= 1.011 for a Vickers indenter [19]), E; is the
reduced modulus, E and v are the Young’s modulus and
Poisson’s ratio for the sample, and E; and v; are the same
parameters for the indenter. The reduced modulus, E,, is
obtained from the slop of initial unloading curve and the
contact depth, hc, determined by Eq. (3). Poisson’s ratio for
the sample was assumed to be 0.23 [20] and the elastic
properties of the diamond indenter used in this study were
E;=1141 GPa and v; = 0.07 [21].

3. Results
3.1. Microstructural characterizations

Fig. 1 shows SEM micrographs of the cross-section for
the EB-PVD TBC before and after thermal exposure. For the

as-received EB-PVD TBC (Fig. 1(a)), the typical columnar
structure is observed. For the exposed EB-PVD TBC
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Fig. 1. SEM micrographs of the cross-section of the EB-PVD TBC for (a) as-received and exposed at (b) 1200 °C, 100 h; (c) 1400 °C, 25 h; and (d) 1400 °C,

100 h.

(Fig. 1(b)—(d)), however, the columnar structure degrades
and the feather-like microstructure is reduced, as a result of
sintering effect during thermal exposure. This degradation
depends on exposure temperature and time. After 100 h
exposure at 1200 °C (Fig. 1(b)), the individual columns are
still observed, but the feather-like microstructure columns
partially disappear. After exposure at 1400 °C (Fig. 1(c) and
(d)), the columnar structure significantly degrades, in
particular after 100 h exposure only trace amounts of

individual columns are present and the feather-like
microstructure almost disappears (Fig. 1(d)).

The sintering behavior of the EB-PVD TBC during
thermal exposure is also observed on the polished top
surface morphologies. Fig. 2 shows the typical SEM
micrographs of the top surface of the polished EB-PVD
TBC before and after thermal exposure. Before thermal
exposure (Fig. 2(a)), the intercolumnar cracks are clearly
observed, showing the presence of the individual columns.

Fig. 2. SEM micrographs of the polished top surface morphologies of the EB-PVD TBC for (a) as-received and exposed at (b) 1200 °C, 100 h; (c) 1400 °C,

25 h; and (d) 1400 °C, 100 h.
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After thermal exposure (Fig. 2(b)-(d)), the top surface
morphologies change significantly and the previous clear
columnar structural characterization partially and/or com-
pletely disappear, showing a sintering behavior during
thermal exposure. In particular after exposure at 1400 °C the
TBC is substantially sintered without the trace of the
intercolumnar cracks, a few of pores are observed on the
sintered surface instead of these cracks (Fig. 2(c) and (d)).

3.2. Indentation experimental

3.2.1. Load-displacement curves

In Fig. 3 typical indentation load—displacement profile
curves obtained on the cross-section and the plan-section of
the EB-PVD TBC before and after thermal exposure are
presented. It is found that the load—displacement curves
depended on thermal exposure temperature and time. This
dependence of the cross-section differed with that of the
plan-section. After thermal exposure, the penetration depth
of indenter decreases, in particular for the cross-section the
depth significantly decreases (Fig. 3(a)). In addition, the
differences in the indenter penetration depths between the
cross-section and the plan-section are larger for the as-
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Fig. 3. Typical load—displacement curves of the EB-PVD TBC for the (a)
cross-section and (b) plan-section before and after thermal exposure.
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Fig. 4. Weibull hardness plots of the EB-PVD TBC for the (a) cross-section
and (b) plan-section before and after thermal exposure.

received specimen than for the thermal exposed specimens.
These differences decrease with increasing thermal exposure
temperature and time. After 100 h exposure at 1400 °C, the
differences almost are not observed.

3.2.2. Hardness

Fig. 4 shows Weibull plots of the hardness measured on
the cross-section and the plan-section for the EB-PVD TBC
before and after thermal exposure. In these plots, In In [1/
(1 — P)] is displayed as a function of In H. Where 1 — P is
the probability that a measured value is lower than or equal
to the measured value at the observed point for each
measurement point. The obtained hardness data have been
sorted in ascending order and a corresponding probability,
P = (i — 0.5)/N, assigned to each hardness value, based on
rank statistics. Here, i is the rank and NV is the total number of
measured hardness data. The straight lines in the Fig. 4 were
determined by least-squares regression. The mean hardness
values and Weibull moduli were determined using the two-
parameter Weibull distribution [22]. The distinct Weibull
distribution of the hardness is observed for the curves
obtained on the cross-section and the plan-section before
and after thermal exposure. This difference depends on
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Table 1
Measured average hardness and Weibull modulus

Samples Cross-section Plan-section

H (GPa) my H (GPa) my
As-received 3.8 1.1 1.1 2.7
1200 °C, 100 h 9.5 29 14.1 2.8
1400 °C, 25 h 6.8 1.8 1.8 1.9
1400 °C, 100 h 10.2 2.1 16.4 1.1

thermal exposure temperature and time. For the cross-
section, Weibull curves obtained are shifted to the high
values after thermal exposure (Fig. 4(a)). For the plan-
section, this behavior is also observed, however, some data
are lower for the as-received sample than the samples
exposed at 1400 °C for 100 h (Fig. 4(b)).

Table 1 lists the average hardness and obtained Weibull
modulus measured on the cross-section and the plan-section
of the EB-PVD TBC before and after thermal exposure. It is
found that the hardness of the plan-section is larger by a
factor of ~2 than that of the cross-section for the as-received
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Fig. 5. Effects of (a) thermal exposure temperature and (b) time on the
hardness measured on the cross-section and the plan-section for the EB-
PVD TBC.

EB-PVD TBC. After thermal exposure, the hardness
significantly increases and this increase is larger on the
cross-section than on the plan-section. On the other hand,
Weibull modulus of the cross-section substantially increases
after thermal exposure. For the plan-section, Weibull
modulus slightly increases after 100h exposure at
1200 °C, however, Weibull modulus decreases after expo-
sure 1400 °C. In particular, after 100 h exposure, the
modulus significantly decreases compared with the as-
received sample.

Fig. 5 shows the effect of thermal exposure temperature
and time on the hardness of the cross-section and the plan-
section of the EB-PVD TBC. For the cross-section, the
average hardness value increased from 3.8 GPa before
thermal exposure to 9.5 GPa after 100 h of exposure at
1200 °C, 6.8 GPa and 10.2 GPa after exposure at 1400 °C
for 25 h and 100 h, respectively, for gains of approximately
150%, 80% and 170%. For the plan-section, on the other
hand, the average hardness increased from 10.9 GPa to
14.1 GPa after 100 h of exposure at 1200 °C, 13.7 GPa and
16.4 GPa after exposure at 1400 °C for 25 h and 100 h and it
increased by about 30%, 26% and 50%, respectively.
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Fig. 6. Weibull Young’s modulus plots of the EB-PVD TBC for the (a)
cross-section and (b) plan-section before and after thermal exposure.
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3.2.3. Young’s modulus

Fig. 6 shows Weibull plots of the measured Young’s
modulus values of the cross-section and the plan-section for
the EB-PVD TBC before and after thermal exposure. The
calculation method of the Weibull statistic is the same as that
described before. The Young’s modulus obtained on both
sections shows similar Weibull distributions to the hardness
(Fig. 4). Before thermal exposure, the Weibull curves of
Young’s modulus are in lower value ranges for both sections.
After thermal exposure, the Weibull curves are shifted to
higher values ranges. For the cross-section, after 100 h
exposure at 1200 °C and 1400 °C, Weibull distributions are
the nearly same and are in the highest values. For the plan-
section, Weibull distribution curves are the nearly same for
the samples exposed at 1200 °C for 100 h and at 1400 °C for
25 h, however, the distinct Weibull distribution curve was
recognized after 100 h exposure at 1400 °C.

Table 2 lists the average Young’s modulus and Weibull
modulus obtained on the cross-section and the plan-section
for the EB-PVD TBC before and after thermal exposure.
Young’s modulus and Weibull modulus of both sections are
larger after thermal exposure than before thermal exposure.
Furthermore, Young’s modulus is substantially lower for the
cross-section than for the plan-section. Although this
difference increases after 25 h exposure at 1400 °C, it is
significantly reduces after 100 h exposure at 1200 °C and
1400 °C. On the other hand, Weibull modulus is lower for
the cross-section than for the plan-section before and after
thermal exposure, in particular for the as-received sample
this difference is the highest. One exception is larger Weibull
modulus for the cross-section than for the plan-section after
100 h exposure at 1400 °C.

Fig. 7 shows the effect of thermal exposure on Young’s
modulus of the cross-section and the plan-section for the
EB-PVD TBC. For the cross-section, the average value of
Young’s modulus substantially increases from 53.3 GPa
before thermal exposure to 104.1 GPa after 100 h exposure
at 1200 °C, 57.4 GPa and 108.8 GPa after exposure at
1400 °C for 25h and 100 h, respectively for gains of
approximately 95%, 8% and 104%. For the plan-section,
the average value of Young’s modulus increases from
142.8 GPa to 187.8 GPa after 100 h exposure at 1200 °C,
185.9 GPa and 161.1 GPa after exposure at 1400 °C for 25 h
and 100 h and it increases by about 32%, 31% and 13%,
respectively.

Table 2
Measured average Young’s modulus and Weibull modulus

Samples Cross-section Plan-section

E (GPa) Mg E (GPa) me
As-received 53.3 22 142.8 54
1200 °C, 100 h 104.1 4.8 187.8 5.6
1400 °C, 25 h 57.4 4.6 185.9 6.4
1400 °C, 100 h 108.8 39 161.1 2.4
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Fig. 7. Effects of (a) thermal exposure temperature and (b) time on the
Young’s modulus measured on the cross-section and the plan-section for the
EB-PVD TBC.

4. Discussion
4.1. Microstructural evolution

SEM observations of the polished top surfaces and the
cross-sections of the as-received and exposed EB-PVD TBC
show that the columnar structure degraded after thermal
exposure (Figs. 1 and 2), dependent on exposure temperature
and time. The degradation in the columnar structure due to
exposure at high temperature is closely associated with
sintering behavior of TBC during thermal exposure. The
sintering effect results in disappearance of the feather-like
microstructure between the individual columns, densifica-
tion, and shrinkage of the EB-PVD TBC after thermal
exposure. This effect is closely linked with thermal
temperature, time as well as with composition of coating
material. An early study [23] in a plasma-sprayed TBC
indicated that the significant shrinkage strains due to the
sintering were detected above the temperature of 900 °C.
Furthermore, the sintering rates at the isothermal stages
change with time especially at the early sintering time
period; faster shrinkage rates are initially observed, and
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relatively constant rates are observed for longer sintering
time. Thus, it is reasonable to conclude that after thermal
exposure, the degradation in the columnar structure
observed in the studied TBC with exposure temperature
and time are attributable to the different sintering rates. In
addition, after thermal exposure, it is found that the
permanent curvature of TBC was present and it was more
serious with exposure temperature and time. This suggests
that the shrinkage rates due to the sintering were different at
the top and the bottom of TBC. This seems to be associated
with the finer column grains at the bottom than at the top [24]
because the fine grains resulted in a larger shrinkage than the
coarse grains during the sintering.

4.2. Effect of thermal exposure on hardness
and Young’s modulus

The hardness and Young’s modulus measured on the
plan-section were always larger than those on the cross-
section for the as-received and the exposed specimens
(Figs. 5 and 7). This indicated that an anisotropic was
present in the hardness and Young’s modulus for the studied
material. Early studies in plasma-sprayed TBC have
reported the anisotropic in Young’s modulus [12,13].
Wallace and Llavsky [13] showed Young’s modulus
measured on the cross-section was larger by a factor of
~1.3 than that on the plan-section. This is attributed to the
high density of planar defects that are nearly parallel to the
substrate [12,13]. In this study, the pores and the planar
crack-like flaws are present between the individual columns
of the EB-PVD TBC (Fig. 1). These planar defects are
higher on the cross-section than on the plan-section (Figs. 1
and 2). Thus, hardness and Young’s modulus measured on
the cross-section are lower than those on the plan-section
because they depended strongly on the degree of contact
between the single columns [10].

On the other hand, it is found that the hardness and
Young’s modulus increased substantially after exposure at
1200 °C and 1400 °C (Figs. 5 and 7). The magnitude of the
increases depends on exposure temperature and time.
Generally, the hardness and Young’s modulus increase with
increasing exposure temperature and time (Figs. 5 and 7).
One exception is the decrease of Young’s modulus for the
plan-section after exposure at 1400 °C for 100 h compared
to those after exposure at 1200 °C for 100 h and at 1400 °C
for 25 h. This seems to be attributed to the curvature of TBC
after thermal exposure, which induced a tensile stress on the
top surface of the plan-section. In addition, this curvature of
TBC results in larger scatter of hardness and Young’s
modulus values measured on the plan-section than on the
cross-section after thermal exposure (Tables 1 and 2). The
increase in Young’s modulus due to exposure to high
temperature is documented in the literature. Significantly
increased Young’s modulus has been reported for plasma-
sprayed TBC after exposure between 1000 °C and 1400 °C
for 100 h in air [13,14]. Kaden et al. [25] showed that the

Young’s modulus of EB-PVD TBCs increased by about 35%
after exposure at 1000 °C for 100 h in air. This increase is
attributable to more close contact between the single
columns for EB-PVD TBC [8] and to improvement in
bonding and coherence across the splat boundary for
plasma-sprayed TBC [13,14], as a result of sintering effect.
Similar sintering effects observed in the present study after
exposure at both 1200 °C and 1400 °C in the period of 25—
100 h for each instance (Figs. 1 and 2) contribute to a stiffer
structure and thus should create a higher hardness and
Young’s modulus. Thus, it is reasonable to conclude that the
increase in the measured hardness and Young’s modulus is
attributable to a more close contact between the single
columns after thermal exposure, resulting from the sintering
effect of EB-PVD TBC during the thermal exposure.

5. Conclusions

The microstructure, hardness and Young’s modulus of an
EB-PVD TBC have been examined before and after
exposure at 1200 °C and 1400 °C in air for up to 100 h.
The microstructure of the coating was characterized by
using SEM. The hardness and Young’s modulus were
evaluated on the plan-section and the cross-section, using an
ultra-micro-indentation technique. The effect of thermal
exposure on these properties was discussed. The major
results obtained are follows:

(1) Before thermal exposure, TBC showed a typical
columnar structure with porosity defects between the
individual columns. After thermal exposure, however,
the columnar structure degraded, resulting in a close
contact of columns as a result of sintering effect.

(2) The hardness and Young’s modulus measured were
higher on the plan-section than on the cross-section
before and after thermal exposure.

(3) The hardness and Young’s modulus measured on the
plan-section and the cross-section increased signifi-
cantly after thermal exposure. The increases in the
hardness and Young’s modulus were attributed to the
sintering effect of the coating during the thermal
exposure, dependent on exposure temperature and time.
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