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Abstract

Phase evolution in an electron beam physical vapor deposited (EB-PVD) yttria-partially-stabilized zirconia thermal barrier coating (TBC) was
examined during isothermal and cycle ageing at 1150 and 1300 °C in ambient air. The nonequilibrium tetragonal phase was transformed to
tetragonal, and/or cubic and/or monoclinic phase during isothermal and cycle ageing, and these changes of phase depended on ageing temperature,

duration and history as well as residual stress in TBC.
© 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, 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 been widely studied in recent years because of their
potential possibilities to substantially extend turbine lives and
improve engine efficiencies [2—7]. In particular EB-PVD TBCs
recently have received attention because the coatings are
expected to overcome APS TBCs in mechanical performance
[5-7]. This superior mechanical performance is attributable to a
specific columnar structure of the EB-PVD TBCs. This
columnar structure allows superior tolerance against straining
and thermoshock, as a result of the individual columns of the
columnar structure preventing the build-up of tensile stresses
and match of the thermal expansion coefficient differences
between the TBC layer and the substrate.

On the other hand, the phase stability in the EB-PVD TBCs
during service is another key factor in controlling the TBCs life.
It is well-known that zirconia shows three possible crystal-
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lographic phases [8]: (i) low temperature monoclinic phase; (ii)
intermediate temperature tetragonal phase; and (iii) high
temperature cubic phase. The tetragonal to monoclinic phase
transformation is diffusionless and the transformation results in a
significant volume expansion. Although the high temperature
cubic phasein zirconia can be fully stabilized by addition of Y,03,
these compositions are seldom used for TBCs because they
exhibitapoor cycliclife. Recently, Y,0; partially stabilized ZrO,
(6-8 wt.% Y,03) is the most commonly and typically used
material for APS and EB-PVD TBCs [1-7]. However, these
materials show insufficient phase stability at temperatures [7,9—
12]: the as-deposited nonequilibrium tetragonal (t') phase in the
Y,0; partially-stabilized ZrO, TBCs was decomposed during
ageing. The t' phase would transformed to a mixture of the
tetragonal (t) + cubic (c) + monoclinic (m) phases as well as a
mixture of the tetragonal (t) + cubic (c) phases. This is closely
linked with location, ageing temperature, heating rate, cooling
rate, exposure history, deposition process and residual stress in
TBC. Among these possible phase transformations, the t — m
phase transformation results in a significant volume change, and
subsequently, high stresses within the TBC. This phase
transformation contributed to rapid spallation of the TBC from
the substrate during temperature variation [13]. Therefore, it is
required for the EB-PVD TBCs to learn whether the t — m phase
transformation occurred on cooling from service temperature as
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well as to examine the phase evolution behavior. Although the
phase transformation in the EB-PVD TBCs during isothermal and
cycleageingis being studied, these studies are notenough to know
well phase transformation behavior in the EB-PVD-TBC system.
In particular the effect of residual stress on the phase
transformation is little known. The present study presents the
X-ray diffraction results of the phase transformation in an EB-
PVD Y,0j; partially-stabilized ZrO, TBC during the isothermal
and cycle ageing at 1150 and 1300 °C. Also, the correlation of
residual stress in TBC to the phase transformation is discussed.

2. Experimental procedure

The material used in this study was prepared by an electron
beam physical vapor depositing 7.1 wt.% Y,0Oj stabilized ZrO,
powder on a MA738LC nickel-based superalloy substrate with
a NiCOCrAlY bond coat overlayer. The bond coat was
deposited by a low-pressure plasma spray deposition to a
thickness of ~100 wm, and has an overall composition of
32 wt.% Ni, 21 wt.% Cr, 8 wt.% Al, 0.5wt.% Y, with the
balance Co. The bond coat surface deposited was then polished
up to #1200 before the TBC deposition. The preheating
temperature of the substrate was 1268 K. Typically, the EB-
PVD-processed TBC layer was approximately 200 pm thick.
This EB-PVD TBC system was supplied by the JFCC (Japan
Fine Ceramics Center, Nagoya, Japan). The microstructure of
the as-deposited EB-PVD TBC system is shown in Fig. 1. The
TBC system consists of the following four layers: (i) superalloy
substrate; (ii) bond coat layer; (iii) thin thermally grown oxide
(TGO) layer; and (iv) Y,0g3-stabilized ZrO, TBC layer. The
EB-PVD TBC layer shows a typical columnar structure. The
TGO layer is ~0.5 pm thick and is present between the TBC
layer and the bond coat layer.

To examine phase transformation behavior of the TBC layer,
the obtained EB-PVD TBC specimens were exposed to
isothermal and cycle ageing in air. The isothermal ageing test
was carried out at 1150 and 1300 °C for 10, 50 and 100 h.
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Fig. 1. A typical SEM micrograph of the cross-section for the as-deposited EB-

PVD TBC system, showing (i) superalloy substrate; (ii) bond coat; (iii) TGO
layer; and (iv) TBC layer with typical columnar structure.

During this procedure, the heating rate and cooling rate were set
to be 8 and 6 °C/min, respectively. The cycle ageing test
consisted of a 60 min exposure at 1150 °C and a 10 min hold
time at 25 °C with heating and cooling rates of 115 °C/min.
This procedure was repeated 10, 50 and 100 times, in order to
compare with the isothermal ageing. Phase compositions in the
as-deposited, isothermally and cyclically exposed EB-PVD
TBC layer were examined by using an X-ray diffractometry
(XRD; 40 kV, 100 mA, Cu Ka radiation).

3. Results and discussion

Fig. 2 shows X-ray diffraction patterns of the top surface for
the as-deposited EB-PVD TBC specimen. In the low-angle
diffraction region of 20 = 28-38° (Fig. 2(a)), only (0 02) and
(2 0 0) peaks of the tetragonal phase were detected, while (1 1 1)
peaks of this phase did not appear. Additionally, the peaks of
cubic and/or monoclinic phase were not detected. On the other
hand, in the high-angle diffraction region of 20=71-77°
(Fig. 2(b)), only (004) and (4 00) peaks of the tetragonal
phase were detected. Detection of (0 0 2) peaks of the tetragonal
phase instead of (1 1 1) peaks in the low-angle diffraction region
has reported previously for the as-deposited TBC layer. Wada
et al. [14] showed that the formation of crystallographic textures
in the EB-PVD TBC remarkably depended on the preheating
temperature of the substrate. They find that the peaks of (1 1 1)
appear in 20 =28-38° as the preheating temperature of the
substrate was 925 K, whereas the peaks of (200) and (4 0 0)
appear in 20 =28-38° and 260 =71-77°, respectively, as the
preheating temperature was above 1211 K. A similar cause is
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Fig. 2. X-ray diffraction patterns of the top surface for the as-deposited EB-
PVD TBC system.
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expected for the TBC layer in the EB-PVD TBC system
investigated in the present study because the preheating
temperature (1268 K) of the substrate exceeded 1211 K.

The lattice parameters of the tetragonal phase were
determined from the XRD patterns in the region of 26 = 71—
77°, and they were found to be a = 5.1104 A and ¢ = 5.1652 A
with the c/a ratio of 1.0107. The amount of Y,O3 in the
tetragonal phase is given by [15]

1.0185 — ¢/a

YO, 5 =
WLAYOrs = =0 001107

1
The Y,Oj; content in the tetragonal phase was determined to be
approximately 7.1 wt.%. The obtained Y,O3 content in the
tetragonal phase was higher than 6 wt.% Y,Oj5 that was critical
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for obtaining the metastable “‘nontransformable” tetragonal (t')
phase. Thus, the tetragonal phase detected in the present study
was identified to be the nonequilibrum tetragonal (t') phase and
this phase is the metastable nontransformable.

Fig. 3 shows X-ray diffraction patterns of the top surface for
the EB-PVD TBC after the isothermal ageing at 1150 and
1300 °C for 10, 50 and 100 h. For the EB-PVD TBC exposed at
1150 °C, only (00 2) and (2 0 0) peaks were detected in the
low-angle diffraction region of 20 = 28-38° (Fig. 3(a)). This is
quite similar to that of the as-deposited EB-PVD TBC,
however, the intensity of the peaks was lower than that of the as-
deposited TBC (Fig. 2(a)). This suggests that the phase
transformation in the TBC layer occurred during isothermal
ageing. In the high-angle diffraction region of 260 =71-77°
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Fig. 3. X-ray diffraction patterns of the top surface for the EB-PVD TBC system after isothermal ageing at 1150 and 1300 °C for (a) and (e) 10 h; (b) and (f) 50 h; (c)

and (g) 100 h.
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(Fig. 3(e)), on the other hand, low-stabilizer tetragonal phase
(tl) and the higher stabilizer-containing tetragonal (t2) phase
were clearly detected, but no cubic phase was detected. For t2
phase the lattice parameters, a and ¢, were determined using the
t2 peaks: a = 5.1128 A and ¢ = 5.1676 Awith ¢/a = 1.0107. The
corresponding Y,05 content in the phase was determined to be
approximately 7.0 wt.%. For t1 phase the lattice parameters, a
and ¢, were determined to be a = 5.0952 A and c=5.1744 A
with ¢/a =1.0155. The corresponding Y,O3 content in the
phase was 2.7 wt.% and this value was slightly higher than the
Y,0; solubility (=2.3 wt.%) for equilibrium phase diagram
[8,11]. This suggests that nonequilibrum tetragonal (t') phase
decomposed to t1 and t2 phases after isothermal ageing of 10 h
at 1150 °C. After isothermal ageing of 50 h, however, (1 1 1)
peak of the cubic phase was also detected in (1 1 1) region
accompanying with t1 and t2 phase (Fig. 3(b)), but no peak of
(4 00) was detected in (4 0 0) region of ¢ phase (Fig. 3(f)).
After isothermal ageing of 100 h, similar phase composition
was detected (Fig. 3(c) and (g)). The Y,O5 content in the ¢
phase could be calculated using the following equation, based
on value of the Aleksandrov model [12]

mol.%Y,03 = 770.59a* — 7631.6a + 18877 2)

where a is the lattice constant of the cubic phase. The lattice
parameter, a, of c phase was determined to be a = 5.1270 Aand
5.1302 A for the isothermally aged TBC for 50 and 100 h,
respectively. The corresponding Y,O3 content in ¢ phase was
9.1 and 11.3 wt.%. This indicated that the c phase is a none-
quilibrum phase containing low Y,Oj3; content because the
Y,05 content in the equilibrum ¢ phase at 1150 °C is approxi-
mately 18 wt.% [8,11]. Conversely, the Y,O5 content in t2
phase initially decreased with ageing time, but almost changed
in the range of 50 and 100 h: 5.8 and 5.9 wt.% after ageing of
50 h and 100 h, respectively. The Y,O3 content in tl phase
remained nearly constant with ageing time in the range studied
(10-100 h), however. This means that the nonequilibrum phase
t' partially transformed to ¢ phase during further isothermal
ageing. In the contrast, after isothermal ageing at 1300 °C, t1, t2
and c phases were detected in any instance. The Y,Oj3 content in
t2 phase decreased with ageing time, as shown in Fig. 4. After
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Fig. 4. Y,05 content in the t-phase after isothermal ageing, as a function of
temperature and time.

isothermal ageing of 10 h, the Y,0O; content in ¢ phase was
14.8 wt.%, whereas after ageing of 50 and 100 h the Y,0;
content was about 12.6 and 12.5 wt.%, respectively. These
values approached the Y,O; solubility for the equilibrum c
phase at 1300 °C [8]. In addition, in the high-angle diffraction
region of 26 = 71-77°, the relative intensity of (4 0 0) peak of ¢
phase increased with time. This means that the ¢ phase amount
increased with ageing time. Thus, the nonequilibrum t’ phase in
the as-deposited TBC decomposed to the t1 phase, t2 phase and
¢ phase during isothermal ageing at 1300 °C. However, mono-
cline phase was not detected in any instance after isothermal
ageing at 1150 and 1300 °C up to 100 h.

Fig. 5 shows X-ray diffraction pattern of the top surface for
the cycle aged EB-PVD TBC at 1150 °C for 10, 50 and 100
cycles. Differing from isothermal ageing, no cubic phase was
detected in any instance. After cycle ageing of 10 and 50 cycles,
the equilibrum tl phase and the t2 phase were detected,
resulting from decomposition of the nonequilibrum t’ phase in
the as-deposited EB-PVD TBC. The lattice parameters of the
tetragonal phase (t2) were determined to be a =5.1120 A and
¢=5.1676 A with ¢/a=1.0111 for cycle ageing of 10 cycles,
and a = 5.1080 A and ¢ = 5.1680 A with ¢/a = 1.0117 for cycle
ageing of 50 cycles. The corresponding Y,O;3 content in t2
phase was 6.7 and 6.1 wt.%, respectively. After cycle ageing of
100 cycles, however, no tl phase peak was detected, but
significant monocline phase peak (02 0) and t2 phase were
detected. The lattice parameters of the t2 were determined to be
a=5.1132 A and ¢=5.1700 A with ¢/a = 1.0111. The corre-
sponding Y,O; content in t2 phase was 6.7 wt.%. The change of
the Y,05 content in t2 phase with number of cycles is shown in
Fig. 6. The detection of the m phase suggests that the t1 phase
transforms to m phase on cooling. The phase transformation of
tetragonal to monocline in TBC material after cycle ageing has
examined by some investigators [12,13]. They concluded that
the tetragonal to monocline transformation is affected not only
by Y,O; composition, but also by the grain size of the
tetragonal phase and by stress state within the material.

In the TBC layer studied, it has been reported that the
residual stress was present and related to ageing history [16].
This suggests that the residual stress may affect the phase
transformation after isothermal and cycle ageing. The biaxial
stress in the TBC layer can be measured by the Raman shift for
the TBC coatings at various states [16,17]. In the present study,
similar measurement was conducted at room temperature in
ambient air for the EB-PVD TBC layer after isothermal and
cycle ageing. The measurement was done using a specially
designed micro-Raman spectrophotometer (NRS-1000, Special
version, JASCO Co., Tokyo, Japan); details of the measurement
were reported elsewhere [17]. The data obtained on the top
surface reveal that the residual stress in the studied TBC layer is
compressive and the stress is larger for cycle ageing than for
isothermal ageing under the same duration at high temperature,
as shown in Fig. 7. Note that the residual stress in the TBC layer
is dependent on location [16,17]: the stress is more compressive
near the TGO/TBC interface and decreases towards the surface.
Here the average values of the residual stress in TBC layer were
measured. Furthermore, the residual stress in the TBC
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increased with aging time and the largest residual stress was
observed for the cycle ageing specimen at 1150 °C for 100
cycles. After annealing, the increase of the residual compres-
sive stress is related with an increase in the elastic modulus
[16], as result of the sintering effect and reduction of the defect
during annealing. The findings indicated that the stresses that
built up in TBC layer due to thermal gradient and the mismatch
of the thermal expansion coefficient between the top coat and
bond coat were larger for cycle ageing than for isothermal
ageing, in turn to promote the tetragonal to monocline
transformation after cycle ageing at 1150 °C for 100 cycles.

4. Summary

The phase stability of an EB-PVD TBC material was
examined after isothermal and cycle ageing at 1150 and 1300 °C
up to 100 h and/or 100 cycles using X-ray diffractiometry
technique. The following major results are obtained.

The as-deposited EB-PVD TBC material consisted of a
nonequilibrum tetragonal phase, t'. After isothermal and cycle
ageing at 1150 and 1300 °C, the nonequilibrum tetragonal
phase decomposed, dependent on isothermal ageing time and
temperature. After isothermal ageing at 1150 °C for 10 h, the t’
phase decomposed to a low Y,Oj3 content tetragonal phase (t1)
and a high Y,0j; content tetragonal phase (t2). When isothermal
ageing time was 50 and 100 h, the t' phase decomposed to the
cubic phase (c), t1 and t2. During isothermal ageing at 1300 °C,
the ' phase decomposed to the t1, t2, and ¢ phases. After cycle
ageing at 1150 °C, the t' phase decomposed to the t1 and t2 for
10 and 50 cycles, while the t’ phase decomposed to the t1, t2 and
monocline phase (m) for 100 cycles. After cycle ageing at
1150 °C for 100 cycles, the ' — m phase transformation was
associated with the largest residual stress in the TBC compared
to the other ageing TBC materials.
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