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1. Introduction

hermal barrier coatin

bines owing to their effect thermal insulation

to the hot section componeny . Typical TBCs
consist of partially stabilized zirconia topcoat for thermal
insulation layer and a metallic bondcoat for oxidation/
corrosion resistant and thermal stress relaxation”™. So
far, materials, depositing technology and properties of the
thermal barrier coatings have been intensively investigat-
ed™". During these studies, the failure of TBCs is a core
evaluation for various materials and depositing technolo-
gies. Commonly, thermal cycling and hot corrosion tests,
simulating the operating conditions of the TBCs, are car-
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of TBCs. The study of failure mechanisms S
factors, different with single factor, ifidant to further promote the applications of

TBCs. In the present work, the co
failure of TBCs was highlighted 4
thermal barrier coatings on a G
sults showed that the tran;

crac

ays undergo severe environment, con-
% v stress, which result in the failure

er various combined environmental

igmor
d e f thermal shock and hot corrosion on the
st . The 8wt.% yttria stabilized zirconia (8YSZ)
32 alloy were deposited by air plasma spraying. The re-
t1 rO2 from tetragonal phase to monoclinic phase in-
when combined with the thermal stress, the topcoat even

The main failure of TBCs under the combined effect was in

ack to the bondcoat/substrate interface and oxidation at the penetrat-

20-35

ried out to explore the failure of TBCs ****. During ther-
mal cycling, the YSZ coatings are stressed because of the
mismatching of thermal expansion coefficients between
topcoat and metallic bond coat. When the stress is accu-
mulated to a critical value, the TBCs finally fails'™'*"***,
For hot corrosion of the TBCs, a mixture salt containing
vanadate and sulfate is used to study the failure mech-
anism of the TBCs. It is conducted that the stabilizer of
Y,0, reacts with corrosive salt, reducing the stability of
Zr0,, and therefore inducing the phase transformation of
tetragonal to monoclinic 7. Those phase transforma-
tions, accompanied with 3~5% volume change, can cause
the failure of the TBCs!"****! In the previous investiga-
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tions, the thermal shock and hot corrosion behaviors of the
TBCs are studied independently. The combined effect of
them on the failure of the TBCs is seldom. Application en-
vironments of the TBCs, however, are always simultane-
ously accompanied with hot corrosion and thermal shock,
such as turbine blades. Then, failure of TBCs under such
combined environment would be complicated. The failure
mechanism of TBCs needs to investigate deeply. In this
work, the thermal shock, hot corrosion and the combined
tests of the TBCs on a GH2132 alloy were carried out, and
the combined effect of thermal shock and hot corrosion on
the failure of the TBCs was highlighted investigated.

2. Experimental Procedure

2.1 Materials and Coating Preparation

A GH2132 (Fe-25Ni-15Cr) alloy was used as the sub-
strates with dimensions of 20mm x 20mm x 2mm. TBCs
composed of a ceramic topcoat (8wt.% Y,0; stabilized
Zr0,) and a bond coat (Ni23Co020Cr8.5A11Y) were de-
posited on the substrate alloy with the air plasma spray
(APS) process. Prior to spraying process, the substrates
were grit blasted by SiC particles with the size of 90um in
order to increase the surface roughness to strengthen the
sprayed coating adhesion. They were then cleaned with
absolute ethyl alcohol in an ultrasonic set and preheated
with plasma gun before spraying. Subsequently, an ai
plasma spray (APS) system (Switzerland PT Corporat
R-750C) was used for overlaying the NiCoC
coat and YSZ topcoat on the substrates. Tablef{ilispl
the spraying parameters.

>

d

Table 1. Processing parameters

parameter
Current (A)
Voltage (V)

Primary gas, Ar (I/min) 40 50
Secondary gas, H, (I/min) 8 12
Powder feed rate (g/min) 20 30

Spray distance (cm) 10 15

2.2 Thermal Shock and Hot Corrosion Tests

The thermal shock test was carried out in a muffle fur-
nace. When the temperature of the furnace reached up to
900 °C , the specimens were pushed into the furnace, and
held about 15 min. They were then directly quenched into
the air. After about 2 min, the temperature of specimens
reached the room temperature.

The hot corrosion tests were also conducted in a muf-
fle furnace. The corrosive salt was a mixture of 50wt.%
Na,SO, and 50wt.% V,0; powders. And the corrosive salt

2 Distributed under creative commons license 4.0

was strewed over the coating surface in a concentration
of 2 mg/cm’. The specimens were pushed into the muffle
furnace at 900 °C for 10 h and 40 h, respectively, and then
cooled down inside the furnace in order to prevent the
phase transformation from the fast cooling.

In order to investigate the combined effect of thermal
shock and hot corrosion of the TBCs, a test including ther-
mal shock and hot corrosion was designed. Prior to the
test, the surface of coatings was strewed by corrosive salt
with a concentration of 2 mg/cm’. Then, the thermal shock
tests of the specimens with corrosive salt were carried out.
This test was defined as thermal-cycle corrosion.

2.3 Characterization

The morphologies including top view and cross-sections
of TBCs before/after the thermal shock and hot corrosion
tests were examingd by scanning electron microscopy
(SEM). As well X diffraction operating with Cu-K,
radiation was useg mine the phase composition of
coatings and t I‘products.

3. Re

3.1 Cha
Fi sh

ization of As-sprayed Coatings

s the surface, cross-sectional morphologies
patterns of the as-sprayed TBCs. Pores, microc-
splat boundaries and occasional unmelted particles
re seen on the surface of coating. These defects are
regarded as the common characteristics of APS ceramic
coatings'">""*?*"_ The topcoat displays a characteristic
lamellar structure composed by mechanically interlocking
molten splats and high micro-scaled porosities. Because of
the less plastic deformation upon collision with bondcoat
surface, the topcoat shows low density of YSZ"*. The
XRD pattern of the as-sprayed coatings, Fig. 1(c), implies
that it was only nonequivalent tetragonal phase (t'-ZrO,)
in the coatings. It is well known that the content of Y,0,
and the cooling rate are the key factors on the formation
of t'-ZrO, P**"1 It can ensure the stabilization of ZrO, for
the content of 8wt% Y,0; used in the present work. How-
ever, the diffusionless transformation to form t-ZrO, oc-
curred due to the quenching effect of the high cooling rate
during spraying ",
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Figure 1. Morphologies and phase composition of the as-
sprayed coatings (a) surface morphology; (b) cross-sec-
tional morphology; (c) XRD pattern

3.2 The Surface Morphologies of TBCs after
Thermal Shock Test

Figure 2 shows surface morphologies of the TBCs after
the thermal shock and thermal-cycle corrosion tests. As
can be seen in Fig.2(a), only a few cracks formed on the
topcoat surface after 40-cycle thermal shock test. Howev-
er, in the case of 40-cycle thermal corrosion test, obviou
cracks generated and presented latticed morphologyaliis
implied that the corroded effect would increas CIN -
ing tendency of the TBCs. Though the topco TB

cracked after 150-cycle thermal shock te er
and density of cracks are still lowe n thidhfte¥0 ther-
mal-cycle corrosion test and fag han after 150
thermal-cycle corrosion test, as s, 2. It is fur-
ther confirmed that the combined €% of thermal shock
and hot corrosion could accelerate thefailure of TBCs.

3.3 The Surface Morphologies of TBCs after Hot
Corrosion Test

Fig. 3 displays the surface morphologies of TBCs after
hot corrosion and thermal-cycle corrosion tests. As can be
seen in Fig.3(a), needle-shaped corrosion products have
been formed on the coating surface after 40 thermal-cycle
corrosion tests. Obvious cracks were also developed in
the surface coating owing to the effect of thermal shock.
Besides, some needle-shaped corrosion products seemed
to nucleate in those cracks and outward grow. Meanwhile,
some lath-shaped corrosion products formed in those
cracks. However, only rod-shaped corrosion products
formed on the coating surface after 10 h of corrosion (the
corrosion time is equal to that of 40 thermal-cycle effec-
tive corrosion time). It is implied that the combined effect

Distributed under creative commons license 4.0

Figure 2. Surfaceghorphologies of 8YSZ thermal barrier
coating after (a) 40-&Wle thermal shock test; (b) 40 ther-
mal-cycle corrosio % 150-cycle thermal shock test;
d ayll-cycle corrosion test
of the s hot corrosion changed the morphol-
ogies o osion products. With the increase in corrosion
i undle-shaped and laminate-shaped cor-
ucts were embedded in the coating after 150
al-cycle corrosion tests (the effective corrosion time
al to 40 h). Pores still existed in the coatings and in
ere corrosion products formed. In the case of hot cor-

rosion, long dendritic corrosion products formed on the
coating surface.

Figure 3. Surface morphologies of TBCs after (a) 40 ther-
mal-cycle corrosion test; (b) 10 h of hot corrosion test; (¢) 150
thermal-cycle corrosion test; (d) 40 h of hot corrosion test

Fig. 4 shows the XRD patterns of TBCs after hot cor-
rosion and thermal-cycle corrosion tests for effective cor-
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rosive time of 10 h and 40 h. As can be seen, most of the
tetragonal zirconia in the YSZ had changed to the mono-
clinic phase and yttrium vanadate formed as hot corrosion
products.
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Figure 4. XRD patterns of 8YSZ thermal barrier coatings

after corrosion

3.4 The Cross-sectional Morphologies of TBCs
after Thermal Shock Test

Fig. 5 presents SEM micrographs of cross sections of the
coatings after thermal shock and thermal-cycle corrosion
tests. According to the micrographs, no obvious crack
generated after 40-cycle thermal shock. However, -
ous vertical and even penetrating cracks oc r
40 thermal-cycle corrosion tests. After 150-cy er

shock, vertical and penetrating cracks gen . he
penetrating cracks widened unde sivg condi-
tions. Besides, oxide formed at 4 etrating

cracks. It can be gained that gicvitable for
the TBCs during thermal shock G
TBCs themselves, but the additiona

accelerates the failure progress.

orrosive condition

4. Discussion

4.1 Effect of Thermal Shock on the Failure of
TBCs

Based on the aforementioned results, TBCs are prone to
failure under the combined thermal shock and hot corro-
sion conditions and whose failure mechanism is different
with that of individual thermal shock and hot corrosion.
Under the hot shock condition, the failure of TBCs is
mainly based on the accumulated thermal stress arose
from the mismatch of thermal expansion coefficient be-
tween topcoat, bond coat and substrate™'>****, When the
thermal stress reaches the critical value, the vertical and
horizontal cracks are initially generated according to the
local stress status of the coatings. After that, the cracks

4 Distributed under creative commons license 4.0

propag
the pre
the
ma

o obvious cracks formed after 40-cycle
shoe®Owing to the fact that the accumulated ther-
is lower than the critical stress to form initial
k.“Up to 150-cycle thermal shock test, typical crack-
ilure of TBCs on the Fe-based alloy was observed **'.
e cracking failure mainly contained penetrating cracks
from topcoat to the topcoat/bond coat and bond coat/sub-
strate interface, linked horizontal cracks and short vertical
cracks near the surface of topcoat.

4.2 Effect of Hot Corrosion on the Failure of TBCs

Hot corrosion behavior of thermal barrier coatings in the
mixture of vanadium and sulfur salt has been intensively
investigated ***"). The main mechanism is the dissolu-
tion of YSZ thermal barrier coatings in the molten salt
by re-precipitation of both yttrium vanadate and yttrium
depleted monoclinic zirconia. According to the previous
studies and the present work, the hot corrosion behavior
can be elaborated as the following reactions™'**:

V,0; + Na,SO, — 2NaVO; + SO, (1)
710, (Y,0,) + 2NavVO, —
ZrO, (monoclinic) + 2YVO, + Na,O (2)

During the hot corrosion process, the mixture of molten
salts firstly reacted with each other and formed NaVO,, as
reaction 1. Then, NaVO, will react with stabilizer compo-
nent of Y,0O; in topcoat to form YVO,, monoclinic ZrO,
and Na,O. Also, the formed Na,O can react with V,04
directly to form NaVO;, as reaction 3",

Na,O + V,05 — 2NaVO, 3)

Some studies”™®*”, with regard to YSZ hot corrosion,
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reported that Y,0, in topcoat reacted directly with V,05 to
form YVO, by the following reaction:

710, (Y,0,) + V,05 — ZrO, (monoclinic) + 2YVO, (4)

With regard to other possible chemical reaction about
the YSZ corrosion in vanadium and sulfur molten salt, the
following reaction can be given .

Zr0, + V,05 — ZrV,0, (5)

However, XRD patterns in Fig.4 showed that the reac-
tion products of ZrV,0; could not be detected. One side,
the reaction is so low and seldom detected ****'. On the
other side, ZrV,0; is easy to transform to ZrO, and V,0;
above 750°C P**), Therefore, no corrosion product of Zr-
V,0, was found in this work.

Above corrosion process of YSZ in sulfate and vana-
date molten salt is widely used to analyze the hot corro-
sion behavior of the YSZ coating. However, it is changed
for that hot corrosion behavior under thermal shock con-
dition. Especially, the content of monoclinic phase of hot
corrosion is different with that of thermal-cycle corrosion.
The volume fractions of the monoclinic phase, as the cri-
teria for YSZ coatings destabilization during hot corrosion
test, are calculated by the following equation based on the

calculation of the peak intensity ratio”*******,

L,(T11)+1,(111)

I, (T11)+1m(111)+1t(111)X

where, /, is the intensity of monoclinic peaks, It i
intensity of tetragonal peaks. It can be gain
content of the monoclinic phase is 40.8% for
rosion and decreasing to 31.6% for 40 h o
The decrease of that is due to the faat tha'
of long dendritic corrosion prgf ot o
coating surface but also inCr¢
the m-ZrO, spall from the coating grefore, detected
content of monoclinic phase by the XRD was somewhat
decreased with the increasing of the time. In the case of
thermal-cycle corrosion, the contents of monoclinic phase
are 18.1% and 34.8% after 40 and 150 thermal-cycle
corrosion, respectively. It can be seen that these contents
are lower than those under hot corrosion. This is because
that the coating surface simultaneously undergoes the
thermal stress and phase-transformation stress during
the thermal-cycle corrosion. The m-ZrO, and the formed
corrosion products would spall from the coating surface.
After 40 thermal-cycle corrosion, the needle-liked cor-
rosion products showed poor bond force to the coating
and were prone to spalling. At the same time, that process
induces some local YSZ spall from the coating surface.
As a result, the content of monoclinic phase was so low.
With the growth of corrosion products, they were embed-
ded in the coating. The trend of spallation was decreased.

m% = 100% (6)

e fgrmation
over the

s inducing
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The continued and steady growth of corrosion products
consumes the yttria. The relative transformation of t-ZrO,
to m-ZrO, occurs. Therefore, the content of monoclinic
phase is increased. Moreover, the XRD patterns of TBCs
after thermal shock tests were detected, as shown in Fig.
6. As can be seen, after 40-cycle thermal shock test, zirco-
nia was present only in the tetragonal phase. This implies
that no destabilization occurred in the coatings. Even after
150-cycle thermal shock, it was still no monoclinic phase
to form. It is verified that the transformation from tetrag-
onal ZrO, to monoclinic ZrO, during the thermal-cycle
corrosion is only attributed to the hot corrosion process of
YSZ. Then, it could be proposed that the final failure of
TBCs under the thermal-cycle corrosion condition should
be the result of thermal stress and the stress resulted from
the volume changes of ZrO, induced by hot corrosion.
In another word, failure of TBCs is attributed to the
strained condition the test.

6000

—— 40 cycle thermal shock
—— 150 cycle thermal shock

|

5000 t'=Zr0,

T I JTLE el

s I

26 (degree)
Figure 6. XRD patterns of TBCs after thermal shock tests

4.3 Failure Analyses of TBCs under the Combined
Effect of Hot Corrosion and Thermal Shock

The strain tolerance of TBCs is clearly analyzed from the
stress—strain curve of ceramic coatings °”. And, the strain
for the TBCs is nonlinear and can be expressed by *:

c=&g°+¢&™ (7)

where £ represents

gl = g 8
- ®)

which is the nominal strain and is estimated on the ba-
sis of linear elastic behavior, and where &" represents
the inelastic strain resulting from laminar and microcrack
structures. The thermal expansion mismatch of topcoat,
bond coat and substrate would lead to stressing forming
during the thermal shock tests. Though the thermal stress
cannot change the linear elastic behavior of a TBC, it can
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affect the inelastic strain of TBCs in the form of inducing
the microcrack forming. During the thermal-cycle corro-
sion test, not only the thermal stress but also the stress
from the volume change owing to ZrO, phase transforma-
tion will rapidly accumulate to a critical value to induce
initial crack forming after a certain thermal cycle. Then
the inelastic strain tolerance related to the laminar and mi-
crocrack structures would reduce. And the strain tolerance
of TBCs would also reduce according to equation (7),
even the TBCs lose the strain tolerance and occur to spall
in the end. A failure model of TBCs under the combined
effect of hot corrosion and thermal shock was proposed,
as shown in Fig. 7. During initial thermal-cycle corrosion,
the accumulated thermal stress is so small that cannot in-
duce the crack forming of TBCs, but the hot corrosion can

(a)

topcoat
bondcoat

substrate

(©

initial crack
—

~ -
N\ =r
topcoat

bondcoat

1\\\

substrate

induce an additional stress to the topcoat. As a result, the
initial microcracks form near the surface of topcoat, as
Fig. 7(b) shown. With the increasing of thermal cycles
and further hot corrosion, the stress in the topcoat will in-
crease and some initial cracks begin to inward expand and
widen, as Fig. 7(c) indicated. After that, penetrating cracks
are inevitable developed due to the thermal expansion
mismatch difference between bond coat and substrate.
Then oxygen and corrosive salt transport to the tips of
these penetrating cracks, and reacts with the substrate
there, shown in Fig. 7(d). These oxidation/corrosion prod-
ucts in Fig.5(d) pointed by A were examined by EDS, as
shown in Fig. 8. It can be seen that these products only
comprise O, Cr, Fe and Ni elements, which indicates the
substrate of GH2132 alloy oxidized with oxygen. After

(b)

__ initial crack
~
T ——— ) P <« N
topcoat
bondcoat

substrate

initial crack penetrating crack

- iﬂ/\\ \ﬁ\\\

bondcoat

substrate

(e)

e
topcoat }

bondcoat

initial crack

substrate

penetrating crack

/g\\\

oxide

N

Figure 7. The failure process of TBCs under the combined effect of hot corrosion and thermal shock (a) as-sprayed coating;
(b) initial microcrack forming in topcoat; (c) microcrack inward expanding; (d) penetrating crack forming; (e) oxide forming
at the bondcoat/substrate interface
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that, a lateral growth of the oxide along the bond coat and
substrate interface occurred to form local oxidation zone.
With the thermal cycle further increasing, the penetrating
cracks widen and new microcracks occur to form in top-
coat, and finally the TBCs would separate from the sub-
strate to lose its protection.

2.5
Element Wi%
1 o OK 2057 4723
CrK 12.56 |0B.87
FeK 6405 |42.13
1.5 - ::E gg §§ Qi zz
K|
1.0 - i Fe
Fe
05 - &
b 4 _f\ 1 A
o L . s - : ”’.ﬂ“"“““.““h'“.—*”‘
100 200 300 400 500 600  T.00 800 900 1

Figure 8. EDS analysis of oxide pointed by A in Fig. 5(d)

5. Conclusions

The thermal shock, hot corrosion and thermal-cycle corro-
sion tests of 8wt.% yttria stabilized zirconia prepared by air
plasma spraying were carried out at 900°C . The combi
effect of thermal shock and hot corrosion on the fai
TBCs was investigated, the main conclusion as
1) Compared with thermal shock of TBCs,
cracks was more ealier formed in topcoat
mal-cycle corrosion due to the i
mation of ZrO2.
2) The main failure of TBCs u
was penetrating cracks to the bond
terface and oxidation at the tips of th

er-
ansfor-

enetrating cracks.
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