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bstract

n the present work, the nanostructured 3 mol% yttria stabilized zirconia coatings were deposited by plasma spraying, and its structural evolution
uring the low temperature ageing in wet atmosphere was investigated by Raman spectroscopy. The results showed that the nanostructured
mol% yttria stabilized zirconia coatings had lower resistance to low temperature ageing, although the nanostructured coatings have a metastable

etragonal-prime (t′) crystal structure. The degradation mechanism was explained in terms of the diffusion of oxygen vacancies and OH− ion and
− ′
he reactions between OH and YZr ion. The microstructure of as-sprayed coating, especially the microcracks, plays a very important role in the low

emperature degradation. It can enhance and accelerate the low temperature degradation. It was also verified by wavelength dispersive spectrometer
WDS) analysis that an yttrium-rich surface was formed due to the reaction between OH− and Y′

Zr ion, which resulted in the transformation of t′

o monoclinic zirconia phase.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Plasma sprayed yttria-doped zirconia coatings have been
idely used for the thermal protection of gas turbine engines and
arine diesels, and considerably improved the combustion effi-

iency of engines.1–3 To improve the lifetime of plasma sprayed
ttried-doped zirconia coatings, many studies have been con-
ucted on high temperature ageing and it is believed that the
ifetime of plasma sprayed zirconia coatings was closely related
o the transformation of tetragonal to monoclinic phase dur-
ng ageing.4–8 In fact, when plasma sprayed zirconia coatings
ere used in engine interiors as thermal barrier coatings, a low

emperature degradation may take place due to the presence
f moisture which is unavoidable during the fuel combustion
rocess.
Since Kobayashi et al.9 first reported the low temperature
egradation of 3Y-TZP bulk ceramic in wet environment, many
esearches have been conducted on this phenomenon. Among

∗ Corresponding author. Tel.: +86 335 8074728; fax: +86 335 8501191.
E-mail address: liangbo1205@126.com (B. Liang).
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he common features about low temperature degradation,9–13 the
rain size was regarded as one of the key factors to improve the
esistance to the low temperature degradation in wet atmosphere.
t had been found that zirconia bulk ceramic with a smaller grain
ize exhibited a better resistance to low temperature degradation.

In addition, plasma sprayed zirconia coatings have a
etastable tetragonal-prime (t′) crystal structure, and the t′ phase

hows high resistance to stress-induced transformation to the
onoclinic phase.14–19 If plasma sprayed zirconia coatings had

he t′ phase crystal structure and its grain size was less than the
ritical grain size of tetragonal phase, e.g., 0.3 �m for 3Y-TZP
eported by Schmauder and Schubert,20 the plasma sprayed zir-
onia coatings should have the best resistance to low temperature
egradation. Our previous works demonstrated that nanostruc-
ured 3 mol% yttria stablized zirconia coatings can be deposited
y plasma spraying technology,21,22 and the nanostructured
oatings had the metastable tetragonal-prime (t′) crystal struc-
ure. Its average grain size was less than 100 nm. However,

ew reports on low temperature degradation of plasma sprayed
anostructured zirconia coatings can be found. So, the objective
f this work is to investigate the low temperature degradation of
lasma sprayed nanostructured zirconia coatings.

mailto:liangbo1205@126.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.01.002
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Table 1
Plasma spray parameters.

Parameters
Ar2 (slpm) 35
H2 (slpm) 12
Spraying distance (mm) 120
Gun current (A) 620
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Fig. 2 presents the Raman spectra of the as-sprayed nanos-
tructured zirconia coating. It can be seen that four Raman

−1
Power (kW) 42
Carrier air (slpm) 3.5

In the present work, nanostructured 3 mol% yttria stablized
irconia coatings were deposited by atmospheric plasma spray-
ng. The structural evolutions of as-sprayed coatings during low
emperature ageing in wet atmosphere were examined by Raman
pectroscopy. In addition, the corresponding wavelength disper-
ive spectrometer (WDS) analysis was also carried out.

. Samples and experimental procedures

Commercial nano-sized zirconia powders (3 mol% Y2O3)
ith grain sizes ranging from 30 to 80 nm (Fanmeiya Corp., Jiu-

iang, China) were used as the starting particles and reconstituted
nto micrometer-sized granules by spray drying process.

Three nanostructured coatings with a thickness of about
× 10−3 m were deposited on an aluminium alloy substrate
sing a Metco A-2000 atmospheric plasma spraying equipment
Sulzer Metco AG F4 gun, Switzerland). A mixture of argon and
ydrogen was used as the plasma forming gas. Compressed air
as used as cooling gas during plasma spraying. The optimum
lasma spray parameters were listed in Table 1. After spraying,
he as-sprayed coating was removed from the aluminium alloy
ubstrate, then cut into 10 mm × 10 mm × 2 mm specimen using
SYJ-150A low speed diamond wheel saw cutoff machine (MTI
orporation, USA).

Two different ageing experiments were designed to investi-
ate the low temperature ageing. One was carried out in the water
ath (CU600, Zhisun, Shanghai) at 40, 60, 80 ◦C for 120 h and
00 ◦C for 24 h. The other was in water vapor at the 0.133 Pa
ressure of water vapor. In the latter, the specimens were firstly
ut into an evacuated sealed silica tube, which was positioned in

he tubular furnace, then aged in a steam of humid air with a flow
ate of 10 mL/min at 250, 450, 650 ◦C for 30 h. The schematic
llustration of the water vapor experiment apparatus was shown
n Fig. 1.

ig. 1. Schematic diagram of experimental apparatus. 1: water vapor flowmeter;
: needle valve; 3: quartz tube; 4: furnace; 5: specimen; 6: thermocouple; 7:
emperature controller.
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The phase evolution of aged coatings was identified by a
abRam-1B micro-Raman spectrometer (Dilor, France). For
aman spectrum analysis, the radiation of the 632.8 cm−1 line

rom a He–Ne laser was used as the excitation source and with
.4 mW incident power and 100 s for each specimen. The main
eason for using Raman spectroscopy in this study is that the
etragonal and monoclinic polymorphs of zirconia are reported
o have distinct and characteristic Raman spectra.23–25 A small
mount of tetragonal or monoclinic phase could be detected in a
olycrystalline zirconia material by its distinguishing lines. The
onoclinic doublet (at 181 and 192 cm−1) and the tetragonal

ands (around 148 and 264 cm−1) are well separated over the
ange 100–1000 cm−1.

The relative fraction of the monoclinic phase, fm, was cal-
ulated based on the Raman intensities of monoclinic doublet
at 181 and 192 cm−1) and the tetragonal bands (at 148 and
64 cm−1) using the relation

m = I181
m + I192

m

k(I148
t + I264

t ) + I181
m + I192

m

here the value of k was taken to be 0.97.26,27 The superscripts
efer to the Raman shift of the characteristic peaks; the sub-
cripts, t and m, refer to the tetragonal and monoclinic phase,
espectively.

The surface morphology and cross-section area of the nanos-
ructured zirconia coatings were examined by field emission
canning electron microscope (FESEM, JSM-6700F, JEOL,
apan) and scanning electronic microscopy (SEM, EPMA-
705QH, Shimadzu, Japan). The concentration of yttrium
n specimens after ageing in water at 100 ◦C for 24 h was
etermined by wavelength dispersive spectrometer (WDS, JXA-
100, JEOL, Japan).

. Results and discussion

.1. Characterization of nanostructured zirconia coatings
ines occurred at 153.7, 261.1, 472.8 and 642.8 cm could be

ig. 2. The Raman spectrum of nanostructured 3 mol% yttria stabilized zirconia
oatings.
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Fig. 3. (a) FESEM micrograph and (b) SEM micrograph o

bserved, they were identified with the typical characteristics
f t′ phase in our previous work.21 No Raman lines of mono-
linic and cubic phase were observed in Fig. 2. These results
uggested that the primary crystal phase of the nanostructured
irconia coatings was t′ phase. Comparing the obtained Raman
ines of t′ phase with the characteristic Raman lines of tetragonal
irconia phase reported in the literatures,25–27 it can be found

hat the Raman lines of t′ phase demonstrated some discrepan-
ies in Raman numbers, e.g., a shift of ≈6 cm−1 at 148 cm−1,
nd 3 cm−1 at 264 cm−1. The observed shifts could be mainly
ssigned to the structural disorder and lower symmetry of the

Y

t
o

ig. 4. The Raman spectra of the samples aged in water at different ageing temperatu
4 h, respectively.
ross-section of 3 mol% yttria stabilized zirconia coatings.

etastable tetragonal-prime (t′) crystal phase. The lattice con-
tants of tetragonal-prime (t′) crystal phase were obviously lower
han that of tetragonai phase, and the typical superlattice phe-
omenon was detected by TEM analysis.21 It was caused by
he distortion of the atomic array. The structural disorder of t′
hase was formed due to the high quenching rate during plasma
praying process. In addition, the partial substitution of Zr with
also resulted in the decrease of symmetry of t′ phase.
Fig. 3(a) presents the FESEM micrograph of the nanostruc-

ured zirconia coatings. It clearly shows that the surface grains
f the as-sprayed coatings are less than 100 nm in size. Fig. 3(b)

re and time (a) 40 ◦C, 120 h; (b) 60 ◦C, 120 h; (c) 80 ◦C, 120 h and (d) 100 ◦C,
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ig. 5. The relative fraction of monoclinc phase (fm) versus ageing temperature.

resented the SEM micrograph of the cross-section of the nanos-
ructured zirconia coatings. From Fig. 3(b), it can be seen that
here exists many microcracks and fine pores. The average diam-
ter size of pores was less than 10 �m. The open porosity of
s-sprayed nanostructured coatings is about 9% calculated using
rchimedes method, the density was about 4.89 g/cm3. The
igher open porosity and the more microcracks are beneficial
o the immersion of water.

.2. Ageing in water

Fig. 4 presented the Raman spectra of nanostructured zir-
onia coatings aged in water at temperature 40, 60, 80 ◦C for
20 h and 100 ◦C for 24 h. From Fig. 4(a), it can be seen that
o characteristic doublet lines occurring at 180 and 190 cm−1

f monoclinic phase were observed, when specimen was aged
t 40 ◦C for 120 h in water. However, the characteristics doublet
ines of monoclinic phase were obviously observed in the spec-
ra of coatings aged at 60, 80 ◦C for 120 h in water (Fig. 4(b)

nd (c)), and at 100 ◦C for 24 h (Fig. 4(d)).

The relative fraction of monoclinic phase, fm, was shown in
ig. 5. It can be seen from Fig. 5 that the fm values increased
rom zero to 23% when ageing temperature increased from 40

l
3
a
d

ig. 6. The Raman spectra of the samples aged at 100 ◦C for 24 h in water (a) Rama
he corresponding fm values.
eramic Society 29 (2009) 2267–2273

o 100 ◦C. This result indicates that the transformation of t′ to
onoclinic phase was closely related to ageing temperature and

ime in water.
Fig. 6(a) presented the Raman spectra of coatings aged in

ater at 100 ◦C for 24 h recorded at 5, 15, 25 �m distance from
urface to inner in depth. The corresponding fm values calculated
ere 22%, 18% and 16% (shown in Fig. 6(b)). From Fig. 6(b), it

an be concluded that with the increase of distance from surface
o inner, the relative fraction of monoclinic phase decreased.
his indicates that the transformation of t′ to monoclinic phase
ainly occurred in the surface of coatings when specimen was

ged in water.

.3. Ageing in water vapor

Fig. 7(a)–(c) presented the Raman spectra of nanostruc-
ured coatings aged in water vapor atmosphere at 250, 450 and
50 ◦C for 30 h. The corresponding fm values were presented in
ig. 7(d). When comparing Fig. 7(a) with Fig. 7(b) and (c), it can
e found that the intensities of the characteristic doublet lines of
onoclinic phase were gradually reduced with the increase of

geing temperature, and it disappeared when ageing at 650 ◦C
or 30 h. The corresponding fm values calculated were 16%, 4%
nd 0, respectively (shown in Fig. 7(d)). These results showed
hat the transformation of t′ phase to monoclinc phase did not
ccur in water vapor atmosphere when the ageing temperature
as more than 650 ◦C.

.4. Discussion

Although the nanostructured 3 mol% yttria stabilized zir-
onia coating had the metastable tetragonal-prime (t′) crystal
tructure and its average grain size was less than 100 nm, the
ow temperature degradation was still observed in wet atmo-
phere and its ageing behavior was similiar as that of 3 mol%
ttria stabilized zirconia bulk ceramic materials reported in many

iteraures.9–14 We think, the ageing behaviors of nanostructured
mol% yttria stabilized zirconia coating can be explained using
degradation mechanism based on defect reaction. This degra-
ation mechanism was proposed by Guo.30,31 According to this

n spectra obtained at 5, 15 and 25 �m depths from the surface to inner and (b)
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ig. 7. The Raman spectra of the samples aged in water vapor atmosphere at (a

egradation mechanism, oxygen vacancies play a very impor-
ant role in the degradation, and the degradation probably results
rom some kinds of process involving oxygen vacancies. Oxy-
en vacancies can be annihilated by the incorporation of water
olecules based on the following defect reaction:

2O + V..
o + Ox

o ⇔ 2(OH).o (1)

So, the main degradation process can be described: (1)
hemical adsorption of H2O on zirconia surface, and reaction
ith O2− to form hydroxyl groups OH−; (2) OH− penetration

nto the inner part by grain boundary diffusion, and annihi-
ation of oxygen vacancies by OH−; (3) when the oxygen
acancy concentration is reduced, the tetragonal phase is no
onger stable, the tetragonal to monoclinic transformation occur.
f the amount of the phase transformation is large enough,
racks can be produced, and cracks open up new surfaces to
eact with water molecules, leading to a further spontaneous
ransformation.

For plasma sprayed nanostructured 3 mol% yttria stabilized
irconia coating, the destabilization of t′ phase also resulted
rom the diffusion of oxygen and OH− ions when coating was
ged in wet atmosphere.7,28–31 The first step of degradation was

he chemical adsorption of H2O at the coating surface. Then,
he adsorbed water could dissociate to form OH− ions on the
urface of as-sprayed coatings. This reaction between the H2O
olecule and oxygen on the coating surface can be described

d
r
p

◦C, 30 h; (b) 450 ◦C, 30 h; (c) 650 ◦C, 30 h; (d) the corresponding fm values.

sing Kröger–Vink notation as follows30:

2Oad + O′′
surf → 2(OH)′surf (2)

here H2Oad is an adsorbed water molecule; O′′
surf is oxygen on

he surface; OH′
surf is an OH− ion on the coating surface.

After the reaction, V..
o and/or (OH)′surf diffuse from coating

urface to inner, a further defect reaction may occur as

OH)′surf + V..
o → (OH).o + S×

o.surf (3)

here (OH).o is an OH− ion on the oxygen site in the lattice;
×
o,surf is a vacant surface site for oxygen. V..

o is the oxygen
acancy which is created to achieve electrical neutrality in the
istorted fluorite lattice as Y3+ substitutes for Zr4+. At last, some
H− ions were introduced into lattice of t′ phase and some
xygen vacancies were annihilated. Because the oxygen vacancy
s the charge carrier, its diffusion to some extent is very diffcult at
he ageing temperature. But the OH− ions would be much faster
han the oxygen vacancies due to the similar size as oxygen
acancies and less charge. As a result, in the nanostructured
mol% yttria stabilized zirconia coatings, the major diffusion

pecies during ageing is OH− ions.

In addition, the grain boundaries which is the main path for

iffusion of OH− ions also play an important role in ageing. The
eaction between the OH− ions and oxygen vacancies on the t′
hase grain boundaries should not be neglected. This reaction
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ig. 8. WDS analysis of the samples aged at 100 ◦C for 24 h in water: (a) The
ttrium element.

an be written as30,31

OH)′gb + V..
o → (OH).o + S×

o,gb (4)

here (OH)′gb is an OH− ion on the t′ phase grain boundaries,
×
o,gb is a vacant t′ phase grain boundary site for oxygen. It has
een verified that YSZ grain boundaries have a similar defect
tructure on the surface, thus, the t′ phase grain boundary is
lso vulnerable to OH− ion attack, just like what occurred on
he surface of as-sprayed coatings, and the oxygen vacancies
ere also annihilated. It is well known that there are a critical
inimum and maximum oxygen vacancy concentration for the

tabilization of zirconia,32 and the oxygen vacancy concentra-
ion variation should result in the phase transformation.

In the present work, it can be seen that by reaction Eqs. (3)
nd (4), the oxygen vacancy concentration not only on the sur-
ace but also on the grain boundaries of t′ phase grains is reduced
ue to the annihilation by OH−. When the oxygen vacancy con-
entration is reduced to such a critical extent that the t′ phase
estabilization may occur. On the other hand, the continuous
iffusion of oxygen vacancies and/or OH− ions can result in
n accumulation residual stress and distort the Zr–O bonds on
he surface.33 This also facilitates the t′ phase to monoclinic
ransformation during ageing.

Secondly, the microstructure of plasma sprayed nanos-
ructured zirconia coating would enhance and accelerate the
egradation of coatings. Because the microcracks can act as the
referential paths for water diffusion inside the inner of the coat-
ngs, thus accelerating the degradation of as-sprayed coatings. In
ur previous work,21 it has been verified that more microcracks
hose length is less than 10 �m were observed in the nanos-

ructured 3 mol% yttria stabilized zirconia coatings. Although
ecreasing the grain size can increase the diffusion path of OH−

ons, which may retard the degradation. This effect may be
eglected, if compared with that of microcracks on degrada-
ion. So, the effect of small grain size on degradation is less
emarkable in the present work.

(

micrograph of cross-section of the samples and (b) the area scanning result of

An yttrium-rich layer was observed on the surface of aged
anostructured coatings using WDS analysis technique. Fig. 8
resents the WDS analysis result of as-sprayed coatings aged at
00 ◦C for 24 h in water. It can be seen from Fig. 8(b) that the
aximum yttrium concentration was observed on the coating

urface, and the yttrium concentration was gradually decreased
rom surface to inner. This also can be explained by the coulom-
ic interaction between charged defects and the Y′

Zr in the
urface of coatings. This reaction may be schematically written
s follows:

OH).o + Y′
Zr → Y(OH)3 (5)

here (OH).o is an OH− ion on the oxygen site in the lattice;
′
Zr is an Y3+ ion on the zirconium site in the lattice. By the

eaction Eq. (5), the Y(OH)3 is formed. With the continuous
eaction, an yttrium-rich surface layer was formed on the surface
f nanostructured 3 mol% yttria stabilized zirconia coatings.

Although the degradation mechanism is still in dispute, the
ow temperature degradation may severely limit the applica-
ion of plasma sprayed nanostructured zirconia coatings. Further
orks on the degradation mechanism of nanostructured zirconia

oatings should be carried out.

. Conclusions

1) As far as the nanostructured 3 mol% yttria stabilized zirco-
nia coatings deposited by plasma spraying are concerned,
their resistance to low temperature degradation was lower.
Their degradation mechanism can be contributed to the dif-
fusion of oxygen vacancies and OH− ion, which results in a
reduction of oxygen vacancies concentration and the Zr–O
band distortion. This facilitates the destabilization of t′ phase
2) The microcracks observed in plasma sprayed nanostruc-
tured 3 mol% yttria stabilized zirconia coatings can enhance
and accelerate the low temperature degradation when aged
in wet atmosphere.
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3) An yttrium-rich surface layer could be formed on the surface
of the aged coatings due to the reaction between (OH)′o
and Y′

Zr, which may result in the transformation of t′ to
monoclinic zirconia.
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