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The  effect  of  superficial  CeO2 coating  on the  oxidation  behavior  of  Ti–6Al–4V  has  been  studied  under
isothermal  and  cyclic  heating  conditions  in  the  temperature  range  of  923–1223  K in  dry  air.  During  the
early  periods  of  exposure,  the  oxide  scale  grows  obeying  near  linear  followed  by near parabolic  kinetics
and consists  of  alternate  layers  of  �-Al2O3 and  TiO2. The  mass  gain  of the  uncoated  alloys  is found  to
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vailable online 12 January 2012

eywords:

be  two  times  higher  than  that of  the  coated  one  in  the  temperature  range  of  923–1123  K up  to  36  h  of
exposure.  The  scale  composition  on the  bare  or coated  alloy  is  found  to depend  both  on the  temperature
and  on  the  time  of  exposure.  During  cyclic  exposure,  the  scale  suffers  spallation  for  both  the bare  and  the
coated  alloy,  which  has  been  attributed  to insufficient  plasticity  of  the  scale.
eO2 coating

xidation
i–6Al–4V

. Introduction

High performance materials require stability of the microstruc-
ure over a wide range of temperature as well as adequate
rotection against aggressive environments without losing their
trength, ductility and toughness [1].  Ti-based � + � alloys, such as
i–6Al–4V is one of the promising materials, which can not only
e used for aerospace applications, but also as a matrix of the SiC
ber reinforced composites for high temperature applications up
o about 623 K [2].  On the other hand, near �-alloys such as IM
34, IM 829 can be safely used up to 860 K [3].  Moreover, it has
een reported [3] that as the aluminum equivalent (Aleq) in Ti-base
lloys increases, the oxidation resistance increases. The possible
pproaches to increase the upper limit of temperature capability
or structural applications of titanium alloys are: (i) strengthening
f the conventional titanium alloys by incorporating rare earth ele-
ents or rare earth oxide dispersoids [4],  (ii) development of alloys

ased on a fine dispersion of ordered precipitates in a matrix con-
aining either single phase, � or a mixture of � and � phases [5],  (iii)
evelopment of alloys based on intermetallics, Ti3Al (�2) and TiAl
�) [6],  (iv) development of composites based on titanium and/or
ntermetallic alloys [3] or (v) development of coatings as well as
nherently oxidation-resistant alloys [7].

Ti-alloys containing � + �2 phase [5] and dispersions of Ti5Si3

ilicide [4] have been developed for application in turbo-charger
nd internal combustion engine components to withstand
emperatures up to 1073 K. It is well known that the active/or rare
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earth elements such as Y, Er, Nd or Gd play a significant role in
improving the oxidation resistance, which can be alloyed either
during melting [8],  or by dispersion of their oxides in the bulk [4].
However, modification of the surface can be achieved either by ion
implantation, or by putting overlay coating [7],  and thus the use of
conventional Ti-alloys with enhanced oxidation resistance can be
promoted.

The beneficial effects of superficially applied CeO2 coating on
pure-Fe, Fe–Cr and Fe–Cr–Ni ternary alloys during their high tem-
perature oxidation in reducing the rate of oxidation as well as
improving the scale adherence, have already been established
through a number of studies [9–11] from this laboratory and
also from others [12–14].  However, Fe-based alloys are known to
undergo oxidation by outward migration of cations, while the oxide
(rutile) scale grown on Ti up to a temperature of 1173 K involves
predominant role played by inward diffusion of anions, whereas at
higher temperatures outward cationic diffusion is the predominant
migration process [15]. Rutile is an n-type semiconductor, but there
is no conclusive evidence as to whether interstitial excess cation
or oxygen vacancies are the predominant defects in rutile and as
such it is reasonable to assume that the outward diffusion of Ti and
inward diffusion of oxygen ion both contribute to the diffusion pro-
cess through the rutile scale during high temperature of oxidation
of Ti. Despite the extensive literature available on the effect of reac-
tive elements on the oxidation behavior of Al2O3 forming alloys,
there is still a remarkable controversy regarding the effects of active
elements on the scale growth mechanism as well as improvement

in adhesion of Al2O3 scales [7].

Accordingly, the present work is aimed at studying the effect of
superficial CeO2 coating on high temperature oxidation behavior
of Ti–6Al–4V alloy in the range of 923–1223 K in dry air under

dx.doi.org/10.1016/j.jallcom.2011.12.118
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. (a) Plots of change in mass with exposure time during isothermal oxidation o
howing  beneficial effect of the coating up to 1123 K, and (b) the same data in ln–ln

sothermal as well as cyclic conditions. Furthermore, the kinetics
f oxide scale growth and the possible growth mechanisms have
een investigated and discussed.

. Experimental

Spectrographic analysis of the selected alloy (Ti–6Al–4V) revealed the composi-
ion to be C (0.0079), Si (0.059), S (0.0003), Cr (0.012), Ni (0.019), Al (6.46), V (4.33),
e  (0.038) and the balance Ti. The oxygen, nitrogen and hydrogen contents were
stimated to be less than 1445, 194, 37 ppm, respectively. CeO2 powder of 99.95%
urity and −325 mesh size was  supplied by Indian Rare Earths Limited, Kerala, India.

 slurry was  prepared by mixing 5 g of CeO2 in 100 ml  ethanol. In order to obtain
 uniform coating thickness, parallelepiped specimens (25 mm × 13 mm × 2 mm)  of
he  alloy were immersed in the slurry after heating at 373 K in an air oven. This
rocess was repeated several times to achieve a continuous scale on surface of the
pecimen. The volume of CeO2 deposited per unit area is equals to the ratio of weight
ain per unit area and the density of CeO2. Therefore, the thickness of CeO2 coating
as estimated to be ∼0.2 mm.  Subsequently, the test specimens were suspended

n  the hot zone of a vertical tube furnace with the help of a Nichrome wire, which
as in turn hung from the weighing pan of a precision balance, so that the mass

hanges could be measured continuously with an accuracy of ±0.1 mg.  The expo-
ure temperature was  recorded by using a Pt–Pt/Rh thermocouple kept in the hot
one of the furnace at the closest proximity of the test specimen. Isothermal oxi-
ation tests of the coated and bare alloy were carried out in dry air at 923, 1023,
123 and 1223 K for 36 h exposure. On the other hand, for cyclic oxidation test,
ach cycle consisted of heating to 923 K, holding at that temperature for 1 h and
ubsequently cooling down to room temperature. Both bare and coated alloy sam-
les were subjected to 20 cycles each. The oxide scales formed on different test
pecimens were characterized by using a Philips PW 1792 X-ray diffraction (XRD)
acility with Cu-K� radiation, and a JEOL JSM 5800 scanning electron microscope
SEM) equipped with Oxford ISIS300 energy dispersive X-ray spectroscopy (EDS)
acility. For further post oxidation study, oxidized alloy specimens were sliced per-
endicular to the oxidized surface, subsequently mounted and polished before SEM

nvestigation.

. Results

.1. Isothermal oxidation kinetics

Fig. 1(a) shows the results related to oxidation kinetics in the
orm of plots of mass gain per unit area (�W)  versus time (t) for
sothermal oxidation tests carried out at different temperatures on
oth bare and CeO2 coated Ti–6Al–4V alloy. Comparison of the plots

n this figure leads to the following inferences: (i) the oxidation
esistance of the alloy decreases with the increase in exposure tem-

erature; (ii) at 1123 K, the uncoated alloy has gained two  times
igher mass than that of the coated alloy after exposure for 36 h;
nd (iii) at temperatures >1223 K, the degradation becomes more
evere and appears to be accelerated after exposure for 15 h.
oated and CeO2 coated Ti–6Al–4V alloy in the temperature range of 923 and 1223 K
howing the dynamic change of the exponent, n during isothermal exposure.

The oxidation kinetics has been quantified in terms of the fol-
lowing power-law relation:

�Wn = kt (1)

where oxidation exponent, n and the rate constant, k can be deter-
mined from the slope and y-axis intercept of the plot of ln �W
against ln t. The rates of oxidation of the coated and bare alloy at dif-
ferent isothermal temperatures of exposure can be compared from
the values of n and k. Usually n = 1 indicates the prevalence of lin-
ear oxidation kinetics, while n = 2 and 3 imply parabolic and cubic
oxidation kinetics, respectively. It is to be noted that higher values
of n indicate a slower rate of oxidation, which usually follow either
cubic or logarithmic law. Accordingly, the variation of ln (�W) with
ln (t) for various temperatures are plotted in Fig. 1(b), where, the
values of n as estimated from the slope of the curves are also shown.
Analyses of the results in this figure indicate that the value of n
tends to vary with exposure time for a given isothermal test. For
example at 1123 K, linear rate of oxidation (n = 1.048–0.988) has
been noticed up to 30 h of exposure, which is followed by a regime
of slower kinetics with n = 2.306. Similarly at 1023 K, after a short
period of nearly linear rate of oxidation (n = 1.137), the kinetics has
exhibited n = 3.426 during 15–25 h of exposure, which is followed
by a regime with n = 2.391. However at 1223 K, the oxidation behav-
ior of bare and coated alloy do not exhibit any significant difference,
but tend to follow a faster rate (n = 1.587–1.782) than that predicted
by parabolic law.

The parabolic rate constant (kp) for each of the isothermal expo-
sure temperature was  estimated for both bare and coated alloy by
using the following relation:

�W2 = kpt + C (2)

where C is a constant. The values of kp as obtained from the
slope of the �W2 versus t plots, are 0.088 mg2 cm−4 h−1 at 923 K
and 16.20 mg2 cm−4 h−1 at 1123 K in case of bare alloy, while
0.033 mg2 cm−4 h−1 at 923 K and 6.295 mg2 cm−4 h−1 at 1123 K for
the coated alloy. Therefore, the values of parabolic rate constant
are almost 2–3 times higher in the case of the bare alloy, than those
of the coated alloy indicating a significant reduction in the rate of
degradation.
3.2. Cyclic oxidation

The results of cyclic oxidation tests are shown in Fig. 2 depict-
ing the variation in mass gain with number of cycles of exposure.
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ig. 2. Plots of mass change for coated and uncoated Ti–6Al–4V alloy during cyclic
xidation up to 923 K.

nalysis of the results in this figure indicates that the net mass gain
n the case of bare alloy is ∼1.5 times higher than that of the coated
lloy while subjected to 20 cycles of exposure at 923 K. The pres-
nce of multiple steps in the plots is probably due to scale cracking
ollowed by its healing resulting in an increased mass after short
ntervals of negligible mass change. Such behavior is suggestive of
eriodic cracking of the oxide scale, followed by further oxidation.
omparison of the results shows that mass gain after 20 cycles of

 h exposure at 923 K is greater by 2.48 and 2.50 times for bare and
oated alloy, respectively, than that of their isothermal exposure
or 20 h at this temperature, as evidenced in Figs. 1(a) and 2.

.3. Post oxidation studies

The representative XRD patterns of the oxidized bare and coated
lloy after isothermal oxidation test at different temperatures are
hown in Fig. 3. It can be seen from these patterns that the oxide

cale on the uncoated alloy exposed at 1123 K consists of TiO2
rutile) and �-Al2O3 phases, while AlV2O4 also appears to have
ormed after 36 h of exposure at 1223 K. In case of the coated alloy,
he XRD patterns obtained from the oxide scales formed at both

ig. 3. XRD patterns of the isothermally oxidized coated alloy exposed for 36 h at:
a)  1123 K and (b) 1223 K; and bare alloy at: (c) 923 K and (d) 1223 K.
Fig. 4. SEM (SE) images showing the top morphology of oxide layer formed on bare
Ti–6Al–4V after exposure for 36 h at: (a) 923 K, (b) 1123 K and (c) 1223 K.

923 K and 1123 K have revealed the existence of only CeO2, while
peaks representing the presence of TiO2, CeAlO3, Ce(VO4) phases
are found at 1223 K. These observations clearly demonstrate that
CeO2 is thermodynamically stable up to 1123 K, and remains phys-
ically adherent to the surface, while its complex oxides are formed
during exposure of the coated alloy at 1223 K.

Figs. 4 and 5 show SEM (SE) images depicting the typical top
surface morphologies of the scales formed on uncoated and coated
alloy, respectively after their isothermal exposure at different tem-
peratures. It is well revealed in Fig. 4(a) that the top outer surface of
the scale consists of fine particles having various shapes and mor-
phologies. Such a feature is common for all the bare specimens
exposed at temperatures up to 1123 K as shown in Fig. 4(b). There-
fore it can be inferred that the rate of growth of the preexisting
particles are much higher than the nucleation rate of new par-

ticles. However, the top surface scale formed at 1223 K exhibits
not only the presence of whiskers with large aspect ratios but also
well-developed polygonal particles having diameter of 1–2 �m and
length of 3–5 �m,  as evidenced in Fig. 4(c). Analyses by EDS has
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ig. 5. SEM (SE) image showing the morphology of oxide scale formed on the CeO2

oated Ti–6Al–4V alloy oxidized at 1223 K for 36 h.
evealed the enrichment of Al and O in the top surface oxide scales
ormed on the bare alloy exposed in the temperature range of
23–1123 K, which further confirms the presence of �-Al2O3 as evi-
enced in the XRD patterns [Fig. 3(c,d)]. In addition, the presence of

ig. 6. (a) SEM (SE) image of the alloy/scale cross-section, and EDS X-ray maps of; (b) Al (
are  Ti–6Al–4V alloy isothermally oxidized at 1123 K for 36 h.
Compounds 519 (2012) 106– 111 109

TiO2 (rutile) peaks in the XRD pattern suggests that the Al2O3 layer
is either very thin or discontinuous in nature. Moreover, the EDS
spectrum of the top surface oxide scale formed on the bare alloy at
1223 K, confirms the enrichment of O along with the presence of
different elements like Al, V, and Ti indicating that higher temper-
ature promotes the outward diffusion of these elements leading to
the formation of �-Al2O3, TiO2, and AlV2O4 phases, as identified in
the XRD pattern and depicted in Fig. 3(d).

In the case of coated alloy exposed at 1223 K, the microstruc-
ture of the top oxidized surface exhibits the presence of 2–5 �m
cube shaped particles, which form 20–30 �m size clusters, as
shown in Fig. 5. Analysis of this oxide scale by EDS has confirmed
the presence of elements such as Ce, Al, V, and Ti along with
oxygen, which is suggestive of the formation of their respective
oxides.

The results of SEM and EDS examinations carried out on the
alloy/oxide scale cross-sections of bare and coated alloy are shown
in Figs. 6 and 7, respectively. The scales formed on both bare and

coated alloy appear to posses a multilayered structure, where the
layers with different compositions can be visually distinguished
from one another as shown in Figs. 6(a) and 7(a). Examination of the
EDS X-ray maps, for the bare oxidized alloy [Fig. 6(b–e)], reveals the

c) Ti (d) O, and (e) V showing typical compositional profiles of the scale formed on
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Fig. 7. (a) SEM (SE) image of the alloy/scale cross-section, and EDS X-ray maps of (b) O (c) Ti and (d) Al, and (e) V showing typical compositional profile of the scale formed on
coated  Ti–6Al–4V alloy after oxidation at 1123 K for 36 h. Inset (a) and (b) showing the EDS spectra confirming the presence of CeO2 layer on the top of the oxidized coated
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lloy.

utermost layer to be Al2O3, followed by alternate layers Al2O3 and
iO2, with a vanadium-rich oxide layer at the Al2O3/TiO2 interfaces.
n the other hand, the EDS X-ray maps [Fig. 7(b–e)] for the elemen-

al distributions in the oxide scale formed on the coated alloy show
imilar features as that for the bare alloy, with the exception of a
–4 �m thick top CeO2 layer. XRD investigation [Fig. 3(a)] has also
onfirmed the presence of CeO2 on the surface of specimens after
6 h exposure in air up to 1123 K. However, V could not be traced

n the oxide scales of the coated specimens exposed up to 1123 K.
he thickness of TiO2 layers has been estimated to vary between 5
nd 10 �m.  While thickness of Al2O3 layer varied between 2 and

 �m and these layers are found to be rather discontinuous reveal-
ng the presence of interfacial cracks or discontinuities between the
lternate oxide layers. On careful examination of the SEM images of
he alloy/oxide scale cross-sections, formed at different tempera-
ures, it is found that the number and the thickness of the different
xide layers increase with increase in the temperature of exposure.

ormation of such alternate layers of TiO2 and Al2O3 can only be
ossible by the outward diffusion of both Al3+ and Ti4+ ions through
he preexisting TiO2 or Al2O3 layers, respectively, as reported ear-
ier [16]. Even though XRD analysis has revealed the formation of
AlV2O4 only at 1223 K, but diffusion of V from the base alloy and
nucleation of AlV2O4 at the interface of Ti-/Al-oxides appears to
have occurred at even lower temperatures.

4. Discussion

The frequent changes in the oxidation exponent (n) as described
in Fig. 1(b) suggest that the growth of the oxide scales on both
bare and coated Ti–6Al–4V alloy have taken place through multi-
ple steps. The results for the oxidation of this alloy in air at 923 K
and 1123 K have demonstrated that Al2O3 and TiO2 layers have
grown alternately and leading to the formation of an oxide scale
possessing a multilayered structure for both coated and uncoated
conditions. Furthermore the thickness and the number of such
layers increase with the increase of exposure temperature. Such
observations in the case of a Ti–6Al–4V alloy have already been

demonstrated by Du et al. [16] and the suggested mechanism also
seems to be valid in the present study. At the initial stages of oxi-
dation, it is possible to accommodate the growth related internal
stresses between the oxide scale and substrate by its plastic flow.
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t relatively lower temperatures of exposure, the diffusion of the
lloying elements is rather slower than that at higher tempera-
ure, the oxide scale consists of relatively thinner oxide layers.
owever, the thickness of individual layer increases with time and
ue to the limited plasticity of the oxide scale, cracks are formed
etween the oxide scale and substrate, when a critical thickness
f the oxide scale is exceeded. The stress caused during cooling
rom the temperature of exposure to room temperature by the

ismatch in expansion coefficients between the oxide scale and
ubstrate can be released by cracking initially at the edges of the
lloy and then progressively expanding through the entire surface.
ormation of such cracks is expected to bring about a change in
he kinetics of isothermal exposure, and eventually lead to spal-
ation when exposed for much longer periods. The detachment at
he scale substrate interface would decrease outward diffusion of
i and Al ions, while oxygen will still diffuse inward favoring con-
ition for the formation of a second TiO2 layer. On the other hand,
yclic oxidation study has revealed that the alloy in both bare and
oated conditions could withstand thermal shock up to 20 cycles
nly at 923 K. But experiments conducted at higher temperatures
ave shown that significant spallation occurred even after first
ycle, because of relatively higher magnitude of thermal stresses
ompared to those developed on cyclic exposure at 923 K or lower
emperatures.

The CeO2 coating has been found to substantially improve the
sothermal oxidation resistance of the Ti–6Al–4V alloy up to 1123 K,

hile the microstructure of the oxidized alloy beneath the super-
cial coating appears to be more or less the same as that of the
ncoated alloy, indicating that the oxidation mechanism remains
naltered. It is reported that the presence of rare-earth oxide such
s CeO2 in which oxygen defect is predominant, inward diffusion of
xygen ions is faster than the outward diffusion of cations [17]. In
he present study, superficial ceria coating acts as an inert marker.
he presence of CeO2 at the outer most layer of the oxide scale of
he coated oxidized alloy (Fig. 7), without any wrinkling of the outer
urface of the scale, suggest that the oxidation has progressed by
nward transport of oxygen. In such a case, a sound adhesion of the
xide scale to the substrate is expected to be achieved. The diffu-
ion coefficient of O2− anion is reported to be 9.55 × 10−9 m2 s−1

n CeO2, 2.88 × 10−5 m2 s−1 in Ti and 4.6 × 10−3 m2 s−1 in Al in the
emperature range of 1100–1200 K [18]. Therefore, CeO2 acts as

 kinetic barrier to the scale growth process. However, growth of
iO2 scale on Ti–6Al–4V is accomplished by oxygen ingress below

123 K, whereas above this temperature, migration of Ti interstitial
redominates as reported earlier [2].  At 1223 K, CeO2 gets dissoci-
ted, promoting the outward diffusion of V through the Ti-/Al-oxide
ayers in order to form the complex oxide, AlV2O4. Therefore, the

[
[

[
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protective scale of Al2O3 is consumed, causing accelerated oxida-
tion at this temperature.

5. Conclusions

Application of a superficial coating of CeO2 decreases the rate of
oxidation of Ti–6Al–4V up to 1123 K under isothermal condition.
The oxide scale on the bare alloy consists of alternate layers of Al2O3
and TiO2. Both number and thickness of these layers increase with
the increase in temperature and exposure time. The CeO2 coating
acts as a barrier to the ingress of oxygen and outward diffusion of
Ti, Al and V, which in turn lowers their activities thereby retard-
ing formation of their respective oxides. The coated alloy could
well withstand thermal shock up to 20 cycles. However, at higher
temperatures, complex Ce-based compounds are formed due to its
reaction with other oxides of alloying elements like Al, V and severe
spallation occur failing to accommodate the generated stress.
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