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The  thermal  oxidation  behaviour  of Ti-6Al–4V  alloy  as  well  as  pure  titanium  under  external  bending
strains  was  investigated  through  experimental  and  modelling  approaches.  Dislocation  accumulation  due
to creep  deformation  was  responsible  for  the  acceleration  of  oxidation  at initial  stage.  However,  the
promoted  formation  of  alumina  would  retard  the  subsequent  scale  growth.  Moreover,  the  bending  strain
had a  multi-fold  influence  on  the  formation  of oxygen  diffusion  zone.  An analytical  model  was  developed
eywords:
. Titanium
. Oxidation
. Effects of strain
. Modelling studies

to  predict  the  variation  of growth  stress  within  the  oxide  layer  along  with  time. The  prediction  results
agreed  well  with  experimental  data.

© 2017  Published  by  Elsevier  Ltd.
. X-ray diffraction

. SEM

. Introduction

Owing to its excellent mechanical properties and corrosion
esistance, Ti-6Al–4V alloy has been widely used in different
ndustrial fields, including marine structure components, turbine
ngine blades and pressure vessels [1–4]. However, the poor
hermal-oxidation resistance limited its applications at elevated
emperatures. Moreover, the application of external loads made
his situation more complicated because the external loads could
ignificantly affect the oxidation behaviour of Ti-6Al–4V alloy [5].

A variety of research has been conducted to investigate the ther-
al  oxidation behaviour of Ti-6Al–4V alloy [6–15]. When the alloy
as exposed to an aggressive oxidizing environment, rutile nuclei
ould preferentially form on the alloy surface and then gradually

over the surface [6,8]. Meanwhile, outward diffusion of titanium
nd inward diffusion of oxygen would take place simultaneously
6,8,9]. The addition of vanadium would decrease the solubility of

luminum, prevent the formation of alumina at the oxide/substrate
nterface and promote the aluminum to diffuse outwards [6]. In the
ater oxidation stage, the inadequacy of activated titanium allowed

ore aluminium to diffuse outwards through the oxide layer [6].

∗ Corresponding authors.
E-mail addresses: xczhang@ecust.edu.cn (X.-C. Zhang), li@ce.berkeley.edu
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010-938X/© 2017 Published by Elsevier Ltd.
Finally, nodular alumina became the favoured oxidation product at
the gas/oxide interface [6]. Meanwhile, part of the oxygen atoms
would diffuse and dissolve into the alloy substrate as intersti-
tial atoms [6,8,9]. The absorption of oxygen into the underneath
substrate promoted the phase transformation from beta-phase tita-
nium to alpha-phase [11,13]. As a result, the oxygen diffusion zone
(ODZ) would be formed underneath the oxide layer.

The research on the interaction between stress and oxidation
can be mainly divided into two  categories. The first category was
to examine the origin and the development of growth stress dur-
ing scale growth process. Many experiments have been carried
out to measure the growth stress [16–19], and various theories
were proposed to explain the generation of growth stress. The
Pilling-Bedworth ratio (PBR), which was defined as the volume ratio
between formed oxide and consumed metal, was once widely used
to predict the sign of growth stress. It was generally believed that
the oxide with larger volume was constrained by the underlying
substrate when the value of PBR was  higher than 1. It would result
in the lattice mismatch between oxide and substrate and the gen-
eration of compressive stress within the oxide layer [20,21]. The
growth strain was a time-dependent variable [16,22]. The linear
relationship between growth strain and scale thickness was  deter-

mined by Clarke et al. through describing the dislocations climb
process during the diffusion of ions [22]. Following Clark’s idea, a
variety of analytical models were proposed to predict the evolution
of growth stress along with time [23–27]. Among these models, the
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f Ti-6Al-4V microstructure, and (c) cross-sectional microstructure of pure titanium.
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Fig. 1. (a) Cross-sectional microstructure of Ti-6Al-4V alloy, (b) binary image o

tress accumulation due to growth strain and its relaxation due to
reep strain were considered by Maharjan et al. [24]. However, the
dditional component of growth strain due to ODZ has not been
onsidered in the above analytical models. Meanwhile, if the oxi-
ation kinetics is a piece-wise function of time, the constitutive
quations should become much more complicated.

The second category was to investigate the effect of applied
oad on the oxidation behaviour. The main conclusions obtained
rom the available literature were controversial. It was gener-
lly believed that the tensile stress would accelerate the scale
rowth process. The formation of cracks in oxide layer due to ten-
ile stress provided additional diffusion channels for the oxygen
toms [28,29]. However, the experimental results by Fargeix and
hibaudo indicated that the formation of vacancies would pro-
ote the diffusion of elements through the oxide layer [30]. On the

asis of Fick’s law, Evans developed a model to describe the stress-
ependent vacancy concentration [20], which was widely used in
he subsequent research [31,32]. However, Irene et al. suggested
hat metals or alloys were always screened by previously formed
xide. Then the additionally compressive stress would increase
he creep strain rate, leading to the removal of screening oxide
nd increment of reaction rate [33]. Moreover, the experimental
esults by Zhou et al. indicated that both externally tensile and
ompressive stresses would promote the nickel oxidation, and the
ompressive stress was more pronounced [34]. Hence, it can be con-
luded that the influence of external loads on oxidation products
nd kinetics has still not been clarified.

The aim of this paper was to investigate the thermal oxidation
ehaviour of Ti-6Al–4V alloy as well as pure titanium under exter-
al bending strains. The effect of external strains on the growth of
xide layer and ODZ was experimentally identified. Moreover, an
nalytical model was developed to predict the growth stress within
he oxide layer.

. Experimental procedure

.1. Materials

The as-received Ti-6Al–4V alloy and pure titanium in the form
f plate was provided by Baoji Titanium Industry CO., LTD, China.
rior to oxidation, the as-received plate of Ti-6Al–4V alloy was
olution-treated for 1 h at 1073 K, and then annealed at 973 K for 2 h
o relieve residual stress. The nominal chemical compositions (in
t.%) of Ti-6Al–4 V alloy were 5.87 Al, 4.04 V, 0.125 Fe, 0.022C, 0.17
, 0.03 N, 0.01 Si and balanced Ti. The pure titanium was annealed
t 823 K for 2 h to relieve residual stress. Chemical analysis showed
he nominal chemical compositions (in wt.%) of pure titanium were
.86C, 0.33 N, 0.3 O, 0.14 Si and balanced Ti. The cross-sectional
icrostructures of Ti-6Al–4V alloy and pure titanium were shown
n Fig. 1. The Ti-6Al–4V alloy consisted of equiaxed primary �-
rains and lamellar transformed �-grains. The pixel analysis of
he binary image revealed that the area fractions of alpha phase
nd beta phase were respectively 67% and 33%, as seen in Fig. 1b.
ccording to Delesse’s equation, the volume fraction of a specific
Fig. 2. Tensile stress-strain curves of Ti-6Al-4V alloy and pure titanium.

phase is approximately equal to its area fraction [35]. The pure
titanium was entirely composed of alpha phase. The uniaxial ten-
sion testing results indicated that the yielding strength, ultimate
strength, and Young’s modulus of Ti-6Al–4V alloy were respec-
tively 912.5 MPa, 980.6 MPa  and 119.5 GPa, as shown in Fig. 2. For
pure titanium, they were respectively 293.3 MPa, 219.8 MPa  and
115.9 GPa.

2.2. Oxidation experiments

Isothermal oxidation of Ti-6Al–4V alloy and pure titanium was
conducted at 873 K for up to 96 h in air. The specimens used
in oxidation experiments were cut into plates with the dimen-
sions of 68 × 30 × 2 mm3 by using wire electrical discharge cutting
machine. The oxidation behaviour at the 68 × 30 mm2 surface was
investigated. Before oxidation, the specimen surface was  ground
with 1200 grit SiC papers, and then cleaned ultrasonically in
ethanol.

Bending strains were applied at the 68 × 30 mm2 surfaces to
investigate the effect of external strains on the oxidation behaviour.
The experimental set-up was  designed according to ASTM G39-99
standard guideline [36], as shown in Fig. 3. The maximum deflection
of specimens was kept to be 1 mm prior to oxidation experiments,
which was  monitored by a micrometre. The initial elastic strain, ε0,
was calculated according to the following equation [36],

ε0 = 12hy
(

3H2 − 4A2
)−1

(1)

where h is the specimen thickness, y is the maximum deflection, H

and A are the distance between outer supports and that between
outer and inner supports. In the present work, h, H and A were
respectively 2.0, 50.8 and 12.7 mm.  Hence, the initial elastic strains
were respectively 0.0034 and −0.0034 at the tensile and compres-
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Fig. 3. Schematic showing the experimental set-up for oxidation.

ive surfaces of the loaded specimen. The oxidation experiment of
nloaded specimens was also carried out for comparison.

.3. Characterization of oxidation behaviour

The surface morphology of oxidized Ti-6Al–4V specimens were
bserved by a ZEISS EVO

®
MA  15 scanning electron microscope

SEM) equipped with energy dispersive spectrum (EDS). The XRD
atterns of the oxidation products were recorded on a AXS D8-
dvance apparatus using Cu K� (� = 1.54 Å) radiation with a step

ncrement of 0.02◦. The oxidation products of pure titanium were
lso determined for comparison. The residual stresses within the
xide layers were measured by sin2  method. According to Bragg’s
aw, the linear relationship between wavelength, �, and lattice
pacing, dhkl , was used, i.e.,

 = 2dhkl sin �hkl (2)

here �hkl is the diffraction angle. Then, the elastic strain of {hkl}
lane, εhkle , is calculated as

hkl
e = 1

dhkl0

(
dhkl − dhkl0

)
(3)

here dhkl0 is the lattice space in a stress-free state. For a biaxial
rincipal stress state, the stress, �, can be expressed as [37]

 = εhkle

(
2S1 + 1

2
S2 sin2 

)−1
(4a)

1 = − 1
Eox

vox (4b)

2 = 2(1+vox)
1
Eox

(4c)

here Eox and vox are respectively Young’s modulus and Pois-
on’s ratio of oxide layer. Härting et al. used the sin2  method
o measure the three-dimensional residual stress within natu-
ally grown rutile layer on Ti-6Al–4V [38], where the parameters
1 and S2 were respectively determined to be −0.825 × 10−6 and
.977 × 10−6 mm2/N. In the present work, XRD pattern of rutile
hase was chosen to measure the residual stress within oxide lay-
rs on Ti-6Al–4V and pure titanium. To avoid the interference from
lumina, Bragg angle at 131.84◦ corresponding to (422) plane was
elected.

The cross-sectional microstructures of the oxidized specimens

ere also observed by SEM. Prior to observation, the surfaces of the

xidized specimens were coated with thin nickel layer and then
ounted in the epoxy resin. After grinding and polishing, etching

reatment was  conducted at room temperature for 15 s. The etchant
as chosen as the mixture of 2% HF and 98% H2O.
nce 122 (2017) 61–73 63

3. Modelling on growth stress

Fig. 4 shows the framework of the present model. Upon cooling
to room temperature, thermal stress is inevitably generated. Resid-
ual stress is the superposition of growth stress and thermal stress.
For the growth stress, it is the sum of intrinsic growth stress and
stress generated during the scale growth process. Creep strain, elas-
tic strain, growth strain and external strain contribute to the total
strain. Clarke’s model, Hook’s law and Norton’s law are respectively
used to calculate the growth, elastic and creep strains. Growth
strain is related to oxidation reaction at the interface and the diffu-
sion of elements through the oxide layer. When the oxide layer is
initially formed on the alloy surface, the lattice mismatch between
oxide and substrate leads to the generation of intrinsic growth
strain. Then, additional growth strain is induced by the dislocation
climb through the oxide scale during the scale growth process.

3.1. Oxidation kinetics

The oxidation kinetics equation is generally given by [24]

hox = (Koxt)� (5)

where Kox and � are respectively the kinetics constant and index,
and t is the oxidation time. Then the scale growth rate is obtained
as

dhox
dt

= Kox�
(

1
hox

) 1−�
�

(6)

Considering that � is in the range from 0 to 1, Eq. (6) is the
general expression to describe the negative correlation between
the oxide thickness and growth rate. Especially, when � is equal to
0.5, Eq. (6) is simplified to Wagner’s model, where the oxidation
kinetics obeys a parabolic law. For the case of Ti-6Al–4V alloy, the
oxidation product is composed of multiple components. Since the
formation of alumina will obviously affect the oxidation kinetics,
the oxidation process should be divided into two  distinct stages [6].
If the piecewise point is assumed to be t0, the scale growth rate can
be expressed as

dhox
dt

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
Kox1�1

(
1
hox

) 1
�1

(1 − �1)
(t ≤ t0)

Kox2�2

(
1
hox

) 1
�2

(1 − �2)
(t  > t0)

(7)

where the subscripts 1 and 2 respectively denote the first and sec-
ond oxidation stage. Then the modified kinetics equation can be
expressed as

hox =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(Kox1t)
�1 (t ≤ t0)

⎡
⎣Kox2 (t − t0) + (Kox1t0)

1
�2
�1

⎤
⎦
�2

(t > t0)
(8)

3.2. Evolution of stress along with time

The thermal stress generated in the oxide layer during cooling
process, �th, can be calculated using the following equation [32]

E

�th =

1 − vox
(˛ox − ˛m)�T (9)

where ˛ox and ˛m are respectively the coefficients of thermal
expansion (CTEs) of oxide and substrate, and �T is the temperature
difference.
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Fig. 4. Schematic showing th

The total strain of the oxide, ε, is the sum of growth strain, εg ,
reep strain, εc , and elastic strain, εe, i.e.,

 = εg + εc + εe (10)

Under bending loads, the total strain of oxide depends on the
urvature of the system. When the curvature is kept constant, the
erivative of total strain with respect to time is zero, i.e.,

dε
dt

= dεg
dt

+ dεc
dt

+ dεe
dt

= 0 (11)

The elastic strain rate can be expressed as

dεe
dt

= Eox
1 − vox

d�g
dt

(12)

here �g is the growth stress within the oxide layer. Under a sta-
ionary creep condition, the creep strain rate can be expressed by
orton equation, i.e.,

dεc
dt

= sgn(�g) × B|�g |m (13)

here B and m are respectively the creep constant and index, and
gn(·) is the signal function which is defined as

gn(x) =

⎧⎨
⎩

+1, (x > 0)
0, (x = 0)
−1, (x < 0)

(14)

According to Clarke’s theory, when the dislocation climbs per-
endicularly to the oxide/alloy interface, the volume change due to
ttachment of ions is responsible for the growth strain accumula-
ion. The growth strain rate can be expressed as [22]

dεg
dt

= 1
bda

˝�A1Jc,� − 1
bda

˝�A2 exp
(

−ET − 1
kT
�g�˝

)
(15)

here ˝,  �, b, d and a are respectively the volume of an oxide
olecule, angle of symmetrical tilt boundary, Burgers vector, grain

ize and the average distance of traps, A1 and A2 are respectively
elated to the attachment and detachment of ions, Jc,� , �˝, and ET
espectively represent stress-assisted flux of ions, activation energy
nd trapping energy, k is Boltzmann’s constant and T is Kelvin’s
emperature. The second term of Eq. (15) is often ignored due to its
xtremely small magnitude [22]. Clarke suggested that the com-
ressive growth stress would be generated when the ions were
ttached by dislocations during diffusion. However, if the vacancy
s trapped there, the dislocations would climb in the opposite direc-
ion and then tensile growth stress is generated. In Clarke’s model,
he flux is only related to the oxidation rate. However, the ODZ
s inevitably formed during thermal oxidation of titanium alloy or

ure titanium. Hence, the flux can be expressed as the sum of flux
ue to oxidation, Jox, which is proportional to growth rate of oxide

ayer, and that due to oxygen solution, Js, i.e.,

c,� = Jox + Js (16)
ework of the present model.

where Jox can be calculated as

Jox = 1
S

dNO2

dt
(17)

where S is the area of oxidized surface and NO2
is the amount of dif-

fused oxygen molecules due to oxidation. Due to the stoichiometric
relationship, NO2

is proportional to the amount of oxide, NMOz
, i.e.,

NO2
= 1

2
zNMOz (18)

where z represents the stoichiometric number of metallic oxide
MOz . And NMOz

is given by

NMOz = 1
VMOz

hoxS (19)

where VMOz is the molar volume of oxide. Substituting Eqs. (8), (18)
and (19) into Eq. (17), Jox can be expressed as

Jox =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1
2VMOz

z�1Kox1
�1 t�−1 (t ≤ t0)

1
2VMOz

z�2Kox2

[
Kox2 (t − t0) + (Kox1t0)

1
�2
�1

]�2−1

(t > t0)

(20)

The distribution of oxygen concentration along with time and
distance from oxide/substrate interface obeys the Fick’s second law
[7,9,39], i.e.,

C(x, t) = Cs

[
1 − erf

(
1

2
√
Dt
x
)]

(21)

where erf(·) is the error function, Cs is the oxygen concentration at
the oxide/alloy interface, and D and x are respectively diffusivity
and depth. Then, the flux due to oxygen solution in ODZ, Js, can be
expressed as

Js (t) =
∫ +∞

0

∂C (x, t)
∂t

dx = 2Cs

√
D



t−0.5 (22)

Then Eq. (15) can be rewritten as

dεg
dt

=

⎧⎪⎪⎪⎨ Rox1t�1−1 + 4VMOz CsRox1
z�1Kox1

�1

√
D



t−0.5 (t ≤ t0)

[
1

]�2−1 √
⎪⎪⎪⎩ Rox2 Kox2 (t − t0) + (Kox1t0) �2
�1

+ 4VMOz CsRox2
z�1Kox2

D



t−0.5 (t > t0)

(23)
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here

ox1 = 1
2bdaVMOz

˝�A1z�1Kox1
�1 (24a)

ox2 = 1
2bdaVMOz

˝�A1z�2Kox2 (24b)

When t ≤ t0, the expression of growth stress rate within the
xide layer can be expressed as

d�g
dt

= − EoxRox1
1 − vox

[
t�1−1 + 4VMOz Cs

z�1Kox1
�1

√
D



t−0.5 + sgn(�g ) × B|�g |m

]
(25a)

hen t > t0, the growth stress rate is

d�g
dt

= −EoxRox2
1 − vox

{
[Kox2 (t − t0) + (Kox1t0)

1
�2
�1 ]�2−1 + 4VMOz Cs

z�2Kox2

√
D




Since the creep index of rutile, m,  is 1.0 [40], the growth stress
n the oxide layer, �g , can be determined through the integration
f Eq. (25). When t ≤ t0, �g is expressed as

g = exp
(

− EoxBt

1 − vox

){
C1 −

∫
exp

(
EoxBt

1 − vox

)[
EoxRox1
1 − vox

t�−1+
4VM

z�1 (1

Considering the series expansion of exponential function,
amely

x =
+∞∑
n=0

xn

n!
(27)

Eq. (26) can be rewritten as

g = exp
(

− EoxBt

1 − vox

){
C1 − 4

+∞∑
n=0

[
Eox

n+1BnVMOz CsRox1

(1 − vox)n+1(n + 0.5)z�1n!Kox1
�

(28a)

1 = 12Eoxhy
1

(1 − vox)(3H2 − 4A2)
+  �i (28b)

here �i is the intrinsic growth stress. When t ≥ t0, �g is expressed
s

g = exp
(

− EoxBt

1 − vox

){
C2 − 4

+∞∑
n=0

[
Eox

n+1BnVMOz CsRox2

(1 − vox)n+1(n + 0.5)z�2n!Kox2

√

(n) =
n∑
q=0

{
1

�2(�2 + 1) · · · (�2 + q)Kox2
q+1

(−1)q[Kox2 (t − t0) + (Ko

2 = �g(t0) exp
(
EoxBt0
1 − vox

)
+ 4

+∞∑
n=0

[
Eox

n+1BnVMOz CsRox2

(1 − vox)n+1(n + 0.5)z�2n!Kox2

√

.3. Properties of oxide

The Young’s modulus and Poisson’s ratio of rutile are respec-
ively 455 GPa and 0.26 [38]. The PBR of titanium is set to be 2.0 ± 0.2
41]. The CTEs of alumina, rutile and Ti-6Al–4V are respectively
.6 × 10−6 [42], 7.7 × 10−6 [42] and 9.5 × 10−6 K−1 [43]. The creep
onstant of rutile, B, is predicted using the following equation

 = B0 exp
(

− Q
RT

)
(30)
here B0 is a constant, Q is the activation energy of creep, R is
as constant. The magnitudes of B0 and Q of impure rutile are
espectively 0.1245 Pa−1 s−1 and 264 kJ mol−1, which are deter-
ined through fitting the experimental data by Philpot et al. [40].

he experimental results indicated that the stationary creep of
nce 122 (2017) 61–73 65

+ sgn(�g) × B|�g |m
}

(25b)

Rox1Eox

x)Kox1
�1

√
D



t−0.5

]
dt

}
(26)

D



tn+0.5

]
−

+∞∑
n=0

[
Eox

n+1BnRox1 t
n+�

(1 − vox)n+1(n + �1)n!

]}

tn+0.5

]
−

+∞∑
n=0

[
Eox

n+1BnRox2Q (n)

(1 − vox)n+1

]}
(29a)

1
�2
�1 ]�2.+qtn−q

n∏
L=n−q+1

L(q)

}
(29b)

0
n+0.5

]
+

+∞∑
n=0

[
Eox

n+1BnRox2

(1 − vox)n+1
Q (n)|

t=t0

]
(29c)

polycrystalline rutile was  controlled by Nabarro-Herring lattice dif-
fusion process. Therefore, the creep index remains to be 1.0 [40].
The oxygen solubility in alpha-titanium is 34 at. % [44,45], and
the diffusivity of oxygen in Ti-6Al–4V alloy and pure titanium are
respectively 8.8 × 10−13 [9] and 1.4 × 10−13 cm2 s−1 [45] at 873 K.

4. Experimental results

4.1. XRD patterns

Fig. 5 shows the X-ray diffraction patterns at the surfaces of

the oxidized Ti-6Al-V as well as pure titanium specimens under
different loading conditions, where U denotes the unloaded speci-
men, and T and C respectively denote the tensile and compressive
surfaces of the loaded specimen. Fig. 5a reveals the typical �-Ti
patterns, indicating that only a little part of oxygen has been con-
sumed to form rutile at the oxidized surfaces after 6 h. The oxygen
elements are prone to dissolve into the alloy to form solid solu-
tion in alpha-phase titanium. As an alpha-phase titanium stabilizer

[44,46], the absorption of oxygen promotes the transformation
from beta-phase titanium into alpha-phase, therefore no diffraction
peaks of beta-phase can be detected. The rutile peak at 27.44◦ cor-
responding to (110) plane appears at the oxidized surface subjected
to tensile or compressive strain, indicating that the external bend-
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Fig. 5. XRD patterns of oxidized specimens at 873 K, (a) Ti-6

ng strain could promote the nucleation and formation of rutile.
he XRD patterns in Fig. 5b indicate that rutile is formed after oxi-
ation for 96 h. This phenomenon may  be due to the fact that the
xygen dissolving rate decreases with increasing oxygen concen-
ration near the interface, allowing more oxygen atoms to react
ith titanium to form rutile. The appearance of alpha-titanium
eaks in Fig. 5b was mainly due to the penetration of X-ray beyond
he oxide layer through the substrate [9]. Since the content of alu-

ina is relatively low compared with that of rutile or titanium,
lumina peaks are not found in XRD patterns, which is also con-
rmed by other researchers [8,9,11,47]. The XRD patterns of pure
itanium are also included for comparison, as seen in Fig. 5c. The
utile and �-Ti patterns are detected at the oxidized surfaces.

It is well-known that the unit cell dimension controls the Bragg
ositions of the XRD peaks [37]. The solution of oxygen atoms

nto the substrate will lead to lattice expansion without chang-
ng the hexagonal close-packed structure (HCP) [44]. According
o Eq. (2), with increasing lattice plane-spacing, Bragg diffraction
ngles decrease and diffraction peaks shift to the left. In Fig. 6, the
-titanium peaks corresponding to (100), (102), (110), (103) and

112) planes are selected to reflect the effect of external strain on
he oxygen dissolving process, where the data were collected from
ig. 5a–c. The experimental data are fitted by using the Voigt func-
ion [37]. It can be seen that the peak-shifting takes place due to the
pplication of external strains. For Ti-6Al–4V alloy, the tensile and
ompressive strains respectively lead to the shift of peaks from ref-
rential position to left and right. These results indicate that tensile
nd compressive strains will respectively promote and retard the
iffusion of oxygen into alloy at initial stage. For pure titanium, the
eaks shift to left when the tensile strains are applied. However, the
ffect of compressive strain on the diffusion process is not obvious.
.2. Surface morphologies

The surface morphologies of oxidized Ti-6Al–4V alloy after oxi-
ization for 6 and 96 h are shown in Fig. 7. As seen in Fig. 7a,
he oxidized surface of unloaded specimen is relatively flat. No
for 6hrs, (b) Ti-6Al-4V for 96 h, and (c) pure titanium for 6 h.

nodular oxide appears at the surface. While, nodular oxide has
been observed at surfaces subjected to external strains, as seen
in Fig. 7b and c, indicating that the external strains can acceler-
ate the formation of oxide at the initial stage. After oxidization
for 96 h, the nodular particles cover the entire surface, as seen in
Fig. 7d–f. Compared with the unloaded specimen, the oxide parti-
cles on the surfaces the loaded specimen are relatively coarse and
porous. Some experimental research [6–9] indicated that the outer
part of the oxide was mainly composed of nodular alumina while
the inner part was  mainly the fine rutile. As the oxidized surface
becomes more coarse and porous, the content of nodular alumina in
the oxide increases due to the application of bending strains. Since
the formation of alumina depends on the outward diffusion of alu-
minium element throughout the oxide layer, it can be concluded
that the diffusion of aluminium element is promoted by the bend-
ing strains. Furthermore, the experimental results also indicate that
the size of oxide particle generally increases with increasing oxida-
tion time. The similar phenomenon was also observed by Du et al.
and Kumar et al. [6,8].

Fig. 8 shows the contents of different elements at the surfaces of
oxidized Ti-6Al–4V alloy after oxidation for 6 and 96 h. The contents
of oxygen and aluminium generally increase while those of tita-
nium and vanadium decreases with increasing oxidation time. The
similar result can also be found in Ref. [6]. Moreover, the oxidized
surface of the unloaded specimen contains a lower oxygen content
compared with that of loaded specimen, indicating the formation of
alumina is promoted by both tensile and compressive strains. After
oxidation for 96 h, aluminium content at the surface of unloaded
specimen is 3.8 wt.%. While, the aluminium contents at the tensile
and compressive surfaces of the loaded specimen are respectively
6.5 wt.% and 6.0 wt.%. This result indicates that the external strains
can promote the formation of alumina. When the oxide layer is

patchy or non-integrated, the aluminium content in the Ti-6Al–4V
alloy (around 6 wt.%) will affect the accuracy of measurement. In
such a case, the aluminium content at surfaces of the specimens
after oxidation time of 6 h could be overestimated. Consequently,
the difference between the aluminium content after oxidation time
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ig. 6. XRD patterns of oxidized specimens at 873 K after 6 h. The titanium peaks c
ffect  of external strains on the oxygen solution process.

f 6 h and that at surface of unloaded specimen after 96 h cannot
e distinguished. Since aluminium and titanium will compete with
ach other to react with oxygen, the content of titanium is neg-

tively correlated with that of aluminium, as seen in Fig. 8. The
DS result shows that there is still small amount of residual vana-
ium remaining in the oxide. The formation of alumina will be
revented if there is a high content of vanadium, since vanadium
ill reduce the activity of aluminium [6,48]. Hence, the oxide sur-
ponding to (100), (102), (110), (103) and (112) planes are selected to illustrate the

face with a high aluminium content generally contains a relatively
lower vanadium content.
4.3. Cross-sectional morphologies

The cross-sectional morphologies of oxidized specimens after
oxidation for 36 and 96 h are shown in Fig. 9. The oxide layer, ODZ
and substrate can be easily distinguished. The outer part of the
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ig. 7. Morphologies at the surfaces of unloaded specimens after oxidation time of 

nd  (e) 96 h, and at the surface subjected to compressive strain after oxidation time

xide is coarser and more porous compared with the inner part.
eanwhile, a distinctive ODZ composed of alpha-phase titanium

s formed beneath the oxide/alloy interface. Due to the solution of
xygen in the alloy, the amount of beta phase is reduced remarkably
n ODZ [46,49].

Fig. 10a shows the variations of thickness of oxide layer, hox,
long with oxidation time, t of different specimens. For each spec-
men, the thicknesses of oxide layer and ODZ are recorded at ten
andom locations along the lateral direction to determine the mean
alue and standard deviation. For Ti-6Al–4V alloy, the hox-t curve
an be divided into two stages with a piecewise point of 36 h. Before
he piecewise point, the thickness of oxide layer at the surface of
nloaded specimen is relatively lower than that at the surface of
he loaded specimen. Since rutile is the unique oxidation product
n the initial stage, the experimental results indicate that the forma-
ion of rutile is promoted by both tensile and compressive strains.
fter the piecewise point of 36 h, the unloaded specimen shows a
uch faster oxidation rate. Hence, the piecewise point, t0, in Eq. (7)

s set to be 36 h. The oxidation kinetics of pure Ti at 866 K obtained
y Unnam et al. is also included in Fig. 10a for comparison [45]. It
hould be noted that no external load was applied in Unnam et al.’s
xperiment. Since rutile is the unique product during the thermal

xidation of pure titanium, its oxidation kinetics obeys a parabolic
aw. Compared with the unloaded Ti-6Al–4V alloy, the oxidation
ate of pure titanium is relatively high even though the tempera-
ure is relatively low. The fitted coefficients including Kox1, Kox2, �1
 and (d) 96 h, at the surface subjected to tensile strain after oxidation time of (b) 6 h
 6 h and (f) 96 h.

and �2 for Ti-6Al–4V alloy and pure titanium under different load-
ing conditions are listed in Table 1. Fig. 10b shows the variations
of thicknesses of ODZ in oxidized Ti-6Al–4V specimens under dif-
ferent loading conditions along with oxidation time. It is clear that
the application of compressive strains will induce the deceleration
of oxygen solution into the titanium alloy. However, the thickness
of ODZ near the tensile surface of the loaded specimen is almost
same to that near the surface of unloaded specimen. Hence, the
tensile strain doesn’t show an obvious influence on the formation
of ODZ. According to Eq. (21), if the oxygen concentration at the
ODZ bottom keeps constant, the variation of ODZ thickness along
with oxidation time obeys a parabolic law, i.e.,

x0 = Kodzt
0.5 (31)

where x0 is the ODZ thickness and Kodz is the kinetics constant. The
fitted Kodz is also summarized in Table 1.

Fig. 11 shows the elemental map  near the surface subjected to
tensile strain after 36 h. The boundaries of nickel layer are marked
by two lines. It’s clear that a poor aluminium region appears near
the oxide/ODZ interface, indicating that outward diffusion of alu-
minium atoms occurs to form alumina near the gas/oxide interface.

Compared with the inner part, the outer part of oxide contains a
higher content of aluminium and lower content of titanium. This
result reveals that the oxide is actually the mixture of rutile and alu-
mina. Moreover, alumina grows outwards while the rutile mainly
grows inwards. Although the oxide of vanadium is not favoured
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Fig. 8. Elemental contents after oxidation time of 6 and 96 h.

Fig. 9. Cross-sectional micrographs at the surfaces of unloaded specimens after oxidation time of (a) 36 h and (d) 96 h, at the surfaces subjected to tensile strain after oxidation
time  of (b) 36 h and (e) 96 h, and at the surfaces subjected to compressive strain after oxidation time of (c) 36 h and (f) 96 h.
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Fig. 10. Variations of (a) oxide layer thickness, and (b) ODZ thickness along with oxidation time.

Table 1
The parameters used in the calculations of growth stress.

Properties Ti-6Al-4V(U) Ti-6Al-4V(T) Ti-6Al-4V(C) Pure titanium

Kox1(m−�1 · s−�1 ) 4.7718 × 10−17 2.6090 × 10−30 1.3088 × 10−15 4.3602 × 10−17

�1 0.5134 0.2312 0.5734 0.5
Kox2(m−�2 · s−�2 ) 5.6162 × 10−14 5.6548 × 10−22 4.2152 × 10−13 –
�2 0.6989 0.3523 0.9955 –
Kodz(m · s−0.5) 2.1170 × 10−8 2.1174 × 10−8 1.9284 × 10−8 –
Rox1(s−�1 ) −4.9298 × 10−6 −1.2120 × 10−4 −1.8383 × 10−6 −1.4606 × 10−6

Rox2(m(�2−1)/�2 s−1) −2.7244 × 10−11 1.6056 × 102 −8.1979 × 10−19 –
�i (Pa) −1.4536 × 109 −2.4988 × 109 5.9064 × 108 3.7349 × 108

Fig. 11. Elemental map  near the oxidized surface at the tensile side at oxidation time of 36 h.
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uring oxidation, there is still some residual vanadium detected
ithin the oxide.

. Discussion

.1. Effect of external strains on oxidation behaviour

Pure rutile is formed at the surface of pure titanium through
nward diffusion of oxygen and outward diffusion of titanium.
owever, the oxidation mechanism of Ti-6Al–4V alloy is much
ore complicated. In accordance with earlier investigation con-

lusions and present experimental results, the oxidation process
f Ti-6Al–4V contains the following four steps. Firstly, as the Ti-
Al–4V alloy is exposed to oxidization environment, fine rutile
uclei are preferentially formed since activation energy for rutile

s much lower than that for alumina [6]. With increasing oxida-
ion time, the rutile nuclei will gradually cover the alloy surface
6–9], as seen in Fig. 7a. Secondly, rutile continues to form at both
he gas/oxide and oxide/alloy interfaces through the outward dif-
usion of titanium and inward diffusion of oxygen. The addition of
anadium can effectively reduce the activity of aluminium, there-
ore alumina is prevented to form at the oxide/alloy interface [6,48].
hirdly, nodular alumina begins to appear at the gas/oxide inter-
ace, as seen in Fig. 7b and c. The existence of vanadium in Ti-6Al–4V
lloy reduces the solubility of aluminium and drives the aluminium
o diffuse outwards. If activated-titanium atoms are insufficient
t the oxide/alloy interface, aluminium atoms will be further pro-
oted to diffuse outwards and react with oxygen. In such a case,

odular alumina becomes the preferential oxidation product at the
as/oxide interface [6,7]. Finally, the diffusivity of oxygen through
he oxide layer and subsequent scale growth rate are reduced owing
o the blocking effect of alumina. Meanwhile, new oxide grows in
he gaps between adjacent large nodular particles, leading to the
ormation of mixed oxide layer composed of rutile and alumina [8],
s seen in Fig. 7d–f.

From cross-sectional morphologies in Fig. 9, some defects such
s small pores or cracks can be found in the vicinity of the
xide/nickel interface. However, near the oxide/ODZ interface,
here are no pores or cracks observed. Since this phenomenon can
e found for unloaded specimens and specimens subjected to bend-

ng strains, it can be concluded that the application of bending
trains cannot change the gradient structure of the oxide layer,
.e., nodular alumina in the outer part while fine rutile in the inner
art. The surface morphologies in Fig. 7 can also provided supple-
entary evidence to this conclusion. Fine rutile layer is formed

eneath the nodular alumina. Furthermore, the elemental map  in
ig. 11 shows that the contents of elements change monotonically
hroughout the oxide layer. The content of titanium increases while
hat of aluminium decreases with increasing depth from surface.
his is related to the competitive relation between titanium and
luminium when reacting with oxygen. Moreover, Fig. 8 clearly
hows that the formation of alumina at the surface is promoted
ue to the application of bending strains. Hence, it can be conclude
hat the external strains could promote the formation of aluminium
nd improve its content throughout the oxide layer.

From Fig. 10a, it is clearly found that the external strains have
ifferent effects on the oxidation behaviour of Ti-6Al–4V alloy in
ifferent oxidation stages. Before the piecewise point, i.e., 36 h,
he formation of oxide are promoted by the application of bending
trains, due to the reduction of required energy for the nucleation

s well as growth of oxide. Under bending strains, large amount of
efects including vacancies or dislocations are accumulated near
he surface of Ti-6Al–4V alloy owing to creep deformation [50,51].
he existence of these defects can remarkably reduce the activa-
ion energy and promote the nucleation of fresh oxide. However,
nce 122 (2017) 61–73 71

after the piecewise point, the bending strain will show a retarding
effect on the oxidation process. This is attributed to the accelerated
outward diffusion of aluminium and the promoted formation of
nodular alumina. As mentioned above, the application of external
bending strains will increase the content of alumina phase in the
oxide layer, especially at the gas/oxide interface. Considering the
blocking effect of alumina on the inward diffusion of oxygen, the
formation of rutile will be decelerated as the oxygen flux is insuffi-
cient. Consequently, the bending strains show a retarding effect on
the oxide growth in the later oxidation stage.

5.2. Effect of external strains on the formation of ODZ

At the oxide/alloy interface, part of the oxygen further dissolves
into the alloy to form ODZ underneath the oxide layer. Moreover,
as an alpha-phase titanium stabilizer, the absorption of oxygen also
promotes the transformation from beta-phase into alpha-phase
[44]. For Ti-6Al–4V alloy, the compressive strain will retard the for-
mation of ODZ while the effect of tensile strain is not clear, as seen in
Fig. 10. For pure titanium, the external strains show a distinct effect
due to the disappearance of alumina in oxide. As seen in Fig. 6, the
XRD peaks of alpha titanium shift to left when the tensile strain is
applied, indicating the increase of dissolved-oxygen concentration
near the oxide/substrate interface.

The effect of external strains on the formation of ODZ in oxidized
Ti-6Al–4V alloy is multi-fold. Firstly, due to the promoted forma-
tion of alumina, the oxygen diffusion through the oxide layer is
retarded, leading to the insufficiency of oxygen flux. Consequently,
the absorption of oxygen will be decelerated by the application of
bending strains. Secondly, the accumulation of dislocations during
creep deformation will attract the dissolving oxygen atoms due to
the energetic interaction between dislocation and point defect in
alloys [52]. In such a case, the formation of ODZ will be accelerated
by the application of bending strains. Thirdly, the direction of dis-
locations will affect the absorption of oxygen. The application of
external bending strains will lead to the generation of edge dislo-
cations at surfaces. However, the directions of edge dislocations at
the surfaces subjected to tensile and compressive strains are oppo-
site, as seen in Fig. 12. More positive dislocations are generated near
the surface subjected to tensile strain, while more negative dislo-
cations are generated near the surface subjected to compressive
strain. As illustrated in Fig. 12, each edge dislocation has a specific
stress field consisting of a tensile zone and a compressive zone. On
the basis of minimum energy principle, the interstitial atoms will
be driven to migrate from the compressive zone to the tensile zone
within the dislocation stress field. Consequently, the ODZ under
tensile strains will be thicker than that under compressive strains
in a macro-scale.

5.3. Growth stress within oxide layer

Residual stress within the oxide layer is measured at room tem-
perature, as seen in Fig. 13a. The thermal stress within the oxide
layer is evaluated as −664 MPa  according to Eq. (6). In order to
obtain the growth stress, thermal stress should be subtracted from
the measured residual stress. The experimental results of growth
stress at 873.15 K are shown in Fig. 13b. According to the classical
PBR criteria, compressive stress will be generated when value of
PBR is higher than 1.0. However, the present experimental results
indicate that tensile growth stress is generated within oxide layer,
although the PBR value of titanium is around 2.0 [41]. The similar

results were also obtained in the previous research. Tensile growth
stresses were also measured in naturally grown rutile on Ti-6Al–4V
alloy at room temperature [38] and in thermally grown alumina on
FeCrAlY alloy at high temperature [17]. Thus, Clarke’s theory seems
to be more reasonable, where the dislocation climb is responsible
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Fig. 12. Schematic showing how the stress field of edge dislocations affects the movement of oxygen atoms.
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Fig. 13. The variations of (a) residual stress, and (a) growth stress within th

or the generation of growth strain [22]. As mentioned above, if
islocation climbs in the negative direction, tensile stress will be
enerated within the oxide layer.

For the case of Ti-6Al–4V alloy, the growth stress increases,
eaches a local maximum, and then decreases gradually with
ncreasing the oxidation time. The maximum values of tensile
rowth stresses are in the range from 1.5 to 2 GPa. The growth stress
n the case of pure titanium is also included for comparison, which

onotonously increases with increasing oxidation time. After oxi-
ation for 96 h, the tensile growth stress exceeds 2 GPa. Therefore,

t indicates that the addition of alloying element will accelerate the
nitial stress accumulation and the subsequent stress relaxation.
t 6 h, the Ti-6Al–4V alloy specimen subjected to bending strains
hows a larger growth stress compared with unloaded specimen,
hich may  be due to the load assisted promotion of oxidation in

he initial stage. The present analytical model is used to calculate
he growth stress within the oxide. The analytical solution in the
orm of infinite series is given by Eqs. (28) and (29), which has to
e simplified to finite series during calculation. Second-order series
xpansion is supposed to provide enough accuracy for calculation.
owever, the values of some parameters used in calculation are

till difficult to measure or determine. In the present work, the fit-
ing method through minimizing the sum of squares is employed
o obtain the values of some parameters. The fitted values of Rox1,
ox2 and �i are listed in Table 1. The calculated results agree well
ith the experimental data, as seen Fig. 13b. This model shows

ts advantages over earlier analytical models on the prediction of
rowth stress [23–27,32]. Additional component of growth strain
ue to the formation of ODZ and piecewise oxidation kinetics have
een taken into consideration in the present model.

. Conclusions
The following conclusions can be drawn from the present work:

. The external tensile and compressive strains showed similar
effects on the growth of oxide layer of Ti-6Al–4V. In the ini-
ation layer Ti-6Al-4V alloy and pure titanium of along with oxidation time.

tial stage, dislocation was  accumulated near the surface due to
creep deformation, leading to the reduction of activation energy
and promoted formation of rutile and alumina. However, in the
later stage, the alumina phase could block the inward diffusion
of oxygen and then the oxidation process was retarded.

2. For Ti-6Al–4V alloy, compressive strain would retard the for-
mation of ODZ while the effect of tensile strain was not clear.
For pure titanium, tensile strain would promote the formation
of ODZ while the effect of compressive strain was not clear. The
external strains showed multi-fold influences on the formation
of ODZ, which was related to the blocking effect of alumina on
oxygen and the interactions among dislocations and interstitial
atoms.

3. An analytical model on the basis of Clarke’s theory was devel-
oped to predict the growth stress within the oxide layer. The
effects of ODZ and the piecewise oxidation kinetics on growth
strain were taken into consideration in this mode. The predicted
results by using the present model agreed well with the experi-
mental data.
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