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mitigation of Ti6Al4V alloy via
thermal oxidation for oil and gas exploitation
application: characterization of the microstructure
and evaluation of the surface performance
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and Bin Tanga

Because of its disadvantages of low surface hardness values, a high coefficient of friction and poor wear

resistance, Ti6Al4V alloy is seldom used in tribological-related engineering components. To improve the

surface performance of Ti6Al4V alloy used as petroleum tubes for oil and gas exploitation applications,

a thermal oxidation (TO) process was applied to fabricate a TO layer on the Ti6Al4V substrate at 700 �C
for 30 h. A microstructural characterization of the produced TO layer was systematically performed.

Comparative estimations of the electrochemical corrosion, erosive-wear and corrosive-wear behaviors

on the TO layers and Ti6Al4V alloys were conducted in CO2-saturated simulated oilfield brine. The

results showed that the obtained TO layer was mainly composed of rutile phase TiO2 and minor anatase

phase TiO2. The continuous and compact TO layer reached a total thickness of about 20 mm. The TO

layer contained an external oxide-layer and an internal O-diffusion layer. The concentration of O had

a gradient descent along the thickness of the TO layer. The TO layer showed enhanced hardness and

good bonding strength. Compared to the Ti6Al4V alloy substrates, the TO layers revealed superior

surface performance in the electrochemical corrosion, erosive-wear and corrosive-wear tests. Excellent

chemical stability, mechanical isolation action, high hardness and bonding strength contributed to the

promising surface performance of the TO layer. TO treatment makes it possible to create a working

surface on the Ti6Al4V alloy with enhanced surface hardness and wear resistance.
1. Introduction

Titanium and titanium alloys have been extensively applied in
various elds of chemical industry, marine, aerospace and
biomedical devices because of a specic combination of prop-
erties such as high strength to weight ratio, exceptional resis-
tance to corrosion and excellent biocompatibility.1–4 Recently,
titanium alloys used as petroleum tubes have received great
interest from material engineers aer wide technical investi-
gations and estimations.5,6 However, the drawbacks of low
surface hardness, high/unstable friction coefficient in sliding
contacts against common bearing materials, severe adhesive
wear and susceptibility to galling are harmful for the direct
application of titanium alloys in oil/gas wells.7–10 Numerous
surface treatment technologies have been employed to improve
the tribological performance of titanium and titanium
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alloys.11–15 Surface treatment can also make a favorable
compromise between the cost and performance of engineering
components by endowing the material surfaces with excellent
corrosion resistance, high hardness/wear resistance, effective
friction-reduction and promising mechanical performance
without reducing the entire structure of the material.16 A variety
of surface treatment technologies, such as thermochemical
surface treatment, micro arc oxidation (MAO)/plasma electro-
lytic oxidation (PEO), physical vapor deposition (PVD), chemical
vapor deposition (CVD), ion implantation, thermal spraying,
thermal oxidation (TO), laser surface treatment and electro-
spark deposition (ESD), and several duplex treatments have
been conducted to improve the surface performance of titanium
and its alloys.17–30 Among the mentioned surface treatment
technologies, thermal oxidation (TO) is an ideal surface tech-
nique that has been industrially used to strengthen the Ti-based
materials.31 Its popularity is mainly assign to its cost effective-
ness, simplicity and rapidity. Furthermore, the TO treatment
has no special requirements for substrate geometries.32 TO
process has been established in such a way that it can produce
combined improvements in wear resistance and corrosion
resistance, and successfully used for the surface treatment of Ti-
RSC Adv., 2017, 7, 13517–13535 | 13517
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based components for biological materials and some industrial
elds.31–41 Guleryuz, Wang and Borgioli et al. found that the
tribological behaviors of the Ti6Al4V alloys were signicantly
improved aer TO treatment.42–44 Shankar and Jamesh et al.
succeeded in enhancing the corrosion resistance of pure tita-
nium and Ti6Al4V alloy in industrial acid environments via TO
treatments.45,46 Kumar and Çimenoğlu conducted TO treat-
ments on Ti6Al4V and Ti6Al7Nb alloys for biological applica-
tions with great success.47,48 Dearnley and Güleryüz et al.
successfully obtained corrosive-wear resisting TO layers on
commercial purity titanium and Ti6Al4V alloys by employing
TO treatments.49,50 Ebrahimi et al. conrmed that TO-treated
samples exhibited better fatigue limits in comparison to
untreated Ti-4Al-2V alloy.51 Apart from common TO treatment,
some novel TO-related treatments have also been proposed.
Zhang et al. prepared a TO layer on Ti6Al4V alloy via a two-step
treatment: the Ti6Al4V alloy was rst TO treated in air and then
diffusion treated in a vacuum. This process could harden
a titanium surface deeply without inducing the scaling or oxide
layer spallation associated with long time oxidation at high
temperatures.52 Sun et al. successfully conducted a duplex
treatment on Ti6Al4V alloy via laser surface texturing (LST) and
TO treatment. The excellent tribological performance of the
duplex treated Ti6Al4V alloy was attributed to the strong
bonding strength of the rutile lm with a high hardness,
promising ratio of hardness to elastic modulus and enhanced
load-bearing capacity.53 Vasylyev et al. developed an ultrasonic
impact treatment induced oxidation on Ti6Al4V alloy, and
a high performance surface was obtained on the treated Ti6Al4V
alloy.54

In this study, Ti6Al4V alloys were rstly TO treated at 700 �C
for 30 h. The microstructural characterizations of the TO layers
were systematically investigated. Petroleum tubes suffer severe
surface damage that mainly result from electrochemical corro-
sion, erosive-wear and corrosive-wear under complex and harsh
work conditions in oil/gas wells.55–59 In light of this, the elec-
trochemical corrosion, erosive-wear and corrosive-wear behav-
iors of the TO layers and Ti6Al4V alloys were comparatively
estimated. This work is expected to create a database and
provide reference information for practical applications of TO-
treated Ti6Al4V alloys in oil and gas exploitation applications.

2. Experimental

The specimens used for the experiments were prepared by an
electro-spark wire-electrode cutting machine from a Ti6Al4V
alloy rod, and the size was F 12 mm � 4 mm. The nominal
chemical compositions (wt%) of the Ti6Al4V alloy was: Al 6.7; V
4.21; O 0.14; Fe 0.10; Si 0.07; N 0.015; H 0.003; C 0.003; Ti
balance. Before TO treatments, the raw Ti6Al4V alloy samples
were nely ground down to 800# using SiC abrasive papers
followed by ultrasonic cleaning in acetone bath. The TO process
was conducted in a muffle furnace at 700 �C for 30 h in air at
atmospheric pressure (105 Pa). Aer the TO process, the treated
samples were cooled at their own cooling rate in the furnace.

The phase constitutions of the received TO layer were iden-
tied by X-ray diffraction (XRD). Scanning electron microscopy
13518 | RSC Adv., 2017, 7, 13517–13535
(SEM) with energy dispersive X-ray spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS) were employed to charac-
terize the surface morphologies and surface elementary
compositions of the Ti6Al4V alloy and TO layer. SEM and glow
discharge optical emission spectrometer (GDOES) analyses
were applied to investigate the cross-sectional morphology and
elementary composition prole across the thickness of the TO
layer.

A microhardness tester was used to measure the micro-
hardness distribution across the cross section of the TO layer
using a Vickers indenter under a load of 25 g applied for a dwell
time of 20 s. Scratch and indentation tests were conducted to
evaluate the bonding strength between the TO layer and the
substrate using diamond indenters.45,60

The corrosion resistance of the TO layer was examined by
electrochemical tests, including open-circuit potential (OCP)
and potentiodynamic polarization.45–47 The electrochemical
experiments were performed on an electrochemical station
using a traditional three-electrode cell. The reference electrode
(RE) was a saturated calomel electrode (SCE), and the counter
electrode (CE) was a platinum plate. The specimens of bare
Ti6Al4V alloy and TO-treated Ti6Al4V alloy were used as the
working electrodes (WE) with an exposed geometric area of 1
cm2.

Erosive-wear tests were carried out on the Ti6Al4V alloy and
TO layer in a liquid–solid two phase ow.61–67 The erosive-wear
apparatus mainly consisted of three parts, the revolving
system, the sample-holding device and the barrel quartz
container (Fig. 1). All the samples were xed on the sample-
holding device, and the xed holding device was assembled to
the revolving system. The xed sample-holding device was
totally immersed into the liquid–solid two phases ow-lled
barrel quartz container. The revolving system of the erosion
machine was driven by a motor with a speed of 200 rpm. The
linear speed of slurry at the specimen surface was 3 m s�1, and
the testing duration was 120 h. Angular corundum particles in
sizes ranging from 200–300 mm were used as the erodent to
simulate the rock fragments generated during petroleum dril-
ling exploiting. Actually, the liquid–solid two phase ow
contains about 1 vol% rock chippings in real operating condi-
tions, and corundum particles were articially added up to 10
vol% to accelerate the slurry erosive-wear process in this work.
An analytical balance with an accuracy of 0.01 mg was employed
to weigh the original and erosive-worn samples. The surface
morphologies of the erosive-worn samples were characterized
using SEM and EDS.

The corrosive-wear resistance of the Ti6Al4V alloy and TO
layer were evaluated by laboratory tests, which were performed
on the MFT-R4000 friction-wear testing machine sliding against
two counterparts in CO2-saturated simulated oileld brine
(Fig. 2). High carbon chromium bearing steel balls (commonly
referred as GCr15 in China with a hardness of about 700 HV, the
nominal composition-wt% of GCr15 contains C: 0.95–1.05, Mn:
0.25–0.45, Si: 0.15–0.35, S:#0.025, P:#0.025, Cr: 1.40–1.65, Mo:
#0.10, Ni: #0.30, Cu: #0.25, Fe balance) and silicon nitride
(Si3N4 with a hardness more than 1500 HV) balls with a diam-
eter of 5 mm were chosen as the counterparts. The two kinds of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM image of the angular brown corundum particles (a) and
schematic diagram of the erosive-wear test device (b).

Fig. 2 Schematic diagram of the corrosive-wear test device.

Fig. 3 X-ray diffraction patterns of TO layer and Ti6Al4V alloy.
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ball counterparts were used as the upper specimens, and the
Ti6Al4V alloy and TO-treated Ti6Al4V alloy operated as the lower
specimens. For comparative purposes, all the corrosive-wear
tests were conducted with the following identical parameters:
a reciprocatory displacement of 5 mm, a normal load of 10 N,
a reciprocatory frequency of 4 Hz, and a testing duration of
30 min. The wear resistance of the samples was dened by
comparing the friction coefficients and mass losses. Specimens
were thoroughly cleaned with acetone in an ultrasonic bath
before and aer the wearing tests. An analytical balance with an
accuracy of 0.01 mg was employed to weigh the original and
This journal is © The Royal Society of Chemistry 2017
corrosive-worn samples. The wear traces were also analyzed by
using SEM and EDS. Meanwhile a white-light interfering pro-
lometer was applied to observe the two-dimensional proles
and three-dimensional morphologies of the wear traces.68–71

In this work, a CO2-saturated simulated oileld brine (pH ¼
6.5) was used as the testing medium for the above three kinds of
tests. It was made from analytical reagents and deionized water
with a chemical composition (g L�1) of 19 Cl�, 1.14 SO4

2�, 0.6
HCO3

�, 0.12 CO3
2�, 11.99 Na+, 1.05 Mg2+, and 0.39 Ca2+.72 CO2

gas was passed through during the total testing period in the
tests of electrochemical corrosion, erosive-wear and corrosive-
wear. Additionally, the solution was renewed every 24 h to
keep stable testing conditions for the duration of the erosive-
wear tests.

3. Results and discussion

The microstructural characterizations of the produced TO layer
are rst presented in this section, and then, the electrochemical
corrosion, erosive-wear and corrosive-wear behaviors of TO
layers and Ti6Al4V alloys are subsequently described in Sections
of 3.2, 3.3 and 3.4.

3.1 Microstructural characterizations

The XRD patterns of the TO layer and Ti6Al4V alloy are illus-
trated in Fig. 3. It was demonstrated that the peaks of the rutile
phase TiO2 (denoted as ‘R’ in Fig. 3) and anatase phase TiO2

(denoted as ‘A’ in Fig. 3) were detected in the TO layer, and the
rutile phase was the predominant phase in the obtained TO
layer. Phase constitutions of the TO layer in this paper were in
good agreement with Guleryuz and Kumar et al.'s work.40,42,47

Seen from Fig. 3, there were obvious differences in the XRD
patterns between the TO layer and Ti6Al4V alloy. Although the
Ti6Al4V alloy is prone to form an oxide lm, the self-formed
oxide lm was too thin to be reected by XRD, and only the Ti
peaks were characterized.73,74

Due to the interference of the incident light radiation and
the thickness of the TO layer, the TO layer in this work pre-
sented a dark brown surface from macro observation, which
was similar to Wang and Kumar et al.'s research.43,47 Fig. 4 and 5
show the surface morphologies and compositions of the
RSC Adv., 2017, 7, 13517–13535 | 13519
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Fig. 4 Surface morphology and composition of the Ti6Al4V alloy.
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Ti6Al4V alloy and TO layer. As the Ti6Al4V alloy could not
withstand the damage from the abrasive particles during
grinding, numerous parallel scratches can be found on the
ground Ti6Al4V alloy surface in Fig. 4(a). Fig. 4(b) further reveals
the damage degree aer abrasive paper grinding on the surface
of the Ti6Al4V alloy. It is seen in Fig. 4(c) that the elements of Ti,
Al, V andminor O were detected by EDS analysis. It can be found
that the contents of Ti, Al and V were close to the standard
contents in Ti6Al4V alloy. Although Ti6Al4V alloy is prone to
passivation, the formed oxide lm usually reaches a nano-scale
on the surface; hence, a low content of O was collected.52 As
presented in Fig. 5(a), the original scratches seem unclear, and
only a few deep scratches are observable on the surface of the
TO layer. However, these scratches on the TO layer surface are
still more shallow when compared to the scratches on the
Ti6Al4V alloy surface. Fig. 5(b) indicates the higher relative
intensities of Ti, Al and O compared to Fig. 4(c) according to the
EDS analysis. When comparing Fig. 4(c) with Fig. 5(b), it is
noticeable that the content of O on the Ti6Al4V alloy surface
formed via self-passivation was far lower than that of the TO
layer. It was conrmed that more aluminium and titanium
oxides were formed on the external surface of the TO layer aer
TO treatment. As shown in Fig. 5(c) and(d), the TO layer was
dense and continuous. Many oxide grains and islands can be
13520 | RSC Adv., 2017, 7, 13517–13535
found, and there was no cracking or spallation on the surface,
which clearly demonstrated that the oxides grew outwardly and
covered all of the Ti6Al4V alloy surface aer TO treatment.
Fig. 5(e) and (f) also suggest the local agglomeration of ne
oxide grains on the surface of the TO layer. Fig. 5(e) and (f) show
that some oxide particles on the outside surface of the TO layer
are nano-scale. Fig. 5(g), which was obtained using atomic force
microscope (AFM), further revealed that the larger oxide parti-
cles in the sizes of tens to hundreds of nanometers were
composed of smaller oxides. Generally, a complete TO process
of metals contains ve steps: absorption of O / dissolution of
O / formation of thin oxide lm / growth of oxide layer /
formation of thick oxide layer.36,43,75 Wang and Kumar et al. re-
ported that the growth of the oxides and formation of the TO
layer were dependent on the temperature and duration of the
TO processes.36,43,47 According to their research, the adopted
process parameters and cooling mode in our work are favorable
for a promising TO-treated Ti6Al4V alloy for oil and gas
exploitation applications.

Fig. 6(a) presents the XPS survey spectra of the TO layer and
Ti6Al4V alloy. The survey spectra indicate the presence of Ti,
Al, V, O and C. These elements are consistent with those ob-
tained in the EDS analysis except for C. The O 1s peak at
529.3 eV can be assigned to the lattice oxygen atom of TiO2 on
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Surface morphology and composition of the TO layer.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/1
3/

20
26

 4
:4

1:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the TO layer, and the peak at 531.1 eV is closely related to the
hydroxyl groups (–OH) resulting mainly from the chemisorbed
water on the Ti6Al4V alloy. In addition, there is a peak at
This journal is © The Royal Society of Chemistry 2017
517.2 eV for the TO layer, which might be attributed to the
formation of vanadium oxide V2O3. Meanwhile the variations in
the binding energy values of O 1s and Ti 2p between the TO
RSC Adv., 2017, 7, 13517–13535 | 13521
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Fig. 6 XSP survey spectra of the TO layer and Ti6Al4V alloy (a) and XPS spectral detailed spectra collected from the TO layer and Ti6Al4V alloy: C
1s (b), O 1s (c), Ti 2p (d), Al 2p (e).
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layer and Ti6Al4V alloy, as shown in Fig. 6(c) and (d), also
conrmed the abundant formation of the R-dominated TiO2

layer aer TO treatment at 700 �C for 30 h.75–78 Fig. 6(e) shows
a few kinds of alumina (Al2O3) phases were also detected by XPS,
which means there was also an oxidation reaction between Al
and O in the TO process.79

For microstructural observations, the metallographic cross
section of the TO layer was prepared using a standard conven-
tional procedure and etched in a Kroll solution. Fig. 7 shows the
cross-sectional morphology of the obtained TO layer, and it can
13522 | RSC Adv., 2017, 7, 13517–13535
be seen that the TO layer was uniform and continuous. The TO
layer revealed better corrosion resistance than the Ti6Al4V alloy
to the Kroll solution, which is indicated by a bright feature.
There were no pores or cracks in the TO layer, and the Ti6Al4V
alloy substrate was well covered by the TO layer. The TO layer
can play a positive role in preventing the Ti6Al4V alloy from
degradation during operation. According to the scale in Fig. 7,
the bright zone reached a thickness of less than 10 mm; however,
this does not mean that the thickness value of the received total
TO layer was no more than 10 mm. It is well accepted that
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Cross-sectional morphology of the TO layer.
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a complete TO layer is composed of an external oxide layer and
a diffusion layer beneath.36,43,47

The GDOES was applied to investigate the composition
prole and the thickness of the TO layer. The GDOES compo-
sition prole–distance from the surface of the TO layer is sug-
gested in Fig. 8, and O, Ti, Al and V were detected through the
thickness of the TO layer. Fig. 8 shows that the concentration of
O gradually decreases, while the concentration of Ti tends to
increase from the surface to the interior. The maximum content
of O in the TO layer is more than 90 wt% according to the
GDOES result. The total thickness of the TO layer was approx-
imately 20 mm, as derived from the GDOES analysis of the cross-
section. As shown in Fig. 8, Al shows a relatively high concen-
tration in the very rst 2 mm and a relatively low concentration
in the distance zone of 5–15 mmcompared to its original content
in the Ti6Al4V alloy. That was attributed to the external
migration of Al, and external migration of Al in Ti6Al4V alloy
was found in our previous processing research work on TO
treatment.72 The concentration of V was almost the same in the
GDOES analysis, and the content of V in the Ti6Al4V alloy and
its chemical properties resulted in the composition distribution
of V in the TO layer.80
Fig. 8 GDOES composition profile–distance from the surface of the
TO layer.

This journal is © The Royal Society of Chemistry 2017
Under permanent temperature and pressure conditions, the
standard Gibbs energy change (DG0

T) can be obtained from the
following equation:80

DG0
T ¼ DH0

298 � TDS0
298 þ

ðT
298

DCpdT � T

ðT
298

DCp

T
dT (1)

where DH0
298 is the standard free energy of formation at 298 K

(kJ mol�1), T the is temperature in Kelvin, DS0298 is the standard
absolute entropy at 298 K, and DCpis the heat capacity. Eqn (1)
can be further simplied as follows:

DG0
T ¼ DH0

298 � TDS0
298 (2)

The oxidation reactions of Ti, Al and V with O are shown in
eqn (3)–(5):80

Ti + O2 ¼ TiO2 (3)

4/3Al + O2 ¼ 2/3Al2O3 (4)

4/3V + O2 ¼ 2/3V2O3 (5)

For all the reactions, the values of DG0
T belonging to TiO2,

Al2O3 and V2O3 can be calculated according to eqn (2). The
values of DG0

T can be applied to determine the feasibility of
oxidation reactions and the relative stability of oxides. The ob-
tained values are presented as follows: TiO2 (DG0

T ¼ �960.76),
Al2O3 (DG

0
T ¼ �1146.28) and V2O3 (DG

0
T ¼ �872.96). According

to the values of DG0
T, Al is the most prone to oxidation followed

by Ti and V. Meanwhile, the position of Al in the periodic table
is in front of Ti and V. Therefore, external migration of Al is
possible from a thermodynamic point of view.81,82 Al peaks were
detected in the EDS and XPS analyses; however, the Al2O3-rich
zone distributed in the near surface of the TO layer was too thin
to be characterized by XRD. Ti is next to V in the periodic table,
and the content of V in the Ti6Al4V alloy is the lowest. In
addition, the DG0

T of V2O3 is the highest, which means it is the
hardest to form an oxide among the three elements in the
Ti6Al4V alloy. Seen from Fig. 8, based on the GDOES composi-
tion prole, the whole TO layer can be divided into three parts
as the dotted lines indicate. As combined with the analysis
results of EDS (Fig. 5) and XPS (Fig. 6), zone-I, which consisted
of Al2O3 and TiO2, was an Al-rich zone, and zone-II, which was
poor in Al, was mainly built up by TiO2 with minor V2O3. For the
whole TO layer, zone-I and zone-II corresponded to the oxide
layer, and zone-III was corresponded to the O-diffusion
layer.36,43,47

In accordance with the microhardness corresponding to the
measuring points along the depth direction of the TO layer, the
microhardness distributing curve of the TO layer was plotted, as
shown in Fig. 9. It is noted that the maximum hardness value of
the TO layer is more than two folds harder than the Ti6Al4V
alloy. The hardness distribution of the TO layer decreased
gradually from the external surface to the inside of the TO layer.
Considerable enhancement inmicrohardness is connected with
structural modication on the near surface of the Ti6Al4V alloy,
which resulted from the formation of oxides (Al2O3 and TiO2) in
the TO layer.40,42,44,49
RSC Adv., 2017, 7, 13517–13535 | 13523

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28421c


Fig. 9 Microhardness distribution–distance from the surface of the
TO layer.
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The scratch test is a widely used method for testing the
adhesion of the coating/lm.45,83 Fig. 10 shows the collected
acoustic emission intensity–normal load curve during the
scratch test. As given in Fig. 10, the acoustic emission signals
clearly notify that the failures occurred at lower loads (0.5 to 4 N)
in zone-A. As the external migration of Al, zone-I in Fig. 9, which
Fig. 10 Relationship between acoustic emission intensity and normal
load.

Fig. 11 Scratch morphology of the TO layer.

13524 | RSC Adv., 2017, 7, 13517–13535
was composed of Al2O3 and TiO2, corresponded to zone-A in
Fig. 10. There was a signicant difference in the crystalline
structure between Al2O3 and TiO2, and this hybrid oxide layer
indicated insufficient resistance to the scratch. Zone-II in Fig. 9
was poor in Al, and it mainly contained pure R-phase TiO2 and
revealed a better scratch resistance, reecting the collected
acoustic emission signal under a higher load in Fig. 10 (zone-B).
As shown in Fig. 10, the TO layer was completely destroyed
under a load of 10 N, which means the bonding strength of the
obtained TO layer was about 10 N. Zone-C in Fig. 10 corre-
sponds to zone-III in Fig. 9.

Fig. 11 presents the scratch morphology of the TO layer. Seen
from Fig. 11, the scratch morphology of the TO layer was
consistent with the acoustic emission signals in Fig. 10.
Meanwhile, the cracks caused by tensile stresses can be found
in the scratch trace perpendicular to the scratch direction,
which means brittle fracture occurred on the oxide layer. EDS
analysis results of selected regions in Fig. 11 are given in
Table 1, and EDS analysis provided a promising complementary
description of the scratch behavior and further conrmed the
complete failure of the TO layer.45,84

Fig. 12 shows the Rockwell indentation morphologies of the
TO layer under loads of 588 N (a) and 1471 N (b), and a higher
load produced a bigger crater. It is evident that radial cracks can
be found around the indentation craters aer the Rockwell
indentation tests in Fig. 12. It is also clearly observable that the
TO layer exhibits local layer delamination aer indentation, and
the peeled area was larger as the applied load increased.
According to the VDI3198 standard (“HF classes”), the bonding
strength values of the TO layer under loads of 588 N and 1471 N
were HF 3 (588 N) and HF 4 (1471 N), respectively. The EDS
analysis results of the selected regions on the surface of the TO
Table 1 EDS analysis of the scratched TO layer surface (wt%)

Element O Ti Al V

Zone-1 44.24 42.63 10.25 2.88
Zone-2 33.55 60.61 3.67 2.17
Zone-3 — 91.17 5.67 3.16

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Indentation morphologies of the TO layer: 588 N (a) and 1471 N (b).
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layer aer the Rockwell indentation tests are suggested in
Table 2. Combing the indentation morphologies in Fig. 12 and
the EDS analysis results in Table 2, it is certain that the Al2O3

and TiO2 hybrid oxide layer was totally destroyed aer the
Rockwell indentations, which was ascribed to the signicant
difference in the crystalline structure between Al2O3 and TiO2.
However, the TO2 layer with a certain hardness and the O-
diffusion layer with a gradient compositional distribution can
have a protective effect against indentation. The TO layer was
Table 2 EDS analysis of the indented TO layer surface (wt%)

Element O Ti Al V

Fig. 12(a) Zone-1 51.21 36.39 10.17 2.23
Zone-2 28.67 64.51 4.78 2.04
Zone-3 49.40 37.48 10.81 2.31

Fig. 12(b) Zone-4 49.73 39.07 8.98 2.22
Zone-5 29.44 64.62 3.82 2.12
Zone-6 48.03 40.81 8.89 2.27

Fig. 13 OCP–time curves of the TO layer and Ti6Al4V alloy.

This journal is © The Royal Society of Chemistry 2017
not completely destroyed, and the Ti6Al4V was not exposed aer
the Rockwell indentations in accordance with the EDS analysis
in the centre of the indentation craters.60,83,84
3.2 Electrochemical behavior

The OCPs of the TO layer and Ti6Al4V alloy were recorded as
a function of the immersion time over a period of 3600 s in CO2-
saturated simulated oileld brine, as shown in Fig. 13. Overall it
is seen that both the OCPs showed a rising trend with
increasing immersion time. Aer the tested samples of the TO
layer and Ti6Al4V alloy were immersed in the selected solution
for 3600 s, the OCP of the TO layer began to shi towards more
positive values until it stabilized and reached an OCP of 0.483 V;
the OCP of Ti6Al4V alloy started at a less negative potential and
kept on increasing up to �0.0824 V. A higher OCP for the ob-
tained TO layer in the Cl-containing medium is consistent with
Jamesh et al.'s study.85 The OCP can be used to evaluate the
chemical stability and corrosion process of the experimental
samples, and the change in the OCP is also assumed to be
Fig. 14 Polarization curves of the TO layer and Ti6Al4V alloy.

RSC Adv., 2017, 7, 13517–13535 | 13525
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Table 3 Results of the open circuit potential and polarization tests

Item Ti6Al4V alloy TO layer

Eocp/V �0.0824 0.483
Ecorr/V �0.450 �0.0987
Icorr/A cm�2 2.361 � 10�7 2.595 � 10�7

Ipass/A cm�2 6.018 � 10�5 8.980 � 10�7

Fig. 15 Column charts of mass losses of the TO layer and Ti6Al4V alloy
after erosive-wear tests.

Fig. 16 Surface morphologies of the erosive-worn Ti6Al4V alloy.

13526 | RSC Adv., 2017, 7, 13517–13535
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related to the growth and stability of the corrosion scale on the
testing material surface.86 The variation in trends of the OCPs of
the TO layer and Ti6Al4V alloy in Fig. 13 indicates that both of
them underwent a decrease in the corrosion tendency from
a thermodynamic view. Additionally, it was noted that the TO
layer had a nobler potential than the Ti6Al4V alloy substrate,
which means the TO layer was more stable than the Ti6Al4V
alloy.87–89

The potentiodynamic polarization curves for the TO layer
and Ti6A14V alloy substrate in CO2-saturated simulated oileld
brine, presented in a semi-logarithmic scale, are shown in
Fig. 14. As shown in Fig. 14, the plot of the TO layer displays
a marked shi towards the nobler direction in comparison to
the Ti6A14V alloy. Meanwhile, seen from Fig. 14, obvious
passivation zones can be found in both of the two polarization
curves. The corrosion potentials (Ecorr) and corrosion current
densities (Icorr) were obtained by extrapolating the rectilinear
Tafel segments of the anode and cathode polarization curves,
and passivation current densities (Ipass) were read from the
passivation zones in the polarization curves.89–91 All of the
electrochemical testing results are listed in Table 3. As sug-
gested in Table 3, the TO layer reveals a more positive Ecorr than
that of the Ti6A14V alloy, and the Icorr belonging to the TO layer
was even slightly higher than that of the Ti6A14V alloy.
This journal is © The Royal Society of Chemistry 2017
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Fig. 17 Surface morphologies of the erosive-worn TO layer.

Table 4 EDS analysis of the erosive-worn Ti6Al4V alloy surface (wt%)

Element O Ti Al V
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However, the two Icorr were on the same order of magnitude. In
the previous research, most of the results showed that a TO
layer had a rougher surface than the ground Ti6A14V alloy,
which meant that the TO layer had a high specic surface
area.42–44 Therefore, the TO layer had a larger real area than the
Ti6A14V alloy on the surface that contacted the corrosion
medium, which resulted in a slightly higher Icorr. Fig. 14 also
indicates that the TO layer had a far lower Ipass than that of the
Ti6A14V alloy, which means that the TO layer had a lower
electrochemical active behavior even though it showed a slightly
higher Icorr.47 The received TO layer, which had a certain
thickness and consisted of R-phase TiO2, acted as a protective
layer and protected the Ti6A14V alloy substrate from the Cl�

attacking.87–91
Zone-1 6.31 84.86 5.67 3.16
Zone-2 4.24 87.69 5.96 2.11

Table 5 EDS analysis of the erosive-worn TO layer surface (wt%)

Element O Ti Al V

Zone-1 44.24 42.63 10.25 2.88
Zone-2 40.67 48.12 8.63 2.58
Zone-3 39.24 49.69 8.82 2.25
3.3 Erosive-wear behaviours

Fig. 15 displays the column charts of the mass losses of the
Ti6A14V alloy and TO layer aer erosive-wear tests. It is
noticeable that the mass loss of Ti6A14V alloy is nearly three
times higher than that of the TO layer in Fig. 15. A higher
surface hardness favoured the erosive-wear performance of the
TO layer.39,41,43

Fig. 16 and 17 present the surface morphologies of the
Ti6A14V alloy and TO layer at different magnications aer
This journal is © The Royal Society of Chemistry 2017
erosive-wear tests. Meanwhile, the elemental concentrations in
typical zones on the tested samples were characterized by EDS
to provide supplementary information to elucidate the deteri-
oration mechanisms, and the results are given in Tables 4 and
5. Fig. 16 reveals that the Ti6A14V alloy suffered certain damage
aer erosive-wear compared to the ground Ti6A14V alloy in
Fig. 4. Seen from Fig. 16(a) and (b), besides the grinding
scratches on the surface of the Ti6A14V alloy, discrete lips and
craters that are produced by erosive-wear from angular brown
corundum particles are noticeable. Fig. 16(c) and (d) present the
RSC Adv., 2017, 7, 13517–13535 | 13527
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in situ high magnication images of the rectangular area zone
in Fig. 16(a) and (b), where the lips and craters are further
highlighted. Clearly, Ti6Al4V received micro-cutting from the
brown corundum particles. Table 4 shows the EDS analysis of
the selected zones on the erosive-worn Ti6Al4V alloy surface. As
the Ti6Al4V alloy is prone to passivating, some amount of O was
detected on its erosive-worn surface. As shown in Fig. 17(a),
local layer delamination can be found on the surface of the TO
layer aer erosive-wear. Seen from Fig. 17(b)–(d), the erosive-
worn surface of the TO layer is smooth, and there are no lips
or craters. As the Al2O3 and TiO2 hybrid layer was locally
removed, the exposed TO layer suffered polishing-like grinding
from the brown corundum particles. Table 5 shows the EDS
analysis of selected regions on the erosive-worn TO layer
surface. According to the EDS analysis results, the region-1 and
region-2 in Fig. 17(a) corresponded to zone-I and zone-II in
Fig. 8, respectively. Based on the EDS analysis of region-2 and
region-3 in Table 5, it is certain that the TO layer was not
completely destroyed. Generally, the metal oxide has a higher
molecular weight than elemental metal, therefore the TiO2 is
heavier than Ti at the same volume.80 Fig. 15 has indicated the
mass losses of the TO layer were far lower than that of the
Ti6Al4V alloy, which means there was less volume loss of the TO
layer in comparison to the Ti6Al4V alloy. By comparing the
results obtained from Fig. 15–17, one can see that the TO layer
Fig. 18 Coefficients of friction for the TO layer and Ti6Al4V alloy sliding

Fig. 19 Mass losses of the TO layer and Ti6Al4V alloy sliding against GC

13528 | RSC Adv., 2017, 7, 13517–13535
had better erosive-wear resistance than the Ti6Al4V alloy under
the testing conditions. The excellent erosive-wear performance
of the TO layer beneted from its good chemical stability and
high hardness.61–68,88,92,93
3.4 Corrosive-wear behaviours

Fig. 18 shows the variations in the coefficient of friction (COF)
during sliding processes against GCr15 and Si3N4 in CO2-satu-
rated simulated oileld brine for the Ti6Al4V alloy and TO layer.
In general, the received COF values of the Ti6Al4V alloy and TO
layer aer corrosive-wear were lower than those collected aer
the sliding tests in air.94,95 The corrosion medium caused
a certain friction-reduction effect on the tested samples.49,50

Seen from Fig. 18(a), the TO layer presented a higher COF than
the Ti6Al4V alloy through the sliding time as they were tested
against GCr15. However, the Ti6Al4V alloy indicated a higher
COF than that of the TO layer for the whole sliding time when
they were paired with Si3N4, as shown in Fig. 18(b). The differ-
ences in the COF values of the Ti6Al4V alloy and TO layer
between the two counterparts were attributed to the different
wear mechanisms of the Ti6Al4V alloy and TO layer in the tests.3

The variations can also be found in the mass loss aer the
corrosive-wear tests in Fig. 19. As suggested in Fig. 19(a), the TO
layer indicated a negative mass loss and the Ti6Al4V alloy
showed a mass loss of about 0.4 mg when they were paired with
against GCr15 (a) and Si3N4 (b).

r15 (a) and Si3N4 (b).

This journal is © The Royal Society of Chemistry 2017
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Fig. 20 Wear traces of the Ti6Al4V alloy (a) (c) (e) and TO layer (b) (d) (f) sliding against GCr15.
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GCr15. Fig. 19(b) shows that the Ti6Al4V alloy indicated
a signicantly higher mass loss than that of the TO layer as they
were tested with Si3N4. Meanwhile, different wear modes of the
Table 6 EDS analysis of corrosive-worn TO layer surface sliding
against GCr15 (wt%)

Element Fe O Ti Al V

Zone-1 11.16 41.14 37.13 8.25 2.32
Zone-2 68.18 19.34 9.22 3.13 0.13
Zone-3 5.46 39.24 44.23 8.82 2.25

This journal is © The Royal Society of Chemistry 2017
Ti6Al4V alloy and TO layer are also responsible for their
distinctions in mass loss.57 Since the TiO2 has a higher molec-
ular weight than Ti, the TiO2 is certainly heavier than Ti at the
Table 7 EDS analysis of corrosive-worn TO layer surface against Si3N4

(wt%)

Element O Ti Al V

Zone-1 42.98 43.49 10.71 2.82
Zone-2 37.68 50.12 9.64 2.56
Zone-3 21.32 72.22 3.92 2.54

RSC Adv., 2017, 7, 13517–13535 | 13529
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Fig. 21 White-light interferometer wear traces of the Ti6Al4V alloy (a) and TO layer (b) sliding against GCr15.

Fig. 22 Wear trace profiles of the Ti6Al4V alloy (a) and TO layer (b) sliding against GCr15.
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same volume.80 Lower mass losses of the TO layer corresponded
to the wear volumes, which can be reected by the wear trace
proles.

Aiming to realize better visualizations of the corrosive-worn
surfaces and interpretation of the wear mechanisms, the
corrosive-worn surface morphologies of the Ti6Al4V alloy and
TO layer at different scales were obtained by SEM (see Fig. 20
and 23). Meanwhile, the elemental concentrations in typical
zones on the corrosive-worn TO layers were characterized using
EDS to provide supplementary information to elucidate the
deterioration mechanisms, and the results are tabulated in
Tables 6 and 7. Three-dimensional topographies and two-
dimensional proles of the wear traces on the Ti6Al4V alloy
and TO layer surfaces were obtained by using a white-light
interferometer, as given in Fig. 21, 22, 24 and 25.

As presented in Fig. 20(a), the wear trace of the Ti6Al4V alloy
is continuous and complete. The higher magnied images in
Fig. 20(c) and (e) highlight the signicant corrosive-wear that
occurred during sliding. There is evidence of plastic deforma-
tion on the corrosive-worn surface of the Ti6Al4V alloy, and the
worn surface was very rough, characterized by adhesive craters,
tearing and grooves/scratches, as revealed in Fig. 20(c) and (e).
When the Ti6Al4V alloy was sliding with itself or other metallic
13530 | RSC Adv., 2017, 7, 13517–13535
materials, plastic deformation and adhesion junctions
frequently appeared between the contacts due to the low surface
hardness of the Ti6Al4V alloy and the high chemical affinity
between the “metal–metal” friction interface. However, this
kind of link with insufficient bonding strength might be torn by
a relative sliding of the friction pairs and result in adhesive
wear.96 In addition, the GCr15 steel was harder than the Ti6Al4V
alloy, and asperities on GCr15 exerted a signicant ploughing
effect on the Ti6Al4V alloy. The formed grooves/scratches were
wide, deep and distinguished from the grinding scratches
shown in Fig. 4, which means that the Ti6Al4V alloy also
suffered abrasive wear in the course of sliding wear.97,98 The
main wear manner of the Ti6Al4V alloy under this condition can
be set as the adhesive wear and abrasive wear.

Fig. 20(b) displays the whole feature of the wear trace TO layer,
and it is seen that the wear trace of the TO layer was narrower
than that of the Ti6Al4V alloy in Fig. 20(a). As shown in Fig. 20(d)
and (f), the worn surface was relatively smooth, and the damage
degree was not as severe as Ti6Al4V in Fig. 20(c) and (e). Some
“dark plaques” can be found in the wear trace. According to the
EDS analysis of the corrosive worn TO layer surface in Table 6, it is
certain that the TO layer was not worn through. The dark plaque
(zone 2) corresponded to Fe-rich area, whereas the other regions
This journal is © The Royal Society of Chemistry 2017
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mainly contained O and Ti, indicating material transfer from the
GCr15 counterpart to the TO layer. Combining the mass loss
results, the wear mode of the TO layer was mainly the adhesive
transfer of counter body material, and this might be attributed to
the lower hardness of GCr15 in comparison with the TO layer.

As demonstrated in Fig. 21 and 22, it is clearly seen that
a shallower and narrower wear trace was formed on the TO layer
than that of the Ti6Al4V alloy. The transfer behaviour of GCr15
onto the TO layer was also further conrmed by Fig. 21 and 22.
Fig. 23 Wear traces of the Ti6Al4V alloy (a) (c) (e) and TO layer (b) (d) (f

This journal is © The Royal Society of Chemistry 2017
As shown in Fig. 23(a) and (b), it is clear that the width of the
Ti6Al4V alloy was far higher than that of the TO layer when the
sliding tests were conducted against Si3N4. Seen from the higher
magnication images of the wear traces (Fig. 23(c–f)), there were
remarkable differences between the wear traces of the Ti6Al4V
alloy and TO layer. As presented in Fig. 23(c) and (e), numerous
parallel deep grooves and spalled holes were observed on the
wear trace of the Ti6Al4V alloy. Asperities on Si3N4 had
a ploughing effect on the so Ti6Al4V alloy surface and le
ploughing grooves on the worn surface. Meanwhile a “ceramic-
) sliding against Si3N4.
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metal” contact interface was less likely to induce adhesive wear.
As the Si3N4 ball was much harder than the Ti6Al4V alloy,
plastic deformation took place on the Ti6Al4V alloy under the
actions of load and friction force. There was a dislocation pileup
region on the near surface, which worked to induce the initia-
tion of micro-cracks underneath the surface.96–98 The cracks
gradually propagated with the development of plastic defor-
mation as the cracks extended to the surface. As a result, thin
and long wear sheets were formed and spalled from the surface.
The wear sheets were ground into small size abrasive particles
by the relative motion of friction pairs, and abrasive wear
occurred.96–98 Thereby, the wear mechanism of the Ti6Al4V alloy
was a composite form of delamination and abrasive wear.

Seen from Fig. 23(d) and (f), the worn surface of the TO layer
was smoother than that of the Ti6Al4V alloy, and shallow
scratches and local aking were found in the wear trace. The TO
layer had a higher hardness value than that of the Ti6Al4V alloy,
and the TO layer was subjected to cyclic loading during the
sliding. The cyclic loading had an effect on the initiation and
growth of the fatigue crack. Once the crack propagation ran to
a degree, aking off appeared on the worn surface.57,96–98 Si3N4

possesses a higher hardness and higher chemical stability, and
Fig. 24 White-light interferometer wear traces of the Ti6Al4V alloy (a) a

Fig. 25 Wear trace profiles of the Ti6Al4V alloy (a) and TO layer (b) slidi

13532 | RSC Adv., 2017, 7, 13517–13535
the TO layer was going to be worn. Compared with the Ti6Al4V
alloy, a higher hardness on the surface of the TO layer could
reduce the wearing damage from Si3N4, but asperities on Si3N4

still played a ploughing effect on the TO layer surface and le
scratches. The main wear mechanism of the TO layer was
fatigue wear and slight abrasive wear (scratching). Based on the
EDS analysis of the typical zones on the corrosive worn TO layer
surface in Table 7, it is certain that the TO layer was not totally
worn through aer sliding against Si3N4. Seen from Fig. 24 and
25, it is obvious that the Ti6Al4V alloy suffered more serious
damage than the TO layer, and a much shallower and narrower
wear trace was found on the TO layer surface than that of the
Ti6Al4V alloy.

Since the wear trace proles were suggested in Fig. 22 and 25,
the specic wear rate of each tested sample can be calculated
through the following equation:99

K ¼ Vw

FD
(6)

Where K is the specic wear rate (mm3 N�1 m�1), Vw is the wear
volume (mm3), F is the given load (N) and D is the sliding
distance (m).
nd TO layer (b) sliding against Si3N4.

ng against Si3N4.

This journal is © The Royal Society of Chemistry 2017
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Table 8 Results of friction and wear tests

Counterpart-sample result

GCr15 Si3N4

Ti6Al4V TO layer Ti6Al4V TO layer

COF (m) 0.35 0.40 0.25 0.20
Mass loss/mg 0.38 �0.10 0.33 0.19
h/mm �21 �11 �30 �14
b/mm �1.00 �0.67 �1.10 �0.33
Vw/mm3 �0.0700 �0.0246 �0.110 �0.0154
K/mm3 N�1 m�1 �1.94 � 10�4 �6.83 � 10�5 �3.16 � 10�4 �4.28 � 10�5
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The Vw in eqn (6) can be obtained by eqn (7) as follows:100

Vw ¼ ahð3h2 þ 4b2Þ
6b

(7)

Where a is the length of the wear trace (mm), h is the depth of
the wear trace (mm) and b is the width of the wear trace (mm). By
plugging in the known quantities of a, h and b into eqn (7), one
can calculate the results of the values of K, as indicated together
with the COF and mass losses in Table 8. It was certain that the
TO layer held better corrosive-wear resistance than the Ti6Al4V
alloy. Meanwhile as indicated above in the cross-sectional
morphology (Fig. 7) and GDOES composition prole–distance
from the surface (Fig. 8), the thickness of the TO layer was
deeper than the depth of its wear trace (see Fig. 24 and 25), and
the TO layer provided a considerable protective effect on the
Ti6Al4V alloy from another point of view.
4. Conclusions

A TO layer was fabricated onto a Ti6Al4V alloy at 700 �C for 30 h
to improve the surface performance and prolong its service life-
time. A continuous and compact TO layer with a total thickness
of about 20 mm was produced. The TO layer was mainly
composed of rutile phase TiO2 and minor anatase phase TiO2.
There was also an obviously external migration process of Al
during the TO process. The concentration of O presented
a gradient distribution along the thickness of the TO layer. TO
treatment improved the surface hardness of the Ti6Al4V alloy,
and the TO layer was well bonded with the substrate. By
comparing Ecorr, Icorr and Ipass data, it was found that the TO
layer had better corrosion resistance than the raw Ti6Al4V alloy.
The TO layer could provide considerable protective effects on
the Ti6Al4V alloy in erosive-wear and corrosive-wear tests. The
excellent erosive-wear and corrosive-wear performance of the
TO layer beneted from its good chemical stability, mechanical
isolation action, high hardness and promising bonding
strength. TO treated Ti6Al4V alloy has great potential to be used
as petroleum tubes for oil and gas exploitation applications.
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