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Abstract: To improve the corrosion resistance of Ti6Al4V alloys in acid solution, a W-Mo co-penetrated top layer was prepared by
hollow-cathode glow discharge plasma technique below the β phase transition point. The surface morphology, chemical composition
and crystal structure of the coatings were determined by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS) and X-ray power diffraction (XRD), respectively. Results indicate that a dense co-penetrated layer is produced with
maximum thickness of approximately 23 µm. The layer is composed of AlMoTi2 and TixW1-x phases. The static corrosion test is
conducted in acid (H2SO4 and HCl, separately) at room temperature (RT) by the electrochemical workstation. The results show that
the W-Mo co-penetrated layer could achieve relatively stable corrosion potential in reducing acid and the Icorr of co-penetrated layers
occupy merely 1/10 and 1/6 of that of Ti6Al4V substrates. In addition, there is barely any corroded product and crack on the
corroded surface of co-penetrated layers, indicating no corroded shedding phenomenon occurs. So the corrosion resistance are
obviously improved in the premise of keeping the basic properties of the substrate.
Key words: Ti6Al4V; W-Mo co-penetrated layer; glow discharge; corrosion resistance

Titanium and titanium alloys have been widely used due
to their outstanding properties such as high specific strength,
corrosion resistance and biocompatibility[1-3]. Essentially,
strong acids are chemically aggressive to materials and
plant in them. In addition, these materials are exposed to
different corrosion tests depending on the utilizing
environment and the nature of the material itself[4-6].
Titanium and titanium alloys matrix composites reinforced
with high strength modified layers such as Mo-Cr, Ti-N,
and Cu-Ti have attracted more and more attention in the
past few decades[7-9]. Among them, the W-Mo
co-penetrated layer produced by glow discharge plasma
technique is one of the preferred representative [10].
In recent years, various ceramic coatings (e.g., TiC, TiO2,
TiN and TiB) have been synthesized to improve the surface
properties of Ti alloys by chemical vapor deposition,
magnetron sputtering, electron beam evaporation, or

electrochemical deposition [11-14]. Liu et al. [15] investigated
the corrosion and tribological behavior of chromium oxide
coatings prepared by a duplex treatment of chromizing
followed by plasma oxidizing. A significant decrease in
average friction coefficient and an excellent corrosion
resistance have been obtained. Fossati et al.[16,17]
investigated the corrosion resistance of glow-discharge
nitrided samples in acid solutions. It indicated that the
glow-discharge nitrided samples possessed higher
electrochemical inertia and lower corrosion currents than
the untreated alloy after a period of immersion in high
oxidizing acid solution. Rossi et al.[18] confirmed that the
750 °C nitrided samples have poorer behavior than those
treated at 900 °C due to the limited thickness of the
modified layer and the lower corrosion resistance of nitride
ε formed in the nitrided layer.
However most of the studies focused on coatings

Received date: March 14, 2017
Foundation item: BIPT Breeding Project of Outstanding Academic Leaders (BIPT-BPOAL-2013); BIPT Breeding Project of Outstanding Young Teachers and
Management Backbones (BIPT-BPOYTMB-2015); Beijing Area Key Lab of Opto-Mechatronic Equipment Technology (KF2011-02 and KF2013-02)
Corresponding author: Chen Fei, Ph. D., Associate Professor, College of Materials Science and Engineering, Beijing Institute of Petrochemical Technology, Beijing
102617, P. R. China, Tel: 0086-10-81292097, E-mail: chenfei@bipt.edu.cn
Copyright © 2018, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.

724

Chen Fei et al. / Rare Metal Materials and Engineering, 2018, 47(3): 0723-0728

corrosion behaviors in 3.5 wt% NaCl solution[19-21].
Unfortunately, another equally important issue for
structural applications of their corrosion behaviors in acid
at RT, was often neglected. In the present work, a W-Mo
co-penetrated layer was prepared on the Ti6Al4V substrate
by hollow-cathode glow discharge plasma technique below
the β phase transition point. The corrosion behaviors of the
W-Mo alloying layer were investigated to make a
comprehensive assessment and to support the application of
this surface-alloying technology.

Experiment

The hollow-cathode plasma glow discharge system
employed in this paper is schematically given in Fig.1. An
inverted bucket surrounding the workload worked as anode.
The multilayer covers stabilize the co-penetrated
atmosphere and generate more W-Mo ions. As a result, even
when the substrate temperature was below β phase
transition point, the W-Mo ions could deposit and diffuse
into the matrix. The source electrode, acicular source (made
up of W-Mo alloy) and sample holder (made up of AISI 304
stainless steel), placed in the centre of the treatment
chamber, worked as a cathode. Once heated to a given
temperature, the surface activity of substrate electrode was
enhanced due to the Ar+ bombardment. The ions and atoms
deposited and diffused into the matrix; thus, an alloying
layer was developed on the substrate.
The sputtering target was a slice cut from W-Mo alloy
with a diameter of 20 mm. The substrates were
commercially available Ti6Al4V with a three-dimensional
size of 15 mm × 15 mm × 5 mm. Prior to deposition, the
substrates were machined, ground, and polished in
sequence, then ultrasonically cleaned in acetone and dried
in air. Other parameters are: target/substrate distance (8 cm);
base pressure (<1 Pa); working gas pressure (Argon,
99.99%, 30 Pa); sputtering voltage (750 V); substrate
temperature (800 °C); and deposition time (6 h).
The c ro s s - s ec t i on a l m o rph o lo gy an d e l e men t a l
distribution were detected by the scanning electron
microscope (SEM, SSX-550) and energy dispersive X-ray

2

Results

2.1 Morphology and elemental distributions
Fig.2 shows the XRD pattern of untreated and
co-penetrated Ti6Al4V samples. The alloying layer mainly
consists of AlMoTi2 and TixW1-x phases which are the
thermodynamically stable phases. The result of crosssectional scanning of the treated sample is demonstrated in
Fig.3. It can be seen that the co-penetrated layer consists of
two different layers, the outer one is a W-Mo deposited
layer and the inner one is a diffused layer. The existence of
the diffusion layer contributes a robust adhesion between
the deposited layer and the matrix. The co-penetrated layer
is continuous and compact, which exhibits higher chemical
stability than Ti6Al4V substrate. Compared with double
glow-discharge plasma surface alloying, there is no phase
transition in the process [18].
Fig.4 shows the cross-sectional EDS line analysis of the
co-penetrated layer. The white line in Fig.3 is the investigation
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spectroscope (EDS) respectively. The crystal structure of
the co-penetrated layer was measured by the X-ray
diffractometer (XRD, Bruker D8-Focus) with Cu Kα
radiation (λ= 0.15 406 nm), generated at 40 kV voltage and
40 mA.
The corrosion behaviors were evaluated in sulfuric acids
(H2SO4, 10 wt% and 40 wt%) and hydrochloric acid (HCl,
10 wt% and 20 wt%) solutions. All measurements were
performed using an electrochemical workstation (CS360) at
RT. The saturated calomel electrode (SCE) was used as a
reference electrode and the counter electrode (CE) was a
platinum plate. The coated and uncoated specimens were
employed as working electrodes (WE), with a naked
geometric area of 1 cm2. Potentiodynamic tests were
performed on specimens after 1 h of immersion to achieve a
stable open circuit potential (OCP), with a scanning rate of
0.5 mV/s from -1000 mV vs. OCP to + 1000 mV vs. OCP.
The surface morphology and phase composition after
corrosion were analyzed by SEM and XRD. In addition,
each test was repeated three times for all specimens.

2θ/( )

Fig.2

XRD patterns of untreated and co-penetrated Ti6Al4V
samples
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Potentiodynamic polarization curves of specimens in 10
wt% (a) and 40 wt% (b) H2SO4 solutions

Fig.4

Cross-sectional elemental distribution of the co-penetrated
layer

line of the composition distribution. The concentration of W
and Mo decreases gradually and the maximum content of W
approximates to 30 according to the results of EDS line
analysis. In the diffusion layer, the proportion of other
elements keeps constant comparing to that of the matrix. So
the diffusion of Mo and W achieved may be along crystal
defects[20], which strengthen the interface combination
between the depositing layer and the matrix. Besides, the
concentration of Ti element in the (1) area approximates to
that in (2) area, and neither the W element nor the Mo
element is detected in the (1) area. It indicates that grain
refinement occurs during the treating process.

2.2 Electrochemical corrosion behaviors
Fig.5 illustrates the potentiodynamic polarization curves
of the specimens in H2SO4 solutions (10 wt% and 40 wt%).
Compared with the Ti6Al4V substrates, the OCP of the
W-Mo co-penetrated layers increases by 110 and 50 mV,
respectively. In the 10 wt% H2SO4 solution, for substrates,
the passivation behaviors both occur at potential values of
320 mV (Ti6Al4V substrate) and − 290 mV (W-Mo
co-penetrated layer). In the 40 wt% H 2 SO 4 solution,
however, passivation is observed at −390 mV (Ti6Al4V
substrate) and −310 mV (W-Mo layer). The discrepancy
should be attributed to the presence alloying layer covering
the entire surface, which will block the corrosive media
diffusion to substrate and thus slows down the corrosion

rate. Therefore galvanic corrosion may occur between the
alloying layer and the substrate, in which the substrate is
anodically corroded. The obvious positive shift of Ecorr
reveals the enhancement in corrosion resistance.
The OCP, passivation potential (Epass), current density (Icorr)
and annual corrosion rate (Ia) obtained in H2SO4 solutions are
listed in Table 1. Ia of W-Mo co-penetrated layer are 4.47×10-3
and 6.34×10-2 mm/a, merely 1/15 and 1/13 of that of the
substrate, respectively. In addition, Icorr of the substrate is
almost ten times that of the W-Mo co-penetrated layer. It
demonstrates that the corrosion resistance of the Ti6Al4V
substrate is significantly improved by the surface alloying
technique. It should be attributed to the diffused W and Mo
elements, which reinforce the thermodynamic stability and
finally improve the corrosion resistance of the Ti6Al4V
substrate [7].
Fig.6 illustrates the potentiodynamic polarization curves
Table 1

Electrochemical corrosion results of specimens in
H2SO4 solution

Specimen
TC4
Alloying layer
TC4
Alloying layer

H2SO4/ OCP/
wt%
mV

Epass/
mV

Icorr/

Ia/

mA·cm-2

mm·a-1

−530

−290

1.04×10-1

6.89×10-2

−420

−320

1.25×10-2

4.47×10-3

−510

−390

9.98×10-1

8.42×10-1

−460

−310

1.89×10-1

6.34×10-2

10
40
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of the specimens in 10 wt% and 20 wt% HCl solutions. It
can be observed that the Ecorr values for W-Mo co-penetrated
layer toward the positive direction have increased by 70 mV
and 56 mV comparing to Ti6Al4V substrates, respectively.
However, no passivation behavior occurs for both the
substrate and the W-Mo layer in HCl solutions, which
differs from those in the H2SO4 solutions.
Table 2 shows OCP, Epass, Icorr and Ia obtained using both
cathodic and anodic branches of the Tafel curves. As shown
in Table 2, Ia of W-Mo co-penetrated layers are 4.37×10-3
and 5.48×10-3 mm/a, only 1/5 and 1/7 of that of the TC4
substrates in 10 and 40 wt% HCl solutions, respectively.
Moreover, Icorr of the substrate is almost six times that of the
W-Mo co-penetrated layer in HCl solution.

3

Discussion

The results listed in the previous sections clearly indicate
that the W-Mo co-penetrated layer significantly influences
the corrosion resistance properties of Ti6Al4V alloy.
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Fig.7 shows the corroded surface morphologies of Ti6Al4V
substrates after immersed in H2SO4 (40 wt%) and HCl (20
wt%) for 15 d. A lot of pits with the maximum diameter of 25
µm and cracks are observed on the corroded surface. From the
further enlarged observation (insert pictures), the corroded
products tend to be loose and drop off the specimens as a
result of the corrosion pits. As reported, the corrosion
damaging is quite generalized and uniform inside the crevices
suggesting an active corrosion mechanism[16], probably due to
the decrease of the local pH values inside the crevices.
Fig.8 and Fig.9 illustrate the XRD patterns of the
corroded surface, where TiH1.5, TiH, TiO and TiO1.04 peaks
are detected. However, no TiO2 phases are detected after
immersed in the reducing acid solution.
The dissolution reaction of titanium oxide:
(1)
TiOx+2xH+ =Ti2x++xH2O
The overall reaction of titanium in strong reducing acid:
(2)
2Ti+6H+=2Ti3++3H2
Fig.10 shows the SEM morphologies of W-Mo copenetrated layer after immersed in 40% H2SO4 and 20%
HCl for 15 d. It should be noted that the surface of W-Mo
co-penetrated layer appears to be almost uninfluenced and
barely a localized corrosion is visible in very few points
(Fig.10a). There is barely any corroded products on the
corroded surface, indicating no corroded shedding
phenomenon. Furthermore, SEM analysis has shown that the
localized corrosion can be attributed to the nucleation of few
small pits. In the case of samples tested in 20% HCl solution
even if no appreciable crevice attack is present very little
amount of corroded products are observed, suggesting
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Table 2 Electrochemical corrosion results of specimens in HCl
solutions
Specimen
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mV
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Fig.7

Corroded surface morphologies of Ti6Al4V substrates
after immersed in 40% H2SO4 (a) and 20% HCl (b)
solutions for 15 d (insets show the partial enlargements of
the overall views)
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that continuous and compact structures lead to the
improvement of corrosion resistance, due to the formation
of a protective W-Mo co-penetrated layer. Since the
alloying layer formed on the substrate is allowed to be cool
in the furnace rather than in air, it possesses a lower
porosity. It is believed that the corrosion resistance is
improved due to the coverage of its surface by W-Mo
co-penetrated layer, which serves as an effective barrier
layer, physically separated it from the acid medium.
Secondly, the presence of AlMoTi2 and TixW1-x phases
which reinforce the thermodynamic stability significantly
reduces the rate of corrosion. And in addition, it can also be
deduced and inferred that an increase of W-Mo elements in
the content leads to the improvement in the corrosion
resistance of Ti6Al4V[23].
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Conclusions

1) Using a hollow-cathode glow discharge plasma
technique, W-Mo co-penetrated layer is produced onto
Ti6Al4V substrate below the β phase transition point. The
W-Mo co-penetrated layer could achieve higher corrosive
polarization resistance and relatively stable corrosion
potential in acid (H2SO4 and HCl).
2) The Icorr of W-Mo co-penetrated layers occupy merely
1/10 and 1/6 of that of Ti6Al4V substrates at room
temperature. Therefore, hollow-cathode glow discharge
co-penetrated treatment, performed below the β phase
transition point, is an effective technique to largely increase
the corrosion resistance in reducing acid of Ti6Al4V
substrate.
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