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ABSTRACT

ARTICLE INFO

The tribological properties of Ti-6Al-4V alloy are generally poor. This study
was an attempt to produce a hardened surface layer on this alloy for longer
service life during severe wear conditions. For this purpose, laser surface
cladding of this alloy with vanadium carbide (VC) powder was performed
using a YAG Fiber laser at power strengths of 1000 W, 1500 W, and 2000 W
and a travelling speed of 4 mm/s. Surface cladded layers of Ti-6Al-4V alloy
metal matrix composite reinforced with VC particles were produced on the
substrate under all processing conditions. The size of the cladding layer was
increased by increasing the processing power. The cladding layer was well
bonded to the substrate, especially at higher processing powers. The VC parti-
cles were homogenously distributed within the cladding layer at processing
powers of 2000 W and 1500 W, whilst it showed some clusters at a power of
1000 W. Some of the VC particles were melted and re-solidified as fine long
dendritic structures during the laser treatment. The cladding layer produced
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under all processing conditions exhibits remarkable improvement of hard-
ness and wear resistance (almost twice). As the processing powers decreased,
the surface of the cladding layers showed higher hardness. The cladding layer
also showed improved corrosion resistance.

© 2014 PEI], University of Maribor. All rights reserved.

1. Introduction

Titanium and its alloys are used for manufacturing of some components in automobile, aero-
space, marine, medicine, chemical and energy industries, due to their improved properties such
as high strength-to-weight ratio, excellent corrosion resistance, high temperature strength, high
Young’s modulus and high cycle fatigue properties [1-3]. Ti-6Al-4V alloy is considered the most
used alloy in these applications. However, the uses of this alloy in the severe environments,
where the wear is the main failure mode, are limited due to its poor wear resistance [4]. To
overcome this problem, it is necessary to improve the surface wear resistance. Many different
traditional surface modifications such as surface hardening [5] and surface cladding [6, 7] are
applied to improve wear and erosion characteristics of the surfaces of Ti alloys. Various tech-
niques such as thermal spraying [8], plasma spraying [9], traditional arc welding and focused
energy technologies like electron beam [10] and laser [11-13] have been employed. The exces-
sive energy input from the traditional welding processes such as shielded metal arc welding or
even gas tungsten arc welding may cause some undesirable distortion and residual thermal
stresses which may cause cracks in the hardened layer [6, 7]. Laser surfacing has been suggested
as a potential technique to produce a hard surface layer of Ti alloys for a number of reasons. The
most important one arises from the fact that laser beam has rapid heating and cooling, which
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can easily produce special types of microstructure with novel properties that cannot be pro-
duced by other conventional processing technique [14, 15]. Generally, the obtained microstruc-
ture in the laser treated area is dependent on the heating and cooling cycles that take place dur-
ing the process, which in consequence depends on the laser parameters [16]. Other merits of the
laser surfacing are to produce a hard layer with low dilution and deformation, relative cleanli-
ness, lack of quenching medium and limited grain growth during the heating [11].

Laser cladding process is considered one of the laser surfacing techniques that can produce Ti
alloy-based composites clad layer where hard particles such as carbides, borides, and nitrides
are used to reinforce the Ti alloy [17]. In this case, the wear properties can be improved by the
combination of embedded hard carbide particles and the rapid heating and cooling which forms
hard structure matrix. The widely used carbide particles as reinforcement are titanium carbide
(TiC) and vanadium carbide (VC). VC possess many favorable properties, such as high hardness
(2460-3150 HVoo0s5) [18], high melting temperature (2830 °C) [19], low heat conductivity [20],
certain plasticity, and good wettability to metal bonding. Moreover, VC has a low-friction coeffi-
cient [21]. Besides, when VC is used in high temperatures, it is oxidized to vanadium oxide
(V20s), which is characterized by self-lubrication performance [22, 23]. This advantageous com-
bination can create a protective coating layer on the surface of the composite material with en-
hanced resistance against thermal, corrosion and mechanical wear [24, 25].

Thus, in the present study, we aim to investigate the effects of main laser parameters and rap-
id solidification on the microstructure, hardness and wear behaviour of Ti-6Al-4V alloy surface
cladded by VC powder. Microstructural changes in the build-up, melted, and heat affected zones
are examined in details.

2. Experimental work

Specimens of Ti-6Al-4V alloy were used as substrate with dimensions of 100 mm x 50 mm x 3
mm. The surfaces of specimens were cleaned and the oxides were removed by grinding using
emery papers. In order to avoid the oxidation of the strip during the treatment, argon with the
flowing rate of 15 L/min was used as a shielding gas during and after the treatment. The clad-
ding treatment was carried out using VC powder with 40-50 pm particle size as a cladding mate-
rial and YAG Fiber laser (Ytterbium laser system, YLS-3000 SM, 3 kW). The powder was pre-
placed on the top surface of the strip with 0.5 mm height and then emitted by laser beam. The
treatments were conducted at different laser power strenghts of 1000 W, 1500 W, and 2000 W,
and at fixed travelling speed of 4 mm/s. The process was conducted at a defocusing distance (D)
of 24 mm. The microstructures of the coated layer and substrates were investigated using opti-
cal microscope and scanning electron microscope equipped with EDS (Energy-dispersive X-ray
spectroscopy) analyser. The micro-Vickers hardness in the coated layer cross-section and the
substrate were measured with an indentation load of 9.8 N and loading time of 15 s at room
temperature. The wear behaviour of the laser cladded zone was evaluated using a pin-on-disk
dry sliding wear tester in air at room temperatures. A stationary sample with a diameter of 2.5
mm was slid against a rotating disk with a rotational speed of 265 rpm for 15 min. The tests
were carried out at a fixed load of 2 kg applied to the pin. Before the test, all the specimens were
ground on emery paper up to # 600 to get smooth and flattened surface. The specimens were
weighted before and after the test with a sensitive electronic balance with an accuracy of 0.001
g. The differences in average weight before and after the wear test were measured and account-
ed. Three specimens of each condition were chosen for wear tests. The untreated base metal was
selected as the reference material for the wear test. The corrosion behavior of the substrate and
the cladding layer were evaluated by the corrosion current density and the corrosion potential
obtained from polarization curves in a 3 wt. % NaCl solution at room temperature with an IM-6
electrochemical workstation. The scanning potential can be in the range of -1.0 V to +2 V, and the
scanning rate was 5 mV/s.
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3. Results and discussion
3.1 Macro and micro-structure analysis

Fig. 1 shows the macrographs of the cross-sections of the surface laser treated layer at different
processing powers. The treated layers in all conditions appeared as nearly half moon shape in-
side the Ti alloy substrate. This is may be due to the higher defocusing distance that penetrate
the heat into deeper areas and increase the dilution of the cladding materials with the substrate.
It was clear from these figures that the area of the cladding layer is in direct proportion to the
laser power. At laser power of 2000 W, the cladding layer appeared as a deeper complete half
moon above the substrate, while it appears as a narrow band at laser power of 1000 W. The di-
mensions of laser treated zones were 2.99 mm width and 0.52 mm depth for 1000 W, 3.05 mm
width and 0.61 mm depth for 1500 W, and 3.1 mm width and 0.73 mm depth for 2000 W. This is
due to the more heat input that produced at higher powers which melts the cladding materials
together with more areas from the substrate. The microstructures of the cladding layer treated
by power of 2000 W are shown in Figs. 2 and 4. Many (white color) fine long dendrites with
short secondary arms were precipitated inside the Ti alloy as clearly shown in Fig. 2. EDS
demonstrated that these dendrites were VC, as shown in Fig. 3(b), while the matrix was Ti alloy
substrate, Fig. 3(a). This means that a surface composite consisted of Ti alloy reinforced with VC
dendrites was produced in the cladded layer. In addition, the dendrite morphology of the high
melting point VC particles means that they were melted and then solidified during the laser pro-
cessing. As it is well known that laser technology is characterized by a high energy density and
ceramics have a much higher capability to absorb laser energy than metals [26]. Therefore, VC
particles were melted (or partially melted) in spite of its extremely high melting point, and then
solidified by the self-quenching effect of the very high cooling rate after laser surface treatment.

Fig. 1 Macro-views of the cross-sections of the surface laser cladding layer at
different processing powers of 2000 W, 1500 W, and 1000 W
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Fig. 2 Micrographs of the top portion of the laser cladding layer near the free surface
produced by processing power of 2000 W
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Fig. 3 EDS analysis of: (a) matrix, and (b) dendritic structure that appeared in the cladding layer
produced at processing power of 2000 W

Fig. 4 Micrographs of the lower portion of the laser cladding layer produced by
processing power of 2000 W showing the interface with the substrate

By going down through the cladding layer, near the interface, some fine VC particles are ap-
peared distributed homogenously inside the Ti alloy matrix as shown in Fig. 4. In this area, the
higher heat input melts the course VC particles. The relatively lower cooling rate at this embed-
ded area was not fast enough to form VC dendrites. So, it appeared as fine VC particles. It is obvi-
ously to note here that the cladding layer was tightly bonded to the substrate without any de-
fects as shown in Fig. 4.

At processing power of 1500 W, the amounts of VC dendrites are reduced and it concentrates
at the top portion of the cladding layer (near the free surface) as shown in Figs. 5(a) and 5(b).
The VC morphology is appeared as some dendrites mixed with particles. At the lower portion of
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the cladding layer (near the interface), the VC particles appeared as their original course parti-
cles shape, as clearly shown in Figs. 5(c) and 5(d). The heat generated is not enough to melt most
of the added VC particles. Most of the VC dendrites are concentrated at the top center of the
cladding layer where the heat is concentrated.

When the laser processing power was reduced to 1000 W, the generated heat is not enough
to melt the added VC particles. There was almost no dendritic VC morphology in the cladding
layer produced at this condition as shown in Fig. 6. Moreover, the VC particles accumulated in
clusters as shown in Fig. 6(c). The lower heat input at this condition reduces the dilution process
of the VC particles in the Ti alloy matrix. This causes that the VC particles to concentrate in small
area in their original shape.

Fig. 5 Micrographs of the laser cladding layer produced by processing power of 1500 W:
(a) and (b) - top portion near the free surface, (c) and (d) - lower portion

Fig. 6 Micrographs of the laser cladding layer produced by processing power of 1000 W:
(a) - right side of the cladding layer, (b) - left side, (c) - lower center, (d) - center of the cladding layer
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3.2 Surface and subsurface microhardness evaluation

Fig. 7 shows the hardness distribution along the depth direction of the laser-cladded areas at
different powers. The substrate has an average microhardness value of approximately 360 HV.
At all condition, high microhardness values (almost twice as the substrate) were obtained at the
surface and a certain subsurface layer and decreased towards the substrate. This is due to the
presence of hard VC particles with a great amount in these areas.

These results also indicate that the increase in processing power cause a decrease in the free
surface hardness improvement and an increase in the hardened zone depth. The decrease in
processing power decreases the amount of the heat input and consequently the dilution is de-
creased. As a result, the volume fractions of VC in the cladded layer are increased. This repre-
sents a main reason for the high hardness values resulted in case of the low processing power.
Conversely, the increase of processing power increases the heat input and consequently the dilu-
tion is increased. As a result, the volume fractions of unmelted VC in the cladded layer are de-
creased. Moreover, during the re-solidification, some carbon came from the melted VC particles
can be pushed by the solidification front due to it has low solubility in Ti [20, 21]. For that rea-
son, the percentage of carbon in this region can be increased. This can be represents one of the
main reasons for the high hardness at this region.

The hardness distributions at powers of 2000 W and 1500 W showed almost homogenous
trend, which that at power of 1000 W showed inhomogeneous distribution. This may be due to
the homogeneity of the VC particles inside the cladding layer, which confirm the microstructure
analysis.
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Fig. 7 Microhardness profiles through the depth of the laser treated zone obtained at different laser powers

3.3. Wear rate of the developed surface layer

The wear rates were calculated for the cladded layer and the substrate material as described in
the experimental work. From Fig. 8 it is clear that the addition of VC powder on the Ti alloy sub-
strate with the aid of laser improved the overall wear resistance of the MMC produced in the
cladding zone on the surface. The three conditions of 2000 W, 1500 W, and 1000 W processing
powers gave high reduction in wear rate. Generally, the improved wear resistance in the laser
cladded zone can be mainly attributed to the higher hardness of this zone due to: i) the presence
of VC in the form of refined particles and dendrites, ii) the carbon diffusion in the matrix and iii)
the strong interface bonding between the Ti alloy matrix and the VC reinforcement. The hard
reinforcing phase (VC) act as load-bearing compounds and resist the plastic deformation of the
matrix phase. With the increase of power, the volume fraction of unmelted VC was decreased
(due to the increase of dilution) and as a result the improvements in hardness and the wear re-
sistance of the cladded zone were decreased. In the same time, the non-homogeneous distribu-
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tion of VC particles inside the cladding layer at power of 1000 W increases the weight loss, and
in consequence, reduces the wear resistance.

Regarding the corrosion resistance evaluation, the sample treated at processing power of
1500 W was chosen due to that it gave the best results regarding the dimensions, microstruc-
ture, hardness, and wear resistance of the resulted zone. Fig. 9 shows the polarization curves of
Ti alloy substrate and the treated layer. From this figure, it is clear that the corrosion potential of
the treated sample was shifted to more positive than that of the Ti alloy substrate. Also, the cor-
rosion current of the treated layer showed lower values than that of the Ti alloy substrate. It is
well known that when the potential is increased and the current is decreased, the polarization
resistance is increased and the material show improved corrosion resistance. Thus, it is clearly
evident that the laser melting of Ti alloy had a positive influence on its the corrosion behavior.
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Fig. 8 Wear weight losses of untreated and laser cladded specimens with different laser powers
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Fig. 9 Polarization curves of the substrate (a), and the cladding layer produced with
processing power of 1500 W (b)
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4. Conclusion

The surface of Ti-6Al-4V alloy was treated by laser cladding in argon atmosphere at processing
powers of 2000 W, 1500 W, 1000 W, and fixed travelling speed of 4 mm/s. For this purpose, the
YAG Fiber laser and VC powder as a cladding material with 30-40 pm particle size were used.
The treated specimens were investigated in macro and microscopically scale using optical and
scanning electron microscope. Surface and subsurface hardness, and wear and corrosion re-
sistances were evaluated. The results of this work led to the following conclusions:

o Surface cladded layers of Ti-6Al-4V alloy metal matrix composite reinforced with VC parti-
cles were produced on Ti-6Al-4V alloy at all processing conditions. The size of the cladding
layer is increased by increasing the processing power. The cladding layer was well bonded
to the substrate, especially at higher processing powers.

e The VC particles were homogenously distributed within the cladding layer at processing
powers of 2000 W and 1500 W, while it shows some clusters at power of 1000 W.

e Some of the VC particles were melted and re-solidified as fine long dendritic structure dur-
ing the laser treatment.

e The cladding layer produced at all processing conditions resulted in remarkably im-
provement of hardness and wear resistance (almost twice). As the processing powers de-
creased, the surface of the cladding layers showed higher hardness. Higher laser power
leads to a deeper hardened zone.

e The laser treated layer show improved corrosion resistance.

e The application of Ti-6Al-4V alloy can be widen by this surface treatment to include severe
and harsh environment. Moreover, it can prolong their service life.
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