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Abstract

Background/Objectives: The poor wear resistance of pure titanium has
significantly limited its industrial and biomedical applications, especially when
it is used in severe conditions. To overcome this limitation, surface treatment
must be done to improve the wear resistance without negatively affect its
excellent corrosion resistance. Methods: To prepare titanium for use under
severe wear and friction conditions, its surfaces were laser melted using YAG
Fiber laser at powers of 1000, 1500 and 2000 W, and travelling speeds of 4
and 30 mm/s. The processes were conducted in argon atmosphere. Findings:
In all cases, three zones were observed: melted zone, heat-affected zone and
base metal. The increase of the power and/or decrease of the travelling speed
caused increases in the depths of the melted zones. Acicular martensite o'
structure was observed within the melted and solidified zone. A hardened
surface layer of 445 HV with improvement of 62%, with reference to CP-Ti base
metal, was produced by application of the treatment at power of 1000 W and
travelling speed of 4 mm/s. When the travelling speed with increased to 30
mm/s, the surface hardness reached 710 HV. The depth of hardened layer was
increased from nearly 0.6 mm to 0.8 mm by increasing processing power from
1000 W to 2000 W at travelling speed of 4 mm/s. Remarkable improvements
in wear and corrosion resistances of the treated specimens were achieved.
The weight losses of the un-treated substrate were almost 5 times (2.4 gm)
of the laser treated sample at 1500 W and 30 mm/s (0.5 gm). For corrosion,
the corrosion potentials were shifted to more positive values and the corrosion
current was shifted to more negative values for the laser treated sample at 1000
W compared to the un-treated sample. Applications: the findings will widen
the application of pure titanium in many biomedical and industrial fields.
Keywords: Commercially pure titanium; surface microhardness; wear
resistance; corrosion resistance; laser surface melting
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1 Introduction

Titanium alloys are extensively used in wide range of applications such as biomedical, automotive and aircraft industries 1%,
marine and chemical industries due to their low density, high weight-to-strength ratio, excellent resistance for corrosion,
oxidation and high-temperature >, Among titanium alloys, pure titanium (Ti) has excellent corrosion resistance against most
of corrosive media. Also, pure Ti is more biocompatible with human fluids and tissue than other materials ®. At the same time,
pure titanium has a low elastic modulus, which is similar to that of cortical bone, which considers it a good candidate for
orthopedic implants”). However, the application of pure titanium, especially for the coarse-grained titanium, under severe
wear and friction conditions is highly restricted due to their poor tribological properties®. In addition, the most failures in
pure titanium that are used in medical implants are wear and fatigue. For that reason, pure titanium could leave metal debris in
the tissue in fretting conditions ®). In addition, titanium suffers from a reduction in its bone integrative properties after sustained
exposure to a physiological environment ®). For these severe conditions, Ti-6A1-4V alloy can be used for orthopedic and dental
implants. On the other hand, the elastic modulus of this alloy is much higher than that of cortical bone in addition to the
toxicity of V and A1(19. This weakness phenomenon of pure Titanium was detected also in industrial applications. It has been
found that most of the catastrophic failures in most of this material commonly was fatigue and originate at the surface, edges,
trailing edges, tips, and roots 1), To overcome these problems, many surface treatments are applied. The conventional surface
hardening (chemical heat treatment) such as nitriding!?, carburizing'?), boriding'¥, and thermal spray coatings '>'®) can
deform the workpiece and the treatments take long times 17). Also, limited bond strength between the coating and the substrate
is resulted in cases of thermal spray coatings (17,

These problems can be eliminated, and the wear and corrosion resistances of pure titanium can be enhanced by application
of laser surface treatments such as melting'® and cladding ). As reported by Pei and Hosson ??), the surface of the specimens
treated by laser surface melting is modified mainly by the homogenization and refinement of the microstructure. As a result, the
wear, corrosion, and fatigue properties of the parts can be improved. The main advantages of this process over the traditional
surface treatments are high cooling rates and low distortion ). The high cooling rate can enhance the hardness and ductility for
most fine-grained materials when compared to their coarse-grained counterparts ??. In terms of biocompatibility, as reported
in®), the laser surface melting treatment decreases the contact angle with the human cell and as a result more cell adhesion to
the surface. Generally, for pure titanium, the problem of enhancement of their tribological *>?%), mechanical and fatigue >>2°)
properties remains the issue of the day ¥, Therefore, the present work has been planned to modify the surface of pure Ti by
laser surface melting.

2 Materials and Methods

The surface of commercially pure titanium (CP-Ti) specimens with dimensions of 100 X 60 X 7 mm was modified by laser
surface melting using 3 kW single mode fiber laser system (YLS-3000-SM, IPG Photonics) with laser power of 3 kW and Beam
diameter of 40 um. The surfaces of specimens were cleaned, and the oxides were removed by grinding using emery papers. Then,
the specimens were washed with alcohol to remove any contaminates. The treatment was carried out at processing powers
of 1000, 1500 and 2000 W, and travelling speeds of 4 and 30 mm/s. The focal distances were 24 and 8.5 mm at speeds of 4
and 30 mm/s, respectively. The processing conditions are summarized in Table 1 . The processes were carried out in argon
atmosphere. The microstructures of the coated layer and substrates were investigated using optical microscope and scanning
electron microscope equipped with EDX analyzer. The micro-Vickers hardness in the treated zone and the substrate were
measured with an indentation load of 9.8 N and loading time 15s at room temperature. The wear behaviour of the laser treated
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 accounted. 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 to +2 V, and the scanning rate was 5 mV/s.
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Table 1. Laser processing conditions

Sample No. Powers, W Travelling speed mm/s Defocusing distance, mm
#1 2000 4 24
#2 1500 4 24
#3 1000 4 24
#4 1500 30 8.5

3 Results and Discussion

3.1 Macro- and micro-structures analysis

The pure titanium that used as a base metal was consisted of coarse long parallel o-platelets as shown in Figure 1. The optical
macrographs of laser treated CP-Ti are shown in Figure 2. Figure 2a, b & ¢ show the macrostructures produced by application
of the treatment at fixed travelling speed of 4 mm/s and process powers of 2000, 1500 and 1000 W, respectively. However,
Figure 2d represents an example for macrostructure produced at high travelling speed; 30 mm/s and processing power of 1500
W. In all cases, three zones were observed: laser-melted zone (MZ), heat-affected zone (HAZ) and base metal (BM). From
these figures, it is clear that, the depths of the resulted zones; melted and solidified and heat affected zone; are affected by the
treatment conditions. Generally, the depth of the treated zone was decreased by decreasing the laser powers, as clearly shown in
Figure 2(a-c). At laser power of 2000 W, the heat input became very large, and in consequence, the cooling rate became relatively
slow which enlarge the depth of the MZ (0.8 mm). When the laser power decreased to 1000 W, the generated heat input was
reduced, and the cooling rate become very fast yielding a melted zone of about 0.6 mm depth. The depth of heat affected zone
was also increased by the increase of processing power. On the other hand, the widths of the melted and solidified zones were
nearly remained constant in these conditions (1000, 1500 and 2000 W with 4 mm/s). By increasing the travelling speed from 4
mm/s to 30 mm/s and decreasing the focusing distance from 24 to 8.5 mm, some changes were noticed in the macrostructure,
as shown in Figure 1 d. In this case, the depths, and widths of both melted and heat affected zones were remarkably decreased.
The increase of travelling speed decreases the heat input per unit area, and thus, the depth and width of the two zones (MZ and
HAZ) are decreased. Also, the decrease of the focusing distance concentrated the heat only on the surface which decreases the
width and depth of the melted zone.

The optical and SEM micrographs for the microstructures of the different zones (MZ and HAZ) after application of laser
surface melting at fixed travelling speed of 4 mm/s and processing power of 2000 W are shown in Figure 3. The structure of the
melted and solidified zone was consisted of &’ martensite in its acicular morphology together with coarse plate-like ¢ phase
as shown in Figure 3(a-c). The formation of acicular &’ martensite may be due to the rapid cooling during solidification. The
arms of the acicular &’ martensite were relatively thick and short. Regarding the heat affected zone, as shown in Figure 3(d), it
was consisted of short a-platelets in addition to some ¢ martensite. When the processing power was decreased to 1500 W at
the same travelling speed of 4 mm/s, the amount of acicular &’ martensite was increased with longer length in both melted
and heat affected zones as shown in Figure 4. When the processing power was decreased, the cooling rate during solidification
became faster, which increase the amount of acicular o martensite. Figure 5 shows the micrographs for the microstructures
of different zones for the specimens treated at processing power of 1000 W and travelling speed of 4 mm/s. More acicular thin
and long o’ martensite appeared in the melted zone. At the same time, plate-like o phase was detected.

Fig 1. Microstructure of the commercially pure titanium base metal.
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Fig 2. Optical macrographs of the cross-section of the laser treated zone at (a) power of 2000 W and travelling speed of 4 mm/s, (b) power
0f1500 W and travelling speed of 4 mm/s, (c) power of 1000 W and travelling speed of 4 mm/s, and (d) power of 1500 W, travelling speed
of30 mm/s. The defocusing distance was 24 mm at (a-c) and 8.5 mm at (d).

Fig 3. Optical and SEM micrographs of the laser treated zone with processing power of 2000W and travelling speed of 4 mm/s.
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Fig 5. Optical and SEM micrographs of the laser treated zone with processing power of 1000W and travelling speed of 4 mm/s.

https://www.indjst.org/ 4559


https://www.indjst.org/

Mahmoud / Indian Journal of Science and Technology 2020;13(46):4555-4563

To study the effect of extremely higher cooling rate, both the travelling speed and the defocusing distance were changed to
be 30 mm/s and 8.5 mm, respectively. Figure 6 shows the microstructures of the melted zone (Figure 6(a)) and the heat affected
zone (Figure 6(b)). The melted zone was consisting of very fine acicular &’ martensite. This is due to the very rapid cooling rate
at this condition. Moreover, the heat affected zone also shows fine o’ martensite.

Fig 6. Optical micrographs of the laser treated zone with processing power of 1500 W, travelling speed of 30 mm/s, and defocusing distance
of 8.5 mm, where (a) melted zone and (b) heat affected zone.

3.2 Surface and subsurface layer microhardness evaluation

The microhardness on the top surface and the cross-sectional region of the CP-Ti in the as-received condition and after laser
surface melting has been taken for the Vickers load of 9.8 N and loading time of 15 Sec. The average value of hardness for the
untreated base material is about 275 HV. Figure 7 shows the variation of microhardness for the laser treated samples at different
processing powers; 2000, 1500 and 1000 W; and fixed travelling speed; 4 mm/s. Also, the hardness of the high travelling speed
(30 mm/s) sample is also demonstrated. As it can be seen, the hardness showed higher values at the melted and solidified
zones. This enhancement of hardness can be mainly ascribed to the change of & phase to acicular” martensite &’ structure and
grain refinement. The rapid cooling after laser surface melting (up to 10° ° K/s?”)) leads to formation of meta-stable structure
with fine structure which improves the hardness. In all cases of the present study, refined structures with modified martensitic
structure resulted in the melted and solidified zone due to the application of the laser surface melting treatment. The power of
the laser beam is one of the main factors in laser surface melting (LSM) which alter the depth and width of melted and heat
affected zones to obtain desired surface properties. The hardness values near the free surface treated with low power; 1000 W;
are higher than those in the two other cases; 1500 and 2000 W. For example, the hardness reached to 445 HV in case of 1000
W, while it reached to 400 HV in case of 2000 W. On the other hand, the laser power has a straight effect on the depth of the
hardened zone. As the laser power is increases, the higher hardness appeared to a deeper depth inside the materials (Compare
the plot of hardness for 2000 W and that of 1000 W). Regarding the hardness of the sample treated at fast travelling speed (30
mm/s) with a defocusing distance of 8.5 mm, it shows a higher value (it reaches 710 HV) but within a shallow depth.
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Fig 7. Hardness distribution along the depth of laser treated zone with different processing powers and travelling speeds.
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3.3 Wear resistance evaluation

The wear resistance of the laser treated surfaces together with the un-treated CP-Ti surface was investigated through pin-on-
disk dry sliding wear test and the results were summarized in terms of weight losses in Figure 8. It is clear from this figure that
the laser treatment with all processed condition is remarkably increased the wear resistance of the CP-Ti. The weight loss of the
un-treated substrate was almost twice of even the softer treated condition (2000 W). This is due to the faster cooling rate of the
laser surface technology which melted a thin layer of the surface and then allowed it to be solidified in a very short time. This
fast cooling is an optimum chance to form the hard martensite structure. This martensitic structure strengthens the surface
and resist the materials removal during the wear test and inconsequence the field wear conditions. When the processing power
decreased at fixed travelling speed, the heat input deceased, and the cooling rate increased. This increment in the cooling rate
produce more finer martensite structure in the surface which directly affect the wear resistance (lower materials weight loss) as
clearly shown in the step column in Fig. 8. The weight losses of 1000 W sample was almost half of that of 2000 W. Increasing

the travelling speed to 30 mm/s accelerate the cooling rate and it directly reduce the wight loss to almost 0.5 gm.

Weight loss, gm

=
n

Jlll-

Un-treated 2000 W, 1500 W, 1000 W, 1500 W,
sample 4 mm/s 4 mm/s 4 mm/s 30 mm/s

Fig 8. Wear weight losses of the laser treated surfaces at different processing powers and travelling speeds together with the un-treated CP-Ti

alloy.
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3.4 Corrosion resistance evaluation

For simply corrosion resistance evaluation, one of the laser-treated sample (1000 W) was compared with the un-treated CP-
Ti through polarization curves and the results were shown in Figure 9. By comparing the curves of Figure 9(a) with 9 (b), the
corrosion potential (X-axis) shows more negative values for the un-treated sample (a), while it shows more positive values for the
laser treated sample (Figure 9(b). At the same time, the Y-axis of the corrosion current shows more negative values for the laser
treated sample compared to the un-treated sample. As stated in many works ?*-3?), when the corrosion potential shifts to more
positive values, the polarization resistance increase. Also, when the current density decrease, the corrosion resistance increase.
The resulted finer microstructure of the laser treated surface has a strong influence on chemical stability and it enhances the
corrosion resistance.

Current, A (long)
I
P
A
\
\
Current, A (long)
v &
\
§
S
>

R
o

EI Potential EI Potential

Fig 9. Polarization curves of the un-treated CP-Ti substrate (a), and the laser treated sample produced at processing power of 1000 W and
travelling speed of 4 mm/s.

4 Conclusion

The surface of commercially pure titanium (CP Ti) was treated by laser melting in argon atmosphere at different processing
powers (2000, 1500 and 1000W) and travelling speeds of 4 and 30 mm/s. The treated specimens were investigated in macro
and microscopically scale using optical and scanning electron microscopes. Microhardness measurements were also carried
out through the thickness of the laser treated zones. Wear and corrosion resistances of the treated zones were evaluated. The
results of this work led to the following conclusions:

o The laser treated areas with all applied conditions resulted in sound melted and solidified zone on the surface of the
commercially pure titanium without any noticeable defects.

o The increase of the processing power and/or decrease of the travelling speed cause increases in the depth of the melted
and heat affected zones.

o Acicular martensite ¢ structure was observed within the melted and solidified zone in all experimental conditions. The
amount of this acicular martensite o’ structure was increased and its depth was decreased by decreasing the processing
power.

o The surface hardness of the CP-Ti sample was improved of 62% when treated at processing power of 1000 W and travelling
speed of 4 mm/s. As the processing power was increased, the hardness improvement was decreased.

« The wear and corrosion resistances were remarkably improved by application of laser surface melting.
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