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ABSTRACT

The surfaces of cold sprayed Ti-6Al1-4V (Ti164) coatings were laser irradiated with different laser
powers of 50-200 W to study the effects of Nd:YAG laser surface treatment on their tribological
properties. The hardness of the laser treated T164 coatings became higher with higher laser power
due to the more rapid cooling caused by a larger temperature difference between the coating
temperature and room temperature. The wear of the laser treated Ti64 coatings tested against 6 mm
100Cr6 steel balls under dry condition at room temperature decreased with increased laser power as
a result of their increased surface wear resistance associated with their increased surface hardness. It
could be concluded that the laser surface treatment of the cold sprayed Ti64 coatings improved their

surface wear resistance compared to that of the untreated Ti64 coatings.
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INTRODUCTION

Thermal spray processes are widely used in aerospace industry for repair purposes due to their
versatilities and high deposition rates, and a wide range of applicable materials [1]. However,
metallic coatings produced via thermal spray processes have high porosity and oxidation levels,
high thermal residual stress, and so on [2-8]. Therefore, low temperature cold spray process is
considered as an alternative process to produce metallic coatings with much lower porosity and
oxidation levels, lack of thermal residual stress, cold worked microstructure, and higher thickness
compared to those of thermally sprayed metallic coatings [2-8]. Unfortunately, the private nature of
the cold spray technology and its research and development stage make available data on the

tribological properties of cold sprayed metallic coatings insufficient for successful applications [5].

Ti-6Al-4V (Ti64) alloy is widely used for aerospace applications because it possesses high specific
strength, high elastic modulus, light weight, and high corrosion resistance [5-11]. However, the
poor abrasive wear resistance of Ti64 alloy limits its tribology related applications. Several
researchers reported that cold sprayed metallic coatings had higher wear resistance than their
relevant commercial metals [5, 6, 12-14]. It is therefore expected that cold spraying of Ti64
particles could produce high wear resistant Ti64 coatings for acrospace applications. Besides,
surface modification of repaired Ti64 aerosapce components using cold spray technology should be
further considered to promote their service life and performance via their improved surface wear

resistance.

Laser surface engineering can be considered as a potential approach to modify the surfaces of
different solid materials because the capability of high energy laser beams to generate rapid rates of
heating and cooling can give rise to changes in their surface properties such as grain refinement,
morphological change, phase transformation, and compositional change via a non-equilibrium
cooling without changing the bulk properties [15-20]. In addition, laser surface melting is a direct
process to provide uniform surface structure. Therefore, laser surface melting does not have any

issue regarding poor adhesion of laser treated surface with bulk material in contrast to coating
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methods [15-20]. Moreover, laser surface melting has been proved as a promising surface treatment
to improve the surface properties of materials such as mechanical, corrosion, wear, and wettability
properties [15-20]. Adel et al [15] reported that Nd: Y AG laser treated acicular bainitic ductile iron
had higher wear resistance than as-casted iron. Sagaro et al [16] found that the laser surface
treatment resulted in the higher wear resistance of U13A steel compared to conventional heat
treatments. Singh et al [17] investigated the effects of laser surface treatment on the corrosion and
wear resistance of Ti64 alloy and found that laser treated Ti64 alloy had higher corrosion and wear
resistance than untreated one. Matsukawa et al [18] discovered that the laser surface treatment of
electroless Ni-P plated coatings gave rise to their higher corrosion and wear resistance compared to
those of untreated ones. It was reported [19] that laser surface hardened EN25 steel exhibited lower
friction and wear at elevated temperatures than untreated one. The results clearly show that the laser
surface treatment improves the surface wear resistance of metallic materials. However, the data on
the tribological properties of laser treated Ti64 alloys, especially cold sprayed Ti64 coatings, are not
available for successful tribological applications. Since the laser power is one of the most important
laser treatment parameters affecting the surface properties of Ti64 alloys, an understanding of the
effects of laser power on the tribological properties of laser treated Ti64 alloys is important to

successfully apply the laser surface treatment process in aerospace repair applications.

In this study, cold sprayed Ti64 coatings were deposited on commercial Ti64 substrates via a high
pressure cold spray process. Then, the surfaces of the cold sprayed Ti64 coatings were laser
irradiated with different laser powers of 50-200 W. The surface topographies and morphologies of
the laser treated Ti64 coatings were studied using surface profilometry (SP) and scanning electron
microscopy (SEM), respectively. The hardness of the laser treated Ti64 coatings was measured with
Vickers micro-hardness test. The friction and wear of the laser treated Ti64 coatings tested against
100Cr6 steel balls under dry condition at room temperature (RT ~ 22-24 °C) were measured using

ball-on-disk micro-tribological test that conformed to DIN50324 and ASTM G99.
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EXPERIMENTAL DETAILS

SAMPLE PREPARATION

Ti64 coatings were cold sprayed on commercial Ti64 substrates (Grade 5) with 50 mm x 50 mm x
8 mm using a high pressure cold spray system with commercial Ti64 powder (size: 1-45 um). The
optimized cold spray process parameters were gas temperature of 950 °C, gas pressure of 2.5 MPa,
nozzle/scan speed of 100-400 mm/s, spray angle of 90°, and stand-off distance of 25 mm. The
helium (He) working gas was used during the cold spraying. The cold sprayed Ti64 coatings with a
thickness of about 3000 um were wire cut to get square pieces with 10 mm % 10 mm followed by
polishing with 1200 grit papers at the final stage, cleaning with an ethanol in an ultrasonic bath for

20 min, and air drying prior to the laser surface treatment.

The laser surface irradiation of the cold sprayed Ti64 coatings was carried out by using a 500 watt
(W) nanosecond pulsed Nd:YAG laser with a wavelength of 1064 nm, a frequency of 12000 Hz,
and a pulse duration of 38 ns. The laser treatment parameters optimized in this study were laser
powers 10% (50 W), 20% (100 W), 30% (150 W), and 40% (200 W) of a total laser power, a
repetition rate of 10000 Hz, a scanning speed of 20 mm/s, a 70% overlap, and a pulse width of 10
us. The flat top hat beam (focal length of 152.5 mm) was defocused up to 1 mm. The side length of
the laser beam was about 0.6 mm. The laser surface treatment was conducted in a closed chamber
with a vacuum machine provided to remove dust. The laser treated surfaces were cleaned with an

ethanol in an ultrasonic bath for 30 min prior to the following characterization.

CHARACTERIZATION

The surface and cross-sectional microstructures of the cold sprayed Ti64 coating were observed
using an optical microscopy (OM). The detailed sample preparation procedure for the

microstructural evaluation was described elsewhere [5, 7, 8].
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The cross-sectional porosity level of the cold sprayed Ti64 coating was obtained by analyzing its
OM micrographs (before etching) captured with 5x lens using ImagelJ software, and averaged from
its six OM micrographs [5, 7, 8].

The surface topographies and morphologies of the laser treated Ti64 coatings were measured using
SP with a diamond stylus of 4 um in diameter and SEM [5], respectively. Three measurements per
coating in a scan size of | mm X 1 mm were conducted to get an average root-mean-squared surface

roughness, R.

The hardnesses of the laser treated Ti64 coatings were measured using Vickers micro-hardness test
under a normal load of 200 g (1.96 N) [5]. Twelve measurements randomly carried out on each

surface were calculated to get an average hardness.

The wear morphologies of the 100Cr6 steel balls were observed using OM [5].

A ball-on-disk micro-tribological test was applied to evaluate the tribological properties of the laser
treated T164 coatings at RT [5]. A 100Cr6 steel ball of 6 mm in diameter was rotated on the laser
treated Ti64 coating surface in a circular path of 1 mm in radius for 30000 laps (total sliding
distance of 188 m) at a sliding speed of 3 cm/s under a normal load of 1 N at RT (55-60 % relative
humidity). Three measurements per coating were carried out to get average tribological results. The
specific wear rates were calculated from the widths and depths of wear tracks measured using SP.
The estimated maxium Hertzian contact pressure for the (6 mm 100Cr6 steel ball) sphere-on-flat

plate (cold sprayed Ti64 coating) configuration under a normal load of 1 N was 460 MPa.

RESULTS AND DISCUSSION

Fig. 1a shows the surface microstructure of the cold sprayed Ti64 coating on which individual
particles and their interfaces can be clearly seen. Fig. 1b shows the cross-sectional microstructure of
the same coating on which flattened Ti64 particles are found as a result of their severe deformaiton
during the cold spraying [5, 7]. The cross-sectional porosity level of the cold sprayed Ti64 coating

measured before etching is 2.53+0.4%. The black spots in the cross-sectional microstructure of the
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cold sprayed Ti64 coating (Fig. 1b) probably result from preferential etching of particle interfaces

during etching of the coating for the microstructural evaluation.

Figs. 2a and b show the surface topography and morphology of the polished/untreated Ti64 coating,

respectively, on which a smooth surface is found.

Fig. 3 shows the surface topographies and morphologies of the laser treated Ti64 coatings with
different laser powers. As the surfaces of the laser treated Ti64 coatings become rougher with
higher laser power as found in Figs. 3a-d, the laser treated Ti64 coating with the highest laser power
of 200 W has the highest surface roughness (Fig. 3d) because the most rapid cooling caused by the
largest temperature difference between the coating temperature and RT results in protruded
asperities and dimples on the surface topography via the most severe surface shrinkage [20-22]. As
shown by the comparison of Figs. 3a and b, the laser treated Ti64 coating with higher laser power
has a more apparently cracked surface. In Fig. 3c, fish-bone-shaped-cracks are found along the laser
irradiated lines on the surface of the laser treated Ti64 coating with 150 W. When the Ti64 coating
is laser irradiated with 200 W, the severe surface shrinkage forms more apparent cracks on its
surface as shown in Fig. 3d [20-22]. The surface observation shows that the laser treated Ti64
surface becomes more brittle and more cracked with higher laser power via the more rapid cooling

of the surface.

Fig. 4 presents the R, values of the untreated Ti64 coating and laser treated Ti64 coatings with
different laser powers. The R, value of the polished/untreated Ti64 coating is about 0.26 um. The
laser treated Ti64 coating with a laser power of 50 W has a larger R, value of about 0.3 um than the
untreated Ti64 coating while increasing the laser power to 150 W increases the R, value of the laser
treated Ti64 coating to about 0.45 um. The laser treated Ti64 coating with the highest laser power
of 200 W has the largest R value of about 2.3 pm due to the most apparently protruded asperities
above its surface and formed dimples on its surface (Fig. 3d) [20-22]. It can be deduced that the

laser surface treatment apparently roughens the surfaces of the cold sprayed Ti64 coatings.
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Fig. 5 illustrates the XRD patterns of the untreated Ti64 coating and laser treated Ti64 coatings with
different laser powers. The XRD patterns of the laser treated Ti64 coatings are apparently different
from that of the untreated Ti164 coating as a result of the formation of hard a” martensitic phases in
their surface microstructures associated with the rapid cooling of their laser treated surfaces [23,
24]. It clearly indicates that the laser surface treatment of the cold sprayed Ti64 coatings gives rise
to significant changes in their surface microstructures associated with the formation of hard o”

martensitic phases [23, 24].

Fig. 6 shows the hardnesses of the untreated Ti64 coating and laser treated Ti64 coatings with
different laser powers. The hardness of the untreated Ti64 coating is about 414 Hv (4.06 GPa). The
laser treated Ti64 coating with a laser power of 50 W has higher hardness of 426 Hv (4.19 GPa)
than the untreated Ti64 coating. Increasing the laser power to 150 W increases the hardness of the
laser treated Ti64 coatings to about 464 Hv (4.55 GPa). The laser surface treatment of the Ti64
coating with a laser power of 200 W dramatically increases its hardness to 705 Hv (6.91 GPa). It is
clear that the laser surface treatment enhances the surface hardness of the Ti64 coatings via the
formation of hard a” martensitic phases in their surface microstructures associated with the rapid
cooling of their laser treated surfaces [23]. The higher laser power therefore gives rise to the higher
surface hardness of the laser treated Ti64 coatings as a result of the more rapid cooling caused by
the larger temperature difference between the coating temperature and RT. Since the laser surface
treatment with a larger effective depth could result in the formation of a thicker laser treated surface
layer, it is hypothesized that the thicker and harder laser treated surface layers of the laser treated

Ti64 coatings with higher laser powers are responsible for their higher surface hardnesses.

Fig. 7 presents the friction coefficients of the untreated Ti64 coating and laser treated Ti64 coatings
with different laser powers tested against 100Cr6 steel balls . The friction coefficient of the
untreated Ti64 coating is about 0.52. The laser treated Ti64 coating with a laser power of 50 W has
a higher friction coefficient of about 0.59 than the untreated Ti64 coating. It was reported that an

effective interfacial shear strength between two contacting surfaces gave rise to high friction [5, 6,
7
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25-31]. The wear of rubbing surfaces resulted in surface roughening and production of wear debris,
which in turn lowered the friction by reducing the interfacial shear strength between them [32-35].
Therefore, it is supposed that the improved wear resistance of the laser treated Ti64 coating with 50
W is responsible for its higher friction via less roughening of rubbing surfaces and smaller amount
of wear debris produced. As a result, the increased laser power to 150 W increases the friction
coefficient of the laser treated Ti64 coatings to about 0.66 by further lessening roughening of
rubbing surfaces and decreasing production of wear debris. However, the friction coefficient of the
laser treated Ti164 coating with 200 W turns to decrease to about 0.57. The possible reason is that
the protruded/hard asperities in a line pattern (Fig. 3d) above the surface apparently reduce a contact

area between the steel ball and coating for the decreased friction of the coating [25-31].

The effect of surface roughness on the friction of the laser treated Ti64 coatings should be taken
into account because a rougher surface can give rise to higher friction via mechanical interlocking
between asperities of two rubbing surfaces [5, 6, 11, 34]. Therefore, the increased friction of the
laser treated Ti64 coatings with increased laser power from 0 to 150 W (Fig. 7) can be correlated to
their increased surface roughness (Fig. 4). Although the highest surface roughness of the laser
treated Ti164 coating with the highest laser power of 200 W should result in its highest friction, its
lowered friction compared to those of the other laser treated Ti64 coatings implies that the
apparently protruded asperities in a line pattern above the surface (Fig. 3d) reduce a contact area

between the steel ball and laser treated Ti64 coating for decreasing the friction [25-31].

Fig. 8 shows the friction coefficients of the uncoated Ti64 coating and laser treated Ti64 coatings
with different laser powers as a function of the number of laps. The untreated Ti64 coating exhibits
stable friction throughout the wear test as a result of its stable wear [5, 6, 11, 29-31, 34]. The laser
treated Ti64 coatings with laser powers of 50, 100, and 150 W exhibit similar friction coefficients
for about 10000 laps and higher stable friction coefficients for the rest, especially for the higher
laser powers. The laser treated Ti64 coating with a laser power of 200 W has the lower trend of

friction coefficient versus laps than the other laser treated Ti64 coatings. The untreated Ti64 coating
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has a larger fluctuation in its friction coefficient with respect to the number of laps than the laser
treated T164 coatings probably due to the more significant stick-slip phenomena occurred during the

sliding [36].

Fig. 9 shows the wear topographies of the untreated Ti64 coating and laser treated Ti64 coatings
with different laser powers tested against 100Cr6 steel balls. The untreated Ti64 coating has a
significant wear track on its surface with a specific wear rate of 93.9 + 5.8 x 1014 m3/(Nm) as found
in Fig. 9a. The specific wear rate of the laser treated Ti64 coating with 50 W is 88.2 £ 2.2 x 104
m?3/(Nm), implying that the laser treated Ti64 coating with 50 W (Fig. 9b) has lower wear than the
untreated Ti64 coating (Fig. 9a) [29, 37, 38]. In Figs. 9c-¢, the laser treated Ti64 coatings with laser
powers of 100-200 W do not show measurable wear tracks on their surfaces. It is clear that the laser
surface treatment of the cold sprayed Ti64 coatings with the laser powers of 100-200 W effectively

prevents their surface wear during prolonged rubbing contact with the counter steel balls.

Fig. 10 presents SEM images showing the wear morphologies of the untreated Ti64 coating and
laser treated Ti64 coatings with different laser powers tested against 100Cr6 steel balls. Although
the wear tracks on the wear topographies of the laser treated Ti64 coatings with laser powers of
100-150 W (Figs. 9b-e) are not measureable, their wear morphologies can be clearly seen in their
SEM images (Figs. 10b-e). Comparison of Figs. 10a and 10b shows that the laser treated Ti64
coating with 50 W has a smaller wear width than the untreated Ti64 coating, which indicates that
the laser surface treatment with 50 W improves the surface wear resistance of the cold sprayed Ti64
coating. The laser surface treatment of the Ti64 coating with the higher laser power of 100 W
further improves its surface wear resistance so that its wear width (Fig. 10c) is apparently smaller
than that of the laser treated one with 50 W (Fig. 10a). Furthermore, the increased laser power to
150 W results in the further decreased wear width of the laser treated Ti64 coating via its increased
surface wear resistance as shown in Fig. 10d. As shown by the comparison of Figs. 10c and 10d,
thicker tribolayers are found on the wear track of the laser treated Ti64 coating with the higher laser

power of 150 W because the higher surface wear resistance of the laser treated Ti64 coating allows
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more compaction of wear debris to form the thicker tribolayers [5, 6, 11, 39, 40]. In addition, a
detachment of the tribolayers is found on the wear track of the laser treated Ti64 coating with 150
W. In Figs. 10b, c, and d, the laser treated Ti64 coatings with the laser powers more than 50 W have
much smoother wear morphologies with much smaller amount of wear debris. The wear
morphology of the laser treated Ti164 coating with 200 W (Fig. 10e) 1s different from those of the
other laser treated Ti164 coatings (Figs. 10b, ¢ and d) because the highest surface wear resistance of
the laser treated Ti64 coating with 200 W allows only the wearing of protruded asperities above its
surface during the sliding. However, the wider wear width of the laser treated Ti64 coating with 200
W (Fig. 10e) compared to that of the laser treated Ti64 coating with 150 W (Fig. 10d) indicates that
the higher surface roughness causes a larger interaction between the steel ball and coating via
higher vibration of the sliding system [26, 29]. It can be deduced that the laser surface treatment
with the laser powers more than 50 W results in a significant improvement in the surface wear

resistance of the cold sprayed Ti64 coatings via their enhanced surface hardness.

Fig. 11a shows the energy dispersive X-ray (EDX) spectrum of the untreated Ti64 coating on which
C, O, Ti, Al and V peaks are mainly detected. The C peak results from the surface carbon
contaminant [41, 42]. The Ti, Al and V peaks come from the Ti64 matrix. In Figs. 11b, c, d, and e,
the laser treated Ti64 coatings with different laser powers have similar EDX spectra to that of the
untreated Ti64 coating (Fig. 11a). However, the O peaks on the EDX spectra of the laser treated
Ti64 coatings become stronger with higher laser powers, indicating the increased surface oxidation

of the laser treated Ti64 coatings [43-46].

Figs. 11f-11j show the EDX spectra measured on the wear tracks of the untreated Ti64 coating and
laser treated Ti64 coatings with different laser powers tested against 100Cr6 steel balls on which C,
O, Ti, Al and V peaks are commonly found. The O peaks measured on the wear tracks of the
untreated Ti64 coating (Fig. 11f) and laser treated Ti64 coating with a laser power of 50 W (Fig.
11g) are not stronger than those measured on their untested areas (Figs. 11a and 11b). However, the

O peaks measured on the wear tracks of the laser treated Ti64 coatings with laser powers of 100-
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200 W (Figs. 11h, 1, and j) are apparently stronger than those measured on their untested areas
(Figs. 11c, d, and e) as well as those measured on the wear tracks of the untreated Ti64 coating and
laser treated T164 coating with 50 W (Figs. 11a and b). It indicates that the higher surface wear
resistance of the laser treated Ti64 coatings with laser powers of 100-200 W than that of the
untreated Ti64 coating and laser treated Ti164 coating with 50 W results in higher frictional heating,
which in turn gives rise to their more severe surface oxidation during the prolonged sliding [5, 6,
47, 48]. In addition, the depressed Ti and Al peaks on the EDX spectra measured on the wear tracks
of the laser treated Ti64 coatings with 100-200 W (Figs. 11h, 1, and j) indicate that their wear tracks
are significantly covered by the oxidized layers. Furthermore, additional Fe peaks on the EDX
spectra of their wear tracks (Figs. 11h, 1, and j) imply that their improved surface wear resistance

results in the significant wear of their counter steel balls.

Figs. 12a and b show the wear morphologies of the steel balls slid on the untreated Ti64 coating and
laser treated Ti64 coating with a laser power of 200 W, respectively. The steel balls slid on the
untreated Ti64 coating and laser treated Ti64 coating with 50 W exhibit elongated wear scars on
their surfaces while circular shaped wear scars are found on the surfaces of the steel balls rotated on
the laser treated Ti64 coatings with 100-200 W. The reason is that the lower surface wear resistance
of the untreated Ti64 coating and laser treated Ti64 coating with 50 W compared to that of the laser
treated T164 coatings with 100-200 W gives rise to a larger interaction between the steel balls and
coatings via the higher wear of the coatings. The improved surface wear resistance of the laser
treated Ti164 coatings with 100-200 W results in the preferential wear and subsequently the circular
shaped wear scars of their counter steel balls. As shown by the comparison of Figs. 12a and b,
larger ploughed furrows are found on the worn surface of the steel ball slid on the laser treated Ti64
coating with 200 W (Fig. 12b) because the higher surface roughness of the laser treated Ti64
coating compared to that of the untreated Ti64 coating serves as an abrading surface to result in the

more severe abrasive wear of its counter steel ball [34].

11

http://mc.manuscriptcentral.com/tandf/tribtrans, E-mail: cdellacorte@stle.org



oNOYTULT D WN =

Submitted Manuscript for Tribology Transactions for Peer Review Only Page 12 of 36

CONCLUSIONS

In this study, the surfaces of the cold sprayed Ti64 coatings were irradiated using Nd:YAG laser
with different laser powers of 50-200 W. The tribological properties of the laser treated Ti64
coatings tested against 100Cr6 steel balls were systematically investigated with respect to the laser

power. The following conclusions were drawn.

e The surface roughness of the laser treated Ti64 coatings became higher with higher laser
power so that the laser treated Ti64 coating with the highest laser power of 200 W had the

highest surface roughness attributed to dimples and protruded asperities on its surface.

e The laser treated Ti64 coating with the higher laser power had higher surface hardness as a
result of the more rapid cooling caused by a larger temperature difference between the

coating temperature and RT.

e The wear of the laser treated Ti64 coating with 50 W was apparently lower than that of the
untreated Ti64 coating as a result of the improved surface wear resistance of the laser treated
Ti64 coating associated with its enhanced surface hardness. As the increased laser power
increased the surface wear resistance of the laser treated Ti64 coatings via their increased
surface hardness, the laser treated Ti64 coatings with 100-200 W did not show measurable

wear tracks on their surfaces.

e The results clearly showed that the tribological properties of the laser treated Ti64 coatings

were significantly influenced by the laser power.
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Fig. 1: (a) Surface and (b) cross-sectional microstructures of cold sprayed Ti64 coating observed

52 after etching.
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Fig. 2: Surface (a) topogrpahy and (b) morphology of untreated Ti64 coating.
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Fig. 3: Surface topogrpahies (above) and morphologies (below) of laser treated Ti64 coatings with
laser powers of (a) 50, (b) 100, (c) 150, and (d) 200 W. The inset in (b) shows magnified surface

morphology of the same coating.
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radius for 30000 laps at a sliding speed of 3 cm/s under a normal load of 1 N at RT.
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(d)

Fig. 9: Wear topographies of (a) untreated Ti64 coating and (b, ¢, d, and e) laser treated Ti64
coatings with laser powers of (b) 50, (c) 100, (d) 150, and (e) 200 W tested under the same

conditions as described in Fig. 7. Red arrows indicate wear tracks of the laser treated Ti64 coatings.
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188 mm

50 Fig. 10: Wear morphologies of (a) untreated Ti64 coating and (b, c, d, and e) laser treated Ti64
52 coatings with laser powers of (b) 50, (c) 100, (d) 150, and (e) 200 W tested under the same

conditions as described in Fig. 7.

29

http://mc.manuscriptcentral.com/tandf/tribtrans, E-mail: cdellacorte@stle.org



oNOYTULT D WN =

Submitted Manuscript for Tribology Transactions for Peer Review Only

30

http://mc.manuscriptcentral.com/tandf/tribtrans, E-mail: cdellacorte@stle.org

Page 30 of 36



Page 31 of 36 Submitted Manuscript for Tribology Transactions for Peer Review Only

Fig. 11: EDX spectra of (a and f) untreated Ti64 coating and (b, ¢, d, e, g, h, 1 and j) laser treated
Ti164 coatings with laser powers of (b and g) 50, (c and h) 100, (d and 1) 150, and (e and j) 200 W

measured on their untested areas at location A in Fig. 2b, B in Fig. 3a, C in Fig. 3b, D in Fig. 3c,

oNOYTULT D WN =

and E in Fig. 3d and on their wear tracks at location F in Fig. 10a, G in Fig. 10b, H in Fig. 10c, I in

11 Fig. 10d, and J in Fig. 10e.
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(b)

Fig. 12: Wear morphologies of 100Cr6 steel balls rubbed on (a) untreated Ti64 coating and (b) laser

treated Ti164 coating with a laser power of 200 W under the same conditions as described in Fig. 7.
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Response to comments of Editor and Reviewers

Effects of Nd:YAG laser surface treatment on tribological properties of
cold sprayed Ti-6Al-4V coatings tested against 100Cr6 steel under dry
condition

N. W. Khun, A. W. Y. Tan, W. Sun, E. Liu

First of all, authors would like to thank Editor and Reviewers for their critical comments
on the manuscript (UTRB-3344). Amendments have been made to the revised manuscript
as follows:

Response to Editor's comments

Comment 1: In experimental, what is the initial mean or maximum Hertzian contact
stress/pressure? This is more important than just reporting the normal load/force and ball
diameter.

Reply: Additional information was added in page 5 as highlighted with yellow
background.

Comment 2: In experimental, why was 100Cr6 steel ball chosen as the counterface?
Justification is needed.

Reply: The reason is that the hardness and wear resistance of the 100Cr6 steel balls are
high enough to generate the significant wear of the cold sprayed Ti64 coatings. In
addition, we would like to systematically compare the tribological results in this paper to
our previous tribological results published in Ref. [5-8] in series.

Comment 3: in experimental, 30000 laps = what total sliding distance? This number
should also be reported.

Reply: Additional information was added in page 5 as highlighted with yellow
background.

Comment 4: Fig. 5: some of the diffraction peaks in the 35 to 45 2 theta range are not
indexed to a particular phase(s)? They should be added.

Reply: The two peaks at about 37.5 and 43.5 degree were identified in Fig. 5. Additional
information with an additional reference was added in page 7 as highlighted with yellow
background.

Comment 5: Fig. 6 caption, hardness is misspelled.
Reply: It was corrected in page 25 as highlighted with yellow background.

Comment 6: Related to point 2 above, there is Fe oxidation in the wear track due to
adhesive wear of the steel counterface. This could be biasing the friction and wear results,
i.e., the true friction and wear behavior of Ti64 is not being measured due to counterface
wear. This should be addressed on the bottom of 10.

Reply: In this manuscript, we systematically presented the effects of Nd:YAG laser
surface treatment on the friction and wear results of the cold sprayed Ti64 coatings tested
against 100Cr6 steel balls under dry condition. It is sure that changing the counter balls,
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such as their shapes, sizes and materials, will apparently change the coefficient of friction
and wear rate of the coatings. e.g. If we use ceramic balls which have much higher wear
resistance than steel balls, the ceramic balls would generate the much higher wear of the
coatings without significant wear of the balls (However, we believe that the high wear
resistance of the laser treated Ti64 coating with 200 W can generate the apparent surface
wear of its counter ceramic ball). The cofficient of friciton and wear rate of the coatings
tested against the ceramic balls will be differrent from those of the same ones tested
against the steel balls. It is difficult to measure the true friction and wear of the coatings
without the effects of counter ball wear, especially during prolonged sliding test for the
reliable measurement. It is the tribological behavior of two solid surfaces in cotact subject
to relative motion. However, we modified the whole manuscript in order to clearly point
out the tribological properties of the laster treated Ti64 coatings tested against 100Cr6
steel balls under dry condition as highlighted with yellow background.

Response to Reviewer 1's comments

Comment 1: The author claims that the Ti6Al4V coatings were deposited using He as a
propellant gas at 2.5 MPa and 950 oC. It is known from the literature that He accelerates
particles to velocities > 1000 m/s (when sprayed at 4 MPa and 350 oC) which results in
dense Ti6Al4V deposits (porosity < 2%). Here, the gas temperature was significantly
higher but based on the optical images shown (Fig. 1b) it can be observed that there was a
significant amount of porosity in the coatings. The author should measure the porosity in
the coatings and explain the reasons for porosity despite using He as propellant gas. Also,
the author should check if the reported spray parameters and propellant gas were correct.
Reply: The cold spray process parameters used in this study are correct. Although we use
the same cold spray process parameters to produce Ti64 coatings, the resulted
microstructures and porosity levels can be significantly different depending on applied
cold spray systems (PCS100 and 5/11 cold spray systems) and their nozzle designs. In
this study, the gas temperature used was significantly higher as mentioned above, but the
gas pressure was lower so that our coating microstructures could not be compared with
others in the literature. However, apparent flatteness of cold sprayed particles can be
found in the optical micrograph due to their severe deformation which is responsible for
the compacted microstructure of the coating. Additional information was provided in
page 5 as highlighted with yellow background.

Comment 2: Was there a wear scar on the counterface that slid on all the Ti6Al4V
coatings (as-deposited and laser treated (50, 100 and 150 W)? If yes, the author should
present the optical or SEM images of the worn counterfaces and calculate the respective
wear volumes.

Reply: There were wear scars on all the counterfaces that slid on the untreated and laser
treated Ti6Al4V coatings. However, we are not able to provide their respective wear
volumes at this stage. We did not provide additional images of the worn counterfaces to
avoid the inflation of the manuscript with too many images. Fig. 12 is sufficient to
understand the wear behavior of the counterfaces. The results are good enough to
understand the effects of Nd:YAG laser surface treatment on the tribological properties of
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cold sprayed Ti64 coatings tested against 100Cr6 steel balls. However, we added some
information in page 11 as highlighted with yellow background.

Comment 3: The author has combined the results and discussion sections. Sometimes it
is difficult to follow if the observations made are based on the results obtained in the
present work or from the literature. The author should separate these sections for a better
flow of the results.

Reply: We would like to maintain our current manuscript style to discuss the results
based on figures.

Comment 4: The author repeats many observations made in the results and discussion
section in the conclusions. The author should highlight only the major conclusions of the
work in the conclusion section.

Reply: The conclusions were revised.

Response to Reviewer 2's comments

Comment 1: The roughness values of samples after laser treatment are not the same.
Firstly, it will strongly affect tribological performance. Secondly, the application of
samples with high roughness and cracks are also strongly limited. Therefore, it is strongly
suggested to compare samples with same roughness.

Reply: We are not able to provide the tribological properties of the laser treated Ti64
coatings with the same surface roughness because we do not know the thicknesses of
laser treated surface layers for different laser powers and are not able to control the
removal of the laser treated surface layers by polishing. In addition, we would like to get
a fundamental understanding of the effects of laser induced surface patterns on the
tribological properties of the laser treated Ti64 coatings. We believe that we have
systematically investigated the effects of Nd:YAG laser surface treatment on the
tribological properties of the cold sprayed Ti64 coatings tested against 100Cr6 steel balls.

Comment 2: Why the authors chose 100Cr6 as wear mate? Typically, tribological
performance strongly depends on wear mate. For example, in Figs.9, the laser-treated
Ti64 coatings with laser powers of 100-200W do not show measurable wear tracks on
their surfaces. It might be just due to laser treated surface having higher hardness than
100Cr6 steel. In Fig.11 (h)/(1)/(j) (100W-200W), there’s clear Fe peak. It means there’s
residual Fe debris from steel ball. But there is not Fe peak for OW and 50W, it might be
due to test samples (OW and 50W) having lower hardness than 100 Cr6 steel, therefore,
the authors could see clear wear tracks on test samples.

Reply: The reason is that the hardness and wear resistance of the 100Cr6 steel balls are
high enough to generate the significant wear of the cold sprayed Ti64 coatings. In
addition, we would like to systematically compare the tribological results in this paper to
our previous tribological results published in Ref. [5-8] in series. Please refere to the
reply to Editor's comment 6.
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Comment 3: What are the effective depths of laser-treatment? Any difference under
different laser powers? For multi-layers samples, the hardness strongly depends on
applied load and thickness of each layer in addition to hardness of each layer. Therefore,
the increase of hardness with increasing laser power shown in Fig.7 might be also
contributed by increase of effective depth of laser treatment. The increase of laser power
might increase both effective depth and hardness value of laser treated layer. It is
interesting and necessary to differentiate these two impacts in this study. Since these
results could explain the data shown in Figs9-11 more clearly.

Reply: It is possible that the increase of laser power could increase the effective depth of
laser treatment and consequently the surface hardness of the laser treated Ti64 coatings.
The micro-hardness of the laser treated Ti64 coatings measured under a normal load of
1.96 N is sufficient to understand the effects of surface hardness on their surface wear
resistance measured under a normal load of 1 N. In this study, we only have the micro-
hardness data of the laser treated Ti64 coatings so the hardness data is focused to explain
the improved surface wear resistance of the coatings. However, a hypothesis based on
reviwer's suggestion was added in page 7 as highlighted with yellow background.

Comment 4: For ball-on-disk test, the steel ball diameter is ~ 6mm, but the radius of

circular path is only Imm, which might be too small since the contact radius might be
close to Imm, as shown in Figs.12.

Reply: The 1 mm radius of circular path used was not small for the micro-tribological
test, which was also used in our previous works published in Ref. [5-8].

Comment 5: Fig.2 showed surface topography and morphology of untreated Ti64
coating. It might be better to include surface topography and morphology of laser-treated
Ti64 coating as comparison.

Reply: The surface topographies and morphologies of the laser treated Ti64 coatings
with laser powers of 50-200 W were already shown in Fig. 3.

Comment 6: Rq value typically depends on scan size, what’s the scan size used to
measure Rq in Fig.4?

Reply: A scan size of 1 mm x 1 mm was added in page 5 as highlighted with yellow
background.

Comment 7: In Fig.5, the authors did not label two peaks @ ~ 37.5 degree and ~ 44
degree, what are the meanings of these two peaks?

Reply: Two peaks at about 37.5 and 43.5 degree were labelled in Fig. 5. Additional
information with an additional reference was added in page 7 as highlighted with yellow
background.

Comment 8: In Fig.7, it might be better to convert unit of hardness to SI unit.

Reply: We would like to maintain the "Hv" unit of hardness in Fig. 6 in order to compare
with our previous results published in Ref. [5-8]. However, the converted hardness values
in ST units were added in page 7 as highlighted with yellow background.
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