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 A B S T R A C T 

The effect of coating thickness (CT) on the microstructures, hardness, and 
wear of cold sprayed Ti-6Al-4V (CS-Ti64) coatings was systematically 
investigated since the prolonged high pressure CS deposition could change 
their microstructures and porosity levels. In addition, the CT was relatively 
important for their durability, performance, and service life. Therefore, the 
CS-Ti64 coatings with different CT of 100-3000 µm were prepared on 
commercially available Ti64 (CA-Ti64) substrates via high pressure CS 
processes. The CS-Ti64 coatings had low porosity levels wherewith severely 
deformed Ti64 particles with a crescent-shape could be seen in their cross-
sectional microstructures. The hardness of the CS-Ti64 coatings increased 
with increased CT probably due to their lowered bulk porosity levels 
associated with longer high pressure CS deposition. As a result, the 
increased CT from 100 to 3000 µm resulted in a 9.8% decrease in the wear 
of the CS-Ti64 coatings. The wear of the CS-Ti64 coating with 3000 µm 
was 16.8% lower than that of the CA-Ti64 as all the CS-Ti64 coatings had 
lower wear than the CA-Ti64. It could be concluded that the prolonged 
high pressure CS deposition for the thick CS-Ti64 coatings had an influence 
on their porosity, hardness, and wear . 

© 2024 Published by Faculty of Engineering  

* Corresponding author:  

Nay Win Khun  
E-mail: khunnaywin@gmail.com  

Received: 3 November 2023 
Revised: 20 December 2023 
Accepted: 15 January 2024 

 

 
 
1. INTRODUCTION  
 
In the aircraft industry, the use of low 
temperature CS technology has become a 
potentially important strategy to replace high 
temperature thermal spray (TS) technologies, 
which are widely used in the repair industry, for 
repair of heat sensitive aerospace components 
(ACs) [1-3]. Compared to high temperature TS 

technologies, low temperature CS technology can 
be used to build metallic coatings with lower 
porosity and oxidation levels, lack of thermal 
residual stress, and higher possibility to achieve 
high CT [4]. Pitchuka et al. [5] investigated the 
tribological properties of CS-aluminium alloy 
coatings with better tribological performance 
than commercial AA-6061. Although the 
enhanced abrasive wear resistance of CS-metallic 
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coatings has been found by some researchers 
[2,6], the tribological data of CS-metallic coatings 
are not widely available due to the private nature 
and development stage of CS technology. 
 
Ti64, which is a widely used aerospace material 
with light weight, high strength, and so on, has 
poor abrasive wear resistance so that expensive 
ACs made of it demand repair during their long-
service [2,3,7]. Therefore, CS technology can be 
used to repair wear damages of Ti64 based ACs 
because the use of CS technology is beneficial in 
repairing ACs with built Ti64 that has higher 
abrasive wear resistance than CA-Ti64 [2]. The 
thickness of built metallic materials should be 
taken into account for repair applications 
because a prolonged high pressure CS 
deposition can change their microstructures and 
porosity levels, thereby hardness and wear 
resistance [8,9]. Moridi et al. [9] investigated the 
mechanical properties of CS-AA6082 coatings 
with different CT. Xiong et al. [10] studied the 
effect of CT on the bond strength of CS-AA7075 
and 7050 coatings. Khun et al. [11] investigated 
the tribological properties of CS-Ti coatings with 
different CT. Since there is a difference in the 
hardness of spray Ti and Ti64 particles, their 
different adiabatic shear deformation during CS 
deposition can give rise to significant differences 
in the microstructures and thereby the 
mechanical and tribological properties of CS-Ti 
and CS-Ti64 coatings. However, a thorough 
investigation on the friction and wear of CS-Ti64 
coatings with different CT has not been widely 
reported in the literature yet and is still 
necessary since a scientific understanding of the 
process-structure-property relationships of CS-
Ti64 coatings is relatively important for their 
successful repair applications. 
 
In this study, the CS-Ti64 coatings with different 
CT of 100-3000 µm were prepared on the CA-
Ti64 substrates using a 5/11 CS system to 
investigate the effect of CT on their 
microstructures, hardness, friction, and wear. 
Their detailed microstructures were carefully 
examined via optical microscopy (OM) as their 
hardness was thoroughly analysed with a Vickers 
micro-indenter. Their friction and wear against 
100Cr6 steel under a dry condition were 
comparatively investigated with ball-on-disc 
tribo-tests by performing a systematic correlation 
between their CT and tribological performance. 
The CA-Ti64 was used as a reference material.  

2. EXPERIMENTAL DETAILS 
 
2.1 Sample preparation 
 
Feedstock material of spherical Ti64 powder 
(ASTM B348 Grade 23, apparent density: 2.5 
g/cm3) with a size distribution of 15-45 µm 
(Figure 1), but with some satellites, was 
purchased from Advanced Powders and Coatings 
Inc., Canada to prepare the CS-Ti64 coatings. 
Grade-5 CA-Ti64 plates with 50 mm × 50 mm × 8 
mm (Titan Singapore) were used as substrates. 
 

 

Figure 1. Overview of spray Ti64 powder used for 
CS-Ti64 coatings. 

 
The machined CA-Ti64 substrates (Figure 2) 
were used instead of the sand blasted CA-Ti64 
substrates to eliminate the negative effect of 
stuck sand particles on the coating bond strength.  
 

 
Figure 2. Overview of machined CA-Ti64 substrate. 

 
The CS-Ti64 coatings with different CT of 100-
3000 µm were deposited on the CA-Ti64 
substrates using a 5/11 CS system (Impact 
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Innovation) (Figure 3) with nitrogen (N2) 
working gas at working gas pressure and 
temperature of 4.8 MPa and 1100 °C, 
respectively, sample stage traverse speed of 500 
mm/s, spray angle of 90˚, raster step of 1 mm 
and stand-off distance of 30 mm. 
 

 
Figure 3. CS deposition of a CS-Ti64 coating using a 
5/11 CS system. 

 

 
(a) 

 
(b) 

Figure 4. (a) Top and (b) cross-sectional views of as-
deposited CS-Ti64-3000. 

 
The CS-Ti64 coatings with CT of 100, 500, 1000 
and 3000 µm on the machined CA-Ti64 
substrates were assigned as CS-Ti64-T100, CS-
Ti64-T500, CS-Ti64-T1000, and CS-Ti64-T3000, 
respectively. Figures 4a and b show the CS-Ti64-
T3000 with a relatively uniform thickness.  

2.2 Characterization 
 
The CA-Ti64 substrate and CS-Ti64 coatings were 
systematically characterized as described below. 
 
Their surface and wear topographies were 
obtained using surface profilometry (Talyscan 
150) with a 4 µm diamond stylus. Their 
surface roughness was measured in terms of 
root mean squared surface roughness, Rq, that 
was sensitive to surface valleys and pores, and 
averaged from three random measurements 
on each sample.  
 
Their surface and wear morphologies were 
observed via scanning electron microscopy 
(SEM, JEOL-JSM-5600LV).  
 
Their crystalline structures were evaluated 
using a Philips MPD 1880 X-ray diffractometer 
(XRD) with a Cu-Kα radiation source powered 
with 40 kV and 30 mA. 
 
Their microstructures and wear morphologies 
were captured via OM (Zeiss Axioskop 2, JVC 
color video camera). The CS-Ti64 coated 
samples were first moulded with two-
component liquid epoxy in circular shaped 
Teflon molds with 25 mm diameter and 15 mm 
thickness, which were cured at room 
temperature (RT ~ 22-24 °C) for one day and 
then mechanically ground using 320 grit 
papers followed by chemical mechanical 
polishing with a (9 µm diamond particles) 
DiaPro solution and a (0.04 µm colloidal silica 
particles) OP-S suspension solution. At the 
final stage, their mirror-like surfaces were 
etched with Kroll's reagent to evaluate their 
detailed microstructures. 
 
Their cross-sectional (bulk) porosity levels 
were obtained by analysing their OM 
micrographs, captured with 5×lens before 
etching, with Image "J" software and averaged 
with six OM micrographs per sample.  
 
The chemical structures of their wear debris 
were analysed via X-ray photoelectron 
spectroscopy (XPS) (Kratos Axis Ultra) with a 
monochromatic Al Kα radiation source (hυ = 
1486.71 eV) powered with 10 mA and 15 kV. A 
pass energy of 40 eV was used for the detail 
scans of C 1s, O 1s, Ti 2p, and Al 2p.  
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Their surface hardness was measured using a 
Vickers micro-indenter (Future‐tech FM‐300e) 
under an applied normal load of 200 g (1.96 N) 
and averaged from ten random indentations on 
each sample. Their cross-sectional hardness was 
measured along their thickness and averaged 

from three random indentations per line (the CT 
was systematically divided by many lines 
parallel to the substrate/coating interface with 
an equal distance and the cross-sectional 
hardness was measured along the line with 
three random indentations). 

 

   
(a) (b) (c) 

Figure 5. (a) Assembled set including CS-Ti64-T3000 coated sample bonded with two fixtures using adhesive 
glue before test, (b) tensile bond strength test, and (c) disassembled set with adhesive failure only at adhesive 
after test.  

 
Their adhesion strength was evaluated 
according to the ASTM-C633 standard. The CS-
Ti64 coated samples were wire-cut to get 24 
mm circular buttons. Then, the surfaces of the 
buttons and fixtures were ground and cleaned 
with ethanol to be assembled together with 
Araldite AV170 adhesive glue (Huntsman 
Advanced Materials, USA) followed by curing 
at 150 ˚C for 60 min (Figure 5a). The 
assembled sets were tested using an universal 
tensile test (Instron 5569) with a 50 kN load 
cell at an extension rate of 0.8 mm/min 
(Figure 5b). The disassembled sets failed only 
at an adhesive after the tests as shown in 
Figure 5c.  
 
Their topmost surface layers were carefully 
polished, especially for the thicker coatings, 
prior to the tribological test in order to eliminate 
the effect of their highly porous topmost surface 
layers on their friction and wear since the CS 
coatings always had the highest porosity levels 
at their topmost surface layers. 
 
Their friction coefficients were measured with 
ball-on-disk tribo-tests (CSM Instruments) 
conformed to DIN50324 and ASTM G99. The 
polished CS-Ti64 and CA-Ti64 samples were 
rotated against fixed 6 mm 100Cr6 steel balls 

in a circular-path of 1 mm in radius for 30,000 
laps at a sliding speed of 3 cm/s under an 
applied load of 1 N at RT. Their specific wear 
rates were obtained by measuring their wear 
widths and depths via surface profilometry to 
calculate their wear volumes and then dividing 
the wear volumes with the product of normal 
load and sliding distance. Their friction 
coefficients and specific wear rates were 
averaged from three random measurements 
per sample.  
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Analysis of surface morphologies and 

topographies 
 
The Rq values of the as-deposited CS-Ti64-
T100, CS-Ti64-T500, CS-Ti64-T1000, and CS-
Ti64-T3000 are 11.6±0.1 µm, 15.4±0.9 µm, 
19.2±1.4 µm, and 57.1±7.2 µm, respectively. It 
is clear that the surface roughness of the CS-
Ti64 coatings becomes higher with higher CT, 
especially for the CT of 3000 µm with a 
dramatic increase in the Rq value. Figures 6a 
and b show that the CS-Ti64-T3000 has a 
much rougher surface topography than the CS-
Ti64-T100 probably due to the more localized 
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agglomeration of sprayed Ti64 particles with 
longer CS deposition [12,13]. During the CS 
process, a conversion of a major fraction of 
impact energies of spray Ti64 particles into 
heat causes them severely deformed under the 
adiabatic shearing conditions [14-16]. The 
possible accumulation of surface heat that 
does not dissipate promotes particle adhesion 

so that spray Ti64 particles flying even at low 
velocities below critical velocities can deposit 
with a less plastic deformation and a 
significant accumulate, which becomes 
pronounced with longer high pressure CS 
deposition and thereby results in the much 
higher surface roughness of the CS-Ti64-
T3000 (Figure 6b) [14-16].  

 

  

(a) (b) 

Figure 6. Surface topographies of as-deposited (a) CS-Ti64-T100 and (b) CS-Ti64-T3000. 
 

  

(a) (b) 

  

(c) (d) 

Figure 7. Surface morphologies of as-deposited (a) CS-Ti64-T100, (b) CS-Ti64-T500, (c) CS-Ti64-T1000, and 
(d) CS-Ti64-T3000.  
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Figure 7 shows the surface morphologies of 
the as-deposited CS-Ti64 coatings with 
different CT. Flattened Ti64 particles are 
indicative of their severe adiabatic shear 
deformation during the CS deposition as an 
intimate contact between them indicates their 
relatively strong bonding each other. The CS-
Ti64-T1000 and CS-Ti64-T3000 (Figures 7c 
and d) have less severity of plastic 
deformation of sprayed Ti64 particles in their 
surface morphologies than the CS-Ti64-T100 
and CS-Ti64-T500 (Figures 7a and b) because 
the higher accumulation of surface heat with 
longer high pressure CS deposition allows 
spray Ti64 particles to deposit on the surfaces 
with less plastic deformation [14-16].   

 

3.2 Analysis of surface and cross-sectional 
microstructures  

 
Figure 8a shows the surface microstructure of 
the CA-Ti64 on which a lamellar structure with 
α+β phases is found [17]. Elongated grains can 
be clearly seen in its cross-sectional 
microstructure as shown in Figure 8b. 
 
Figure 9 shows the surface microstructures of 
the CS-Ti64 coatings with different CT. The 
sprayed Ti64 particles have visible interfaces, 
irregular shapes due to their severe plastic 
deformation, and intimate contact and locking 
each other. Unfilled gaps between sprayed Ti64 
particles during the CS deposition are left as 
pores in their surface microstructures as found 
in Figure 9. They all have a certain number of 
pores in their surface microstructures.  

 

  
(a) (b) 

Figure 8. (a) Surface and (b) cross-sectional microstructures of CA-Ti64. 
 

  
(a) (b) 
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(c) (d) 

Figure 9. Surface microstructures of (a) CS-Ti64-T100, (b) CS-Ti64-T500, (c) CS-Ti64-T1000, and (d) CS-Ti64-T3000. 
 
In Figure 10, the XRD pattern of the CA-Ti64 
with α-100, α-002, α-101, α-102, α-110, α-103, 
α-112, α-201, α-004 and β-200 peaks 
represents its lamellar structure with α+β 
phases (Figure 8a) [18,19]. β phases are not 
clearly identified in the XRD pattern of the CA-
Ti64-T100 (Figure 10). The similar XRD 
patterns of the Ti64 powder and CS-Ti64-T100 
are a confirmation of the CS-Ti64 coatings as 
well as an indication of no significant phase 
transformation of the Ti64 powder during the 
CS deposition. 
 
  

Figure 10. XRD patterns of CA-Ti64, CS-Ti64-T100, 
and Ti64 powder. 

 

  
(a) (b) 

Figure 11. Cross-sectional microstructures of CS-Ti64-T100 observed (a) before and (b) after etching. 

 
Figures 11a and b show the cross-sectional 
microstructures of the CS-Ti64-T100 observed 
before and after etching, respectively. The 
comparison of these figures clearly shows that 

the detailed microstructure of the CS-Ti64-
T100 with particle interfaces and a 
coating/substrate interface can be seen only 
after etching. Severely deformed Ti64 particles 
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can be clearly seen in the detailed 
microstructure of the CS-Ti64-T100 (Figure 
11b) as no apparent gap between the CS-Ti64 
coating and the CA-Ti64 substrate indicates a 
strong bonding between them [13]. It is clear 
that the kinetic energies of bombarding Ti64 
particles during the CS deposition are sufficient 
to form their peripheries into jets and develop 
shear stresses in the regions where the 
particles are bonded on the substrate surface 
via adiabatic shear instability [15,16,20].  

Figures 12a, b and c present the 
coating/substrate interfaces of the CS-Ti64-
T100, CS-Ti64-T500, and CS-Ti64-T3000, 
respectively. Apparent interfacial gaps are not 
found for all the CS-Ti64 coatings, indicating 
their relatively strong bonding with their 
substrates [21]. Severely deformed Ti64 
particles with a crescent shape can be seen in 
the cross-sectional microstructures of the CS-
Ti64 coatings as pores can be found at 
interstitial sites between sprayed Ti64 particles.

   
(a) (b) (c) 

Figure 12. Cross-sectional microstructures with coating/substrate interfaces of (a) CS-Ti64-T100, (b) CS-Ti64-
T500, and (c) CS-Ti64-T3000. 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

Figure 13. Cross-sectional microstructures of (a, c and e) CS-Ti64-T1000 and (b, d and f) CS-Ti64-T3000 at 
different locations: (a and b) top, (c and d) centre, and (e and f) bottom including a coating/substrate interface. 

 
Figure 13 shows the cross-sectional 
microstructures of the CS-Ti64-T1000 and CS-
Ti64-T3000 at different locations. The CS-
Ti64-T1000 and CS-Ti64-T3000 have severely 
deformed Ti64 particles in their cross-
sectional microstructures as a certain number 
of pores is found throughout their CT. 
However, the CS-Ti64-T1000 has a larger 
number of pores left by unfilled gaps between 
sprayed Ti64 particles than the CS-Ti64-
T3000, which is confirmed by the lower bulk 
porosity level (2±0.4%) of the CS-Ti64-T3000 
than that (2.7±0.6%) of the CS-Ti64-T1000. It 
is therefore supposed that the longer high 
pressure CS deposition improves the bulk 
density of the CS-Ti64 coatings to a certain 

extent [8,11]. No apparent coating/substrate 
interfacial gaps are found for the both coatings 
as a result of their strong bonding with their 
substrates [21]. 
 
3.3 Analysis of surface and cross-sectional 

hardness 
 
Figures 14a and b show the indents left on the 
cross-sections of the CA-Ti64 and CS-Ti64-
T3000, respectively, after the indentations. All 
the indentations were carried out under the 
same conditions. Therefore, the smaller indent 
on the CS-Ti64-T3000 compared to that on the 
CA-Ti64 indicates its higher hardness and 
elastic modulus [21,22].   

 

  
(a) (b) 

Figure 14. Indents left on cross-sections of (a) CA-Ti64 and (b) CS-Ti64-T3000 after indentations. 
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Figures 15a, b, c, and d present the cross-
sectional hardness of the CS-Ti64-T100, CS-
Ti64-T500, CS-Ti64-T1000, and CS-Ti64-T3000, 
respectively. They all have higher hardness than 
their CA-Ti64 substrates as well as lower 
hardness at locations close to their surfaces 
since the less impinging effect of spray Ti64 
particles prevents complete filling of gaps 
between sprayed Ti64 particles and gives rise to 
the higher surface porosity levels of the CS-Ti64 
coatings [16,23]. Although they have relatively 

uniform hardness throughout their CT, 
especially for the thick coatings, a fluctuation in 
their hardness with respect to distance results 
from a non-uniform distribution of pores in their 
bulk structures [11,21,24]. The cross-sectional 
hardness of the CS-Ti64 coatings becomes 
higher throughout their CT with higher CT, as 
found in Figure 15, probably due to their 
lowered bulk porosity levels and pronounced 
cold work hardening associated with the longer 
high pressure CS deposition [2,25].  

 

  
(a) (b) 

  
(c) (d) 

Figure 15. Cross-sectional hardness of (a) CS-Ti64-T100, (b) CS-Ti64-T500, (c) CS-Ti64-T1000, and (d) CS-Ti64-
T3000. The lines represent coating/substrate interfaces. 
 

Figure 16 presents the surface hardness of the 
CA-Ti64 and CS-Ti64 coatings with different 
CT. The CA-Ti64 has surface hardness of 371 
Hv. The CS-Ti64-T100, CS-Ti64-T500, CS-
Ti64-T1000, and CS-Ti64-T3000 have surface 
hardness of 400, 395, 409, and 410 Hv, 
respectively, indicating that their surface 
hardness consistently becomes higher with 
higher CT. The surface hardness of the CS-
Ti64 coatings is apparently higher than that of 
the CA-Ti64 due to their cold work hardening 
associated with the high pressure CS 
deposition [2,11,17,18]. 

 
Figure 16. Surface hardness of CA-Ti64 and CS-Ti64 
coatings with different CT. 
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3.4 Analysis of tensile bond strength  
 
Figure 17 shows the graph of tensile bond 
strength versus extension of the CS-Ti64-T3000. 
The tensile bond strength of the CS-Ti64-T3000 
is supposed to be more than 70 MPa since the 
tensile bond strength of the adhesive is about 70 
MPa and the tensile bond failure has occurred 
only at the adhesive (Figure 5c) [13]. The other 
CS-Ti64 coatings also have similar tensile bond 
strength. It shows that the CS-Ti64 coatings have 
a relatively strong bonding with their CA-Ti64 
substrates. 
 

 
Figure 17. Tensile bond strength of CS-Ti64-T3000.  
 
 
3.5. Analysis of wear and friction data  
 
Figures 18a and b show the surface 
topographies of the polished CS-Ti64-T1000 and 
CS-Ti64-T3000, respectively. After the polishing, 
pores still can be found on their surface 
topographies since the intrinsic pores exist 
throughout the bulks of the coatings [26]. The Rq 
values of the polished CS-Ti64-T1000 and CS-
Ti64-T3000 are 0.2±0.04 and 0.25±0.06 µm, 
respectively. All the tribo-tests were carried out 
on such coating surfaces. 
 
Figure 19 presents the specific wear rates of the 
CA-Ti64 and CS-Ti64 coatings with different CT. 
The specific wear rate of the CA-Ti64 is 93.9×10-

14 m3/(Nm). The specific wear rate of the CS-
Ti64-T100 is 86.6×10-14 m3/(Nm), which is 7.8% 
lower than that of the CA-Ti64, indicating that 
the CS-Ti64-T100 has higher wear resistance as 
a result of its higher hardness [27-29]. The 
specific wear rates of the CS-Ti64-T500 and CS-
Ti64-T1000 are 85.1×10-14 m3/(Nm) and 
84.4×10-14 m3/(Nm), respectively. The specific 
wear rate of the CS-Ti64-T3000 is 78.1×10-14 
m3/(Nm), which is 9.8% and 16.8% lower than 

those of the CS-Ti64-T100 and CA-Ti64, 
respectively. It indicates that the wear resistance 
of the CS-Ti64 coatings becomes higher with 
higher CT due to their higher hardness 
associated with the longer high pressure CS 
deposition as all the CS-Ti64 coatings used in 
this study have higher wear resistance than the 
CA-Ti64 as a result of their higher hardness 
attributed to their cold work hardening 
[2,11,17,18]. 
 

 
(a) 

 
(b) 

Figure 18. Surface topographies of polished CS-Ti64-
T1000 and CS-Ti64-T3000. 

 

 
Figure 19. Specific wear rates of CA-Ti64 and CS-
Ti64 coatings with different CT. 
 
Figure 20a presents the friction coefficients of 
the CA-Ti64 and CS-Ti64 coatings with different 
CT against 100Cr6 steel. The friction coefficient 
of the CA-Ti64 is 0.55. The friction coefficient of 
the CS-Ti64-T100 is 0.57 that is slightly higher 
than that of the CA-Ti64. It is known that high 
interfacial shear strength between two rubbing 
surfaces in contact generates high friction 
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during a dry sliding process [2,11,28,30,31]. The 
high wear of rubbing surfaces lessens the 
interfacial shear strength by generating wear 
debris and releasing them into the interface and 
thereby reduces friction since wear debris can 
serve as spacers to prevent a direct contact 
between two rubbing surfaces and slide or roll 
under a lateral force [2,11,28,30,31]. In addition, 

roughening of rubbing surfaces via their wear 
can also reduce friction by lessening the 
interfacial shear strength [2,11,21,28]. 
Therefore, the lower wear of the CS-Ti64-T100 
compared to that of the CA-Ti64 (Figure 20a) is 
responsible for its higher friction via less 
generation of wear debris and less roughening 
of its surface [2,11,21,28,30,31].  

 

  
(a) (b) 

Figure 20. Friction coefficients of CA-Ti64 and CS-Ti64 coatings as functions of (a) CT and (b) the number of laps. 

 
A slight decrease in the friction of the CS-Ti64 
coatings with increased CT is found in Figure 
20a so that the friction coefficient of the CS-
Ti64-T3000 is 0.54. The decreased wear of the 
CS-Ti64 coatings should increase their friction 
by decreasing generation of wear debris and 
roughening of their surfaces. However, the 
slightly decreased friction of the CS-Ti64 
coatings with increased CT can be correlated 
to their decreased contact areas with their 
counter balls via their reduced wear since a 
larger contact between two rubbing surfaces 
can generate higher friction during a dry 
sliding process via a larger number of contact 
junctions between them [2,11,28-32].  
 
Figure 20b illustrates the friction coefficients 
of the CA-Ti64 and CS-Ti64 coatings with 
different CT with respect to the number of 
laps. Although apparent fluctuations in the 
friction coefficients of the CA-Ti64 and CS-
Ti64 coatings with respect to the number of 
laps are found as a result of the stick-slip 
phenomena [2,11,28,33], they all exhibit 
relatively stable friction during the entire dry 
sliding via their steady wear. The similar 
trends of friction coefficient versus laps of the 
CA-Ti64 and CS-Ti64 coatings can be 
understood with their similar wear behaviour 
against 100Cr6 steel. 

3.6 Analysis of wear morphologies and 
topographies 

 
Figure 21a, b, c, and d present the wear 
morphologies and topographies of the CA-Ti64, 
CS-Ti64-T100, CS-Ti64-T1000, and CS-Ti64-
T3000, respectively. They all have apparent 
wear tracks as the wear track of the CS-Ti64 
coatings becomes smaller with higher CT. The 
CA-Ti64 has a larger amount of wear debris on 
its wear track than the CS-Ti64 coatings, which 
is consistent with its lower friction. Under the 
not very much different generation of wear 
debris (Figures 21b, c and d), the smaller contact 
area of the thicker CS-Ti64 coating with its 
counter steel ball becomes the influential factor 
for its lower friction. Ploughed furrows on the 
wear tracks of the CA-Ti64 and CS-Ti64 coatings 
are indicative of their abrasive wear resulting 
from the repeated dry sliding of the steel balls 
on their surfaces [2,11,28,29,34]. The largest 
amount of generated wear debris on the wear 
track of the CA-Ti64 results in a formation of 
tribolayers by compacting them under the 
repeated sliding of the steel ball [2,11,28,35]. 
Such tribolayers are not apparently found on the 
wear tracks of the CS-Ti64 coatings with the less 
generation of wear debris associated with their 
higher wear resistance [2,11,28,35]. 
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(a) (b) 

  
(c) (d) 

Figure 21. Wear morphologies (above) and topographies (below) of (a) CA-Ti64, (b) CS-Ti64-T100, (c) CS-Ti64-
T1000, and (d) CS-Ti64-T3000. 

 

  
(a) (b) 
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(c) (d) 

Figure 22. Wear morphologies of (a) CS-Ti64-T100, (b) CS-Ti64-T500, (c) CS-Ti64-T1000, and (d) CS-Ti64-
T3000 at higher magnification. 

 
Figure 22 shows the wear morphologies of the 
CS-Ti64 coatings at the higher magnification. 
Ploughed furrows are clearly seen on their wear 
morphologies [2,11,28,29,34]. Normally, the 
repeated dry sliding of the steel ball initiates 
minute cracks at the interfaces between sprayed 
Ti64 particles and in the subsurface, propagates 
them along the interfaces and parallel to a free 
surface for some extent, and eventually results 
in a formation of interfacial micro-cracks and a 
removal of surface materials from deep regions 
as platelets, respectively [2,11,22,28,36]. The 

spallation of surface materials can be 
accelerated by the existence of weak interfacial 
bonds between sprayed Ti64 particles. 
However, no observation of interfacial micro-
cracks and spallation on the wear tracks of all 
the CS-Ti64 coatings clearly indicates that the 
interfacial bond strength between sprayed Ti64 
particles is strong enough to effectively 
eliminate their fatigue wear damages during the 
dry sliding. It clearly points out that the wear of 
the CS-Ti64 coatings is mainly attributed to 
their abrasive wear.  

 

  
(a) (b) 

Figure 23. Wear scars of 100Cr6 steel balls rubbed on (a) CA-Ti64 and (b) CS-Ti64-T3000. 

 
Figures 23a and b show the wear scars of the 
100Cr6 steel balls rubbed on the CA-Ti64 and 
CS-Ti64-T3000, respectively, on which 
abrasive lines apparently found can be 
correlated to their abrasive wear 
[2,11,28,29,34]. The wear scar of the 100Cr6 

steel ball rubbed on the CS-Ti64-T3000 (1250 
µm in length) is larger than that of the one 
rotated on the CA-Ti64 (1176.5 µm in length) 
because the higher wear resistance of the CS-
Ti64-T3000 results in the higher wear of its 
counter steel ball. 
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3.7 Chemical analysis of surface wear and 
wear debris 

 
Figures 24a and b show the EDX spectra of the CA-
Ti64 measured on its untested area and wear track, 
respectively, with the four major peaks of Ti, Al, V 
and C elements although the EDX spectrum 
measured on its wear track has an additional O 
peak associated with an occurrence of an oxidation 
process during the dry sliding [2,11,28,37]. The C 
peak is attributed to surface carbon contaminants 
adsorbed after exposure to air wherewith the Ti, Al 

and V peaks result from the Ti64 matrix 
[2,11,28,38]. The EDX spectra of the CS-Ti64-
T3000 measured on its untested area and wear 
track are presented in Figures 24c and d, 
respectively. The CS-Ti64-T3000 (Figures 24c and 
d) has the similar EDX spectra to those of the CA-
Ti64 (Figures 24a and b), indicating that they have 
similar wear mechanisms against 100Cr6 steel 
under the dry condition. The O peak on the EDX 
spectrum measured on the wear track of the CS-
Ti64-T3000 (Figure 24d) indicates the occurrence 
of a dry sliding induced oxidation process [2,11,28]. 

 

  
(a) (b) 

  
(c) (d) 

Figure 24. EDX spectra of (a and b) CA-Ti64 and (c and d) CS-Ti64-T3000 measured at locations (a) "A" in untested 
area and (b) "B" in wear track of Figure 21a and (c) "C" in untested area and (d) "D" in wear track of Figure 21d. 

 

Figure 25 shows an overview of wear debris 
found on the wear track of the CS-Ti64-T3000. 
The irregular shaped wear debris are indicative 
of tearing and break-in wear caused by the 
surface asperities of the hard steel ball 
[2,11,28,39]. 

 
Figure 25. An overview of wear debris found on 
wear track of CS-Ti64-T3000. 
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(a) (b) 

  
(c) (d) 

Figure 26. Fitted XPS spectra of wear debris of CS-Ti64-T3000 in Figure 25: (a) C 1s, (b) O 1s, (c) Ti 2p, and (d) Al 2p.  

 

Figures 26a, b, c, and d show the fitted XPS C 
1s, O 1s, Ti 2p and Al 2p peaks of the wear 
debris of the CS-Ti64-T3000 in Figure 25, 
respectively. The deconvolution of the peaks 
was carried out with a Gaussian line shape and 
a Shirley background. In Figure 26a, the C 1s 
peak is deconvoluted into three components 
assigned to C-C bonds (full-width-half-
maximum (FWHM)= 1.65 eV) at 284.8 eV, C-O 
bonds (FWHM= 2.4 eV) at 286 eV, and C=O 
bonds (FWHM= 1.46 eV) at 288.9 eV [11,40]. 
In Figure 26b, the O 1s peak is mainly 
composed of two components attributed to O-
Ti bonds (FWHM= 1.59 eV) at 529.7 eV and C-
O bonds (FWHM= 3.13 eV) at 531.4 eV [11,41]. 
The component of the O 1s peak at 531.4 eV 
can also be attributed to oxidized Al [11,40]. 
Two spin-orbit coupling peaks of the Ti 2p are 
recorded at 458.3 eV for the Ti 2p3/2 peak 
(FWHM= 1.82 eV) and at 464 eV for the Ti 
2p1/2 peak (FWHM= 2.58 eV) as found in 

Figure 26c. The existence of the Al 2p peak 
(FWHM= 1.76 eV) at 74.5 eV is an indication of 
oxidized Al (Figure 26d) [40,41]. The V 
element is not apparently detected in the wear 
debris. The XPS results clearly show that the 
wear debris of the CS-Ti64-T3000 are 
significantly oxidized.  
 
 
4. CONCLUSIONS 
  
The CS-Ti64 coatings with different CT of 100-
3000 µm were deposited on the CA-Ti64 
substrates using a high pressure CS system. 
Their structural, mechanical and tribological 
properties were systematically investigated.  

 The bulk porosity levels of the CS-Ti64 
coatings were lower with higher CT, 
indicating their improved bulk densities 
associated with the longer high pressure CS 
deposition.  
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 No apparent gaps between the CS-Ti64 
coatings and the CA-Ti64 substrates were 
found as a result of the strong bonding 
between them. The tensile bond strength 
tests confirmed that the CS-Ti64 coatings 
had a relatively strong bonding with their 
CA-Ti64 substrates.  

 The hardness of the CS-Ti64 coatings was 
higher with higher CT due to their lowered 
bulk porosity levels and pronounced cold 
work hardening as their hardness was 
higher than that of the CA-Ti64 because of 
their cold work hardening.  

 The increased CT from 100 to 3000 µm 
resulted in a 9.8% decrease in the specific 
wear rates of the CS-Ti64 coatings as a result 
of their increased hardness as the specific 
wear rate of the CS-Ti64-T3000 was 16.8% 
lower than that of the CA-Ti64. The higher 
hardness of the CS-Ti64 coatings than that of 
the CA-Ti64 resulted in their lower specific 
wear rates for all the CT. It was clear that the 
CS-Ti64 coatings had higher abrasive wear 
resistance than the CA-Ti64. 

 The prolonged high pressure CS deposition 
for the thick CS-Ti64 coatings had an 
influence on the porosity, hardness, and 
abrasive wear resistance of the CS-Ti64 
coatings.  
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