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Abstract 

Hydroxyapatite (HA) coatings were deposited onto Ti6Al4V substrates via atmospheric 

plasma spraying under systematically varying spray parameters, leading to different in-flight 

particle velocities. Morphology, composition, and tribological properties of the coatings were then 

studied. The coatings deposited at higher in-flight particle velocities exhibited smoother surface 

topography, better inter-particle bonding and higher Young’s modulus and hardness. Ball-on-disc 

tribological results showed that the friction and wear of the HA coatings significantly decreased 

with increased in-flight particle velocity in both dry and wet (Hanks’ solution) conditions. All HA 

coatings exhibited lower friction and wear during the wet sliding due to the lubricating effect of the 

solution. 
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1. Introduction 

As one of the most widely used bioceramics, hydroxyapatite (HA) has been traditionally 

utilized in orthopedic applications due to its excellent biocompatibility and bioactivity [1]. 

However, mechanical properties of HA are insufficient for major load-bearing applications. 

Deposition of HA coatings onto metallic substrates such as Ti and Ti-alloys is therefore carried out 

to overcome such issues [2]. It was reported that bioactive HA coatings on metallic implants could 
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(1) promote earlier stabilization of the implants in the surrounding bone, (2) support bone in-

growth and improve the implant-bone bonding strength, (3) decrease the release of metallic ions 

from the implants, thereby reducing possible toxicity in the vascular system and subsequent health 

hazards, and (4) shield the prosthesis implants from environmental attacks to facilitate long-term 

function performance, therefore lowering the risk of their failure and extend their functional life [3, 

4]. However, when implanted in vivo, the repetitive loading and rubbing contact with counter 

materials or surrounding tissue experienced by the coatings can result in easy removal of materials 

and release of debris particles, thereby jeopardizing the mechanical and biological performance, 

which in turn may lead to an early failure of the whole structure in service. Therefore, investigation 

into the tribological behavior of HA coatings has emerged as an important issue in both the 

research filed and clinical applications [5, 6]. In order to improve the wear resistance and other 

properties of HA coatings, it is of special importance to optimize the fabrication process used for 

HA coating deposition [4]. 

Plasma spray processes have been widely used for various industrial applications due to 

their versatility, high deposition rates and a wide range of applicable materials [4]. Although the 

processes are presently used to deposit protective and biocompatible HA coatings on Ti and Ti-

alloy substrates, numerous issues such as insufficient coating adhesion, coating fractures, and 

thermal shock to the substrate materials are still reported [4, 7]. The issues have been addressed 

individually by focusing on various aspects of the plasma spray process [7]. One of such aspects is 

the in-flight properties (such as temperature and velocity) that the sprayed material particles attain 

within the plasma jet. It has been shown that such factors significantly influence the structure, 

density, and the coating-substrate bonding strength [4, 8-10]. 

The previous studies of plasma sprayed HA coatings have aimed at physical, mechanical 

and chemical properties [4, 8, 11]. Tribological properties of such HA coatings deposited on 

metallic substrates have been less reported. Fu et al. [12] investigated fretting wear of thermally 

sprayed HA coatings under dry conditions and found that the HA coatings had poor resistance to 
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wear. Dey and co-workers [5] developed microplasma sprayed HA coatings with poor scratch and 

wear resistance. 

Hanks’ solution has physiological pH and salt concentration and is thus widely used in cell 

culture as a buffer system. It can further be used to simulate body fluid conditions to study the bio-

tribological properties of thermally sprayed coatings under physiological conditions. Although the 

morphological and structural changes associated with dissolution of plasma sprayed HA coating in 

Hanks’ solution have been studied widely, the effect of Hanks’ solution (or other physiological 

media) on the tribological behavior of HA coatings has been much less studied [13-16]. 

In this study, four different HA coatings were deposited onto commercially available 

Ti6Al4V substrates via plasma spray process by systematically varying the in-flight particle 

velocities. The coatings tribological properties with and without Hanks’ solution were 

systematically investigated using ball-on-disc micro-tribological test. 

 

2. Experimental details 

2.1. Sample preparation 

In-house fabricated spray-dried HA powders with diameters of 39.9 ± 10.6 µm were used as 

the feedstock. The details of the HA powder preparation were reported in the previous studies [4, 

8]. For the substrates, commercially available Ti6Al4V alloy (99.9% purity, Titan Engineering, 

Singapore) were cut to 10 mm × 10 mm × 2 mm coupons. Atmospheric plasma system (Praxair 

Inc., Danbury, USA) equipped with SG-100 gun was employed to deposit the HA coatings. 

Purified argon was used as the main arc forming gas and carrier gas, while helium was used as an 

auxiliary enthalpy gas. In total, four runs with different system parameters were carried out to 

produce coatings under different in-flight properties (from [8]). Annotation of the four samples 

(HA1 to HA4) is provided in Table 1 along with the corresponding values of the system 

parameters. The selection of the process parameters was based on prior work reported in [4, 16]. 

During the spraying, the in-flight particle properties (temperature and velocity) were measured with 



4 
 

a fast-shutter CCD laser-assisted camera (Oseir Ltd., Tampere, Finland). The measured values are 

further provided in Table 1. 

 

2.2. Characterization 

The surface morphology and topography of the coatings were studied using SEM (JEOL-

JSM-5600LV, Japan) and surface profilometry (Talyscan 150 with 4 µm diameter diamond stylus, 

Taylor Hobson, UK). Three measurements per sample were carried out to obtain average root-

mean-squared surface roughness (Rq). To evaluate the coatings microstructure, sample cross-

sections were ground using 800, 1200, 2400 and 4000 grit SiC papers and polished to 1 μm surface 

finish with diamond paste. The phase composition of the coatings was examined using X-ray 

diffractometer (Philips MPD 1880, PANalytical, the Netherlands) with Cu Kα radiation at 40 kV 

and 30 mA and the chemical composition was studied using energy-dispersive X-ray spectroscopy 

(EDX, Model 6647, Oxford Instruments, UK). 

Nanoindentation has been proved to be a powerful method to measure the mechanical 

properties of thermally sprayed ceramic coatings, and has the capability to probe individual splats 

inside the coating [17]. Young’s modulus (E) and hardness (H) were measured by nanoindentation 

(Agilent G200, Keysight Technologies, USA) on the polished cross section of the coatings. The 

continuous stiffness measurement technique was used, with the strain rate target and depth limit 

being 0.05 s
-1

 and 2000 nm, respectively. In total 20 indentations were made on each sample to 

obtain the average E and H values. The tribological properties of the samples were investigated 

using ball-on-disc micro-tribological test (CSM High Temperature Tribometer, CSM Instruments 

SA, Switzerland) against 100Cr6 steel balls (Rq = 0.032 µm, H = 7.5 GPa) of 6 mm in diameter in a 

circular path of 1 mm in radius for 40000 laps at a sliding speed of 2 cm/s under a normal load of 

3 N at room temperature (22-24°C). In order to eliminate the influence of the substrate during the 

subsequent tribological testing, the coatings were deposited so that the thickness exceeded 300 µm 

[18]. The samples were tested in both air and Hanks’ solution (H9269, Sigma-Aldrich, Singapore). 
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Three measurements per sample were carried out to obtain the average friction coefficient. 

Considering the difficulty in measuring the wear depth due to the relatively high surface roughness 

of the coatings, the wear width was used as the major index to assess the wear resistance of the 

different HA coatings in this study. The width of the wear tracks was measured by surface 

profilometry. Wear morphology of the steel balls rubbed against the HA coatings under dry 

conditions was observed by light microscopy (Zeiss Axioskop 2 with JVC Color Video Camera, 

Carl Zeiss, Germany). Due to extensive corrosion, the wear morphology of the steel balls tested 

under wet conditions is not included in the paper due to low information yield. 

 

3. Results and discussion 

3.1. Coating properties 

As determined by Rietveld analysis of the obtained XRD spectra, the dominant phase in the 

produced powder is HA [4, 19]. A 5% CaCO3 content was detected; this could have originated in 

the material by a reaction of the original Ca(OH)2 with atmospheric CO2 during the powder 

production [4]. After the plasma spray process, the produced coatings mainly consisted of HA, with 

varying content of metastable tri-calcium and tetra-calcium phosphate phases (α-TCP, β-TCP, 

TTCP), as reported earlier in [4]. 

The surface topography of the as-sprayed HA coatings is presented in Fig. 1 and Fig. 2. The 

Rq values of the as-sprayed coatings are summarized in Table 2. It was found that the HA1 coatings 

exhibited a relatively rough surface topography with a number of protruded particles above the 

surface, yielding the highest Rq value. The existence of such particles can probably be attributed to 

the small degree of deformation of the HA particles at a low in-flight velocity, as can be observed 

in Fig. 2. The HA2 coatings exhibited smaller Rq due to a significantly smaller number of the 

protruded particles (Fig. 1). Presumably, the decline in the protrusions quantity was triggered by 

the higher impact energy of the HA particles via increasing the in-flight particle velocity (to 

~204 m/s). This was confirmed via SEM as increased HA particles flattening was observed in the 
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HA2 coatings (Fig. 2). No large protruded particles could be seen in the surface topography (Fig. 1) 

images of the HA3 and HA4 coatings, leading to a further decrease in the Rq values. The HA4 

coating exhibited the smoothest surface topography and lowest Rq value probably due to the highest 

compaction of the surface via the highest in-flight particle velocity (275 m/s). 

Fig. 3 presents the cross-sectional morphology and microstructure of the HA coatings. The 

highest number of inter-particle gaps was found in the HA1 coating, probably due to the weak 

inter-particle bonding in the coating as it was deposited at the lowest in-flight particle velocity [5, 

12]. Additionally, compared with the other three coatings, HA1 coating showed the smallest 

amount of particle deformation, with some HA particles still retaining their spherical shape. As the 

in-flight particle velocity increased in HA2-4, the inter-particle gaps were significantly reduced 

(Fig. 3), implying stronger inter-particle bonding in those coatings. While large pores (~50 μm or 

above) could be observed in the HA2 coating, they were absent on the cross-section of the HA3 and 

HA4 coatings. This further proves that higher in-flight particle velocity resulted in denser 

microstructure of the coatings. The results signify that the in-flight particle velocity is an important 

factor in controlling the microstructure, and thereby possibly influencing the wear resistance of the 

plasma sprayed HA coatings. 

It can be seen in Fig. 4 that the E and H of the coatings generally increased with the in-flight 

particle velocity. The respective values of HA4 (E = 77.3 GPa, H = 4.9 GPa) are highest among the 

four coatings and represent a 26.9 % and 37.3 % improvement, respectively, as compared with 

HA1. Such increase is probably associated with the lowest porosity (i.e., the most compact 

structure) obtained under the highest in-flight particle velocity during the plasma spray process. In 

addition, the inter-particle bonding, which is believed to be strengthened at higher in-flight particle 

velocities, can affect the sample displacement during nanoindentation. This in turn would influence 

the obtained E and H values [20]. Nanoindentation has been extensively used to investigate the 

mechanical properties of HA coatings. Saber-Samandari et al. [17] reported that the E and H of 

flame sprayed HA coatings to be in the range of 114-121 GPa and 5.0-5.8 GPa, respectively. In the 
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study of Surmeneva et al [21], the E and H values of RF magnetron sputter-deposited HA coating 

were reported to be 112 GPa and 7.0 GPa, respectively. Both studies therefore obtained coatings 

with higher E and H than in the presented study. On the other hand, some other studies reported 

much lower E and H values. For instance, McManamon et al. [22] found that their plasma sprayed 

HA coatings possessed a E of 4.1 GPa and a H of 0.29 GPa; low E (6 GPa) and H (1 GPa) were 

also obtained by Sidane et al. [23] for their sol-gel HA coating, although they used the same 

indentation depth and strain rate as our study. These results suggest that the mechanical properties 

of HA coatings depend on various factors such as crystallinity, porosity, particle size and 

processing routes. It should be pointed out that overall the E and H values obtained here agree well 

with those reported in a number of previous studies on pure HA ceramics [24, 25]. 

It is worth mentioning that HA1 showed significantly higher variation in E and H (error bar 

in Fig. 4) than the other coatings. Fabricated under the lowest in-flight particle velocity, HA1 

possessed the least compact microstructure and its highest porosity and inhomogeneous pore 

distribution probably induced the measured data scatter. 

 

3.2. Tribological properties 

Fig. 5a presents the mean friction coefficients of the four different HA coatings tested 

against a 100Cr6 steel ball without and with Hanks’ solution. The friction coefficients of the HA 

coatings presented in Fig. 5a were averaged from the global trends of friction coefficient versus 

laps presented in Fig. 5b. The measured friction coefficients well correlate to the respective in-

flight velocities (Table 1): the increased in-flight particle velocity significantly decreased the 

friction of the HA coatings probably through the decreased roughness of the surfaces. At the same 

time, an improved wear resistance of the HA coatings was observed. In addition, all the HA 

coatings tested with Hanks’ solution exhibited lower friction coefficients as opposed to their 

counterparts tested under dry conditions. The reason is that the Hanks’ solution lubricated the 

rubbing surfaces and prevented a direct solid-solid contact between them during the sliding [26-28]. 
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Fig. 5b illustrates the development of the HA coatings friction coefficients tested without 

and with Hanks’ solution as a function of the number of laps. The HA coatings deposited at the 

higher in-flight particle velocities exhibited lower friction during the entire sliding without and with 

Hanks’ solution as a result of a lower wear of the coatings. Under the wet conditions, the HA 

coatings generally showed lower friction coefficients with respect to laps due to the lubricating 

effect of the solution [26].  

 The high surface roughness of the HA coatings lessened their contact areas with the counter 

steel balls under the dry condition, therefore the corresponding initial friction coefficients of the 

coatings were relatively low (Fig. 5b). Subsequently, the increased wear of the rubbing surfaces 

with increased laps in the running-in period increased the contact area between them, yielding the 

increased friction of the HA coatings. The HA coatings tested with Hanks’ solution did not exhibit 

the relatively low friction in the beginning phase as the presence of the solution between two 

rubbing surfaces mitigated the influence of surface roughness on the initial friction of the coatings. 

During the prolonged sliding, the lower surface roughness of the HA coatings gave rise to their 

lower friction because of the reduced mechanical interaction between asperities of the two rubbing 

surfaces under both dry and wet conditions. 

Fig. 6 shows the wear widths of the different HA coatings tested with and without Hanks’ 

solution. It was found that the widths of the wear tracks of the HA coatings tested under both 

conditions significantly decreased at higher in-flight particle velocities through the enhanced inter-

particle bonding, and increased E and H of the fabricated coatings. In addition, the HA coatings 

tested with Hanks’ solution exhibited lower wear (i.e., narrower wear tracks) as opposed to their 

dry-tested counterparts, confirming the lubricating effect of the Hanks’ solution. The similar trends 

between the friction (Fig. 5a) and wear (Fig. 6) of the HA coatings imply that the frictional 

behavior of the HA coatings is closely related to their wear behavior. 

After the tribological tests, the wear topography and morphology of the HA coatings were 

examined. As shown in Fig. 7, the dry sliding of the steel ball against the HA1 coating removed the 
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surface material up to a wear depth of 46 ± 5 µm. The introduction of the Hanks’ solution during 

the sliding led to a decrease in the wear depth of the HA1 coating to 28 ± 3 µm (Fig. 7). 

Fig. 8 shows the wear morphology of the HA coatings tested without Hanks’ solution. It 

was consistently found that the HA1 coating exhibited significant material removal during the dry 

sliding against the steel ball. Such material removal was not observed for the other HA coatings 

tested under the dry conditions (Fig. 8) due to their higher abrasive wear resistance. The wear track 

width (indicated by arrows in Fig. 8) of the HA coatings significantly decreased with increasing 

particle velocity. Following this trend, the HA4 coating tested under dry conditions did not exhibit 

a significant wear track on the surface. The results therefore confirmed the assumption that the 

increased in-flight particle velocity greatly improves the abrasive wear resistance of the HA 

coatings under the dry conditions. 

Fig. 9 shows the wear morphology of the HA coatings tested with Hanks’ solution. The 

introduction of Hanks’ solution during the sliding against the steel ball significantly reduced the 

abrasive wear of the HA1 coating, as confirmed by its smaller wear width and depth (Fig. 7). In 

addition, the presence of Hanks’ solution between two rubbing surfaces can lessen the adhesive 

wear of the HA coatings by serving as a spacer to prevent a direct content between the rubbing 

surfaces. Similar to the dry condition, it was found that the wear track width (indicated by arrows in 

Fig. 9) of the HA coatings tested with Hanks’ solution decreased according to the relation of 

HA1 > HA2 > HA3 > HA4 due to the increased abrasive wear resistance of the HA coatings 

associated with higher in-flight particle velocities. Overall, the SEM observation clearly showed 

that the HA coatings exhibited a decrease in their friction and wear with the increased in-flight 

particle velocity under both dry and wet sliding conditions and the introduction of Hanks’ solution 

during the sliding apparently lowered the friction and wear of all HA coatings most likely due to 

the lubricating effect of the Hanks’ solution. 

The EDX measurement within the wear track of the HA4 coating tested with Hanks’ 

solution detected C, Ca, O, and P presence. The Ca, O, and P peaks are associated with the HA 



10 
 

matrix and the C peak could probably be attributed to surface carbon contamination. No Fe 

associated with the wear of the steel ball was detected in the spectra, suggesting that no significant 

(detectable) transfer of Fe into the HA coating occurred. 

The effect of the surface roughness on the tribological properties of the HA coatings must 

be further taken into account. A rougher surface can lead to a higher friction and wear via increased 

mechanical interaction between the two rubbing surfaces [29-32]. As shown in Table 2, a strong 

correlation between the surface roughness and friction and wear properties of the HA coatings was 

observed, thereby clearly indicating that the surface roughness of the HA coatings has a significant 

influence on their friction in terms of mechanical interaction. 

The surface roughness, friction coefficient and wear width values vs. in-flight particle 

velocity normalized to those of HA1 are presented in Fig. 10a. Marked decreasing trends were 

detected for all the parameters, indicating that a higher in-flight particle velocity resulted in 

smoother HA coatings with enhanced friction and wear resistance. Furthermore, when these 

parameters were normalized to the corresponding values of HA1 and plotted against the surface 

roughness (Fig. 10b), similar decreasing trends were observed, implying a strong correlation 

between the friction and wear properties and the surface roughness of the coatings. It is suggested 

here that the reduction of the wear widths by increasing in-flight particle velocity was realized 

through a smoother surface topography, i.e. less mechanical interaction between the rubbing 

surfaces. In addition, when smoother coating surfaces were obtained under higher in-flight particle 

velocities, Hanks’ solution was able to prevent a direct solid-solid contact between two smooth 

surfaces more effectively, thereby further reducing the friction coefficient. 

Fig. 11a and b shows the rubbing surface morphology of the 100Cr6 steel balls used for the 

HA1 and HA4 coatings after dry wear tests, respectively. The steel ball rubbed on the HA4 coating 

had a significantly larger wear width of 658 ± 86 µm than the one of the HA1 coating (wear width 

of 236 ± 54 µm). Such result further supported the idea that the HA4 coating deposited at the 
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higher in-flight particle velocity possessed a higher wear resistance, giving rise to the higher wear 

of its counter steel ball during the prolonged sliding [26]. 

 

4. Conclusions 

Hydroxyapatite coatings were deposited onto Ti6Al4V substrates via atmospheric plasma 

spray process by systematically varying the in-flight powder particle velocities. The tribological 

properties of the coatings without and with Hanks’ solution were investigated using ball-on-disc 

micro-tribological test. The SEM observation showed that the HA coatings deposited at higher in-

flight particle velocities exhibited smoother surface topography and improved Young’s modulus 

and hardness. As a result, the corresponding HA coatings exhibited significantly lower friction 

coefficients and wear against the steel ball under both dry and lubricated (Hanks’ solution) 

conditions. The HA coatings tested with Hanks’ solution had lower friction and wear due to the 

boundary lubricant effect of the solution. It is therefore concluded that higher in-flight particle 

velocity enhances the tribological properties of the HA coatings under both dry and wet conditions. 
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Table caption 

Table 1: Plasma spray process parameters used for deposition of different HA coatings  

Table 2: Surface roughness (Rq) and wear properties of different HA coatings 

 

Figure captions 

Fig. 1: Surface topography of as-sprayed HA coatings. 

Fig. 2: Surface morphology of as-sprayed HA coatings.  

Fig. 3: Microstructure of as-sprayed HA coatings.  

Fig. 4: Young’s modulus and hardness of as-sprayed HA coatings. 

Fig. 5: (a) Friction coefficients of HA coatings tested with and without Hanks’ solution; (b) friction 

coefficients of HA coatings as a function of the number of laps. 

Fig. 6:  Wear track widths of different HA coatings.  

Fig. 7: Surface topography of HA1 coatings after tribological testing without and with Hanks’ 

solution. 

Fig. 8: Wear morphology of HA coatings observed after tribological testing without Hanks’ 

solution. Arrows indicate wear widths. 

Fig. 9: Wear morphology of HA coatings observed after tribological testing with Hanks’ solution. 

Arrows indicate wear widths. 

Fig. 10: Surface roughness, friction coefficient and wear width of HA coatings normalized to the 

corresponding values of HA1 vs. (a) in-flight particle velocity and (b) surface roughness. 

Fig. 11: Wear morphology of 100Cr6 steel balls rubbed on (a) HA1 and (b) HA4 coatings under 

dry sliding conditions. 
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Table 1 

Set 

annotation 

Net 

power 

[kW] 

Main 

gas 

[L/min] 

Auxiliary 

gas 

[L/min] 

Feed 

rate 

[rpm] 

Carrier 

gas 

[L/min] 

Spray 

distance 

[mm] 

Temperature 

[K] 

Velocity 

[m/s] 

HA1 7 20 10 2 3 75 2540 175 

HA2 7 34 24 3 5 100 2513 204 

HA3 11 48 38 2 3 100 2500 243 

HA4 11 34 24 4 7 75 2470 275 

 

Table 2 

Sample Rq 

[µm] 

Friction coefficient Wear width [µm] 

  Without Hanks’ 

solution 

With Hanks’ 

solution 

Without Hanks’ 

solution 

With Hanks’ 

solution 

HA1 18.7 ± 1.4 0.79 ± 0.03 0.61 ± 0.01 1267.5 ± 105.6 756.3 ± 42.7 

HA2 12.6 ± 1.9 0.67 ± 0.02 0.51 ± 0.12 747.8 ± 106.6 576.7 ± 25.1 

HA3 11.0 ± 0.1 0.63 ± 0.06 0.44 ± 0.06 583.5 ± 44.5 402.3 ± 29.7 

HA4 8.8 ± 0.2 0.61 ± 0.08 0.32 ± 0.06 337.5 ± 44.0 260.7 ± 8.1 
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Fig. 2 

 

 
Fig. 3 
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Fig. 4 

                         

                
Fig. 5 
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Fig. 6 

 

 
 

Fig. 7 

Without Hanks’ solution 

With Hanks’ solution 
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Fig. 8 

 

 
Fig. 9 
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Fig. 10 
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Fig. 11 

 

Highlights 

 Higher in-ight velocities resulted in enhanced friction and wear properties of the coatings 

 Surface topography and mechanical properties of the coatings were analyzed to understand the 
underlying mechanisms 

 Hanks' solution was used to simulate the in-vitro tribological environment 

 The lubrication e_ect of Hanks' solution could reduce friction and wear of the coatings 




