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Abstract 

A cogent understanding of the microstructure, and indeed nano-structure, of hydroxyapatite (HA) 

and the interface between Ti-6Al-4V and HA is crucial to its appropriateness as a biomaterials. This 

paper reports the analysis of plasma-sprayed HA/Ti-6Al-4V composites by transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM) to elucidate the intricate 

nature of the materials following plasma spray processing and in vitro evaluation. The novel Ti-6Al-

4V/HA composite coating, with approximately 48 wt% HA, had demonstrated attractive tensile 

adhesion strength ( 28 MPa) and improved Young’s modulus (  55 GPa). Experimental results 

demonstrated that amorphous calcium phosphate and fine HA grains were formed during rapid splat 

solidification in the as-sprayed composite coatings. Small Ti-6Al-4V grains were observed adjacent 

to the amorphous calcium phosphate. The coatings were further heat treated at 600°C for 6 h, and 

significant crystallisation of the amorphous calcium phosphate phase took place. However, complete 

crystallisation was not achieved at this temperature, as the coatings invariably contained a small 

amount of amorphous calcium phosphate phase in some local regions. After immersion in simulated 

body fluid for 2 weeks and 10 weeks, TEM and STEM confirmed that the interfaces inside the 

coating maintained good microstructural integrity. 

Keywords:  Hydroxyapatite; Ti-6Al-4V alloy; Composite; Plasma spraying; Transmission electron 

microscopy 

1.  Introduction 

Hydroxyapatite (HA), with the chemical formula                , is one of the most attractive 

materials for human hard tissue implants because of its close resemblance to chemical 

composition(Ca/P ratio) of teeth and bones. This promotes rapid bone growth and bonding between 

bony tissue and implant surfaces. HA has been clinically applied as a dense, sintered material and as 
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coatings onbioinert metallic implant [1]. As a coating on stems of hip joint prostheses, HA can 

enhance biological fixation. However, HA coatings with different microstructural characteristics 

profoundly influence subsequent biological performance, leading to miscellaneous biological 

responses after implantation [2]. HA coatings have been applied by a wide range of surface deposition 

techniques including plasma spraying, high-velocity oxy-fuel spraying (HVOF), pulsed laser ablation, 

ion-beam sputtering, electrophoretic deposition, radio frequency magnetron sputtering, solgel and 

conventional ceramic processes that involve pressing and sintering [3–13]. Among these techniques 

thermal spray techniques offer the attractive prospect of economy and efficient deposition of HA [1]. 

HA is known for its good biocompatibility. However, a major drawback is its relatively poor 

mechanical properties compared to natural bone, making it unsuitable for high-load applications. Its 

fracture toughness is only about 1 MPam
1/2

. In order to achieve the mechanical characteristics needed 

for biomedical applications, blending with a tough phase is essential. Titanium metal, Ti-6Al-4V alloy, 

yttria-stabilised zirconia (YSZ),    Al and       ceramics have been considered good candidates as 

the reinforcing phases [14–17]. The mechanical properties of such HA-based composites are strongly 

dependent on the reinforcement fillers and interfacial adhesion. 

In a previous study, HA and HA/Ti-6Al-4V composite coatings were fabricated by plasma spraying 

and characterised by X-ray diffraction (XRD) and scanning electron microscopy (SEM) [18]. The 

present investigation focuses on reinforcing HA coatings with a tough secondary phase. The 

toughening material chosen was Ti-6Al-4V alloy. The reasons for this are as follows: (1) The melting 

point of Ti-6Al-4V is comparable to that of HA, thereby ensuring homogeneous melting of the 

composite during plasma spraying, and further enhancing the bonding between HA and Ti-6Al-4V 

lamellae due to more complete wetting in the molten state. This yields a strong composite coating. (2) 

Bonding strength between the coating and substrate can be improved as Ti-6Al-4V lamellae in the 

coating can adhere to implant substrate material—Ti-6Al-4V strongly. (3) Ti-6Al4V+HA composites 

exhibit high bioactivity when an HA outer layer is present. When multi-layered functionally graded 

materials (FGM) are fabricated by varying the proportion of Ti-6Al-4V during plasma spraying, a 

pure HA coating on the outer surface of the FGM displays bioactivity equivalent to single-layer HA 

coatings. (4) Ti-6Al-4V is relatively stable in body fluids and has a low density. 

As Ti-6Al-4V alloys and plasma-sprayed HA coatings have been well studied, the present 

investigation focused on plasma-sprayed Ti-6Al-4V/HA composite layer. With the aid of TEM, and 

STEM phase distributions in the coatings and metallic/ceramic interfaces were characterised, especially 

with respect to the influence of heat treatment and in vitro immersion duration. 

2. Experimental materials and procedures 

The HA/Ti-6Al-4V composite powders used for deposition were synthesised from pure HA material 

and Ti-6Al-4V alloy. As described in a previous report [19,20], HA raw material was produced using a 

wet chemical method, i.e. having 0.5 M calcium hydroxide to react with 0.3 M orthophosphoric acid in 

a temperature-controlled bath. The resultant precipitate was dried at 180°C, followed by calcination at 

800°C for 4 h. Commercially available Ti-6Al-4V powder of —100 mesh with a particle size range 

53–75  m (Micron Co., Canada) was used. Coating HA slurry onto Ti-6Al-4V granules as described 

elsewhere [19] yielded Ti-6Al-4V/ HA composite powders with particle size in the range of 75–

106 m. The average proportion of the HA in the composite powders is  48 wt%. 

A computerised plasma spraying system 4500 (Praxair Thermal Inc., USA) was used for coating 

deposition. Before plasma spraying, the Ti-6Al-4Vsubstrates were sandblasted with  24 mesh 

alumina grit. The plasma spray parameters are listed in Table 1. The  100  m thick coatings were heat 



 

 

treated at 600°C for 6 h to speed up the re-crystallisation process and to release thermal residual 

stresses. Coatings for bond strength measurement were sprayed onto cylinders of 25-mm in diameter 

and height. Bond strengths were measured according to the ASTM standard C633-79. Two identical 

cylindrical nickel stubs were used as a set, one with the coating on the surface and the other without. 

A high performance DP-460 Epoxy Adhesive (3M, USA) with a maximum bond strength of 40 MPa 

was used to join the two stubs. The surface of the uncoated stubs was sandblasted to enhance the 

adhesion strength. The two stubs were aligned and a weight of about 420 g was applied to ensure 

intimate contact between the two surfaces. After 12 h of curing at room temperature, the bond 

strength was measured using an Instron 4302 tester at a crosshead speed of 1 mm      . 

XRD, SEM, and TEM examined the resultant coatings. TEM specimens were prepared by grinding 

the coatings to less than 50  m with emery paper followed by thinning with a Gatan precision ion-

polishing machine. Cross-sectional TEM specimens from the coatings were prepared using a method 

similar to that described by Unal et al. [21]. A JEOL JEM3010 TEM operated at 300 kV was used to 

characterise the microstructure/nanostructure of the composite coatings. 

The simulated body fluid (SBF) was prepared in accordance to the formulation of Kokubo et al. [22]. 

The concocted fluid had an ionic concentration that closely resembles the concentration of human 

blood plasma, as shown in Table 2. The resultant composition was buffered to a physiological pH of 

7.25 at 36.5°C with tris(hydroxymethyl)-aminomethane and hydrochloric acid (HCl). The coated 

samples (both as-sprayed and heat-treated) were immersed in sealed SBF-containing vials for time 

periods of 2, 4, 6, 8 and 10 weeks. The whole experiment was performed in a laboratory constant 

temperature water bath maintained at a temperature of 36.5±0.1°C and subjected to a constant stirring 

and gentle shaking motion. 

3. Results 

 

3.1. TEM observation of as-sprayed HA/Ti-6Al-4V composite 

Thermal spraying is a unique process to rapidly fabricate layered coating structures. Thermal 

sprayed coatings are built up by microscaled molten splat solidification. Occasionally, some unmelted 

particles are captured by the successive droplets arriving on the substrate and get embedded in the 

subsequent layered structures. Pores are formed during solidification due to both shrinkage and air 

entrapment. In this HA/Ti-6Al-4V composite coating system, SEM images from polished cross-

sections clearly demonstrated the Ti-6Al-4V and HA phases layered in an alternating pattern (Fig. 1). 

XRD revealed that as-sprayed HA coatings contain a large amount of amorphous calcium phosphate 

phase (Fig. 2). Among the crystalline phases, the major one is HA. Minor amounts of CaO as well as 

          (TCP) and         (TTCP) exist in the coating due to the decomposition of HA during 

the high-temperature spray process. 

In order to clarify the nano-scale phase morphology and interface structure, the present study 

emphasized TEM and STEM analyses. In particular, bright field images and selected area electron 

diffraction patterns revealed detailed phase distributions in the HA/Ti-6Al-4Vcomposite coating. Fig. 

3 shows a typical TEM HA/ Ti-6Al-4V coating structure, where fine HA crystalline material is 

distributed through an amorphous matrix, which also encapsulates Ti-6Al-4V crystals. The amorphous 

calcium phosphate phase existed almost ubiquitously in the as-sprayed coating. 

Regions containing mainly Ti-6Al-4V material were also studied as shown in Fig. 4. The 

selected area diffraction (SAD) pattern also shows very faint spots associated with HA crystals. 

Regions containing HA and amorphous phase is shown in a higher magnification TEM image (Fig. 



 

 

5). Such amorphous phase that exists in the as-sprayed coatings can be mostly transformed into the 

crystalline HA phase through post-spray heat treatment. 

As expected, the microstructures of HA/Ti-6Al-4V composite coatings are more convoluted when 

compared to pure HA coatings due to the presence of both ceramic and metallic phases in the starting 

powders. The composite powders before plasma spraying contained  ' Ti-6Al-4V and pure HA 

phases, as confirmed by the XRD patterns. As an artifact of the preparation procedure, typical powder 

particle structure shows a large Ti-6Al-4V core rimmed by a homogeneous HA layer [19]. Such 

structures inhibit a lower incidence of Ti-6Al-4V oxidation during plasma spraying because of the HA 

passivation role. According to the STEM/EDX results, it was found that the metallic phase and 

ceramic overlayer were intimately contacted which facilitates diffusion and exchange of elements (Fig. 

6), particularly from metallic region to ceramic region. 

In many cases, no clear interface could be detected between metallic and ceramic structure in TEM 

as the wetting enhanced diffusion between them in the molten state during plasma spraying. Rapid 

solidification induced the formation of fine grains, or even amorphous calcium phosphate, that was 

unable to crystallise within a short duration at the crystallisation temperature employed in this study. 

3.2.Influence of the post-spray heat treatment on microstructure and properties of HA/Ti-6Al-4V 

composite coating 

The biodegradation of HA coating over time depends largely on the degree of crystallinity of HA 

[1]. Fast cooling enhances the formation of the amorphous phase. One purpose of post-spray 

heattreatment was to promote crystallisation, as amorphous materials are more readily resorbed by 

body fluid, hence weakening the interface between coating and implant. Controlled post-spray heat 

treatment, e.g. 600°C for 6 h effectively preferentially transforms the amorphous calciumphosphate 

into HA, rather than other phosphates. The XRD result showed that the quantity of HA increased 

significantly after heat treatment, while  -tricalcium phosphate,  -tricalcium phosphate, tetracalcium 

phosphate, and CaO phases were almost undetectable [19]. TEM micrographs showed more crystalline 

HA grown from amorphous regions (see Fig. 7) in the treated samples. 

The Ti-6Al-4V fine grains formed during plasma spray were relatively stable during the heat 

treatment, as little grain growth was observed. The fine grains after heat treatment were around 50 nm 

or even smaller (Fig. 8). A small amount of amorphous phase was observed in some local areas, as the 

phase transformation from amorphous into HA was not 100%, even after long duration high-

temperature treatment (Fig. 9). 

In many cases, larger grains of HA were observed after heat treatment as shown in Fig. 10 with the 

grain size of about 100 nm or larger. It was believed that heat treatment at even higher temperature 

could lead to microstructure changes in substrate material. However, such conditions have been 

employed in the present study. Another method to avoid damage on substrate materials whilst 

accomplishing phase transformation of the amorphous calcium phosphate to HA is by laser surface 

heat treatment [23]. 

Compared with pure HA, the addition of Ti-6Al-4V alloy to HA greatly increased the mechanical 

properties of the coating both prior to, and after heat treatment [19]. Bond strengths of the Ti-6Al-

4V/HA composite coating materials on Ti-6Al-4V substrate, as tested according to ASTM C-633 

procedure are at a range  23–28 MPa. This range of values are almost double that of a pure HA 

coating ( 10–15MPa). 



 

 

The Ti-6Al-4V/HA composite coatings were immersed into SBF in the range 2–10 weeks to 

determine the microstructure changes that would influence the performance of the material. It was 

found on the inside the coating did not undergo obvious changes, although some HA crystals in some 

regions appears to have coarsened (Figs. 11 and 12). The interface between ceramic and metallic 

phases evidently maintained decent integrity following the SBF test, even after 10 weeks immersion. 

4. Discussion 

Based on the present analytical TEM study and previous SEM and XRD examination, the 

microstructure characteristics of this HA/Ti-6Al-4V bioactive coating system were studied. Both 

ceramic/ceramic and ceramic/metallic interfaces in the HA/Ti-6Al-4V composite coating system 

are found to be strongly adhesive in the as-sprayed conditions. No cracks or separation between 

the different materials were observed by TEM (see Fig. 6). This is attributed as asignificant factor 

for the enhanced cohesive and adhesive strength of the coating. The average tensile bond strength 

value of the 50 wt% Ti-6Al-4V/50 wt% HA system was found to be 28 MPa (5 data points). This is 

almost twice the value obtained for typical plasma-sprayed HA coating (15 MPa). In addition, the 

existence of ductile Ti-6Al-4V retards crack propagation in the coating and therefore contributes to the 

general fracture toughness of the composite coating. 

It is also accepted that post-spray heat treatment can promote interfacial bondings, and transform the 

amorphous calcium phosphate into HA crystals, thereby enhancing both the mechanical properties and 

biocompatibility of the coatings. 

The heat treatment temperature and treatment duration were selected primarily on the basis of 

maximising HA formation from amorphous calcium phosphate [19], while avoiding alteration of the 

substrate. Although it is generally accepted that higher temperatures can help hasten the 

amorphous crystalline phase transformation, it is practical to use lower heat-treatment temperatures 

to avoid serious irreversible structural and property changes to the Ti-6Al-4V substrate. In the present 

study 600°C, 6h seem to be ideal as almost complete crystallisation of HA was achieved with any 

evidence of oxidation to the Ti phase. 

These results suggest that HA/Ti-6Al-4V composite materials prepared by plasma spraying can be 

used as bond coat layer between Ti-6Al-4V implant and HA coating. TEM examination has proven 

that the coating structure is relatively stable in the SBF. Interfaces inside the coating show good 

adhesion. Detailed in vitro and in vivo trials are still going on. The results will be reported in future 

publications. 

5. Conclusions 

The microstructure of plasma-sprayed HA/Ti-6Al-4V composite material was investigated using 

analytical transmission electron microscopy (TEM) and scanning transmission electron microscopy 

(STEM). The composite was a dense-layered structure, containing HA, finely divided Ti-6Al-4V and 

amorphous calcium phosphate. Adhesive ceramic/ceramic and ceramic/metallic interfaces were 

observed before and after heat treatment. After heat treatment at 600°C for 6 h, the amorphous 

calcium phosphate was transformed into fine HA crystals with minimal decomposition. Localised 

retention of amorphous phase was found in the heat-treated sample. This indicates that certain 

‘stabilising’ factors could exist in the system that prevents a complete conversion to HA. The fine Ti-

6Al-4V grains are stable and do not coarsen into large grains, which will compromise the mechanical 

properties of the composites. 

The high bond strength of HA/Ti-6Al-4V was attributed to the good adhesion among the interfaces 



 

 

between HA and Ti-6Al-4V as evident in the TEM micrographs. Heat treatment at 600°C, 6 h is 

apparently suitable for this composite system and has minimal influence on the substrate than that 

might be expected if higher temperature heat treatments were employed. Crystallisation of amorphous 

calcium phosphate to HA was evident and this augured well for the biomechanical integrity of this 

composite system in vivo. 

Microstructure of this composite coating undergoes minor changes after a short period (2–10 weeks) 

of SBF test. However, no apparent changes in the Ti-6Al-4V/ HA interface microstructure was 

observed even after 10 weeks of immersion in the SBF. This indicates that the plasma-sprayed Ti-6Al-

4V/HA composite is stable in the SBF and would maintain its post-implantation biocompatible and 

bioactive properties. 
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