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Abstract Hydroxyapatite (HA) is one of the most com-

monly used coating materials for metal implants. However,

following high-temperature deposition, HA easily decom-

poses into an unstable phase or forms an amorphous phase,

and hence, the long-term stability of the implant is reduced.

Accordingly, the present study investigates the use of fluo-

rapatite (FA) fortified with 20 wt% alumina (a-Al2O3) as an

alternative biomedical coating material. The coatings are

deposited on Ti6Al4V substrates using a Nd:YAG laser

cladding process performed with laser powers and travel

speeds of 400 W/200 mm/min, 800 W/400 mm/min and

1200 W/600 mm/min, respectively. The results show that for

all of the specimens, a strong metallurgical bond is formed at

the interface between the coating layer and the transition layer

due tomelting and diffusion. The XRD analysis results reveal

that the cladding layers in all of the specimens consist mainly

of FA, b-TCP, CaF2, Ti and h-Al2O3 phases. In addition, the

cladding layers of the specimens prepared using laser powers

of 400 and 800 W also contain CaTiO3 and CaAl2O4, while

that of the specimen clad using a power of 1200 W contains

TTCP andCaO. Following immersion in simulated bodyfluid

for 14 days, all of the specimens precipitate dense bone-like

apatite and exhibit excellent bioactivity. However, among all

of the specimens, the specimen that is prepared with a laser

power of 800 W shows the best biological activity due to the

presence of residual FA, apatite-generating CaTiO3 and a

rough cladding layer surface.

1 Introduction

Titanium and its alloys have high strength, light weight and

excellent corrosion resistance. Moreover, their elastic

modulus is closer to human bone than that of other metallic

biomaterials such as SUS 304L stainless steel and CoCrMo

alloys. Consequently, the stress shielding effect with natural

bone is lower, and hence, the risk of implant loosening and

bone re-fracturing is reduced. As a result, titanium alloys are

one of the most widely used commercial metallic implant

materials. However, such metals are bioinert and therefore

do not readily form chemical bonds with the host tissue. As a

result, the implants tend to become detached from the tissue

following long-term implantation. It has been shown that the

mechanical properties and biological activities of biomedi-

cal implants can be enhanced by coating the implant with a

bioceramic material, such as TiO2, AW glass and hydrox-

yapatite (HA, Ca10(PO4)6OH2). Among these materials, HA

has a Ca/P ratio similar to that of natural bone [1] and has

particularly good biocompatibility and osteoconduction

properties [2–6]. It is thus currently the most widely used

commercial coating material for metallic implants. How-

ever, following high-temperature coating processes, such as

plasma spraying, HA tends to decompose and form unsta-

ble phase. Consequently, the long-term stability of the

implant is degraded. Moreover, if a low-temperature coating

process is used (e.g., sol–gel processing), the bonding
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strength between the coating material and the substrate is

reduced, and hence, the long-term survivability of the

implant is once again adversely affected.

Fluorapatite (FA, Ca10(PO4)6F2) has the same apatite

phase as HA and shares a similar composition. Moreover,

compared to HA, FA has a higher interatomic bonding

strength, an improved chemical stability, a lower dissolution

rate, a better thermal stability and a reduced bioresorption rate

[7–12]. As a result, FA has many theoretical advantages for

implant applications. However, plasma-sprayed coatings

containing FA alone commonly exhibit micro-cracks and

voids on the coating surface and have weak mechanical

properties [13]. It has been shown that for HA coatings, the

addition of reinforcing agents such as zirconia (ZrO2) and

alumina (Al2O3) reduces the thermal expansion coefficient

mismatch between the coating and the substrate and improves

the mechanical properties and biological performance as a

result [14–17]. Thus, the addition of reinforcing agents to FA

has also attracted growing attention in recent years.

Among the various ceramic reinforcements available,

Al2O3 is one of the most widely used materials for ortho-

pedic applications due to its excellent wear resistance [9].

Furthermore, Al2O3 is both thermally stable and chemi-

cally inert. Previous studies have shown that the bonding

strength of sintered HA/Al2O3 composite samples increa-

ses with an increasing Al2O3 content [17]. In addition, it

has been shown that Al2O3 has excellent biocompatibility,

mechanical strength, fatigue resistance and corrosion

resistance [18, 19]. It is thus one of the most frequently

used materials for total hip and knee replacements and

many other implant applications [20].

Many studies have shown that laser cladding enhances

the bonding strength between bioceramic materials such as

HA and FA and metallic substrates and hence inhibits the

disintegration and detachment of the coating layer [21–25].

In a previous study [22], the present group investigated the

effects of TiO2 addition on the surface microstructure and

bioactivity of FA coatings deposited on Ti6Al4V substrates

using an Nd:YAG laser. In the present study, an investiga-

tion is performed into the bonding interface, phase compo-

sition and bioactivity properties of Al2O3-reinforced FA

coatings deposited on Ti6Al4V substrates using a Nd:YAG

laser cladding process with a constant laser power/travel

speed (P/V) ratio of 2:1 and three different settings of the

laser power and travel speed, namely 400 W/200 mm/min,

800 W/400 mm/min and 1200 W/600 mm/min.

2 Experiments

The cladding trials were performed using Ti6Al4V alloy

plates with dimensions of 100 mm 9 60 mm 9 3 mm,

and the chemical composition is given in Table 1. The FA

powder was prepared via a solid-state reaction of 3Ca3
(PO4)2 ? CaF2 ? Ca10(PO4)6F2 [26] using Ca3(PO4)2
(b-TCP, b-tricalcium phosphate) and CaF2 (Sigma-

Aldrich, USA) as the starting powders. Briefly, the powders

were mixed and milled in a stoichiometric molar ratio of

3:1 with ZrO2 balls in ethanol for 48 h. After drying, the

mixed powders were compacted and heated at 1000 �C for

3 h in air to form solid FA cylinders. The FA powder was

fortified using 20 wt% Al2O3 alumina (a-Al2O3) (Sigma-

Aldrich, USA). The atomic structures of the FA powder

and Al2O3 powder were examined using XRD (Fig. 1). The

FA powder and Al2O3 alumina were mixed with a poly-

vinyl alcohol binder material ((C2H4O)n) in a 3:1 ratio

(wt%) and then thoroughly stirred until a slurry-like con-

sistency was obtained. The slurry was pre-placed on the

substrate surface to form a coating layer with a thickness of

approximately 0.8 mm and was then dried in an oven at

100 �C for 30 min under atmospheric conditions. Finally,

the specimens were laser-clad using an Nd:YAG laser

(ROFIN CW025, 2500 W; Rofin Sinar Technologies Inc.,

Germany) set to a continuous-wave operation mode. The

cladding trials were performed using a constant laser

power/travel speed (P/V) ratio of 2:1. However, to clarify

the effect of the laser power on the metallurgical and

bioactivity properties of the samples, three different com-

binations of the cladding parameters were considered,

namely 400 W/200 mm/min, 800 W/400 mm/min and

1200 W/600 mm/min. The laser beam was guided to the

workstation by an optical fiber with a core diameter of

Table 1 Chemical composition (wt%) of Ti–6Al–4V

Al V O Fe C N H Ti

6.1 4.24 0.152 0.16 0.017 0.008 0.0006 Balance

Fig. 1 XRD patterns of coating powders: a FA and b a-Al2O3
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600 lm and was focused to a spot size diameter of

approximately 3 mm by a lens with a focal length of

120 mm. The cladding process was performed in an Ar-

shielded atmosphere (Ar flow rate: 25 l/min) with a 5� laser
incident angle and a 15-mm plus defocus length. The

experimental setup is shown in Fig. 2.

The microstructures of the clad specimens were

observed using SEM (JEOL JSM-6390LV, JEOL Ltd.,

Japan). Following SEM inspection, the specimens were

cleaned, sterilized and immersed in a standard simulated

body fluid (SBF) solution prepared in accordance with

Kokubo’s protocol [27]. The ion concentrations in the SBF

solution and human blood plasma, respectively, are pre-

sented in Table 2. The specimens were soaked for 2, 7 and

14 days at a temperature of 37 ± 0.1 �C and were then

examined for the nucleation and growth of apatite using

SEM and EDS. In addition, the phases within the coatings

were identified using XRD (Cu Ka radiation, Rigaku

D/Max I.V, Rigaku Ltd., Japan) with a 2h scanning range

of 20�–70� and a scanning rate of 2� min-1.

3 Results and discussion

3.1 Morphology and microstructure of weld beads

Figure 3 presents SEM images of the coating layer (CL)

and transition layer (TL) in each of the laser-clad samples.

It is seen that the microstructural morphologies of the three

samples are very similar despite the difference in laser

power. Furthermore, it is observed that for each specimen,

the CL structure is loosely organized, while the TL struc-

ture is more dense. The lower SEM images in Fig. 3 show

that all of the CL microstructures contain globular parti-

cles. Figure 4a presents an SEM image of the CL in the

sample prepared using a laser power of 1200 W. Figure 4b,

c shows the EDS analysis results for globular particles A

and B in Fig. 4a. Figure 4b shows that particle A consists

mainly of Ti and P. The presence of TiP compounds (Ti

phosphides) [11] suggests a partial thermal decomposition

of the FA content in the CL during the high-temperature

cladding process accompanied by a thermal-induced

melting and diffusion of Ti from the substrate. As the laser

power increases, the extent of FA decomposition and Ti

melting/diffusion also increases, and hence, Ti phosphides

of a greater size are formed, as shown in Fig. 3. It is noted

that the present results are consistent with those of Ye et al.

[11], which showed that a large number of Ti phosphides

(TixPy) were formed when sintering Ti/FA (1:1) composite

powders under temperatures of 1100 or 1200 �C. However,
Ti phosphides can have a wide range of compositions, and

it is thus difficult to reliably determine the exact compo-

sition of TixPy by XRD data alone [28]. Notably, the EDS

results presented in Fig. 4c, corresponding to particle B in

Fig. 4a, show that even under the maximum laser power

(1200 W), the CL matrix still contains a large amount of

fluoride. In other words, the potential for FA residue or

conversion into fluoride still exists even under high clad-

ding temperatures, as discussed later in Sect. 3.3.

Figure 5 presents the EDS line scan results for the

individual alloying elements of the cladding layer near the

CL/TL interface of the specimen prepared using a laser
Fig. 2 a Schematic illustration of Nd-YAG laser cladding process

and b photograph of experimental setup

Table 2 Inorganic ion concentrations of SBF and human blood

plasma

(mM) Na? K? Ca?2 Mg?2 Cl- HCO3
- HPO4

-2

SBF 142.0 5.0 2.5 1.5 148.8 4.2 1.0

Blood 142.0 5.0 2.5 1.5 103.0 27.0 1.0
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power of 1200 W. It is seen that the Ca and F elements,

i.e., the main decomposition components of FA, are

confined almost entirely to the CL. It has been reported

that in the thermal decomposition of FA, F is either

vaporized as HF gas or forms fluoride [9]. Thus, the F

content in the CL layer most probably comes from the FA

or fluoride, but must be analyzed by XRD for confirma-

tion (see Sects. 3.2, 3.3). The P and O ions in the coating

material have the ability to diffuse rapidly from the CL to

the TL due to their small radii and low activation energy.

Nonetheless, as shown in Fig. 5, some ions still remain

within the CL. It is noted, however, that some of the P

ions produced in the FA decomposition process simply

vaporize in the high-temperature cladding process [21,

22]. Observing the results presented in Fig. 5, it is seen

that the distributions of Al in the CL and TL, respec-

tively, are roughly the same. In other words, given an

addition of 20 wt% Al2O3 to the FA cladding material, a

certain amount of Al remains within the CL despite the

high-temperature diffusion effect.

3.2 In vitro bioactivity of laser-clad coatings

Figure 6 shows the surface morphologies of the FA/Al2O3

coatings before and after immersion in SBF. Among the as-

prepared samples, the specimen prepared using a laser

power of 800 W has the greatest surface roughness,

followed by that prepared using a power of 1200 W. In

other words, for a constant P/V ratio, the surface mor-

phology is not directly related to the laser power. Fol-

lowing immersion in SBF for 3 days, all of the specimens

show evidence of bone-like apatite growth. The apatite

growth is particularly dense in the case of the specimen

prepared with a laser power of 800 W. After 7 days, all of

the specimens show an increased apatite growth. Notably,

dense apatite structures are observed not only on the

specimen clad with a laser power of 800 W, but also on

that prepared with a power of 400 W. Following the

maximum immersion time of 14 days, dense apatite is also

formed on the surface of the sample clad with a laser power

of 1200 W. Overall, the images suggest that the samples

prepared using low and medium laser powers (i.e., 400 and

800 W) have better biological activity than that prepared

with a high laser power (i.e., 1200 W). As discussed in

Sect. 3.3, this suggests that low and medium laser powers

lead to a greater residual FA within the CL and a greater

nucleation of apatite via CaTiO3 phase [29]. The CL of the

800 W specimen has a qualitatively rougher surface than

the 400 W specimen. Thus, the surface offers a better

environment for apatite growth, and hence, the rate of

apatite formation is enhanced. Notably, the presence of

CaTiO3 in the CL not only prompts the nucleation of

apatite, but also improves the bonding strength between the

apatite and the substrate [30, 31].

Fig. 3 SEM metallographs of CL/TL interface and midpoint position of CL in FA/Al2O3 specimens prepared using different laser cladding

parameters. Note CL denotes coating layer and TL denotes transition layer
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3.3 XRD patterns of CL surface

before and after SBF immersion

Figure 7 shows the XRD patterns of the various specimens

before and after SBF immersion. It is seen that prior to

immersion (day 0), the CLs of the 400 and 800 W speci-

mens consist mainly of FA, b-TCP, CaF2, Ti, h-Al2O3,

CaTiO3 and CaAl2O4. For the 1200 W specimen, the CL

has no CaTiO3 or CaAl2O4 phase, but contains tetracalcium

phosphate [TTCP, Ca4(PO4)2O] phase and a large quantity

of CaO. Previous studies have shown that CaF2 phase is

produced in the decomposition of FA even under relatively

low sintering temperatures [32]. However, at higher tem-

peratures (above 1100 �C), the CaF2 transforms to CaO

through hydrolysis [i.e., CaF2 ? H2O ? CaO ? 2HF(g)]

[9, 11]. Thus, the high CaO content in the CL of the present

specimen prepared using a laser power of 1200 W is most

likely due to the thermally induced hydrolysis of CaF2.

It has been reported that FA and Al2O3 react to produce

TCP and CaAl2O4 (Ca10(PO4)6F2(s) ? Al2O3(s) ?

H2O(g) ? 3Ca3(PO4)2(s) ? CaAl2O4(s) ? 2HF(g)) at high-

temperature process [9]. Moreover, in the present samples,

the formation of CaTiO3 phase occurs due to the reaction

between Ca (decomposed from FA) and Ti from the

Ti6Al4V substrate. The presence of CaAl2O4 can also be

attributed to a solid reaction between Al2O3 and CaO [9].

However, the TTCP most likely arises from FA phase tran-

sition under high-temperature conditions. The P/V ratio for

the 1200 W specimen is the same as that for the 400 W and

800 W specimens (i.e., 2:1). However, due to the higher

power rate, the specimen receives a greater energy density,

and hence, the degree of FA decomposition is enhanced. The

XRD spectra of the as-prepared samples show that under a

high energy density, the tendency of the FA phase to transit

to TTCP is greater than its tendency to react with the sub-

strate to form CaTiO3 (reason yet to be confirmed). In

addition, h-Al2O3 is a transformation from original a-Al2O3

power.

Following SBF immersion for 3 days, most of the peaks

in the original XRD spectra are reduced or disappear.

Moreover, a weak HA peak begins to emerge. As the

immersion time increases, the intensity of the HA peak also

increases. After soaking for 14 days, all of the specimens

exhibit a strong HA peak, indicating the dense growth of

HA on the specimen surface. The 800 W specimen exhibits

the strongest HA peak followed by the 400 W specimen. In

other words, the XRD results for the HA tendency are

consistent with the SEM images shown in Fig. 6.

In a thermal decomposition process, apatite decomposes

first to b-TCP, and b-TCP then gradually transforms to a-
TCP and TTCP as the temperature increases [33]. As

commented above, the laser cladding process performed in

this study is a high energy density process. Given a suffi-

ciently high laser power (e.g., 1200 W), the heating effect

causes the coating material to decompose and form TTCP

and CaO, or other high-temperature phases. Notably, CaO

is a bioinert phase and thus reduces the biocompatibility of

the coating [24]. FA has a higher-temperature stability than

HA [7, 34]. However, under high laser powers, FA

decomposition is unavoidable and the formation of TTCP

and bioinert CaO phase cannot be prevented. The

mechanical properties of TCP and TTCP are poorer than

those of FA. Furthermore, TCP and TTCP both biodegrade

more rapidly than FA. Consequently, the 1200 W

Fig. 4 SEM and EDS analyses of CL microstructure in specimen

prepared using laser parameters of P = 1200 W and V = 600 mm/

min: a SEM metallograph of midpoint position of CL, b EDS results

for point A in a and c EDS results for point B in a
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specimen, with a higher TTCP and CaO content, exhibits

the poorest bioactivity of the present samples.

3.4 Micro-hardness evaluation

Figure 8 shows the cross-sectional hardness profiles of the

various laser-clad samples. It is observed that the hardness

of the TL is significantly greater than that of the substrate

in all three samples. However, the CL hardness is only

slightly higher than that of the substrate. For all specimens,

only a moderate variation in the CL–TL-substrate (shown

sequentially from left to right) hardness occurs, and hence,

a superior interface bonding performance is obtained. From

inspection, the hardness of the CL in the three samples has

a value in the range of 1000–1300 HV, with the 800 W

specimen having the highest hardness, followed by the

400 W specimen. In other words, the hardness and the

power rate are not directly related. It is noted, however,

bFig. 5 EDS line scans showing Ca, P, O, Ti, F and Al contents in CL

and TL regions of FA/Al2O3 coating prepared using laser parameters

of P = 1200 W and V = 600 mm/min

Fig. 6 SEM images showing CL surface of FA/Al2O3 specimens following immersion in SBF for periods of 0–14 days. a 400 W, b 800 W,

c 1200 W
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that the power rate is significantly related to the generation

of calcium aluminate phase (CaAl2O4).

Previous studies [14, 35, 36] have shown that adding

Al2O3 powder to HA via sintering at temperatures in the

range of 1200–1400 �C results in an increased hardness.

Furthermore, under a higher sintering temperature, a more

severe HA decomposition occurs, and hence, a greater

amount of calcium aluminate phases (such as CaAl2O4,

Ca3Al2O6 and Ca5Al6O14) are formed. Calcium aluminates

act as a hard phase and thus constrain the shrinkage of the

matrix as well as their own densification [14]. As a result,

the mechanical strength increases. Juang and Hon [36]

suggested that the densification of the sintered products and

the formation of calcium aluminate phases after sintering

are the main factors accounting for the enhanced hardness

and strength of HA with Al2O3 reinforcement.

In this study, partial thermal decomposition of the FA

occurs due to the high-temperature cladding process. The

resulting TCP, TTCP and CaO phases are more

biodegradable than FA, and hence, the mechanical prop-

erties of the CL are reduced. However, the CaAl2O4 phase

[9] formed through the reaction of TCP and CaO with

Al2O3 (the reinforcing agent) inhibits the reduction in the

mechanical properties [17] and thus performs a comple-

mentary role. Among the three specimens, the CLs in the

400 W and 800 W specimens both contain CaAl2O4 and

therefore have a higher hardness than the 1200 W speci-

men. Moreover, the 800 W specimen has a greater

CaAl2O4 content than the 400 W specimen (see Fig. 7a, b)

and thus has a higher hardness.

HA, FA and Al2O3 are all bioceramics and have hard-

ness higher than that of Ti alloy. However, their exact

hardness values vary depending on the particular coating

bFig. 7 XRD analysis results for CLs of specimens before and after

SBF immersion

Fig. 8 Cross-sectional hardness profiles of FA/Al2O3 specimens
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technique used and the parameter settings applied. For

example, recent studies have shown that their hardness may

range from 260 to 1000 HV [21, 37–39]. The results

obtained in this study have shown that the addition of

Al2O3 to FA yields a hardness value of up to 1300 HV. The

hardness is clearly related to the type and structure of the

compounds formed in the coating layer. However, the

available information does not relate hardness to the

quality of the coating [39].

4 Conclusions

FA coatings fortified with 20 wt% alumina (Al2O3) have

been deposited on Ti6Al4V substrates using a Nd:YAG

laser cladding process with laser powers/travel speeds of

400 W/200 mm/min, 800 W/400 mm/min and 1200 W/

600 mm/min, respectively. The experimental results sup-

port the following major conclusions.

1. Given a constant laser power/travel speed (P/V) ratio, a

higher laser power does not prompt any significant

change in the cladding layer (CL) or transition layer

(CL) microstructure. However, globular Ti phosphides

are formed in greater quantities within the CL as the

laser power increases. For all samples, significant

element diffusion occurs across the coating/substrate

interface and thus results in a good metallurgical

bonding strength.

2. The XRD analysis results have shown that the CL in

all of the samples consists mainly of FA, b-TCP, CaF2,
Ti and Al2O3. In addition, the samples prepared using

laser powers of 400 and 800 W contain CaTiO3 and

CaAl2O4 phases, while that prepared using a laser

power of 1200 W contains TTCP and CaO.

3. Given the same laser P/V ratio, the specimen prepared

using a laser power of 800 W contains apatite-gener-

ating CaTiO3, a rougher CL surface and a residual

amount of FA. As a result, it has the best bioactivity of

the various samples. Overall, the results show that the

laser cladding of FA/Al2O3 results in excellent

bioactivity.

4. The CL hardness of the present specimens reaches a

maximum value of 1300 HV (800 W specimen). The

hardness can be attributed to the reinforcement effect

provided by the CaAl2O4 phase. For all specimens,

only a moderate variation in the CL–TL-substrate

hardness occurs, and hence, a superior interface

bonding performance is obtained.
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