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Hydroxyapatite (HA) is a well known biocompatible coating material used to improve the bonding quality between metallic substrates and
the surrounding bone tissue following implantation. In this study, HA is mixed with two different binders, namely water glass (WG) and
polyvinyl alcohol (PVA), respectively, and is then clad on Ti-6Al-4V substrates using an Nd:YAG laser beam. The results show that for both
binders, the weld surface width, penetration depth and heat affected zone decrease with an increasing travel speed. The PV A binder increases the
number and severity of the cracks in the transition layer of the weld bead, whereas the WG binder increases the porosity. In each coating layer,
the middle level has the lowest Ca/P ratio, while the lower level has the highest value. Moreover, the Ca/P ratio reduces with an increasing
travel speed. The microstructure of the transition layers is mainly composed of CaTiO3, Ca,P,05, TiP,, Ti, and HA phases. SiO, and Si, Ti are
additional phases found in the specimen used WG as binder material. The WG binder yields a higher hardness of the coating layer and transition
layer than the PVA binder. However, for both binders, the hardness of the transition layer is generally far higher than that of the substrate or the

coating layer. [doi:10.2320/matertrans.M2009245]
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1. Introduction

In general, biomaterials can be classified as either
biotolerated, bioinert, bioactive or bioabsorbable, depending
on the response of the host tissue following implantation.
Of all the bioactive ceramic materials currently available,
hydroxyapatite (HA) and bioglass (BG) are amongst the most
commonly used. However, due to their brittle nature, neither
HA nor BG can be used alone for applications characterized
by heavy stress cycles, such as artificial joints. By contrast,
titanium (Ti) and its alloys are ideally suited for medical
implants due to their lightness, high strength/elastic modulus
ratio, excellent corrosion resistance and good biocompati-
bility. However, such metals are bioinert, and therefore do
not easily form chemical bonds with the host tissue. As a
result, Ti-based implants tend to become detached from the
host tissue following long-term implantation. Furthermore,
eroded or partially worn metallic implant surfaces release
harmful metallic ions into the human body.!~® In practice,
both problems can be resolved to a large extent by coating
the metallic implant with a thin layer of bioactive material
such as HA or BG.

The bonding quality between the Ti substrate and the
bioactive coating is dependent upon the coating method. In
investigating the adhesive and bioactivity properties of HA
and BG coatings, most previous studies have considered
plasma spraying,*® pulsed laser deposition (PLD),” or sol-
gel coating'®'? techniques. However, these methods gen-
erate a mechanical rather than metallurgical bonding between
the coating and the substrate, and hence the bonding strength
is relatively low. In addition, the adhesive performance of
such coatings deteriorates significantly following soaking in
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simulated body fluid (SBF).'® Finally, the coating tends to
crack during the deposition process due to the large mismatch
in the thermal expansion coefficients of the coating and the
Ti substrate, i.e. 13.3 x 107°K~! and ~8.4-8.8 x 1070 K~!,
respectively.

Recent studies have shown that the use of a laser cladding
technique results in a metallurgical bonding between HA
coatings and Ti-6Al-4V substrates.'*!? Laser cladding is
generally performed using either a CO; laser or an Nd:YAG
laser. Of the two lasers, the Nd:YAG laser has a better
absorption efficiency, and is therefore preferred in this study.
In Ref. 15) and 19), the HA powder was mixed with water
glass (WG) and polyvinyl alcohol (PVA), respectively,
prior to the cladding process in order to obtain a paste state.
In the present study, HA powder samples are prepared using
either WG or PVA additives, respectively, such that the
effects of the two different binders can be evaluated and
compared. The powder samples are then clad on Ti-6Al-4V
substrates using an Nd-YAG laser beam. A series of
experiments are then performed to investigate the effects
of the binder, the laser travel speed, and the laser output
power on the morphology, Ca/P ratio and hardness of the
various coatings.

2. Experimental Procedure

The Hydroxyapatite (HA, Ca;o(PO4)s(OH),) powers used
in the present study was supplied by Showa Inc., Japan. HA
was mixed with a binder material (either PVA((C,H40),) or
WG (Nap0-nSi0;)) by 50:50 in mass% and then well
stirred into slurry. The chemical composition of the Ti-6Al-
4V alloy used in the present experiments is shown in
Table 1. Substrates for the laser cladding process were
prepared by machining the Ti alloy into thin plates with
dimensions of 100mm x 60 mm x 3.8 mm. The size and
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Table 1 Chemical composition (mass%) of Ti-6Al-4V.
Al A% (6] Fe C N H Ti
Ti-6Al-4V 6.1 424 0.152 0.16 0.017 0.008 0.0006 Bal.
4
g 8

Unit : mm

Fig. 1 Schematic diagrams of specimen design.

Table 2 Parameters used in Nd:YAG laser cladding process.

Power Travel Speed Laser Incident - Defocus Shielding Prc?—p lace
(W) (mm/min) Angle Length 7 " Thickness
©) (mm) (mm)
740 200, 300, 400
5 15 Ar 0.8
1150 300, 400, 500

€
€
0
@
15]
C
5]
@
o
[2]

Base Metal 3
o
©
a
—

Fig. 2 Experimental setup for Nd-YAG laser cladding process.

shape of the specimen used in the study are schematically
shown in Fig. 1. Two slots (52mm x 44 mm x 0.8 mm)
were milled on the Ti-6Al-4V plate, refilled with the HA+
binder slurry, and then leveled the slurry by a stainless steel
scraper. Following a drying process, the samples were
laser clad using an Nd-YAG laser set to a continuous wave
(CW) mode under two different output powers and three
different travel speeds. The laser cladding experiments were
conducted in an Ar shielded atmosphere (Ar flow rate:
251/min) using a 5° incident angle and a 15 mm defocus
length. The experimental parameters and setup are shown in
Table 2 and Fig. 2, respectively. The microstructures of the
clad specimens were characterized via optical microscopy
(OM) and scanning electron microscopy (SEM). The Ca/P
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Fig. 3 Schematic diagram showing three zones in weldment (cross-
section).

ratio of the coating layer was calculated from the atomic
percentage of Ca and P in the structure measured by energy
dispersive X-ray spectrometer (EDS) equipped in SEM. The
phases of transition layer were analyzed by X-Ray diffrac-
tometry (XRD). Finally, the adhesive strength of the various
coatings was estimated qualitatively from the cracks formed
in the interface between the coating layer and transition
layer during indentation by the diamond pyramid tip of a
Vickers hardness tester.

3. Results and Discussion

3.1 Morphology and microstructure of weld beads

As shown in Fig. 3, the cross-section of the weld bead
comprises three distinct regions, namely the coating layer,
the transition layer and the heat affected zone (HAZ).
Figure 4 presents OM images of the weld surfaces and
weld bead profiles (cross-section) produced using different
binders, laser powers and travel speeds. The results clearly
show that for both binders, the weld bead has a shallow
bowl-shaped (=) profile when the cladding process is
performed using a 740 W laser power, but has an inverted
bell-shaped (=) profile when the laser power is increased
to 1150 W. In addition, it is observed that the surface width,
penetration depth, and HAZ all decrease with an increasing
travel speed due to the corresponding reduction in the
average heat input.

The temperature derived from the laser beam on the
cladding surfaces cannot be measured accurately because
laser cladding is a process of rapidly heating and cooling.?%?V
However, the temperature field of the laser cladding process
(substrate: Ti-6Al-4V, cladding material: HA) was simulated
by means of finite element analysis method.?” The result
shows that the maximum temperature has reached 1919°C
and it is higher than the melting point of the cladding and
substrate materials. The cracks and pores formed in the
structure were highly affected by the high temperature
derived from the laser beam and the rapid heating and cooling
process.

Comparing the two sets of images presented in Fig. 4, it
can be seen that the use of a PVA binder increases the number
and severity of the cracks in the transition layer, whereas
the WG binder increases the porosity of the transition layer
(see also Fig. 5). The difference in porosity of the PVA and
WG specimens is most likely the result of the difference in
the melting temperatures of the two binders, i.e. 1300°C for
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Fig. 4 Weld surfaces and bead profiles (cross-section) for various laser powers and travel speeds.

(a) PVA

Fig. 5 Weld defects in transition layer of weld beads produced using
different binders. (a) PVA (1150 W, 300 mm/min); (b) WG (1150 W,
300 mm/min)

WG and 240°C for PVA. Due to the relatively low melting
temperature of the PVA binder, the PVA content in the HA
powder is vaporized and released completely into the
surrounding atmosphere during the initial stages of the laser
cladding process. However, the melting temperature of WG
is close to that of HA (1650°C) and Ti-6Al-4V (1670°C).
Since the HA and Ti-6Al-4V solidify rapidly during the
cladding process, the vaporized WG becomes trapped within
the molten metal and forms pores within the weld bead as
it cools.

Observing the weld bead profiles in Figs. 4 and 5, it is
noted that the samples prepared using WG as the binder

material have a more raised surface than those prepared using
PVA. This is thought to be the result of the Si and O contents
in WG, which collectively create a positive surface tension
coefficient in the fusion zone?® and therefore prompt an
inward surface flow of the molten metal toward the central
region of the weld bead.

3.2 Ca/P ratio of coating layers

HA is has a Ca/P ratio of 1.67. However, the Ca/P ratio
of the current HA-based coatings depends on both the choice
of binding powder and the welding parameters used in the
cladding process. Figure 6 summarizes the Ca/P ratios of
the upper, middle and lower levels of the various HA/PVA
and HA/WG coatings. Overall, it is observed that the Ca/P
ratios of the coating layer after heating by the laser beam are
higher than that of HA, while the lower level has the highest
value, and the WG samples have a relatively higher Ca/P
ratio than their PVA counterparts. It is revealed that P was
partly dissipated from the structure after heating at the high
temperature. Also, when the binder was vaporized from the
molten pool, it stimulated the agitation of the molten pool
and hence helped the P dissipation. Nevertheless, the
increase of laser travel speed has a trend of reducing the P
dissipation.

In this study, although HA was melted with the binder and
the Ca/P ratio was highly raised due to P was vaporized
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Fig. 6 Comparison of Ca/P ratios of upper, middle and lower levels in coating layer for various laser powers and travel speeds.
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Fig. 7 XRD analysis of the transition layer of the specimen using different
binders.

during the process. However, Chaio*® recently reported
that after cladding HA on Ti-6Al-4V substrates using an
Nd:YAG laser beam, a layer of bone-like apatite could be
effectively formed after immersing in a simulated body fluid
(SBF). It reveals the sample has sufficient bioactivity to
form chemical bonds with the host tissue.

3.3 The composition analysis

Figure 7 shows the XRD spectrum of the transition layers.
It reveals that the transition layer is mainly composed of
CaTiOs3, Ca,P,07, TiP,, Ti and HA. Ca,P,07 was produced
from the decomposition of HA at high temperature, whereas
CaTiO; and TiP, were produced by reacting with the
substrate materials after the decomposition of HA.!+1625

Moreover, it is also observed that the transition layer of the
sample using WG binder would additionally include of SiO,
and Si,Ti phases. This result indicates that most WG binder
became slag and floated to the weld surface during the laser
cladding process. On the contrary, PVA was vaporized and
released into surrounding atmosphere completely at the
initial laser cladding stage so that there was no other
contaminated production left in the structure.

3.4 Hardness evaluation

Figure 8 presents the Vickers hardness profiles of the
various weld beads from the central coating layer (CL),
across the transition layer (TL), and into the Ti alloy
substrate. It can be seen that in the majority of cases, the
transition layer has a far higher hardness than either the
substrate or the coating layer. When performing the cladding
process using a WG binder and a welding power and travel
speed of 740 W and 400 mm/min, respectively, both the
coating layer and the transition layer are very thin, and thus
their hardness values are very similar to those of the
substrate. In addition, for both binders, the width and average
hardness of the transition layer increase with an increasing
laser power or a decreasing travel speed.

The published literature contains very little information
regarding the effect of the hardness of the transition layer on
the coating quality. The transition layers in the weld beads
formed in this study have a hardness of at least 1000 HV.
As shown in Fig. 9, a micro crack is formed within the
transition layer following indentation using a pyramid tip.
However, in Fig. 10, no cracks are observed in any of the
samples when the indentation test is performed at the
interface between the coating layer and the transition layer,
which exhibits a satisfied adhesion in between. From the
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Fig. 8 Vickers hardness profiles of weld beads from central coating layer, to transition layer, to substrate for various laser powers and
travel speeds. (Note V: welding speed; CL: coating layer; TL: transition layer.)
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Fig. 9 Vickers indentation mark in transition layer.

microhardness distribution analysis in Fig. 8, although the
transition layer has a high hardness, it can be seen that the
microhardness revealed a gradual change from the transition
layer to substrate and there was no obvious demarcation near
the interface. This indicates that the mechanical properties
should not be serious degraded. Zheng et al.?® also reported
that such gradual decreased microhardness could help stress
relaxation between coating and host tissue after following
implantation.

4. Conclusion

This study has performed a systematic investigation into
the effects of the HA binder (i.e. PVA or WG), the laser
output power and the travel speed on the morphology, Ca/P
ratio and hardness of Nd-YAG laser clad coatings on a

Ti-6Al-4V substrate. The experimental results support the
following major conclusions:

(1) The weld beads formed using a relatively low laser
power of 740 W have a shallow bowl-shaped (=)
profile, while those formed using a high laser power
of 1150 W have an inverted bell-shaped (=) profile.
For both binders, the weld surface width, penetration
depth, and heat affected zone all reduce with an
increasing laser travel speed. In addition, the PVA
binder increases the number and severity of the cracks
formed in the transition layer of the weld bead, whereas
the WG binder increases the porosity of the transition
layer.

For both the PVA and the WG binders, the middle
level in the coating layer has the lowest Ca/P ratio
while the lower level has the highest value. In general,
the Ca/P ratio decreases with an increasing travel
speed, but increases with an increasing laser output
power.

The transition layer of all specimen is mainly composed
of CaTiOs, Ca,P,07, TiP3, Ti, and HA phases. SiO;
and Si,Ti are additional phases found in the specimen
used WG as binder material.

The coating layer and transition layer of the samples
prepared using the WG binder have a higher hardness
than the equivalent layers in the samples prepared using
PVA binder. In addition, in the majority cases, the
transition layer is significantly harder than the substrate
or the coating layer. The width and average hardness of
the transition layer increase with an increasing laser
power or a reducing travel speed.

2

3)

“)
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Fig. 10 OM images of interface between coating layer (dark) and
transition layer (white) following HV hardness tests in weld beads
produced using various laser powers and travel speeds.
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