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bstract

he viability of a high power diode laser source as effective post-deposition treatment technique of functionally graded titania-HA coatings was
hecked. In particular, several laser treatments were performed on various coatings plasma-sprayed under different conditions to verify the presence
f an operative window large enough for practical purposes and, subsequently, to identify the most promising settings of the laser parameters.
aser power as low as 80–100 W and focus distance as high as −4 mm were found to be the most feasible choice to improve the overall coating
roperties as well as to inhibit undesired secondary reactions between calcium phosphates and titania. Finally, the best set of the laser parameters
ere applied to a pure HA coating and to a titania-HA graded one, plasma-sprayed under the same conditions, to perform a comparative evaluation.
The microstructural characterization by scanning electron microscopy, X-ray diffraction and the local mechanical investigation by Vickers micro-

ndentations proved that the degree of crystallinity of HA at the outermost layers of the graded coating could be improved without significantly

ltering the compositional and functional gradient. Furthermore, the properties of the pure HA coating, as-sprayed and laser treated, were found to
e substantially less advantageous than those of the titania-HA functionally graded coating (higher microstructural defectiveness; inferior degree
f crystallinity of HA at the working surface; lower Vickers hardness), thus confirming the beneficial effect of the compositional gradient.

2009 Elsevier Ltd. All rights reserved.

aser

H
s
b
k
c
i
t
(
t
p
p
a

eywords: Microstructure-final; Apatite; TiO2; Functionally graded coatings; L

. Introduction

Hydroxyapatite (HA) is commonly applied in biomedical
evices, since its chemical composition (Ca5(PO4)3(OH)) and
ineralogical nature are quite similar to those of the mineral

omponent of human bones, favouring the integration of arti-
cial prostheses into the hosting natural tissue. In spite of its
ood bioactivity, HA suffers from its relatively poor mechanical
roperties, especially its brittleness, which limit its usage to not
oad-bearing applications. To overcome this drawback, HA is

ainly used as a coating onto metal substrates, typically tita-
ium and titanium alloys, which provide the implant with the

equired mechanical solidity.1

At present, thermal spray techniques and, in particular,
lasma spraying are the most popular techniques to deposit
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treatment

A coatings onto metal substrates.2,3 The success of plasma
praying in the industrial practice greatly relies on its flexi-
ility, reliability and time/cost/result balance.4 However, it is
nown from the literature that the interface between the HA
oating and the metal substrate may be defective, sensibly reduc-
ng the durability of the implant.1 Moreover, the very high
emperatures involved in the plasma flux are likely to cause a
partial) thermal decomposition of HA, promoting an uncon-
rolled development of by-products such as tri- and tetra-calcium
hosphates and even CaO; the presence of an amorphous phos-
hate phase is probable as well.1 Since the coating adhesion
nd its microstructural properties (such as final composition
nd degree of crystallinity) deeply influence the performance of
iomedical devices, the deposition parameters must be strictly
ontrolled in order to optimise the coating.1
A further improvement may be achieved by introducing a
roper bond coat.2,5,6 For example, Heimann et al. proved that
he interposition of a titania layer increases the coating adhe-
ion, thanks to the affinity of titania to the titanium substrate,

mailto:antonella.sola@unimore.it
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.053
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tor of the graded coatings was expressed by a pool of experts
in ceramic coatings, which gave marks ranging from 1 (bad
microstructure) to 4 (very good microstructure). The microstruc-
tural evaluation was based on both the appearance of the coatings
148 V. Cannillo et al. / Journal of the Europ

nd improves the crystallinity of the HA top layer, by reducing
ts cooling rate during deposition (the thermal conductivity of
itania is lower than that of titanium) and avoiding the direct con-
act with titanium which is thought to catalyse the decomposition
f HA.5

The crystallinity of HA can be enhanced also via an
ppropriate post-deposition thermal treatment.7 Recently, laser
reatments have been increasingly investigated as an alter-
ative solution, since they are extremely quick and highly
ocalized.8–12 Their main advantage with respect to traditional
hermal treatments is their effectiveness on a limited portion
f the substrate-coating system, which makes it possible to
reat just the coating or a selected zone of it, without involv-
ng (and altering) the substrate.13 Practical advantages of the
aser treatments include generally small treating system, lim-
ted manipulations and transportations of the components to be
reated, environmental and operative safety, low running cost
nd energy consumption.14

Yet, laser treatments of thermally sprayed coatings are
ffected by several drawbacks still without solution, which are
ostly ascribable to their aptitude for operating at too high
uence (power per unit of time and surface).15 The thermal
hock induced by the high-density power laser radiation into
he thermal-sprayed coatings may induce massive damages,
ith horizontal and vertical cracks spreading widely.9 Indeed,
rittle failure of the whole coating is not a rare event.16 The
ensification and recrystallization of the outermost layers of
he laser treated thermally sprayed coatings may correspond
o an increase in porosity and defectiveness in their innermost
ayers.17 Finally, severe burns of the surfaces exposed to the
adiation with the concurrent change in their aesthetic appeal
re not unusual.17

The diode laser is based on a relatively novel source, which
s characterized by a rather large spot size (∼3.5 mm2) and a
eculiar power distribution.18 It has the capability to work in
efocused conditions, as well. Hence, its power surplus can be
ccurately controlled, thus limiting the potentially detrimental
ffects of the thermal shock and/or of the excess of heat delivered
nto the surface to be treated. This makes the diode laser an
xtremely promising system for the selective heat treatment of
hermally sprayed coatings.

This is, therefore, the context in which the present research
ims at probing the effect of a post-deposition treatment
n innovative plasma-sprayed titania-HA functionally graded
oatings19,20 by using a high power diode laser system. In par-
icular, several laser treatments were performed on coatings
lasma-sprayed under different conditions to verify the pres-
nce of an operative window large enough for practical purpose
nd, subsequently, to identify the most promising settings of the
aser parameters. The performance of the laser treatments was
stimated in terms of the changes they were able to bring into
he microstructure and composition of the different thermally
prayed coatings. Further, the evolution of the mechanical prop-

rties of the coatings according to the laser operational choices
as always looked into. Such study allowed the determination
f the best set of laser parameters, which were subsequently
pplied to a pure HA coating and to a titania-HA graded coat-
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ng, plasma-sprayed under the same conditions, to perform a
omparative evaluation.

In the context of the assessment of the titania-HA graded
oatings, the present research brings an original contribution by
nvestigating the results of the interaction between them and the
ew-generation laser treatments.

. Materials and methods

.1. Plasma-spraying of titania-HA graded coatings

Titania-HA graded coatings (∼200 �m thick) were plasma-
prayed onto 5 mm × 23 mm × 23 mm Ti6Al4V substrates using
F4-MB plasma torch. In order to create the graded coatings

nearly continuous variation in the coating composition from
he substrate to the coating surface), the titania and HA powders
ere separately injected through the gun by two separate feeders

nd the feeding rates were gradually changed by progressively
ncreasing the amount of HA and reducing the amount of titania
upplied. Such efforts led to coatings all showing the same com-
ositional gradient, that is, from pure titania at the interface with
he Ti6Al4V substrate to pure HA at the working surface. Fig. 1
epicts the characteristic of the functionally graded HA-titania
oatings.

As reported in a previous study,20 although the compositional
radient of the plasma-sprayed HA-titania coatings remained
imilar, different spraying conditions (i.e. plasma torch power,
ydrogen flux and spraying distance) could lead to different
oating properties in terms of microstructure (porosity, cracks
nd defects, adhesion at the interface with the substrate, . . .)
nd degree of crystallinity of the pure HA at the working
urface.20 Table 1 summarizes the most relevant spraying param-
ters which were set in the manufacturing of the coatings used
n the present investigation and the corresponding properties.
s described in previous studies,20 the microstructure indica-
ig. 1. SEM image of the FGM C cross section, exemplifying the compositional
radient. In spite of the differences proposed in Table 1, the compositional
radient of all the FGMs considered here can described by this “scheme”.
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Table 1
Spraying parameters applied to produce the coatings and corresponding properties.

Sample Spraying parameters Coatings properties

Torch power (kW) H2 flux (S.L.P.M.) Distance (mm) Microstructure indicatora HA crystallinity (%)

FGM A 38 15 90 2.50/4 40.1 ± 0.9
FGM B 42 5 110 1.67/4 47.3 ± 0.1
FGM C 40 15 100 3.33/4 36.0 ± 1.0
FGM* 38 5 90 3.33/4 50.6 ± 0.1
H 90
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A* 38 5

a The microstructure indicator ranged from 1 (bad microstructure) to 4 (very

a common practice in Design of Experiments procedures, which
re intended to rationalise the experimental activity thanks to a
tatistical approach21) and quantitative data, such as the mean
hickness and porosity content, which were measured via a SEM
mage analysis.20 Table 1 also lists the relative degree of crys-
allinity of the HA at the working surface of the coatings. This
arameter was deduced by XRD tests carried out on the surface
f the graded coatings. The patterns were collected in the 20–60◦
θ range, working with a Cu K� radiation with a scanning rate
f 0.02◦/s. The relative degree of crystallinity was calculated by
omparing the main peak intensity I of the XRD pattern of the
oating and the main peak intensity IHA of the XRD pattern of
he HA feedstock powder22:

elative Degree of Crystallinity(%) = I

IHA
· 100 (1)

Eq. (1) may be considered as a quantitative means to compare
he coatings, since it provides a normalized peak intensity which
s an indicator of the crystallinity preserved by the HA on the
orking surface.20,22

Therefore, to comprehensively study the interaction mech-
nisms between the laser source and the plasma-sprayed
A-titania coatings whatever the settings of the plasma spray-

ng, several set of samples coated under different operational
lasma-spraying parameters were chosen. They can be classified
s follows:

FGM A: good compromise between microstructural quality
and degree of crystallinity of HA;
FGM B: high crystallinity but modest microstructure;
FGM C: good microstructure but modest crystallinity.

An additional set of samples, namely, FGM*, which, accord-
ng to the past studies,20 had the best properties in terms of

icrostructure and HA crystallinity, was submitted to the laser
reatments under selected operational parameters and the inter-
ction mechanisms between the laser beam and the coatings
ere further investigated.
Finally, comparative laser treatments were performed on a

ure HA coating plasma-sprayed using the same deposition

arameters as FGM*. The comparison between the pure HA
oatings (HA*) and the FGM coatings (FGM*) was looked into
o emphasize how the effect of the compositional gradient could
nfluence the interaction mechanisms between the laser beam
nd the coatings.

t
p
t
a
t

N.A. 43.0 ± 1.0

microstructure).

.2. Heat treating by laser

In order to perform the laser treatments, the thermal-sprayed
amples (squares, about 20–25 mm wide) were simply rinsed in
cetone, to remove any grease residue, and used as-sprayed (no
olishing of the surface was carried out, since such operation
ould remove the HA-rich layers of the coating, altering the

ompositional gradient). In this way, all the coatings (before
aser treatment) presented the lamellar microstructure typical of
hermal-sprayed coatings. To the naked eye, they all appeared
rey in colour and very rough.

Surface laser treatments were performed using an HPDL
ofin-Sinar model DL015 with a maximum power of 1500 W,
avelength of 940 nm, elliptic spot of 0.6 along the minor axis

nd 1.9 along the major axis. A 63 mm long focus lens was
elected to guarantee and improve the ability of the laser beam
o penetrate a greater thickness of the plasma-sprayed coating.
uring the processing, the samples were held on a CNC move-
ent system and treated by moving them under the motionless

aser source. The work area (X–Y plane) was 350 × 350 mm with
n upright clearance of 300 mm and a Z axis stroke of 50 mm.
n the present contribution, each scanning path was 20 mm long.
owever it is worth noting that the laser treatment can be easily

caled up to large devices, also characterized by complex geo-
etrical shapes. For protection and insulation purposes, an inert

as (Argon) flux was also directed on the sample surface.
Surface heat treatments followed the experimental schedule

eported in Table 2. The experimental factors investigated were
aser power, scan speed, focus, and number of passes. The set
f laser parameters leading to the best results in terms of final
oatings composition, microstructure and degree of crystallinity
ere looked for.

.3. Characterization tests

The morphology of titania-HA plasma-sprayed coatings
efore and after the laser treatments was investigated by envi-
onmental scanning electron microscopy, ESEM (Quanta FEI
000), operated in low-vacuum mode (0.5 Torr pressure) to
void metallization of the surface. X-ray energy dispersion spec-
roscopy X-EDS (Oxford Inca 350) was used to check the

resence of microscopic compositional variations in the laser
reated coatings. The cross sections of the coatings before and
fter the laser treatments were observed at different magnifica-
ion by ESEM to emphasize change in their microstructure as
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Table 2
Post-deposition laser treatments performed on the preliminary samples.

Parameters of the laser treatment Treated FGM samples

Defocus (mm) Power (W) Speed (mm/s) Passes (number) FGM A FGM B FGM C

No 500 3 1 / Yes /
No 200 3 1 Yes / /
No 200 5 1 Yes / /
No 150 7 1 / Yes /
No 120 3 1 Yes / /
No 100 3 1 Yes Yesa Yes
No 100 5 1 Yes Yes Yes
No 100 7 1 / Yes /
No 90 3 1 / / Yes
No 80 3 1 Yes Yes Yesa

No 80 5 1 / / Yes
No 80 3 2 Yes / /
No 80 5 2 Yes / /
−2 150 3 1 / Yes Yes
−2 130 3 1 Yes Yes Yes
−2 100 3 1 Yes Yes Yes
−2 100 3 2 Yes Yes Yes
−4 200 3 1 Yes Yes Yes
−4 150 3 1 Yes Yes Yes
−4 100 3 1 Yes Yes Yes
−4 150 3 2 Yes Yes Yes
−4 100 3 2 / Yes /
−4 100 3 4 Yes Yes /
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olumns on the left: parameters used (defocalization distance; power; traverse
aser treatment.

a Tests repeated more than once in order to check the reproducibility of the la

ell as to examine the level of their defectiveness (cracks, poros-
ty, . . .). X-ray diffraction XRD (PANalytical X’pert PRO) was
erformed using Cu K� radiation, working in the 20–70◦ 2 theta
ange, step size 0.017◦ and scan step time 61.325 s. This way,
he change in the composition and in the degree of crystallinity
f the laser treated samples can be accurately estimated.

The mechanical properties of FGM* and HA* coat-
ngs were characterized by Vickers micro-hardness (Wolpert
roup, Micro-Vickers Hardness Tester digital auto turret, Mod.
02MVD), 100 gf (HV 0.1) maximum load. The indentations
ere performed along the cross section of the coatings at differ-

nt distances from the working surface. This clarified the effect
f the functional gradient induced by the spatial compositional
hange inside the coatings and, eventually, the outcome of the
aser treatments.

. Results and discussion

.1. Preliminary tests

In order to explore the effect of the laser treatments (with var-
ous processing conditions) on the graded coatings, an intensive
haracterization campaign was carried out, taking into account
oth the presence of the compositional gradient in the samples23

nd the wide range of beam-matter interactions that may occur.24
A first evaluation was based on the aesthetic appearance of
he samples, which can be markedly modified by the laser treat-

ent. In several studies dedicated to thermal-sprayed coatings,
or example, it has been observed that a high-density power

d
d
p

d; number of passes); columns on the right: samples subjected to the specific

eatments.

adiation may cause significant alterations, accompanied by
orizontal and vertical cracks9; also sever burns, immediately
ppreciable to the naked eyes, are common.17 As a consequence,
he development of burnt areas or the widespread propagation
f cracks and defects could be considered as an indication of an
xcessive exposition to the laser radiation.17 Even if the result
f various treatments carried out in the present research was
isible, all the “laser tracks” were observed by SEM and anal-
sed by XRD. This was helpful to interpret the effect of those
aser treatments which did not burn the coatings, but signifi-
antly changed them causing the development of white and flat
urfaces. In fact, as discussed in the following, the SEM and
RD investigation related such modifications to the develop-
ent of new crystalline phases, such as calcium titanate and

ri-calcium phosphates. Instead, those coatings which appeared
nchanged to the naked eyes generally preserved the HA on
heir surface and, if the laser parameters were appropriate, an
ncreased crystallinity was observed.

Based on the experimental data acquired, some basic con-
iderations can be drawn. First of all, the same laser treatment,
erformed on different FGMs, can give place to slightly different
esults. This is reasonable, since the compositional gradient is
he same, but the graded coatings, as reported in Table 1, differ
ecause of their microstructural peculiarities and, most of all,
heir degree of crystallinity of HA at the working surface.
Even if different FGMs can respond to the same treatment in
ifferent ways, it was apparent how high-power treatments were
etrimental to the coating properties. For example, Fig. 2a is a
hotograph of FGM B treated at 500 W, in focus, 3 mm/s, 1 pass.
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Fig. 2. Effect of high-power laser treatments: (a) FGM B treated at 500 W (in
focus; 3 mm/s; 1 pass); (b) FGM A treated at 200 W (in focus; 5 mm/s on the
l
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the end of the laser tracks resembled the microstructure observed

F
p

eft and 3 mm/s on the right; 1 pass). Each sample is about 2.5 cm × 2.5 cm.

he graded coating was spoilt (severe burns) by the laser treat-
ent and the titanium alloy substrate was left unprotected. The

aser treatments performed at 200 W were less destructive, but
hey still over-heated the samples (FGM A reported in Fig. 2b).
his is a significant result, because it proves how the effect of
ifferent scanning speeds (3 and 5 mm/s) was not influential in
stablishing the coating characteristics at high power. In fact,
he two “laser tracks” produced at 200 W, at 3 and 5 mm/s, were
oth detrimental and undistinguishable to the naked eye. The
lose similarity was confirmed by the XRD and ESEM charac-
erization (not shown).

In order to avoid such a severe alteration of the graded
oatings, lower values of the laser power were required. As a
onsequence, laser treatments were performed at 100 W and also
0 W. Moreover various scanning speeds were tested.

The results of the treatments at 100 W are presented in Fig. 3.
y decreasing the laser power to 100 W, white surfaces were
btained and the substrate was not left unprotected any more.
owever, the “laser tracks” were slightly different on the dif-

erent samples investigated: their appearance was particularly
hite, compact and homogeneous on FGM B, but it was less
niform on FGM A and even less on FGM C. This difference
as presumably ascribable to the different initial degree of crys-

allinity of the samples, since FGM B was the most crystalline
ne, while FGM C was the least, as reported in Table 1. Fig. 3 also
mphasizes the effect of the scanning speed; by increasing the
peed, less flat and more irregular “tracks” were produced. This

s probably due to the fact that higher scanning speeds resulted
n shorter interaction times, impeding a uniform treatment of the
oating.

b
s
e

ig. 3. Laser treatments performed at 100 W on the three preliminary graded coatings
erformed “in focus” and with 1 pass.
ig. 4. Low-power laser treatment, at 80 W, on FGM C (in focus position; 3 mm/s
can speed; 1 pass). The test was performed twice to check the repeatability.

A further reduction in the laser power to 80 W resulted in a
ofter treatment, as shown in Fig. 4: the “laser track” on FGM C
xhibited a grey central area at 100 W, but not at 80 W. Moreover
he areas treated at 80 W were bumpy and remained substan-
ially grey, suggesting that the original rough morphology of
he plasma sprayed surface was not completely destroyed by
he laser treatment. Since 80 W is very close to the lower limit
f the operational range of the instrument, the laser treatment
as performed twice on two different specimens of FGM C to
erify its repeatability, which was fully confirmed, as proved by
he visual analysis in Fig. 4 and also by SEM and XRD (not
hown).

Even if the coatings partially maintained a bumpy morphol-
gy, the ESEM observation revealed a deep modification of the
icrostructure as a result of the laser treatment. Fig. 5 collects

ome representative ESEM images. In general, the treated sur-
aces became markedly cracked (Fig. 5a–c), with widespread
pherical pores, which preferentially concentrated at the end of
he “laser tracks” (Fig. 5f). The development of pores and cracks
as already been observed in laser-treated pure HA coatings.9,10

n particular, the microstructure of the extremely porous areas at
y Khor et al. in laser molten HA coatings. It was inferred that
uch phenomena, particularly evident at high laser power lev-
ls, could be caused by the local melting of the coating, that

; the effect of different scanning speeds is emphasized. All the treatments were
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means of proper laser treatments.24 The authors pre-deposited
TCP powder as a water suspension on a Ti–6Al–4V substrate
and laser-processed it to obtain a textured coating. The final coat-
Fig. 5. ESEM images of the surfaces treated at

llows the release of entrapped gases, and the subsequent re-
olidification of the molten phase, whose contraction is hindered
y the underlying material.9,10 The development of pores could
e considered an interesting property of the laser treated coat-
ng as it might promote the tissue in-growth, but the abundant
resence of pores, accompanied by the diffused propagation
f cracks, is likely to limit the mechanical reliability of the
oating.10

The ESEM observation also revealed several different crystal
tructures, with a prevalent development of white star-shaped
rystals (exemplified in Fig. 5g–i), dispersed in compact grey
tructures (Fig. 5d and e). The XRD was required to identify
he mineralogical phases developed as a consequence of the
aser treatment. As shown in Fig. 6, it was possible to detect the
resence of tri-calcium phosphate (TCP), perovskite (CaTiO3),
itanium oxide in the two polymorphs of anatase and rutile (the
atter particularly abundant in FGM B but scarcely present in
GM A), and HA. It is important to underline that the laser
reatment, instead of increasing the degree of crystallinity of
A, caused a decomposition of HA, inducing the development
f TCP and other calcium phosphates, which reacted with the
itania of the graded coating, producing the perovskite. A similar

F
t
a

, in focus position, 3 mm/s scan speed, 1 pass.

echanism has already been observed by Kurella and Dahotre,
ho produced hierarchical calcium phosphate structures by
ig. 6. XRD spectra of the preliminary coatings treated at 80 W, in focus posi-
ion, 3 mm/s scan speed and 1 pass. Symbols: , TCP; ×, perovskite; �,
natase; �, rutile; �, HA.
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ng contained not only TCP, but also CaO, TiO2 and CaTiO3.
ence, it was suggested that the laser treatment, performed in

mbient atmosphere, promoted the evolution of several oxides,
ncluding TiO2 (Ti from the substrate), that reacted with Ca-rich
hases producing CaTiO3. Similar considerations were drawn
y Paital and Dahotre, who used laser treatments for textured
a–P coatings on titanium alloys.25 The presence of calcium

itanates is frequently detected also during laser cladding of HA
n titanium alloy substrates.24 In the present research, the reac-
ion was probably facilitated by the presence of titania in the
oating itself.

Independently of the applied power level, the multiple pass
reatments gave results analogous to those of the single pass
reatments (not shown); as a consequence, single pass treatments
ere preferred in subsequent research activities and experimen-

al characterization.
The target of obtaining well crystallized HA surfaces and

omogeneous “laser tracks” suggested to operate at low power
evels and low scanning speeds. Since the laser equipment used
n the present research was characterized by a rather poor beam
tability when the power is set at values below 80 W, further tests
ere performed by de-focusing the surface to be treated.9

Moving the samples from the in-focus distance to −2 mm,
he presence of crystalline HA increased significantly. Fig. 7
roposes a comparison between the XRD spectra of the sample
GM B treated under the same conditions (100 W, 3 mm/s, 1
ass) in focus and out of focus at −2 mm. It is apparent how
he defocalization to −2 mm promoted the HA phase, whose
eaks became higher, while the peaks from titania, both rutile
nd anatase, became almost negligible. Instead, the develop-
ent of TCP and perovskite was not prevented. Such differences

etween the XRD graphs suggest that the reduction in the laser
rradiance (power per unit of surface) achieved by defocusing
ould limit the decomposition of the HA. Since the HA decom-
osition was not completely suppressed, the resulting calcium

hosphates reacted with the titania of the graded coating, produc-
ng the observed perovskite. However the “soft” laser treatment
nvolved only the outermost surface layers of the graded coat-
ng, where the fraction of titania is relatively scarce (Fig. 1).

m
d
i
b

Fig. 8. Surface of FGM A before (a) and after (b) laser treatment at 1
mm/s, 1 pass at different distances from the laser source: in-focus and at
2 mm. The symbols are the same as Fig. 6: , TCP; ×, perovskite; �,

natase; �, rutile; �, HA.

s a result, all the titania was converted in the reaction with
he calcium phosphate and, therefore, the rutile and anatase
eaks were not present any more; instead, the calcium phos-
hates, specifically the TCP, partially survived the reaction with
he titania, producing the aforementioned peaks in the XRD
attern.

Further defocusing of the laser beam down to −4 mm resulted
n a complete suppression of the perovskite reaction. The “laser
racks” were almost invisible at the naked eye and even the
SEM investigation confirmed that the laser-treated coatings
reserved their typical lamellar microstructure; an example,
egarding FGM A, is presented in Fig. 8. In this way, the coat-
ng was not (re-)melted any more. Cheang et al., investigating
he effect of laser treatments on pure HA coatings, described

similar mechanism, since they also observed that a reduc-
ion of the laser power changed the laser action from melting
o re-crystallization.9

The preserved microstructure and the absence of perovskite

ade these treatments, performed defocusing the laser beam

own to −4 mm, particularly favourable for the graded coat-
ngs. In fact, the presence of TCP does not compromise the
ioactivity of the coating, but the development of perovskite

00 W, −4 mm of focus distance, 3 mm/s scan speed and 1 pass.
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Table 3
Selected post-deposition laser treatments performed on the final samples.

Parameters of the laser treatment Treated samples

Defocus (mm) Power (W) Speed (mm/s) Passes (number) FGM* HA*

−4 100 3 1 Yes Yes
−4 80 3 1 Yes Yes
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olumns on the left: parameters used (defocalization distance; power; traverse
aser treatment.

ay be detrimental to deal with. The matter is still under debate,
ince Webster et al. observed an increased osteoblast adhesion
n titanium-coated HA that developed CaTiO3, but Lu et al.
eported that the formation of CaTiO3 is suggested to reduce
dhesive strength and destroy the HA structure.6 However, in
he present research the formation of perovskite, as well as that
f TCP, is not strictly controlled and hence it should be avoided.
s a consequence, the most interesting sample, FGM*, and the
orresponding pure HA* coating were treated by defocusing
he laser beam at −4 mm according to the parameters reported
n Table 3.

a
d
t

ig. 9. Surface and cross section of FGM* as sprayed (a and d), laser treated at 80 W
pass (c and f). The images regarding the surfaces (a–c) were acquired in low vacuum

n high vacuum mode.
d; number of passes); columns on the right: samples subjected to the specific

.2. Final selected treatments

The microstructure (surface and cross section) of FGM*
nd HA*, as-sprayed and laser-treated, are presented in
igs. 9 and 10, respectively. The laser treatment did not alter

he compositional gradient in FGM* and, due to the defocused
aser beam, which reduced the specific power irradiating the
urface, no significant cracking phenomena took place. Even

fter the laser treatment, FGM* retained some microstructural
efects, such as pores and local points with reduced adhesion at
he interface with the substrate; nevertheless, the microstructure

, −4 mm, 3 mm/s, 1 pass (b and e) and laser treated at 100 W, −4 mm, 3 mm/s,
mode (pressure: 0.5 Torr); those regarding the cross sections (d–f) were taken
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ig. 10. Surface and cross section of HA* as sprayed (a and d), laser treated at 8
ass (c and f). The images regarding the surfaces (a–c) were acquired in low va
n high vacuum mode.

f the titania-HA graded coating was definitely more compact
han that of the HA* coating, which – before and after laser
reatment – showed numerous defects and also marked through-
hickness cracks. Moreover, though the deposition conditions
ere the same for the two coatings, the FGM* coating adhered
ore strongly to the substrate than the HA* one, and was also

hicker and more uniform. The difference in microstructure and
hickness derived from the presence of titania in the composi-

ional gradient of FGM* and the optimisation of the spraying
arameters for the graded coating.20

The benefits deriving from the laser treatment can be appre-
iated from the XRD results reported in Fig. 11 for FGM* and

ig. 11. XRD spectra of the sample FGM* as-sprayed and laser treated at 80
nd 100 W in defocalization mode at −4 mm. The arrow indicates the signal
rom TCP; � is the symbol for HA.

s
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−4 mm, 3 mm/s, 1 pass (b and e) and laser treated at 100 W, −4 mm, 3 mm/s, 1
mode (pressure: 0.5 Torr); those regarding the cross sections (d–f) were taken

ig. 12 for HA*. As regards the graded coating, the intensity
f the peaks pertaining to HA was higher for the laser treated
amples than for the as-sprayed one and the intensity increased
ith increasing power. Interestingly, no decomposition prod-
cts were detected in the treated FGM*, independently of the
pplied power (in defocused mode, at −4 mm, the results at 80
nd 100 W were similar from this point of view). On the contrary,
t is worth noting that the signals caused by the TCP in the as-
prayed coating, indicated by the arrow in Fig. 11, completely
isappeared after the laser irradiation. This suggests that the
aser treatment performed in defocused mode at −4 mm effec-
ively promoted the re-crystallization of the by-products derived
rom the thermal decomposition of HA induced by the plasma-
pray processing. As shown in Fig. 12, also for the HA* coating
he intensity of the HA peaks slightly increased after the laser
reatment, while the peaks caused by the TCP disappeared. How-
ver, the increment was not as significant as that observed for
he graded coating; most of all, the “hump” visible in the angu-
ar range 25–35◦ (not visible in the spectra of FGM*), which
eveals the presence of amorphous phase, was not eliminated
y the laser treatment. For comparison purpose, Fig. 13 directly
uperimposes the spectra of the samples FGM* and HA* laser
reated at 100 W; the graphs highlight the presence of residual
morphous phase in the HA* coating and the higher crystallinity

eached by the FGM* coating.

The indentations performed on different areas of the FGM*
ross section confirmed that the compositional gradient resulted
n a functional gradient, since the local Vickers hardness varied
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ig. 12. XRD spectra of the sample HA* as-sprayed and laser treated at 80 and
00 W in defocalization mode at −4 mm. The arrow indicates the signal from
CP; � is the symbol for HA.

s a function of distance from the working surface. As exempli-
ed in Fig. 14, which refers to the indentations on the as-sprayed
GM* sample, the impressions produced by an applied load of
00 gf were larger on the HA-rich area of the cross section,
lose to the working surface, than on the titania-rich area, close

o the interface. Fig. 15a shows that the functional gradient was
reserved by the laser treatment performed in defocalization
ode, since the local hardness was not modified, independently

f the laser power (80 or 100 W). It is worth noting that, inde-

s
a
(
t

Fig. 14. Indentations performed at 100 gf on three differen
ig. 13. Comparison between the XRD spectra of the samples FGM* and HA*
aser treated at 100 W, −4 mm, 3 mm/s, 1 pass. � is the symbol for HA.

endently of the laser treatment, the Vickers hardness of the
A* coating was lower than that of the HA-rich area of the
GM* cross section, as reported in Fig. 15b. In fact, the local
ardness of the HA* coating ranged from about 202 HV in the
s-sprayed sample to about 220 HV in the 100 W laser treated

ample; instead the hardness of the HA-rich area of FGM* was
bout 370 HV in both the as-sprayed and laser treated samples
the difference between the three samples, as sprayed and laser
reated, is negligible with respect to the experimental error).

t areas of FGM* cross section (as-sprayed sample).
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bioimplants: the role of laser surface engineering. Journal of Biomaterials
ig. 15. Vickers microhardness (100 gf) measured before and after laser treat-
ent on the FGM* cross section (a), working on three different areas: HA rich;

ntermediate; titania rich, and on the HA* coating cross section (b).

The laser treatment, necessarily performed in defocalization
ode to avoid the development of perovskite in the FGM* sam-

le, promoted a re-crystallization of the HA, but it did not alter
he microstructure or sensibly changed the local mechanical
roperties. In previous studies, a similar titania-HA graded coat-
ng underwent specific thermal treatments, which resulted to be
eneficial not only for the degree of crystallinity, which was
emarkably increased, but also for the mechanical properties
f the FGM.14,15,26 Such an improvement was not achieved by
eans of the laser treatment, however it was possible to incre-
ent the crystallinity of HA at the working surface in a very

asy and quick way. In fact, it should be underlined that the
hermal treatment is dramatically time-consuming with respect
o the laser treatment.

Specific tests, in particular in vitro experiments by immersion
n Simulated Body Fluid, are currently running; the results will
e discussed in a future contribution. It is extremely important
o investigate the bioactivity after the laser treatment, since a
hange in the degree of crystallinity could modify the surface
nteraction with a biological environment, as already observed
or heat treated samples.26

. Conclusions
Several laser treatments were performed with the purpose of
ncrementing the degree of crystallinity of the HA at the work-
ng surface of plasma sprayed titania-HA functionally graded
eramic Society 29 (2009) 3147–3158 3157

oating. The governing factors were the laser power and the
ocus distance, which determine the specific power irradiating
he sample surface and, hence, the local temperature. It was
roved that excess in the specific power was disadvantageous
o the coating properties, since it promoted the development of
alcium phosphates that, in turn, were prone to react with the
itania of the graded coating, giving place to calcium titanates
perovskite). Even if calcium phosphates are bioactive and tita-
ium phosphates are presumably non-toxic (the effect of their
resence in biomaterials is controversial), the reaction is not
trictly controlled and, therefore, it should be avoided. Instead,
ery low values of the specific power, obtained by reducing the
aser power to 80 W or 100 W and operating in defocused mode
t −4 mm, eliminated the perovskite formation, increased the
egree of crystallinity of HA at the working surface and even
educed the content of by-products (e.g. TCP) present in the
s-sprayed samples as a consequence of the plasma spraying pro-
ess. Even if the increment of the degree of crystallinity is not as
igh as that achieved by means of a thermal treatment, the laser
reatment greatly benefits from the very short times required,
econds instead of hours and by the selectivity of treatment. In
act, the fine tuning of the laser parameters makes it possible
o control the degree of crystallinity in a very strict way and,

ost of all, the punctual effect of the laser involves only the
oating, and not the substrate, or even special selected areas of
he coating surface.
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