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bstract

apid prototyping based on laser cladding by powder injection has been used to produce calcium phosphate three-dimensional grafts without
sing molds. Precursor material comprising of hydroxyapatite (HA) powder was irradiated by means of an infrared Nd:YAG laser. The processing
arameters and the thermal history of the processed material have been assessed and the process has been optimized to obtain solid parts. Processing
y laser cladding lead to complete dehydroxylation of the precursor HA, the obtained microstructure is composed by an alpha-tricalcium phosphate

�-TCP) matrix with nucleated tetracalcium phosphate (TTCP) grains, in coexistence with oxyapatite and amorphous calcium phosphate. The
roduced bioceramic grafts were observed to be bioactive, leading to calcium-deficient hydroxyapatite precipitation and promoting pre-osteoblastic
ell attachment and proliferation during “in vitro” cell culture test.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

A common challenge in regenerative medicine is the repair
f bone defects produced by severe trauma, tumour resection
r congenital deformity. When the defect is relatively large and
elf-healing is not produced by the body, the so called critical-
ize defect requires bone graft material addition to complete
sseous reconstruction. Autogenous bone grafts have been con-
idered as the first option, harvested bone from the same patient
typically from the iliac crest) is utilized to fill the defect, reduc-
ng the possibilities of graft rejection. From the point of view of
he bone defect treatment, autografts are the best selection. Nev-
rtheless, from the point of view of the patient overall well-being,
he serious drawbacks of this approach include the induced addi-

ional pain in the harvest site, increment of the rehabilitation time
nd risk of post-operative complications. And, furthermore, har-
est site morbidity seriously affects the patient normal life at
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ong term and can derive in chronic donor site pain.1,2 In addi-
ion, synthetic material is often required in combination with the
utograft for large defects. Consequently, much effort has been
irected to investigate about synthetic bone grafts and synthetic
rowth factors, being the objective a material capable to mimic
he properties of bone.

Calcium phosphates have been tested as bone substitutes
ince several decades ago, due to their intrinsic properties that
timulate bone regeneration. Hydroxyapatite (HA), tricalcium
hosphate (beta-TCP and alpha-TCP), tetracalcium phosphate
TTCP) or biphasic calcium phosphate as BCP (20% HA, 80%
-TCP) have been used as bone graft materials for orthopedic
nd maxillofacial surgery.3–5 In low load bearing applications,
uch as cranial defect restoration, calcium phosphate bioceram-
cs promote new bone growth and implant integration in the
ody. The use of calcium phosphate granules as graft for com-
lex shaped defects has some difficulties, such as placing the

aterial and keeping it within the desired geometry, moreover,
igration of the particles is frequently produced.6 However, cal-

ium phosphate processing to produce a complex shape part is
costly and delicate task. In this sense, a technique to produce

dx.doi.org/10.1016/j.jeurceramsoc.2010.08.011
mailto:jpou@uvigo.es
dx.doi.org/10.1016/j.jeurceramsoc.2010.08.011
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ioactive ceramic implants tailored to the patient anatomical
eeds would be helpful in the overall defect restoration process.
ranial defect restoration can be produced by a multi-step pro-
ess involving the geometrical analysis of the required implant,
ith aid of three-dimensional computer tomography or magnetic

esonance techniques.7–9 The implant geometry is designed
rom these data and is translated into information suitable to the
apid prototyping working station; a patient tailored implant is
btained in this way. Different rapid prototyping techniques have
een applied to implant production, such as stereolithography,
aminated object manufacturing, three-dimensional printing and
elective laser sintering.10–15 Nevertheless, many of these tech-
iques are limited to polymeric materials or require several
ost-processing steps to produce ceramic material parts. Selec-
ive laser sintering technique has been applied to mixtures of HA
nd biodegradable polymers, such process leads to HA particle
ntrapment in the sintered polymer.16,17

Rapid prototyping based on laser cladding is an alternative
echnique for production of real functional parts from an elec-
ronic drawing of the part. This technique utilizes a laser as
nergy source to stack successive layers of a desired material
ollowing the pattern given by the layered electronic design. The
recursor material is feed in the form of powder which is injected
nto the laser focal spot and subsequently molten and solidified.
nstead of just sintering the forming particles as in selective
aser sintering, laser cladding produces much stronger parts by
omplete melting of the precursor particles.18 Regarding bio-
eramics, laser cladding has already been applied to produce
alcium phosphate coatings19–25 and bioactive glass coatings26

ut not for production of three-dimensional bioceramic parts.
ue to high temperature processing by this technique, the
btained material structure is modified in comparison with the
recursor material, and different calcium phosphate phases are
ormed.19,24 As a consequence, in-depth characterization of the
rocessed material becomes important to determine its perfor-
ance as biomaterial.
The aim of this work is demonstrate the ability of the rapid

rototyping technique based on laser cladding for the production
f three-dimensional calcium phosphate bioceramic grafts.

. Materials and methods

.1. Materials

The powder used as precursor material was CAPTAL 90 type

alcium hydroxyapatite from Plasma-Biotal UK (some physic
roperties relevant for the laser cladding process are collected in
able 1). The hydroxyapatite crystallinity as evaluated by XRD
as above 97.5%. Ti6Al4V plates with a thickness of 3 mm and

able 1
A precursor powder size and density.

CAPTAL 90

ize d[90] (�m) 120
ulk density (g/cm3) 1.1
hermal conductivity at 25 ◦C (W/mK) 1.0
oefficient of thermal expansion 0–1000 ◦C (10−6 K−1) 14.8
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ig. 1. Sketch showing the principle of operation of rapid prototyping based on
aser cladding.

imensions of 100 × 150 mm2 were used as base material to
row up the CaP structures.

.2. Rapid prototyping based on laser cladding

The powder feeding technique was applied to obtain the parts
y laser surface cladding.19 This technique consists basically in
lowing particles of the precursor material by a carrier gas over
he substrate that is moving across this powder flow and the
aser beam (see Fig. 1). A stationary high power laser radiation
s directed to the surface of the substrate. The laser beam heats
p the precursor material cloud and creates a molten pool on the
ubstrate where the particles impinge. To produce a controlled
tmosphere around the interaction zone, a shielding inert gas is
pplied. Solidification takes place when the molten pool goes
way from the laser irradiated area; thus, a solidified material
trip is formed over de initial substrate. A layered part is built
hen superposing several strips.
The laser source was a Nd:YAG laser (λ = 1064 nm) with a

aximum power of 4000 W (TRUMPF HL 4006D). The laser
adiation was guided by means of a 600 �m core diameter fibre
nd coupled to the working station via expanding and colli-
ating optics; following, the laser beam was focused over the

ubstrate surface, giving a beam spot with diameter of 2 mm at
he substrate upper surface. The focusing optics was a cemented
oublet of 250 mm focal length.
The hydroxyapatite precursor powder was fed by a Plasma-
echnik powder feeder (model Twin-system 10-C) and injected

n the interaction zone by means of a coaxial gas-solid injector.
rgon was used as both conveying gas and protective gas, with a
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onveying gas volumetric flow of 8.0 l/min and a protective inert
as volumetric flow of 16 l/min. During the experimentation the
orking head, including the focusing optics and the powder

njection system, was moved in the vertical direction (z-axis),
hereas the substrate was moved in a horizontal plane (x- and

-axis), the three axes where integrated in a computer numerical
ontrol station.

The optical power of the laser beam was varied from 80
o 200 W, with precursor powder mass flow values comprised
etween 3.7 and 20.4 mg/s, and substrate scanning speeds
etween 0.8 and 6.7 mm/s. During processing, a coaxial camera
as used to monitor the stability and evolution of the melting
ool along the deposited layers. The average temperature of
he laser–material interaction area was remotely measured by

eans of a pyrometer, the obtained data should be considered
nly qualitatively due to variability of the material emissivity
uring processing.

.3. Physical and chemical characterization

The obtained samples were geometrically characterized by
eans of a stereoscopic microscope equipped with an XY posi-

ioning stage (Nikon SMZ-10A). To determine the geometry
ependence on processing parameters, the layer thickness and
idth were measured in samples obtained with different con-
itions. The thickness of the deposited layers determines the
eometrical resolution in the vertical direction and the sur-
ace roughness of the processed sample, while the layer width
etermines the geometrical resolution in the horizontal plane.
he samples microstructure and elemental composition were
xamined via scanning electron microscopy (SEM Philips XL-
0) and an energy dispersive X-ray spectroscope coupled to
he microscope (EDS EDAX PV9760). To obtain quantitative
a/P values for the analysed calcium phosphate phases, three
alcium phosphate standards certified by atomic absorption
pectroscopy and X-ray fluorescence were used (Ca/P certified
alues: 1.00 ± 0.01; 1.70 ± 0.02 and 2.00 ± 0.01). EDS spectra
ere obtained with beam energy 15 keV, acquisition time 50 s

nd magnification 1500×; and Ca and P X-ray lines intensity
atios were determined for each calcium phosphate phase. The
alibrated Ca/P ratio values were obtained taking into consider-
tion the measured Ca and P X-ray lines intensity ratios of the
tandards.

Chemical composition and crystallinity was determined by
eans of X-ray fluorescence spectroscopy (XRF, Siemens SRS

000) and X-ray diffraction (XRD, Siemens D-5000), respec-
ively. In order to obtain an estimation of the phase weight
istribution in the laser processed samples, bi-component mix-
ures of HA-TTCP and �-TCP-TTCP (HA CAPTAL 90 from
lasma-Biotal UK; �-TCP and TTCP from Clarkson Inc.) were
nalysed by XRD to obtain the calibration curve weight-peak
ntegrated intensity ratio according to the method proposed in.27

ue to the elevated content of �-TCP and TTCP crystalline

hases, the peak integrated intensity of TTCP was used as ref-
rence instead of that of HA. Similarly, mixtures with known
roportion of HA and amorphous calcium phosphate (ACP
APTAL Plasma-Biotal UK) were explored by XRD. In the
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θ range between 15◦ and 40◦ the areas below the diffractogram
orresponding to crystalline material and amorphous material
ere measured in order to estimate the amorphous phase content
f the laser processed samples.28

Fourier transform infrared (FT-IR) spectra of the overall sam-
les were acquired between 400 and 4000 cm−1 with a Thermo
icolet 6700 spectrometer. The typical acquisition conditions
ere 4 cm−1 of resolution, averaging of 32 scans, an apodization
app-Genzel, a Mertz phase correction, and zero filling 2. To

xamine structural differences within the sample a Continuum
R microscope coupled to the spectrometer was used to col-
ect the reflectance FT-IR spectra between 650 and 4000 cm−1,
canning 100 × 100 �m2 areas along the sample surface and
ross-section.

Raman reflection spectra were recorded by means of a Horiba
obin Yvon LAbRam-HR800 spectrometer provided with an
r laser excitation source (488 nm) and also coupled with a
icroscope. Raman reflection spectra were acquired between

00 and 4000 cm−1. Raman spectra acquisition settings were
0 s/scan, 15 average scans per measured range, and 2 �m of
pot size.

.4. Biological response characterization

.4.1. Cell culture
The biological performance of the material was assessed

y using the pre-osteoblastic cell line MC3T3-E1. This cell
ine has been established from C57BL/6 mouse calvaria, and
t was obtained from the European Collection of Cell Cultures
ECACC, UK). The cells were cultured in MEM-alpha (Sigma,
SA) supplemented with 10% Foetal Bovine Serum (FBS; Invit-

ogen, USA) and were maintained at 37 ◦C in a humidified
tmosphere with 5% of CO2.

Laser cladding processed samples of 10 × 10 mm2 in area
ere cleaned by applying several cycles of 15 min in an
ltrasound waterbath with milli-Q water, absolute ethanol and
cetone, followed by air drying inside a laminar flow cham-
er. Following, samples were autoclaved for 15 min at 121 ◦C.
our samples were inspected by SEM after the cleaning and
terilization procedure to ensure that the samples kept unaltered
revious to cell seeding; no modifications of the samples surface
ere observed.

.4.2. Cytotoxicity. Solvent extraction test
The evaluation of cytotoxicity of the material in a non-direct

ontact cells-material was carried out by means of the solvent
xtraction test, according the standards EN ISO 10993-5 and
0993-12. This test consists on a cell seeding over the sol-
ent extracts obtained previously from the material. The solvent
xtraction was carried out by placing the sterilized processed
amples on a rotating mixer for 24 h in MEM-alpha supple-
ented with FBS at 37 ◦C with a surface area: volume ratio of
cm2/ml. The extracts were diluted with MEM-alpha to obtain

00, 50, 30, 10, 5 and 0% of the original concentration. The
ame procedure was followed with phenol solution at a con-
entration of 6.4 g/l in MEM-alpha as positive control and pure
EM-alpha as negative control.
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MC3T3-E1 cells were cultured in 96-well tissue culture
lates at a concentration of 1.7 × 105 cells/ml. Cells were grown
o confluent layers in a volume of 100 �l. The different dilutions
f the extracts were incubated with the cells for 24 h. Three wells
er material and extract concentration were used.

The cellular activity was quantified with the Cell Proliferation
it I (MTT) from Roche Molecular Biochemicals. This colori-
etric assay is based on the reduction of the yellow tetrazolium

alt MTT (3-(4,5-dimethyltyazolyl-2)-2,5-diphenyl tetrazolium
romide) into insoluble purple formazan crystals by the mito-
hondrial enzyme succinate dehydrogenase, only present in
iving cells.

After the incubation period, 10 �l of the MTT labelling
eagent in PBS were added to each well at a final concentration
f 0.5 mg/ml. Cells were incubated for 4 h under culture condi-
ions (37 ◦C, 5% CO2 and humidified atmosphere) to allow the
roduction of purple formazan crystals. In order to dissolve these
ormazan crystals, 100 �l of a solution containing 10% SDS in
.01 M HCl was added to each well. The plate was incubated
vernight and the resulting coloured solution was quantified at
70 nm using a Bio-Rad Model 550 microplate spectrophotome-
er. Data are presented as mean ± standard deviation (n = 3).
rror bars in figures represent standard deviations.

.4.3. Cell adhesion and morphology. SEM
Cell adhesion and morphology was assessed in a direct

ontact cells-material assay. Sterilized samples were placed
n 24-well tissue cultured plates. MC3T3-E1 suspension of
.5 × 104 cell/ml in 1 ml of MEM-alpha (Sigma, USA) supple-
ented with 10% Foetal Bovine Serum (FBS; Invitrogen, USA)
as added to each well and the culture medium was renewed

very 2–3 days. Cell seeding was carried out directly over the
odified surface which was the section analysed.
After each incubation time (1, 3 and 7 days), the three repli-

ates of each experiment were fixed with 2% glutaraldehyde in
.1 M pH 7.4 cacodylate buffer for 2 h at 4 ◦C. Samples were
hen washed three times for 30 min each with cacodylate buffer
.1 M and dehydrated in graded ethanol solutions (30%, 50%,
0%, 80%, 95%) for 30 min each solution and in absolute ethanol
or 1 h. After the dehydration, samples were submitted to an
ncreasing amylacetate:ethanol mixture (25:75, 50:50, 75:25,
5 min each) and to pure amylacetate twice for 15 min. The crit-
cal point of CO2, at 75 atm and 31.3 ◦C was the final step. The
amples were finally mounted on metal stubs and sputter-coated
ith gold prior to their analysis using a Philips XL 30 Scanning
lectron Microscope.

. Results

.1. Processing parameters

The working window to produce walls by piling up layers
as explored during experimentation. Laser power, precursor

owder mass flow and scanning speed were the parameters under
tudy. The objective was to produce a smooth and continuous
art growth when processing, and to achieve a homogeneous
olid sound part.

p
w
W
p

ig. 2. Evolution of (a) molten pool measured temperature and (b) layer thick-
ess as a function of the processing speed (processing conditions: mass flow
.7 mg/s, Ar protective gas stream).

The data acquired by means of the camera set coaxial to the
aser beam clearly show the presence of liquid material forming
he melting pool. In addition, the produced layer thicknesses are
omparable to the precursor particles size, indicating that parti-
le geometry was not maintained and that the precursor material
as subjected to more transformations than merely sintering.
hen increasing the processing speed, a reduction of the inter-

ction area temperature is observed (see Fig. 2), attributed to
he reduction of absorbed laser energy per part length unit. Con-
equently, the deposited layer thickness and the obtained part
idth are reduced by increasing the processing speed.
Fig. 3 shows the influence of the precursor material mass

ow on the interaction area temperature and the layer average
hickness. At low material injection rates the measured temper-
ture remains invariable. Nevertheless, at high mass flow values
mportant temperature reduction is produced due to an excess
f injected precursor material in the interaction area. As a con-
equence, the thickness of the deposited layers is increased by
ncreasing mass flow rates, but reaches a maximum and stabilizes
t high mass flow rates. The produced part width is not signifi-
antly modified by the precursor material mass flow variations
ithin the explored range.
The cooling-off part of the thermal cycle experimented by the
rocessed part at the surface was measured and cooling-off speed
as estimated for different settings of processing parameters.
hen cooling rates achieved values as high as 1000 ◦C/min, the

rocessed part was not able to withstand the high thermal stresses
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ig. 3. Evolution of (a) processed part molten pool measured temperature and
b) layer thickness as a function of the precursor powder mass flow (processing
onditions: processing speed 2.5 mm/s, Ar protective gas stream).
enerated resulting in catastrophic cracking of the part. On the
ontrary, reducing the cooling speed value to approximately
00 ◦C/min allows obtaining parts free of cracking. Samples
ith height up to 60 mm were produced maintaining this cool-

3
p

c

ig. 4. Calcium phosphate sample produced by rapid prototyping based on laser c
.0 mm/s, mass flow 10 mg/s, 320 stacked layers).
t 225 s in the curve at 110 W corresponds to the moment when the laser beam is
witched off (processing conditions: processing speed 2.92 mm/s, Ar protective
as stream).

ng rate (see Fig. 4). In addition, the soundness of the processed
arts seems to be mainly independent of the cooling-off speed
elow approximately 1000 ◦C. Therefore, after depositing the
ast layer of the processed part further laser irradiation at low
ower is required to ensure a relatively slow cooling-off at the
ast layers. Fig. 5 shows the thermal evolution of the upper layers
f a processed part, the temperature was measured at the lateral
urface and the abrupt turn at 225 s corresponds to the moment
hen the laser beam is switched off.

.2. Composition and microstructure
.2.1. FT-IR spectra and XRD analysis of the complete
rocessed sample

The FT-IR spectrum of the HA precursor powder and that
orresponding to a complete processed sample transformed

ladding (complete sample height 60 mm, laser power 160 W, scanning speed
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Fig. 7. X-ray diffractogram of: hydroxyapatite precursor powder; pulverized
processed sample; surface of the processed. (�) TTCP (JCPDS 25-1137), (�)
�
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p
t
duced by dehydroxylation of HA, present a very similar XRD
pattern; nevertheless, due to oxyapatite larger c-axis, the HA
peak at 2θ = 53.1◦ is shifted to smaller angles in oxyapatite

Table 2
Crystalline and amorphous phase content estimated from the XRD data (%
weight).

Calcium phosphate phase Content (% weight)
ig. 6. FT-IR reflection spectra of (a) HA precursor material and (b) sample
rocessed by laser cladding after pulverization.

nto powder are shown in Fig. 6. The bands corresponding to
he phosphate group are clearly distinguished in both spectra.
he antisymmetric stretching vibrational modes (�3 PO4

3−) are
ound between 990 and 1100 cm−1. In the precursor HA spec-
rum, the symmetric stretching mode (�1 PO4

3−) is present as
small peak at 961 cm−1, whereas only a shoulder is observed

n the processed samples spectra due to the splitting of �3 peaks
nd band broadening. The peaks corresponding to symmetric
ending (�2 PO4

3−) are found between 400 and 500 cm−1;
nd peak splitting is also observed in the processed samples
pectra. The peaks related to out-of-plane modes (�4 PO4

3−),
ocated between 550 and 600 cm−1, show slightly displacements
o lower wavenumbers.

The low presence of CO3
2− could be suggested from the

eak shoulder around 875 cm−1 observed in the HA precursor
owder spectra, while no indication of CO3

2− groups presence
as found in the processed samples spectra.
The presence of OH− groups in the HA precursor material is

bserved by the peaks at 631 and 3571 cm−1. These peaks were
ot observed in the laser processed material spectrum; indicating
hat complete HA dehydroxylation has been produced during
aser processing. The absorbed water is presented by a broad
and around to 3400 cm−1 and a weaker band at 1635 cm−1 in
oth spectra.

The XRD analyses of the material processed by laser cladding
ere performed after pulverization of the complete samples (see
ig. 7). The diffraction patterns match with the XRD patterns of
A (JCPDS 9-432), �-TCP (JCPDS 9-348) and TTCP (JCPDS
5-1137) crystals. The more intense peaks correspond to �-
CP and TTCP, whereas the HA attributed overlapped peaks
ould produce the observed peak broadening. In addition, pre-

iously to baseline correction, a broad band was observed in the
iffractogram, indicating that amorphous phases are present in
he processed samples. The areas corresponding to crystalline

aterial and amorphous material (ACP) below the processed

A
�

T
O

-TCP (JCPDS 9-348), (�) HA (JCPDS 9-432). The broad band between 15◦
nd 35◦ indicating presence of amorphous phase was eliminated by baseline
orrection.

amples diffractograms were measured, and the estimation from
he calibration curve revealed an average amorphous phase
eight content value of 40%. The proportions of crystalline

nd amorphous phases estimated from the XRD data are sum-
arized in Table 2. No peaks related to crystalline CaO and
aCO3 presence are observed in the samples XRD pattern;
nd no determining information is obtained about the presence
f Ca(OH)2 due to peak overlapping with TTCP and �-TCP
eaks.

Although most of the HA XRD peaks overlap with TTCP
eaks, presence of HA or oxyapatite (OA) is derived from
he peak at 2θ = 10.8◦ (see Fig. 8). HA and oxyapatite, pro-
CP 40 ± 4.2
-TCP 29 ± 3.8
TCP 18 ± 2.7
A 13 ± 2.3
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Fig. 8. X-ray pattern of (a) TTCP (JCPDS 25-1137) and diffractograms of (b)
h
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s
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F
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F
a

ydroxyapatite precursor powder and (c) pulverized processed sample. Details
f the peaks at 2θ = 10.8◦ and 2θ = 53.1◦, both graphs have the same y-axis
ntensity scale.

iffractogram.29 Detail of the laser processed samples diffrac-
ogram around 2θ = 53.1◦ is compatible with the mentioned peak
hift as shown in Fig. 8; but no determinant conclusions can be
xtracted due to presence of TTCP peaks in this diffractogram
one.
.2.2. Surface characterization
Sample surfaces topography are smooth, as revealed by SEM

econdary electrons micrographs, and the appearance suggests
omplete melting of the deposited material at the surface, with-

o
s
1
g

ig. 10. (a) FT-IR reflection spectra of the sample surface and the HA precursor pow
nd the precipitated HA after 7 days in cell culture.
ig. 9. SEM micrographs of the sample surface (a) at low magnification and (b)
etail of the oriented surface grains.
ut sintered or semimolten HA particles. Fig. 9a shows the lateral
urface of one deposited layer, with an average thickness of
70 �m. Observation at higher magnification allows to distin-
uish a main structure of elongated grains with rounded corners,

der; (b) representative Raman spectra of the surface, the HA precursor powder
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Fig. 11. SEM micrographs of the sample cross-section: (a) sample central zone,
(b) detail of the microstructure at the central zone, and (c) detail of the microstruc-
ture close to sample surface.
6 R. Comesaña et al. / Journal of the E

ith an average length of 2.5 ± 0.60 �m and average width of
.65 ± 0.14 �m (Fig. 9b). The grain predominant direction is
ransversal to the direction of layer stacking.

A typical FT-IR spectrum acquired at the processed samples
urface is shown in Fig. 10a. In the surface spectra, the band
orresponding to the P–O symmetric stretching vibration mode
�1 PO4

3−) appears very weakly as a shoulder in 960 cm−1

nd the triply degenerate antisymmetric stretching modes of
he PO4

3− group (�3 PO4
3−) rise strongly between 990 and

115 cm−1. Splitting of �3 PO4
3− peaks is produced for the

rocessed samples. Due to the specific configuration of the spec-
rometer when using the coupled microscope, the wavenumbers
elow 650 cm−1 were not acquired.

Raman spectra clearly show the presence of phosphate groups
n the samples surface (see Fig. 10b). The stronger observed peak
t 962 cm−1 corresponds to the �1 PO4

3− mode. Two more peaks
f lower intensity are found at 947 and 942 cm−1, indicating
he presence of TTCP. The �3 PO4

3− antisymmetric stretching
odes rise timidly between 1000 and 1150 cm−1, in contrast

o the related peaks in the FT-IR spectrum. Although the band
t 1101 cm−1 could be also assigned to �1 CO3

2− vibration
ode; nevertheless, this attribution is discarded as no peaks cor-

esponding to �4 CO3
2− mode are observed around 675 cm−1

nd 765 cm−1.30

Splitting of peaks corresponding to �2 PO4
3− vibration

odes is found between 389 and 447 cm−1; and also of the ones
elated to �4 PO4

3− modes appear between 556 and 614 cm−1.
o indication of OH− group presence was observed around
570 cm−1 (spectrum zone not shown). In a similar manner, the
618 cm−1 peak of OH− stretching in Ca(OH)2 is not observed
n the Raman spectra, indicating Ca(OH)2 absence in the pro-
essed samples.

Raman and FT-IR spectra of the samples surface are in agree-
ent with the reported polycrystalline TTCP Raman and FT-IR

pectra, respectively.31

The XRD analyses of the samples surfaces match with the
-TCP, TTCP, and HA XRD patterns. The diffractograms are
ominated by a strong TTCP peak (0 4 0), indicating that the
TCP crystals are preferentially oriented, Fig. 7. This preferen-

ial growth of TTCP crystals from laser processed HA, already
bserved in previous studies, is attributed to well-defined ther-
al gradient at the sample surface when the material is cooling

ff.32 During processing, the material convection due to high
hermal gradient is parallel to the sample surface, in the direc-
ion coincident to the sample growth and perpendicular to the
eposited layer plane, leading to a very stable solidification front
irection that produces the observed grain alignment.

.2.3. Cross-section characterization
SEM examination of samples cross-section reveals the pres-

nce of different phases as shown in Fig. 11. The backscattered
lectron micrographs allow distinguishing brighter grains with
rregular shapes dispersed over the entire cross-section. The mor-

hology of these grains suggests that incomplete melting of the
aterial has taken place. In coexistence and dispersed within a

arker phase, elongated grains with rounded corners similar to
hose observed at the samples surface are found. In the sample



R. Comesaña et al. / Journal of the Europe

Table 3
Ca/P ratio values (molar) of the HA precursor powder, the sample phases and
the precipitated HA after cell culture (from the EDS microanalysis).

Ca/P (molar)

HA precursor material 1.72 ± 0.08
Matrix 1.53 ± 0.03
Elongated grains 1.87 ± 0.06
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rregular grains 1.62 ± 0.06
recipitated HA in cell culture 1.60 ± 0.05

entral zone, Fig. 11a and b, and in the zone close to the surface
Fig. 11c), the grains are strongly oriented. Although sample
harging at the edge makes difficult the examination, as shown
n Fig. 11c, the elongated grains seems to converge at the cross-
ection edge, which is in agreement with the observations made
t the surface of the samples. From the samples surface towards
he centre no unmolten irregular brighter grains are found within
band of 20 �m depth.

The EDS microanalyses of each observed phase were per-
ormed at different zones of the samples cross-section, and reveal
he Ca/P values listed in Table 3. Standards with certified Ca/P
atios were used to obtain these quantitative values, which sug-
est that the microstructure corresponds to a TTCP dispersed
rains in a �-TCP matrix, with the presence of remainder apatite
rregular grains (Fig. 11b). The XRD patterns obtained from the
amples cross-section are equivalent to those acquired from the
omplete pulverized samples, from these can be derived that
morphous material is present in the cross-section. Since irreg-
lar grains are present in the samples cross-section and not in the
urface, and amorphous material is not observed from the surface
RD pattern, it can be concluded that the irregular grains are

elated to amorphous calcium phosphate. Both the cross-section
nd the surface microstructure were confirmed to keep invari-
ble along the processed sample height by SEM observation and
RD analyses.
With the aim of improving phase identification, Raman spec-

ra were acquired from each phase in different zones at the

ross-section, and the averaged spectra were compared with the
recursor HA, commercial TTCP and �-TCP materials Raman
pectra (see Fig. 12). The elongated grains averaged spectrum
Fig. 12, spectrum f) closely mach the spectrum of TTCP, being

a
S
s
t

ig. 12. Raman spectra in the (A) �2 and �4 region, (B) �2 region and (C) �3 phos
ommercial TTCP, (c) HA precursor powder and from the laser processed samples cr
an Ceramic Society 31 (2011) 29–41 37

n agreement to the measured Ca/P ratio value. The �1 PO4
3−

trong peaks at 942, 947, 957 and 963 cm−1 and the lattice modes
t 329 and 350 cm−1 allow to clearly distinguish this calcium
hosphate compound. In the �2 PO4

3− zone of the averaged
pectrum of the matrix phase (Fig. 12, spectrum e), the band
round 420 cm−1 and the peak at 450 cm−1 match the �-TCP
pectrum, although low presence of TTCP can be derived from
he weak peaks at 329, 350 and 391 cm−1. In the �1 PO4

3−
egion, presence of TTCP peaks are observed in addition to the
trong peak at 963 cm−1, common to �-TCP, TTCP and HA
ompounds. At higher wavenumbers of this peak is observed a
ronounced shoulder attributed to the �-TCP peak at 972 cm−1.
egarding the irregular grains, the averaged spectrum is different

rom the other spectra in the band around 306 cm−1 and a strong
2 PO4

3− at 440 cm−1. In addition, the �1 PO4
3− zone a broad

eak at 964 cm−1 is accompanied by a shoulder at 950 cm−1,
ttributed to amorphous calcium phosphate.

.3. Biological response characterization

.3.1. Cytotoxicity. Solvent extraction test
Results regarding cytotoxicity (MTT Assay) of HA laser

ladding processed samples are shown in Fig. 13. MC3T3 cells
roliferated properly on the different dilutions of the solvent
xtracted from the tested material. A slight deviation from the
egative control (pure culture medium MEM-alpha) is observed
hen adding extracts from processed samples; nevertheless,
ariance analysis states that differences between processed
amples and negative control at each concentration are not statis-
ically significant (p < 0.05). This healthy stage of cells indicated
hat laser cladding processed HA samples were non-cytotoxic.
t the same time, the cytotoxicity shown by the positive control
alidated the experiment.

.3.2. Cell adhesion and morphology. SEM
To evaluate the cell attachment, spreading, and proliferation,

hree replicates from laser cladding processed samples were

nalysed at 1, 3 and 7 days by scanning electron microscopy.
EM micrographs of the MC3T3-E1 pre-osteoblasts on the
urface of the laser cladding processed samples throughout the
ime of culture (A for 1 day, B for 3 days and C for 7 days) are

phate region. Shown spectra were acquired from (a) commercial �-TCP, (b)
oss-section: (d) irregular grains, (e) matrix, (f) elongated grains.
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Fig. 13. MC3T3-E1 proliferation after incubation with different dilutions of
the solvent extracts prepared from the laser cladding processed HA surface.
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he negative control consisted of pure MEM-alpha and the positive control was
omposed by a phenol solution at a concentration of 6.4 g/l in MEM-alpha.

resented in Fig. 14. On the first day of incubation (A), it was
lready observed a precipitation process of apatite that occurred
arallel to the cell proliferation due to the presence of the high
oluble �-TCP and TTCP phases immersed in MEM-alpha
upplemented with 10% Foetal Bovine Serum. Some of those
patite crystals are shown in Fig. 15. The Raman spectrum
f the precipitated apatite is shown in Fig. 10b. In addition
o characteristic peaks of HA, broad bands around 675 and
20 cm−1 are observed due to organic material presence; the
harp peak at 1002 cm−1 can be attributed to HPO4

2− �1 mode
nd phenylalanine presence from the cell culture media. It was
onfirmed by EDS microanalysis that the precipitated apatite
as calcium-deficient hydroxyapatite (see Table 3). Regarding

o the cellular behaviour, cells appeared closely attached to the
rocessed samples surface and also to the precipitated apatite
ith the flattened morphology typical of healthy osteoblasts and
umerous filopodia. After 3 days of incubation (B), the cells
onnect to each other by filopodia and lamellipodia and spread
hroughout the surface, even over or below the precipitates.

hen observed on the seventh day of incubation (C), several
ayers of cells covered almost the whole surface, including the
umerous CDHA precipitates. Cells attach and spread properly,
ithout any signal of cytotoxicity.

. Discussion

According to the CaO–P2O5 phase diagram and HA decom-
osition experimental studies, dehydroxylation of HA into
xyhydroxyapatite starts at 900 ◦C and is produced gradually
epending on the exposition time at these high temperatures.33,34

xyhydroxyapatite (OHA, Ca10(PO4)6(OH)2−xOx) subjected
o a further thermal treatment starts to decompose into �-TCP

nd TTCP above 1200 ◦C, and is fully decomposed at approx-
mately 1550 ◦C; these temperature values and the calcium
hosphate phases obtained are dependent on the processing
tmosphere water vapour content. Hydroxyapatite dehydrox-

X
a
o
f

ig. 14. Scanning electron microscopy images showing the attachment and
preading of MC3T3-E1 cell line on laser cladding processed samples surface.

for 1 day, B for 3 days and C for 7 days. Magnification 2500×.

lation is not produced completely before decomposition in
-TCP and TTCP and, therefore, the presence of these last
entioned calcium phosphate phases is compatible with OHA

resence.35 Due to their crystal structure resemblance, XRD pat-
erns of oxyapatite (OA, Ca10(PO4)6O2, obtained after complete
A dehydroxylation), oxyhydroxyapatite and hydroxyapatite

re very similar; therefore, is difficult to establish the grade
f dehydroxylation from the acquired XRD patterns. The com-
lete absence of the OH− group peaks in the FT-IR spectra of
rocessed samples suggests that all the present apatite corre-
ponds to oxyapatite. Taking this fact into consideration, the

RD peaks attributed to crystalline HA phase correspond actu-

lly to crystalline oxyapatite. Oxyapatite is reported to be stable
nly between 800 and 1050 ◦C, but HA subjected to 1250 ◦C
or 1 h after being melted showed a FT-IR spectrum without



R. Comesaña et al. / Journal of the Europe

F
h
p

O
(

p
a
r
i
c
i
a
�
w
f
T
e
l
b
f

m
t
g
S
s
t
p

b
a
i
b
T
t
n
i
h
f

p
O
p

d
t
i
t

a
m
c
e
i
c
t
i
c
c
i
l
b
t
i
e
m
t
(
a
p
s

t
s
c
a
c
H
o
t
w
v
t
i

o
p
w
a
p
3
T
i

ig. 15. Scanning electron microscopy image showing the calcium-deficient
ydroxyapatite precipitated crystals on to a cell layer covering the laser cladding
rocessed sample.

H presence and a XRD pattern with clear presence of OA
occasionally identified as HA).35,36

During laser cladding processing, the injected HA precursor
owder irradiated by the laser beam suffers a prominent temper-
ture increment in a reduced period of time, this high heating
ate produces that not all HA particles are fully decomposed
n �-TCP and TTCP. Therefore, the obtained melting pool is
omposed by a combination of a liquid phase and a remain-
ng solid phase that could correspond to non-decomposed OA
nd mixtures of �-TCP and TTCP. Some authors consider that
-TCP and TTCP formation occurs at the same temperature3;
hile others state that HA decomposes in �-TCP and CaO,

orming TTCP at higher temperature by combination of �-
CP and CaO,34 being these differences attributed to different
xperimental conditions. The microstructure observed in the
aser processed samples suggests that the TTCP grains could
e formed from the liquid material when cooling off instead
rom HA decomposition during heating.

When the molten pool starts to cool down, attending to the
icrostructure observed by SEM, the TTCP nucleates first from

he liquid phase and from the boundaries of remainder solid
rains, leading to the observed TTCP rich dispersed grains.
imultaneously, the liquid phase increases its PO4 content and
olidifies into the observed �-TCP rich matrix. Diffusion within
he solid mixture of calcium phosphates can also modify the
hase composition at elevated temperature values.

For the HA precursor material, the heating rate produced
y the laser–material interaction is higher than the cooling rate
nd, moreover, the global material composition changes dur-
ng processing. Therefore, differences of phase transformations
etween the heating path and the cooling path are to be expected.
he thermal cycle experienced is not exactly identical for all

he injected precursor particles, and probably some of them are

ot exposed to laser radiation time enough to decompose, lead-
ng to the found remaining OA grains. In bulk HA subjected to
eat treatment, it is observed that decomposition of HA starts
rom the surface towards the interior.34 Similarly, in the laser

a
1
(
c

an Ceramic Society 31 (2011) 29–41 39

rocessed samples the observed remaining irregular grains of
A could correspond to the cores of the fed HA precursor
articles.

Reconstitution of �-TCP and TTCP into HA is observed to be
ependent on the cooling rate and atmosphere.37 According to
he measured cooling rates, recombination of �-TCP and TTCP
nto HA and transformation from the metastable phase �-TCP
o �-TCP is inhibited.

As explained by Ducheyne and co-workers, several steps
re involved during bone tissue bonding to bioactive ceramic
aterials. These steps begin with a dissolution process from

eramic, then precipitation from solution onto ceramic, ion
xchange and structural rearrangement at the ceramic-tissue
nterface, interdiffusion from the surface boundary layer into the
eramic, solution-mediated effects on cellular activity, deposi-
ion of either the mineral phase or the organic phase without
ntegration into the ceramic, chemotaxis to the ceramic surface,
ell attachment and proliferation, cell differentiation, and extra-
ellular matrix formation.38 In most cases, the ceramic-tissue
nterface modifications lead to a calcium-phosphate interface
ayer. Although the process involves inorganic reactions and
iological events interacting together in a not simple sequence,
he solubility of the bioactive ceramic plays an important role
n several of these reactions composing the overall osteogen-
sis process. The enhancement effect of bone tissue growth is
ore boosted for higher solubility rates of the implanted bioac-

ive ceramic.38–40 �-TCP, and amorphous calcium phosphate
ACP), which are phases present in the laser processed samples,
re more soluble in aqueous solutions than other calcium phos-
hate phases like HA or �-TCP. TTCP present a intermediate
olubility between �-TCP and HA.4,38,41,42

Pre-osteoblastic cell response to �-TCP and TTCP, respec-
ively, was tested in previous in vitro studies.43 The results
howed that presence of �-TCP and TTCP dissolved in the
ulture medium increases cell alkaline phosphatase activity,
nd promotes collagen synthesis and calcification of the extra-
ellular matrix. Laser cladding coatings of similar precursor
A material on Ti6Al4V substrates were previously developed,
btaining successful results of in vitro tests.19–21,24 In addition,
he �-TCP and TTCP capacity of promoting new bone formation
hen implanted in bone defects has been reported as a result of in

ivo studies.6,44,45 Osteogenesis promotion observed in cell cul-
ure of calcium phosphate samples processed by laser cladding
s in good agreement with these findings.

Previous in vitro studies have evaluated the suitability
f �-TCP and ACP combination to be used as calcium
hosphate cements in bone restoration applications.4,46 It
as observed that when the combination was immersed in

queous solution, it reacted to produce calcium-deficient
recipitated hydroxyapatite (according to the reaction:
Ca3(PO4)2·nH2O ⇒ Ca9(PO4)5(HPO4)OH + (3n−1)H2O44).
his calcium-deficient hydroxyapatite obtained as precipitation

n the aqueous dissolution of other calcium phosphates, is usu-

lly poorly crystalline and can present a Ca/P molar ratio from
.50 to that of the crystalline stoichiometric hydroxyapatite
Ca/P = 1.67).43 In the absence of a biologically equivalent,
alcium deficient, carbonate containing hydroxyapatite surface
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pon implantation, dissolution, precipitation and ion exchange
eactions lead to a biologically equivalent apatitic surface on
he implanted material.38 Moreover, according to Kokubo et
l.,47 this calcium-deficient apatite formed on the surface of the
aser processed graft is an unambiguous sign of the ability of
he material to bond to living bone when inserted into the body.

The physic-chemical and biological studies carried out in
his work, allow affirming that the rapid prototyping technique
sed in this work shows a promising potential to produce use-
ul bioceramic grafts. This technique can be expanded to the
roduction of customized grafts if three-dimensional images of
he defect site are used as source for designing the adequate
mplant and generating the necessary information to drive the
aser based rapid prototyping working station. Further work to
alidate these calcium phosphate grafts obtained by the rapid
rototyping based on laser cladding technique is currently under
rogress, including mechanical testing and “in vivo” studies.

. Conclusions

The application of rapid prototyping based on laser cladding
o three-dimensional processing of bioceramic grafts from HA
recursor material, reveals that sound structures can be obtained
hen moderate cooling rates are maintained. Geometrical con-

rol of the piled up ceramic layers is possible by means of laser
nergy density and precursor powder flow modifications.

Processing by laser cladding lead to complete dehydrox-
lation of the precursor HA, the obtained microstructure is
omposed by a �-TCP matrix with nucleated TTCP grains, in
oexistence with non-decomposed oxyapatite and amorphous
alcium phosphate. Due to the produced high thermal gradients,
rains of TTCP are preferentially oriented at the samples surface.

The material obtained from HA processing by rapid proto-
yping based on laser cladding is non-cytotoxic. The produced
alcium phosphate grafts lead to calcium-deficient hydroxyap-
tite precipitation and promote pre-osteoblastic cell attachment
nd proliferation during “in vitro” cell culture test.
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