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Abstract
Purpose – The purpose of this paper was to obtain by means of selective laser melting and then characterize biocomposites of medical-grade
Ti6Al7Nb with hydroxyapatite (2 and 5 vol.%) and without hydroxyapatite, as reference.
Design/methodology/approach – Rectangular samples were manufactured with the same scanning strategy; the laser power was between 50 W
and 200 W. Processed samples were analysed by means of optical microscopy, scanning electron microscopy and microhardness.
Findings – The results showed that despite the very short processing times, hydroxyapatite decomposed and interacted with the base Ti6Al7Nb
material. The decomposition degree was found to depend on the applied laser power. From the porosity and bulk microstructure point of view, the
most appropriate materials for the purposed medical applications were Ti6Al7Nb with hydroxyapatite processed with a laser power of 50 W.
Originality/value – The originality of the present work consists in the study of the behaviour and interaction of hydroxyapatite additive with the
Ti6Al7Nb base powder under selective laser melting conditions, as depending on the applied laser power.

Keywords Selective laser melting, Titanium alloy, Hydroxyapatite, Hydroxyapatite decomposition, Microstructure
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1. Introduction
Additive manufacturing methods are often used for
biomedical applications due to their capability to create a
personalized implant design based on a CAD model, with a
designed and well-controlled porosity (Bremen et al., 2012).
Although applied to a large variety of powders, the
metallurgical behaviour of the processed materials have not
been well-understood (Simchi, 2006).

Porous Ti-based structures received an increased
consideration in the medical field, for endosseous implants,
due to their lower elastic modulus if compared to bulk Ti and,
consequently, to their lower tendency towards the
stress-shielding phenomenon (Sobieszczyk, 2010). To
improve the bioactivity and osseointegration of these
structures, hydroxyapatite (HA) is often used, in addition to
the base material. Although the biocompatibility of porous

Ti–HA composites is well-assessed (Balbinotti et al., 2011;
Ning et al., 2002), the bioactivity of future implant depends on
the surface chemistry, as resulting from the decomposition of
HA and subsequent interaction with Ti during processing.
From this point of view, processing technologies and/or
parameters that imply a low decomposition degree of HA are
very interesting for the end application. Shishkovsky et al.
(2001) have found that the selective laser sintering (SLS) of
NiTi–HA (4:1) powder mixtures led to more bioactive
structures than in the case of furnace processing, as a
consequence of the high heating rate of the material.

Although biocomposites with about 10 vol.% HA added to
Ti powder proved to have the best biocompatibility and
strength, compositions with larger amount of HA were often
reported in the literature, as the mechanisms of phase
formation represented the goal of the studies.
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Limited data could be found in the literature referring to the
manufacturing behaviour and final properties of Ti–HA
biocomposites with a low HA amount, up to 5 vol.%,
processed by selective laser melting (SLM).

The aim of this research work is to obtain medical-grade
Ti6Al7Nb–HA biocomposites with a low amount of HA
addition (2 and 5 vol.%) by means of SLM technique and to
study them from a structural point of view.

2. Materials and methods
Atomized Ti6Al7Nb powder (MCP HEK GmbH),
medical-grade, aimed for SLM applications and
surface-conditioned (Marcu et al., 2012), was used as base
material.

HA was synthesized by the wet chemical precipitation
method, at room temperature, using as reagents calcium
nitrate tetrahydrate (Ca(NO3)2·4H2O) and diammonium
hydrogen phosphate ((NH4)2HPO4) (Sigma Aldrich), mixed
as to obtain a molar ratio Ca/P equal to 1.67.

The mean particle size of Ti6Al7Nb and HA powders was
36 �m and inferior to 1 �m, respectively, as determined with
a particle size analyser, Analysette 22 (Nanotec).

Two different mixtures of surface-conditioned Ti6Al7Nb
powder with 2 and 5 vol.% HA were manually prepared. HA
powder could not have been incorporated homogeneously in
the base Ti alloy; some amount, mostly agglomerated
particles, kept flowing on the top of the powder bed.

The flow rate of powders with and without HA additions
was determined with a Carney funnel (5-mm-diameter orifice)
flow meter.

The powders with and without HA, as reference material,
were used as feeding materials for an MCP Realizer machine
(MCP) with an Nd:YAG (fiber laser) and a maximum laser
power of 200 W. Test specimens with dimensions of 10 � 5 �
3 mm3 were manufactured under the following conditions:
● laser power: 50 W, 70 W, 100 W, 160 W, 180 W and 200 W;
● laser spot size: 150 �m;
● layer thickness: 50 �m;
● hatch spacing: 100 �m; and
● scan speed: 400 mm/s.

The same building strategy was used for all produced samples;
the successive layers being deposited in the “z” direction. The
manufacturing process was performed in an argon atmosphere
to prevent oxidation. The samples were built on a titanium
plate whose temperature was kept at approximately 200°C for
minimizing the thermal gradients during the process.

The manufactured samples were cleaned ultrasonically in
distilled water for 10 min, and then dried at 80°C for 30
minutes.

Oxygen analyses were carried out with LECO TC400
equipment, based on the gas fusion principle. The sample
mass was 0.1 mg.

Density, total porosity and open porosity were measured by
Archimedes’ method, as according to ISO 2738. Weight
measurements were performed with an XT 220A Precisa
balance at an accuracy of 0.0001 g. The reported values
represent the average of two measurements.

Metallographic samples were prepared as according to the
standard procedure. Etching was performed with Kroll’s

reagent. The microstructure related to cross-section (along
the “z” building direction), and “x-y” scanning plane
(perpendicular to “z” building direction) of the SLM
specimens was characterized by optical microscopy with the
help of an Olympus GX51 optical microscope and scanning
electron microscopy (SEM) using a Philips XL30 ESEM
equipped with a sapphire Si(Li) EDS detector.

Microhardness measurements were carried out on unetched
metallographic surfaces with the help of a Paar MHT-4 tester,
by applying a load of 1N. Five measurements for each
microstructural constituent and/or area with a similar
microstructure were averaged.

3. Results and discussion

3.1 Oxygen analysis
The oxygen content of as received (not surface-conditioned)
Ti6Al7Nb powder was 0.22 wt.%, while after the surface
conditioning treatment, it was found equal to 0.55 wt.%. After
SLM processing, 0.63 wt.% and 0.60 wt.% oxygen were
measured in samples manufactured with 50 W and 200 W,
respectively, indicating that the oxygen pick-up does not
depend on the laser power but mainly on the oxygen content
of the initial powder (Zhang et al., 2011). Samples with HA
were not subjected to this analysis because, due to the
presence of oxygen in the HA structure, the results would have
been irrelevant.

3.2 Flow behaviour
Flow rate values of powders with and without HA addition are
given in Table I. It results that flowability slightly decreases by
increasing the amount of HA, probably due to the presence of
water adsorbed on the surface of HA particles. It should be
specified that the manufacturing process was not affected by
the impaired powder flow behaviour.

3.3 Density and porosity
The density and the total and open porosity values of the
studied biocomposites with different HA additions and
different applied laser powers are reported in Table II. By
increasing the laser power, all materials display an increase of
density and a decrease of total and open porosity. The values
of open and total porosity are quite close, suggesting that the
pores are mainly interconnected, which is positive, as it
ensures the viability of the vascular system related to the future
implant (Reis de Vasconcellos et al., 2010).

3.4 Surface morphology
SEM images of surface morphology for SLM parts with 2 vol.%
HA processed with 50, 70 and 100 W are shown as examples in
Figure 1. Irrespectively to the amount of added HA, materials
manufactured with lower laser powers as 50 and 70 W exhibited
irregular surface morphologies, which facilitate the mechanical

Table I Flow rate of the studied powder mixtures

Material Flow rate(s)

Ti6Al7Nb surface-conditioned 7.0
Ti6Al7Nb surface-conditioned with 2 vol.% HA 7.4
Ti6Al7Nb surface-conditioned with 5 vol.% HA 8.0
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anchorage of the future implant (Sobieszczyk, 2010). As the laser
power increased, the sample’s surface became smoother,
displaying the typical continuous scan tracks for SLM-processed
Ti parts. The presence of the small-sized balls could be attributed
to an eventual “balling” effect. The occurrence of small metallic
balls on the surface of SLM-processed commercially pure Ti can
be attributed to the instability of the liquid during the SLM
processing as a consequence of the combination between
material properties and process parameters (Gu et al., 2012).

The BSE observations made at a slightly higher
magnification evidenced the presence of some grey areas on
the top surfaces of the same samples, indicated by arrows in
Figure 2, which contained, besides Ti, Nb and Al of the base
material, Ca and P, as resulted from energy-dispersive
spectroscopy (EDS) analysis.

3.5 Analysis of bulk material
3.5.1 Fracture surfaces
The surfaces resulted by breaking the SLM-manufactured
specimens along the building direction were analysed by SEM
(SE and BSE mode) and EDS. Figure 3 shows the SEM–BSE
image for the surface of a bulk pore positioned on the fracture
surface of Ti6Al7Nb with 5 vol.% HA, SLM with 50 W. The
presence of small, irregular particles stuck on the surface of the
initial particles of the base powder could be noticed. As
resulting from BSE observations, Figure 3b, the irregular
particles are surrounded by dark grey areas with different
extents. With respect to their appearance and qualitative
chemical composition, the dark grey areas are very similar to
those found on the top surfaces of SLM specimens, illustrated
by Figure 2.

In samples with the same HA amount but obtained with an
increased laser power, similar layers and/or compounds, with
a dark grey appearance, covered the initial Ti alloy powder
particles, as shown in Figures 4 and 5 for specimens processed
with 100 and 200 W, respectively. In specimens of Ti–HA

processed by powder metallurgy, the presence of a compact
layer on the surface of original Ti particles, consisting in a
mixture of TixPy and CaTiO3 phases, could be observed
(Balbinotti et al., 2011).

SEM–EDS measurements results and spot analyses, made on
SLM specimens with 5 vol.% HA manufactured with 50, 100
and 200 W, are summarized in Table III. In a rough estimation,
the atomic ratio Ca/P related to the layer formed on the surface
of the initial Ti particles (surface of the bulk pores) of the
investigated samples varied between 5.7 and 6.4. The ratio Ca/P
resulted always higher than 1.67 corresponding to HA.

It could be therefore supposed that even if manufacturing time
was very short, a certain amount of HA decomposed and
interacted with the base material. On the other side, Shishkovsky
et al. (2001) have shown that during high-velocity SLS
processing, HA did not exhibit a strong decomposition in the
NiTi–HA system.

From the data reported in Table III, it results that the
amounts of Ca and P measured on the surface of the bulk
pores of the SLM-processed specimens decreased by
increasing the laser power. Even more, samples manufactured
with 50 W display clearly higher Ca and P amounts if
compared to specimens processed with higher laser powers of
100 and 200 W. It is well-known that an increased laser
power, and therefore input energy, determines a higher
temperature during the process. Under a high laser energy
input, the evaporation of the exposed powders may occur. It
is, therefore, supposed that laser powers higher than 160 W
are by far too high for materials considered in this study.

3.5.2 Microstructure
The microstructural features related to the “z” axis (building
direction) and “x-y” plane (scanning plane) were both
characterized for all studied materials.

In specimens obtained with a low laser power, pores were
irregular along the building direction, as illustrated in Figure 6

Table II Density and porosity values of studied materials

Laser power W Material Density g/cc
Total porosity

(per cent)
Open porosity

(per cent)

50 Ti6Al7Nb 3.50 � 0.04 23 � 2 21 � 1
Ti6Al7Nb with 2 vol.% HA 3.53 � 0.02 22 � 0 21 � 0
Ti6Al7Nb with 5 vol.% HA 3.50 � 0.02 23 � 5 22 � 3

70 Ti6Al7Nb 3.68 � 0.06 19 � 1 18 � 2
Ti6Al7Nb with 2 vol.% HA 3.75 � 0.12 17 � 3 15 � 3
Ti6Al7Nb with 5 vol.% HA 3.80 � 0.07 16 � 3 15 � 3

100 Ti6Al7Nb 4.13 � 0.05 9 � 32 6 � 2
Ti6Al7Nb with 2 vol.% HA 4.14 � 0.05 9 � 1 6 � 2
Ti6Al7Nb with 5 vol.% HA 3.97 � 0.05 11 � 3 10 � 2

160 Ti6Al7Nb 4.15 � 0.01 8 � 0 7 � 1
Ti6Al7Nb with 2 vol.% HA 4.16 � 0.08 8 � 3 7 � 3
Ti6Al7Nb with 5 vol.% HA 4.13 � 0.05 9 � 1 7 � 2

180 Ti6Al7Nb 4.22 � 0.01 7 � 0 7 � 1
Ti6Al7Nb with 2 vol.% HA 4.25 � 0.08 6 � 2 6 � 1
Ti6Al7Nb with 5 vol.% HA 4.28 � 0.08 5 � 2 3 � 1

200 Ti6Al7Nb 4.26 � 0.09 7 � 0 6 � 2
Ti6Al7Nb with 2 vol.% HA 4.31 � 0.06 5 � 1 5 � 3
Ti6Al7Nb with 5 vol.% HA 4.37 � 0.07 4 � 1 3 � 1
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for Ti6Al7Nb manufactured with 70 W. Their amount
decreased by increasing the applied laser power, supporting
the results of density measurements.

After etching, all specimens displayed the typical SLM
“band structure”, consisting in alternating white and dark
bands, with columnar grains oriented along the z-axis, as
shown in Figure 7. The matrix microstructure was mainly
�= martensite (Marcu et al., 2012). Samples manufactured
with higher laser powers displayed narrow crack-like pores,
indicated in Figure 7, possibly caused by the residual
thermal stresses (Gu et al., 2012).

The dark bands were more sensitive to chemical etching,
possibly due to the presence of small precipitates in the
martensitic matrix. The related area is indicated by letter A in
Figure 8.

A smaller grain size characterized materials with HA, Figure
9, as compared to that of reference materials, Figure 7, due,
presumably, to a higher number of crystallization nuclei, e.g.
unsolved oxides particles, in the melt (Hao et al., 2009).

Figure 1 SEM image of surface morphology (top view) of Ti6Al7Nb
with 2 vol.% HA specimens manufactured with (a) 50 W; (b) 70 W; (c)
100 W

Figure 2 SEM–BSE image of surface morphology (top view) of
Ti6Al7Nb with 2 vol.% HA specimens manufactured with (a) 50 W; (b)
100 W
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In HA-containing materials, besides the fine precipitates in the
dark bands, area A in Figure 10, a different microstructural
feature was revealed, indicated by letter B in the same
Figure 10.

It appeared even darker than the typical SLM bands, with
dense and very fine precipitates inside, as illustrated in Figure
11, being positioned almost always in the vicinity of pores.

Figure 12 illustrates the SEM image of “B” area in materials
with 2 and 5 vol.% HA processed with 50 and 70 W,
respectively. In materials with 2 vol.% HA, “B” area could be

Figure 3 SEM–BSE image of the surface of a bulk pore on the fracture
surface of Ti6Al7Nb with 5 vol.% HA manufactured with 50 W: (a)
Secondary electrons (SE) image; (b) Back-scattered electrons (BSE)
image

Figure 4 BSE image of a bulk pore in Ti6Al7Nb with 5 vol.% HA
manufactured with 100 W

Figure 5 BSE image of a crack-like pore in Ti6Al7Nb with 5 vol.% HA
manufactured with 200 W

Table III Results of the EDS analyses made on the fracture surfaces of
Ti6Al7Nb with 5 vol.% HA, SLM-processed with 50, 100 and 200 W

Material
Laser

power W Ca at.% P at.% Ratio Ca/P

Ti6Al7Nb with
5 vol.% HA

50 26.6 4.5 5.9
100 5.1 0.8 6.4
200 3.4 0.6 5.7

Figure 6 Pore morphology in SLM-processed Ti6Al7Nb, 70 W,
unetched
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rather seen on the polished top and side surfaces of the
specimens than in the polished cross-section. Specimens with
5 vol.% HA had more areas of the kind, both in the polished
cross-section and on the polished top and side surfaces.

As displayed by the microstructure of polished top surface,
parallel to the “x-y” scanning plane, Figure 13, the pores are
more rounded than along the “z” building direction. Grains
are equiaxed in all studied materials, smaller in specimens
with HA than in materials without HA, Figure 14.

It could be, therefore, claimed that the microstructures
of the SLM-processed Ti alloy–HA biocomposites are
anisotropic, reflecting the layer-by-layer manufacturing
strategy, as assessed by other authors (Chlebus et al., 2011).

Ti alloy–HA interaction during the SLM process was
primarily evaluated through the microstructure of the
manufactured materials. More detailed analyses were
conducted on metallographic samples by means of SEM–
BSE–EDS. It should be also specified that similar
microstructures were investigated by X-ray diffraction (XRD)
in a previous research (Marcu et al., 2012). The diffraction

Figure 7 Microstructure of Ti6Al7Nb processed with 200 W

Figure 8 Aspect of precipitates in “A” area in Ti6Al7Nb
manufactured with 200 W

Figure 9 Microstructure of Ti6Al7Nb with 2 vol.% HA manufactured
with 200 W

Figure 10 Microstructure of Ti6Al7Nb with 2 vol.% HA manufactured
with 160 W
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patterns related to the top surface of SLM specimens, as
processed and polished, and to the polished cross-section
(along the building direction) displayed only the reflections of
hcp Ti. However, when XRD analyses were used for analysing
similar materials with low HA additions, the high amount of
Ti and/or Ti oxides would shadow the peaks of HA and
calcium phosphates, which could limit the accuracy of the
result. From the other side, the peaks of HA and different
calcium phosphates are very close to each other or overlap,
making the reading quite difficult (Ye et al., 2009).

SEM–EDS analysis revealed the presence of P in the
martensitic matrix (white bands), on the polished
cross-section surfaces of specimens with 2 and 5 vol.% HA, in
amount of 0.8 at.% and slightly superior to 1 at.%,
respectively. No traces of Ca were found. By increasing the
laser power, a slightly higher amount of P was measured in the
martensite (white bands).

Considering that P has a small atomic radius, this could be
the result of P diffusion into Ti alloy particles during SLM
processing.

Figure 12 SEM image of “B” area in (a) Ti6Al7Nb with 2 vol.% HA
manufactured with 50 W; (b) Ti6Al7Nb with 5 vol.% HA manufactured
with 70 W

Figure 13 Microstructure of Ti6Al7Nb with 2 vol.% HA manufactured
with 100 W; section parallel to the “x-y” scanning plan

Figure 11 Microstructure of Ti6Al7Nb with 2 vol.% HA manufactured
with (a) 160 W; (b) 100 W
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A P amount ranging between 1 and 3 at.% was measured by
EDS spot analysis in “A” area, with fine precipitates. Ca was
not detected here, irrespectively to the HA amount and laser
power. Even if P appeared to be present in a higher amount in
the bands with precipitates (“A” area/dark bands) than in the
matrix (white bands), this result is not relevant. The difference
between the P amount detected in the white and black bands
could be attributed to many factors as initial amount,
homogeneity and type of the P-containing compound in the
analysed volume. It should be specified that EDS were made
by spot analysis for a 1,500� magnification.

A maximum of 3 at.% of P was detected by spot analysis in
“B” area of HA-containing materials. Ca was found only in
materials processed with 50 W, in an amount of 1.5 at.%
approximately.

3.5.3 Microhardness
For a better understanding and evaluation of the
microstructure, HV0.1 microhardness of all studied materials

was measured on the three different microstructural features,
�’ martensite (white bands), “A”area (dark bands) and “B”
area, the last being found only in the materials with HA
addition.

The values for Ti6Al7Nb given in Figure 15 indicate that
the microhardness of the alternating white and black bands
occurring in the microstructure of the sample cross-section
(along the “z” building direction) is very similar, irrespectively
to the used laser power. In samples containing HA, the
microhardness of “A” area remained close to that of the white
band. A higher microhardness was measured on “B” area, of
about 650 and 700 HV0.1 in samples containing 2 and 5
vol.% HA, respectively. Some microcracks were found in
some of these regions. It could be assessed that the occurrence
of “B” area embrittled the material.

Figure 16 reports the microhardness of �’ martensite (white
bands) in materials with 2 and 5 vol.% HA and without HA,
processed with different laser powers. It results that the
microhardness increased with the amount of HA added to the
base Ti alloy powder, due to the smaller grain size and
increased amount of P diffused in the bulk of formerly
HA-containing specimens.

For the same HA amount, the metallic bulk of specimens
processed with 50 W has a lower microhardness than that of
specimens manufactured with higher laser powers, Figure 16.

Figure 15 Microhardness of white and dark bands in SLM-processed
Ti6Al7Nb

Figure 16 Microhardness of �’ martensite in white bands of materials
with different amounts of HA

Figure 14 Microstructure of specimens manufactured with 200 W,
section parallel to the “x-y” scanning plan
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On the other side, only in samples processed with 50 W
(polished section), both Ca and P were detected by EDS.
Those are indications of the fact that in materials
manufactured with 50 W, the degree of decomposition and/or
interaction with of HA Ti powder were lower compared to the
higher laser powers.

The future research aims to assess the biocompatibility of
the SLM-processed biocomposites.

The research was carried out within the BIOMAPIM
project, financed by the Romanian National Council for the
Higher Education Scientific Research.

4. Conclusions
1. The addition of 2 and 5 vol.% HA powder to

medical-grade, surface-conditioned Ti6Al7Nb powder
slightly impaired the flow behaviour of the base material.

2. The density of manufactured SLM specimens, with and
without HA, increased together with the applied laser
power.

3. The HA-containing materials displayed decomposition
compounds on the top and side surfaces of the
SLM-manufactured specimens.

4. In the materials processed with lower laser powers, e.g.
50 W, the decomposition and/or interaction compounds
of HA with Ti6Al7Nb base powder were found on the
surface of the bulk pores, covering at a different extent
the surfaces of the original Ti alloy powder particles.

5. The microstructure of SLM specimens with and without
HA is anisotropic: the polished surfaces exhibited
columnar grains along the “z” building direction and
equiaxed grains in the “x-y” scanning plane. The typical
band structure of SLM-manufactured parts characterized
the produced biocomposites. The microstructure of all
studied materials displayed mainly �’ martensite,
irrespectively to the applied laser power. Finely dispersed
secondary phases precipitated in the martensitic matrix
during processing were found in dark bands. In
Ti6Al7Nb, these did not have any significant impact on
the microhardness, irrespectively to the used laser
power.

6. A smaller grain size characterized the SLM-
manufactured materials with HA addition, if compared
to the materials without HA.

7. The degree of decomposition and interaction of HA
with the base Ti6Al7Nb powder depended on the
applied laser power and initial HA amount.

8. In the polished section, the microstructure of
HA-containing materials displayed, besides �’ martensite
and finely dispersed precipitates, very similar to those seen
in the dark bands of SLM-processed Ti6Al7Nb, a third
microstructural feature which is directly related to the
interaction Ti-HA, where Ca was sometimes detected
together with P. The microhardness of the related areas
was of about 700 HV 0.1.

P was found overall in the microstructure, in a higher
amount in areas with precipitates (dark band) than in the
martensitic matrix (white band). Although not evidenced
by the investigation techniques used in this research work,
the presence of TixPy-type phase in the structure of studied
biocomposites was assumed.

9. The microhardness of �’ martensite increased with the
amount of added HA from about 480 HV0.1 in Ti6Al7Nb
to 536 HV0.1 in Ti6Al7Nb with 2 vol.% HA and further
to 590 HV 0.1 in Ti6Al7Nb with 5 vol.% HA. The
materials processed with 50 W had the lowest
microhardness, due to a lower interaction of HA with the
base powder.

10. The biocomposites processed with 50 W are the most
promising for endosseous applications, with regard to
pores volume/morphology and microstructure. The lower
interaction of HA with the base Ti6Al7Nb as well as the
mode of distribution of HA and/or decomposition
products in the bulk and surface pores are beneficial for
implant osseointegration. The presence of some remaining
HA, likely dehydroxylated, with a disordered structure, in
the SLM-manufactured specimen, might be possible.
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