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Metallurgical and mechanical characterisation
of titanium based materials for endosseous
applications obtained by selective laser
melting

T. Marcu*1, M. Todea2, L. Maines3, D. Leordean4, P. Berce4 and C. Popa1

The aim of the present work was to estimate the feasibility of selective laser melting (SLM) to

produce Ti-hydroxyapatite bioactive composite materials for personalised endosseous implants.

Mixtures of Ti6Al7Nb surface conditioned powder with hydroxyapatite up to 5 vol.-% were

processed by SLM with the same scanning strategy and laser power in the range of 50–200 W.

Specimens with porous structures were characterised from a structural and mechanical point of

view. Irrespective to the initial hydroxyapatite content, density increased by increasing the laser

power. The microstructure of manufactured parts mainly consisted of a9 martensite. In materials

with 5 vol.-% hydroxyapatite, a phosphorous containing phase formed as a consequence of

hydroxyapatite decomposition and interaction with the base Ti alloy. By increasing the laser

power, the tensile strength increased mainly due to the density improvement of all the

investigated materials.

Keywords: Titanium alloy, Hydroxyapatite, Selective laser melting, Microstructure, Tensile properties

This paper is part of a special issue on ‘Euromat 2011: powder synthesis and processing for controlled microstructure’

Introduction
Owing to their favourable combination of good biocom-
patibility, low density, good mechanical properties and
corrosion resistance, Ti and its alloys are among the most
successful used biomaterials in medicine: orthopaedic or
cranial maxillary surgery and personalised implants.1–3

Even if well tolerated by the human body, they are bioinert
and cannot promote tissue bonding to the implant. The
addition of bioactive ceramics such as hydroxyapatite or
bioglass is beneficial since it stimulates new bone formation
and therefore a better osseointegration.4,5

In order to serve for a longer period of time without
rejection, an implant material should display, among
other specific features, biomechanical compatibility.
This means that the biomaterial for bone is expected
to have the strength and elastic modulus equivalent to
those of bone. Even if lower as compared to other
metallic implant materials, a fully dense Ti displays
higher stiffness (y120 GPa) than bone (5–30 GPa). This

promotes the employment of porous structures, whose
elastic modulus could be dramatically lowered and
controlled by means of porosity and microstructure. One
other advantage of porous structures is their ability to
provide biological anchorage for the surrounding bone
tissue via ingrowth of mineralised tissue into surface pores.
There are several technologies for producing such porous
parts, as conventional powder metallurgy, rapid prototyp-
ing techniques, as selective laser sintering and selective
laser melting (SLM).6,7 Compared to conventional man-
ufacturing technologies, SLM offers advantages as the
capability to produce complex geometrical features due to
direct production based on a computer aided design
model. It proved to be a viable manufacturing technology
for personalised implants.8 The most frequently encoun-
tered disadvantage consists of high temperature gradients,
which result in thermal stresses and rapid solidification,
which lead to the segregation phenomena and the
formation of non-equilibrium phases.9,10

Regarding the fabrication of Ti–HA composites, the
phase stability during high temperature processing
constitutes a key concern. It is reported that, in order
to retain the bioactivity, the compounds need to have a
Ca/P ratio between 1?55 and 2?2. Some previous studies
have shown that HA may dehydroxilate and decompose
at ,800uC in the presence of Ti. It was also shown that
Ti catalyses the thermal decomposition of HA into
tricalcium phosphate [Ca3(PO4)2, TCP, which retains
bioactivity], tetracalcium phosphate (Ca4P2O9, TTCP)
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and H2O when the processing temperature is .800uC.
In addition, other compounds could form as P2O5, CaO,
CaTiO3 and TixPy as a result of the interaction of HA
or the related decomposition products with the Ti
matrix.11–13

The aim of this work was to establish the feasibility of
the SLM technique to manufacture Ti6Al7Nb (alloy for
implants, medical grade)–HA composites with a view of
inducing bioactivity into the Ti matrix. The as built
specimens were analysed from a structural and mechan-
ical point of view by means of X-ray diffraction (XRD),
light optical microscopy, scanning electron microscopy
(SEM and EDS) and tensile test.

Materials and methods
The Ti6Al7Nb prealloyed powder (MCP HEK GmbH)
aimed for SLM application was used as raw material.
Feeding powder was surface conditioned by heat
treatment in air in order to render it free flowing.

The HA [Ca10(PO4)6(OH)2] was synthesised based
on wet chemical precipitation method at room tem-
perature. Calcium nitrate tetrahydrate [Ca(N03)2.4H20,
Sigma Aldrich] and diammonium hydrogen phosphate
[(NH4)2HPO4, Sigma Aldrich] were used as reagents.
Diammonium hydrogen phosphate hydrolised sol was
added dropwise to the constantly stirred aqueous cal-
cium nitrate solution at the molar ratio of Ca/P equal
to 1?67. The mixed sol solution was then continuously
stirred for y50 min to obtain a white consistent sol
followed by filtration and drying at 80uC. After dry-
ing, the powders were calcined at 600uC for 30 min in
air.

Particle size distribution and mean particle size of Ti
alloy and HA were measured with the help of a laser
particle size analyser Analizette 22 (NanoTec).

Mixtures of Ti6Al7Nb with 2 and 5 vol.-%HA were
manually prepared. During handling, HA had the
tendency to segregate at the surface of the powder bed.
In consequence, both batches displayed a certain degree
of non-homogeneity.

Powder mixtures and Ti alloy without HA, as
reference material, were used as feeding materials for a
Realizer machine MCP with a Nd: YAG (fibre laser)
and a maximum laser power of 200 W. Samples with
different geometries (rectangular, 106563 mm, tensile
bars with the measurement part of 296263 mm) were
produced using the same scanning strategy. The thick-
ness of the specimens was built up in the z direction. The
most important process parameters were as follows:
laser power in the range of 50 and 200 W, laser beam
diameter of 150 mm, layer thickness of 50 mm and scan

line spacing of 100 mm. The parts were built on a Ti base
plate heated at 250uC under argon atmosphere to
prevent oxidation. After the SLM process and before
removing them from the baseplate, the specimens were
stress relieved at 400uC for 3 h in air.

The density and porosity of the rectangular specimens
were determined by Archimedes method, as according to
ISO 2738. The weight measurements were carried out
with an XT 220A Precisa balance and an accuracy of
0?0001 g. Each reported value represented the average of
two measurements made on different samples.

The XRD analysis was carried out on a Shimadzu
XRD-6000 diffractometer using Cu Ka radiation
(l51?54 Å).

Metallographic samples were prepared according to
the standard procedure. The investigated surface was
oriented along the building direction. Etching was made
with a Kroll reagent. The microstructure was analysed
through light optical microscopy using an Olympus
GX51 optical microscope and SEM with the help of a
Philips XL30 ESEM equipped with a sapphire Si(Li)
EDS detector.

Measurements of hardness HV10 were performed on
a Praha Poldi tester; the reported figures represented the
averages of three values for each sample.

Microhardness was measured on unetched metallo-
graphic samples with the help of a Paar MHT-4 tester by
applying a load of 1 N (0?1 kg). The average of five
measurements for each sample was considered.

Tensile test was carried out on a Zwick Z005 Roell
universal testing machine with a maximum available
load of 5 kN. Three specimens were tested for each
condition with a strain rate of 0?5 mm min21.
Elongation was measured with the help of a calliper
after fracture by putting the specimens together and
taking measurements of the final length. The gage length
was 29 mm.

Results and discussion

Characterisation of feeding powders
The Ti alloy powder consisted of spherical particles, as
shown in Fig. 1a, with an average diameter of 36 mm.

The HA was non-homogeneous with regard to the
particle size distribution, as could be seen in Fig. 1b;
some agglomerates of y30 mm could be seen in the
powder. The mean particle size was assessed to be
,1 mm.

Materials behaviour during SLM process
Even if the as builts were stress relieved before removal
from the Ti base plate, distortion of the tensile bars

1 Aspect of a Ti6Al7Nb surface conditioned powder and b HA powder (SEM)
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occurred, more pronounced for samples manufactured
with higher laser powers.

Materials with 5 vol.-%HA addition displayed a
difficult manufacturing behaviour; multiple popouts
appeared during their processing, and most parts of
the tensile bars broke during and/or after the SLM.
Decomposition and interaction of HA with Ti may
generate H2O or gases, which could cause the popouts.
Some specimens resulted in partially delaminated
sintered layers, which might give rise to a lower density.

Density and porosity
The density and porosity values of all the investigated
materials are reported in Table 1. By increasing the
applied laser power, density increased irrespective to the
amount of HA in the Ti alloy base powder. It appears
that the addition of HA did not have a systematic effect
in the same way on the degree of densification of the as
builts. Porosity decreased by increasing the applied laser
power, as resulting from Table 1. From the values of
total and open porosity, it results that the as built parts
display interconnected pores.

Microstructure
As reported in the literature, the microstructure and
mechanical properties of SLM parts are intrinsic to the
process,14–16 depending on both manufacturing and
material variables.

Pore morphology was related to the laser power for all
investigated materials. Lower laser powers generated
parts with irregular pores (beneficial for the surrounding

cell anchorage), while the samples produced with higher
laser powers displayed more rounded ones, as shown in
Fig. 2a and b respectively.

Figure 3 shows an overview of the metallographic
section (tensile bar cross-section), taken along the
building direction (axis z). Two different areas could
be distinguished:

(i) area A with large columnar grains oriented along
the building direction

(ii) area B, positioned in the neighbourhood of the Ti
base plate, characterised by echiaxial grains.

As the microstructural features depend on the process
parameters, it could be assumed that the two above
mentioned regions were subjected to different ther-
mal regimes during the process (powder bed and dense
or porous substrate do not have similar thermal
properties).

Since area A was the representative one, we would
focus on it in the further investigations.

The appearance of alternative dark and white parallel
bands (Fig. 3) was attributed to the local heating
conditions. At each pass, the laser melts and/or reheats
the upper layer of the previously deposited and solidified
substrates. The occurrence of these bands allows one to
estimate the actual layer thickness based on their vertical
separation in the front view.

Large columnar grains oriented along the building
direction characterised the microstructure, which con-
sisted mainly of a9 martensite, irrespective to the former
HA content and applied laser power, as a result of the
high temperature gradients taking place during the

Table 1 Density and porosity of studied materials

Laser power/W Material Density/g cm23 Total porosity/% Open porosity/%

50 Ti6Al7Nb 3.43¡0.02 25¡1 25¡1
Ti6Al7Nbz2 vol.-%HA 3.48¡0.03 23¡1 23¡1
Ti6Al7Nbz5 vol.-%HA 3.57¡0.02 21 21¡1

70 Ti6Al7Nb 3.87¡0.03 15¡1 13¡1
Ti6Al7Nbz2 vol.-%HA 3.83¡0.05 16¡1 15¡1
Ti6Al7Nbz5 vol.-%HA 3.75¡0.01 17 16

100 Ti6Al7Nb 4.34¡0.02 4¡1 3
Ti6Al7Nbz2 vol.-%HA 4.39¡0.02 3 3¡1
Ti6Al7Nbz5 vol.-%HA 4.07¡0.12 10¡3 9¡3

160 Ti6Al7Nb 4.38¡0.02 4¡1 3
Ti6Al7Nbz2 vol.-%HA 4.40¡0.03 3¡1 3¡1
Ti6Al7Nbz5 vol.-%HA 4.31¡0.01 5 5¡1

180 Ti6Al7Nb 4.37¡0.01 4 3
Ti6Al7Nbz2 vol.-%HA 4.41¡0.01 3 3
Ti6Al7Nbz5 vol.-%HA … … …

200 Ti6Al7Nb 4.49¡0.01 1 1
Ti6Al7Nbz2 vol.-%HA 4.41¡0.01 3¡0 3
Ti6Al7Nbz5 vol.-%HA … … …

2 Pore morphology along building direction in Ti6Al7Nb obtained with a 50 W and b 100 W
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SLM. As an example, Fig. 4 shows the aspect of
Ti6Al7Nb produced with 200 W.

At higher magnification (Fig. 5), a finely dispersed
phase could be distinguished in the martensitic matrix of
all the investigated materials. It formed in a higher
amount inside the dark bands, rending them more
sensitive to chemical etching. It was tried to be identified
by means of EDS and XRD measurements conducted
on the etched metallographic surfaces. None of them
succeeded, probably due to the small dimensions, non-
homogeneous distribution and its small amount/volume
in the investigated area. As reported by other research-
ers,14 the fine phase could be either b phase and/or a
non-equilibrium intermetallic b-AlNbTi2. Further re-
search is planned in order to identify it and to establish
the impact of its presence on the properties of the SLM
processed biomaterials.

Specimens of Ti6Al7Nb and Ti6Al7Nbz2 vol.-%HA
had similar microstructures, presumably due to the low
volume ratio of HA particles added to the base powder.

In the microstructure of Ti6Al7Nbz5 vol.-%HA
(Fig. 6a and b), a third phase (white coloured) was
identified beside the a9 martensite and the fine dispersed
phase also found in the reference material irrespective to
the applied laser power. The EDS analysis revealed the
presence of P in the amount of ,3?65 wt-%, beside Ti,
Al and Nb provided by the base powder. No traces of
Ca were found. Some other studies have shown that
during the thermal process, diffusion of both calcium
and phosphorus ions into the Ti matrix took place.
Owing to a smaller radii and activation energy, diffusion
of phosphorus ions is more rapid, leading to the
formation of Ti phosphites and/or phosphates.13

Materials with 5 vol.-%HA displayed a smaller grain
size compared to those with a lower amount of HA. This
phenomenon could be attributed to the presence of a
higher number of nuclei in the melt17 as a result of the
decomposition and/or interaction of HA with Ti.

Hardness and microhardness
Table 2 reports the hardness HV10 and microhardness
HV0?1 values of all the studied materials manufactured
with different parameters.

The hardnesses of materials processed with 50 and
70 W were lower than those measured on specimens
produced with higher laser powers mainly due to the
presence of porosity. An increase in hardness could be
noted for materials with 5 vol.-%HA if compared to the
reference samples.

The microhardness values for Ti6Al7Nb SLM speci-
mens resulted to be independent of the applied laser

3 Selective laser melting sample microstructure along

building direction: overview

4 Microstructure of Ti6Al7Nb obtained with laser power

of 200 W

5 Microstructure of Ti6Al7Nb manufactured with 180 W

(SEM)

6 Microstructure of Ti6Al7Nb z5 vol.-%HA obtained with a 70 W and b 180 W (SEM)
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power. The same could be claimed for samples of
Ti6Al7Nbz2 vol.-%HA. If 5 vol.-%HA is added to the
base Ti alloy powder, microhardness increases with
approximately 40 up to .100 HV0?1. The increment
was mainly attributed to the smaller grain size if
compared to the reference material.

XRD analysis
The XRD measurements were conducted on top of the
tensile test specimens on the last deposited layer. As
examples, XRD patterns corresponding to Ti6Al7Nb
produced with 200 W, Ti6Al7Nbz5 vol.-%HA pro-
cessed with 50 and 200 W respectively and the feeding
powder as reference are shown in Fig. 7. The results
indicated that the only phase present in the structure of
the powder and manufactured parts was Ti hcp, which
could be attributed to both a and a9 martensite. With
respect to the chemical composition of the studied alloy
and the cooling speed during the SLM process, it was
considered to be a9 martensite.9,14

No additional reflections appeared on the spectra of
materials with 5 vol.-%HA.

Tensile test
The values of the maximum tensile strength (Rm/MPa)
and elongation (A/%) of porous structures made of
Ti6Al7Nb and Ti6Al7Nbz2 vol.-%HA are summarised
in Table 3. By increasing the laser power, the maximum
tensile strength increased independent of the chemical
composition mainly as a consequence of the density
improvement. The addition of 2 vol.-%HA somehow
lowered the tensile strength of the base material with the
exception of the samples manufactured with 160 W. It
seems that the addition of HA has an embrittlement
effect.

The elongation values were modest, slightly lower
than those found in the literature.14 Future work aims to
improve the material ductility by optimising the scan-
ning strategy and process parameters. However, bearing
in mind that the most important property of a
biomaterial for implants is the elastic modulus, the first
concern consists in evaluating it as depending on
scanning strategy and material chemical composition.

Conclusions
The present study investigated the feasibility of SLM
to manufacture Ti-hydroxyapatite biocomposites. Mix-
tures of Ti6Al7Nb surface conditioned powder and

Table 2 Hardness and microhardness values of porous structures

Laser power/W Material Hardness/HV10 Microhardness/HV0.1

50 Ti6Al7Nb 186¡5 482¡17
Ti6Al7Nbz2 vol.-%HA 229¡37 512¡10
Ti6Al7Nbz5 vol.-%HA 183¡27 548¡35

70 Ti6Al7Nb 425¡34 496¡15
Ti6Al7Nbz2 vol.-%HA 437¡30 508¡8
Ti6Al7Nbz5 vol.-%HA 621¡37 572¡20

100 Ti6Al7Nb 497¡29 455¡11
Ti6Al7Nbz2 vol.-%HA 518¡14 521¡16
Ti6Al7Nbz5 vol.-%HA 571¡8 570¡13

160 Ti6Al7Nb 461¡5 489¡16
Ti6Al7Nbz2 vol.-%HA 516¡8 500¡12
Ti6Al7Nbz5 vol.-%HA 625¡37 528¡11

180 Ti6Al7Nb 502¡13 469¡8
Ti6Al7Nbz2 vol.-%HA 501¡33 502¡17
Ti6Al7Nbz5 vol.-%HA 586¡36 528¡8

200 Ti6Al7Nb 533¡24 481¡8
Ti6Al7Nbz2 vol.-%HA 516¡62 493¡14
Ti6Al7Nbz5 vol.-%HA 594¡70 549¡16

7 Examples of XRD patterns of studied materials before

and after processing by SLM

Table 3 Tensile maximum strength (Rm) and elongation
(A) of SLM porous structures

Laser
power/W Material Rm/MPa A/%

50 Ti6Al7Nb 61¡3 0.2
Ti6Al7Nbz2 vol.-%HA … …

70 Ti6Al7Nb 260¡68 0.6¡0.1
Ti6Al7Nbz2 vol.-%HA 195¡23 0.5¡0.1

100 Ti6Al7Nb 573¡48 0.8¡0.2
Ti6Al7Nbz2 vol.-%HA 456¡140 0.9¡0.3

160 Ti6Al7Nb 518¡43 1.2¡0.3
Ti6Al7Nbz2 vol.-%HA 657¡21 1.1¡0.4

180 Ti6Al7Nb 638¡46 1.4¡0.5
Ti6Al7Nbz2 vol.-%HA 601¡37 1.2¡0.5

200 Ti6Al7Nb 697¡65 1.8¡0.3
Ti6Al7Nbz2 vol.-%HA 590¡47 1.5¡0.4

Marcu et al. Titanium based materials for endosseous applications
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hydroxyapatite powder in the amounts of 2 and 5 vol.-%
were subjected to the SLM process. Porous structures
were produced using the same scanning strategy and
laser powers in the range of 50–200 W. Samples of
Ti6Al7Nb without hydroxyapatite were also manufac-
tured as reference materials.

Materials with 5 vol.-% hydroxyapatite displayed a diffi-
cult processing behaviour, characterised by the presence of
popouts, presumably due to the decomposition of hydro-
hyapatite. The high residual stresses caused the early
fracture of the tensile specimens during manufacturing.

Even though stress relieved at 400uC for 3 h, the SLM
specimens resulted with some distortion.

Manufactured samples were characterised from a
structural and mechanical point of view.

By increasing the laser power, density increased and
porosity decreased irrespective of the former hydro-
xyapatite content. the SLM parts proved to possess
mainly interconnected pores, which is beneficial for
endooseous implant materials.

Microstructural features are strongly influenced by
the local thermal history during processing; the occur-
rence of typical dark bands, as a result of chemical
segregation, and columnar grains characterised all the
studied materials.

The microstructure consisted mainly of a9 martensite,
irrespective of the added amount of hydroxyapatite and
the applied laser power. A finely dispersed phase was
detected in the martensitic matrix of Ti6Al7Nb with or
without hydroxyapatite.

Microstructures of Ti6Al7Nbz5 vol.-% hydroxyapatite
displayed, beside martensite and the finely dispersed phase,
a third phase containing P, as revealed by EDS analysis,
presumably resulting from the decomposition and inter-
action of hydroxyapatite with the Ti matrix.

The addition of hydroxyapatite determined a decrease
in grain size and, consequently, a higher microhardness
if compared to the reference material.

By increasing the laser power, the tensile strength
increased for all the studied materials. The addition of
2 vol.-% hydroxyapatite to the base powder slightly
affected the tensile strength by lowering it, with the
exception of samples manufactured with 160 W.

The SLM specimens with and without hydroxyapatite
will be subjected to ‘in vitro’ tests in order to evaluate
their biocompatibility.
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