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Abstract: In this work, selective laser melting of Ti6Al4V (Ti64) and 2 wt.% hydroxyapatite (HA)
composites was performed with the purpose of osseointegration enhancement and biological fixation
between implants and bone tissue. The microstructural evolution and mechanical properties were
analyzed by using X-ray diffraction (XRD), optical microscopy (OM), a scanning electron microscope
(SEM) equipped with (EDX) and (EBSD) systems, microhardness, nanoindentation, and tensile testing.
The results showed that the Ti64-2%HA composite components exhibited complicated manufacturing
behavior, which could be correlated with the decomposition of HA. The microstructure was found to
mainly consist of « Ti with a small amount of HA distributed along grain boundaries. Furthermore,
the interaction between Ti64 and HA leading to the formation of TizP, TixO, P, and CaTiO3 phases,
resulted in poor tensile properties, as compared to pure Ti64 components. Conversely, the tensile
properties of SLM Ti64-2%HA composite components were significantly higher than human bone
reported previously in the literature.

Keywords: selective laser melting; Ti6Al4V alloy; additive manufacturing; metal-ceramic compos-
ite; hydroxyapatite

1. Introduction

Selective laser melting (SLM) is a type of fusion additive manufacturing technology in
which a laser beam is selectively scanned to melt a powder of materials (layer by layer)
by an optics and scanner system [1]. Recently, there has been considerable interest in
manufacturing knee, hip, ankle, maxillofacial, and spinal prostheses by SLM based on
medical imaging instead of casting and forging [2,3]. This is due to features of SLM
technology that produce lattice (scaffolds) or complex structures and functionally graded
materials (FGM) [4].

Metallic alloys (stainless steel, CoCrMo, Ti-alloys) are biomaterials that are used in or-
thopedic bone, joint substitutions, and dental implants to interact with living tissue. Owing
to their excellent biocompatibility, high relative strength, favorable osseointegration, and
superior corrosion resistance, the Ti64 alloys play a crucial role in biomedical applications.
Furthermore, Young’s modulus of Ti64 alloys (105-110 GPa) is lower than that of the 316 L
stainless steel (210 GPa) and cobalt-chromium alloys (230 GPa) [5]. Although there are
many striking features of Ti64, there have also been several unresolved issues that remain
regarding the resorption of the bone, the stability and fixation of Ti64 implants, and the
inflammatory reaction of the body.

The resorption of the bone is a process of bone loss resulting from the large difference
in Young’s modulus between the bones (10-30 GPa) and the Ti64 implants (105-110 GPa)
for patients under 40 years [6]. The significant difference in Young’s modulus results in
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a non-gradual transfer of stress to the bone surrounding the implant, resulting in stress
shielding and bone absorption. More details are given in our previous paper regarding
this issue [4].

The stability and fixation of a Ti64 implant inside the bone and bone ingrowth at
the interface are the greatest challenges after implantation [7]. There are several types
of implant fixation: bone cement, mechanical fixation (screws), and activated surfaces of
implants (coating) [8]. Bone cement is used in hip replacements to fix the bone stems,
and to tackle the Young’s modulus mismatch between the implant and the bone. The
major limitation of bone cement is related to the potential cracks or infections occurring
after implantation in the joint [9]. The coating of implants by the hydroxyapatite (HA)
method represents an innovative alternative to the cemented fixation used previously [10].
Although implants coated with HA show good interfacial bonds between bone tissue
and implants [11], there have been some issues regarding metal coating interface failure,
to which there is still no accepted solution [12,13]. Another disadvantage of using Ti64
implants is that they allow for the release of metallic ions which can lead to an inflammatory
reaction in the bone surrounding the implant [14].

This paper outlines a SLM of Ti64-HA as a composite powder to solve the most impor-
tant Ti64 implant problems. HA was added in order to provide a solid biological fixation
between the Ti64 implants and bone tissue without the use of bone cements. It is well
known that the crystallographic and chemical composition of HA (Ca;o(PO4)s(OH),) is
similar to that found in the bone tissue, which can dramatically enhance osseointegration
and biological fixation. Moreover, other advantages of HA which could have decreased
the inflammation reaction or allergic risks and accelerated the bonding are bioactivity,
biocompatibility, non-inflammatory, non-toxicity, non-immunogenicity agent, and osteo-
conductivity [15].

Until recently, minimal research has been conducted on the SLM of Ti-HA compos-
ites. Han et al. [16] investigated the microstructure and mechanical properties of SLM-
processed pure titanium (CP Ti)-HA composites. Marcu et al. [17] studied the effect of
SLM variables on the microstructure evolution and mechanical properties of Ti6Al7Nb-HA
composites. Therefore, the present paper aims to study the phases, microstructure, and
mechanical properties of Ti64-2%HA composite samples manufactured by SLM. Moreover,
the microstructure and mechanical properties of Ti64-2%HA were compared with pure
SLM-fabricated Ti64.

2. Materials and Methods
2.1. Materials Preparation

In this work, 2 wt.% HA powder (nanoXIM HA203, Fluidinova, Mala, Portugal)
was added into the Ti64 powder (Gr.23, LPW Technology Ltd., Runcorn, UK) followed
by mechanical mixing and the SLM process. The Ti64 gas atomized spherical powder
(Figure 1A) had a nominal particle size ranging from 15 to 45 um. Figure 1B shows an SEM
micrograph for the mixture of the Ti64 and HA powders and their diameter distributions.
Table 1 presents the chemical composition of the investigated Ti64 powder and ASTM
specification (ASTM B348 Gr.23). Figure 1C shows the chemical compositions of HA. The
hydroxyapatite powder had an average particle size dsp of 10 um and specific surface area
>100 m?/g. Mechanical mixing to produce the Ti64-2%HA composite was performed
using a planetary ball milling apparatus. The mixing time was 8 h.
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Figure 1. Morphology of the powders: (A) SEM micrograph of pure Ti64 powder; (B) SEM micrograph Ti64 powder mixed
with 2 wt.% of HA powder; (C) Chemical compositions (wt.%) of HA.

Table 1. Chemical analysis of Ti64 powder and ASTM specification.

(Mass%) AL Vv Fe N C H Ti
Ti6Al4V powder 6.11 4.02 0.17 0.023 0.01 0.003 Bal
Max 6.50 4.50 0.25 0.03 0.08 0.0125 Bal
ASTM B348 Gr.23 -
Min 5.50 3.50 - - - -

2.2. SLM System and Processing

SLM was conducted using a commercial SLM (Sisma MYSINT 100, Via dell’Industria,
Vicenza, Italia) system with a 200 W laser fiber and a 55 um laser spot. Laser power,
scanning speed, and layer thickness were kept constant (optimum conditions) at 125 W,
1000 mm /s, and 20 um, respectively. Parameters of SLM were selected based on a guideline
available with a Sisma MYSINT 100 machine and trial and error tests. Pure argon gas was
used to shield at a flow rate of 35 L/min.

The tensile test was conducted to investigate the mechanical performance of the
printed samples. Mechanical performance of the printed samples was described in terms of
yield and ultimate tensile strength and the total elongation. The sample dimensions were
as described by ASTM E8. Figure 2 details the dimensions of the tensile specimen. The
tensile test was conducted by using a non-computerized testing machine (FORM + TEST,
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Model: TTM 100, Zwiefalter Strafe, Germany) at a crosshead speed of 1 mm/min. An
average of three tests was performed for each tensile testing.
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Figure 2. The shape and size of the tensile sample (mm).

2.3. Materials Characterization

Samples for metallographic examination through the cross section were prepared
using the standard metallography procedure, and Keller’s reagent (92 mL H,O, 6 mL
HNO3;, and 2 mL HF) was used to reveal the microstructure. X-ray diffraction (XRD)
with Cu-Ko radiation and the wavelength of A = 1.5406 A at 40 kV and 30 mA was
used to determine the phase constituent of the microstructures of the printed samples.
To investigate the microstructural evolution, optical microscopy (OM, Neophot 2, Carl
Zeiss, Jena, Germany) and FEI Quanta 3D scanning electron microscope (SEM, Hitachi,
Tokyo, Japan) equipped with an EDS were utilized. The EDS spot examinations were
carried out to describe the chemical composition of the phases. To examine the chemical
composition profile across the grain boundaries and phases, the EDS line scan analysis
was performed. EDS mapping analysis allowed for the distribution of the HA (Ca, O and
P spectra) precipitates on the Ti64 matrix to be characterized. In order to understand the
relationship between the microstructure and mechanical properties, Vickers microhardness
testing was conducted with a dwell time of 10 s and a load of 0.5 kg f.3. Furthermore,
micro/nanoindentation testing was performed with an applied load of 3500 mN and
holding time of 10 s.

3. Results and Discussion
3.1. Material Behavior during the SLM Process of Ti64-HA Composites

The Ti64 powder was blended with different weight ratios of HA, including 2, 3, 4,
and 5 wt.%. The Ti64 -HA composite materials, especially at high amounts of HA, showed
a complicated production behavior; during SLM processing there were several explosions
(popups) which led to a crash of the support structure. Figure 3 illustrates this problem
clearly. To our knowledge, some trapped water in the mesoporous structure of the HA
powder or decomposition of HA may generate HyO gases, which may be responsible for
these explosions. It has been found [18,19] that at high temperatures above 1300 °C, the HA
[Cajp(PO4)s(OH),] dissociates into H,O (gas) and Tetracalcium phosphate [Cas(PO4),0]
and/or tricalcium phosphate [Caz(PO4);].
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Figure 3. The crash of the support structure during SLM of Ti64-2%HA composite.

In order to remove the effect of trapped/generated water and to reduce the effect of
this “gas/explosion” problem on the SLM-fabricated Ti64-2%HA, a preheated treatment
of HA powder was required. Therefore, the temperature of HA powder was increased
to 1000 °C for 2 h and the heating and cooling rate were 10 °C/min. After the heat
treatment was performed, the HA powder was characterized by Fourier transform infrared
spectroscopy (FTIR, PG Instruments, Leicester, UK) and X-ray diffraction (XRD, Panalytical
Empyrean, Worcestershire, UK). The FTIR spectra (Figure 4) confirmed the stability of
HA by the existence of peaks regarding phosphate [(PO4)*>~ and POy4], OH~, and HPO4
groups, which are of considerable significance in molecules of HA. XRD analysis (Figure 5)
confirmed that the material was HA according to its ICDD 00-024-0033) pattern.
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Figure 4. FTIR spectra of HA powder at a temperature of 1000 °C.
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Figure 5. X-ray diffraction pattern of HA powder at a temperature of 1000 °C.

3.2. Phase Structure Evolution

The results of OM and SEM for the Ti64 samples and Ti64-2%HA composites are
compared in Figure 6. Figure 6A,B show typical OM and SEM micrographs of the Ti64
samples indicating a lath microstructure, consisting mainly of an «’ martensitic structure
and a small amount of 3-titanium (3-Ti) at the grain boundaries. The analysis of XRD
(Figure 7A) confirmed findings from the SEM and the formation of &’ martensite due to
the appearance of hexagonal, close-packed (hcp) peaks, related to a martensitic structure.
Figure 6C,D show typical OM and SEM micrographs of the Ti64-2%HA composite showing
the existence of small grain structures coupled with dark grain boundaries and some light
green areas. The phases that formed during solidification of the Ti64-2%HA composite
were examined by XRD, EDS-line, EDS-spot and EDS-map.

Figure 7B presents the XRD pattern of the Ti64-2%HA composites in which reflections
of a Ti (hcp) and HA phases are revealed. The HA structure is indicated at the peak of
20 = 57.2° which represents the (322) diffraction planes according to (ICDD 00-024-0033).
This peak is approximately the same as the peak previously revealed by Terrazas et al. [20].
Some phase identifications of Ti64-2%HA composites can be difficult due to a high concen-
tration of Ti, which leads to strong diffraction peaks and, in turn, overshadow the peaks
of the other phases which result from the decomposition of HA or interaction of Ti64-HA.
Therefore, it appears that the XRD identified other phases such as Ti3P, different titanium
oxides TixO (TizO and Ti;O), and CaTiO3. According to the Ti-P phase diagram [21], a P
weight fraction of 18 can form the TizP phase. Concomitantly, the mixing enthalpies of Ti-P,
Ti-Al and Ti-V were —100.5, —30, and —4 kJ/mol, respectively [22]. Therefore, the P in HA
could be reacting with the Ti in Ti64 to form the Ti3P phase during the SLM. According to
the Ti-O binary phase diagram [21], it can be derived that O weight fractions of 8 and 18,
TizO, Ti»O, and TizO; can form in the structure.
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Figure 6. (A) Optical image and (B) SEM image showing microstructure of the Ti64 manufactured by SLM consists of o

martensite and 3 phase at the grain boundaries. (C) Optical image and (D) SEM image showing microstructure of the
Ti64-2%HA composite manufactured by SLM.

EDS mapping of the selected area (Figure 8) indicated a homogeneous distribution of
Ti, V, and O, whereas the other elements of P, and Ca were assumed to be non-homogeneous.
It was revealed that there were no significant overlaps between Ca, P, and O in select zones
as illustrated in Figure 8 (white circles). On combining this result with the XRD, we
conclude that the HA powders partially decomposed and interacted with the Ti which
will be transformed into TizP, TixO, and CaTiO3; phases. Moreover, the intensity of the
XRD peaks for the Ti64-2%HA were significantly higher than Ti64. The decomposition of

a certain percentage of HA has been reported in selective laser sintering of the NiTi-HA
system [23].
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Figure 7. (A) The X-ray diffraction of the SLM of Ti64 indexing « martensitic structure. (B) The X-ray diffraction of the
SLM of Ti64-2%HA indexing « Ti, HA, TizP, CaTiO3, and TixO phases.
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Figure 8. EDS mapping analysis of SLM Ti64-2%HA composites.
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Figure 9 reveals an EDS line scan across the grain boundaries and inside grain domains
in the structure, indicating the partitioning tendencies of Ti and O elements that are present
in the grain boundaries when compared to that of the inside grain domains. As detailed
in Figure 9, the phase formed in the grain boundaries was significantly enriched with O.
The quite low and high concentration of the O element in the discrete peaks of O could be
attributed to the formation of HA and TixO. Another possible explanation for the formation
of Ti O is that the O element content was relatively high, and this may have led to some
amount of TiyO also forming in the microstructure after solidification.

Figure 9. EDS line scan across the grain boundaries in structure of SLM Ti64-2%HA composites.

The EDS-spot analysis (Table 2) revealed that grain boundaries had small amounts
of Ca and P, suggesting that HA was formed in the grain boundaries. The high tendency
for precipitation of HA (Ca, P and O) in grain boundaries could be attributed to the low
melting point of Ca, P, and O elements. A small amount of Ca and P can be explained by
the partially missing element during the standard metallography procedure. It has been
shown that nonmetallic elements (Ca and P) can easily be removed during grinding and
polishing [24]. In addition, the EDS-spot analysis of the selected B and C points (Table 2)
revealed that these points are enriched in phosphorus, suggesting that TizP is formed
in these points. Interestingly, we noted that some spherical white nanosized particles
were found to be dispersed on the microstructure of the Ti64-2%HA composite at high
magnification as shown in Figure 10. The white nanosized particles could be interpreted as
being a result of P diffusion due to their small atomic radius which causes a high diffusion
of P into the Ti64 matrix during the SLM.

Table 2. EDS spot analysis of grain boundary (GB) and inside grain domains in the structure of SLM
Ti64-2%HA composites.

Element wt.%

Analysis
Points Ti Al v o P Ca
A 8361 436 258 836 1 0.09
B 8628 775 257 32 020 ;

C 85.94 7.44 2.55 3.8 0.27 -
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Figure 10. Nanosized particles on the microstructure of the SLM Ti64-2%HA composites.

To additionally investigate and reveal the phases in SLM of the Ti64-2%HA composite,
a Vickers microhardness assessment was performed, and the results are illustrated in
Figure 11. The average hardness of the Ti64 is ~374 HV, which is in good agreement with
its predominantly «’ martensitic structure. The hardness of the Ti64-2%HA, averaged at
478 HV, is higher than the hardness of the Ti64. This increase in hardness can be explained
by the presence of HA at grain boundaries and by the presence of Ca, P, and O elements
due to the partial decomposition of HA. This results in the structure strengthening via a
solid solution mechanism. Another potential explanation for an increase in hardness is
the generation of the fine  Ti phase in the Ti64-HA structure. It has been shown that the
fine o Ti phase is harder than the o/ martensite phase [25,26]. The heterogeneous hardness
profile of Ti64-2%HA compared to that of Ti64 is a result of different phases forming in
the structure of the Ti64-2%HA composite. The higher value of the hardness in the region
(563 HV) as compared to the vicinity zones (470 HV) can be attributed to the formation of
the HA phase. It has been reported that the hardness of the HA phase is approximately
600 HV [27].

HA ~ 563HV ¢

550 +

g 500

= aTi~470 HV

w

wn

_;:1 450 - Ti64+ HA |

=

==
4007 o' martensite ~ 374 HV .
350 ' . . . Tio4

0 1 2 3 4 s
X (mm)

Figure 11. Corresponding microstructures are labelled on Vickers microhardness tests of the SLM
Ti64 and Ti64-2%HA composites.

Consequently, the microstructure of the SLM of Ti64-2%HA composite was a complex
mixture of « Ti, HA, TisP, TixO, P, and CaTiO3. The average volume fraction of HA in the
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microstructure of the Ti64-Ha was approximately 10% based on Image J software. The
formation of HA has been reported in the electron beam melting of Ti-HA composites [20].
It should be noted that the formation of HA and dispersed Ca, P, and O elements on the
microstructure of implants may result in a higher tendency of good bone osseointegration
and biocompatibility.

3.3. Mechanical Properties

To explore the mechanical properties of the Ti64 and Ti64-2%HA, tensile and nano-
indentation tests were performed. Figure 12 summarizes and compares the results of
tensile tests on the SLM-processed Ti64-2%HA composite with those of pure Ti64. The
experimental results of the tensile test indicate that the addition of HA had a significant
effect on the load carrying capacity of the selective laser melting. As depicted, adding 2 wt.%
HA lowered yield strength, maximum tensile strength, and elongation of the selective
laser melting from 1060, 1180, and 8 to 223, 255 and 0.9, respectively. The deterioration
of tensile properties and improvement of hardness were due to the formation of brittle
phases including TisP, CaTiO3, and the precipitation of HA in grain boundaries. Moreover,
adding 2 wt.% HA resulted in increases in the susceptibility of formation of pores and
defects, leading to reduced tensile properties. Despite this, the tensile strength of the
Ti64-2%HA composite manufactured by SLM was approximately 2-3 times higher than
human bone. It has been reported that the tensile strength of human bones is between
60 and 130 MPa [28,29]. Figure 13 illustrates the typical load /nano-indentation depth
curves for Ti64 and Ti64-2%HA samples at a peak load of 3.5 mN. The indentation depth
values of the Ti64 and Ti64-2%HA samples were 580 and 450 nm, respectively. According
to Figure 13, the hardness of the Ti64-2%HA was higher than the hardness of the Ti64.
This was due to the formation of a hard and brittle structure in the Ti64-2%HA sample as
compared to the lath microstructure, consisting mainly of the «’ martensitic structure in
the Ti64 sample.

1 10601180 Yield strength
1000 3 Tensile strength|
g ] Elongation
S 223 255
= ]
T 100 100
v =
22 ~
Z 5 10 8
= g” 3 [26]
@
z
< L 0.9
2
b
0.1

T M T M T
Ti6Al4V Ti6Al4V/2%HAp Human bone

Figure 12. Tensile properties of the SLM Ti64 and Ti64-2%HA composites.
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Figure 13. Load /nano-indentation depth curves of the SLM Ti64 and Ti64-2%HA composites.

4. Conclusions
1.

SLM of Ti64 components feature a lath microstructure, consisting mainly of o’ marten-
sitic structure and a small amount of 3-titanium ($3-Ti) at grain boundaries;

SLM of Ti64-2%HA composite components features small grains of « Ti coupled with
dark grain boundaries of HA and some light green areas of TizP, and other phases of
TixO, P, and CaTiOs3;

The tensile properties of SLM Ti64-2%HA composite components are significantly
higher than human bone reported in the literature. Therefore, we recommend that
further research should be undertaken in the SLM of compositionally/structures
graded titanium-hydroxyapatite (functionally graded materials/structures) in order
to mimic natural bone and provide good interfacial bonds between bone tissue and
metallic implants;

For the same HA amount (2 wt.%), decreasing energy density input led to lower
tensile strength. Conversely, increasing energy density input has a negative effect on
the manufacturing behavior because there were several explosions (popups) which led
to a crash of the support structure. Therefore, it can be suggested that the preheated
treatment of HA powder is required to remove the effect of this “gas/explosion”
problem on the SLM-fabricated Ti64-2%HA,;

The SLM of Ti64-HA exhibited low tensile properties compared to the SLM of Ti64.
This was attributed to the formation of brittle and hard HA in the grain boundary
which promotes the growth of cracks.
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