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The amount of hip revision surgeries is significantly increasing due to the loss of fixation between implant and
bone, that leads to implant failure. The stiffness mismatch between Ti6Al4V hip implants and bone tissue, the
non-uniform implant-bone contact pressure, and the poor wear resistance of Ti6Al4V are pointed as three critical
issues that contribute to these implant’s failure. In this study, a multi-material design and fabrication concept was
exploited aiming to change traditional manufacturing paradigms, by allocating different biomaterials in a single
component targeting a multi-functional hip implant. Selective Laser Melting technology was explored to fabricate
NiTi-Ti6Al4V multi-material cellular structures with a Ti6Al4V inner region and a NiTi outer region. This work
was focused on the SLM fabrication and processing parameters validation on a commercial SLM equipment. The
morphological analyses allowed to assess a successful solidification and bond between NiTi and Ti6Al4V materials
in the transition region. The shear tests revealed a high bond strength of the transition region with an average
strength of 33 MPa. The nano-indentation results showed that the Ti6Al4V region exhibits a higher hardness and
elastic modulus when compared with the NiTi region. This work is a part of a broader objective that aims to
create a NiTi-Ti6Al4V multi-material and cellular structured hip implant capable to provide customized stiffness,

superior wear resistance and a controlled NiTi outer region volume change.

1. Introduction

The demand for implants has undergone explosive growth and ac-
cording to the projections for 2030, the claim for Total Hip Arthroplasty
(THA) surgery is estimated to reach 4 million procedures, only in the
USA [1]. Moreover, there is a high percentage of hip implant failure
that leads to the need for revision surgeries, which are very expensive
and painful to patients [2,3]. Also, it is known that the lifespan of a hip
implant is influenced by the age of patients who undergo primary THA,
being shorter in patients that have a higher level of activity [3]. In this
sense, the increasing number of younger patients and the increase in
the need of revision procedures is inevitable [4-6]. Revision surgeries
should be avoided once they are riskier (high risk of fixation failure
once there is less of hosting bone), more expensive, demanding, and
invasive than primary THA surgeries [4,7]. Among all complications,
the major one for this kind of surgery is the loosening of the stem and/or
acetabular cup [6,7]. This loss of fixation between the implant and
bone that leads to implant failure is mostly related with three issues:
(1) Stiffness mismatch existing between the Ti6Al4V hip implants
and the surrounding bone, that induces stress shielding, causing bone
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resorption and irreversible loss of implant fixation [3,7,8]. When the
stress is applied to the femur, it is mostly transmitted throughout the
implant (once implant material is stiffer than bone), which means that
less stress is transmitted to the bone, as would naturally happen. This
induces a cascade of biological events that result in bone resorption,
causing, subsequently, implant loosening [2,3,9,10]; (2) Non-uniform
contact pressure between the implant and nearby cortical bone, leading
to a deficient stress transmission/distribution lengthwise, creating
regions with high-stress concentration and other regions with almost
no contact; (3) Poor wear resistance of Ti6Al4V hip implants mate-
rials [11-13]. Since the implant materials are subjected to relative
micro-motions at the stem/bone interface in a corrosive environment,
it is critical to reduce metal ion and wear particles released to the
surrounding tissue once it can provoke toxicity and inflammatory
reactions, also leading to implant failure [2,11,13-18].

Ti6Al4V alloy has been the main choice for hip implants due to its
excellent mechanical and biological performance and also corrosion
resistance [19]. However, these implants are still prone to failure and
bone resorption commonly occurs around these implants, 10 to 15
years after THA, due to the high stiffness mismatch when comparing
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the elastic modulus of Ti6Al4V (110 GPa) with that of bone tissue
(10-30 GPa) [13,20-23]. NiTi alloy has been widely used in the
medical industry due to its unique properties, as shape memory effect,
superelasticity, high strength, fatigue, wear, and corrosion resistance,
and biocompatibility [24-26]. NiTi exhibits a higher wear resistance
when compared to Ti6Al4V which can reduce the release of wear debris
from the implant to the nearby biological tissues [27,28]. Also, NiTi
can be designed and engineered to use the shape memory effect as an
element of an active implant.

Additive Manufacturing (AM) techniques are being explored world-
wide at a rapid pace, attracting many interests at industrial and aca-
demic fields due to its unparalleled potential for improving the manu-
facturing system, such as high flexibility, reducing material waste, the
feasibility of intricate geometries, and personalized products [29]. Se-
lective Laser Melting (SLM) is one of these techniques, that applies laser
energy to selectively melt metallic powdered beds, to fabricate 3D com-
ponents based on CAD data [11]. Being a layer-wise technique, by us-
ing SLM, engineers can design complex and customized solutions for a
wide range of industries, which are almost impossible or unprofitable to
consider when using conventional processing routes such as casting and
forging [30,31]. SLM has been mostly used for producing metallic mono-
materials for several applications including medical, aerospace, auto-
motive, and injection molds [32-37]. However, in several applications
such as orthopedic implants, components should incorporate distinct
materials in different beneficial positions for achieving high-efficient
and long-term solutions [38,39]. Several studies have been reported in-
volving the SLM production of Ti6Al4V dense or cellular structures parts
and some on Ti6Al4V-based multi-material structures [11,40-44]. Some
studies can be found in literature where AM is used to fabricate multi-
material Ti6Al4V-based components such as Ti6Al4V-Invar, Ti6Al4V-
Stainless Steel, Ti6Al4V-Inconel 718, Ti6Al4V-Al12Si [36,45-47]. To
the author’s best knowledge, there is no study in the literature concern-
ing the design and SLM-production of multi-material structures gather-
ing NiTi and Ti6Al4V materials.

Currently, biomedical cellular structured materials are in great de-
mand once these materials can provide, simultaneously, adequate me-
chanical properties (strength and stiffness), physical and morphological
properties, as well as a suitable ecosystem for cell seeding and bone
ingrowth [41,42,44,48,49]. SLM technique has been used to produce
mono-material Ti6Al4V and NiTi cellular structures for lowering the
implant-bone stiffness mismatch [41,50-53]. In fact, just a few groups
have produced quality NiTi components by SLM, due to the challenges
that this alloy presents for quality production, that are strongly de-
pendent on NiTi powder quality and suitable SLM processing param-
eters [54,55]. M. Taheri et al. [50] designed and produced by SLM NiTi
porous structures with an elastic modulus varying from 16.5 GPa (poros-
ity of 69%) to 41.2 GPa (porosity of 32 %). SLM can be used to fabri-
cate customized hip implants by using tomography 3D data from each
patient, to design structured implants suited to the host bone by con-
trolling the architecture of the porous structures [8,10,56-58]. In fact,
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F. Bartolomeu et al. [41] proposed a design tool for the manufacturing of
customized Ti6Al4V cubic-like cellular structures with a desired elastic
modulus by adjusting the porosity and the dimensions of the structures.

In this study, multi-material NiTi-Ti6Al4V cellular structures were
designed and produced by SLM to bring to life a multi-functional con-
cept, by allocating specific local functions/materials in specific local re-
quirements, all in a single component and produced at once. This con-
cept aims to combine SLM design freedom, NiTi, and Ti6Al4V mate-
rials intrinsic properties and optimized cellular structures. This work
is focused on the SLM fabrication validation and it is the first step
of a broader objective, that aims the fabrication optimization of a
NiTi-Ti6Al4V hip implant, that will be capable to address the above-
mentioned three implant failure issues and, consequently, reduce the
need revision surgeries. This multi-material proposal can be developed
for combining a Ti6Al4V inner region with an adequate mechanical
strength (not assured by using a mono-material NiTi solution [59]) and
stiffness, and a NiTi outer region with a controlled volume expansion
(shape memory activation) to promote a suitable bone-implant contact
and to induce bone ingrowth.

2. Materials and methods
2.1. Materials and SLM fabrication details

In this work, NiTi and Ti6Al4V powders were used to fabricate multi-
material NiTi-Ti6Al4V structures. A Nisg gTisg 5 ingot (at.%) purchased
from SAES Smart Materials (USA) was atomized to powder by TLS Tech-
nique GmbH (Germany). The NiTi powder has a D10 of 34.64 ym, a
D50 of 47.5 ym, and a D90 of 62.94 ym. The Ti6Al4V (ELI - grade 23)
powder with a D10, D50, and D90 of 30.19, 46.94, and 71.38 um, re-
spectively, was purchased from SLM solutions (Germany). The spherical
morphology of the powders is visible in Fig. 1a and Fig. 1b, respectively.

Selective Laser Melting technology was used to fabricate these multi-
material structures using a commercial equipment (125HL) from SLM
Solutions equipped with a 400 W Yb-fiber laser with 87 ym diame-
ter spot. When regarding the manufacturing of Ti6Al4V, these group
of authors carried out an optimization study using the same equipment
[40]. A preliminary study was also performed for assessing the suit-
able processing parameters for NiTi and based on this background, the
processing parameters (laser power, scan speed, scan spacing, and layer
thickness) were defined for both materials. Table 1 shows the processing
parameters used for the fabrication of the NiTi-Ti6Al4V multi-material
structures, using an argon atmosphere during fabrication and a base
plate preheated and maintained at 200°C.

This works aims to be a proof of concept of the SLM potential and ca-
pability to fabricate multi-material components, by validating the man-
ufacturing and the processing parameters. For that purpose, the fab-
rication of the NiTi-Ti6Al4V multi-material structures can be divided
into three main steps: (1) NiTi region fabrication: in the first layer, NiTi
powder was spread over the building platform being then, selectively

Fig. 1. SEM images of (a) Ti6Al4V and (b) NiTi
powders.
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Table 1
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SLM processing parameters used to fabricate the multi-material NiTi-Ti6Al4V cel-
lular structures using a SLM 125HL equipment.

Laser power  Scan speed

Scan spacing

Layer thickness  Energy density

90 W 600 mm/s 90 um

30 ym 55.6 (J/mm?3)

1- CAD data
(SolidWorks)

Q (NiTi region)
2- Supports generation Lasersource
(Materialise Magics)
Scanning

G system

3- Numerical slicing

(SLM Autofab) Recoating unit
W
: Argon Powder bed
4-SLM 125 HL Atmosphere

Machine preparation

Supports ‘ Build platform

5- SLM fabrication Q 6- Fabrication pause E> 7- SLM fabrication
(Manual filling)

(Ti6AI4V region)

Scanning
system

Powder bed 8- NiTi-Ti6AMV multi-
material structure

Ti6Al4V
-powder

Fig. 2. Schematic representation of the NiTi-Ti6Al4V multi-material structures Selective Laser Melting fabrication.

melted by laser energy. Subsequently, in a layer-by-layer process, a new
layer was deposited over the previously solidified layer, melted and con-
sequently promoting the fusion of this layer to the previous one. This
routine was repeated up to layer number 142, arbitrarily defined as the
last layer of the NiTi region, corresponding to a height of 4.26 mm;
(2) Fabrication pause for manual filling: NiTi excess powder was manu-
ally removed followed by platform manual filling with Ti6Al4V power.
Several passages of the recoating unit were made to assure sufficient
compaction and uniform distribution, and to guarantee that the powder
bed was leveled by the height of the last fabricated NiTi; (3) Ti6Al4V re-
gion fabrication: Ti6Al4V powder was spread over in layer number 143
and then, the SLM routine was repeated till the last layer (arbitrarily de-
fined as layer number 303) corresponding to a height of 9.09 mm. Fig. 2
aims to describe schematically, all the stages related to the production
of the multi-material structures via SLM, from the CAD data to the final
component.

2.2. Multi-material implant design

The commercially available solutions proposed by global leaders in
orthopedic trauma devices such as DePuy Synthes and Zimmer Biomet
are, generally, solid implants made of Ti6Al4V. When regarding hip im-
plants, these solid solutions higher stiffness when compared to bone
tissue alters drastically the mechanical stimulus naturally existing in
a healthy bone. It is important to highlight that bone tissue is a self-
optimizing structure able to adapt to external loading conditions and
according to Frost’s mechanostat theory, the biological response of bone
depends on the level of strain that is induced [60,61]. In this sense, the
metal-bone stiffness mismatch interferes with the mechano-biological
activity that should assure bone remodeling in a healthy hip, and thus,
sooner or later, severe bone resorption occurs resulting in hip implant
failure [13,20,21,48]. For that reason, this group of authors proposes
a novel design for hip implants using a multi-material approach gath-

ering NiTi and Ti6Al4V advantageous properties and at the same time,
having a cellular structured architecture capable to promote adequate
loading conditions to maintain the biological bone remodeling of the
surrounding bone tissue and allowing fluid flow and bone ingrowth.
Fig. 3 aims to illustrate this study concept, showing the NiTi-Ti6Al4V
cellular structures objectives based on the local requirements and func-
tions. An outer region made of NiTi cellular structure is proposed, aim-
ing to use the shape memory ability of this alloy to achieve an ade-
quate implant-bone contact pressure. The inner region can be entirely
Ti6Al4V cellular structures (design 1) or a combination of cellular and
dense Ti6A14V (design 2). Both multi-material designs have a transition
from NiTi to Ti6Al4V cellular structures, and the second design also
has a transition from cellular structured Ti6Al4V to dense Ti6Al4V. It
is important to highlight that, according to literature, the mechanical
strength of the martensite phase of the NiTi alloy (phase with shape
memory alloy ability) exhibits a maximum yield strength of ~140 MPa
while for the austenite phase this value is ~ 690 MPa [59]). In this sense,
to use the shape memory ability of NiTi as an integrant part of a hip im-
plant it is necessary to combine this alloy with a material capable to
address the necessary mechanical requirement, such as Ti6Al4V alloy.

2.3. Scanning electron microscopy (SEM) and X-ray diffraction analyses

SEM (FEI Nova 200) analyses were performed to characterize the
morphology of the multi-material specimens and also the NiTi-Ti6Al4V
transition. Both Secondary Electron Imaging (SEI) and Backscattered
Electron Imaging (BEI) were used. Additional SEM settings can be men-
tioned: accelerating voltage of 10 kV, high-vacuum mode, working dis-
tance between 30 and 40 mm, and spot size of 40 nm.

X-ray diffraction analyses were also carried out on NiTi and Ti6Al4V
regions of the multi-material specimens. A Bruker AXS D8 Discover
(USA) equipment was used for performing the X-ray diffraction (XRD)
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Fig. 3. Design concept of a NiTi-Ti6A14V multi-material hip implant solution.
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analyses and the diffraction data was collected from 10° to 90° 20, with
a step size of 0.05° and counting time of 1 s/step.

2.4. Nanoindentation

Nanoindentation was carried out to estimate the hardness and the
elastic modulus throughout the NiTi-Ti6Al4V multi-material specimens.
The specimen’s cross-section was evaluated using a nanoindenter (Nan-
oTest - Micro Materials), using a Berkovich diamond indenter. A total
of 15 indentations were made along a 3mm length (see Fig. 4) using
a load of 400 mN. The elastic modulus was estimated from the load-
displacement curves, by using the following equation [62]:

1 1- U? 1-02

m
1 _ 1
E - E | E )

i

' ‘ Ti6Al4V 7/ NiTi 7 1.5

where E; and v; correspond to the elastic modulus and Poisson ratio of
the diamond indenter (E; = 1141 GPa and v; = 0.07). Fig. 4 illustrates
the nanoindentation test carried out using the cross-section of the NiTi-
Ti6Al4V multi-material structure. The left side of the image corresponds
to the Ti6Al4V region, while the right side corresponds to the NiTi region
with the transition pointed by the red arrow.

2.5. Bond shear strength

The shear test was selected to assess the shear bond strength of
the transition region of the NiTi-Ti6Al4V multi-materials structures and
six tests were performed for on the multi-material structures. The re-
sults are presented as the average + standard deviation. Mono-material
NiTi and Ti6Al4V specimens were also tested for comparison purposes
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Fig. 5. Schematic representation of the custom-made
device used to perform the shear bond tests in the NiTi-
Ti6Al4V multi-material specimens.

%

Ti6Al4V region of the
multi-material specimen
Transition

(n=6). The shear tests were performed using an Instron 8874 (USA)
equipped with a 25 kN load cell under a crosshead speed of 0.05 mm/s.
These tests were carried out using a custom-made device as depicted in
Fig. 5.

The shear test device consists of two sliding parts (A and B), each one
having two aligned holes for specimen insertion. After the insertion, the
adjusting screws were used to position the specimen, aligning the transi-
tion region with the sliding part. Afterward, a downward force is applied
in the upper side of part B until fracture (due to shear loading). The tran-
sition (between the dissimilar materials, NiTi and Ti6Al4V) shear bond
strength (MPa) was calculated considering the maximum force (N) and
the resisting area (mm?), obtained using a top-view SEM image of the
transition.

Ti6Al4 V-
celldlar

NiTi
cellular |

b

3. Results and Discussion
3.1. Morphological analyses

In this study, two types of NiTi-Ti6Al4V multi-material structures
were produced by Selective Laser Melting. The two designs have a tran-
sition between NiTi and Ti6Al4V biomaterials through a cellular struc-
tured architecture. Figs. 6 and 7 show SEM images of isometric and
cross-section views of the SLM produced NiTi-Ti6Al4V multi-material
structures. As seen in Fig. 3, the first design (design 1) is entirely com-
posed of a cubic-like cellular structured architecture while the second
design (design 2) has also a dense region with a respective transition
from Ti6Al4V cellular structure to Ti6Al4V dense.

TiGAIAY
dense

Ti6Al4V

. ﬂq_lular

NiTi
cellular

Fig. 6. SEM images of isometric views of the NiTi-Ti6Al4V multi-material structures: (a) Design 1 and (b) Design 2.
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Fig. 7. SEM images of cross-section views of the NiTi-Ti6Al4V multi-material structures: (a) SP1; (b) SP2; (c) high magnification detail of the transition region of
SP2 multi-material structure.
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When analyzing the morphological data of the SLM produced NiTi-
Ti6Al4V multi-material structures several aspects can be highlighted.
Firstly, the SEM images allowed to assess that, successful transitions
from NiTi cellular structure to Ti6Al4V cellular structure, both for de-
sign 1 and design 2, were obtained. This aspect allows to validate the
adopted SLM fabrication strategy as well as to understand the adequacy
of the processing parameters (90 W of laser power, 600 mm/s of scan
speed, 90 um of scan spacing, and layer thickness of 30 ym). The em-
ployed manufacturing approach allowed to obtain high-quality NiTi and
Ti6Al4V cellular structures and, at the same time, achieve a good bond
between these dissimilar materials. The multi-materials specimens (both
in the NiTi and Ti6Al4V regions) have an interconnected cubic-like ar-
chitecture with open-cell sizes of ~ 400 ym and wall sizes of ~ 200 ym
(distance between two consecutive open-cells). These dimensions were
defined taking into account a previous study of this group of authors
[41], in which a wide range of Ti6Al4V cellular structures was mechan-
ically tested to define suitable architectures for obtaining desired elastic
modulus targeting orthopedic implants. F. Bartolomeu et al. [41] ob-
tained an elastic modulus of ~ 15 GPa for the Ti6Al4V structures with
open-cell and wall sizes of ~ 400 ym and ~ 200 ym, which is in the
range of bone tissue modulus (between 10 and 30 GPa) [13,20-23].

Despite using a manual strategy to remove NiTi powder and then to
fill the building platform with Ti6Al4V powder (see Fig. 2), several pro-
ductions were successfully concluded allowing to obtain dozens of these
multi-material structures. This aspect allows to understand that this ap-
proach can be considered for regularly printing with residual samples
failure. As mentioned, this study objective was the validation of a con-
cept in which SLM design freedom, NiTi and Ti6Al4V materials intrinsic
properties and optimized architecture can be combined to engineer ad-
vanced solutions to further apply in hip implants. However, it should
be clarified that the manual filling approach of the present strategy, in-
duces limitations once the variations of material can only be applied in
the vertical direction and for simple shapes.

3.2. Crystallographic analyses

X-ray diffraction was carried out on the starting materials (NiTi and
Ti6Al4V powders) and also on the SLM-produced multi-material NiTi-
Ti6Al4V structures as seen in Figs. 8 and 9.

Fig. 8 shows that both for NiTi powder and for the NiTi region of
the multi-material structure, the XRD peaks revealed the presence of the
austenite phase (B2). The diffraction patterns match with the three main
peaks of the austenite phase for 2theta of 42.436, 61.571, and 77.637°

600 Fig. 9. X-ray diffraction pattern of Ti6Al4V pow-
der and Ti6Al4V region of the multi-material struc-
tures produced by Selective Laser Melting (ref-
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Fig. 10. Nanoindentation results: (a) Hardness and elastic modulus and (b) load-displacement curves.
(reference code: 03-065-5746). Also, there is no evidence of the presence 3.3. Mechanical analyses
of the martensite phase (B19’) and also of any other intermetallic phases
(such as Ti,Ni). Fig. 10 shows the summary of the results obtained from the nanoin-
X-ray patterns depicted in Fig. 9 show that for Ti6Al4V powder and dentation tests, in which Fig. 10 (a) depicts the indentations per-
Ti6Al4V region of the multi-material structure, similar peaks are found, formed on the multi-material structure, Fig. 10 (b) shows the hard-
revealing the presence of Ti Hexagonal Close Packed (HCP) that can ness and the elastic modulus results, and Fig. 10 (c) shows three typ-
correspond to a or a’ phases, which have the same crystalline structure. ical load-displacement curves selected for NiTi, Ti6Al4V and transition
The main peak of Ti Body-Centered Cubic (BCC) is at 38.482° and Ti regions. A total of fifteen indentations were made on the NiTi-Ti6Al4V
HCP has a peak near 38.439°. For that reason, this peak was identified multi-material cellular structure, seven in the NiTi region, seven in the

as HCP or BCC in Fig. 9. Ti6Al4V region, and one in the materials transition.
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The nano-indentation results show, in general, lower values of hard-
ness and elastic modulus in the NiTi region (NiTi 1 to NiTi 7) in com-
parison to the Ti6A14V region (Ti6Al4V 1 to Ti6Al4V 7). The hardness
values obtained in NiTi region varied from 335 to 410 HV, while in
the Ti6Al4V region varied from 440 to 534 HV. On the other hand, the
elastic modulus ranged from 68 to 73 GPa in the NiTi region and from
91 to 109 GPa in the Ti6Al4V region. In-between values were obtained
in the transition region both for the hardness (415 HV) and the elastic
modulus (79 GPa). The load-displacement curves (Fig. 10 (b)) show a
higher penetration depth for the NiTi region (2457 nm) when compared
to the Ti6Al4V region (1876 nm), while the indentation performed on
the transition exhibits an intermediate penetration depth of 2086 nm.
The hardness depends on the penetration depth of the plastic deforma-
tion, while the elastic modulus is related to the elastic stress fields and
the slope of the unloading curve [63]. The average hardness of ~ 4.94
+ 0.38 GPa (468 + 36 HV) obtained in the Ti6Al4V region is in accor-
dance with several studies carried out on Ti6Al4V parts fabricated by
Selective Laser Melting [64-67]. W. Kao et al. [68] produced Ti6Al4V
parts via SLM and the average hardness was 3.82 + 0.029 GPa (390 + 3
HV). When regarding the hardness results in the NiTi region, an average
value of 4.03 + 0. 29 GPa (381 + 27 HV) was observed which is coherent
with literature. J. Marattukalam et al. [69] produced NiTi specimens by
Laser Engineered Net Shaping (LENS) using equiatomic NiTi pre-alloyed
spherical powders and the hardness results ranged from 238 to 334 HV,
depending on the laser energy density (from 20 to 80 J/mm?). Also, S.
Kumar et al. [70] performed hardness tests on NiTi parts produced by

NiTi

Ti6Al4V

X800 —80jim = 500 - Soym

Design 1 - NiTi-Ti6A4V strctred

Ti6Al4V NiTi
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Ti6Al4V

Fig. 11. SEM images of NiTi-Ti6Al4V multi-
material structures (design 1 and design 2) ob-
tained after performing shear bond tests.

Design 2 — NiTi-Ti6Al4V structured & dense

LENS and the obtained results were ~300 HV, thus comparable to those
obtained in the present study. Despite using the same energy density (~
55 J/mm?3), S. Saedi et al. [71] reported an average value of 230 + 25
HV, which is 40% lower when compared to the present study.

Shear tests were carried out to assess the NiTi-Ti6Al4V shear bond
strength and the average results + standard deviation are present in
Table 2. It is important to highlight that the positioning of the specimens
in the home-made device accommodates the all system in a manner
that the sliding occurred between the sliding parts A and B, causing
the fracture to occur in the transition region (see Fig. 5).

As can be seen in Table 2, mono-material NiTi and Ti6Al4V cellu-
lar structures (having the same architecture and being produced using
the same processing parameters) were also tested for comparison pur-
poses. The shear bond strength obtained for the multi-material struc-
tures was ~ 33.2 MPa which shows that a significant mechanical inter-
locking was obtained in the transition between the dissimilar materials.
When comparing the multi-material structures results with the mono-
material structures, it can be observed a 23% lower strength in the case
of the NiTi mono-material structures (~ 25.5 + 4.8 MPa) and a 43%
higher strength for the Ti6Al4V mono-material structures (~ 47.4 + 4.0
MPa). The higher shear strength of Ti6Al4V mono-material when com-
pared both with multi-material NiTi-Ti6Al4V and mono-material NiTi
structures can be explained based on the higher mechanical resistance
of Ti6Al4V compared to NiTi [59,72]. Studies in the literature regarding
NiTi or Ti6Al4V shear strength are very scarce. Zuhao Li et al. [73] in-
vestigated the shear properties of Electron Beam Melting Ti6Al4V do-

NiTi

Ti6Al4V

Fig. 12. SEM images showing details of the fracture surfaces of the NiTi-Ti6Al4V multi-material structures (Design 1 and Design 2)
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Shear strength results (average + standard deviation) of the NiTi-Ti6Al4V multi-material structures and the NiTi

and Ti6A14V mono-material structures.

Multi-material

Mono-material

NiTi-Ti6Al4Vcellular structures

Shear strength (MPa) 332 + 5.3

Ti6Al4V cellular structures
47.1 + 4.0

NiTi cellular structures
255 + 4.8

decahedron scaffolds with an open-cell and wall sizes of 800 and 300
um, respectively. Although this study does not indicate the shear tests
positioning of the specimens and considering the different specimen’s
geometries and dimensions when comparing to the present study, a com-
parable shear strength (~33.5 MPa) was reported. Figs. 11 and 12 shows
SEM images of the multi-material structures (SP1 and SP2) after shear
testing. As expected, due to the shear device geometry, the fractures oc-
curred near to the materials transition for all the shear tests and it is not
clear a prevalent failure in NiTi or Ti6Al4V regions. Both SP1 and SP2
multi-material structures exhibit a similar fracture behavior with sur-
face fractures exhibiting extensive plastic deformation similar to those
observed elsewhere [74]. As can be seen in Fig. 12, the fracture occurred
in the top or bottom of the pillars nearby the material’s transition of the
structures.

3.4. Future challenges on the SLM fabrication of NiTi-Ti6Al4V
multi-material implants

The present study was focused on the validation of a multi-material
fabrication strategy using a Selective Laser Melting commercial equip-
ment. Despite the successful assessment in terms of the processing
parameters, that allowed to obtain high-quality NiTi-Ti6Al4V multi-
material parts, the approach adopted in this work requires further devel-
opments to reach more complex multi-material solutions. In the author’s
opinion, the upgrade of the existing SLM systems is a crucial milestone
for fabricating high-complexity and multi-functional solutions (that in-
tegrate different materials and architectures such as NiTi-Ti6Al4V) not
achievable by conventional processing routes or by using mono-material
components [11,75].

The SLM fabrication of NiTi-Ti6Al4V multi-material products re-
quires the development of an advanced Selective Laser Melting equip-
ment with the simultaneous use of two materials (filling and removing
powder automatic systems) for obtaining the desired transitions in xx,
yy and zz directions. The NiTi shape memory effect can be used for
assuring an adequate bone-implant contact pressure which requires an
outer volume change capability to assure a uniform loading condition
and not surpassing bone yield strength of ~ 120 MPa [76]. Also, several
challenging aspects are being investigated regarding the SLM processing
parameters and thermal treatments to tailor the transformation temper-
ature and the suited thickness, and the necessary deformation (material
training) that allows obtaining the desired recovery strain. This multi-
material proposed solution will be further developed by this group of
authors aiming to combine a Ti6Al4V inner region with adequate me-
chanical strength and stiffness, and a NiTi outer region with a controlled
volume expansion to promote a suitable bone-implant contact pressure,
while allowing bone ingrowth.

4. Conclusion

In this study, NiTi-Ti6Al4V multi-material cellular structures were
designed and produced by Selective Laser Melting using a commercial
equipment (SLM 125 HL from SLM Solutions). The SLM strategy for the
production of the multi-materials structures was validated. The man-
ufacturing started with the NiTi region printing and then, a manual
procedure was used to remove the NiTi excess powder and to fill the
platform with Ti6Al4V power. The SLM processing parameters, 90 W of
laser power, 600 mm/s of scan speed, 90 ym of scan spacing and layer

thickness of 30 um, allow obtaining high-quality NiTi-Ti6Al4V struc-
tures, while the morphological analyses and the shear test results indi-
cated an effective bonding between the NiTi and Ti6Al4V materials in
the transition region with a shear bond strength of ~ 33 MPa. The X-ray
diffractions patterns show the presence of the austenite phase on the
NiTi region, which indicates that further investigations regarding ther-
mal treatments are necessary to obtain the martensite shape-memory
phase. Regarding nanoindentation tests, the results showed higher val-
ues of hardness and elastic modulus on the Ti6Al4V region when com-
pared to the NiTi region and the interface. To sum, this study aims to
outline a design and fabrication strategy for hip implants capable to
gather NiTi and Ti6Al4V biomaterials in a single component. Arising
studies are being carried out related with the activating and control-
ling of NiTi shape memory ability in the outer region of NiTi-Ti6Al4V
multi-material structures.
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