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ABSTRACT

The mechanical compliance of craniofacial implants is of paramount importance in the medical field, as the
primary concern is to protect the cerebrum after trauma or neurosurgical operation. To develop novel cranial
implants, three types of bioactive ceramic powders were embedded in the metallic scaffolds. The scaffolds were
fabricated by combining powder bed fusion technology and powder metallurgy. Ti6Al4V lattice structures fab-
ricated by selective laser melting were filled with three different wollastonite-based bioceramics applied for
critical-sized craniofacial defects: 1. CaSiO5 (wollastonite, W), 2. Si-CaSiO; (50 wt.% silicon-wollastonite, W-Si)
and 3. CaSiO5_Ca3(PO,),_MgCa(SiO;), (62 wt.% wollastonite ceramic glass, W62) by spark plasma sintering.
The mechanical behavior of the Ti6Al4V-CaSiO; hybrid metal-ceramic biomaterial composite was evaluated by
the dynamic impact test designed by the authors. Furthermore, the proposed fabrication process implies that
the metallic scaffolds can bear the mechanical loads, hold the composite structure together, and deliberately
induced cracks/pores in the ceramic region can be exploited for drug delivery. Except Ti6Al4V which is known
for implants, the potential of using TiNi and Ti22AI125Nb is investigated here for dynamic impact-resistance ap-
plications. Due to ductility of TiNi and rigidity of Ti22A125Nb, an average stress distributed in structures under
loading is approximately 600, 550 and 400 MPa for Ti6Al4V, TiNi, and Ti22AI25ND, respectively. Results show
declination in the level of porosity from ceramic (W) to metalloid-ceramic (W-Si) and ceramic-glass (W62) in the
composite, respectively, and limited cracking in the impact region of the ceramic and the metallic struts interface
when subjected to multiple dynamic impacts.

1. Introduction

and microcracking [7-9]. At the nanoscale, the geometric design of the
biomaterial nanopatterns could facilitate the final shape of the meta-

Inspired by biology, many modern advanced composites exhibit high
strength, high toughness, and high impact resistance properties [1,2].
With the advent of these materials, the fabrication routes of synthetic
materials that mimic biological materials have become a thriving area of
research [3,4]. These bio-inspired materials can also be homologous to
meta-biomaterials [5,6]. Synthetic biomaterials replicating bone struc-
tures should have alluring toughening mechanisms especially in bone-
related applications, as bone displays crack deflection, crack bridging,
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biomaterial into a complex three-dimensional shape which is henceforth
capable of imparting mechanical properties, like in auxetic and origami-
inspired meta-materials [10,11]. Mechanical properties include fatigue
behavior, quasi-state mechanical properties, and impact resistance prop-
erties. Microscale meta-biomaterials could improve the performance in
two ways: first, additive manufacturing (AM) of scaffolds or triply peri-
odic minimal surface (TPMS) biomaterials are generally known to have
a higher surface area when collated with the solid counterpart which
could have several effects on improving the osteogenic response, and
second, the internal pore space to assist the carrying of drug-delivery
vehicles, stem cells and growth factors [12-14]. However, to the best
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knowledge of the authors, no study in the literature explains the con-
cept of hybrid biomaterials, which include the bioceramic component
at the micro level to improve the performance in periodic dynamic im-
pacts. This type of solution could be used in trauma surgery, e.g. for
craniofacial implants.

Cranial implants are usually fabricated from bio-inert materials like
PMMA and titanium alloys. To improve the performance of the implant,
it is recommended by several authors to add bioactive elements, osteo-
conductive materials, or bioactive glass fibers to enhance the osseointe-
gration and helps to accelerate the angiogenesis process [15-17]. It is
well known that no permanent load acts on the cranial implant, which
is why it is therefore regarded as a non-loaded implant. Nevertheless,
most studies on cranial implants are dedicated to quasi-static compres-
sion loading, usually by an indenter [18-20]. However, more realistic
loading conditions, i.e. dynamic impact loading, should be established
for testing the cranial implant. To the best of the authors’ knowledge,
there are only a few studies dedicated to the investigation of cranial
implants under impact loading, see e.g. [21,22]. Lewin et al. fabricated
calcium phosphate-titanium cranial implants with the peak load rang-
ing from 808 to 852 N. Matic et al. fabricated titanium mesh like a
cup, filled with a thick layer of HA with a peak load of 1200 N for
the impact test to resist the fracture. Cranial implants are commonly
fabricated from bio-inert materials like titanium-based materials and
polymers. An improved outcome can be obtained by including bioac-
tive elements in the implants which can mitigate the potential adverse
effects at the implant site such as infection and immune rejection. There-
fore, in this study, bioceramic components with three different pow-
ders were embedded in a metallic scaffold to potentially improve os-
seointegration and vascularization at the defect site. With the increase
in demand for patient-specific implants to protect the cerebrum, the
mechanical response, especially under impact loading, requires more
attention.

Powder bed fusion (PBF) techniques include a wide range of meth-
ods such as selective laser sintering (SLS), selective laser melting (SLM),
and electron beam melting (EBM) to produce dense metallic and ce-
ramic structures. PBF/AM is a technology for additive layer-by-layer
fabrication of the near-net-shape structures from CAD models and of-
fers great potential for prototyping with flexible feedstock and complex
geometries [23]. SLM process is known as the most popular laser powder
bed fusion (L-PBF) technology and the terminology is standardized as
ASTM F2792 for additive manufacturing. Selective laser melting (SLM),
as the main subset of AM technology, is based on incremental layer-
by-layer manufacturing, where parts are created by melting powdered
materials with a laser beam source in a build chamber to form a solid.
Powders of different sizes and flowability can be deposited manually
or with a hopper into a built platform over which the material is uni-
formly spread with a wiper/recoater, [24-26]. Low-density Ti6Al4V al-
loy is recognized as the most popular « + g titanium alloy and spheri-
cal powder for 3D printing with high strength, high fracture toughness,
high corrosion resistance, and high biocompatibility. Other titanium al-
loys suitable for both 3D printing and bio-applications are TiNi (Niti-
nol) and Ti22A125Nb, which have high corrosion resistance, low den-
sity, and high strength, similar to Ti6Al4V. Hence, intensive efforts are
being done to substitute Ti-6Al-4 V alloy with V-free titanium alloys for
biomedical applications. For these reasons, Ti-6Al-7Nb and Ti-5Al-2.5Fe
have been developed and studied. Another technological process we use
in our research is spark plasma sintering (SPS), which is based on a di-
rect, pulsed or alternating current passing through the powder. Since it
is a rapid process, it enables very high heating/cooling rates. By opti-
mizing the SPS parameters, densified sample with the desired geometry
can be achieved in a short time and with low energy consumption. It
should be noted that modern powder metallurgy (PM) techniques like
SPS allow the reduction of grain growth (due to simultaneous compres-
sion and heating as well as short production time), resulting in improved
densification and mechanical properties [27,28]. Therefore, a combina-
tion of AM and PM approaches can lead to the fabrication of samples
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with advanced performance in a wide range of technologies, such as
hybrid meta-biomaterials [29,30].

The objective of this study is the design of hybrid bio-metal-ceramic
for craniofacial implants using powder bed fusion and powder metal-
lurgy combined techniques. Metallic lattice particularly bears the im-
pact or compression loading since embedded ceramic lixiviate to the
body fluid, induce bone formation in the defected area or delivery the
antibiotic. In this study, a novel hybrid metal-ceramic biomaterial with
increased impact resistance for improved craniofacial implants is pre-
sented. The novel aspect of the current study is the application of various
material combinations (ranging from metal to ceramic-metal and glass-
ceramic-metal), production methods (combined selective laser melting
and spark plasma sintering), and impact testing (multiple strikes for
measuring the dynamic hardness, impact damping, etc.). The idea is
based on fabricating first the metallic scaffold by SLM process, and then
by the addition of the bioceramic powders into the spaces and pores
of the unit cells of the metallic scaffolds by SPS. The biological signif-
icance of the scaffolds prepared this way can be attributed to the lix-
iviation of the bioceramic powder from the scaffold in simulated body
fluids, thereby promoting the activation of early osteogenic genes. At the
same time, the metallic scaffold still holds the fracture site which can
be considered crucial for cranial defects of critical size (usually larger
than 20 mm). The mechanical characterization of scaffolds and hybrid
composites is carried out by finite element analysis and experimental
tests. It is of great interest to perform numerical simulations of metallic
scaffolds during mechanical loading to evaluate different Ti-based al-
loys with different compositions, densities, etc., and to compare these
results with the experimental results of the impact test.

2. Materials and methods
2.1. SLM process

Scanning electron microscopy (SEM) micrographs of titanium-
balanced, pre-alloyed and gas-atomized powders Ti6Al4V (Alg and V,
at%, 4.43 g/cm?, supplied by SLM Solution AG, [31]), TiNi (Nitinol, Nisg,
at%, 6.45 g/cm?3, supplied by TLS Technik GmbH, [32]) and Ti22AI25Nb
(Al,, and Nbyg at%, 5.35 g/cm?, supplied by Sino-Euro Ltd. [33]) are
shown in Fig 1. These Ti-balanced materials display several auspicious
properties, such as: i) Ti6Al4V has exceptional biocompatibility and cor-
rosion resistance, is excellent for 3D printing of complex geometries, e.g.
triply periodic minimal surfaces and controlled architectures [34]; ii) Ti-
Ni exhibits super-elasticity, shape-memory effect and fatigue resistance,
which attracts much interest for potential 4D printing [35]; and iii) Ti-
Al-Nb alloy (e.g. Ti2AINb or Ti22A125Nb) has high specific strength
and high-temperature strength, facilitates high compression and tensile
strength at lower cost and process time [36].

A 3D printer Realizer SLM®280 device (SLM solutions AG) with se-
lected optimized exposure time of 25 s, 25 um point distance, 2500 mA
laser current (laser power: 60 W and scan speed: 1000 mm/s), 60 um
hatch space, and layer thickness of 50 um with argon gas flow inside the
build chamber was applied to fabricate Ti6Al4V lattice/scaffold with
2 X 2 x 2 mm unit cell size, 0.5 mm strut diameter and 16 mm height
(see Fig. 2).

2.2. SPS process

Using the SPS process we introduce wollastonite (calcium silicate,
W) into the vacant spaces of metallic scaffolds. Because of the bioactiv-
ity of the wollastonite, this ceramic phase can induce early osteogenic
activity. Bioceramic scaffolds have a potential to be covered by poly-
caprolactone coatings or embedded in hybrid lattices for vancomycin
delivery (see Fig. 3A) [37,38]. Si-CaSiO5 (W-Si) is prepared by mixing
powder feedstock of 50 wt.% of silicon (supplied by Silgrain-Elkem, size
10-44 um) and 50 wt.% of wollastonite (supplied by NYCD, designated
M1250, size 2-10 pm) for SPS (PM) process. After mixing with ethanol
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Fig. 1. SEM images of spherical powders of titanium alloys: A) Ti6Al4V, B) TiNi, C) Ti22AI25Nb.
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Fig. 2. CAD model of: A) Unit cell size with four cross-sectional struts BCC configuration, B) Lattice structure, and C) Ti6Al4V lattice structures fabricated by SLM
process. The height of the scaffold after printing is 16 mm (8 unit cells on top of each other) and volume fraction of metallic part is ~ 40% (after blasting by
nanoparticles to remove the sticked/unmelted powders). The diameter is 20 mm and the weight is approximately 4 g after printing, brief polishing and air blasting.
There is a solid disk/spacer at the bottom of the structure (usually in the range of 0.1-0.5 mm height) for the connection of lattice cells to the structure support and

the 3D printer platform/baseplate.

Fig. 3. SEM micrographs of biomaterial powders: A) CaSiO; (wollastonite, calcium silicate, W), B) Si-CaSiO3 (50-50 wt.% silicon-wollastonite, W-Si), and C)

CaSiO;_Ca3(P0O,),_MgCa(SiO3), (62 wt.% wollastonite ceramic glass, W62).

and zirconia balls for 3 h, the mixture is dried and heated for 24 h in an
oven. In this way, W-Si, an efficient bioceramic for combined bioactiv-
ity and osteoinductivity, is obtained (see Fig. 3B) [39,40]. Another wol-
lastonite component is CaSiO5_Ca3(PO,4),_MgCa(SiO3), (W62, 62 wt.%
wollastonite glass ceramic prepared according to the ternary phase di-
agram of CaSiO;_Ca3(PO,), CaMg(SiO3),) prepared with the medium
particle size of approximately 2.5 um, synthesized in the laboratory.
The glass-ceramic was prepared from 70 vol.% of ceramic and 30 vol.%
of glass. The 62 wt.% wollastonite ceramic glass was prepared from

a mixture of reagent grade CaCO5; (98.5-100 wt.% Merck KGaA, Ref.
1.02066), SiO, (99.7 wt.%, Strem Chemicals Inc. Ref. 93-1435), MgO
(97 wt.% Merck KGaA, Ref. 1.05865) and Ca3(PO4), (Pharma grade,
PanReac AppliChem, Ref. 141,228). The subsequent mixture was melted
in Pt-Rh 10% crucible at 1500 °C in an electric furnace for a total of
2 h, and cold water was poured over it, obtaining a fritted glass. The
XRF analysis of the bioactive ceramic-glass is studied in detail in [41].
The novel glass was prepared with the aim of having a broader biore-
sorbable/biodegradable wollastonite phase in the final composition of
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Fig. 4. Top: Metal-ceramic samples produced by SPS: A) W (opaque white
color), B) W-Si (opaque gray color) and C) W62 (opaque brown color). The used
SLM printed Ti6Al4V scaffolds have 20 mm diameter, 2.0 mm unit cell size,
0.5 mm strut diameter and ~ 40% volume fraction before compression; They
had a 16 mm of height but shrank to a final height of approximately 6-8 mm
after compression during sintering in SPS. Samples were polished by a sandpa-
per grade P800 for finer surface and removal of the graphite sheet from both
sides of disks. The diamond-type metallic lattice is chosen to damp the impacts
and due to continuity of struts, helps to the increased fracture toughness of the
ceramic-metal composite. Bottom: SPS temperature-pressure-time sequence.

the glass, which can be easily lixiviated out from the metallic scaffold,
thus improving the osseointegration of the cranial implant (see Fig. 3C)
[421].

The SPS process is a modern consolidation technique in the powder
metallurgy field with simultaneous imposed low voltage and high pulse
current to uniaxial pressure-assisted hydraulic punches/electrodes [43].
In this process, a high densification level can be obtained in a short time
and a wide range of sintering temperature (up to 2000 °C) with the fast
heating rate (up to 1000 °C/min) compared to the conventional powder
metallurgy methods such as hot isostatic pressing (HIP). The electrical
DC pulsed in a vacuum chamber generates the spark discharge, pass-
ing through graphite mold (with different diameters) and powder parti-
cles (metals, ceramics, or cermets) by thermocouple or pyrometer con-
trolling [44]. The spark plasma sintering device (SPS, supplied by FCT
Systeme GmbH, [45]) surrounded by a vacuum chamber and a glovebox
with nitrogen flow inside to avoid oxygen contamination was used in our
process. Three hybrid metal-ceramic samples sintered with identical SPS
parameters, 20 MPa pressure, 1000 °C temperature, 100 °C/min ramp
rate and 15 min dwell time are shown in Fig. 4. Top. The increase in
pressure (from 3 MPa to 20 MPa) and temperature (from 300 °C to 1000
°C) is achieved inside a 20 mm graphite die/mold (Fig. 4. Bottom). Post-
processing for lattice structures (not solid/bulk) can include polishing
(1. Outermost struts after printing by SLM process, 2. Bottom and top af-
ter filing by SPS), blasting by Al,05 nanoparticles (for sticked/unmelted
particles to inner struts), nitriding (keeping in the vacuum furnace un-
der flowing of Ni to have TiN struts) and coating (chrome plating via
chemical vapor deposition), etc. that is not applied here.

2.3. Impact test

The ball-on-plate impact test we designed was used to test the fabri-
cated cylindrical samples (20 mm diameter and 6-8 mm height, com-
prising hybrid cermets or metal alloys), see Fig. 5, [46,47]. The sample
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Fig. 5. Laboratory test device equipped by impactor and monitoring system.

is fixed on the platform and receives multiple impacts through 1.0 cm
diameter ZrO, ball (95% ZrO, stabilized by 5% Y, 03, supplied by Tosoh
Corp.). More precisely, 30 impacts were induced by a hammering drill,
supplied by Makita, with an energy of 5.6 J and a frequency of 27.5 Hz,
a compressive force 98.1 N (equivalent to 10 kg), and a hammering
duration of 1.1 s. The design of hammer drill, the arrangement of the
specimen and ball, the pendulum-type suspension platform connected to
the vibration sensor and an adjustable dead weight are shown in Fig. 5.
Impact acceleration during multiple impact was measured using a PCH
1420 accelerometer, attached to the platform.

2.4. Finite element analysis

Prediction of deformation and stress, via e.g. finite element analysis
(FEA), can be very useful before prototyping. In this study, the poten-
tial of using TiNi or Ti22A125Nb together with Ti6Al4V is also evaluated
using FEA for cranial implants. In this case, Ansys Workbench and AU-
TODYN Solver (structural explicit dynamic module) are used to analyze
the response of the scaffold to loading. The same geometry, i.e. disks
with 20 mm in diameter and 16 mm in height, was chosen for the fabri-
cated samples. The Young modulus and Poisson’s ratios are 110 GPa and
0.31 for Ti6Al4V, 70 GPa and 0.33 for TiNi, and 90 GPa and 0.32 for
Ti22A125Nb. Among them, TiNi has a lower Young modulus (better mal-
leability) and higher Poisson’s ratio (due to superelasticity) compared
to the other two Ti-alloys.

3. Results and discussion
3.1. Metallic scaffold (lattice structure)

Fig. 6 shows the SEM micrograph of the Ti6Al4V scaffold with
2.0 mm cell size, 0.5 mm strut diameter, and 50 um layer thickness
used in this study (see Fig. 6). Three important aspects related to the
fabrication of metal-ceramic composites should be mentioned:

1 Post-processing (polishing, blasting, coating, etc.) is necessary for
characterization after printing and/or sintering [48,49]. Depending
on the size/architecture of the lattice unit cells (in our case, four-
struts cross-sectional diamond-type), the appearance of the cross-
section is position-dependent and the shape may be distorted due
to shrinkage during sintering and partial removal during polishing
[50]. In this case, both the “top” and “bottom” faces are considered
at generic (reference) locations in the structure (Fig 6A). Depending
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Fig. 6. SEM micrograph of a Ti6Al4V lattice with 2.0 mm cell size, 0.5 mm strut diameter and ~ 40% volume fraction: A) Subsection of the mesh structure with top
and bottom views, B) and C) Unit cell of the body-centered cubic (BCC) lattice configuration with four cross-sectional struts (bottom and top, respectively), and D)

Perspective view of the strut fabricated with 50 um layer thickness.

on the operational pressure-temperature relation in SPS and ceramic-
metal specifications (proportion of metal and ceramic powder, size
and shape, melting points, etc.), about 20-40% reduction of the sam-
ple height might occur.

2 Bulk/plain structures built with 25 um layer thickness (mostly
available in smaller/laboratory size 3D printers like the Realizer
SLM®50 device) [51,52] demonstrate higher fracture strength than
those built by 50 um layer thickness (achievable with devices for
larger/industrial-size samples, like the Realizer SLM®280) [53].
Nevertheless, the 50 um layer thickness method provides sufficient
strut strength compared to human bones applied for craniofacial de-
fects and tissue engineering (Fig. 6D).

3 We used vibrational technique to simplify filling of the spaces (al-
locating ceramic powders into the grid metal struts), because bio-
material powders like wollastonite or hydroxyapatite have irregular
shape (see Fig. 3), but for other antibacterial powders like ZrO, and
TiO, with spherical shapes there is no need to apply this technique.

A combined SLM-SPS procedure was developed for biomaterials,
metamaterials, virucidal and tribological applications. The original idea
[52] that has targeted the refractory materials (specially TBM device,
[51]), has metallic part at the bottom, functionally graded hard material
(ceramics or coated diamond particles) in inner layers (which are em-
bedded in 3D-printed lattice and sintered together) and pure ceramic at
the top for higher abrasion resistance. Regarding the application, we can
change many different parameters: mainly strut diameter and cell size of
the lattice/grid, which define the proportion of ceramic and metal. In the
current work, bulk top/bottom parts are neglected and metal/ceramic
have uniform proportions.

3.2. FEA of metallic lattice structures

The von Mises stress distribution and deformation/displacement un-
der compression of Ti-based alloys using FEA (SolidWorks CAD model
and Ansys simulation) are shown in Fig. 7A-7F. Similar to the experi-
mental lattices, the diameter of the simulated lattice structures is 20 mm
and height is 16 mm. The smooth change from one color to another in
the contours shows the ductility of TiNi due to the high nickel content
(see Figs. 7C and 7D). Whereas, the predominant dark-blue colors in
the stress distribution of Fig. 7E show more stiffness of Ti22A125Nb un-
der compression (the structure has not reached the plastic region). It is
shown in Fig. 7F, that the deformation is minimal, which means higher
compression strength for Ti22A125Nb. The comparison of Figs. 7B and
7D shows that the contours (ranging from blue to red) are lighter for
Ti6Al4V and darker for softer material like TiNi. This FEA shows that
Ti6Al4V, TiNi, and Ti22AI25Nb have a negligible difference in mechan-
ical response when subjected to a compression test. Consequently, de-
pending on the application (superelasticity, conductivity, ductility, mal-
leability, lightness, architecture, etc.), they are all quite interchangeable
for the lattice structure.

Metallic scaffolds will solely bear the load and impact since ceramic
powders will be lixiviated to the real-time body fluids. Ceramic powders
in the metal-ceramic composite will lead to bio-mineralization. Eventu-
ally, these ceramic elements can interact with the body fluids to induce
bone formation even in the Dura mater (connective tissue surrounds the
brain) and the defected area. Considering the real-time scenario or in-
vivo conditions, metallic scaffolds will solely bear the load and ceramic
powders will be released or lixiviated to the fluids since ceramic ele-
ments used in this study are osteoconductive. This is the reason that only
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Fig.7. Finite element analysis (FEA) of titanium alloys: A) Stress distribution of Ti6Al4V, B) Displacement of Ti6Al4V, C) Stress distribution of TiNi, D) Displacement
of TiNi, E) Stress distribution of Ti22AI25Nb, F) Displacement of Ti22A125Nb. The diameter of all lattice structures is 20 mm and the height is 16 mm (the same as

tested samples).
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lattice structure (without filled ceramic) is applied for compression test
here. In this FEA, 1 mm displacement of punch is applied in 0.01 s; there-
fore, this compression is similar to a high-energy impact. Very fast com-
pressing causes a maximum of 0.552, 0.555, and 0.547 mm plastic defor-
mation for Ti6Al4V, TiNi and Ti22A125Nb, respectively. The difference
is negligible (due to the ductility of TiNi and rigidity of Ti22A125Nb). On
the other hand, the average Von-Mises stress in structures is ~ 600 MPa
for Ti6Al4V, ~ 550 MPa for TiNi, and ~ 400 MPa Ti22A125Nb.

3.3. Metal-ceramic composite

The uniform distribution of the powders plays a crucial role in the
mechanical response (mainly influenced by the metallic structure during
the SLM process) or bioactivity (mainly influenced by the ceramic con-
solidation during the SPS). Energy dispersive spectroscopy (EDS) map-
ping of the Ti6Al4V-CaSiO; sample is shown in Fig. 8 for both the ce-
ramic and metal-rich zones. Ti6Al4V struts with 0.5 mm diameter and ~
40% volume fraction overspreads due to SPS pressure (zone 1), whereas,
CaSiO; with = 60% volume fraction of composite embeds inside struts
and consolidate (zone 2).

Figs. 9A-9F show the microstructure and boundary region of the
metallic struts and the binder ceramic (obtained by scanning electron
microscopy, Hitachi TM-1000 tabletop, SEM) for W, W-Si, and W62, re-
spectively. During the increasing temperature in the SPS process, the
shape of the struts’ cross-sections may change slightly from circular to
oval (Fig. 9A), even though the sintering process is performed at low-
pressure condition (20 MPa). This phenomenon is due to the lower sin-
tering temperature and higher molecular motion of the metal (Ti-based)
compared to the ceramic (W-based). The sintering process and densifi-
cation are successfully carried out in all three samples. W (wollastonite)
consistently maintains its porous structure (Fig. 9B), while W-Si exhibits
some minor cracks around the struts (Fig. 9D). Moving away from the
boundary with the metal struts, the roughness decreases and the ceramic
zone is more condensed (Fig. 9E). W62 is a bioactive glass-ceramic that
has the smoothest surface after polishing (Fig. 10B). Note that it is pos-
sible to significantly reduce the porosity (especially at the boundary) by
increasing the SPS pressure, but for the in-vivo applications, the higher
porosity may be beneficial. The porosity level of the ceramic-metal inter-
phase region decreases and the degree of densification increases from W
to W-Si and W-Si to W62. Since the metallic scaffolds are bearing the me-
chanical loads (in compression and impact) and holding the composite
structure together, deliberately induced cracks or pores in the ceramic
region can be used for drug delivery, without significantly reducing the
strength of the implant.

3.4. Impact test results

The SEM micrograph (Fig. 10A) of the Ti6A14V-CaSiO5 hybrid metal-
ceramic deformed by multiple dynamic impacts shows an effect zone
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Fig. 8. EDS mapping of the main elements for
the Ti6Al4V-CaSiO4 sample: A) Color map, B)
Image indicating the position of the zones. Av-
erage distribution in the metallic zone (zone
1: Titanium 90.99%, Aluminum 5.42%, and
Vanadium 2.35%) and the ceramic zone (zone
2: Oxygen 39.17%, Calcium 32.30% and Sili-
con 18.50%).

with 2880 pm in diameter. In Figs. 10B and 10C, cracks can be seen
across the metal strut and a separation at the metal-ceramic interface,
respectively. The higher value of the platform acceleration during the
impact on the y-axis in Fig. 10D illustrates the higher stiffness (lower
damping of the impact energy) of the sample against the ball/drill im-
pact, the higher strength and the lower deformation and penetration.
However, the diameter of the deformed zone is 2880 um, but because
of the impact damping by the metal struts, the penetrated volume is
only approximately 0.6 mm?, which means that the penetration depth
is quite small. The application of the presented wear/impact system can
also be used (if required) to produce local damage and pores in such a
hybrid metal-ceramic biomaterial for local adjustment of the drug de-
livery rate.

The stiffness and strength of Ti22A125Nb and shape-
memory/superelasticity of TiNi have highlighted them as useful
replacements for the popular Ti6Al4V scaffolds, especially for our cran-
iofacial application exposed to impact. The optimized SPS parameters
for the bulk (solid, without the addition of ceramics) Ti-based Ti6Al4V,
TiNi, and Ti22A125Nb samples were as follows: 50 MPa pressure, 1000
°C temperature, 100 °C /min heating rate (ramp) and 5 min holding
(dwell) time. These metallic titanium-balanced samples also had
20 mm in diameter and approximately 6-8 mm in height. The result
of the multiple impact test for bulk Ti6Al4V, TiNi, and Ti22A125Nb
samples is shown in Fig. 11. The diameter and affected/lost/indented
volume of penetration for bulk titanium alloys are 2506 pm and
1.1 mm? for Ti6Al4V, 2912 pym and 1.8 mm3 for TiNi, and 2410 um
and 0.9 mm?3 for Ti22AI25Nb, respectively. As expected (according
to FEA), Ti22A125Nb shows the best performance against the impact
in the experiments. It can be observed that after the initial impacts,
the acceleration amplitude goes down for Ti22A125Nb. This can be
interpreted as a change in the damping capacity. For Ti alloys, we can
observe from Fig. 6a correlation between the analytical result of the
compression test of the scaffolds and the experimental result of impact
tests on the solid disks in Fig. 11. Accordingly, the deformation of the
structures in Figs. 7B, 7D, and 7F correspond to the indent diameter
in Figs. 11A, 11B, and 11C, respectively. Impact test outputs from
Figs. 10 and 11 demonstrate a higher diameter of the deformed zone
and a higher average of acceleration peaks, and a lower indent volume
for metal-ceramic composite (CaSiO3-Ti6Al4V) in comparison with
bulk metal (Ti6Al4V).

Positive maximum vibration peaks of each of the 30 impacts were de-
rived from acceleration curves of Ti alloys and shown in Fig. 12A. Low-
intensity impacts before and after the full-load hammering (less than
200 m/s?) are neglected. The average of these peaks for Ti6Al4V, TiNi,
and Ti22A125Nb samples are approximately 960, 530, and 780 m/s?,
respectively. The straightness of the TiNi curve (compared to the fluctu-
ation of Ti6Al4V in the first peaks and regressive in the rest) shows sta-
ble damping of the impact. The proximity to the hypothetical diagonal
line (gray line) shows that the material applies more impact energy dur-
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Fig. 9. SEM images of A) Metallic Ti6Al4V unit cell embedded in consolidated ceramic W, B) Boundary region of Ti6Al4V-W biomaterial ceramic, C) Metallic Ti6Al4V
unit cell embedded in consolidated ceramic W-Si, D) Boundary region of Ti6Al4V-(W-Si) biomaterial metalloid-ceramic, E) Metallic Ti6Al4V unit cell embedded in
consolidated ceramic W62, and F) Boundary region of Ti6Al4V-W62 biomaterial ceramic-glass.
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Fig. 10. SEM micrograph of a zone affected by multiple dynamic impacts: A) CaSiO; ceramic within a Ti6Al4V metallic lattice with a cell size of 2 mm, B) Cracks in
the struts, C) Detachment in the metal-ceramic interphase region, and D) Acceleration diagram for 30 impacts. The diameter of the deformed region is approximately
2880 um, the penetrated volume is approximately 0.6 mm?, and the average of acceleration peaks is approximately 1090 m/s?.

ing plastic deformation without failure (see Fig. 12B). Based on the test
results in this study, one can conclude that TiNi provides the best and
most stable damping of the impact, while this is realized at the expense
of the plastic deformation (volume of the imprint). On the other hand,
Ti6Al4V with the lowest plastic deformation exhibits correspondingly
the lowest damping of the impacts. Ti22A125Nb provides the average
damping with the smallest volume of the indent, which suggests that
the damping is realized not only by plastic deformation but also to a
large extent by elastic deformation.

3.5. State-of-art of hybrid composite design

The current study stands for the design of craniofacial or possible
maxillofacial implants through combined additive manufacturing and
powder metallurgy. Fast prototyping based on SLM [54] and SPS tech-
niques provides biomedical/antibacterial properties with proper me-
chanical properties. This concept design is depicted in Fig. 13 for artifi-
cial bone replacement. Wollastonite- and hydroxyapatite-based powders
have great potential to fill inside titanium alloys with complex lattice
structures in different organisms. Definition of triple parameters for SLM
(laser power, scan speed, and layer thickness) and SPS (time, pressure,
temperature) have crucial roles in this development. Post-processing
procedures may be a simple step like polishing/blasting/coating, or
complicated as subtractive manufacturing or graphite mold design for
forming the final product. The implants can be the potential solutions

for the temporal lobe implants for osteosynthesis in the cranium by sup-
porting the bone fractures [55]. These metal-matrix composites (MMCs,
Ti6Al4V reinforced with CaSiO3) concerning the mechanical anchor-
age are of extreme prime importance or relevance where the optimal
transference of strength and stiffness is required between the reinforc-
ing material (ceramics) and metal matrix for cranium bone fractures.
The implementation of the SPS allowed closed interfacial contact be-
tween metal and ceramic component therefore allowing excellent stress
transference, which is beneficial for the temporal lobe implants for cra-
nium bones fixation. Following outcomes of this work, authors investi-
gate “thermal conductivity for in-vivo Ti-based (e.g. the present work)
and electrical conductivity in-vitro Cu-based (e.g. [56,571)”. This work
will similar methodology and compare experimental/numerical results
as well.

We would like to highlight the following two messages in this work:

I Ti6A14V-CaSiO3 hybrid metal-ceramic biomaterial could be used for
fabrication of medical implants, e.g. as a craniofacial plate that is
resistant to multiple dynamic impacts, collision with heavy objects,
etc.

Counterintuitively, by deliberately inducing cracks in the bio-
ceramic and bio-TPMS composites to deliver drugs (e.g. antibi-
otic vancomycin, oxygen transport, or fluid permeability) dur-
ing healing. Due to the proposed architecture that promotes both
strength and hardness of the material, the implant would still be
effective.

I

—
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Fig. 12. Diagrams of A) Positive maximum acceleration/vibration peaks/values of each impact (from Fig. 11), B) Dynamic hardness versus volume of the indent

(ductility-rigidity graph).

4. Conclusion

In this paper, the fabrication procedure of hybrid metal-ceramic bio-
material by the combined approach of additive manufacturing (selec-
tive laser melting, SLM process) and powder metallurgy (spark plasma
sintering, SPS) is presented. We show that Ti6Al4V lightweight metal-
lic scaffolds filled with CaSiO3-based bioceramics have a good in-

10

situ bonding during SPS, which is required for the potential cran-
iofacial implants. Wollastonite-based bioceramic powders containing
CaSiO; (100% wollastonite), Si-CaSiO; (50 wt.% wollastonite), and
CaSiO5_Ca3(P0,4),_MgCa(SiO3), (62 wt.% wollastonite ceramic glass)
can be embedded in vacant spaces of the Ti6Al4V scaffold by SPS.
Metallic lattice solely bears the load and impact since embedded bio-
ceramic will be lixiviated to the real-time body fluids. Experimental re-
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Fig. 13. Concept design for cranio-maxillofacial implant. Powders like wollastonite, hydroxyapatite, and derivatives of these substances in nanoscale have the
potential to fill inside titanium alloys with arbitrary lattice structures. This strut-based lattice or surface-based scaffolds can be fabricated in a short time by selective
laser melting method, sintered with ceramic in spark plasma sintering, and provide the hybrid bio-metal-ceramic composite. Development of this method requires
the investigation of curvature for complex shapes, densification in surface, morphology under loading, and bioactivity measurement for in-vivo application.

sults show limited cracking in the impact region of the silicon doped
wollastonite ceramic (W-Si) and the metallic struts interface when sub-
jected to multiple dynamic impacts. A higher degree of porosity of
wollastonite (W) is changed to a higher densification level in wollas-
tonite ceramic glass (W62) in the ceramic zone of cermet composite. The
volume and depth of indentation were small (approximately 0.6 mm?>
for CaSiO5-Ti6Al4V composite and approximately 1.1 mm? for solid
Ti6Al4V). Ti6Al4V, TiNi, and Ti22AI25Nb alloys were also sintered by
SPS and tested under the impact wear test. The results of FEA (Solid-
Works and Ansys couple software) for high single impact load (com-
pression/displacement by punches) applied over a short period of time
showed a similar rating of the materials. It was found that TiNi pro-
vides the best damping (proper for craniofacial implant) of the impacts,
while in the case of Ti22A125Nb the damping included a higher por-
tion of elastic deformation. Another important result of the proposed
fabrication process implies that since the metallic scaffolds can both,
bear the mechanical loads and holding the composite structure together,
deliberately induced cracks or pores in the ceramic region can be ex-
ploited for drug delivery without significantly reducing the strength of
the implant. Future work may investigate the “gradient curved cranio-
maxillofacial skull part” applications. The curved parts can be designed
with the denser metallic layer in the outermost layers and the volume
fraction of the lattice structure can be functionally degraded towards
the innermost layers for filling by bioactive hydroxyapatite/wollastonite
ceramic.
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