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ABSTRACT: Titanium (Ti) and its alloys are among the most commonly used materials in biomedical appli-
cations. In addition to being biocompatible, these materials have notable low density and high corrosion re-
sistance and mechanical properties. It is difficult or impossible to produce parts with complex geometry using
conventional powder metallurgy (PM) method since this method is based on shaping powders under uniaxial
forces using molds. Binder Jetting is a kind of additive manufacturing technique that do not need molds to
shape powders. This study focuses on comparing the properties of the porous CP-Ti parts produced using PM
and Binder Jetting. The parts were sintered for 120 min under Argon atmosphere at 1200 °C. After sintering,
approximately 94% and 92% relative density values were achieved in the specimens produced using the PM
and the 3D printer, respectively. It was also observed that the sample produced using 25 MPa compacting
pressure has a hardness of 317210 HV , and a compressive (yield) strength of 928 MPa while its counterpart
produced using the 3D printer has a hardness of 2388 HV  and a compressive (yield) strength of 342 MPa.
Although the hardness and strength of the specimens produced with the 3D printer were lower than PM ones,
their properties are appropriate for producing implants to replace bone structures.
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RESUMEN: Caracterizacion de CP-Titanio producido mediante inyeccion aglutinante y pulvimetalurgia conven-
cional. El titanio (Ti) y sus aleaciones se encuentran entre los materiales mas utilizados en aplicaciones biomédi-
cas. Ademas de ser biocompatibles, estos materiales tienen una baja densidad, una alta resistencia a la corrosion
y unas propiedades mecanicas notables. Es muy dificil producir piezas con geometria compleja utilizando mé-
todos convencionales de pulvimetalurgia (PM) ya que este método se basa en dar forma a polvos bajo fuerzas
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uniaxiales utilizando moldes. La Inyeccion Aglutinante (Binder Jetting) es un tipo de técnica de fabricacion aditiva que no
necesita moldes para dar forma a los polvos. Este estudio se centra en comparar las propiedades de las piezas porosas de CP-Ti
producidas con PM e Inyeccion Aglutinante. Las piezas se sinterizaron durante 120 min en una atmosfera de argon a 1200 °C.
Después de la sinterizacion, se alcanzaron valores de densidad relativa de aproximadamente el 94% y el 92% en las muestras
producidas por PM y con la impresora 3D, respectivamente. También se observo que la muestra producida con una presion de
compactacion de 25 MPa tiene una dureza de 317 = 10 HV . y un limite elastico bajo compresion de 928 MPa, mientras que
la pieza producida con la impresora 3D tiene una dureza de 238 £ 8 HV .y un limite elastico bajo compresion de 342 MPa.
Aunque la dureza y resistencia de las muestras producidas con la impresora 3D fueron menores que las de PM, sus propiedades
son adecuadas para producir implantes que reemplacen las estructuras oseas.
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1. INTRODUCTION

The high strength/weight ratio, high corrosion re-
sistance and biocompatibility of titanium (Ti) and
Ti alloys provide an important role in the aerospace,
biomedical, energy, and marine applications (Zadra
et al., 2008; Sidambe, 2014; Chen and Thouas, 2015;
Yadav et al., 2019). The density and elastic modulus
of Titanium (Ti) and Ti alloys, frequently used in
biomedical applications, are different from the bone
structure. The difference in elastic modulus results
in weak osseointegration and stress concentrations
at the attachment points of the implant due to the
stress shielding effect (Goharian and Abdullah,
2017; Dominguez-Trujillo et al., 2018). Also, high
hardness of implant causes bone resorption and
shortening of the life of the implant (Frost, 1994).
These problems can be minimized by producing po-
rous implants with similar mechanical properties to
bone tissue. Porous Ti implants with low density can
be manufactured by conventional powder metallur-
gy method and additive manufacturing techniques
(Wiria et al., 2010; Goia et al., 2013; Tojal et al.,
2013; Yang et al., 2018; Yilmaz et al., 2018; Castillo
etal.,2019).

In conventional powder metallurgy method
(PM), the end-user products are obtained by sinter-
ing the parts that shaped by applying pressure to the
powder material filled into the mold. Although this
method is fast and economical to produce a large
number of small and uncomplicated parts, the cost
and time of production are high for producing com-
plex and low quantity of patient-specific implants.
In this method, powder material properties, com-
pression pressure, and sintering conditions directly
affect the density and mechanical properties of the
final products (Esteban et al., 2011; Castillo et al.,
2019; Cuesta et al., 2019).

Binder Jetting (BJ) is an additive manufacturing
method invented in 1993 at the Massachusetts In-
stitute of Technology (Stevens et al., 2018). In this
method, any type of materials such as polymers,
ceramics, metal, and composites can be combined
with binders to manufacture parts without using a
mold (Karageorgiou and Kaplan, 2005; Sheydaeian

and Toyserkani, 2018; Tran et al., 2019). The prod-
uct can be fabricated directly from the 3D CAD de-
sign file with a 3D printer in the BJ method. Not
using molds in manufacturing processes makes the
fabrication of complex parts easier, more econom-
ical, and faster. The density, microstructure, and
mechanical properties of the part produced by the
3D printer vary depending on the powder shape,
powder size distribution, layer thickness, and the
amount of binder used during combining (Mosta-
faei et al., 2016; Bai and Williams, 2018; Miyanaji
et al., 2019).

As it has been presented in this literature survey,
many different methods were performed to produce
porous CP-Ti samples. Binder jetting and uniaxial
pressing have its own advantages and disadvantag-
es. Comparing the microstructural and mechanical
properties of CP-Ti parts produced by binder jetting
and axial pressing allows us to know more about
these two production methods. In this study, the mi-
crostructure and mechanical properties of porous Ti
parts fabricated by conventional powder metallurgy
and binder jetting methods are compared and the
effects of the manufacturing method on the micro-
structure and the mechanical properties were inves-
tigated. For this purpose, Ti powders were shaped
using these methods and then sintered at 1200 °C in
an atmosphere-controlled furnace.

2. MATERIALS AND METHOD
2.1. Materials

In this study, commercial -325 mesh titanium
powders with 99.5% purity (Alfa Aesar, 42624) were
used to manufacture Ti specimens. The size distri-
bution of titanium powders was analyzed using Mi-
crotrac s3500 laser diffraction particle analysis sys-
tem. The sizes of Ti powders were measured d10 =
7.11 um, d50 = 17.75 um and d90 = 32.35 um. The
powder size distribution as well as a SEM image of
the Ti powders are shown in Fig. 1.

The flow characteristic of powder material can be
measured with many methods such as static repose
angle, Hausner ratio, mass flow through an orifice,
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FiGure 1.

and powder internal cohesion (Amidon, Meyer and
Mudie, 2017; Ziaee and Crane, 2019). In this study,
flow characteristics of Ti powders were determined
as Hausner ratio (tap density over apparent densi-
ty). Powder materials with a Hausner ratio of less
than 1.4 have sufficient flow characteristics (Ami-
don, Meyer and Mudie, 2017). Table 1 shows that
the Hausner ratio of Ti powders was 1.21 which
means that Ti powders had acceptable flowability
and were suitable for Binder Jetting.

TaBLE 1. Properties of Ti particles
Bulk volume Tapped Hausner d, d 0,
(mm’) volume (mm?) ratio (um)
35 29 1.21 7.11/17.75/32.35
Inkjet Head
Specimen

I

%Channel

Powder properties: a) Powder size distribution of the Ti powder, b) SEM images of Ti powders.

2.2. Manufacturing of test specimens

Ti test specimens were shaped with a uniaxial
pressing (MSE, uniaxial) and a customized Binder
jetting 3D printer. Figure 2 shows a schematic of the
Binder Jetting process setup. In the uniaxial press
method, Ti powders were filled into a mold with a
diameter of 10 mm and compacted with a pressure
of 25, 100 and, 200 MPa to produce Ti specimens
with varied density.

In the Binder Jetting method, cylindrical speci-
mens of diameter 10 mm and height 10 mm were
fabricated in a 3D printer with processing param-
eters as follows: binder saturation of 100%, a layer
thickness of 100 um, binder temperature of 45 °C.
HP liquid binder was used in the fabrication of

PowderBed

Spreading Roller

A 5,
L4 »
b

Unbounded —
Supporter powder

FiGure 2. Schematic of the Binder Jetting process.
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test specimens. During Binder Jetting manufactur-
ing process, the powder material was spread on the
powder bed as a thin layer and the binder adhesive
was deposited on the top of the powder layer where
required. This process was repeated for the second
and other layers until the fabrication was complet-
ed. After fabrication, the unbound powder materials
surrounding the object in the pool were cleaned to
obtain green parts.

2.3. Sintering

The sintering process was carried out in a High
Temperature Tube Furnace (Protherm). Schematic
presentation of the sintering cycle for Ti is shown in
Fig. 3. Before the sintering process, the binder and
space holder were burnout at 250 °C. Then the fur-
nace was heated at a rate of 5 °C-min™! to the sinter-
ing temperature and held isothermally for 2 h. The
specimens fabricated by PM, and 3D printer were
sintered at 1200 °Cunder argon atmosphere.

The relative density of the sintered test specimens
was measured by the Archimedes water immersion
principle using a balance with 0.0001 g precision. The
porosity ratio of the test specimens was calculated us-
ing Eq. (1) (P: Porosity ratio, p: Measured density of
Ti, p.: Calculated theoretical density of Ti).

1-p

N

P = x100 (1)

Microstructural analyses of specimens were
made after the standard metallographic procedure,
which is a grinding sequence of 180, 400, 800, and
1200 grit silicon carbide paper and later polishing
on a 1 mm alumina suspension. Microstructures
and pore morphologies of Ti test specimens were
analyzed using a scanning electron microscope
(JEOL brand JSM 6060) and SEM-coupled Ener-
gy Distributor Spectrometry (EDS), respectively.
SEM images were taken from polished Ti samples.
EDS analyses were taken from the area for speci-
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FiGure 3. Schematic presentation of the sintering cycle for

CP-Ti.

mens produced with the PM and 3D printer. In
addition, EDS analysis was performed for points
1 and 2 of the BJ-produced samples shown in Fig.
6d. The phase contents of sintered specimens were
characterized by XRD (Rigaku D/MAX 2000 X-ray
generator and diffractometer) with Cu Ka radiation
(1.54059 A°) at a scanning rate of 2 °/min.

Compression and microhardness tests were per-
formed to determine the mechanical properties of
the specimens. The microhardness (represented by
HV) values of the alloys were measured using a
hardness testing apparatus (Wilson 402 MVS, USA)
using a load of 50 g for 15 s. A total of 5 measure-
ments were made to determine the hardness of spec-
imens for each test specimens. Compressive tests
were performed at room temperature with a Zwick-
Roell testing machine at 30 MPa/s loading rate. The
compression strengths of the specimens were deter-
mined by an average of 3 specimen’s compressive
tests.

3. RESULT AND DISCUSSION
3.1. Density and porosity

The relative densities of the sintered test speci-
mens are shown in Table 2. During compacting,
the pressure applied to the powder material results
in the rearrangement of the particles, deforma-
tion, and the hardening of the material to form a
solid model (Lemoisson and Froyen, 2005; Krizan
et al., 2016). In the compacting curve of ceramics
and metals, there is a steep increase at first in densi-
ty and then a slower increase followed by a plateau
in density (Francis, 2016). While the relative densi-
ty of the sample shaped with 25 MPa compacting
pressure is 94.32%, the relative density of specimens
shaped with 200 MPa compacting pressure increases
to 98.19%. A relative density value of 92.63% was
obtained in specimens fabricated with a 3D printer
without applying pressure. In this study, the density
of samples pressed with low compacting pressure is
closer to the samples fabricated by 3D printer. In
uniaxial pressing, as the compression pressure in-
creased from 25 MPa to 200 MPa, a continuous in-

TaBLE 2. Relative densities of test specimens

Manufacturing Compaction Relative Density
Method Pressure (MPa) (%)
Binder Jetting 0 92.63+£5.6
25 94.32 +£2.03
Conventional
Powder 100 96.86 + 1.5
Metallurgy
200 98.19+1.2
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SEM images of test specimens: a)

FI1GURE 4.

crease in densities of test samples was observed due
to the inter-particle spaces decreased and the parti-
cles moved closer to each other.

The SEM images of the Ti specimens fabricat-
ed using uniaxial press and 3D printer are shown
in Fig. 4. It is observed that pores of the speci-
mens produced with uniaxial press method have a
spherical morphology and shrink with the increase
of compression pressure. The compression pres-
sure applied to the powder material enables the
small irregular pores to combine and hence lead
to a reduction of the large-sized pores (Amidon
et al., 2017; Castillo et al., 2019). It is seen that
the pores of specimens fabricated by 3D printer
are non-uniform and exist in different sizes. In
the Binder Jetting method, pores are non-uniform
due to the lack of compression pressure, the drop-
let effect of the liquid binder and, the accumula-
tion of binder between particles (Kunchala and
Kappagantula, 2018; Stevens et al., 2018; Castillo
et al,2019).

The XRD pattern of Ti- a phase and Ti spec-
imens fabricated by uniaxial press (25 MPa) and
BJ are shown in Fig. 5. The diffraction peaks cor-
responding to Ti-o phase were observed in all the
specimens (Balbinotti et al., 2011). EDS analysis
graph of the Ti specimens were shown in Fig. 6.
XRD and EDS analyzes showed that Ti-a phase is
predominant which indicate that there is no a sig-
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2 200 Mol
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FiGure 5. XRD patterns of the specimens fabricated by

Uniaxial Press (25 MPa; upper diffractogram, in red) and
Binder Jetting (lower diffractogram, in black) methods.

nificant amount of impurities in titanium struc-
ture.
3.2. Microhardness

Microhardness values of test specimens are
shown in Fig. 7. It is clear that the shaping method
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FiGure 6. EDS analysis results of test specimens: a)
Uniaxial Press (25 MPa), b) Binder Jetting.
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Ficure 7. Microhardness values of Ti test specimens.

directly affects the microhardness of the structure.
The hardness of specimens fabricated with the con-
ventional powder metallurgy increases as the com-
paction pressure increase. While the microhardness
value measured in test specimens produced with 25
MPa compression pressure is 317£10 HV, ., the

0.05>

microhardness value when the compaction pres-
sure increases to 200 MPa is 34715 HV .. This
increase in microhardness indicates that the mi-
crohardness depends on the density and pore sizes
(Gagget al., 2013; Zhao et al., 2019). The hardness
values of the specimens produced with 3D printing
method without applying pressing were measured
as 23818 HV .. Although the relative density of
the test sampfés produced with the Binder Jetting
method and 25 MPa compression pressure is close
to each other, the hardness values of BJ test sam-
ples are lower. Previous studies reported similar
results that the compacting pressure lead to the in-
crease in densification, hardness and compressive
strength (Ryan et al., 2008; Castillo et al., 2019).
The hardness of Ti samples, has 97% relative densi-
ty, fabricated by spark plasma sintering were found
as 341.71 HV (Mahundla et al., 2021). In another
study, Ti samples spark plasma sintered at 1200 °C
had hardness of 391 HV (Shahedi Asl et al., 2018).
The hardness of the Ti samples produced by the
3D printer method and with lower density was
found to be 182.8 HV (Xion et al., 2012). These re-
sults show that the production method and density
directly affect the hardness of Ti samples.

3.3. Compressive strength

The compressive (yield) strengths of Ti test
specimens are shown in Fig. 8. In previous study
the compressive strength of pure Ti produced with
3D binder jetting method was found between 167
to 455 MPa (Wiria et al., 2010). The compres-
sive strength of pure Ti fabricated by selective
laser melting (SLM) varies between 235+52 and
113615 MPa depending on the porosity ratio
(Attar et al., 2015). In conventional powder met-
allurgy method, when the compression pressure
is increased from 25 MPa to 200 MPa, the com-
pressive strength increases from 928+21 MPa to
1154£32 MPa. The increase in compaction pres-
sure causes the decrease of the amount of porosity
and pore interconnectivity, resulting in a part with
higher compression strength (Krizan et al., 2016;

1154+32

928+21

e e
2 288 8
8 8 8 8 3

342 +14

IS
8

g

Compressive (yield) Strenght (MPa)
o

BJ 25 MPa 200 Mpa

J

Y
Uniaxial Press

Production Method
Figure 8. Compressive (yield) strength of Ti test specimens.
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Mostafaei et al., 2017; Yegyan Kumar et al., 2019).
The compressive strength of the Ti pieces produced
by the 3D printing method (342 14 MPa) resulted
in lower values. The main factor in the mechanical
properties of the porous materials is the total po-
rosity (Veljovi¢ et al., 2011). However, in this study,
the specimens with similar total porosity ratios are
compared. The more spherical pores and strong
spherical agglomerates in the samples produced by
axial pressing resulted in better mechanical prop-
erties. The irregular pore structures of the speci-
mens produced by BJ method cause lower strength
(Krizan et al., 2016; Yan et al., 2017). It is seen that
the pore morphology affects the mechanical prop-
erties. Although the parts produced by 3D printing
have lower strength, they are still higher than the
strength of the cortical bone (compressive strength
114-195 MPa) (Torres-Sanchez et al., 2017; Yilmaz
et al., 2018). Also, with additive manufacturing
techniques, more successful results might be ob-
tained in patient-specific biomedical applications
(Harun et al., 2018). Compared to many conven-
tional manufacturing methods, additive manufac-
turing methods provide significant advantages in
high-tech applications, orthopedic and dental ap-
plications (Avila et al., 2018).

4. CONCLUSION

Test specimens were fabricated and sintered by
conventional powder metallurgy and 3D printing
using commercial CP-Titanium powder. Better me-
chanical properties are obtained in specimens fab-
ricated by compaction pressure. Although the me-
chanical strength of the specimens fabricated with a
3D printer are lower, they provide sufficient strength
for biomedical applications.
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