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Both experimental and numerical analysis of powder injection molding (PIM)
of Ti-6Al-4V alloy were performed to prepare a defect-free high-performance
Ti-6Al-4V part with low carbon/oxygen contents. The prepared feedstock was
characterized with specific experiments to identify its viscosity, pressure–
volume–temperature and thermal properties to simulate its injection molding
process. A finite-element-based numerical scheme was employed to simulate
the thermomechanical process during the injection molding. In addition, the
injection molding, debinding, sintering and hot isostatic pressing processes
were performed in sequence to prepare the PIMed parts. With optimized
processing conditions, the PIMed Ti-6Al-4V part exhibits excellent physical
and mechanical properties, showing a final density of 99.8%, tensile strength
of 973 MPa and elongation of 16%.

INTRODUCTION

To manufacture titanium parts with complex
shapes easily, powder injection molding of titanium
and its alloy has become an important method,
employed widely in a variety of areas including
automotive, medical, airframe and accessory com-
ponents.1–8 Although the entire titanium powder
injection molding (Ti-PIM) process is similar to
injection molding of other metal or ceramic powders,
much more attention should be paid to carefully
controlling the processing conditions.9 In Ti-PIM,
large-sized titanium powders are usually used as
powders in a feedstock to restrain their reactiveness
with oxygen, possibly leading to powder-binder
separation during the injection molding
process.10–12

Simulating each process in PIM is an essential
procedure to shorten the time to design and reduce
the number of experiments.13–15 Many studies on
the simulation of PIM have so far focused on the
injection molding stage using the referenced or
estimated material properties of a feedstock.16,17

These works are limited to conducting injection

molding experiments based on simulation results
rather than performing the entire PIM process
analysis and evaluating the quality of the final
products. Barriere et al.16 conducted an experimen-
tal and numerical study on the optimal processing
parameters for the injection molding of stainless
steel 316L powders. The obtained parameters
enabled them to prepare defect-free parts. However,
there was little information on the characterization
of material properties with an influence on the
accuracy of simulation. Fang et al.17 also worked on
the simulation of injection molding of a feedstock,
focusing on powder-binder separation. They showed
that the simulation is a powerful tool to optimize the
injection molding conditions to fabricate defect-free
parts. However, the results were not verified by
experiments, limited only to the mold-filling stage.

To conduct reliable numerical simulations, as
mentioned above, an accurate characterization of a
feedstock is a prerequisite. Based on the simulation
results, experiments should be conducted with
optimized processing conditions to produce PIM
parts with the desired mechanical properties and
without any defects. As for the study concerning the

JOM, Vol. 70, No. 5, 2018

https://doi.org/10.1007/s11837-018-2786-3
� 2018 The Minerals, Metals & Materials Society

(Published online February 26, 2018) 621

http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-2786-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-018-2786-3&amp;domain=pdf


experiments and numerical simulations for Ti-PIM,
especially including the characterization of material
properties for a Ti feedstock, little work can be
found in the literature. In this study, we experi-
mentally and numerically investigated the PIM
process of a titanium alloy feedstock. The feedstock
was characterized systemically to obtain the rheo-
logic and thermal properties to be used in numerical
simulations. In addition, the entire PIM process was
performed under optimized processing conditions to
fabricate defect-free high-performance titanium
parts.

EXPERIMENTAL

Materials

As starting materials, a spherical pre-alloyed Ti-
6Al-4V powder of medium particle size (D50) of
24.5 lm and a wax-polymer binder system consist-
ing of paraffin wax (PW), polypropylene (PP),
polyethylene (PE) and stearic acid (SA) were used.
For detailed information on the powder and binder
system, including the powder morphology, powder
chemical composition, composition of the binder
system and physical properties of each binder, we
refer to our previous work.18

Feedstock Preparation and Characterization

The solid loading of the feedstock used in this
work was 67 vol.%, based on its critical solid loading
(71 vol.%) measured by torque rheometer experi-
ments.18 Generally, the optimal solid loading is 2–
5 vol.% points lower than the critical value.9 A
4 vol.% point lower value was determined to give
sufficient flowability to the feedstock to increase its
moldability. Mixing was conducted three times at
160�C using a twin-screw extruder enabling high
shear mixing to obtain a homogeneous feedstock.
The number of mixing operations was determined
by observing the fluctuation of the viscosity of the
feedstock at a specific shear rate using a plate-to-
plate rheometer after each mixing.18 The material
properties of the prepared feedstock, which have a
significant influence on the success of injection
molding, were characterized with a series of mea-
surements. Material data related to the viscosity,
specific heat, thermal conductivity, pressure–vol-
ume–temperature (PVT) relation and no-flow tem-
perature were measured in sequence using a
standard testing method for each material property.

Specimen Preparation and Characterization

In this section, we briefly address the way to
prepare the PIMed titanium alloy parts. Using the
injection molding conditions (injection temperature:
165�C, mold temperature: 50�C, injection pressure:
61 MPa, packing pressure: 58 MPa, packing time:
1.0 s, cooling time: 20 s), the feedstock was injection
molded into ASTM E8 tensile test specimens. A two-
step debinding process, consisting of solvent and

thermal debinding, was used to remove the binders
resident inside the injection-molded parts. Solvent
debinding is performed in a 50�C n-hexane bath for
12 h, followed by thermal debinding under a ther-
mal cycle (from 25�C to 250�C: 2�C/min, holding:
3 h, from 250�C to 450�C: 1�C/min, holding: 3 h,
from 450�C to 700�C: 1�C/min, holding: 1 h) in a
tube-type furnace with a high-purity argon flow.
Sintering was performed at 1250�C with the hear-
ing rate of 2�C/min and holding time of 2 h in a
high-vacuum atmosphere. Finally, the sintered
specimens were HIPed at 930�C and 100 MPa for
2 h to improve the density and mechanical strength.
The mechanical properties of both sintered and
HIPed samples were measured through a tensile
test under the deformation speed of 2 mm/min. In
addition, the chemical composition of the final
product was measured using LECO combustion
analysis.

MODELING AND NUMERICAL
SCHEME FOR INJECTION MOLDING

In the filling stage, the flow is assumed to be
incompressible. The governing equations for an
incompressible generalized Newtonian fluid are as
follows:

r � 2lDð Þ � rp ¼ 0; ð1Þ

r � u ¼ 0; ð2Þ
where l is the viscosity, D the rate-of-deformation
tensor defined by D ¼ 1=2 ruþruT

� �
, p the pres-

sure and u the velocity. As for the boundary
conditions, a prescribed velocity is imposed at the
inlet. The no-slip condition is applied at the mold
wall that is in contact with the fluid, but a free-slip
condition is applied to the wall in the unfilled air
region. At the vent, the no-slip condition is applied if
the vent is in contact with the fluid, whereas a
traction-free condition is applied if it is in the
unfilled air region, as used in our previous stud-
ies.19,20 The heat transfer is modeled by the follow-
ing energy equation,

qcp
@T

@t
þ u � rT

� �
¼ r � krTð Þ þ l _c2; ð3Þ

where T is the temperature, q the density, cp the
specific heat, t the time, k the thermal conductivity
and _c the generalized shear rate defined by

_c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2D : D

p
. A fixed injection temperature is pre-

scribed at the inlet and a constant temperature at
the mold wall. During the cavity-filling process, the
melt front is moving in time, which is treated by a
scalar function called the pseudo-concentration
function F, which is one in the completely filled
region but zero in the unfilled region.19 The fluid-air
interface is defined by an iso-surface where F = 0.5.
By solving the advection equation for the concen-
tration, given by
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@F

@t
þ u � rF ¼ 0; ð4Þ

one can implicitly represent the moving melt front
in time. Initially, F is set to zero in the unfilled
domain. Since Eq. 4 is a pure advection equation, a
boundary condition only at the inlet is needed,
which is F = 1.

As for the viscosity of the feedstock, the Cross-
WLF model is employed, given by

lðT; _cÞ ¼ l0

1 þ l0 _c
s�

h ið1�nÞ ð5Þ

l0 ¼ D1 exp
A1ðT � T�Þ
A2 þ T � T�

� �
; ð6Þ

where l0 is the zero-shear-rate viscosity. The
parameters in the viscosity model, n, s*, D1, A1

and A2, are obtained by curve fitting of the exper-
imental characterization.

A numerical scheme based on the finite element
method (FEM) was employed to solve the flow and
heat transfer in the filling stage of the PIM process.
The computational domain is discretized by linear
tetrahedral elements. A stabilized finite element
formulation21 is used to solve the flow problems. The
streamline-upwind/Petrov–Galerkin (SUPG)
method22 is employed to solve the transport equa-
tion for the pseudo-concentration and the energy
equations, preventing numerical oscillations in con-
vection-dominant problems. For details on the finite
element formulations, we refer to our previous
works.19,20

RESULTS AND DISCUSSION

Characteristics of Feedstock

First, we characterized the material properties of
the prepared feedstock, which are essential to
perform accurate injection molding simulations.
Figure 1a shows the relationship between the shear
rate and viscosity of the feedstock at the tempera-
ture ranging from 140�C to 180�C. German et al.9

suggested that the viscosity of the feedstock should
be lower than 1000 PaÆs at the shear rate range
between 100 s�1 and 100,000 s�1 to be successfully
injection molded. As shown in Fig. 1a, this require-
ment holds for the prepared feedstock at the three
temperatures, indicating that the feedstock has a
good flowability to be injection molded. The exper-
imental results were curve fitted with the Cross-
WLF model (Eqs. 5 and 6). The fitted parameters of
n, s*, D1, D2, A1 and A2 are 0.47, 9469 Pa,
8.6 9 109 Pa s, 263 K, 22.6 K, and 51.6 K,
respectively.

It is important to understand the states of the
feedstock during the entire process of injection
molding. Figure 1b shows the PVT diagram of the
feedstock, describing the relationship between

temperature and specific volume at a pressure
ranging from 0 MPa to 200 MPa. The transition
temperature increases as the pressure increases.
The density at the injection temperature and the
typical injection pressure is used as an input
parameter in injection molding filling simulation.

The thermal properties of the feedstock were also
characterized experimentally. The specific heat of
the feedstock was measured by a differential scan-
ning calorimetry experiment at different tempera-
tures ranging from 20�C to 180�C as shown in
Fig. 1c. Three peaks appear at 42�C, 56�C and 90�C,
representing the melting points of the binder com-
ponents in the feedstock. In addition, the thermal
conductivity of the feedstock at different tempera-
tures was measured using a line-source method. At

Fig. 1. Characteristics of prepared feedstock characterized through
experiments. (a) Rheologic properties with the relationship between
the shear rate and viscosity at different temperatures. (b) The PVT
diagram showing the relationship between temperature and specific
volume at different pressures. (c) Thermal property showing the
relationships between temperature and specific heat.
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the three temperatures, 150�C, 165�C, and 180�C,
the feedstock has a thermal conductivity value of
about 3.1 W/m K, 2.0 W/m K and 1.9 W/m K,
respectively.

Simulation Results and Verification

Numerical simulations for the PIM filling stage
were conducted using the numerical model pre-
sented in ‘‘Modeling and Numerical Scheme for
Injection Molding’’ section. In this section, results
for injection molding filling simulation of an ASTM
E8 tensile test specimen will be introduced. Fig-
ure 2a shows the finite element mesh for the cavity
of the specimen, discretized by 153,526 linear
tetrahedral elements with 31,042 nodes. In simula-
tion, the material properties of the Ti-6Al-4V feed-
stock presented in ‘‘Characteristics of Feedstock’’
section were used. As for processing conditions used
in simulations, we used the same injection molding
conditions as mentioned in ‘‘Specimen Preparation
and Characterization’’ section. Although we con-
ducted numerical simulations for the filling and
post-filling stages, in this article, results for the
filling stage will be presented. Figure 2b shows the
distribution of fill time, the time required to fill a
specific location in the cavity. At first, the melt flows
into the cavity from the gate, and the flow is divided
into two streams. In this case, the gate is located
near the lower grip part (not the center of the
specimen) to avoid defects that can be formed at the
gauge area. The lower grip part near the gate is
filled first. Then, the melts flow toward the gauge
area and the upper grip part until the entire cavity
is filled. To compare the numerical results with the
experimental data, short-shot tests were performed.
As depicted in Fig. 3, 17 snapshots were taken
during the filling process. The two results show good
agreement, demonstrating the accuracy of the mea-
sured material properties and numerical models
used in the simulations.

Mechanical Properties of the Final Parts

The entire PIM process was carried out to deter-
mine the mechanical properties of the PIMed part.
After preparing the green parts with optimized
injection molding conditions, the solvent debinding,
thermal debinding, sintering and HIP processes
were carried out in sequence.

Referring to the online supplementary material,
supplementary Fig. S-1 shows the solvent debinding
curve of the green tensile test parts, illustrating
that the PW binder can be removed after 12 h. The
thermal debinding condition was optimized based
on thermogravimetric (TG) experimental results as
shown in supplementary Fig. S-2a. A very small
amount of the remaining binders (PW and SA) and a
large amount of the backbone binders (PP and PE)
started to decompose around 200�C and 400�C,
respectively. As the heating rates increase, the
decomposition temperature of the backbone binders

is lagged. To analyze the binder decomposition
behavior in more detail, the weight loss rate of
binders at three heating rates was calculated, as
shown in supplementary Fig. S-2b, which describes

Fig. 2. Structural modeling and simulation result of injection molding.
(a) FE mesh consisting of 153,526 tetrahedral elements with 31,042
nodes. (b) Contours of the fill time for the specimen geometry.

Fig. 3. Experiment and simulation results on short-shot tests of
prepared Ti-6Al-4V feedstock.
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the rate of binder removal as a function of the
temperature. The larger the heating rate is, the
faster the weight loss, indicating that the binder
removal occurs more rapidly. To avoid the defects
caused by the fast binder removal, low heating rates
are used. In addition, the holding temperature is set
to 250�C and 450�C to completely remove the
remaining PW, SA and backbone binders. At the
final stage of thermal debinding, the samples were
heated up to 700�C to pre-sinter the powders,
providing the mechanical strength for the subse-
quent sintering process.

The processing conditions for sintering and HIP
were also optimized through experiments and liter-
ature surveys. Figure 4 shows the strain–stress
curve of as-sintered and sinter-HIPed samples.
After sintering, the shrinkage of samples in the
length direction was around 11%, showing the
average relative density of 96.05%, tensile strength
of 902 MPa, yield strength of 815 MPa and elonga-
tion of 13%. However, after the HIP process, the
four values increased to 99.84%, 973 MPa, 902 MPa
and 16%, showing reasonably good mechanical
properties compared with those summarized in
previous research.7,9 The increased mechanical
properties are due to the relatively high solid-
loading, defect-free molded samples and carefully
optimized debinding and densification conditions,
leading to quite low oxygen and carbon contents in
the final densified samples. The oxygen and carbon
contents in the final sinter-HIPed part were 0.20%
and 0.09%, respectively, which are quite low values
for PIMed titanium parts.

CONCLUDING REMARKS

In this work, the injection molding of Ti-6Al-4V
powder and wax-polymer binder mixtures was both
experimentally and numerically analyzed to opti-
mize its injection molding conditions. The filling
simulation results show good agreement with the
experimental results, demonstrating the accuracy of
the characterized feedstock properties and the
validity of the numerical models. Defect-free Ti-

6Al-4V parts with high mechanical performance
were successfully produced by a PIM process incor-
porating optimized processing conditions.
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