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ARTICLE INFO ABSTRACT
Article history: In this study, X-ray tomography was applied as a non-destructive test to investigate the
Received 12 May 2020 internal defects of the green part produced with Powder injection molding (PIM). PIM is a
Accepted 23 June 2021 material processing technology that combines injection molding with powder metal-
Available online 29 June 2021 lurgy. The determination of multiple parameters such as rheology, molding, bonding,
and sintering stages in the PIM method requires a long time, energy, and high cost. Metal
Keywords: and ceramic injection molded parts are known to be susceptible to defects like cracks,
Implant weld lines, bubbles, or gaps. The examination and elimination of these defects are
Green part critical to the safety of the products because even a very short crack can significantly
X-ray tomography reduce the tensile and fracture strength of the parts. The internal structure analysis of
Powder injection molding the green parts after molding is very difficult. Defects (internal cracks, micropores,

jetting, etc.) occurring in the green part will occur in the sintered. Therefore, it is
essential to analyze the possible defects on molded parts before applying the ongoing
process to save time and costs. Since the medical implants are in complex shape in
general, the more internal defects can be seen at molding stage, it is needed to check the
internal structure without any destruction, because there is no chance toleave them for
recycle in the case of any defect. In experimental studies, it was observed that there
were defects of edge, interior, and gaps in X-ray analysis for four different injection
parameters. In X-ray analysis, the defects free parts were obtained for green part 4 pa-
rameters (temperature of 237 °C, flow rate of 20.11 cm?/s and pressure of 120 MPa). As a
result of X-ray analysis, the difference between green part 1 and green part 4 is clearly
visible in terms of defect. Injection temperatures, speeds and pressure play important
role on originating of defects.
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1. Introduction

The technology of the powder injection molding (PIM), in spe-
cific the metal injection molding (MIM), combines the plastic
injection and powder metallurgy. It has capable of producing
intricate and small parts that almost have near-net-shape for
highly automated mass production purposes [1—6]. Up to now,
it has been found that biocompatible metals are the most
desirable materials for commercial medical implants due to
their excellent mechanical, physical and chemical properties.
In addition to that, PIM technology has been extensively used
in the production of the component in the medicine field such
as surgery and dentistry [7—9]. In the past, the main criteria for
choosing the implant material were suitable physical proper-
ties and non-toxicity. Butrecent expectation is to include some
properties such as assisting in the growth of human body tis-
sues and outstanding properties. The most extensively used
implant materials for biomedical applications are stainless
steel, titanium, and cobalt-based alloys. These materials are
chosen due to their superior mechanical, chemical properties,
and corrosion resistance as well. Among them, titanium alloys,
especially “Ti6Al4V alloy”, are extensively used because of its
superior heat resistance, strength, plasticity, toughness,
formability, weldability, corrosion resistance, and biocompat-
ibility. Due to their unique properties such as lightweight and
higher specific strength, it is also extensively used in the
aerospace industry [10].

PIM is one of the productional techniques for the applica-
tion of titanium and its alloys in the medical industry. The
four main steps in PIM technique to produce a part are; 1)
mixing, 2) injection molding, 3) debinding and 4) sintering
[11-13]. The parameters which affected the quality of mold
filling are injection pressure, speed, and temperature. If these
parameters are not chosen properly, it might lead to the for-
mation of defects in the green part. The main disadvantage of
PIM method is that there might be porosity or cracks in the
structure of the green part after forming. Almost all produc-
tion methods, not only PIM technology, the presence of any
defects or flaws have a negative effect on mechanical prop-
erties of the final part and it can cause catastrophic cases due
to exhibiting lower mechanical properties. In order to mini-
mize the undesirable situation, the production methods must
be improved continuously [14]. Due to difficulties in deter-
mining defects such as pore and microcrack during the pro-
duction of green parts, destructive examinations (tensile test,
3-point bending testing, SEM) are used on sintered parts and
those tests show only external defects. The other methods
such as the ultrasonic test methods cannot show internal
defects directly and the eddy current method does not give
the detail of the fault. The conventional observation tech-
niques i.e., scanning electron microscope and optical micro-
scope need the process of sample preparations such as
cutting and polishing. During sample preparation steps, many
errors can occur, and artificial defects can change the original
structure of the sample. Also, due to the low strength of the
injected green part, powders can be pulled out and binder can
smear onto the surface. Therefore, the internal structure
analysis is difficult and it is not suitable to perform the
detection of defects in the green part [15—18]. Thanks to new

characterization techniques like X-ray tomography (it is also
known as X-ray micro-computed tomography or computed
tomography) is applied to fields of material science and it
enables to get 3D information about the inner structure of the
final product without destroying. With this method, it is
possible to detect the size and the location of the defect at
high resolution [19—25].

In the literature of the injection process, Qu et al. studied
6061 aluminum alloy and 316L stainless steel green parts
produced by different injection parameters such as injection
pressure, speed, and temperature [15]. The green bodies were
analyzed by X-ray tomography, after the completion of the
injection process and the different types of defects were ob-
tained by the improper injection parameters. The spatial
morphology characteristics of the serious defects were
demonstrated by using 3D rendering of the green parts. The
reasons of the defect formation were tried to understand, and
the optimization of the injection parameters was performed
for stainless steel and aluminum alloy. Weber et al. investi-
gated the effect of the powder distribution (stainless steel
17—4 PH) in green parts with respect to the molding parame-
ters using synchrotron microtomography and 3D image
evaluation [26]. They concluded that the microtomography
was a key tool for investigating the powder distribution in
micro-powder injection molding process. Hedele et al. used X-
ray tomography for the particle distribution of ceramic pow-
ders in thermoplastic binders to determine the particle den-
sity and defect distribution in micro parts [27]. Their results
showed that the crucial defects and density variations can be
detected, and the injection molding process can be optimized
using X-ray tomography. Xinbo et al. focused on the influence
of filling patterns on the powder-binder separation in PIM [28].
Using X-ray CT, the powder-binder separation was detected
for the green part. By the evolution of powder-binder sepa-
ration obtained by numerical simulation, the experimental
phenomena were explained in detail. In summary, X-ray im-
aging is a promising method for non-destructive testing and
quality control for PIM and MIM parts. Another advantage of
the method is that all examination procedures can be per-
formed within seconds, and this allows routine and serial
testing of all manufactured parts in a production line. Various
defects affecting the mechanical properties of the products in
the sintered state, such as glare, distortion or edge rounding,
can be detected by X-ray tomography in the green parts of
smaller sizes than millimeters. Wall shift, surface roughness
or jetting effects on the flow behavior of micro-size green
material systems can be visualized by X-ray tomography and
may serve as a reference for further research. To obtain a
better resolution on X-ray tomography, different powder
materials with different particle sizes or other tomography
modes like phase contrast can be used.

In comparison with other biocompatible metals such as
stainless steel and cobalt-base alloy, titanium and its alloys
have exhibited perfect biocompatibility and outstanding me-
chanical properties which are close to the bone. The passive
oxide layer formed on the surface protects titanium implant
material against pitting corrosion and intergranular corrosion
[10,29-33].

The difficulties in the machining of titanium alloy
leads to use PIM on the production of cortical bone screw. In


https://doi.org/10.1016/j.jmrt.2021.06.083
https://doi.org/10.1016/j.jmrt.2021.06.083

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;14:277—-286

279

Table 1 — Chemical compositions and mechanical

properties of the TigAl,V titanium alloy.

Element Weight % Atomic %
AlK 6.30 10.68
TiK 90.26 86.23
VK 3.44 3.09

comparison to the other steels and alloys, titanium alloys
need higher cutting force during the machining process.
Another disadvantage of titanium alloys, despite having
almost equal hardness with other alloys, the metallurgical
properties make the alloy difficult to machine or process.
Realistic processing rates of machinability can be achieved at
an acceptable cost level, if the processing conditions are
selected for a particular alloy composition and type of
machining. More recent attention has focused on the devel-
opment of new tool materials for the improvement of the
machining of titanium alloys [29,30]. Because of the diffi-
culties in the machining of TicAl,V implant, as well as inten-
sive use in both hip and wrist, mass production of these
medical parts is required.

X-ray tomography is a commonly used tool within the
materials science research efforts for enlightening of solid
parts of a material [34—36]. Thanks to the X-ray tomography,
the re-use or recycling of defective green parts produced with
PIM method will be easier than the pressed part since the
feedstock consists of the thermoplastic binder. Material, en-
ergy and time can be saved by determining the porosity and
microcracks of the green part before starting the process of
the sintering. X-ray tomography was used as a non-
destructive examination method to analyze the internal de-
fects of the green part produced with PIM, to investigate the
causes of these defects and to produce solutions to prevent
them.

The most important factor that distinguishes the study
from other similar studies is that the feedstock is produced by
the researchers, and it is easier to eliminate rheology-related
errors [37,38]. In addition, another important difference is
that a workflow chart has been created and the applicability of
X-Ray tomography, which is generally applied to powder
metal parts, with flow simulation program to powder injection
molding has been investigated. With the latest developed
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Fig. 2 — Cortical-bone screw-implant design [1].

programs, such as Moldflow (metal thinning molding), it has
been made suitable and more realistic results.

2. Experimental procedure
2.1. Materials

The samples used in the study were prepared from powder
injection molding TigAl,V material. The chemical composition
and mechanical properties of the TigAl,V titanium alloy are
shown in Table 1. Average particle size: 13.4 micron and the
powder form is to be spherical.

The results of cast TigAlsV energy dispersive X-ray spec-
troscopy (EDS) analysis performed by JEOL JSM-6360 LV elec-
tron microscope are given in Fig. 1. According to Fig. 1, the
highest peaks appear to be titanium, aluminum, and vana-
dium, respectively.

2.2. Homogenity mixing

The study includes the binding system consisting of PP/PEG/
SA. First, the binders and then the TigAlL,V powders were
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Fig. 1 — EDS analysis of Ti alloy.
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Fig. 3 — SEM ve X-RAY Tomografi cihaz goriintiileri.

mixed with the binder system in a dry environment in certain
proportions for about 45 min. Thus, 100 cm? feedstock mixes
were prepared. Feeding stocks were turned into granules by
using an extruder. To prevent the formation of air bubbles, a
continuous vacuum was made in the area close to the mold
part during granulation. Air bubbles or granules that will form
in the granule appear as cavities during molding. The typical
grain (granule) size is 4 mm.

2.3. Injection molding parameters

In Fig. 2, implant geometry produced by injection molding is
given. 3D solid models of designs were obtained by the reverse
engineering method. The cortical bone screw used in the
application (hospitals) was scanned with a laboratory scan-
ning device and an implant designed for one-to-one working
was designed. In the Powder Injection method, as a result of
removing the binders in the feedstocks, a shrinkage of 17—-20%
occurs in the green parts. This detail was taken into account
during the mold design. The cortical-bone screw-implant,
whose preliminary designs are given in Fig. 3, has been
designed with SOLIDWORKS.

Injection parameters were used in various trials to produce
the implant. Injection parameters were used in various trials
to produce the implant. Flow rate, pressure, temperature,
clamping force, die filling time and holding pressure are given
in Table 2.

2.4. SEM analyses and X-Ray tomography

SEM analyses was performed using Hitachi Regulus 8230
scanning electron microscopy (SEM) after granulation. After
injection process, images were captured from SEM with 30x
magnification for surface roughness and 2000x magnifica-
tion for micro-cracks. According to ASTM E2869 standard,
YXIon X-Ray unit was used to detect the pores and gaps

formed in the samples. X-Ray tomography (minimum
power 85 kW and 0.05 A) images were taken for Ti alloy
samples with different parameters. The experiments were
carried out to perform X-ray tomographic scanning for
samples obtained using an injection pressure of 100 MPa, a
velocity of 50 cm3/s and a temperature of 165 °C. Fig. 3
shows the SEM and X-Ray device images used in the
experiments.

3. Experimental results

As shown in Fig. 4, the binders form a film layer on the pow-
ders during the powder/binder mixture. This formed film layer
plays an important role in determining the injection temper-
ature during injection molding. In addition, the binders used
to determine the flow characteristics of the feedstock con-
sisting of powder/binder. In short, the coating or film layer
formed by the binder is decisive in the injection molding and
subsequent de-binding process.

The rheology experiments were carried out on the granules
obtained homogeneously. Rheological experiments of powder
loading were performed in the volumes of 50—60%. The
melting flow index change is in the range of 261-1888 (gr/
10 min). On the other hand, the viscosity change is between 72
and 1001 Pa and it is in the ideal ratio. When the viscosity-
temperature graph is examined, it is seen that the viscosity
values are below 1000 Pa. Flow type is pseudo-plastic, that is,
viscosity decreases with temperature. As a result of rheology
experiments, it can be said that the feedstock is suitable for
injection molding both in terms of volumetric loading ratio
(%60), melt flow index and viscosity-temperature variation
[39,40]. The feedstocks obtained with PP/PEG/SA were deter-
mined as 60% optimum loading by volume and after that the
molding process was started. In Fig. 5, the molded part and
mold design are depicted.

Table 2 — Parameters of injection molding.

Properties GreenPart 1 GreenPart 2 GreenPart 3 GreenPart 4
Flow rate (cm?¥s) 16.92 17.95 18.91 20.11
Pressure (MPa) Max 100 105 110 120
Temperature (°C) Max 215 220 225 237
Close force (ton) Max 1700 2000 2500 3200
Holding pressure (MPa) Max. 34.83 38.94 42.7 47.1
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Fig. 4 — SEM of the cover of the binder to coat the dust and form a thin film layer.

In Fig. 6, the green part image is given for high pressure
(120—155 MPa) applications. It was observed that the green
part preserved its geometry at 120 MPa pressure value and
over 120 MPa the problems occurred such as removal from
mold and flash. In here, there are two main factors play

Fig. 5 — Green part production with 60% feedstock by
volume.

critical role, the first one is molding pressure and the second
one is holding pressure. The holding pressure was maintained
to be 30% of the injection pressure. Therefore, the problem
occurred due to the high injection pressure.

Images of green parts produced in different parameters
were taken with the X-ray tomography device. In the images
are given in Fig. 7, damage to the green part can be seen after
X-ray shooting. Images were taken for four different molding

Fig. 6 — Molding of the green part in high pressure
applications.
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Fig. 7 — X-ray tomograhy analysis of the green part produced with different parameters.

parameters. As a result of x-Ray analysis, the crack formed
near the mold boundary (edge), the cracks appearing in the
central part and internal gaps were determined in the parts. If
most of the errors in injection molding are not due to
rheology, injection pressure, temperature, and flow rate are
caused. At high injection pressures, jetting and burr forma-
tion, low injection pressures, mold filling, and incomplete
filling occur. At high temperatures, it is not possible to reuse
the granule since the decomposition process will begin.

As can be seen in Fig. 7, parameters such as flow rate,
pressure, temperature, holding pressure and time have been
changed and the most suitable injection molding parameters
have been determined. It can be said that an ideal molding
was performed for Green part 4 and it is also in harmony with
the simulation study applied for two-eyed and four-eyed
molding operations [1,40]. As a result of X-ray analysis, it

was observed that there were edge and middle defects in the
green part. As seen in Fig. 7, severe defects are shown for four
different groups. This study was performed to compare green
parts obtained with different injection parameters (injection
temperature, injection pressure and speed). As the injection
pressure and temperature increase, the amount and average
volume of large pores decreased. Furthermore, increased
temperature has more pronounced effects to reduce injection
defects. Therefore, an increase in temperature is an effective
way to obtain appropriated injection parameters. For these
injection parameters, the main defects are cracks which are
seen in the middle region. In Fig. 7, it is clearly seen that the
pores (gaps) and cracks in the middle region gradually disap-
pear as the temperatures increases from 215 °C to 237 °C. It is
possible to obtain appropriate injection parameters using X-
ray tomography. Lower injection pressure and speed can

Table 3 — Types of defects according to different parameters according to x-ray tomography analysis.

Properties GreenPart 1 GreenPart 2 GreenPart 3 GreenPart 4
Parameters T Y T Y T K /T

P ; P ; P —> /P
Result the cracks of edge the craks of interior pore the cracks of edge minimum flaw

the craks of interior
pore
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Fig. 8 — pVT analysis for the green part.

Fig. 9 — The Green part solvent debinding.

reduce the mold removal force and powder-binder separation,
respectively. Small cracks were observed at the bottom of the
green parts. If the injection speed or temperature is too high, it
causes the phenomenon called as jetting. The parameters
which are used for green part 1 (Pressure-Temperature-Flow
Rate), large pores are formed in the parts. In Fig. 7, the defect
between green part 1 and green part 4 can be seen in promi-
nently. Table 3 summarizes the situation showing the effect of
temperature and pressure changes on defect formation.
Debinding process was performed on the defect free sam-
ples which are scanned on X-ray tomography. If the parts
have some defects, they are recycled for granulation process.
The debinding step for PIM is an important process and it is
done in two ways depending on the type of debinding. Solvent
and thermal debinding. Thermal debinding parameters (speed
and temperature) were carried out in line with the data ob-
tained by thermal analysis. Binder distortion temperature,
flash temperature, melting temperature, etc. DTA, TGA and
pVT analyses were performed to determine the temperature
ranges that should be known in this respect. Binder removal
was carried out in a protective atmosphere furnace. Debinding
was performed in two steps depending on the binder, solvent
removal, and thermal decomposition. PEG8000, a water-based
binder, was removed by leaving it in heated water at 60 °C for

24 h. Thermal decomposition was performed at heating rates
of 1 °C/min under a protective atmosphere (Ar) based on TG
analysis. Heating rate was applied as 5 °C/min and the tem-
perature was increased to 600 °C. As a result of thermogravi-
metric analysis, it was determined that the initial sample
deteriorated at 240 °C. In Fig. 8, pVT analysis curve is given.

The purpose of pVT analysis is to obtain the data required
to examine the temperature and pressure changes that occur
during injection molding. Values such as heat capacity, ther-
mal conductivity feature and specific heat of the ideal feed-
stock are important for injection molding pVT analysis was
used. Since each mixture will exhibit a different flow charac-
teristic, the change of feedstocks with temperature and
pressure is an important criterion. As a result of pVT analysis,
PEG which is water soluble, was left to dissolve in heated
water at 60 °C for 24 h. In Fig. 9, the samples are shown after
debinding process and it is seen that there is no deformation
has occurred.

Thermal debinding was conducted at 1 °C/min heating
rates under a protective atmosphere (Ar) and the temperature
increased to 900 °C. In Fig. 10, it is seen that the samples have
not deformed after thermal debinding process. In the TigAlLLV
alloy powder injection process, the different kinds of defects
emerged due to the improper injection parameters (injection
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Fig. 10 — The green part of termal debinding.

pressure, flow rate and temperature). X-ray tomography was
successfully applied to detect these defects in the green
bodies. Due to the low injection temperature (210 °C and
220 °C), many big pores and cracks emerged in the green
bodies. As the injection pressure and speed increase (120 MPa
and 237 °C), the amount and average volume of the big pores
decreased. For Green part 4, the cracks occurred mainly near
the mold boundary and apparent pores and cracks dis-
appeared in the central region compared to cases obtained
with low injection temperatures (210 °C and 220 °C). Injection
parameters applied for Green part 4 appear to be the most
suitable injection parameters for TigAl,V alloy. Due to the
jetting phenomenon, serious defects (large pores) have
appeared in the green parts with high injection pressure
(>120 MPa) and speed (>20 cm?/s). When TigALV alloy is pro-
duced with the powder injection molding injection method,
appropriate injection parameters are obtained very efficiently
using X-ray tomography. Green part 4 parameters were veri-
fied by X-ray tomography analysis for injection molding and
defect free part production in samples obtained by optimum
powder loading rate determined in the volume of 60%. In
traditional studies with injection molding parameters,
numerous of experiments must be made. In addition, the
defects in the internal structure of the part are determined by
destructive inspection methods after sintering process. It is
understood that internal structure analysis of the green part
can be determined properly with the X-ray analysis method
before sintering. After X-ray analysis, the thermal and solvent
debinding operations were carried out considering pVT anal-
ysis. It is possible to obtain defect free part production with X-
ray tomography.

4, Conclusion

The main principle in the study is to ensure the control of the
green part without going through the sintering phase. By
adding Moldflow analysis and X-ray tomography mechanisms
to the classical powder injection molding system, the sinter-
ing of the defect-free part is aimed. First of all, the lower limit
parameters to be used in injection molding were determined
by Moldflow simulation. These parameters are determined as
flow rate, pressure, temperature, holding time and holding
pressure. In the literature, it has been determined that
as a result of the experience gained by using destructive

inspection methods (SEM, optics), large pores and cracks
occur at low temperatures and large pores decrease with
increasing injection pressure.

At high injection speeds and pressures, jetting (large pore)
occurred in the green part and can be determined by SEM
analysis. At high debinding rates, superficial cracking, and
failure of the part to maintain its shape, plastering of the
binder to the sample, and distortion occur. Since the binder
forms a thin film layer on the powders, the pore between the
dust and binders is almost nonexistent. Therefore, errors
caused by injection parameters were more obvious (internal
and superficial crack, large pore, open-closed pore, jetting,
etc.) and selectable. The errors associated with these injec-
tion parameters should be more selectable (internal and su-
perficial cracks, large pores, open closed pores, jetting, etc.).
As a result of these experiences, the effects of changes such
as X-ray tomography analysis (non-destructive examination),
injection pressure, speed and temperature, connector
removal rate temperature and waiting times on the part were
examined. Qu et al. performed an X-ray analysis of the green
parts they obtained with Al6061 and 316 Stainless steel
powder in their study [15]. They examined the changes in
pressure, speed, and temperature changes in the green part
as injection parameters. In the study conducted by Muchavi
et al. [41], it was mentioned that X-ray tomography of powder
injection and powder rolling parts was used, and it was
mentioned that the non-destructive inspection measurement
was very useful. With the help of X-ray tomography, cracks
and error analysis of the green parts were made and recy-
cling of the thermoplastic-based feedstocks was provided by
recycling. Another advantage of the method is that it can be
applied to any PIM part. In industrial applications, since the
system will be integrated directly into the production line, it
will be possible to detect faulty parts in real-time.

The defects that occur in the raw part cannot be removed
by sintering. It has been observed that the resulting defects
would be eliminated if appropriate injection parameters are
used. As a result of the sintering of parts with serious defects,
itis understood that the faults cannotbe eliminated. In defect-
free samples produced with appropriate injection molding,
parts close to full density are obtained. The aim of the study
was succeeded that the errors caused by injection have been
minimized to convert the thermoplastic-based feedstocks
into granules and make injection molding again without going
to the sintering stage [42,43].
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