
IP: 79.123.215.72 On: Tue, 05 Apr 2022 07:19:58
Copyright: American Scientific Publishers

Delivered by Ingenta

Materials Express
A
rticle

Copyright © 2017 by American Scientific Publishers
All rights reserved.
Printed in the United States of America

2158-5849/2017/7/245/008
doi:10.1166/mex.2017.1378

www.aspbs.com/mex

Ti–6Al–4V alloy cortical bone screw production by
powder injection molding method
Levent Urtekin1,∗ and Anıl Taşkın2
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ABSTRACT

In this study, Ti–6Al–4V alloy is targeted to produce cortical bone screw by powder injection molding method.
The rheology study was experimentally performed with PEG8000: PP: SA binder system. Thermogravimetric
(TGA) analyzes were performed for F1 feedstocks. F1 feedstock showed the ideal properties in terms of vis-
cosity and melt flow index values. Autodesk Moldflow simulation was carried out on a screw part for moldability.
In the rheology analysis, F1 feedstock exhibited superior properties with the viscosity of 72–1001 Pa · s, melt
flow index of 261–1888 g/10 min and highest volume ratio of 60%. It was decided to perform the injection
molding with F1 feedstock at the end of experimental and simulation studies. In this concept, rheology, mold-
ing, debinding, sintering and simulation analyses were performed. Experiments with different injections (1000
and 1200 bar) and holding pressures (400 and 600 bar), flow rate (17,260 cm3 and 20, 11 cm3) and temper-
atures (200 and 237 �C) were made and cortical bone screw were successfully molded. Debinding process
was performed at different temperatures until 900 �C with 1 �C/min intervals. Sintering process was performed
at 1250 �C and 5 �C/min heat rate. Finally, the powder injection molding parameters of the Ti–6Al–4V cortical
screw bone were determined.

Keywords: Ti–6Al–4V, Metal Injection Molding, Cortical Screw Bone, Rheology, Simulation.

1. INTRODUCTION
The purpose of powder injection molding (PIM) method is
to produce engineering parts from powders using the plas-
tic injection molding machine and plastic binders.�1–3� The
powder processing technology is suitable for economical
production of small, complex shaped, full sized, precise
tolerance, smooth surfaced and high strengthen mechani-
cal parts which require more processing.�1–5� Examples of
PIM applications include complex shaped machine parts,
small watch parts, robot arms, medical device parts, dental
prostheses, office equipment, laboratory equipment, motor
parts, weapon parts, automotive parts, hand tools, jeweler
and high temperature parts.�1–5� Metal injection molding
technology included in powder metallurgy is accepted as
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one of the important methods to produce specific parts
for industry and other fields of technology.�6� High den-
sity, excellent dimensional stability is achieved in com-
plex parts.�7� Medical implants developed from stainless
steel and titanium alloys and cobalt based alloys are
the most widely used materials in today’s biomedical
applications.�8�9� Production of biocompatible metals for
implant devices is limited because of high raw material
cost and difficulty in processing complex geometry. These
restrictions are stated in the literature as follows. The
higher shear force is required to process titanium alloys
than that required by steels. Despite having equal hard-
ness, the metallurgical properties of these alloys make
them difficult to process. For processing, beta alloys are
the most difficult one among titanium alloys. Especially
during grinding, it is necessary to perform some works to
prevent irregularities in surface integrity for the titanium
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alloy. Otherwise, dramatic losses can occur in mechanical
behaviors such as fatigue. Additionally, standard mechani-
cal properties of titanium alloys might be lost at high pro-
cessing speeds.�10–12� Because of these undesired effects,
new production methods have been investigated for tita-
nium alloys. The difficulties in machining the Ti–6Al–4V
alloy require serial production of the cortical screw bone
piece. If 316L stainless steel is used as an alternative
to Ti–6Al–4V cortical screw bone, Ti–6Al–4V cortical
implants are preferred because of their corrosion resis-
tance and superior biocompatibility. Since the mechani-
cal properties of Ti alloys are close to the mechanical
properties of the bone, they have widespread use.�10–12�

Metal injection molding (MIM) is an alternative way of
overcoming these problems. The MIM process can reduce
cost with the advantages of net shape fabrication and the
ability to produce small, high-complexity parts with high
throughput.�13�14�

Injection molding stage is consisting of different steps
such as heating and melting of feedstock, inject the melted
feedstock to mold cavity, forming the melted feedstock
into the desired shape, packing, cooling-solidification and
the ejection of the molded product.�15� Some defects can be
determined in the molding stages because of the feedstock
properties, injection pressure, temperature and holding
pressure.�16� To overcome these defects, some software’s
such as Moldflow, Polyflow and Moldex 3D can be pur-
chased and used. These software’s are used to estimate
injection parameters during the injection molding.�17� The
binder types used in Metal Injection Molding and binder
removal parameters are summarized below. In 2013, Chen
et al.�18� used PEG as binder in feedstocks prepared with
Ti–6Al–4V alloy powder and they debinded PEG in the
rate of 28%, in 60 �C water for 20 min. In another study,
palmy stearin and polyethylene were used in feedstocks
and the debinding was performed in heptaneat 60 �C
instead of water. The thermal debinding process was per-
formed at 550 �C for 4 hours.�19� Wei et al.�20� studied
the effect of mold temperature on the flow behavior of

Fig. 1. XRD analysis results.

feedstock and they found that heating the mold prevented
rapid viscosity changes. In the paper of German,�21� it
has been studied the effect of theoretical density, alloy
type and the changing of micro-structure on Ti-alloys and
he found that the density increase of Ti-pieces can be
achieved by hot isostatic pressing. There have been also
some studies showing the comparison of mechanical and
geometrical properties of pedicle screws implants.�22–24�

In this study, it was aimed to mold the cortical bone
screw by metal injection molding method which is an
advanced manufacturing method. By using rheological
properties, Moldflow simulation analysis was performed
for getting injection parameters (injection pressure, injec-
tion temperature and flow rate of feedstock). Rheology,
simulation and injection molding processes were per-
formed to produce screwed implant.

2. EXPERIMENTAL DETAILS
2.1. Materials
Powder Injection Molding (metal and ceramic) is an
important parameter for particle size and form. Spherical
powders which are smaller than 20 micron for metals is
offered for high packing density. Average particle size, the
distribution of particle size and the powder form were ana-
lyzed at Dumlupinar University Advanced Technologies
Design Center. It was determined that the average particle
size is 13.4 microns and the powder form is to be spher-
ical. XRD analysis was performed for Ti–6Al–4V alloys
to determine the eligibility for Metal Injection Molding.
Figure 1 shows XRD analysis results.
In Table I, it was shown the values obtained by EDX

elemental analysis and atomic weights.
Figure 2 shows the geometry of the Ti–6Al–4V alloy

powder. The distribution of particle size shows the similar
results in comparison to SEM analysis. In the SEM pic-
tures, little powder dusts which smaller than 20 micron are
seen.
When the XRD, EDS, SEM and size analyzes are exam-

ined, the powder size must be below 20 microns, which
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Table I. EDX analysis.

Element Weight % Atomic %

AlK 5�67 9�67
TiK 89�61 86�07
VK 4�72 4�26

is a criterion that helps to achieve a high packing den-
sity during injection molding of the spherical shape of the
powder. Problems arise during injection molding of pow-
der sizes greater than 20 microns due to high viscous and
powder binder disintegration.�1–5�21�

2.2. Rheology
Rheology plays an important role in the process of
Metal Injection Molding. In the rheology, the feedstock
granules were obtained by mixing metal powder and
binder. The binder is the mixture of polyethyleneglycol
(PEG8000), polypropylene (PP) and stearic acid (SA) with
a weight ratio of PEG8000:PP:SA= 65:30:5. The obtained
feedstocks were passed through the capillary rheometer
extruder. The rheology’s of the feedstocks were studied
using the ASTM D1238�25� standard. The rheology exper-
iments were performed to determine flow properties of the
feedstocks. The flow type of the feedstocks were deter-
mined as pseudo-plastic. It was determined that the vis-
cosity of the feedstocks is below 1000 Pa · s. The injection
molding temperature was measured by rheology experi-
ments. Capillary rheometer tests were performed to study
F1 feedstocks. The binder used in the feedstocks were
given in Table II.
Firstly, binders were mixed in a dry environment

for 45 min. And then, these binders were mixed with
Ti–6Al–4V powders in the same environment for 45 min.
Thus, 100 cm3 feedstock mixtures were prepared. Feed-
stocks were pelleted using the extruder. To prevent the
formation of air bubbles in the area close to the part of
the mold during the continuous granulation, all pelleting

Fig. 2. SEM image of as-grown Ti–6Al–4V alloy powder.

Table II. Physical properties of binder system constituents.

Material Manufacturer Density [g/cm3] Melting point [�C]

PEG8000 Alfa Asear 1�204 62
PP Petkim A.S. 0�85 189
SA Merck Co. 0�94 69

Fig. 3. Capillary Rheometer.

processing was performed under vacuum. Feedstocks
were mixed in dry environment by a mixer (Turbula 3-
Dimensional Shaker/Mixer) for 45 minutes. After the mix-
ing process, feedstocks were extruded by a conical twin
screw extruder.�26�27� The rotational speed of the screw
was set to 50 rpm, while the temperature of the barrel
was maintained at 170 �C. The obtained typical pellet
size was about 4 mm. Figure 3 shows the test device
for the capillary rheometer. Melt flow index-temperature,
viscosity-temperature changes for flow characteristics of
the feedstock were determined.

2.3. Mold Manufacturing and Simulation
In this study, a cortical bone screw was produced by MIM
technology. Reverse engineering technique was used for all
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Fig. 4. Cortical bone screw design.

Fig. 5. 3D meshing.

details of the cortical bone screw design. Solid model of
the part was obtained using Solid Works program. Implant
design is given in Figure 4.
Simulation work was performed with Autodesk Mold-

flow. The mold gaps formed during design were checked
by surface control. The surface of the screw implant is sub-
jected to surface mesh. 3D meshing method is preferred for
mesh analysis since it gives more detailed results (Fig. 5).
After 3D meshing, the best path and input analyzes were
done.
Two-plate molds are selected and each piece is sym-

metrically placed for stability. Based on the simulation
analysis, injection pressure, injection temperature and flow
rate parameters were determined. Machining, electro ero-
sion and heat treatment processes were carried out for
the injection mold. The mold design and manufacture

Fig. 6. Mold design and manufacturing.

Fig. 7. Arburg all-rounder 220 s injection molding machine.

Fig. 8. Molding processes.

used in the injection molding machine has been shown in
Figure 6.

2.4. Injection Molding Machine
The molding process was carried out with 60 vol.%
Ti–6Al–4V. Cortical Screw bonesamples shown in
Figure 4 were produced under the PIM parameters
using Arburg All-rounder 220S injection molding machine
(Figs. 7 and 8) in the PM Laboratory of Gazi
University.
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Fig. 9. Thermogravimetric analysis.

2.5. Debinding and Sintering
The binding removal and sintering were carried out in
the protective atmosphere furnace. The debinding was per-
formed in two steps depending on the binder, solvent
debinding and thermal debinding. PEG8000, a water-based
binder, was removed by leaving it in heated water at
60 �C for 24 hours. Thermal debinding was performed at
1 �C/min heating rates under a protective atmosphere (Ar)
depending on the TG (Fig. 9) analysis. The heating rate
was applied as 5 �C/min and the temperature was increased
to 600 �C. In the result of thermogravimetric analysis, it
was determined that the starting sample was disrupted at
240 �C. Therefore, during injection molding process, the
molding temperature can be reached at 240 �C. This tem-
perature application is expected to provide homogenous
filling to the mold. Finally, the feedstock began to deteri-
orate after 240 �C and the mass decline of the feedstock
was experienced at uniform rates up to 420 �C.

presintering

time (min.)

Fig. 10. The debinding process.

Figure 10 shows the debinding and pre-sintering curves.
Sintering process was carried out at 1250 �C under a pro-
tective atmosphere for 1 hours. Heating rate to sintering
temperature and cooling rate to room temperature were
same as 5 �C/min.
The ratios of density and porosity were determined. The

densities of the sintered test specimens were measured
according to the Archimedes principle. The dry weights of
the samples are weighed. The surface of the sample was
covered with 5% w paraffin and 95% chloroform solution
was used to prevent water entering to pores. After the coat-
ing, it was air dried and weighed again. Finally, the pure
water is immersed and weighed.

3. RESULTS AND DISCUSSION
3.1. Rheological Analysis
The F1 feedstock analyzes given in Figures 11 and 12
showed the most ideal rheological properties. Rheologi-
cal experiments of powder loading were performed in the
volumes of 50, 55, 58 and 60%.
The highest powder loading obtained from the feedstock

was %60 by volume. The melt flow index change is ranged
from 261 to 1888 g/10 min. and this was found to be the
highest feedstock. The viscosity change is ranged from
72 to 1001 Pa · s. When the viscosity-temperature graph is
examined, it has been seen that the viscosity values were
below 1000 Pa · s.
As the temperature increases for all mixing ratios, the

viscosity drop indicates that the flow type of the feedstock
is pseudo-plastic. Accordingly, the viscosity decreased
based on temperature (Fig. 11). Low viscosity values in
50% volume feedstocks cause jetting in the mold, which
means that the feedstock does not reach the viscoelastic
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Fig. 11. Viscosity-temperature change.

level. According to German,�21� In the case of applica-
tions under 100 Pa · s, space and jetting occur in the mold.
The powder binder mixture in feedstocks of 55%vol. did
not reach the desired filling density. In addition, the crit-
ical threshold value (1000 Pa · s viscosity value) was not
reached for the feedstock of 55% by volume. At 58–60%
of the volume, it is seen that the viscosity increase in the
feedstocks by dust loading and optimum loading data is
reached. As seen in Figure 11, 60% of the volume appears
to be based on 1000 Pa · s threshold. When Figure 12 is
examined, the change in the melt flow index with temper-
ature is interpreted taking into account the viscosity data.
It has been decided that the feedstock at a volume of 60%
by volume is suitable in terms of viscosity and melt flow,
and that the molding process is carried out with granules
prepared with this ratio.

3.2. Simulation Results
The simulation results for the designed mold are given
in Figures 13–15. The mold filling was performed at
215 �C and 2–3 �C temperature drops were occurred dur-
ing this process. The rapid temperature drops can be prob-
lem during the mold filling. Considering the temperature
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Fig. 12. Melt flow index-temperature change.

Fig. 13. The injection temperature of screw bone specimens during
molding process.

Fig. 14. The injection pressure of screw bone specimens during mold-
ing process.

distribution, it can be said that the 2 implant screws are at
similar temperatures during simulation analysis (Fig. 13).
The screw implants could be molded under 100 MPa

pressure. The filling defects can be seen during the pres-
sure decrease. Because of this, the green part is obtained at
low densities. The low green density can cause to produce
the low theoretical density after sintering (Fig. 14).

Fig. 15. The flow rate of screw bone specimens during molding
process.
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Table III. Injection parameter values in simulation and application.

Analyses F1 mold flow analyses F1 arburg machine

Flow rate (cm3/s) Max. 16.92 Max. 20.11
Pressure (MPa) Max. 100 Max. 120
Temperature (�C) Max. 215 Max. 237
Close force (ton) Max. 1700 Max. 3200
Molding time (s) Max. t/2 Max. t
Holding pressure (MPa) Max. 34.83 Max. 47.1

In Figure 15, the most friction can be seen on the main
tureng. This situation can cause the separation of powder-
binder.
Injection parameters obtained from injection molding

process and pre-operative values obtained from simulation
are given in Table III. For feedstocks with a volume of
60%, the values given in Table III were firstly obtained for
Mold-flow analysis. Mold-flow analysis was mainly used
to obtain preliminary data in this study because it spec-
ifies the injection molding parameters of polymer based
materials. Finally, metal injection molding is an advanced
aspect of plastic injection molding. The obtained data were
examined and the lower limit values were determined in
real practice. With the help of the simulation program,
many trial and error processes have saved time and energy.
In real practice, higher data are obtained than simulation
results.
The flow rate, pressure, temperature, and hold press

pressures obtained by the simulation in Table III are the
initial tests. In real practice, there is no need to try a lot
and experimental work is facilitated. It was obtained 93%
theoretical density in the samples. Sintering is a shrinkage
processes. Shrinkage measurements were determined by
measuring the dimensional changes of the raw, binder-free,
and sintered samples (% �L/L0�.

�28� The linear shrink-
age in the sintered parts was determined as the average
of 14.5%. The images of raw were shown on Figures 16
and 17. It can be said that the density of sintering doesn’t
seem to be at the desired level when density and shrinkage
are taken into account.

Fig. 16. Raw (green) cortical screw bone.

Fig. 17. Green part and orjinal cortical screw bone.

4. CONCLUSION
In conclusion, it was found that the viscosity, melt flow
index and temperature behaviors of the feedstocks were
compatible with PIM. Based on both simulation and rhe-
ology studies, PIM can be performed with F1 feedstock.
For cortical screw bone, it has been showed that 60 vol.%
Ti–6Al–4V and PEG8000/PP/SA can be used. For two-
hole cortical screw bone, injection molding parameters
were determined as injection pressure (1000–1200 bar),
holding pressure (400–600 bar), flow rate (17.26 cm3–
20.11 cm3� and temperature (200–237 �C). 93% theoretical
density was obtained after the debinding and sintering. The
theoretical density and the small amount of linear shrink-
age means that the sintering is not at the desired level. Fur-
ther studies such as improving of sintering parameters are
needed to increase the theoretical density. After the neces-
sary condensation has been established, biocompatibility,
mechanic and life tests could be performed in terms of
using in practice these screw implants. Moreover, it could
be investigated the compatibility of different pore rates and
pore types with tissue. The final products obtained from
this study will be tested according to ASTM F543 and the
data will be presented in future.
This study was supported by The Scientific and Techno-

logical Research Council of Turkey (TUBITAK) with the
grant number of 114M766.
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