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Abstract: Titanium is one of the most attractive materials for biomedical applications due to having
excellent biocompatibility accompanied by good corrosion resistance. One popular processing
technique for Ti is Metal Injection Moulding (MIM). However, there are several issues associated
with the use of this technique, such as the high cost of the fine powder used, the high level of
contamination and consequent alteration to material properties, as well as the large volume shrinkage
that occurs during sintering. In this study, the use of a relatively coarse Ti powder with a mean
particle size of 75 µm to process Ti parts with the potential for biomedical applications by MIM will be
examined, compared to a commercial Ti feedstock, and subsequently coated using Plasma Electrolytic
Oxidation (PEO). The results show that samples produced with the coarse powder shrink 35% less
and have a relative density 14% less with an average pore size three-times larger than that of the
commercial feedstock. This helps increase the potential competitiveness of MIM in the production of
biomedical parts, as it reduces cost, shrinkage and results in more intentionally-induced micropores,
such as are desired for biomedical implants. PEO treatment of the samples yields a thick rough
coating comprised of a mixture of rutile and anatase with interconnected microporous channels and
openings resembling the mouth of a volcanic crater.

Keywords: metal injection moulding; titanium; PolyMIM; plasma electrolytic oxidation; coating;
porosity; micropores

1. Introduction

Metal Injection Moulding (MIM) is a very well-known mass production technique for the
processing of small to medium-sized metal parts with intricate shapes. It offers several advantages
over other manufacturing processes, such as flexibility in design with minimal finishing operations,
as well as reduced material waste [1]. These advantages have made MIM one of the most investigated
processes for producing titanium parts, especially for biomedical applications. However, there are
many obstacles towards the use of such technique in preparing Ti parts, such as the high cost of the fine
powders used in the preparation of feedstock [2]. Another obstacle is the high reactivity of titanium
at a relatively high temperature, where it reacts with the decomposed product of the binder during
thermal debinding and sintering, resulting in high interstitial content [3]. Generally, powders with
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a particle size below 45 µm are used in injection moulding in order to result in minimal porosity
within the samples and a density near the theoretical density for improved mechanical properties [4].
However, the smaller the particle size, the higher the surface area and the more the Ti part is prone to
contamination and oxygen pick up during processing, debinding and sintering. In addition, the use
of fine powders can result in more shrinkage, as the smaller the particles used, the greater the rate of
sintering or the rate at which bonding between the particles, neck formation and growth (as well as
densification) occur [5]. One way to reduce this shrinkage and the extent of contamination, as well as
lower the cost, is to use Ti powder with a relatively coarse particle size (>45 µm). This will not only
be more economical, but can also result in more intentionally-induced micropores. These micropores
are advantageous, particularly for biomedical applications, where they promote bone ingrowth and
cell attachment [6,7]. Aside from promoting bone-implant integration, the presence of these pores can
also play a significant role in reducing the stiffness of the Ti parts to match that of the bone in order to
avoid the stress shielding phenomenon [8,9]. Nevertheless, wear of the tools could be an issue in using
coarse powders. Maetzig and Walcher [10] studied the possibility of using coarse powders for MIM
with particles as large as 62 µm and concluded that it is possible to process them with reduced wear
provided that an increased clearance was left between the bushing and the barrel. However, they did
not report any details about the powders’ rheological and shrinkage behaviour after sintering.

The main aim of this study is to explore the use of a relatively coarse Ti powder to produce Ti
parts by MIM with the potential for biomedical applications and compare it in terms of performance to
a commercial Ti feedstock PolyMIM Grade 2. In addition, the rheological behaviour of both feedstocks
and their volume shrinkage will be examined. Furthermore, the possibility of coating these Ti parts
with amorphous ceramic coating using the plasma oxidation process will be explored in order to
improve the bioactivity of the samples and result in accelerated cell-surface interlocking, as the Ti itself
is bio-inert [11].

2. Materials and Methods

2.1. Preparation of Feedstocks

A relatively coarse spherical Ti powder Grade 2 (Arcam, Mölndal, Sweden) with a mean particle
size of about 75 µm (as shown in Figure 1) was used in preparing a feedstock with a 58 vol. % solid
content by mixing it with a three-component polymeric binder. The first part of the binder (the low
viscosity part) was Polyethylene Glycol (PEG) 1500, and it constituted 70 vol. % of the total binder.
PEG was chosen due to its availability, as well its good solubility in the water. The second part
of the binder (the high viscosity part) was Poly Methyl Methacrylate (PMMA), and it comprised
25 vol. % of the binder. PMMA was chosen due to its high strength in comparison with other common
polymers used in MIM, such as low and high density polyethylene, so that green samples can be easily
handled after removal of PEG without any sample collapse [12]. Stearic Acid (SA) was the third part,
which constituted 5 vol. % of the total binder (added as a lubricant). The mixing process of the powders
was carried out in a high speed centrifugal mixer in a similar manner to our previous experiments
using Speedmixer 800 FZ (Hauschild; Synergy Devices Ltd., High Wycombe, UK) [13]. The feedstock
prepared was extruded twice using a vertical plunger-type injection moulder at a temperature of
150 ◦C and pressure of 45 MPa and subsequently pelleted into small pellets to be ready for injection.
The commercial Ti feedstock used in this study was PolyMIM Grade 2 supplied by PolyMIM® Germany.
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2.2. Differential Scanning Calorimetry Analysis of the Binders

DSC analysis was carried out using a Pyris 6 DSC (PerkinElmer, Waltham, MA, USA), in order to
identify the peak melting temperatures of both commercial and prepared feedstocks and analyse their
melting behaviour. The outcome of such analysis can be beneficial in facilitating the process of choosing
the optimum extrusion and injection temperatures for the feedstocks prepared. Several samples of
each feedstock were heated up to a maximum temperature of 200 ◦C at a rate of 10 ◦C/min.

2.3. Rheological Tests of the Feedstocks

Feedstock viscosity is one of the important parameters that needs to be evaluated in order to
assess the suitability of feedstocks for injection moulding. The viscosity needs to be within a certain
range in order for the feedstock to be successfully injection moulded, which is below 1000 Pa.s in the
shear rate range of 102–105 s−1 [14]. The viscosities of both commercial and prepared feedstocks were
analysed using a twin bore barrel capillary rheometer (Rosand RH2000, Malvern, UK) with a capillary
die that has a diameter of 2 mm and a height of 16 mm. Rabinowitsch correction was applied in
order to obtain the corrected shear rate. It should be noted that the commercial feedstock could not
be tested at a temperature below 170 ◦C, as the capillary die of the rheometer became clogged below
this temperature. This is expected, as it is recommended in the specification sheet of the PolyMIM
feedstock to mix and inject the feedstock at a minimum temperature of 178 ◦C. Hence, the viscosity
of commercial feedstock was tested at three different temperatures, namely 170, 185 and 195 ◦C,
whereas the feedstock prepared in this study with the relatively coarse Ti powder was tested at 120, 135
and 150 ◦C due to its lower viscosity. The flow behaviour indices were estimated for both feedstocks
using the following equation:

η = K
.
γ
(n−1) (1)

where η is the viscosity, K is a constant,
.
γ is the shear rate and n is the flow behaviour index

(shear sensitivity). For non-Newtonian fluids with shear thinning behaviour, the shear sensitivity
value is below 1, while for Newtonian fluids, it is equal to 1. Another critical variable in assessing the
capability of the feedstock to take the shape of the mould cavity is the yield shear stress. Yield shear
stress is the minimum stress required to cause the feedstock to flow, below which no flow occurs.
The yield stresses for both feedstocks were calculated via the Bingham model using the following
equation [15]:

τ = τy + ηp
.
γ (2)

where τy is the yield shear stress and ηp is the plastic viscosity.
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2.4. Sample Preparation and Sintering

A vertical plunger-type injection moulder composed of hydraulic injection piston with no
plasticizing screw (J.B. Engineering, Chippenham, UK) was used to injection mould small cylindrical
parts of both feedstocks at a pressure of 45 MPa. The commercial feedstock was injection moulded
at a temperature of 185 ◦C into small cylindrical parts with a diameter of 10 mm and a height of
approximately 13.50 mm. The mould was heated to 60 ◦C in order to facilitate the process of filling
the cavity of the mould. It should be noted that great difficulty was encountered during moulding at
a lower mould temperature, where the feedstock either freezes before reaching the mould cavity or
partially fills it before freezing, resulting in an incomplete part. Another batch of commercial feedstock
samples was made using an Arburg 320 all-rounder at a pressure of 1400 bar and a temperature
of 195 ◦C with a dosage volume of 10 cm3 for comparison purposes. In contrast, the feedstock
prepared by this study was injection moulded using the vertical plunger-type injection moulder at
a temperature of 150 ◦C into cylindrical samples without the need to heat the mould. Some green
samples of both feedstocks were broken and their surfaces were characterized using Scanning Electron
Microscopy (SEM). The average particle size for the Ti powder used in commercial feedstock was
determined by estimating the average size of spheres with equivalent volume to that of Ti particles,
which were observed in six SEM images for the commercial feedstock [16].

Parts were water debound at a temperature of 50 ◦C in a water tank filled with distilled water
for 35 h. Next, the parts were taken out of the tank and dried for 2 h at 100 ◦C in order to remove
the moisture. After that, the samples were sintered at 1320 ◦C for 2 h under the flow of argon.
Volume shrinkages after debinding and sintering of the samples were monitored by measuring the
dimensions of the samples using a Vernier Caliper with a resolution of 0.01 mm. Samples were analysed
for contamination by using a LECO melt extraction system by AMG Analytical, Rotherham, UK.
The final densities of the samples were measured using a helium pycnometer with a filling pressure of
10 psi over 10 cycles.

2.5. Microstructural and Mechanical Analyses of the Samples

Samples were ground until they were a plane using Struers MD-Mezzo 120 Disc followed by
MD-Largo with a diamond suspension of 9 µm before finishing with Struers chemo-textile cloth using
a solution of colloidal silica plus 30% hydrogen peroxide. The average pore diameter for the samples
sintered from each feedstock, as well as their degree of roundness was determined using image analysis
software (ImageJ, a public domain Java image processing program, www.imagej.nih.gov) by binarizing
the images and measuring pore diameters using minimum and maximum Feret diameters and then
averaging them. Samples with a height of around 12.4 ± 0.7 mm from both feedstocks were tested
under compression loading at a strain rate of 0.001 s−1 and a maximum load of 40 KN using a Zwick
Z50 testing machine (Zwick Roell, Ulm, Germany). The yield strength for the samples was estimated
using the 0.2% offset method.

2.6. Plasma Electrolytic Oxidation of Samples

MIM samples produced using the coarse Ti powder were tap threaded, ultrasonically cleaned
in acetone for 10 min and dried. The samples were then bolted into a Ti bar with external insulation
connected to the positive output of the power supply, while the water-cooled steel tank was
connected to the negative output, as shown in Figure 2. The Plasma Electrolytic Oxidation (PEO)
treatment of the samples was carried out in a potentiodynamic DC mode to a maximum voltage
of 500 V at the scan rates of 2.10 and 1.05 V·s−1 corresponding to the total treatment time of 4
and 8 min, respectively. The electrolytic solution used in the process was composed of 14 g·L−1

disodium hydrogen phosphate (Na2HPO4) in distilled water. The PEO treated samples were rinsed
and dried. The samples with coatings were imaged and analysed using Scanning Electron Microscopy

www.imagej.nih.gov
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(SEM) Inspect F (FEI, Hillsboro, OR, USA). In addition, X-ray Diffraction (XRD) analysis was used to
examine the surface phase composition (D2 PHASER, Bruker, Billerica, MA, USA).Appl. Sci. 2017, 7, 105  5 of 18 
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3. Results

3.1. DSC Analysis Results

The results of the DSC analyses for both of the commercial and developed feedstocks are plotted
in Figure 3. It was found that the first part of the binder for the commercial feedstock had a higher peak
melting temperature of about 64 ◦C compared to that used in the current study (PEG 1500), which was
approximately 45 ◦C, whereas the second part of the binder for commercial feedstock had a lower
peak melting temperature of about 126 ◦C than that of the current feedstock, which was about 136 ◦C.
A small third peak was also noted at about 158 ◦C in the commercial feedstock, which might indicate
that there is a third polymeric component in the commercial feedstock. It should be noted that the
DSC test for the commercial feedstock has been repeated three times to make sure that consistent data
were obtained. Auzène et al. [17] investigated the use of different commercial feedstocks including
316L stainless steel PolyMIM and reported that the feedstock had a similar infrared spectrum to
polypropylene, though they have not reported their findings in detail. One might argue that the
second part of the binder for commercial feedstock is actually high density polyethylene, as the peak
melting temperature lies in the peak melting temperature range for high density polyethylene, which is
about (125.8–138 ◦C) [18]. In addition, the small third peak could correspond to the peak melting
temperature of the isotactic polypropylene which ranges from 160 to 166 ◦C [19].
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In order to investigate this further, an FTIR test (Fourier Transform Infrared Spectroscopy) was
carried out in the wavelength range from 4000 to 400 cm−1 with a sampling number of 16 times.
The result of the test is shown in Figure 4.
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The obtained data were compared with the results in the literature, and it was found that several
peaks coincide with the high density polyethylene peaks reported by Kumar and Singh, as shown
in Table 1 [20] from work on the recovery of hydrocarbons from high density polyethylene waste.
Other peaks could not be explained due to the complexity of the binder system used, which makes the
analysis process more challenging.

Table 1. FTIR assignments of the commercial feedstock.

Wavenumber (cm−1) Type of Vibration

2950/2915 C–H Stretching
2883 CH3 and CH2 Stretching
2849 C–H Stretching
718 CH2 Rocking (Methylene Rocking)

1466 C–H Scissoring (Methylene Scissoring) [21]

3.2. Rheological Analysis Results

Rheograms of both commercial and current feedstocks are shown in Figure 5.
It can be seen from Figure 5 that the viscosity of the commercial feedstock is much higher

than that of the feedstock used in the current study, which means that higher injection and tool
temperatures are needed in order to successfully inject the samples into the desired shapes. Both of the
feedstocks showed some shear thinning behaviour, which is desired in the MIM industry, especially for
intricate parts. The yield shear stresses, as well as the flow behaviour indices for both feedstocks are
summarized in Table 2. Although the commercial feedstock was tested at much higher temperatures
(as required by its higher viscosity), it was found that it has a much higher yield stress than that of the
current feedstock and has a lower flow behaviour index.
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Table 2. Flow behaviour index and yield stresses for commercial and current feedstocks.

Feedstock Temperature (◦C) Yield Stress (kPa) n

Commercial
170 135 0.49
185 118 0.45
195 107 0.42

Current Study
120 79 0.63
135 42 0.56
150 35 0.53

3.3. Structural Characterisation of Green and Sintered Samples

The surface of as-broken samples from both feedstocks are shown in Figure 6.
It can be observed that the Ti powder used in the commercial feedstock is spherical and therefore

a high probability that it is a gas atomized powder with good packing density. The sizes of its particles
were analysed on several images using image analysis software and found to range from 12 to 45 µm,
with an average particle size of about 23 µm. It was also noted that the Ti particles were coated with
a layer of what is believed to be polyethylene, referring to the large amount of the second part of the
binder in the commercial feedstock. In comparison, the relatively coarse Ti particles used in the current
study were surrounded by the binder, consisting of PEG with some PMMA.

Images of the sintered parts from both feedstocks are shown in Figure 7. It was noted that samples
made with the commercial feedstock using the vertical plunger-type injection moulder had some
cracks on the surface of the samples. These cracks might be due to the insufficient injection and
backing pressure of the injection moulder used to mould the commercial feedstock properly, as the
commercial feedstock had a much higher yield shear stress than that developed here; thus, it requires
being processed and moulded at a much higher temperature and pressure. Nevertheless, commercial
feedstock samples made using the Arburg 320 all-rounder did also have small cracks, but less apparent
than the ones seen on samples made using the vertical plunger-type injection moulder. Some of the
sintered samples are shown in Figure 8.
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It was also noted that the majority of the samples had small crater-like defects at the surface
and some blistering. These craters are believed to be formed due to the thermal decomposition and
diffusion of the high viscosity part of the binder from the inside of the sample through the surface
during the initial stages of the sintering cycle, leaving a small volcano-like blister with crater-like
features. The relative densities and volume shrinkages of the samples after sintering are shown in
Figure 9.
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Figure 9. Relative densities and volume shrinkages after sintering for: (A) samples processed
using commercial feedstock PolyMIM with the fine powder by plunger injection moulding;
(B) samples processed using commercial feedstock PolyMIM with the fine powder by Arburg 320;
(C) samples processed using current study feedstock with the coarse powder by plunger
injection moulding.

It can be seen that samples made using current study feedstock with the coarse Ti powder had
a lower relative density than those made from commercial feedstock PolyMIM with the fine powder,
and consequently higher porosity. This can be attributed to the size of the titanium powder used in
this study compared to the commercial feedstock, where finer particles sinter at a much higher rate,
resulting in greater growth of the necks and spheroidization of pores compared to coarser particles.
However, the volume shrinkage after sintering for the samples made by commercial feedstock was
found to be much greater than that of the samples made by the current study, where samples processed
with the coarse powder shrank 20.7% in volume, while samples made of commercial feedstock shrank
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32%–33% in volume. Owing to the fact that the sintering process is mainly driven by the surface
free energy of the powder, the higher the surface area of the powder, the greater the rate of sintering,
resulting in more volume shrinkage in the samples [22]. Although the solid content for the commercial
feedstock (which can have an impact on the volume shrinkage) is not known, generally the solid
content for such fine powders in commercial feedstocks ranges from 60% to 65%. It can also be noticed
that the standard deviation for the volume shrinkage after sintering for the samples made by the
commercial feedstock using the Arburg injection moulder was the lowest (about 0.18 compared to the
samples made by the current study feedstock using the vertical plunger-type injection moulder of
about 0.31). In comparison, the standard deviation for samples made by commercial feedstock using
the vertical plunger-type injection moulder was 0.35. These differences in shrinkage and standard
deviation between samples made by the vertical plunger-type injection moulder and the ones produced
by the Arburg 320 could be a consequence of the high backing and injection pressure used in the
Arburg compared to the vertical plunger-type injection moulder; the pressure used in the Arburg was
more than triple that used in the vertical plunger-type injection moulder.

The extent of contamination in the sintered samples with interstitial elements is summarized in
Table 3.

Table 3. Chemical analysis results.

Contaminant Sintered Sample from
Commercial Feedstock (wt %)

Sintered Sample in the
Current Study (wt %)

Ti Powder
(wt %)

C 0.044 0.079 0.006
O 0.273 0.277 0.093
N 0.033 0.023 0.010

It can be observed that the carbon concentration in the parts produced by the commercial
feedstock is much lower than that of the current study, which might be due the reaction of Ti with
the carbonaceous gases that result from the decomposition of the second part of the binder (PMMA)
during sintering, leading to a higher carbon content. Zeng et al. [23] studied the burning behaviour
of PMMA under argon and found that PMMA decomposes at about 300 ◦C into a monomer and
other products, such as CH3OH, CH4, CO2, CO and H2O. This monomer is then decomposed at
higher temperatures to produce more gaseous molecules, such as CH4, CO2 and CO. While this
may aid removal, these gaseous products may react with Ti, resulting in more carbon residue in
the samples. The difference in oxygen concentration in the parts produced by both feedstocks is
negligible, whereas the nitrogen concentration in the parts produced by the current study is somewhat
lower than that in the parts produced by the commercial feedstock. One might argue that this
difference in nitrogen content is not that significant; nevertheless, nitrogen has the highest influence
on the strength compared to other interstitial contaminants, such as oxygen, where increased nitrogen
content leads to a significant increase in the strength and a slight drop in impact toughness [24].

3.4. Microstructural and Mechanical Analysis Results

Optical microscopy images of the polished cross-sections of the prepared samples of both
feedstocks are shown in Figure 10.

It was found that samples made by the coarse Ti powder had much larger micropores with
less sphericity. These micropores are formed due to incomplete sintering and bonding amongst
the adjacent Ti particles. In comparison, samples processed by commercial feedstock had much
finer micropores and more spherical sizes that tend to increase towards the outer edges of
the specimens. The average pore diameter for the commercial feedstock was about 17 µm with
a sphericity of about 0.63, whereas the average pore diameter for the current feedstock was about
57 µm with a sphericity of about 0.49. Hence, it is expected that samples processed by commercial
feedstock have better mechanical properties than those processed with the coarse Ti powder.
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Nevertheless, the relatively large micropores in the samples processed by the coarse Ti powder
are well suited for biomedical applications, where pore sizes greater than 50 µm are required for
rapid osteoconduction [25]. It should be noted that the optimum pore size range for bone ingrowth,
cell attachment and proliferation is 100–500 µm [26]. However, pore sizes in the samples could be
increased with the introduction of a space holder material in the feedstock mixture and removing it at
a later stage during sintering [8,27].

The results of mechanical tests for the samples are presented in Figure 11.
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The compression test results indicate that samples processed by the commercial feedstock
have a significantly higher yield strength compared to those processed by the coarse Ti powder,
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where the average yield strengths (σ0.2) for the samples were about 473 and 191 MPa, respectively.
However, the energy absorbed by the samples processed by the coarse Ti powder was notably higher
than that absorbed by the samples made with the commercial feedstock, and this is one of the unique
characteristics for porous materials, as the samples processed by the coarse powder had an average
volume percentage of porosity around 20%. Yet, the stress-strain curve for these porous samples
did not show any plateau stress, such as that classically expected during testing of porous materials.
The samples after testing did not show nor develop any cracks and showed some signs of barrelling,
which is typically observed during compression testing, as seen in Figure 11.

3.5. Characteristics of PEO-Coated Samples

The surface morphology of the porous samples coated using the PEO process is shown in
Figure 12.

It can be seen that Ti particles are covered with a rough PEO coating, showing some traces of
electrical discharges in the form of craters on the surface. These micro-craters are formed locally due
to the dielectric breakdown of the growing oxide layer accompanied with gas evolution during the
coating process, leaving interconnected microporous channels, with openings resembling the mouth
of volcanic crater. The lifetime of these micro discharges during PEO treatments of Ti often ranges
from 100 to 800 ms with sizes being in the range of 80–380 µm [28]. The average pore diameter for
these craters was found to be about 4.2 ± 0.4 and 5.5 ± 0.5 µm for coatings formed during 4 and
8 min, respectively. It can also be noted that some micropores, which resulted from the partial sintering
and necking of the Ti particles during the production process, were covered with the oxide layer,
as shown in Figure 12. Four partially sintered Ti particles around a pore (at the ground surface for
clarity) before PEO treatment and another group (not ground) after treatment are shown in Figure 13.
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Figure 13. Images of the ground surface of a sample before PEO treatment showing four partially-sintered
Ti particles and the surface of a specimen (without grinding) after being subjected to PEO.

It can be argued that the micropores among the Ti particles before the PEO treatment were larger
with more irregular shapes, whereas after the PEO treatment, pore sizes were significantly smaller and
more round.

The result of the phase compositional analysis for the sample treated for 4 min is illustrated in
Figure 14.
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Figure 14. XRD analysis result for PEO-treated sample for 4 min.

It was found that the surface was mainly composed of anatase with some rutile titanium dioxide
regardless of the treatment time. The phase compositional results for these PEO-coated porous Ti
samples are quite comparable to those reported for dense commercially-pure Ti PEO coated using
trisodium orthophosphate electrolyte with a concentration in the range 5–15 g·L−1 [29].

4. Discussion

The principal aim of this study was to evaluate the use of a relatively coarse Ti powder in the
production of MIM parts with the potential for biomedical applications and their subsequent surface
modification via PEO. This can be seen by the comparison between the feedstock of a coarse Ti powder
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(mean particle size of 75 µm) with a three-component polymeric binder system (PEG, PMMA and SA),
with a commercial feedstock (PolyMIM Grade 2).

DSC curves (Figure 3) showed that the current study feedstock requires a lower temperature to be
successfully injection moulded than commercial feedstock, where the peak melting temperature
of the high viscosity part of the current study binder (PMMA) was 14% lower than that for
commercial feedstock. It should be noted that the SA peak could not be detected in the DSC diagram
for the current study binder, which could be ascribed to the small amount of SA in the mixture,
as has been observed in the literature [30]. In addition, the results of the DSC analysis suggested that
the commercial binder consists of more than two parts and does not only contain polypropylene as
previously reported, but also high density polyethylene. This was supported by the results of the
FTIR analysis, Figure 4. Based on the DSC results, the current study feedstock was injection moulded
at a temperature 10% higher than the peak melting temperature of the high viscosity part of the
binder, to ensure complete melting. In contrast, the commercial feedstock was injection moulded at
a temperature of 185 ◦C (chosen based on the specification of 178–186 ◦C), which is about 17% higher
than the melting point of the high viscosity part of its binder.

Viscosity analysis results (Figure 5) demonstrated that both feedstocks exhibit some shear thinning
behaviour, which is desirable in MIM. This can arise where shear rate decreases viscosity due to the
unfolding, stretching and alignment of the tangled polymer chains and the breakage of the particle
agglomerates [13,31]. The sensitivity with which the shear viscosity changes with shear rate is usually
assessed by the flow behaviour index (n). The lower the n value, the higher the shear sensitivity and
the more the feedstock shows pseudoplasticity or shear thinning [32]. Thus, Table 2 shows that the
commercial feedstock exhibits the most pseudoplasticity. However, a low value of n may also be
associated with some moulding defects, including jetting, and leads to the slip flow phenomenon [33].
It was also found that the commercial feedstock has a much higher shear viscosity and yield stress,
despite being tested at much higher temperatures. The high shear viscosity, yield stress and shear
sensitivity could be attributed to several factors, including the high viscosity of the polymers used in
the commercial binder and the high solid content for such commercial feedstocks [33] (usually in the
range of 60%–65%), as well as the small Ti particle size used [34].

Sintered samples of the commercial feedstock injection moulded using the vertical plunger-type
injection moulder showed relatively large macro-cracks, as shown in Figure 7b. These cracks were
up to 2 mm in length and might be formed due to the insufficient injection and backing pressure of
the vertical plunger-type injection moulder. Sintered samples processed by the same feedstock using
the Arburg 320 all-rounder with a pressure more than three-times higher and a temperature of 195 ◦C
exhibited smaller cracks, Figure 8. In comparison, sintered samples of the current study feedstock
processed using the vertical injection moulder did not show any cracks.

The average relative density of the samples sintered using the current study feedstock was
found to be 14% lower than that of the samples processed using commercial feedstock with a volume
percentage of porosity of about 20%, while the average volume shrinkage for the samples after
sintering was 35% lower than that for samples processed by the commercial feedstock. The differences
in shrinkage and density between the samples produced by commercial and current study feedstock
could be attributed to the relatively large Ti particle size used in the current study feedstock compared
to that of the commercial feedstock, as the use of a smaller particle size results in sintering (and therefore,
shrinkage) proceeding more rapidly [35], due to the greater amount of surface energy present [36].
This may also explain the fact that pores in the samples made using the commercial feedstock were
much more spherical and more regular in shape (Figure 10).

The average linear shrinkage of the parts processed by the commercial feedstock (12.51%) lies
in the typical range of linear shrinkage for MIM parts in the literature (14%–18%) [37], whereas for
samples produced by the current study feedstock, it was significantly lower (7.3%). Hence, the use
of a coarse particle size can be advantageous in increasing the competitiveness of MIM among other
manufacturing processes in terms of cost, as well as dimensional tolerances and shrinkage.
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In terms of pore size, the average pore diameter for samples processed by the current study
feedstock was found to be three-times higher than that of the commercial feedstock, and the pores
were less regular.

It should be noted that samples made here using the commercial feedstock had a slightly lower
density (higher porosity) and larger pore size compared to that reported for sintered MIM parts using
other commercial feedstocks, e.g., for Catamold® Ti BASF (Ludwigshafen, Germany), porosity is about
4% with a pore size of less than 10 µm [38]. These differences might be attributed to the sintering time
and temperature (samples were sintered in the previous study at 1300 ◦C for more than three hours),
as well as the Ti particle size (reported to be 2–35 µm in the BASF feedstock [38]), finer than that
estimated here for PolyMIM feedstock (12–45 µm). It should however be noted that, as the solid
content for both commercial feedstocks is not known, an exact comparison is not possible.

Chemical analysis of the interstitial elements (Table 3) showed that samples made by the
commercial feedstock had a carbon content approximately half of that detected in samples made by
the current study feedstock, even though the finer Ti powder would be more prone to contamination.
This could be attributed to the use of PMMA in the current study binder, which decomposes during
thermal debinding, releasing large amounts of carbonaceous gases, which may subsequently react
with Ti. Nevertheless, the amount of carbon in samples made using the current study feedstock is
lower than that reported for BASF feedstock (0.09%–0.11% [38]).

The results of the mechanical tests (Figure 11) showed that samples made by the current study
feedstock had a yield stress (σ0.2), 60% lower than that for samples made using commercial feedstock,
but a much higher ability to absorb strain. The higher porosity and larger micropores of the samples
made by the current study feedstock will lead to reduced strength, though the porosity also increases
the energy absorption capacity in plastic deformation [39].

PEO treatment of the microporous MIM parts produced by the current study resulted in the
formation of a rough oxide coating with micro-craters, as can be seen from Figure 12. During PEO
treatment, Ti initially reacts with the oxygen that results from the electrolysis of the aqueous electrolyte
solution to form amorphous Ti oxide. Under the immense heat and pressure generated by the electrical
discharges, the oxide is crystallized to form a metastable anatase, which may be transformed to
thermodynamically-stable rutile [29]. The amorphous and metastable anatase oxides are normally
formed in the temperature range of 250–400 ◦C, whereas the rutile transformation occurs in the
temperature range of 400–800 ◦C [40]. XRD analysis of the phase composition of the surface
showed that the main oxide present in the sample is anatase with a minor amount of rutile oxide.
Similar findings were reported in the literature for dense Ti [41,42]. The dominancy of the formation
of anatase oxide in the samples could be attributed to the high electrolyte concentration used in the
PEO treatment (14 g·L−1), where the abundance of phosphorus in the electrolyte is reported to delay
crystallization and transformation from anatase to rutile oxide [29].

Compared to the state before PEO treatment, the surface of the samples after PEO treatment had
a much rougher appearance and was covered with microporous channels with pore diameters that
increased slightly with increasing treatment time, while the micropores that resulted from the partial
sintering of the Ti particles become smaller and more regular in shape. Having a rougher surface
can be an advantage for biomedical applications, where surface roughness can affect the amount and
rate of bone tissue formation and, consequently, the rate of osseointegration [43]. The surface of the
PEO-treated MIM samples is covered with biologically-active anatase/rutile coating that could induce
apatite formation [44]. Thus, the PEO-treated microporous MIM parts would have an advantage over
as-sintered MIM samples for biomedical applications.

5. Conclusions

The use of relatively coarse Ti powder in MIM technology with the potential for biomedical
applications has been explored and compared with commercial Ti feedstock PolyMIM Grade 2 in terms
of the rheological, melting and sintering behaviours, as well as dimensional shrinkages. Samples made
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by the current study feedstock with the coarse Ti powder shrank 35% less than samples processed by
the commercial feedstock and had a relative density 14% lower than that of the samples processed
using commercial feedstock. The average pore diameter for samples processed by the current study
feedstock was approximately three-times larger than that of the commercial feedstock, and the pores
were less round with a sphericity of about 0.49. Based on the results, it can be concluded that the
use of coarse Ti powder could be beneficial in increasing the competitiveness of MIM among other
processes for the production of biomedical parts, as it saves cost, reduces shrinkage and also results in
more of the intentionally-induced micropores that are desired for cell attachment and bone ingrowth.
In addition, plasma oxidation treatment for the microporous samples processed by the coarse Ti
powder was carried out successfully, yielding a thick rough coating with interconnected microporous
channels and openings resembling the mouth of a volcanic crater. The coating was mainly comprised
of a mixture of rutile and anatase titanium dioxide. These coated microporous samples could have
huge potential in biomedical applications, as they do not only possess different sizes of micropores
that arise from the production process and PEO treatment, but also have a rough biologically-active
surface, unlike pure Ti.
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