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Abstract

Metal-ceramic composites such as titanium-hydroxyapatite have been extensively studied as a new generation of implant
material in medical application. The powder injection moulding (PIM) process is one the viable processing method in producing
the titanium-hydroxyapatite composite which offers extreme geometry part at a lower cost of production. The final powder
injection moulding (PIM) product was influenced by the feedstock rheological and thermal properties that related to the binder
selection and the critical solids loading. The emphasis of this study was towards the rheological and thermal properties of
Ti6Al4V-hydroxyapatite composite feedstock with the powder space holder using a low-density polyethene and palm stearin
binder system. The critical solids loading for 90:10 of Ti6 Al4V-hydroxyapatite with 20% of the space holder was selected for
capillary rheometer tests. The solids loading was obtained at 73 vol.% with optimal solids loading in the range of 2—5% below the
critical solids loading which were 68, 69 and 70 vol.%. All feedstocks exhibited shear thinning behaviour, with the shear rate and
viscosity values in the range of the PIM feedstock. The work in this study found that the feedstock of 68 vol.% solids loading
possessed the best rheological properties with a higher flow behaviour index.

Keywords Titanium Ti6Al4V - Hydroxyapatite - Feedstock - Powder injection moulding - Rheology - Binder system - Space
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1 Introduction

Powder injection moulding (PIM) has become one of the fea-
sible large-scale processing methods to produce titanium-
hydroxyapatite composite as PIM offers a better net-shape
product with a high tolerance at an affordable cost [1, 2]. In
PIM, metal powders are mixed with a suitable binder usually a
polymer, to form a feedstock which will be injected into the
mould cavity with the desired shape [3]. The binder is then
removed thermally via a debinding process and sintered into
the final parts [4]. The selection of a suitable binder is crucial
since the binder affects the feedstock homogeneity and the
feedstock flow behaviour which influences the final product
[5-7]. Moreover, inappropriate processing conditions such as

><J Mohd Yusuf Zakaria
mohdyusuf@siswa.ukm.edu.my

Department of Mechanical and Materials Engineering, Faculty of
Engineering and Built Environment, Universiti Kebangsaan
Malaysia, 43600 Bangi, Selangor, Malaysia

the selection of the binder system might cause defects such as
cracks, distortion and warpage in the final product [8, 9].
Therefore, the preparation of the feedstock such as the selec-
tion of the powder and binder system, including the powder to
binder ratio, is necessary before commencing the mixing pro-
cess [10]. Indeed, high solids loading of the Ti-HA composite
feedstock can be achieved with loading as high as 78.21 vol.%
as reported by Ariffin et al., using polyethene and palm stearin
as a binder system [11]. Previous studies have also reported
the lower solids loading of 60 vol.% using the PAN-250S
binder system for the Ti-HA feedstock and PEG, poly(methyl
methacrylate) (PMMA) and the stearic acid (SA) binder sys-
tem for the Ti-HA feedstock with 20% of the space holder
[12]. Therefore, the solids loading is within the suggested
solids loading for Ti metal injection moulding, which is at
65 vol.% [13].

The feedstock properties are commonly described by the
rheological measurement. Feedstocks with low viscosity, low
flow behaviour index and low activation energy are also ex-
cellent rheological properties for PIM [14, 15]. This, therefore,
shows that the binder system consisting of PE and palm stea-
rin have good potential in PIM since the binder can provide

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-018-03264-y&domain=pdf
http://orcid.org/0000-0003-0424-8620
mailto:mohdyusuf@siswa.ukm.edu.my

2592

Int J Adv Manuf Technol (2019) 102:2591-2599

Fig. 1 Powder morphology of a Ti6Al4V, b hydroxyapatite and ¢ NaCl space holder

the desired feedstock properties such as flowability and ho-
mogeneity at higher solids loading. However, the research of
the binder system consisting of PE and palm stearin for Ti-HA
with space holder material is not yet established. The suitable
binder system is important with the presence of the space
holder material to ensure homogeneous mixing can be pro-
duced. Furthermore, the porosity and the mechanical proper-
ties of the Ti-HA composite are influenced by a homogeneous
mixing process. Thus, this study is focusing on the flowability
of the Ti-HA with space holder feedstock using the binder

Table 1 Material properties

Material Density (g/crn3 ) Size (dso) (Lm)
Titanium (Ti6Al4V) 443 19.61
Hydroxyapatite (HA) 243 20

Sodium chloride (NaCl) 2.17 381.39
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system consisting of low-density polyethene (LDPE) and
palm stearin for the powder injection moulding process.

2 Experimental
2.1 Materials

The feedstock consists of spherical gas-atomised titanium al-
loy (Ti6Al4V) powder supplied by TLS Technik, Germany.
The spherical hydroxyapatite (HA) fine powder was supplied
from China, and the sodium chloride (NaCl) was supplied
from Sigma-Aldrich, (Fig. 1). Table 1 lists the properties of
each powder. Furthermore, the two-component binder system
composed of low-density polyethene (LDPE) as the backbone
binder was obtained from the Polyolefin Company
(Singapore) Pte Ltd., and the palm stearin grade
COSMOTHENE® G812 as a surfactant was purchased from
Intercontinental Specialty Fats, Malaysia (Fig. 2). Table 2 lists
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the thermal properties of the binder system obtained from the
Table2  Binder propertics thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) tests.
Type of Content Density Melting temperature
binder (Wt.%) (g/em®) (°C)
LDPE 1 0.98 11142 2.2 Feedstock preparation
Palm stearin 60 0.98 54.58

Before mixing, the critical solids loading was first determined
using the oil absorption method based on ASTM D-281-31 for
the ratio of 9:1 of Ti6Al4V and HA at 20% of the NaCl space

Fig. 3 Torque rheometer — Torque
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Fig. 4 Viscosity vs. shear rate for a 68 vol.%, b 69 vol.% and ¢ 70 vol.% solids loading

holder. Next, the mixing process was performed at 150 °C, at
40 rpm for 60 min using a Brabender torque rheometry ma-
chine with a roller blade setup. Critical solids loading also
known as the critical powder volume percentage (CPVP)
can be calculated based on the Eq. (1) and the weight percent-
age for the powder and binder can be calculated using Eq. (2)
as follows:

@ Springer

Ve
vy < 100 (1)

CPVP =
where V; is the powder volume, and V, is the oleic acid
volume.

Py X ¥

Weight = ————
Lo + py(1=¢0)

x 100 (2)
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Fig. 4 (continued)

where p, is the powder density, py, is the binder density and ¢
is the volume fraction of the powder (solids loading).

2.3 Feedstock characterisation

The rheological properties of the feedstock were obtained using
a Shimadzu CFT 500D capillary rheometer with a die size of
1 mm in diameter and length of 10 mm at various temperatures
of 160 °C, 170 °C and 180 °C, respectively. The load cell rang-
ing from 320 to 350 kN was then applied to obtain a broad range
of shear rate and viscosity for all temperatures. Next, the ran-
domly crushed samples were fed into the capillary barrel and
preheated for 200 s. The DSM Xplore injection moulding ma-
chine was used for the injection moulding process with an in-
jection parameter of 160 °C at ten bars, and the microstructural
characterisation of the feedstock was examined using a
TOSHIBA tabletop scanning electron microscope (SEM). The
green part mechanical properties were obtained using a three-
point bending test based on the ASTM D790.

3 Results and discussion
3.1 Critical solids loadings

The critical solids loading also known as “critical powder vol-
ume percentage’ (CPVP) is the state in which the powders are
closely packed, and the remaining space is filled with the
binder which influences the homogeneity of the feedstock.
The critical solids loading is determined based on the relation-
ship between torque and time (Fig. 3). The maximum torque
peak occurred at 73 vol.%, indicating the critical solids load-
ing for the composition. The torque value drops after the crit-
ical point to a steady state which reflects the homogenisation
of the composition. The optimal solids loading generally lies
between 2~5% below the critical solids loading. In this study,
the critical solids loading is higher compared to the critical
solids loading of single Ti feedstock in the range of 66—
69 vol.% [16]. However, the higher solids loading for the Ti-
HA feedstock can be as high as 78 vol.% using different mor-
phologies of the HA powder with the same binder system.

Table 3 Flow behaviour index

and activation energy Feedstock (vol.%) Flow behaviour index, n Activation energy, £, (kJ/mol)
160 °C 170 °C 180 °C
68 —0.342 —0.169 0.23 126.04
69 —0.667 —0.728 —0.209 93.84
70 -0.772 —1.115 -0214 191.44
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Therefore, this result demonstrates that powder morphology  preparation of the feedstock for the PIM process. Also, the
affects the critical solids loading which is crucial in the  optimal solids loading is determined based on the rheological

Fig. 6 SEM image of the feedstock for a 68 vol.%, b 69 vol.% and ¢ 70 vol.%, respectively
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Fig. 7 Injected green part with a
tensile bar shape

properties of the selected solids loading at 68, 69 and
70 vol.%, respectively, which is 2~5% below the critical solids
loading of this study at 73 vol.%.

3.2 Rheological properties

Feedstock rheological properties in the PIM process are one of
the main attributes where the properties affect the mould fill-
ing process. Therefore, it is crucial to obtain the best rheolog-
ical properties of the PIM feedstock to avoid any moulding
defects such as short-shot, flash, crack, bubble and powder-
binder separation phenomena. The relationship between vis-
cosity and shear rate is the preferred, if not the best way to
describe the rheological properties of the PIM feedstock based
on the power law equation as given below:

n=Ky"! (3)

where 7 is the feedstock viscosity; - is the shear rate; K is a
constant; 7z is the feedstock flow behaviour index. All the
viscosity and shear rate data from the capillary rheometer test
to suit the equation empirically, and the relation of the viscos-
ity and shear rate is illustrated in Fig. 4.

Figure 4 shows the relationship between viscosity and the
shear rate for the feedstocks with 68, 69 and 70 vol.% solids
loadings at various temperatures of 160, 170 and 180 °C, re-
spectively. All feedstocks exhibit shear thinning, known as
pseudo-plastic behaviour where the viscosity decreases with
increases in shear rate. Notwithstanding, this behaviour dem-
onstrates that the small particles will fill the gaps between the
large particles when the shear is increased resulting in uniform
particle distribution. This is shown in Fig. 6 where the Ti, HA
and NaCl particles for all feedstocks are randomly dispersed.

Therefore, the results show that all feedstocks possess vis-
cosity below 1000 Pa.s and a shear rate above 10,000 s!
which is necessary for PIM feedstock. Furthermore, the flow
behaviour index n, for all the feedstock, is n < 1 thereby dem-
onstrating non-Newtonian shear thinning flow behaviour.
However, a lower n value is undesirable for the injection to
avoid a jetting defect because the feedstock is more viscosity
dependent on the shear rate [17]. In this study, feedstock with
68 vol.% was found to be the best feedstock, possessing a
higher value of n at 0.23 as compared to the 69 and
70 vol.% feedstock.

Table 3 summarises the flow activation energy, £, for all
the feedstocks based on the relationship of the temperature
and viscosity as illustrated in Fig. 5, which represents the
sensitivity of the feedstock towards the change in temperature.
This relation is obtained based on the Arrhenius equation as
given below:

1= 7,exp (%) (4)

Furthermore, low activation energy is required for PIM
feedstock since maintaining the feedstock homogeneity is im-
portant during the moulding process to avoid the possibility of
any defects. In this case, the feedstock with 69 vol.% solids
loading possesses the lower activation energy which is desir-
able for PIM feedstock. Also, having a slightly higher value of
activation energy, the feedstock of 68 vol.% was chosen as
having the best rheological properties due to the higher flow
behaviour index which is crucial during the injection process
(Fig. 6). While the sensitivity of the feedstock during the tem-
perature changes can still be controlled by optimising the in-
jection and mould temperature.
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Fig. 8 The fracture surface of the
green part

3.3 Green part produced from the optimum feedstock

Despite the entire feedstock exhibiting shear thinning behaviour,
the feedstock with 68 vol.% was selected for the injection process
due to the feedstock possessing a lower viscosity range between
48 and 66 Pa.s and a higher shear rate ranging between 12.4 x
10° and 16.5 x 10* s . Indeed, this is desirable for the injection
moulding process compared to 69 vol.% and 70 vol.% feedstock
as described in the previous section. The green part was success-
fully injected without any apparent defects as displayed in Fig. 7.

A certain amount of strength is required for the green part to
retain the shape and to ensure that the next PIM step, such as
debinding and sintering, is performed without any issues. The
maximum flex stress obtained is at 2.92 MPa which is lower than
the suggested value of 10 MPa by German [13]. Accordingly,
the lower strength possessed by the green part is a result of the
larger size of NaCl space holder as shown in the SEM image of
the fracture surface of the green part (Fig. 8). Indeed, this amount
of strength is considered sufficient for the green part to retain the
shape during the debinding and sintering stages.

4 Conclusion

In this study, the rheological properties of Ti6Al4V-
hydroxyapatite with powder space holder were characterised.
The critical solids loading for the Ti-HA (90:10) with 20% of
NaCl space holder was obtained at 73 vol.%, where three
solids loadings were selected with 68, 69 and 70 vol.% for
the rheology tests. The rheology results determined that all the
feedstock exhibit shear thinning behaviour which is necessary
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for the injection moulding process. The feedstock with
68 vol.% possessed the best rheological properties with a
higher flow behaviour index at a lower viscosity range be-
tween 48 and 66 Pa.s and a higher shear rate ranging between
12.4x 10’ and 16.5 x 10° s™' which are desirable for the PIM.
As a result, the injected green part was successfully injected
without apparent defects with a 2.92-MPa maximum flexural
stress. These results indicate that the binder system consisting
of LDPE and palm stearin is suitable in producing Ti-HA
composite with the presence of the space holder material as
a feedstock for the PIM. Besides, the binder system was able
to randomly disperse the space holder material which is cru-
cial in producing a porous Ti-HA composite for the implant
purpose. Future studies need to be carried out in order to study
the debinding and sintering behaviour as well as its mechan-
ical and porosity properties in order to justify as a new gener-
ation of implant material.
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