Stainless steel 316L—hydroxyapatite
composite via powder injection moulding:
rheological and mechanical properties
characterisation
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Powder injection moulding is a manufacturing process capable of producing complex, precise and
net-shaped components from metal or ceramic powders at a competitive cost. This study
investigated the rheological properties of stainless steel 316L-hydroxyapatite composite by
using palm stearin and polyethylene as a binder system, evaluates the physical and mechanical
properties, and composition change of the sintered part at different temperatures through
powder injection moulding process. Stainless steel 316L powder was mixed with hydroxyapatite
by adding a binder system (palm stearin and polyethylene) at 58.0 vol% powder loading
prepared via critical powder volume percentage. A green dumbbell-shaped part was produced
via plunger-type injection moulding. The green part was sintered at 1000, 1100, 1200 and
1300°C at 3 hours. The value of flow behaviour index nis from 0-1 to 0-39, which is within range
of the injectability index. The obtained activation energy is 5-75 kJ mol~'. Morphological results
indicate the formation of pores at a sintering temperature of 1000°C, a decrease of pores when
the temperature is increased, and the occurrence of densification. At 1300°C it showed the
highest mechanical properties of Young’s modulus which is 41.18 GPa. The decomposition of
hydroxyapatite into S-tricalcium phosphate and tetracalcium phosphate phases started to occur
at 1000 and 1100°C, respectively. The highest sintered density is 3:7744 g cm™* which is close
to the density of hydroxyapatite but the mechanical properties is higher than pure hydroxyapatite.
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brittleness and low fracture toughness, which limit its
use in load-bearing applications.® Therefore, metallic
materials are used to improve the mechanical properties

Introduction

Powder injection moulding (PIM) is a technological

process used to manufacture metal and ceramic and can
produce small, complex, precise and net-shaped com-
ponents at a competitive cost.! Powder injection mould-
ing consists of four main steps, namely mixing,
injection moulding, debinding and sintering.
Hydroxyapatite (HA) is a calcium phosphate ceramic
whose structure and composition are similar to that of
human bones and teeth.® Hydroxyapatite is widely
used as a bone substitute and dental implant because of
its good properties, such as high biocompatibility, osseo-
conductivity and bioaffinity with living tissues.>*>
However, HA has low mechanical properties, such as
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of metal-ceramic composites.

Stainless steel 316L (SS 316L), cobalt-chromium
alloys (Co—Cr-Mo), titanium (Ti) and titanium alloys
(Ti-6Al1-4 V) are metallic materials that are widely used
as implant materials, especially in the fields of orthopae-
dics and dentistry.”® These materials are used because of
their good mechanical properties, corrosion resistance
and the formation of an inert biocompatible oxide layer
on their surface. As one of the medical grade metals
used in implants, SS 316L is a well-known alloy that is
suitable for use in internal fixation devices.” Stainless
steel 316L is traditionally used because it is low cost,
easy to fabricate and possesses high mechanical proper-
ties. Properties such as corrosion resistance, biocompat-
ibility, high tensile strength and fatigue resistance make
SS 316L suitable as a surgical implant material.'®

The combination of the excellent strength properties of
SS 316L and the bioceramics of HA can be used in load-
bearing applications and bioactive composites.'!
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Furthermore, the thermal expansion coefficient of SS
316L is close to that of HA ceramics.'*'* In recent
years, much research has been conducted on the fabrica-
tion techniques of SS 316L-HA composites, including
compressing technique, surface modification, coating,
spark plasma sintering and compression,'*!” but few
studies have been reported on the PIM process. The use
of palm stearin (PS) and polyethylene (PE) as a binder
system was successfully studied through a single material
by Mohd Foudzi et al.,'"® Omar er al.'® and Nor et al.*°
but less reported using two different materials composite.
In this study, the emphasis on the use of PS and PE in SS
316L/HA feedstock were determined.

The objectives of this study were to evaluate the
reliability of the use of PS and PE as a binder system
and to characterise the sintered part of the composite.
The following rheological properties of the SS
316L-HA feedstock were measured: flow rate, shear
rate and activation energy. The sintered parts were ana-
lysed on the physical and mechanical properties based
on the different sintering temperatures. The scope of
this study used 58-0 vol.-% powder loading feedstock of
50 wt-% SS 316 and 50 wt-% HA.

Materials and methods

The powder was prepared by mixing 50 wt-% of SS 316L
powder, purchased from Epson Atmix Corporation, with
50 wt-% of HA, supplied by Sigma Aldrich (M) Sdn.
Bhd. The sizes (Dsg) of the powders were 6-75 and
5-34 pm, respectively. About 60 wt-% PS and 40 wt-%
PE were mixed together with the powder by using a
Brabender mixer at 150°C to form a binder system.>' 23
A feedstock of 58-0 vol.-% powder loading was produced.
The rheological characteristics of the feedstock were
measured using the Shimadzu CFT-500D capillary rhe-
ometer at 150, 160, 170 and 180°C.

The feedstock was injected using a DSM Explore
plunger-type injection moulding machine with a green
dumbbell-shaped part. Two stages of the thermal debind-
ing process were conducted at 320 and 500°C to remove
the binder system. This temperature was successfully
reported by Mohd Foudzi er al.'® and Omar et al "
which is the decomposition of PS and PE occurs at 300
and 450°C, respectively.

The debound parts were sintered at 1000, 1100, 1200
and 1300°C for 3 hours of holding time at a heating
rate of 3°C per minute, based on the conditions used in
previous studies of Salman et al.** and Ruys et al>’
The morphology were characterised via scanning electron
microscopy (Hitachi model S3400N SEM) and the
density of sintered samples were measured by using an
electronic balance (Sartorus, model BSA224S-CW)
based on MPIF Standard 42.%° The Young’s modulus
properties were examined using a Universal Testing
Machine (model 5567) and follow the test method of
MPIF Standard 41.%° All sampels were tested by X-ray
diffraction (XRD) using the XRD Bruker D8 Advance
with a CuKa irradiation to determine the phase present
at all temperatures.

Results and discussion

The behaviour of a PIM feedstock is generally considered
to be similar to that of pseudoplastic fluids, the viscosity
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of which decreases with increasing shear rate. This behav-
iour can be defined based on the power law equation®’

n=Ky"! (1)

where 7 is the viscosity, K is a constant, y is the shear rate
and 7 is the index of flow behaviour for the feedstock. In
the PIM process, the value of viscosity must be lower than
1000 Pa s and the shear rate must be between 100 and
100 000 per second.?® Figure 1 shows that 58 vol.-% feed-
stock demonstrates pseudoplastic behaviour and is suit-
able for injection moulding. The determined n values
are nyso = 024, nieo = 039, ny70 = 0-26 and nigo = 0-10.
The highest obtained value is 0-39. All n values are
within the pseudoplastic range (n < 1). The correlation
between the viscosity and temperature describes the
flow activation energy E of the feedstock through the
Arrhenius equation®’

n =1, exp(E/RT) (@)

where 7, is the viscosity at a reference temperature, E is
the flow activation energy, R is the gas constant and 7'
is the temperature. The flow activation energy can be
determined by the slope of In# v. 1/T graph.” A large
value of E shows the high sensitivity of viscosity to
changes in temperature.

In Fig. 2, the graph was plotted based on loads of 100,
120, 130 and 140 N applied to the feedstock. The follow-
ing values of E were obtained: Ejgo= 12-74 kJ mol ™!,
Ej20=26-0kI mol™', Ej4o=575kImol™" and Ejs =
9.42 kI mol™'. E,4 had the smallest activation energy,
followed by Ej¢9, E100 and Ej»9. However, all values of
the activation energy are still considerably low when com-
pared with the values obtained in many previous studies
on rheology.”***=7-3 The oil and fats in PS can form a
lubricant film, which decreases the viscosity and increases
the activation energy of the feedstock. Iriany ez al. stated
that the concentration of PS in the binder must not be
more than 45 wt-% to prevent the powder binder separ-
ation phenomenon.*!

Morphological studies on the sintered sample were
conducted via SEM to study the distribution and dis-
persion of both SS 316L and HA powder. The samples
sintered at 1000°C (Fig. 3a), 1100°C (Fig. 3b) and
1200°C (Fig. 3c¢) exhibited high porosity compared with
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those sintered at 1300°C (Fig. 3d). Densification did not
occur until the sintering temperature was increased to
1300°C. Grain growth, as well as densification, increased
with increasing temperature, a result similar to those
obtained by Song et al.** and Muralithran and Ramesh.*

The SEM image shows that the HA was well sintered at
1300°C. By contrast, the SS 316L was not properly dif-
fused. This phenomenon occurred because no contact
point was made between the SS 316L particles, which
were far apart from one another. The pore sizes decreased
and tended to disappear, and the shape became more
‘rounded’ with increasing temperature. This result was
supported by previous studies of Prokopiev and
Sevostianov,** and Olevsky.*

The final densities of all samples were measured after
the sintering process completed. The sintered densities
of each temperature were measured to four decimal
points. The sintered sample at 1300°C (Fig. 3d) shows
the highest density of 3-7744 gecm > which is 83-4%
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close to the theoretical value. Followed by 1200°C
(3-6846 gcm ), 1100°C (3-6264 gecm ™) and 1000°C
(3-5920 g cm?). This happened owing to the presence
of voids; the density increased with decreasing number
of voids.'® At 1300°C, the sample was observed to have
the least amount of voids compared to 1200, 1100 and
1000 °C. The results were supported by Prokopiev and
Sevostianov>* in his research that the density increases
because the pores tend to coalescence which their
number decreases as the temperature continues to grow.

Young’s modulus for all sintered samples was deter-
mined based on three-point bending test. As the sintering
temperature elevates, Young’s modulus increases. The
sintered sample at 1300°C had the highest Young’s
modulus which is 41-18 GPa followed by 1200°C
(34-84 GPa), 1100°C (27-53 GPa) and 1000°C
(22-74 GPa). By comparing with the density results, it is
found that the Young’s modulus increases because of
the densification as a result of sufficient diffusion bond
formed between the particles. Neuendorf er al.,>® Lee
et al.*” and Arifin et al. *® stated that the mechanical prop-
erties of bone for Young’s modulus are between 10 and
30 GPa. It shows that the strength of Young’s modulus
of the composites SS316L/HA is exceeded the strength
of the bone caused by the inclusion of SS316L.

Based on the XRD result in Fig. 4, the decomposition
of HA into B-tricalcium phosphate (8-TCP), Ca;(POy),
occurred at the following temperatures: 1000, 1100,
1200 and 1300°C. The amount of S-TCP phase increased
with increasing temperature. At 1100°C and above, the
HA also decomposed into tetracalcium phosphate
(TTCP), Cay(POy4),0. The SS 316L did not change into
other phases at any sintering temperature.

The decomposition of HA occurred as a result of the
formation of an intermediate phase, oxyapatite,
Cag(PO4)sO which was formed via the dehydrolation
process, when HA was sintered in air at temperature
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3 SEM image of sintered 58.0 vol.-% a 1000°C, b 1100°C, ¢ 1200°C and d 1300°C
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4 X-ray diffraction patterns of sintered part for 3 hours at 1000, 1100, 1200 and 1300°C

above 1200°C.** Zhou er al. * stated that during the sin-
tering process, H>O is produced and the formation of
oxyapatite occurs based on the following equations:

20H - 0+ H,0 1 3)
Calo(PO4)6(OH)2 — Calo(PO4)6O + H,O (4)

This oxyapatite phase is stable and does not undergo any
reverse phase transformation. However, the decompo-
sition of HA into S-TCP and TTCP occurs if further
heating is applied based on the following equation:*

Calo(PO4)6(OH)2 — 2Ca3(PO4)2+Ca4(PO4)2O + H,O
5)

In their previous research, Wang and Chaki*’ reported
that HA decomposes into another phase at a lower temp-
erature through the dehydration process if the sintering
time takes longer than 2 hours.

Conclusion

The stainless steel 316L-hydroxyapatite composite was
successfully fabricated using palm stearin and polyethylene
as a binder system. The rheological results showed that the
feedstock of 58 vol.-% powder loading exhibited pseudo-
plastic behaviour with viscosity <1000 Pas and shear
rate was between 100 and 10 000s™'. The injectability
indices were within the range of —1 <n < 1. The obtained
lowest activation energy, E = 5-75 kJ mol ', indicated less
sensitivity to temperature change. Pores were formed
during the sintering process and their sizes decreased
when the sintering temperature was increased. The mech-
anical properties increased with temperature increased.

At 1300°C, dense hydroxyapatite was observed and the
highest density obtained which is 83-4% close to theoretical
value. The same trend measured to the highest value of
Young’s modulus of 41-18 GPa which already surpasses
the limit of human bone. The decomposition of hydroxya-
patite into f-tricalcium phosphate and tetracalcium phos-
phate starts at sintering temperatures of 1000 and
1100°C, respectively. Good physical and mechanical prop-
erties of stainless steel 316L—hydroxyapatite composite can
be achieved by using higher powder loading of stainless
steel 316L /hydroxyapatite feedstock.
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