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Abstract— The purpose of this study is to investigate the
performance of feedstock containing HAp-ZrO: bioceramic
powder with palm stearin (PS) based binder system. The
feedstock was varied with three different weight percentage
composition; 90-10, 80-20 and 70-30 of the HAp-ZrO2 and the
optimum powder loading of 60 vol % was remained for each
composition. Different weight composition of the HAp-ZrO:
resulted in different characteristics of the as-mixed powder
similarly in their mixing behaviour. Therefore, the performance
of HAp-ZrO:2 composite powder is studied through the particle
size distribution, pycnometer density and X-ray diffraction
(XRD). Then, the influence of ZrO: percentage content in the
feedstock also is observed via the rheological study. The
rheological response of MIM feedstock by means of a capillary
rheometer is essential to be carried out in order to examine the
viscosity and flow behaviour index of the feedstock. From the
analysis, the increasing content of ZrO: by 30wt% in the
feedstock is indeed affecting the mixing behaviour of the as-
mixed powder as its XRD patterns showed the evident
differences in the peak present. In term of rheological study, the
70-30wt% of HAp-ZrO: is deemed unfit for MIM processes
based on the too high viscosity and too low of n value.
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I. INTRODUCTION

One of the well-known bioceramic material is hydroxyapatite
(HAp), Ca10(PO4)s(OH)2. HAp has been intensely used as implant
material such as bone replacement due to its resemblance in natural
bone material with the composition of 70% in human body.
Possessing the unique bioactivity characteristics such as good
biocompatibility, osseoconductivity and bioaffinity with living
tissues, HAp stimulates speedy bone growth besides provides strong
interfacial fixation for orthopaedic and dental applications [2]. Yet,
the major drawback of HAp is having the inferior mechanical
properties such as high fragility, low strength and low fracture
toughness. These disadvantages resulted in the limitation of usage in
load-bearing orthopaedic implants such as spinal fusion bodies, pins
plates and screws [20]. Therefore, the improvement on the
mechanical properties of metal-ceramic is needed to be done by
incorporating the metallic materials. Due to this, the reinforcement
of zirconia (ZrOz2) in HAp matrix in the form of particles, platelets,
fibers or nanoparticles had gathered much interest among the
researchers [1].

According to previous research, ZrO2 had been proven to have a
good biocompatibility coupled with the tendency to boost the
mechanical properties of HAp. By being biocompatible, ZrO:
stimulates the proliferation of cell and differentiation in osteogenic
pathways [27]. The study demonstrated in several studies suggested

that the bone attachment on zirconia surface as well as the formation
of a direct interface between bone and zirconia is often equivalent to
or even superior than titania implants. The radiopaqueness of ZrO2
makes the monitoring process of its function become easier as it can
be seen clearly in radiographs [20]. Owing to the martensitic
transformation of tetragonal<»monoclinic ZrO2 (T«<>M), zirconia-
based materials display a remarkable toughness and improved
strength compared to monolithic HAp itself. This was supported by
the justification of their satisfactory biocompatibility via the medical
implementation of ZrOz implants [3]. In ZrO2z reinforced HAp
composites (HAp- ZrO2), it was forecasted to have the high
possibility to incorporate exceptionally advantageous properties of
both biomaterials which formerly being applied separately [21].

Using these findings, the effect of zirconia addition on HAp
composite (HAp-ZrO2) were investigated in order to study the
dispersion of the nanometric reinforcement in the HAp matrix.
Optimal dispersion of the reinforcement during the mixing of
elemental powder has said to be very vital to attain a good
homogeneity of the feedstock [20]. The homogenous feedstock is
one of the compulsory criteria that is required to be achieved in order
to ensure the success of injection moulding method. The metal
injection moulding (MIM) process is described as a proficient
process where the accurate products of complex shape can be
produced.

In this study, the influence of varied percentage content of
zirconia addition to HAp-ZrO2 composition on the mixing behaviour
and its effect on rheology are being investigated. The different
mixing ratio of HAp-ZrOz results in different size of particles, their
distributions and characteristics which directly influenced the
viscosity [4]. Apart from the low activation energy, consistent flow
index and low yielding stress, the low viscosity also is one of the
fundamental criteria that is desired by the rheology properties [16].
Therefore, this study focused on the characterisation of the HAp-
ZrO, composite powder and the rheological properties of feedstock
using palm stearin binder system with different composition of
powder mixture.

Il. METHODOLOGY

A. Preparation of Composite Powder

The composite powders were prepared by mixing the
hydroxyapatite (HAp) (Caio(PO4)s(OH)2) with commercial 3% mol
Yttria Stabilized Zirconia (ZrO2) (supplied by Inframat Advanced
Materials) at three different weight percentage composition as
shown in Table 1. The addition of ZrO2 powder to HAp powder was
increased by 10wt% each in order to find the ideal composition of
HAp- ZrO2 composite.

Planetary Ball Mill, Pulverisette 6 was employed to carry out the
mixing process of each composition of HAp and ZrO2. To ensure
the homogenous distribution of the mixture, the HAp and ZrO:
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powder were mixed in a stainless steel jar for 4 hours with rotational
speed of 100 rpm. The Yttria Stabilized Zirconia (YZS) balls
(supplied by Inframat Advanced Materials) were used as the
grinding media with the ratio of 2:1 to the powder [6]. The
composites were then proceed to the feedstocks were prepared.

Table 1: The composition of mixing ratio of HAp-ZrO,

Formulation Composition (wt%o)
HAp ZrO2

1 90 10

2 80 20

3 70 30

B. Characterisation of Composite Powder

The particles size of HAp-ZrOz and their distribution was
determined by using a particle size analyser with a laser diffraction
method (Mastersizer 2000, Malvern Instrument). The particle size
measurement was significant due to the fact that the properties of
distributed materials are firmly related with their molecule size and
uniformity.

The theoretical or true density of the composite powder was
performed through pycnometer density using Accupyc under the
flow of helium gas.

Rigaku X-Ray Diffractometer (XRD) was employed to
investigate the qualitative phase composition of the HAp-ZrO:
composite. By operating at 40kv and 40mA with Cu-Ka radiation,
the analysis was performed in the range of 20 from 20° to 60° with
2 °/min of scan speed.

C. Preparation of Feedstock

The powder-binder mixture or generally known as feedstocks
were prepared by mixing the powder loading of 60 vol % along with
the binder system which contained palm stearin (PS) and
polyethylene (PE) at 60 and 40 percentage of weight ratio
respectively [5]. Each PS and PE used in this investigation were
manufactured by Kempas Edible Sdn. Bhd. and Titan Polyethylene
(M) Sdn. Bhd., correspondingly. The formulation for the feedstock
was displayed in Table 2.

Table 2: Composition of Binder Systems

Composition (wt%o) Powder Binder composition (wt%b)
Loading
HAp Zr0O2 (vol %) Palm Polyethylene
Stearin (PE)
(PS)
90 10
30 20 60 60 40
70 30

The internal mixer HAAKE Rheomix was used to perform the
mixing process which was conducted at 160 °C in the duration of 2
hour with rotational speed of 50 rpm. At the point when the required
blending temperature was achieved, the PE was addeded into the
mixer. After being completely melted, the PS was added
subsequently and followed by the powder mixture of HAp-ZrO: [7].
The uniformity of the feedstocks can be expected by perceiving the
mixing torque value. When the torque attained a steady state value,
the homogeneous mixing was presumed to have ensued [8]. Better
mixing is said to be accomplished with the respect of the lower value
of torque [9]. Once the mixing process was accomplished, a pallet
knife was used to manually chop the feedstock. Then, followed by
the cooling of the chopped feedstocks at the room temperature.

D. Rheological Test

The rheological behaviour of the feedstock was then identified by
using a Rosand RH2000 capillary rheometer. This test was

fundamental in order to determine the feedstock viscosity. The
determination of viscosity is strongly correlated to the identification
of pseudoplastic properties which can be an indication to the
successful injection process. Amid the test, the feedstock was being
ejected through a small cylindrical orifice which having a length, L
of 16 mm and diameter, d of 1 mm (L/d = 16). The pelletized
feedstock was then charged into the rheometer barrel and permit to
preheat at 5°C/min of heating rate and at temperature of 210 °C.

I1l. RESULTS AND DISCUSSION

A. As-mixed Powder Characterization

Particle size distribution of composite powders at three different
weight percentage were given in the Table 3. Apart from that, the
width of particle size distribution, Sw calculated by using the
Equation (1) also was shown in Table 3. Meanwhile, the graph for
the particle size distribution for the elemental powder as well as the
mixed powder were illustrated in Figure 1.
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Table 3: The particle size distribution of mixed powder
Powder Particle Size (jum) Particle Specific
Width Surface
Distribution Area
dio dso dgo Sw (m?/g)
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Figure 1: Particle Size Distribution

According to German and Bose [10], ideally, the value for Sw
should be either less than 2 or greater than 7 presenting a very broad
or a very narrow distribution respectively. From the Table 3, the
value of Sw for mixed powder with 90wt% HAp, 80wt% HAp and
70wt% HAp were calculated to be 2.437, 2.111 and 1.851
correspondingly. All of these values obtained in this study indicate
that the broad distribution of the powder which is believed to be
beneficial for efficient particle packing. This is because the study
conducted by German and Hens [11] showed that the powder with
Sw value over 7 is being complicated to flow into mold. Moreover,
by possessed the broad particle size distribution, the possibility of
segregation of the mixture to ensue was very minimum and the
viscosity also was being reduced [12]. Another investigation done
by Subuki [2] also suggested that the benefit offers by broadness of
the distribution was more ceramics could be packed in a given
volume due to the small particles incline to fill up the available
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spaces between larger particles which lead to the possible high loads
of the powder.

Generally, the surface area is affected by the particle size of the
powder. Smaller particle size of powder is said to exhibit a high
surface area. According to Ismail [13], high surface area of powder
resulted in more powder packaging which then lead to the accuracy
of the density reading. Basically, the density of as-mixed powder is
essential in this study because it is employed in defining the mass
required for preparation of feedstock for rheological test. Table 4
display the result of the pycnometer density for as-mixed powder.
The rate of the density was said to be contributed by the composition
of the powder [14]. Based on the results, the composition of 70wt%
HAp and 30wt% ZrO: depicted a significant density decreasing.

Table 4: The density measured of HAp-ZrO2 composite powder

Powder Pycnometer
density(g/cm3)
90wt% HAp 3.3761
80wt% HAp 3.5078
70wt% HAp 3.1342

The XRD pattern for the elemental powder of ZrOz and HAp in
comparison with the composite powders with different composition
were shown in the Figure 2. This analysis was carried out in order to
ensure all the elemental powders were distributed homogenously
during the mixing process. Based on the result, both 90wt% and
80wt% HAp as-mixed powder showed the same pattern of peaks
whereby the present peaks correspond to the HAp as well as the ZrO2
existence. However, the diffractograms for 70wt% HAp as-mixed
powder showed the obvious differences in XRD pattern when the
ZrO2 content was increased by 30wt%. Eventhough there was no
new peak was existed indicating no new bonds were being formed,
the decomposition of HAp were observed in the composites. This
result was believed to be caused by the existence of the non-stable
ZrO2 phase due to its non-uniformity dispersion in HAp matrix [23].
The finding were supported by Chen [22] where the poor properties
of composites due to presence of high porosities and poor phase
distribution were observed when ZrOz content was higher than 30
wt%. In addition, the previous study also reported that the non-
uniform ZrOz phase distribution in mechanical mixing of HAp and
ZrO2 powders was caused by the segregation of ZrO: particles
[31[24].
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Figure 2: XRD

B. Rheological Study

The correlation of feedstocks viscosity and shear rate for three
different weight composition of HAp-ZrO, powder was illustrated
in Figure 3. It was evidently shows that the viscosity decreases as
the shear rate increases (shear thinning). The result obtained for all
the feedstock clearly exhibit the pseudo plastic behaviour. The
suitable pseudo plastic behaviour for injection moulding is

accomplished if viscosity value is less than 1000 Pa.s and the range
of shear rate is between 100 and 10000 (1/s) [15]. This pseudo
plastic behaviour helps in facilitate the moulding filling, minimising
jetting and aid to preserve the shape of the moulded part. The
correlation of ZrO2 content and viscosity also was being observed. It
can be examined that the viscosity was decreased from the 10wt%
ZrO> to the addition of 20wt% ZrO.. However, when the ZrO> was
added by 30wt%, the viscosity was significantly increased. In term
of feasibility of injection moulding processes, both viscosity of the
feedstock with 90wt% and 80wt% HAp were considered viable. On
the other hand, the feedstock containing 70wt% HAp was found to
be not suitable as the MIM feedstock. This is mainly due to its
resulting viscosity which is higher than 1000 Pa.s. This exceeding
viscosity is reported to be due inhomogeneity of the feedstock. In
addition, the agglomerates lead to initial difficulty of mixing
viscosity as well as the mixing torque [25]. This is corresponding to
the XRD result of 70-30wt% HAp- ZrO2 which contradict to the
homogenous mixing of elemental powder.
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Figure 3:

The temperature of 210°C was selected to perform the rheology
test as the feedstocks shows a good fluidity where the greater heat
input was required due to high viscosity of the HAp-ZrO2 powder.
At the temperature below 200°C, the feedstocks was observed to be
too viscous to flow which then cause the feedstock to remain in the
rheometer barrel.

Generally, the pseudo plastic behaviour corresponding to the
breakage of particle agglomerates with the release of the fluid binder
[10]. This behaviour also can be defined by the following equation:

T=Ky" 2

Where 7 is denotes as shear stress, v indicates the shear rate, n the
flow behaviour index and K signifies a constant.

Meanwhile, the relationship between the data of shear stress to
shear rate for pseudo plastic behaviour and dilatants fluids which
identified as the power-law equation can be portrayed via In (2). The
exponent n of the power-law index represent the shear sensitivity
whereby the smaller value of n implies higher shear sensitivity and
exhibit more pseudo plastic properties. On the other hand, dilatants
material is retained for n>1. According to Wenjea [19], dilatant
material is described as the separation of metal powder and binder
under the influence of high shear rate. The shear sensitivity, n can
be obtained by plotting the graph based on the Equation (3) below:

logioT = logiok +nlogy 3

Apart from that, equation (4) shows the essential properties of
rheology in term of viscosity (1):
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By correlating the apparent viscosity n and power-law index n,
the value of n also can be attained from the logarithm form by
calculating the slope of the curve |n — 1| as performed in Figure 4.
Their relationship can be referred to the following equation:

n
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Figure 4: The Log Viscosity Against Log Shear Rate at 210°C of HAp-ZrO,

Based on the result tabulated in Table 5, the shear sensitivity of
all the feedstock shows the value less than 1. All the feedstock
ranging from 90wt% to 70wt% HAp were calculated to be 0.227,
0.300 and 0.083 which proven to obey the pseudo plastic behaviour.
The obtained results describes in increasing of ZrO2 content up to
20wt% shows an increase in n value. Meanwhile the n value
drastically decreases when the content of ZrO: is increased by
30wt% proportionally equivalent to its high viscosity. Moreover,
this n value for this feedstock was deemed too low for the injection
molding. The excessively low of n value may contribute to the slip
flow phenomenon which then lead to the moulding defects [26]. For
successful injection molding, it is advisable to use the feedstock with
high value of n which in the range of 0.5 to 0.7. The high value of n
signify that the viscosity decrease slowly with increasing shear rate
[17]. However, the n value as low as 0.1 also has been reported in
the previous studies [18].

Table 5: Shear sensitivity (n) of HAp-ZrO, feedstock

Formulation | Shear sensitivity (n)
90Wt%HAp 0.227
80wt%HAp 0.300
70wWt%HAp 0.083

IV. CONCLUSION

From the analysis, the increasing content of ZrOz in the feedstock
is indeed affecting the mixing behaviour of the as-mixed powder.
With the increasing up to 20wt% of ZrOz content, the XRD pattern
shows the homogenous mixing of the both HAp and ZrO. powder.
However, the XRD pattern for 70-30wt% HAp-ZrO: displays the
significant differences in the peak present. Due to this, the
rheological properties are also being affected due to inhomogeneous
mixing behaviour. The high viscosity and too low of n value made
the feedstock with 30 wt% ZrOz content deemed unfit for MIM
processes. On the other hand, both 90-10wt% and 80-20wt% of
HAp-ZrO, feedstock exhibit a pseudo plastic properties which
favourable for MIM processes. The viscosity of both feedstock also
proven to be sensitive with shear rate as the n value obtained was

below than 0.3. In this case, the feedstock with 80wt% HAp shows
the best properties as it possessed the highest value of n compared
to other feedstock composition. Apart from that, it also possess the
lowest viscosity for easier flowability.
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