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Abstract

Mechanical activation is one of the methods to synthesize a single-phase hydroxyapatite. In this
work, hydroxyapatite was directly synthesized by mechanical milling in a planetary ball mill, using
calcium phosphate dibasic dihydrate, CaHPO4.2H20, and calcium hydroxide, Ca(OH)2, as the
precursors or raw materials. The milling parameters investigated included the duration of milling, the
milling media, and the ball-to-powder ratio (BPR). The results thus far indicated that the parameters of
milling can be optimised down to 2 hours of milling duration, using either stainless steel or agate
milling media, and a BPR of 10:1. The optimization was confirmed principally by x-ray
diffraction (XRD) which indicated that only single-phase hydroxyapatite was the final product in
this milling reaction. Other characterization methods employed were scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and particle size analysis. Characterization by
SEM and TEM showed that the morphologies of the hydroxyapatite particles are needle-shaped
and the sizes are dependent on the changes in the parameters used in the mechanical
activation milling process.
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Introduction

Scientific investigations by materials scientists have been continuously directed towards
improving the properties and performance of materials. Significant improvements in
mechanical, chemical and physical properties have been achieved through chemistry
modifications and conventional thermal, mechanical and thermomechanical processing
methods[1]. Mechanochemical processes (MCP) use mechanical energy to activate
chemical reactions and structural changes. A ball mill may be considered to be a
chemical reactor in which a wide range of chemical reactions can be mechanically initiated
[2].

Hydroxyapatite (Cai;o(PO4)s(OH), or HA), classified as a biomaterial, is a synthetic
material used to replace parts of a living system or to function in intimate contact with
living tissues [3]. This substance is present in substantial amounts in the mineralized tissue
of vertebrates, i.e. 60—70% of the mineral phase of the human bone [4].

There are several methods to synthesize HA such as the sol-gel synthesis[5,6],
hydrothermal methods [7,8], solid-state reactions [9,10], wet precipitation methods [11,12],
mechanochemical methods [13,14], etc. Incidentally, pure HA can only be obtained at
temperatures above 900°C by solid-state reactions, or at 375°C by hydrothermal methods.
However, in mechanochemical processing, reactions that need high temperatures will occur at
lower temperatures in a ball mill without any need for external heating [15].
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Synthesis of hydroxyapatite using a mechanochemical process was investigated in this
research work. Initially, the objective was to synthesize HA directly without the need for a
two-stage process where mechanical activation for 60 hours was followed by a heat-treatment
process at 1100°C [16,17].The milling parameters were systematically investigated, and these
included the milling duration, the types of milling media and the ball-to-powder ratio. The use
of milling media, i.e. the balls and the jars, was restricted to the same material as compared to
dissimilar materials which had been reported in the literature [18,19] The ultimate objective
of the present work was to synthesize a single-phase hydroxyapatite directly within the
shortest possible duration, thus contributing to a reduction in time and energy of the process.

Apart from that, many different combinations of precursors had also been reported in the
literature [4]. The mechanical activation of calcium pyrophosphate and calcium carbonate
precursors had been reported, but in that instance, the milled powder needed to be heated to
1100°C before HA can be crystallized out. In this work, calcium phosphate dibasic dihydrate,
CaHPO,.2H,0, and calcium hydroxide, Ca(OH),, were chosen as the precursors and were
milled in a planetary ball mill so that their chemical reactions could be mechanically activated
to produce hydroxyapatite directly without any need for heat-treatment.

Materials and Methods

The precursors used in this work were commercially available hydrated calcium
hydrogen phosphate (CaHPO,4.2H,0,Riedel-de Haen, 98%) and calcium hydroxide
(Ca(OH),, Fluka, 96%). The raw materials were mixed in a planetary ball mill
(Retsch, PM100) in astoichiometric proportionality of the oxides as given in reaction 1,

4 Ca(OH), + 6 CaHPO,. 2H,0 > Cay(POs)s(OH), + 18 H,0 (1)

Milling was performed in a wet condition using a weight ratio of sample to distilled water
1:3 with the initial parameters of milling set of 15 hours milling duration at 400 rpm rotation
speed [20]. In order to avoid excessive heat, milling was carried out in 30 minutes milling
intervals with 2 minutes pause. The milling media to start off with was stainless steel (ball and
jar) and the ball-to-powder ratio (BPR) was fixed at 20:1. The milling parameters were
then systematically varied to observe their effects on the reaction, i.e. the duration of
milling, media of milling, and BPR used.

Initially, a milling duration of 15 hours was chosen whilst the other parameters were
fixed. Subsequently, the duration of milling was almost halved to 8 hours, and then further
reduced to 3 hours, 2 hours and 1 hour to determine the lowest possible millling time to
produce single-phase HA. Subsequently, when the lowest possible milling duration had been
determined using stainless steel milling media, the effects of using other milling media
were investigated, viz. agate, alumina and zirconia milling media. Once this was
established, another parameter of milling, i.e. the ball-to-powder ratio (BPR), was
investigated using stainless steel media and 2 hours of milling duration whilst the other
parameters remained thesame. An initial BPR of 20:1 was systematically reduced until the
reaction can no longer form single-phase HA.

An x-ray diffractometer (D8 Advance, Bruker AXS) was used as the main analytical tool
to determine that HA was produced in all the reactions and to detect other phases that might
be present from the reactions. Scanning electron microscopy (Supra, Zeiss) and transmission
electron microscopy (CM12, Philips) were used to observe the morphology and shape of the
HA particles. The particle sizes of the powder samples were also analysed using a particle
sizer (RODOS, SympaTEC).
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Results and Discussion

X-ray Diffraction (XRD)

The first parameter of milling investigated was the duration of milling and the result is shown
in Figure 1. The duration of milling was initially set at 15 hours, based on a previous work
[18] whilst the other parameters were fixed as stainless steel media, BPR 20:1, speed of
milling 400 rpm with 30 minutes milling interval and 2 minutes pause. The result shows that
after 15 hours of mechanical milling, a single-phase HA can be successfully obtained.
Subsequently, as the duration was halved, single-phase HA can still be produced, even
as the milling duration was eventually decreased down to 2 hours. However, as the
duration was further lowered to 1 hour of milling, an incomplete reaction is evidenced by the
presence of CaHPQO,, which is one of the precursor materials. Hence, it can be concluded
that the lowest milling duration to produce single-phase HA is 2 hours of milling. This
can be contrasted to a duration of milling of up to 60 hours [17] and 6 hours [15] even
though, admittedly, the other parameters were not exactly similar. Apart from savings in
energy during milling, the lowest possible milling duration is expected to result in lower
amounts of possible contamination [21].
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Figure 1. XRD patterns of samples after different duration of milling.(a) 1 hour, (b) 2 hours,
(c) 3 hours, (d) 8 hours and (e) 15 hours

The next parameter was the media of milling apart from stainless steel, i.e. either agate,
zirconia or alumina. This referred to the balls and jar for milling, even though the use of
dissimilar materials for the balls and the jars had also been reported in previous works [22].
Only this parameter was changed, whilst the milling duration was fixed at 2 hours and the other
parameters were fixed as in the previous milling. The results in Figure 2 show that single-phase
HA is obtained when stainless steel and agate milling media were used, whilst the
diffractograms obtained when zirconia and alumina media were used exhibit other phases apart
from HA. When an alumina media was used, an Al203 phase becomes the dominant phase in
the diffractogram, whilst incipient formation of HA can also be observed. This proves that an
alumina media is not suitable for this set of milling parameters because it led to heavy wear and
tear of the alumina balls and jar upon collisions during the milling process due to the brittle
nature of the alumina. On the other
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hand, the contamination due to wear is much lesser when using a zirconia media and the
formation of the HA phase can be seen to be much more significant. Hence, it can be
concluded that for this set of fixed milling parameters, only an agate and stainless steel milling

media lead to the formation of a single-phase HA.
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Figure 2. XRD patterns of samples milled in different media after 2 hours of milling: (a)
Alumina, (b) Zirconia, (c) Agate and (d) Stainless steel

Subsequent investigation carried out was on the ball to powder ratio. Figure 3. shows
the results using BPR 20:1, 15:1, 10:1 and 5:1. For the first three higher BPR ratios, a
single-phase HA is obtained whilst a BPR of 5:1 still indicates the presence of the
initial raw material due to incomplete reaction. These effects are related to the average

frequency of collisions that increases with increasing BPR.
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Figure 3. XRD patterns of samples milled using different ball-to-powder ratios: (a) 5:1, (b)
10:1, (¢) 15:1 and (d) 20:1
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Scanning Electron Microscopy (SEM)

For the SEM analysis, only representative samples were highlighted. The first set of
comparison was between samples which had been milled using a stainless steel and an agate
media with the following fixed milling parameters, viz. a BPR of 20:1, milling duration of 2
hours and a milling speed of 400 rpm.

Figure 4. Scanning electron micrographs of sample milled in (a) stainless steel media
(BPR 20:1), (b) agate media (BPR 20:1), (c) stainless steel media (BPR 10:1)

It can be observed that upon comparison between the two media, the stainless steel media
produces a much finer powder (Figure 4(a)) as compared to that produced using an
agate media (Figure 4(b)). This is attributed to the higher-density of stainless steel, and
hence, a much higher amount of energy was impacted during the collisions.
Subsequently, upon comparison between HA powder produced using a lower BPR, i.e.
10:1 compared to 20:1, the HA powder produced using the lower BPR is finer (for
stainless steel). This is attributed to the longer path before collisions in the 10:1 BPR. Upon
close scrutiny of the HA powder produced using an agate media at BPR 20:1 (Figure 4(b))
and that using stainless steel at BPR 10:1(Figure 4(c)), it is evident that the latter is finer.
This can possibly be taken as suggestive to the higher influence that the ball-to-
powder ratio (inevitably, the path before collisions) exerts on the particle size compared to
the difference in the density of the media itself. This gradation in particle size wass supported
by the results conducted using a powder particle size analyser whereby powder (a) =1.61um,
(b) =1.65 um, and (c) =1.45 pm.

Transmission Electron Microscopy (TEM)

Figure 5 shows a bright field TEM micrograph of samples with the different parameters of
milling as highlighted in (Section 3.2. It can be observed that all HA samples consist of
particles which exhibit a rod-shape or needle-shape configuration which is in contrast to the
findings in another work [15] where the particles were reported to be spherical in shape, i.e.
about 20nm in size. It can be observed that upon comparison, the size of the rods is obviously
much finer using the stainless steel media (Figure 5(a)) as compared to that using the agate
media (Figure 5(b)). As explained for the SEM micrographs, a much higher amount of energy
was impacted during the collisions when using a higher-density stainless steel media compared
to the agate media. The particle sizes are estimated to be in the range of 40-100 nm in length
and 10 nm diameter. Upon subsequent comparison between HA powder produced using a
lower BPR, i.e. 10:1 compared to 20:1, the HA powder produced using the lower BPR is finer
(for stainless steel), viz. 40 nm compared to 60 nm in length. As above, this is attributed to the
longer path before collision for the case with a 10:1 BPR. However, if Figure 5(b)) is
compared to Figure 5(c), it is much more evident that milling using stainless steel at a lower
BPR of 10:1 produces a finer powder compared to that using an
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agate media with a of BPR of 20:1. This further reinforces the suggestion offered for
the SEM micrographs in Section 3.2.

Figure 5. Transmission electron micrograps of samples using: (a) stainless steel media
(BPR 20:1), (b) agate media (BPR 20:1), (c) stainless steel media (BPR 10:1)

Conclusions

In conclusion, the results thus far indicate that the parameters of milling can be optimised
down to 2 hours of milling duration, using either stainless steel or agate media, and a BPR of
10:1 to synthesize directly a single-phase hydroxyapatite. The optimization was
confirmed principally with X-ray diffraction (XRD) which indicated that only a
single-phase hydroxyapatite was the final product in this milling reaction. Microscopy results
indicate that stainless steel media produces finer powders compared to that of agate due
to the higher energy impacted by the higher density media. Likewise a BPR of 10:1
(compared only to 20:1), for stainless steel media, produces a finer powder due to the
longer (and possibly the optimum distance) path before collisions, and hence, a higher
amount of energy impacted. The use of alumina or zirconia milling media is found to be
unsuitable under the set of milling conditions employed in the present work.
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