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Introduction

Calcium phosphate-based ceramic-coated tita-
nium and titanium alloys have become one of the
most promising implant materials for orthopaedic and
dental applications this is due to their favourable bio-
compatibility and mechanical properties. Among the
entire calcium phosphate family, the most interest-
ing material is perhaps hydroxyapatite, due to its sta-
bility in contact with body fluids. Also, the use of
nanocrystalline HA as a reactant offers a novel route
to the production of brushite cements [1,2]. This mi-
neral, along with fluorapatite (Ca5(PO4)3F), monetite
(CaHPO4), tricalcium phosphate (Ca3(PO4)2), tetra-
calcium phosphate (Ca4(PO4)2), and octacalcium
phosphate (Ca8H2(PO4)6.5H2O), belongs to a family
of minerals known as apatites. These materials dem-
onstrate similar structures (hexagonal system, space
group, P63/m), and possess the structural formula

X3Y2(TO4)Z. In nature, apatite compositions include
X and Y = Ca, Sr, Ba, Re, Pb, U, or Mn (rarely Na, K,
Y, Cu); T = P, As, V, Si, S, or CO3; and Z = F, Cl, OH,
or O. In medicine, apatites of interest possess X = Y =
Ca, T = P, and Z = F or OH. In the case of hydroxya-
patite, T = P and Z = OH. Hydroxyapatite is similar
to the biological apatites that provide strength to the
skeleton and act as a storehouse for calcium, phos-
phorus, sodium, and magnesium [3].

The methods of coating deposition are numerous
and varied, and usually involve liquid phase process-
ing, or gas/vapour state. It is hard to name a tech-
nique for depositing a coating in the solid state,
without the use of solvent or an intermediate liquid.
A recently developed technique, mechanical alloy-
ing, seems to be appropriate for this purpose. The
basis of new method rests with the investigations of
the process of metal oxide reduction in various re-
ducing mediums under impulsive mechanical acti-
vation conditions. It is well known that mechanical
activation initiates and accelerates chemical interac-
tions in the solid phase. Using this method, pure
metallic coatings on dissimilar substrates can be ob-
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Hydroxyapatite [Ca10(PO4)6(OH)2 − HA] material has been clinically applied in many areas of dentistry

and orthopaedics. Presented work describes the effect of mechanical alloying treatment, as a non-conven-
tional solid-state process, on the microstructure of hydroxylapatite powder and Ti-alloy substrate. The
relationship between the crystallinity, crystallite size and strain of the HA with milling factors was investi-
gated. Milled HA powders and Ti-substrate were characterized by X-Ray Diffraction (XRD) and/or scan-
ning probe microscope (SPM) using atomic force microscopy (AFM). Increasing the ratio of the weight of
the ball to the powder (Wb:Wp) ratio and milling time accelerates the broadening and intensity reduction of
XRD peaks. There was no evidence that milling time up to 2 hrs or Wb:Wp can change chemical composition
of the HA. Decomposition of HA phase or secondary phases such as α and/or β-tri-calcium phosphate (α,
β − TCP), and calcium oxide (CaO) was not observed throughout the milling process. The average grain
size and the internal strain are calculated from the XRD by Scherrer's formula and Hall–Williamson method.
The Ti doped HA samples shows a notable broadening and intensity reduction comparing with HA powders
before and after milling.
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tained, and alloy coatings of different compositions
be produced [4,5]. Mechanical alloying/milling is a
solid-state powder processing technique involving
cold-welding and fracturing of powder particles. The
constituent powder particles are repeatedly fractured
and cold welded, so that powder particles with very
fine structure can be obtained after milling [6].

The objective of this first study was to examine
the effects of the following three variables on the
structure stability properties of HA: the weight of
the ball to the powder ratio, milling time, and Ti-
additives to improve the bond strength of HA. Also
the effect of milling time on Ti-substrate had to be
studied. Another aim of the present work was to study
the effect of the best milling parameters (time of mill-
ing and ball to powder weight ratio) for coating hy-
droxyapatite on Ti-substrate by mechanical alloying
method as a new method for coating.

Materials and Methods

Commercials hydroxyapatite powder (Sigma-
Aldrich), Ti-powder (Wako, 99.5%, 250 μm) and 10×
8×2 mm Ti-alloy substrates were milled for various
time. Also, the HA powder was milled with different
weight to powder ratios. The powders and/or Ti-sub-
strate with steel balls (5 mm) were placed into the
vibration chamber vibrated by mechano-reactor. HA
powders were put into cylindrical hardened tool steel
vial (20 cm3). The milling process was carried out in
static air without process control agent.  The cham-
ber was just O-ring sealed in order to prevent con-
tamination from the atmosphere. After mechanical
treatment, the titanium samples were cleaned in an
ultrasonic alcohol for 60 second at 35°C.

XRD patterns data through the process of milling
are essential to follow and understanding mechanism
of microstructure transformation. XRD was perform-
ed using DRON-6 system. Diffraction measurements
were performed using Cu Kα radiation (wavelength
λ = 0.15406 nm) with a nickel filter at 25 kV and 25
mA. The diffractometer was operated within rang of
20 < 2θ < 60 with step-time = 3 seconds and step-
size = 0.02 degree. Diffraction signal intensity
throughout the scan was monitored and processed
with PDWin software. Standard database for pow-
der diffraction were used for comparing results. The
surface topography of the titanium samples was ex-
amined with scanning probe microscope (SPM) us-
ing atomic force microscopy (AFM).

Results and Discussion

In order to improve the mechanical properties of
hydroxyapatite, the properties of the powder have to
be studied by controlling important parameters such
as particle size and shape, particle distribution and
agglomeration [7]. The function of HA in all of its
applications is largely determined by its morphol-
ogy, stoichiometry, crystallinity, and crystal size dis-
tribution. For example, nanosize HA powders are
sintering reactive, and the highly densified and re-
fined microstructure. Derived from a nano-sized, HA
powder can lead to a significant improvement in me-
chanical properties of sintered HA, and therefore
widens its applications as load-bearing implants [8].
The milling process is affected by several factors that
are playing very important roles in the fabrication of
homogeneous materials. It is well known that the pro-
perties of the milled powders of the final product,
such as the particle size distribution, the degree of
disorder, or amorphization, and the final stoichiomet-
ry, depend on the milling conditions and, as such, the
more complete the control and monitoring of the mill-
ing conditions, the better end product is obtained [6].

Milling media-to-powder weight ratio is one of
the most important factors which affecting the final
product. Figure 1 shows the XRD of the mechanical
milled HA powders processed for various weight of
the ball to the powder (Wb:Wp) ratio for one hour.
With increasing Wb:Wp ratio the XRD patterns show
a notable broadening and intensity reduction. Based
on their results [6,9], the rate of amorphization de-
pends strongly on the kinetic energy of the ball mill
charge and this depends on the number of opportuni-
ties for the powder particles to be reacted and inter-
diffused. Increasing the ratio accelerates the rate of
amorphi-zation, which is explained by the increase
in the kinetic energy of the ball mill charge per unit
mass of powders. The volume fraction of the amor-
phous phase in the mechanically alloyed ball milled
powders increases with increasing Wb:Wp ratio, up to
1:40. It is noted that further increasing this weight
ratio leads to the re-crystallization of HA powder and
this could be related to the high kinetic energy of the
ball mill charge which transformed into heat. Decom-
position of HA or secondary phases were not ob-
served throughout the milling process.

The measurement of crystallite size and lattice
strain in the mechanically milled powders is very im-
portant since the phase constitution and transforma-
tion characteristics appear to be critically dependent
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on them. The Scherrer's formula estimate the size (d)
of very small crystals from the measured width (B)
of their diffraction curves as [10].

mean crystallite size of the milled HA samples de-
creases during the milling time while the micro-strain
increases up to 40 min. The excessive cold working
of the powder during mechanical milling leads to the
formation of high density of defects that could hold
responsible for the observed high strain in the sample.
With increasing Wb:Wp ratios more than 1:40, the
mean crystallite size increases while micro-strain
decreases and saturated after 1:60. This could be re-
lated to the high kinetic energy of the ball mill charge
which transformed into heat. Drastic fragmentation
of the crystallites is achieved at low Wb:Wp ratios of
the milling process with a large increase on the inter-
nal strain. Upon further milling, the strain still in-
creases in the lattice and reaches values that provoke,
at 1:40 ratio. After that the strain decreases and the
crystal size slightly increases. Not only the grain size
decreased with Wb:Wp ratios but the area under the
XRD peaks also. The area under the diffracted peaks
could be taken as an indicator for the degree of crys-
tallinity where the crystallinity reduced with Wb:Wp

ratios Fig. 2b. When the ratio increases more than
1:40, the crystallinity increases again and saturated
after 1:60.

Fig. 1. XRD patterns of hydroxyapatite powder milled
one hour for various Wb:Wp ratio.
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The width B is usually measured, in radians, at an
intensity equal to half the maximum intensity, and
this measure of width is termed the full-width at half
the maximum (FWHM). The B parameter was cor-
rected using the following equation:

22
InstExp BBB −=

where BInst corresponds to instrumental width and BExp

corresponds to experimental FWHM obtained for
each sample. While the X-ray peak broadening due
to small crystallite size is inversely proportional to
cosθ, that due to lattice strain (ε) is proportional to tgè:

B = k·ε·tgθ
Where, k is a constant that depends on the defini-

tion of a micro-strain. The average grain size and the
internal strain are calculated from the XRD by the
Hall-Williamson method [11]. The Hall-Williamson
equation is expressed as:

(2)

(3)θελθ sin29.0cos +=
d

B

FWHM was evaluated using a Pseudo Voigt fit
with double Kα peak separation.

For measuring the crystallite size and lattice strain
in the mechanically milled powders, the most dis-
tinction reflection in the XRD patterns was chosen,
the single peak near 25.8 degree.  And according to
P63/m space group of HA, this peak corresponds to
hkl = 002. Using equation (1) and (2), the calculated

Fig.  2. a − Variation of crystallite size (nm)  and strain
 with ball to weight ratios. b − Crystallinity % variation

with ball to weight ratio.

Another important factor affecting the mechani-
cally alloyed end product is the milling time. Figure
3 shows the XRD of the mechanical milled HA pow-
ders with weight of the ball to the powder ratio 1:40,
processed for various milling time. Using higher
weight ratios could produce high concentration of
iron contamination which is introduced to the milled
powders during the milling process. With increasing
milling time, the XRD patterns also shows a notable
broadening and intensity reduction. It is also gener-
ally observed from XRD patterns that, the powder
remains crystalline and no change tendency was

b
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manifested. On the other hand, after one hour of mill-
ing there is no more broadening and intensity reduc-
tion. There was no evidence that milling time up to 2
hrs can change chemical composition of the HA.

As shown in Figure 4a, up to 40 minute, the ob-
tained mean crystallite size of the milled HA samples
decreases during the milling time while the micro-
strain increases. With increasing milling time, the
variation becomes relatively stable. The excessive
cold working of the powder during mechanical mill-
ing leads to the formation of high density of defects
that could hold responsible for the observed high
strain in the sample. Also the crystallinity reduced
with milling time Fig. 4b.

In addition to synthesizing stable (equilibrium)
solid solutions, it has also been possible to synthe-
size metastable (non-equilibrium) supersaturated
solid solutions by MA starting from blended elemen-
tal powders in several binary and higher order sys-
tems. The solid solubility limit is expected to increase

with milling time as diffusion progresses and reach a
(super)saturation level, beyond which no further ex-
tension of solid solubility occurs. This saturation
value has been listed as the solid solubility level
achieved by MA. Solid solubility levels have been
generally determined from changes in the lattice para-
meter values calculated from shifts in peak positions
in the X-ray diffraction patterns. Very frequently, the
absence of second phase reactions in the X-ray dif-
fraction patterns has been inferred as the absence of
a second phase, and hence the formation of a homo-
geneous solid solution [6]. Figure 5a and b shows
the XRD patterns of the pure HA powder before and
after milling for 1 h, while Fig. 5c, d and e shows the
XRD patterns for 5 wt.% Ti-doped HA powder milled
for various time. Significant changes were detected
in the XRD patterns when HA mechanochmically
treated. The Ti doped sample shows a notable broad-
ening and intensity reduction comparing with HA
powders before and after milling. Due to the mechani-
cal deformation introduced into the powder and Ti
solubility, the particle and crystallite could be refined
and the lattice strain increases more than the pure
HA. It is reported that, Ti incorporation into the apa-
tite structure caused lattice shrinkage and the grain
sizes of substituted HA were smaller than those of
pure HA. Increasing the amount of the Ti ions in HA
caused the decomposition of HA [12].

As seen in Figure 5, the (002) reflections of the
as treated HA powders containing Ti4+ shifted to lower
angles this could indicates that Ca2+ cations were
substituted by Ti4+. The homogeneous distribution of
Ti particles in the HA formed by MA could improve
the bonding strength between coating and substrate.
With increases milling time of the Ti-doped HA the
broadening increases and intensity faster reduced.

Optimization of the surface structure of materials
is of great concern at the present time since most fail-
ures occur on the surface (fatigue, fretting corrosion,
corrosion, wear, etc.). As a result, improving the sur-
face properties would greatly enhance the overall
behaviour of materials. The importance of the sur-
face structure and the attractive properties afforded
by nanostructured materials have led to the develop-
ment of a new concept called surface nanocrystal-
lization [13]. It is widely recognized that titanium
displays poor wear resistance and that its fatigue per-
formance depends to a large extent on its surface
properties. The newly developed MA process is there-
fore of considerable technological importance since
it provides the possibility of dramatically improving

Fig. 3. XRD patterns of hydroxyapatite powder milled
for various time.

Fig. 4. a − Variation of crystallite size  and strain 
with milling time b − Normalized fraction of the crystal-
line phase as a function of milling time.
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the surface properties of titanium. As a result, ex-
tended applications which demand high levels of re-
liable performance can be anticipated in surgery and
medicine as well as in the aerospace, automotive,
chemical plant, power generation and other major
industries [5]. Figure 6 shows the XRD of the me-
chanical milled titanium samples with weight of the
ball to the powder ratio 1:40, processed for various
milling time. With increasing milling time, the XRD
patterns also shows a notable broadening and inten-
sity reduction up to one hour. Through the milling
process the titanium sample loss parts of it weight as
a result of impaction, Fig. 7.

The average grain size and the internal strain of
the milled titanium samples were calculated from the
XRD by the Hall-Williamson method, eq. (3). Figure
8 shows the Hall-Williamson plot of one hour milled
titanium sample. Using the least-squares fitting equa-
tions, the mean crystallite sizes and strains were evalu-
ated. After 30 min. of milling the crystallite size and

Fig. 5. XRD patterns of hydroxyapatite powder (a) be-
fore milling, (b) after 1 h milling and (c, d, e) 5 wt.% Ti-
doped milled for 1, 1.5, 2 hrs respectively.

micro-strain was 120.4 nm and 0.00263, while after
60 min. it was 84.7 nm and 0.00198 respectively.

Figure 9 presents a typical surface topography of
titanium substrate obtained by AFM under conditions
identical to those of HA powder. The particle size of
the titanium sample before treatment was 0.3-0.5 mm
while the sample treated for one hour it was less than
80 nm. It is concluded that, as the strain and strain
rate increase, the following changes occur in the mi-
crostructure of titanium during surface mechanical
attrition treatment (1) the onset of twins and the in-
tersection of twin systems, (2) the formation of low
angle disoriented lamellae displaying a high density
of dislocations, (3) the subdivision of microbands into
blocks and the resulting formation of polygonal sub-

Fig. 6. XRD patterns of titanium substrate milled for vari-
ous time.

Fig. 7. Titanium sample weight loss with milling time.

Fig. 8. Hall-Williamson plot of one hour milled titanium
sample (θ in radians).
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micronic grains and (4) The further breakdown of
submicronic polygonal grains into nanograins [13].
As seen in Figure 7, as the strain increases the scale
of the microstructure reduce very rapidly, this could
be due to the further formation of twins. Also, addi-
tional strain accommodation is achieved by succes-
sive grain subdivision.

with an increase in Ti content. The strengthening
mechanism of the co-deposited HA/Ti composite
coatings should relate to the dispersion strengthen-
ing by homogeneous distribution of Ti particles in
the HA. Other factor, the coefficient of thermal ex-
pansion (CTE) of HA was 15×10−6 K−1 and that of Ti
was 8.6×10−6 K−1. It is also likely that the bonding
strength of HA/Ti coating can be improved through a
mechanism in which the CTE mismatch between the
HA/Ti coating and the Ti substrate is reduced.

XRD patterns of deposited HA and 5 wt.% Ti-
doped HA are presented in Fig. 10. The changes in
the XRD patterns give an indication of the influence
of milling process on the structure stability of the
samples. X-ray peaks of the formed phase were
matched to the ICDD (JCPDS) standard, α-tricalcium
phosphate (09-0348), β-tricalcium phosphate (03-
0690) and titanium oxide (29-1361). XRD patterns
of the HA and 5 wt.% Ti-doped HA shows the Ti
substrate and HA peaks. The Ti doped samples shows
a notable broadening and intensity reduction com-
paring with pure HA after milling. The wide peaks
of the deposited materials should be due to very small
crystallite size.

Fig. 9. Two and three dimension topography of titanium
substrate (a) before milling, (b) after one hour of milling.

However, the interface between HA and a metal-
lic implant has been another matter of concern in terms
of the mechanical properties and biocompatibility of
the implant. In order for the HA coating to be effec-
tive and reliable, it must be strongly bonded to the
metallic surface. For this reason, chemical bonding
derived from the reaction/diffusion at the HA-metal
interface could develop a highly reliable interface in
response to this requirement. While the presence of
reaction/diffusion bonding at the interface may in-
crease the bond strength between HA and the metal,
since this new interface material has a different com-
position from HA or the metal, it may cause toxic
reactions in the body [14]. Adding Ti particles as se-
cond phase to HA aims to improving the bonding
strength between coating and substrate. It is conclude
that [15], the bond strength of the composite coating
has been improved by the addition of Ti and increases

Fig. 10. XRD patterns of (a) HA and (b) 5 wt.% Ti added
HA coating on titanium substrate.

Backscattered electron images of the coated tita-
nium alloy substrate surface were shown in Fig. 11.
After one hour of milling, the substrate was partially
covered with powder. The inhomogeneous distribu-
tion over the entire coated sample could be due to
powder particles repeatedly fractured and cold
welded on the substrate. Relatively larger covered
area of the Ti-doped HA coating with respect to pure
HA was seen. This could be due to Ti addition which
improves the bond strength of HA.
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Conclusions

From the structural point of view, and indepen-
dently of the milling times or weight of the ball to
the powder ratio, the structure of HA powder have
not any phase transition or decomposition. A nano-
structured surface, less than 80 nm was produced on
Ti substrate by ball milling. HA and 5 wt.% Ti-doped
HA deposited on Ti substrate at room temperature
by mechanical allying technique. From the structural
point of view the as-synthesized sample has not any
phase transition or decomposition. The Ti doped
sample shows a notable broadening and intensity re-

duction comparing with HA powders before and af-
ter milling. Ti incorporation into the apatite struc-
ture caused lattice shrinkage.
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