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INTRODUCTION

In recent years, there has been great interest in bioac�
tive bone implant materials, motivated by the search for
the most effective, biodegradable implant material, capa�
ble of initiating bone regeneration in the human body
and being replaced by bone tissue [1, 2]. Synthetic mate�
rials based on calcium hydroxyapatite (HA), similar in
composition to the mineral component of bone tissue,
are known to improve the biomedical performance of
implants for traumatic surgery, orthopedics, and den�
tistry. For this reason, HA powders are used not only to
produce solid ceramic materials but also as additives to
bone substitute materials [3, 4]. In particular, as shown
by Rubshtein et al. [5], the incorporation of HA particles
into a porous titanium matrix has an advantageous effect
on the quality of the bone tissue forming in the pores of
the implant.

This work deals with the problem of improving the
performance characteristics of powder HA for use as a
bioactive material in metallic matrices. A key issue is to
reduce the particle size of HA (to increase the particle
surface�to�volume ratio). This can be achieved by
mechanical activation (milling), which is expected not
only to enhance the bioactivity of the powder but also to
accelerate the resorption process in pores of metallic
matrices.

The objective of this work was to prepare HA
nanoparticles and investigate their main morpholog�
ical and structural characteristics, because the pro�
cesses accompanying mechanical activation may not
only reduce the particle size of HA but also modify its
structure, give rise to dehydration or hydration, pro�
duce impurity phases, etc.

EXPERIMENTAL

The starting material used was modified calcium
hydroxyapatite powder manufactured by ZAO NPP
Biomed. This material is widely employed in medical
applications. The powder was ground in a FRITSCH
planetary mill (acceleration, 9 g; zirconia vessels and
grinding media) and an AGO2 high�energy ball mill
(acceleration, 40–60 g; steel vessels and grinding media)
[6–9]. After the vessels and balls were coated with HA, a
5�g sample was ground. Every 30 s, the mill was shut off,
according to the procedure described by Zyryanov et al.
[7]. The background temperature was no higher than
45°С, and Fe contamination of the powder was within
10–2 wt %, as determined by spectral analysis.

X�ray diffraction (XRD) measurements were per�
formed on a D8 ADVANCE diffractometer (CuK

α
 radi�

ation, β�filter, VÅNTEC�1 detector, NIST SRM 1976
intensity standard). To determine the phase composition
of our samples, the lattice parameters and unit�cell vol�
ume of the phases present, the crystallite size, and
microstrain, we used the DIFFRACPlus software package
[10, 11].

Powder morphology was examined on a
QUANTA�200 scanning electron microscope (SEM)
and a JEM�200CX transmission electron microscope
(TEM). Powder specimens for electron�microscopic
examination were stirred in ethanol and then placed in an
ultrasonic bath for 10 min. The resultant dispersion of the
powder in ethanol was applied to a metallic substrate or
carbon film supported on a copper grid for SEM or TEM
examination, respectively. Preliminary studies showed
that sonication had no effect on the morphology or struc�
ture of HA particles.
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To determine sorbed water content, the unmilled
powder and two milled samples (1 h in the FRITSCH
mill and 10 min in the AGO2) were soaked in deuterated
water (99.8%) for 1.5 h and then dried at 120°С for 1.5 h.
The deuterium concentration in the powder was mea�
sured using a nuclear physical setup built around an
EG�2M Van de Graaff electrostatic accelerator. We used
the 2 2H(d, p)3H nuclear reaction in a 650�keV beam.

RESULTS AND DISCUSSION

SEM examination showed that the unmilled powder
consisted mainly of rather large particles. Their average
size R in the range ≥2.0 µm (determined with a ±10%
accuracy from the number of particles intersected by
seven arbitrary lines in an SEM micrograph) was 7 µm,
and the largest particles were up to 60 µm in size. Milling
for 1 h in the FRITSCH mill and for 10 min in the AGO2
had identical effects: the average particle size R was 3–
4 µm, and the diameter of the largest particles dropped
twofold, to 30 µm (Fig. 1). According to nuclear
microanalysis data, milling increased the amount of D2O
sorbed on the surface of the particles by about a factor of
2: by a factor of 3 and 1.5 (±15%) in the FRITSCH
(Fig. 2) and AGO2 mills, respectively. At the same time,
milling does not reduce to a decrease in particle size
because of the associated friction processes and resulting
point defects. Mechanical activation is known to cause

structural changes, to the point of a phase transformation
[12–14]. For this reason, we paid particular attention to
the phase composition and morphology of the powder
obtained in the AGO2, which had a higher throughput.

According to XRD data (Fig. 3), the unmilled powder
consisted of two phases: HA, Ca10(PO4)6(OH)2 (ICDD,
86�1203), and monetite, CaHPO4 (ICDD, 70�1425), in
the ratio 3 : 2. In the unmilled sample, the crystallite size
of both phases was well below 1 µm (table). Their lattice
parameters are listed in the table.

It follows from the table and Fig. 3 that milling pro�
duces marked structural and phase changes in the pow�
der. HA reacts with monetite, and the powder becomes
single�phase (monetite disappears) after just 10 min of
milling. The resultant HA has a factor of 10 smaller crys�
tallite size and reduced lattice parameters and micros�
train. The disappearance of monetite upon mechanical
activation fits well with the experimentally observed
trend that, with decreasing particle size, the phase with
the lowest surface energy (with a more closely packed
structure) becomes more energetically favorable [13].

Additional information, in particular about the parti�
cle morphology, can be provided by TEM. The unmilled
powder consisted of elongated particles 10–40 nm in
width and an order of magnitude larger in length (Fig. 4).
The particles form large (~500 nm) agglomerates. In
addition, there are film structures. Milling for 10 min in
the AGO2 and for 1 h in the FRITSCH mill had identical

(b)(а) 100 μm 100 μm

Fig. 1. SEM images of HA powder (a) before and (b) after milling for 10 min.

Lattice parameters of the phases present in the powder before and after milling

Sample τ, min Phase Sp. gr. a, nm c, nm D, nm ε, %

1 Unmilled HA P63/m (176) 0.94605 0.68996 540 0.32

Monetite 0.68941 0.66536 412 0.10

2 10 HA P63/m (176) 0.94456 0.68883 39 0.08

3 20 HA P63/m (176) 0.94506 0.68884 41 0.021

4 40 HA P63/m (176) 0.94499 0.68893 31 0.13

Note: D is the crystallite size and ε is microstrain.

( )1 2P
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Fig. 2. Nuclear reaction spectra for HA samples: (a) unmilled, no D2O soaking; (b) milled for 1 h in the FRITSCH mill and soaked in
D2O; (c) unmilled, soaked in D2O.

2000

1800

1600

1400

1200

1000

800

600

400

50403020
0

200

1

2

3

4

2θ, deg

In
te

ns
it

y,
 a

rb
. u

ni
ts
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effects (Fig. 5a): small elongated particles typical of the
unmilled powder were missing, and we observed
rounded particles 10–130 nm in size and agglomerates
500 nm and more in size. Further milling produced no
significant changes in the morphology of the fine parti�
cles, but milling for 40 min increased the amount of film
structures and caused amorphization (Fig. 6).

We evaluated the fraction of particles in the size range
10–40 nm relative to the total number of particles (taking
averages over five TEM images). The most drastic
changes in the particle size distribution were observed in
the initial stages of milling: the fraction of particles less
than 50 nm in radius r increased from 25 to 98% and sub�
sequently varied little. Clearly, this is the result of a
dynamic equilibrium between two processes: the forma�
tion of nanoparticles (resulting from friction between
micron�sized parent particles) and agglomeration of fine
particles.

The mechanism of powder disintegration and attri�
tion is no doubt related to the crystal structure of HA.
HA has a hexagonal lattice, with typical slip on the
{0001} basal planes,  prism, { } first�order
pyramid, and  second�order pyramid. The с

{ }1 100 { }1 101

{ }11 22

parameter of HA is smaller than its а parameter, and
the main slip planes for defects are the  prism
faces. For this reason, the narrow, long HA particles
present in the unmilled powder readily break down
along these planes and become rounded during
mechanical activation. With increasing milling time
and decreasing particle size, the {0001} basal planes
become the main slip planes, with a tendency toward
the formation of film structures.

It is of interest to analyze the effectiveness of
mechanical activation in terms of practical applica�
tions of HA. Useful interactions of HA particles with
biological tissues (initiation of bone tissue ingrowth
and phosphorus and calcium delivery for this process)
take place on the particle surface. The rate of particle–
medium interaction (transition of the components of
the particle material to the medium) is determined by
the particle surface�to�volume ratio, Si/Vi. We use Ei =
Si/Vi to quantify the ability of a particle to supply the
substances present in it to a medium containing bone
marrow cells. Moderate�rate milling, resulting in the
formation of single�phase HA in which 98% of the
particles are three orders of magnitude smaller than

{ }1 100

(b)

(а) 100 nm

200 nm

Fig. 4. TEM images of the unmilled HA powder: (a) individ�
ual particles; (b) general view showing individual particles,
particle accumulations, and film structures. Inset: selected
area electron diffraction pattern.

(b)

(а)

200 nm

100 nm

Fig. 5. TEM images of the HA powder after milling for
10 min. Inset: selected area electron diffraction pattern.
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the particles in the unmilled powder, is expected to be
favorable for accelerated growth of bone tissue at the
beginning of the postimplantation period. At the same
time, the efficacy of HA powder should be quantified
by the ratio of the total surface area of the particles to
their total volume,  To make a rough

estimate, we neglect the form factor, take  and

, and divide the ensemble of N particles into two
groups with average particle sizes R and r and fractions
of particles α and β, respectively. We obtain

Figure 7 shows log–log plots of E against 1/R in the
range r ≤ R ≤ 10 µm for three hypothetical average values
r ≤ 50 nm and an experimentally determined ratio
β/α = 49.

It can be seen from Fig. 7 that, when the average par�
ticle size of the unmilled powder lies in the micron range
(R ≥ 1 µm), the fine particles (r ≤ 50 nm), which result
from powder disintegration through attrition, have no
effect on E ~ 1/R. At the same time, further milling does
not eliminate large particles (R ≠ r) because it is accom�

.i iE S V=∑ ∑

2~ ,i iS R
3~i iV R

( ) ( )
( ) ( ) ( ) ( )

2 2 3 3

2 2 2 21 .

E N R N r N R N r

r R R r r R

= α + β α + β

⎡ ⎤ ⎡ ⎤= + β α + β α⎣ ⎦ ⎣ ⎦

panied by particle agglomeration. According to TEM
results (Figs. 4–6), the average agglomerate size R ranges
from 200 to 500 nm. This implies (Fig. 7) that prolonged
milling can increase E by no more than two orders of
magnitude (20 µm−1 ≤ Е ≤ 90 µm−1). In addition, the effi�
cacy of HA powder is significantly influenced by the size
distribution of such particles (which is illustrated in
Fig. 7 by varying the average value r for particles with r <
50 nm).

CONCLUSIONS

Mechanical activation of two�phase (HA + mone�
tite) powder leads to the formation of single�phase HA
even in the initial stages of milling (1 h in the FRITSCH
mill and 10 min in the AGO2). After milling, the amount
of fine particles (r < 50 nm) exceeds that of larger particles
by about two orders of magnitude. With increasing mill�
ing time, the fine particles become rounded and cleave
along the closest�packed atomic planes, leading to the
growth of film structures. Despite the reduction in the
average size R of the parent particles, the fraction of fine
particles (r < 50 nm) remains constant at 98% because of
their agglomeration. When R lies in the micron range, the
surface area of the powder per unit volume is determined

(b)

(а) 100 nm

200 nm

Fig. 6. TEM images of the HA powder after milling for
40 min. Insets: selected area electron diffraction patterns.
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particles to their total volume, E, against the inverse of the
average radius of the largest particles, R, for powder in which
98% of the particles have a radius r < 50 nm.



50

INORGANIC MATERIALS  Vol. 47  No. 1  2011

TRAKHTENBERG et al.

only by large particles and varies as ~1/R. Despite the
constant fraction of nanoparticles, the structure of the
HA particles varies with milling time (milling for 40 min
in the AGO2) and the material experiences amorphiza�
tion.

Therefore, given that prolonged milling may reduce
the amount of water of crystallization (which is undesir�
able), two mechanical activation procedures can be rec�
ommended for testing their biomedical utility in vitro
and in vivo. These are the initial stages of milling, when
the particle size decreases by less than ten times, but the
powder becomes single�phase and contains 98% nano�
particles, and the crystal structure of the HA undergoes
only slight changes, and prolonged milling, which drasti�
cally reduces the particle size (increases the surface area
of the particles per unit volume), but the powder also
contains 98% nanoparticles and larger agglomerates, and
the HA experiences amorphization.
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