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Abstract: In order to overcome the poor mechanical properties of HA and the low bioactivity of Ti, HA/Ti composites with varr

ous compositions were prepared by mechanical milling. The effects of milling condition and the composition on the microstructure,

the density and the hardness of the composites were studied. The results show that during the ball milling process, Ti particles are

refined and the homogeneity of the HA/Ti mixtures is improved; HA will partially decompose due to the existence of Ti and high

sintering temperature. The microstructure of HA/Ti composites is highly dependent on the milling condition and the composition.

In the microstructure, Ti phase connects to be a continuous network, and HA/Ti mixtures disperse in the network. The longer the

milling time, the finer the network will be. The density of HA/Ti composites decreases with the content of HA increasing and the

milling time prolonging, because HA deteriorates the sinterability of Ti. The hardness of HA/Ti composites increases firstly with the

content of HA increasing, and then drops when the content of HA exceeds 30% . Addition of HA will strengthen the HA/Ti conr

posite but will decrease the density of the composite, which accounts for the effect of HA on the hardness of the composites.
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1 INTRODUCTION

Titanium and titanium alloys have been widely used
as orthopedic and surgical reconstructive implants for their
high specific strength, corrosion resistance and excellent
biocompatibility! ™! In addition, these materials exhibit
relatively high fatigue strength and are nonthrombogenic.
However titanium and titanium alloys usually lack of
bioactivity, and do not induce the formation of a layer of
biological apatite on their surface. When they are placed
in the human body, a layer of fibrous tissue surrounds
them, which prevents a firm union from forming between
the implant and the surrounding tissue, and this failure is
obviously detrimental when rigid fixation of the implants is
sought. Moreover, of recent concern is the presence of Ti
ions that have appeared in several clinical studies involv-
ing Ti6A14V and CP( Chemically pure) Ti. Using large
amounts T1 may hinder the recovery process by increasing
the ammount of local inflammation. With current trends
leaning toward longer implantation times and larger sur-
face areas the issue of Ti toxicity becomes a real con
cem! 7,

In order to overcome the above problems, coatings
with hydroxyapatite (HA) on Ti and Ti alloys become of
great interest because the resultant products are composite
materials having good mechanical properties supplied by
the metal together with the bioactivity given by HA* ™I
Coatings of HA have been prepared by a variety of pro-

cesses, including plasma spraying, laser ablation, ion
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beam sputtering, electro-deposition, solgel method.
However, problems associated with these processes are
obvious.

Studies have shown that these processes have two
major drawbacks: difficulty in controlling the chemical
and phase composition of HA in the heat-related tech-
niques (e. g. techniques using plasma and laser) " "";
poor bonding strength between the coating and Ti alloy

82531~ Recently, a new chemical coating tech-

substrate
nique has drawn great interest, involving NaOH-treating
followed by biomimetic mineralization. However this coat-
ing technique has problems to be overcome, for example,
long soaking time, thin coating thickness and unknown
bonding strength. This work aims at preparing a composite
biomaterial containing homogeneously distributed HA par-
ticles in titanium base material, instead of HA coating on
Ti substrate. This type of composite structure would have
a higher bonding strength between HA and Ti, and would
conveniently adjust the mechanical properties of Ti base

material.

2 EXPERIMENTAL

2.1 Materials

Calcium nitrate tetrahydrate, ammonium phosphate,
and concentrated ammonium hydroxide were obtained from
Shanghai Chemicals Company , China and used as re-
ceived. Titanium powder made by hydrogenization and de-
hydrogenization ( HDDH) process was purchased from
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X1 an Bangzhen Titanium Company, China.

2.2 Preparation of hydroxyapatite powder

Calcium nitrate and ammonium phosphate (with a
Ca/ P ratio of 1. 67) were dissolved separately in 2 L. de-
ionized water, and the pH value of the two solution was
adjusted to be 11~ 12 by adding ammonium hydroxide.
Ammonium phosphate solution was added into stirred cal-
cium nitrate solution drop by drop, and the pH value of
the reacting solution was maintained as 11~ 12. The pre-
cipitates were washed, dried and crushed into precursor
powder. Then the precursor powder was calcined at 900
‘C for 2 h. Subsequently, the calcined powder was put
into an autoclave, and hydrothermally treated at 130 C,
10 MPa for 2 h.

2.3 Mechanical milling of composite powders

The HA powder was mixed with titanium powder
(mean particle size of 72 Pm) in mass proportion of 20:
80, 30: 70, 40: 60, 50: 50 separately. The mixed pow-
ders were placed in a plenary mill in Ar atmosphere and
milled for 10 h, 20 h and 30 h separately. In order to
prevent severe welding of powders, 2% (in mass frac

tion) stearic acid was used as process controlling agent.

2.4 Densification of powders

The mechanically milled powders were placed in a
rigid die and cold pressed into billets of d 20 mm x 10
mm at a pressure of 300 MPa. The billets were then put
into a graphite die, and hot pressed in Ar atmosphere at 1
000 C, 40 MPa for 30 min.

2.5 Characterization of composite biomaterials

The structure of HA was determined by Fourier
transformed infrared respectra (FTIR), and the phase
composition of HA/Ti composite was determined by XRD
at a scanning rate of 1°/min. The density of the billets
were tested by Archimedes method. The billets were then
polished and eroded with a solution containing 2% HF and
2% HNO;3( in volume fraction) . Micrograph was observed
with a Leitca Optical Microscope and an X650 Scanning
Electron Microscope. Owing to the size of the billet, only
hardness (HRB) was tested for this composite.

3 RESULTS

3.1 Hydroxyapatite powder

The size of the rodlike HA powder after hydrothermal
synthesis is about 10 nm in diameter and 100 nm in
length, as shown in Fig. 1. IR spectrum analyses show
that the characteristic peak of HA around 660 cm™ ' is

very sharp after hydrothermal treatment, compared with
that before hydrothermal treatment, as shown in Fig. 2. It
indicates that the structure or the HA obtained is more

complete after hydrothermal treatment.

o
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Fig.1 TEM photograph of HA powders
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Fig. 2 1R spectra of HA powders
1 —Before hydrothermal synthesis;

2 —After hydrothermal synthesis)

3.2 Density

The density of HA/Ti composites after milling and
hot pressing is shown in Fig. 3. The density of HA/Ti
composites decreases with the content of HA increasing,

as well as the milling time prolonging.

3.3 Hardness

The hardness of HA/Ti composites increases at first
with the content of HA increasing, then drops after it
reaches the peak value at 30% HA, as shown in Fig. 4.
Fig. 4 also indicates that the hardness of Tr30HA com-

posite increases with milling time prolonging.
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Fig. 4 Hardness of HA/Ti composites
3.4 Phase and microstructure

The XRD analyses of Tr30HA powder after milling
for 1 h and 20 h are shown in Fig. 5. It can be seen that
the main phases of the powder are still Ti and HA, while
with milling time increasing the content of HA decreases.

The SEM analyses show that the mean size of Ti
powder decreases with milling time increasing, but the
size distribution is inhomogeneous, ranging from several
microns to tens of microns, as shown in Fig. 6. It' s hard
to detect the size change of HA.

The optical microstructures of Tr30HA composite
are shown in Fig. 7. The bright phase in this figure is Ti
particles, and the gray phase is HA/Ti mixture. The Ti
particles connect together and form a network surrounding
the gray phase. The network structure of Ti particles is
refined due to extensive ball milling, therefore, the ho-
mogeneity of HA/Ti composite is improved. Moreover,
the microstructures, especially the crystal size of the Ti

particles is refined.
4 DISCUSSION

4.1 Ball milling process of Ti HA powders
TrHA powders should be considered as ductile-brit-

tle system. The ball milling process of this system

28/%)

Fig. 5 XRD patterns of Tr30HA powders
(a) —Milling for 1 h; (b) —Milling for 20 h

includes severe plastic deformation, cold welding and
fracture of the ductile phase, disintegration of brittle
phase and embedding of brittle phase in ductile phase.
The size of HA particle is as small as tens of nanometer,
so it would be difficult to further refine its particle size by
ball milling. Usually, ductile Ti particles were deformed
and formed sandwichrlike structure during ball milling
process. HA particles were embedded in the layers of Ti
phase. As milling proceeded, the layers of Ti phase came
closer and HA would be more uniformly distributed. The
particle size of HA is so small that its decomposition tem-
perature would be lowered; moreover other studies showed
that the decomposition temperature of HA could drop in
the presence of Ti*"'. Considering these two aspects, in
the ball milling process, the temperature rising in high-
impact-energy area would probably be high enough to lead
to partial decomposition of HA phase. Therefore, as ball
milling proceeded the content of HA decreased.

4.2 Density and microstructure evolution

In order to prevent HA in the composites from
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Fig. 6 SEM photographs of Ti

wders

(a) —Milling for 1 h; (b) —Milling for 20 h; (¢) —Milling for 30 h

Fig. 7 Optical microstructures of T+30HA composites ( after etching)
(a) —Milling for 1 h; (b) —Milling for 20 h; (¢) —Milling for 30 h

decomposition, low temperature and short-period hot
pressing were chosen. The densification mechanism of
pure Ti powder during hot pressing could be mainly at-
tributed to high temperature creep. Addition of HA parti-
cles would hinder the densification process due to two as-
pects. Firstly, the strength of the composite HA/Ti pow-
der was increased by addition of hard HA phase, i.e. it
would be more difficult for the composite powder to be de-
formed to fill the pores; secondly, the HA dispersing in-
side and covering Ti particles would be obstacles for the
neck growth between Ti particles. So the density of HA/
Ti composites decreased with the HA content increasing.
As the milling time prolonged, HA particles were more
homogenously dispersed in Ti particles, and would serr
ously deteriorate their sinterability, hence the density de-
creased with milling time increasing as well. However,
prolonged milling time improved the homogeneity of the

composites, and refined the size and the microstructure of

Ti particles, and the network structures formed during hot

pressing would also be refined and be more homogenous.

4.3 Hardness of composite

The hardness of the HA/Ti composites is mainly in-
fluenced by two interacting factors. Firstly, in addition to
the improvement of bioactivity, HA can also act as
strengthening phase in the composite, so with the content
of HA increasing, the hardness increased; secondly, the
strength of the composites decreased with density decreas-
ing, which were mainly induced by the increasing of HA.

At a low content of HA, the former factor is preva-
lent, so the hardness increased with HA content increas
ing; while at a content of HA above 30% , the later factor
is prevalent, so the hardness decreased. It seems that the
premium content of HA should be around 30% on the
consideration of both strength and bioactivity. The effect
of milling time on the hardness of the composite can be
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attributed to the continuous refining of the microstructure.
5 CONCLUSIONS

1) During the ball milling process, Ti particles are
refined and the homogeneity of the HA/Ti mixtures is imr
proved; HA will partially decompose due to the existence
of Ti and the temperature rising effect.

2) The microstructure of HA/Ti composites is highly
dependent on the milling condition and the composition.
After hot pressing, Ti phase connects to be a continuous
network, and HA/Ti mixtures disperse homogenously in
the network. The longer the milling time, the finer the
network will be. The density of HA/Ti composites de-
creases with the content of HA increasing and the milling
time prolonging, because HA deteriorates the sinterability
of Ti.

3) The hardness of HA/Ti composites increases
firstly with the content of HA increasing, and then drops
when the content of HA exceeds 30% . Addition of HA
will strengthen the HA/Ti composite but will decrease the
density of the composite, which accounts for the effect of

HA on the hardness of the composites.
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