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In the present study, porous titanium-20 wt.% hydroxyapatite nanocomposites were produced by the
combination of mechanical alloying and powder metallurgical process with the addition of titanium hydride
particles as the blowing agent. The powder mixture of Ti, HA and spacer particles were milled, pressed and
heat-treated to decompose the hydride particles and to sinter into highly porous Ti-HA materials. The
resulting microstructures were characterized using x-ray diffraction and scanning electron microscope with
energy-dispersive spectrometry. The porosity, compressive strength and corrosion resistance of the porous
nanocomposites were investigated. The results show that the compressive strength of porous Ti-HA can be
tailored between 210 and 497 MPa by changing the content of blowing agent between 25 and 75%. The
increase in the weight ratio of titanium hydride (from 25 to 75%) causes almost a twofold increase in the
porosity and decreases the corrosion resistance (by almost two orders of magnitude). The present study has
demonstrated that the porous Ti-HA nanocomposites are promising scaffold biomaterials for bone tissue
engineering by virtue of their appropriate mechanical and corrosion properties and highly porous struc-
ture.
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1. Introduction

There is a high demand for biomaterials to assist the
replacement of diseased bones in the body. The best materials
for bone replacement implants should have properties similar to
the properties of the living bone. Till now, many studies on the
use of metals, ceramics or polymers as artificial implant
biomaterials have been done. However, both ceramics and
polymeric materials have relatively low-strength properties
which limit their use as bone replacement implants. On the
other hand, mechanical properties of metallic materials are
often too high compared to the properties of the bone. Among
the basic metallic biomaterials (titanium and its alloys, stainless
steel and cobalt-chromium alloys), titanium and some of its
alloys possess the most favorable properties. Titanium is
characterized by good mechanical properties, corrosion resis-
tance and biocompatibility. However, major limitations of
titanium are poor tribological properties, inadequate mechanical
properties, lack of capability to induce bone tissue regeneration.
For example, the significant difference between the Young�s
modulus of titanium (110 GPa) and bone (2-20 GPa) may
induce the formation of stress which results in tissue underload,
a weakening of the tissue/implant connection, increasing bone
porosity and consequently reducing the lifetime of the titanium
implant (Ref 1-3). One of the effective ways to decrease the
Young�s modulus is to introduce pores in the dense structure of

titanium. For bone implant, biomaterial porous structure is
crucial to ensure necessary space for cell ingrowth and
vascularization (Ref 4, 5). Different researches indicate that
in porous bone implants, the optimal pore size for attachment,
differentiation, growth of osteoblasts and vascularization is in
the range of 100-500 lm (Ref 6-8). According to some authors
(Ref 9-11), very important condition for the above features to
be present is the presence of proper interconnections between
pores. The interconnection sizes are critical in determining the
quality of tissue ingrowth. Thus, high porosity enhances
osteoconduction, but on the other hand too high value of this
may lead to loss mechanical properties of biomaterial. As a part
of osteoconduction, the ideal bone replacement material should
be bioresorbable at sufficient degree for the proper formation of
new bone. One of the methods that allow the change and further
improvement in the interaction between porous titanium and
natural tissues is to produce a composite containing ceramic
phase—hydroxyapatite (HA). In this case, titanium provides
mechanical properties, while HA assures biocompatibility. It is
because hydroxyapatite has similar chemical and crystallo-
graphic structure to the apatite of living bone. Besides HA has
porous nature and the ability to form strong chemical bonds
with natural bone (Ref 12, 13). Moreover, HA has unique
biological property—during the time it is partially resorbed and
replaced by new natural bone (Ref 14). Our earlier works (Ref
15-17) showed that titanium-ceramic nanocomposites, pro-
duced by mechanical alloying and powder metallurgical
method, possess greater Vickers hardness, lower Young�s
modulus, better corrosion resistant and good biocompatibility
compared to microcrystalline titanium. Therefore, in this study,
we demonstrate the possibility of using mechanical alloying
and powder metallurgical process for the production of porous
Ti-HA nanocomposites. In addition, titanium hydride powder
was used as the blowing agent for the formation of porous
materials. The porous structures and some properties of the
fabricated samples were examined, and the obtained results are
discussed.
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2. Materials and Methods

The commercial titanium (Alfa Aesar, purity > 99%,
powder size < 45 lm) and hydroxyapatite (Sigma-Aldrich,
powder size < 50 lm) were used as starting materials. Tita-
nium hydride (Alfa Aesar, purity > 99%, powder size < 45
lm) was used as blowing agent. Figure 1 shows SEM
micrographs of the starting titanium, hydroxyapatite and
titanium hydride powders.

The Ti-20 wt.% HA nanocomposite materials were synthe-
sized by mechanical alloying and powder metallurgical process.
Mechanical alloying was performed under argon atmosphere
using a SPEX 8000 Mixer Mill. The vial was loaded and
unloaded in Labmaster 130 glove box in high-purity argon
atmosphere. The starting mixture of Ti and HA powders was
ball-milled with hard steel ball for 48 h. Titanium hydride
(blowing agent) was added at the end of the milling. Ti-
HA + TiH2 composites were prepared with various amounts of
TiH2 powders. The ratio of Ti-HA to TiH2 was 4:1, 4:2, 4:3,
respectively. Ti-HA and TiH2 powders were thoroughly mixed
in an agate mortar for 1 min. After obtaining a homogeneous
mixture, powders were uniaxially pressed at a pressure of 210
or 415 MPa. After that, green compacts were heat-treated in
two steps:

• heated up to 700 �C and kept at this temperature for 2 h
(vacuum) to decompose hydride into hydrogen (introduces
porosity into the material) and titanium (participates in
further synthesis),

• heated up to 1150 �C and kept at this temperature for 2 h
(argon) for consolidation of Ti-HA powders.

Three samples were made for each experimental condition.
Further, the samples were determined according to the indica-
tions shown in Table 1.

The titanium, hydroxyapatite and titanium hydride powders
were examined, at the various stages during milling, prior to
sintering and after sintering, by means of x-ray diffraction
(XRD), with Cu Ka1 radiation, and high-resolution transmis-
sion electron microscopy (TEM). The TEM images and
selected area electron diffraction (SAED) patterns were
recorded with a Philips CM 20 Super Twin microscope, which
provides a 0.24 nm resolution at acceleration voltage of
200 kV. Typical crystallite sizes were estimated from the half-
width of lines using the Scherrer equation. The decomposition
behavior of the TiH2 was examined using DSC Q20 calori-

metric measurement. Heating range was from 20 to 720 �C in a
nitrogen atmosphere. Scanning electron microscope (SEM)
with energy-dispersive x-ray spectrometer (EDS) was used to
study the microstructure, the pore morphology and the chemical
composition of the prepared nanocomposites. Powder mor-
phology was investigated by Quesant Q-250 atomic force
microscopy (AFM). The density was determined by Archi-
medes method using distilled water. The porosity was measured
using image analyzer and also was estimated with the following
equation:

P ¼ ½ðqt � qÞ=qt� � 100% ðEq 1Þ

where qt is a theoretical density and q is a density.
Image analysis was also used to assess the size of

macropores. Additionally, the properties related to the meso-
porosity were measured using Micrometrics ASAP 2020
Analyzer. Surface area, pore volume and pore size analysis of
the sintered composites were determined by BET (Brunauer–
Emmett–Teller) method. The compressive strength tests were
carried out on specimens with a size of 10 mm in diameter and
5 mm in height using a Zwick Z100 testing machine with a
crosshead speed of 1 mm/min at room temperature. The
corrosion resistance was measured using potentiodynamic
corrosion test which was carried out using a Solartron
potentiostat, Model 1285. Two graphite rods were used as the
counter electrodes, and a platinum electrode was used as the
reference electrode. Corrosion test was performed in Ringer
solution (pH 7.0) and Hanks� balanced salt solution—HBSS
(pH 7.14-7.46)—with the composition presented in Table 2.
The electrolyte was maintained at a temperature of 37 �C
throughout all experiments. The surface area exposed to the
electrolyte was 0.75 cm2. Corrosion potentials (Ec) and corro-
sion current densities (ic) were determined by Tafel extrapo-
lation methods.

Fig. 1 SEM morphologies of raw (a) titanium, (b) hydroxyapatite and (c) titanium hydride powders

Table 1 List of indications of sintered porous
nanocomposites

Specimen

Compaction pressure, MPa

210 415

Ti-20 wt.% HA + 25 wt.% TiH2 A1 A2
Ti-20 wt.% HA + 50 wt.% TiH2 B1 B2
Ti-20 wt.% HA + 75 wt.% TiH2 C1 C2
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3. Results

The possibility of synthesis porous Ti-HA nanocomposites
using mechanical alloying and powder metallurgical process is
presented first. The influence of processing conditions and
different amounts of pore-forming agent upon the Ti-HA
properties is then discussed.

X-ray diffraction was employed to study the effect of
mechanical alloying and heat treatment on Ti-based compos-
ites. Figure 2 shows the XRD patterns of the starting titanium
and hydroxyapatite powders and XRD pattern of blowing
agent—titanium hydride. All raw materials possess a crystalline
structure: Ti and HA hexagonal and TiH2 cubic. Figure 3
shows the XRD patterns of the titanium and hydroxyapatite
powders at different stages of mechanical alloying process.
During MA process, the powder particles of Ti and HA are
periodically trapped between colliding balls and are plastically
deformed what occurs by the generation of a wide number of
dislocations as well as other lattice defects. The originally sharp
diffraction lines of Ti and HA gradually become broader and
their intensities decrease with milling time (Fig. 3a-c). The
peak broadening represents a reduction in the crystallite size

and an increase in the internal strain in the MA materials. SEM
micrographs of milled materials confirm that mechanical
alloying process causes fracture of the elementary particles
(Fig. 4). It can be seen that after 20 h of milling, the powder
shows an inhomogeneous size distribution (Fig. 4c). With the
increase in milling time, the size of the mixed powders
decreases gradually and its morphology is more homogeneous
(Fig. 4d).

After mechanical alloying process, the powder was agglom-
erated and the agglomerate size was below 100 nm as shown
by the AFM results in Fig. 5. In turn, according to the Scherrer
method of XRD profile, the mean crystallite size of these
nanocomposites was determined to be 5 nm. After 48 h of
mechanical alloying process, the mixtures of the microcrys-
talline pure elemental powders of titanium and hydroxyapatite
have transformed almost into an amorphous phase (Fig. 3c)
which was confirmed by TEM research (Fig. 6). The SAED
pattern contains broad rings at position expected for Ti with
hexagonal structure (the ring position matches (101) Ti lattice
reflection). The TEM results reveal that, apart from the
dominant amorphous phase, the milled powder also contains
a small amount of grains with nanoparticles of titanium (not

Table 2 Composition (g/L) of Ringer solution and Hanks� balanced salt solution (HBSS)

NaCl KCl CaCl2 NaHCO3 KH2PO4 NaH2PO4Æ7H2O Glucose C6H12O6

Ringer solution 9.0 0.42 0.48 0.2 … … …
HBSS 8.0 0.4 … 0.35 0.06 0.09 1.0

Fig. 2 XRD spectra of raw (a) titanium, (b) hydroxyapatite and (c)
titanium hydride powders

Fig. 3 XRD spectra of Ti and HA (20 wt.%) powders
mechanically alloyed for different times: (a) 5 h, (b) 20 h, (c) 48 h,
(d) after heat treatment in two steps: at 700 �C for 2 h and at
1150 �C for 2 h
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shown). The lack of any sharp reflections in the XRD pattern
(Fig. 3c) suggests that the amount of the nanocrystalline phase
is very low.

The formation of the bulk porous Ti-HA nanocomposites
was achieved by sintering of the amorphous materials with the
addition of suitable blowing agent. Thermal analysis of TiH2

Fig. 4 SEM morphologies of Ti-20 wt.% HA powders mechanically alloyed for different times: (a) 5 h, (b) 10 h (c) 20 h, (d) 48 h (scale bar
applies to all images)

Fig. 5 AFM analysis of Ti-20 wt.% HA powders after 48 h of
mechanical alloying

Fig. 6 TEM micrographs of the milled Ti-20 wt.% HA sample for
48 h—typical amorphous parts with corresponding SAED patterns
(top right corner)
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powders was carried out to characterize their decomposition
temperature and to determine the burning temperature of this
component. The DSC result of TiH2 powders is shown in
Fig. 7. The results showed that the decomposition of TiH2 was
a two-step process. The first transformation temperature is
located at 520 �C, and the second is around 615 �C. These two
transformation temperatures are explained by the two possible
non-equivalent positions of hydrogen atoms in titanium: one
with tetrahedral and the other with octahedral symmetry (Ref
18).

Before heat treatment, the samples consisted of amorphous
Ti-HA powders and crystalline TiH2 powders. After heat
treatment, the samples showed only peaks associated with the
crystalline a-Ti phase and apatite phase without any secondary
phases (Fig. 3d), indicating the complete decomposition of the
TiH2 powders. After heat treatment, the mean crystallite size of
the porous nanocomposites estimated from XRD experiment
were about 20-45 nm.

Examples of scanning electron micrograph of the surface of
sintered porous nanocomposite (sample C1) with EDS spectra
are shown in Fig. 8.

The extreme heating conditions (1150 �C) cause the decom-
position of HA phase and the formation of apatite with different
Ca/P ratios. Other sintered porous nanocomposites have similar
phase constitution.

The different titanium hydride content before heat treatment
in Ti-HA nanocomposites leads to a change in the properties.
The tested properties of porous Ti-HA nanocomposite materials
are listed in Table 3. In order to make comparison, the
characteristic of non-porous Ti-HA nanocomposite is also listed
in Table 3.

It is obvious that lower density is obtained for the
nanocomposites pressed at a lower pressure (210 MPa). With
an increase in the applied compaction pressure, the porosity
tends to decrease. For all samples, the porosity determined from
image analysis has a higher value than that determined from
Eq 1. The difference in porosity is in the range from about 1 to
15%.

Our earlier work shown that the use of mechanical alloying
and powder metallurgical process leads to the formation of bulk
Ti-HA nanocomposites characterized by a porosity of about
10% (Ref 15). The samples prepared with the addition of TiH2

show from two to five times higher porosity than those without
TiH2. Despite the significant difference in the amount of
blowing agent in Ti-HA nanocomposites, changes in porosity
are not so significant and amount of about 15%* or 30%**
(depending on the measurement method). With the increase in

the addition of TiH2, the sintered samples have greater number
of large pores. Image analysis draws the conclusion that
sintered Ti-HA nanocomposites are characterized by a hetero-
geneous distribution of porosity (Fig. 9). The homogeneity of
pore distribution increases with the addition of TiH2. Besides,
in porous Ti-HA nanocomposites, participation of a large pore
size increases with the rise of TiH2 content. On the polished
surface can be observed two types of areas characterized by the
presence of different numbers and sizes of pores. The first area
occurs a large number of porosity of a large pore sizes (80-
100 lm), the second area occurs a large number of very small
pore sizes (< 10 lm) which is particularly evident at the
higher magnification (Fig. 10). Additionally, in Fig. 11, the
exemplary histogram of the pore size distribution has been
shown. All the samples prepared with the addition of TiH2

show highly porous and developed structure. This is especially
visible for the samples containing 50 and 75% blowing agent.
For these samples, the largest part of the porosity was open and
interconnected. The samples containing 25% of TiH2 possess a
smaller pore size, and pore interconnectivity is not visible, so
these structures are not interesting for use as scaffolds. Thus,
the contribution of the blowing agent is very important. The
low proportion of the blowing agent results in the formation of
insufficiently porous structures. On the other hand, too much
blowing agent contributes to the formation of excessively
porous and relatively brittle materials.

Several studies have shown that, apart from macroporosity
(> 50 nm), also mesoporosity (2-50 nm) and microporosity
(< 2 nm) are essential for biomaterial�s osteoinductivity (Ref
19-21). For this reason, some properties related to the
mesoporosity were measured. The exemplary results of the
BET analysis are shown in Fig. 12 and listed in Table 4. The
average adsorption pore width was estimated to be about 7-
8 nm. The results show that the fraction of mesoporosity in the
structure of the investigated materials is negligible. Thus, in this
case, the mesoporosity has no significant effect on the
properties of the obtained samples.

Obtaining a porous structure also had no effect on the
reduction in the strength properties of sintered nanocomposites.
The mechanical properties of sintered porous nanocomposites
were studied by the compressive strength tests (Table 3).

The stress versus strain response of the porous nanocom-
posites is shown in Fig. 13. Most of the sintered samples
showed similar stress versus strain responses. Only in the case
of the samples containing initially 25% of TiH2, after crossing
the maximum compressive stress, there was observed more
rapid destruction of the material. On the other hand, these
porous nanocomposites exhibited a compressive strength of
365 and 497 MPa (depending on the compaction pressure),
which is the highest values in comparison with other fabricated
porous nanocomposites. As the initial TiH2 content increased
from 25 to 75%, regardless of the value of compression
pressure, the compressive strength was decreased by more than
twice. The use of a higher compaction pressure, for the samples
with the same amount of titanium hydride, results in a greater
resistance to compression. It is connected with a greater number
of pores and higher porosity in materials with less the value of
the compaction pressure. The compressive strengths of porous
Ti-HA (+ 25% TiH2) nanocomposites pressed at a pressure of
210 and 415 MPa were 365 and 497 MPa (reduction of
132 MPa), while at the same compaction pressure the com-
pressive strengths for porous Ti-HA (+ 50% TiH2) nanocom-
posites were 250 and 329 MPa (reduction of 79 MPa),Fig. 7 DSC of TiH2 powder
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respectively. It is worth noting that porous nanostructured
composites contained 25 and 50% of TiH2 posses higher
compressive strengths compared to non-porous nanocomposite
pressed at the same pressure.

Table 5 summarizes mean values of corrosion current
densities (iC) and corrosion potentials (EC) determined from
the potentiodynamic polarization curves by Tafel extrapolation
method for each porous Ti-HA nanocomposite. Further, in
Fig. 14 and 15 are compared polarization curves of porous Ti-
HA (+ 25% and 50% TiH2, compaction pressure 415 MPa)
obtained at different corrosion solutions. Examination of the
curves shows that there are no major differences between the
general types of electrochemical behavior of porous Ti-HA
nanocomposites in the two solutions. According to the data
shown in Table 5, the values of corrosion current densities
obtained in Ringer solution are smaller about one order of
magnitude than those found in Hanks� balanced salt solution.
Farther, regardless of the type of the electrolyte, at the same

weight fraction of TiH2, the values of corrosion potentials
increase with decreasing compaction pressure. Furthermore, the
increase in the content of TiH2 (increase in porosity) also
affected the decrease in corrosion resistance. All tested porous
Ti-HA nanocomposites shown a negative value of the corrosion
potential in various test solutions. Although there appeared to
be no correlation between amount of TiH2 and corrosion
potential, the data in Table 5 show that the increase in
compaction pressure at the same weight fraction of TiH2 did
cause the corrosion potential to shift in the less negative
direction. (The exceptions are samples B1 and B2 measured in
Ringer solution.) However, the trend of decreasing corrosion
potential with increasing compaction is more noticeable for
samples tested in Ringer solution.

4. Discussion

Bulk titanium-hydroxyapatite composites (Ref 22) and
especially porous titanium-ceramic composites and titanium
alloys have recently attracted extensive interests for their
potential use as biomedical materials. Previously several
methods have been employed to fabricate the porous Ti alloys
and Ti-ceramic composites. The most common technique is the
preparation of porous materials by powder metallurgy process
with different spacer materials (Ref 23-25). Another potential
method for creating porous structure is rapid prototyping (Ref
26, 27).

One of the stages of powder metallurgy process is the
milling process. Replacing ball mills by high-energy ball mills
can produce nanoparticles (and further nanomaterials) which
have better properties than microcrystalline materials. During
the mechanical alloying process, which takes place in the high-
energy ball mills, the powder particles are repeatedly flattened,

Fig. 8 EDS spectra of surface of Ti-20 wt.% HA nanocomposite mechanically alloyed for 48 h and heat-treated in two steps: at 700 �C for 2 h
and at 1150 �C for 2 h

Table 3 Density (q), porosity (P), compressive strength
(rc) of porous and non-porous Ti-HA nanocomposites

Materials q, g/cm3 P*, % P**, % rc, MPa

A1 3.38 21.2 22.1 365
A2 3.62 15.6 16.5 497
B1 3.07 28.3 35.3 250
B2 3.34 22.0 25.3 329
C1 2.99 30.2 45.5 …
C2 3.09 27.9 36.1 210
Ti-20 wt.% HA(a) 3.91 9.1 … 295
*Calculated using formula (1)
**Calculated on the basis of image analysis
(a) Compaction pressure 415 MPa, heat treatment 1150 �C/2 h
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Fig. 9 SEM micrographs of polished surface of sintered porous Ti-HA nanocomposites with the addition of TiH2: (a) 25%, compaction
pressure 210 MPa, (b) 50%, compaction pressure 210 MPa, (c) 75%, compaction pressure 210 MPa, (d) 25%, compaction pressure 415 MPa, (e)
50%, compaction pressure 415 MPa, (f) 75%, compaction pressure 415 MPa (scale bar applies to all images)

Fig. 10 SEM micrographs of the porous Ti-HA nanocomposites produced with various TiH2 contents: (a) 25%, compaction pressure 210 MPa,
(b) 50%, compaction pressure 210 MPa, (c) 75%, compaction pressure 210 MPa, (d) 25%, compaction pressure 415 MPa, (e) 50%, compaction
pressure 415 MPa, (f) 75%, compaction pressure 415 MPa (scale bar applies to all images)
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cold-welded, fractured and rewelded, resulting in high defor-
mation of particles and large dislocation density. As a result of
MA, a variety of equilibrium and non-equilibrium phases with
a nanometer size subgrains can be obtained (Ref 28). In this
work, mechanical alloying of titanium and hydroxyapatite
powders resulted in the formation of amorphous phase. Next,
due to the addition of blowing agent and their thermal
treatment, nanostructured Ti–20 wt.% HA scaffolds were
made.

The high deformation during the MA leads to an increase in
the interfacial area, and the sizes of the elementary component
area decrease from millimeter to nanometer lengths. The
reduction in the crystallite size was confirmed by broadening of
the diffraction peaks. XRD results showed that the addition of
hydroxyapatite to titanium caused the increase in lattice
constants of Ti, as manifested by a shift of some diffraction
peaks of crystal planes of titanium toward smaller angles in
comparison with pure microcrystalline titanium. After thermal
treatment, no peaks associated with titanium hydride appeared.
For all samples, the predominant phase is titanium. As regards
the hydroxyapatite, the extreme heating conditions cause its
decomposition and formation of apatite with different Ca/P
ratios. The presence of other phases is a common feature of Ti-
HA composites. High temperature can cause degradation of
structural stability of HA and contribute to its dehydration and
decomposition (Ref 29). The stability of HA depend not only
on temperature but also on the partial pressure of water in
sintering atmosphere. With water present, hydroxyapatite can
be formed and is a stable phase up to 1360 �C, but without
water the stable phases are tricalcium and tetracalcium
phosphate (Ref 30). Moreover, the different initial titanium
content resulted in different phase compositions in the Ti-HA
composites which can influence their final properties (Ref 31,
32). Chenglin et al. suggested that the existence of Ti can only
promote decomposition of HA, but HA did not react with Ti
(Ref 32).

The addition of blowing agent (in our work—titanium
hydride) to Ti-HA powders has allowed the synthesis of porous
Ti-HA nanocomposites. Change in TiH2 content influences the
modification of amount of porosity, size of pores and their
morphology. Apart from compaction pressure, the pore size of
the sintered porous composites is determined by the size of the
blowing agent. It is obvious that more porous structure is
obtained by the higher addition of TiH2, while a less porous
structure is obtained at a higher compaction pressure. Gu et al.
reported that, besides compaction pressure, also sintering

Fig. 11 Histogram of pore size distribution in a sample containing 50% TiH2 and compressed at 210 MPa

Fig. 12 Desorption cumulative pore volume of the porous Ti-
20 wt.% HA nanocomposites with various TiH2 contents (A2—25%,
B2—50%, compaction pressure 415 MPa)

Table 4 BET porosity parameters for the sintered
porous Ti-HA nanocomposites

Materials SBET, m
2/g VT, cm

3/g dA, nm

A2 0.23 0.0004 7.29
B2 0.75 0.0014 7.84
SBET, VT, dA; BET surface area, total volume of pores, average pore
size
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temperature has influence on porosity and pore size of porous
titanium alloys, and with an increase in the sintering temper-
ature and compaction pressure, the porosity and pore size tend
to decrease (Ref 23). Moreover, the authors found that the
number of pores and the homogeneity of pore distribution
increase with the addition of titanium hydride.

There are many materials that can be used as spacer
material. For instance, apart titanium hydride (Ref 23),
carbamide particles, ammonium hydrogen carbonate particles
(Ref 24, 25), C-fibers, polyurethane foam or H2O2 (Ref 33) can

be used as porogen. It is worth noting that unlike blowing
materials, titanium hydride, during sintering, is decomposed
into hydrogen and titanium. Hydrogen released by the decom-
position of hydride introduces porosity to the material. In turn,
titanium can participate in sintering.

So far, there have been many research on porous structure
and bioactivity of biomaterials but has not been clearly defined
the most favorable pore size for the most effective tissue
growth. A pore size of 100 lm is often cited as a minimum
requirement for strong bonding of the tissue with implant.
However, the researchers also reported that the microporous
structure plays an important role in protein adsorption (Ref 34),
proliferation (Ref 35), osteoinduction (Ref 20, 36) and
distribution of bone within the ceramic scaffolds (Ref 37).

A number of reports have emphasized the formation of
porous materials with wide gradient of porosity, and our present
study showed the formation of porous nanocomposites mainly
with macropore size and a negligible share of mesopores.
Furthermore, small macropores with a size of < 5 lm were
observed.

In turn, Wang et al. sintered porous TiNbZr alloy using
space holder particles of 500-800 lm which gave pore size
ranging from 300 to 800 lm. Besides large macropores, the
authors observed some small macropores (5-20 lm) which
were present on the cell wall of porous alloys (Ref 25). Many
reports suggest that one of very important factors for porous
biomaterials is proper interconnectivity between pores because
the connected pores will allow cells to grow inside the material
and body fluid to circulate (Ref 26). Besides the pore
interconnection size is critical in determining the quality of
tissue ingrowth (Ref 9).

To achieve satisfactory implants, apart from porous structure
and proper interconnection between pores, they should possess
high strength and appropriate stiffness. The modulus of
elasticity of bone and implant should be as similar as possible
to avoid stress and to improve bone adaptation. Generally, the
increase in porosity decreases the stiffness but on the other
hand may cause reduction in strength. The properties of natural
bones can change over a wide range depending on age and type
of bones. For example, the compressive strength of bone ranges
from 2 to 200 MPa, the Young�s modulus ranges from 0.1 to
20 GPa, and the pore size and porosity of cancellous bone
range from 20 to 1000 lm and from 30 to 95%, respectively
(Ref 23, 24). Gu et al. produced porous Ti alloy with Young�s

Fig. 13 Typical stress vs. strain response of the non-porous (Ti-
HA) and porous (A1, A2, B1, B2, C2) nanocomposites (A—25%
TiH2, B—50% TiH2, C—75% TiH2, 1—compaction pressure
210 MPa, 2—compaction pressure 415 MPa)

Table 5 Mean values of corrosion current densities (iC)
and corrosion potentials (EC) of studied porous Ti-HA
nanocomposites measured in Ringer solution and Hanks�
balanced salt solution (HBSS)

Materials

Ringer solution HBSS

iC, A/cm
2 EC, V iC, A/cm

2 EC, V

A1 9.48Æ10�7 � 1.26 2.74Æ10�6 � 1.16
A2 4.52Æ10�7 � 0.66 1.25Æ10�6 � 1.10
B1 3.37Æ10�6 � 0.81 9.55Æ10�5 � 1.29
B2 1.23Æ10�6 � 0.95 2.65Æ10�5 � 1.04
C1 5.45Æ10�5 � 1.66 … …
C2 1.41Æ10�6 � 1.26 … …

Fig. 14 Potentiodynamic polarization curves of porous Ti-20 wt.%
HA nanocomposite with 25% TiH2 content measured (a) in Ringer
solution and (b) in Hanks� balanced salt solution

Fig. 15 Potentiodynamic polarization curves of porous Ti-20 wt.%
HA nanocomposite with 50% TiH2 content measured (a) in Ringer
solution and (b) in Hanks� balanced salt solution
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modulus ranging from 5.8 to 9.5 GPa, porosity ranging from 43
to 59% and pore size of 90-190 lm (Ref 23). In turn, Young�s
modulus of porous TiNbZr alloys changed from 21 to 1.6 GPa,
while the porosity changed from 42 to 74% (Ref 25). The
authors deduced that elastic modulus of the highly porous
alloys is very sensitive to the homogeneity of strut thickness of
the porous structure. Mechanical properties of porous Ti-HA
nanocomposites studied in this work showed that despite high
porosity they possess high compressive strength, which rise
along with the reduction in porosity. From the medical
applications point of view, the compressive strength of
composites characterized by the best porosity and pore
interconnectivity (samples B2 and C2) is still higher than the
compressive strength of bone but lower than compressive
strength of bulk titanium [450-965 MPa (Ref 38)]. Most
probably, further rise of porosity will cause decreasing of
compressive strength in order to match properties similar to
properties of bones. For instance, Wen et al. produced porous
titanium with the porosity 78% and compressive strength of
35 MPa (Ref 24). The compressive strength of TiNbZr alloy
with porosity of 69%, produced by Wang et al., was 67 MPa
(Ref 25). The low content of porous agent results in a less
porous and more durable composites. Therefore, controlling the
share of porous agent and compaction pressure can impact on
porosity and hence mechanical properties of composites.

Porous structure also influences the corrosion properties.
More porous materials have a smaller resistance to electro-
chemical corrosion. The corrosion current densities summa-
rized in Table 5 clearly decrease with increasing compaction
pressure and decreasing amount of pore-forming agent. This
trend is more evident for different parts of porous agent. 25
percent increase in the content of the porous factor causes a
decrease in corrosion current densities by an order of magni-
tude. This could be due to the greater real surface areas
obtained for high porous structures.

5. Conclusion

The porous titanium-20 wt.% hydroxyapatite nanocompos-
ites have been successfully prepared by mechanical alloying
and powder metallurgical process. It is found that the Ti-HA
nanocomposite sintering with various TiH2 contents (as the
pore-forming agent) was an effective way to produce porous
materials. After two-step heat treatment, the starting TiH2 phase
was completely decomposed and only titanium and apatite
phases were observed. The porous Ti-HA nanocomposites had
a wide range of pores with size from few nanometers to 100
micrometers and porosity of 15.6-30.2%* (16.5-45.5%**). An
enhancement of the properties due to the nanoscale structures in
consolidated materials was noticed. Despite the high porosity,
Ti-HA nanocomposites have high values of compressive
strength. Higher compaction pressure could be used to improve
the corrosion resistance of the porous composites. However,
increased compaction leads to the production of less porous
structures and therefore their new bone ingrowths and transport
of the body fluids. Based on the results obtained in this study,
porous Ti-HA nanocomposites, produced by mechanical alloy-
ing and powder metallurgical process, have a high possibility
for the application in the biomedical field of bone tissue
engineering.
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