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Abstract: The titanium-based composites were synthesized by powder metallurgy method. The effects of composition and sintering
temperature on the microstructure and properties of the titanium-based composites were investigated by X-ray diffraction, optical
microscopy, scanning electron microscopy and mechanical properties tests. The results demonstrate that adding ZrO, particles can
improve the mechanical properties of powder metallurgy (P/M) titanium-based composites. The Ti composite with 4% (mole fraction)
ZrO; sintered at 1100 °C for 4 h shows an appropriate mechanical property with a relative density of 93.9%, a compressive strength
of 1380 MPa (570 MPa higher than pure Ti) and good plasticity (an ultimate strain above 24%).
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1 Introduction

The attractive mechanical properties obtained by
metal matrix composites such as high specific modulus,
strength, and thermal stability have made the
titanium-based composites promising materials for
aerospace, automobile and numerous other applications
[1]. The incorporation of low density, high modulus and
high strength of reinforcements of titanium significantly
improves the specific modulus, strength and creep
resistance [2]. Particulate reinforcements are normally
used to produce titanium composites. Particulate-
reinforced metal composites have attracted extensive
attention as a result of their relatively low cost and
characteristic of isotropic properties [3—6]. Titanium and
its alloys are widely used as load-bearing implants for
bone tissue engineering because of the distinct
mechanical properties, good biocompatibility and
excellent corrosion resistance [7,8]. The Ti alloys of the
first and second generation contained the noxious
elements such as Al, V and Ni. Recently, the global
researches of Ti have laid more attention to higher
strength, stronger plasticity, better biocompatibility and

elastic modulus which corresponded to human’s skeleton.

Pure Ti foams with approximately 70% porosity had

been successfully fabricated and showed excellent elastic
modulus. Nevertheless, they were still too weak
compared with cortical bone [9]. Zirconia(ZrO,)
ceramics, which were studied as biomaterials in the late
1960s, are applied to orthopedic implants as ball heads in
artificial hip joints currently [10,11]. After ZrO, was
surface alloyed on the NiTi alloy by laser surface
alloying technique, the wearing resistance had been
improved by about six times compared with the
untreated one [12]. In addition, zirconia and its
composites possess excellent mechanical properties.
Thus, we chose ZrO, as the strengthening phase. The
elastic modulus of Ti and Ti alloys can be reduced by the
introduction of a porous structure [13—15]. In this work,
the influence of different compositions and sintering
temperatures on mechanical properties of particulate-
reinforced titanium-based composites was studied
through dispersion-strengthening method, in order to
fabricate a material which possesses both excellent
mechanical properties and good biocompatibility.

2 Experimental
2.1 Titanium-based composites

mechanical alloying (MA)
Commercially available Ti powder (99.7% purity,

synthesized by
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<58 um) and ZrO, particles (99.9 purity, <0.5 pm) were
prepared as starting materials. The Ti and ZrO, powders
were weighed following the compositions in Table 1 and
then mixed together. A QX—2 planetary ball mill with
agate vials and balls were used to mix the powders. All
powder handlings were performed in a glove box under
argon atmosphere. The ball milling was performed at a
rotation rate of 180 r/min, with 10:1 of ball-to-powder
(mass ratio) and 10 g powder for each run. The milling
time was 2 h.

Table 1 Nominated compositions of Ti/ZrO, composites

Sample No. w(Zr0,)% w(Ti)%
1 0 Bal.
2 1 Bal.
3 2 Bal.
4 4 Bal.
5 6 Bal.
6 10 Bal.

2.2 Fabrication of titanium-based composites samples

The mixture was subsequently compacted into
cylindrical green compacts at a pressure of 200 MPa.
Then they were put in a alumina crucible and sintered in
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a vacuum furnace. The sintering process was carried out
at 900, 1000 and 1100 °C respectively for 4 h with a
heating-up rate of 10 °C/min. After furnace cooling, the
Ti/ZrO, samples were obtained.

2.3 Microstructure and mechanical properties

After the relative density of the samples were
obtained, they were sectioned, mounted, polished and
etched with reagent(2%HF, 10%HNO;, 88%H,0) for
metallographic observation. Phase formation was
characterized by X-ray diffraction (XRD, D/max-Rc).
The radiation source used was Cu K, generated at 40 kV
and 35 mA, with a scan rate of 1.5 (°)/min. The
compressive test was carried out by universal testing
machine (SHIMADZU AG-X, 100 kN) on the
titanium-based composites samples (d8 mmx13 mm) at
room temperature with an nominal strain rate of 10 °s™'
to investigate the mechanical properties. Fracture
morphology and EDAX were analyzed by SEM system
(philipsXL30ESEM-TMP).

3 Result and discussion

In Fig. 1, it can be concluded that after sintering at
900 °C, the relative density of samples 1, 2 and 3 are
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similar. The relative density decreases with the increase
of ZrO, content above 4% (samples 5 and 6). Owing to
the more ZrO, particles added, the sintering will be more
difficult. The compressive data express that the
compressive strength is improved with increasing ZrO,
content. When the content is up to 4%, the compressive
strength begins to decrease. The reasons are as follows:
firstly, the relative density begins to decrease; secondly,
when a small amount of ZrO, is added, the particles
obstruct the motion of dislocation; thirdly, when adding
too much ZrO, particles, they begin to combine together
and the crack source occurs. The ultimate strain is
decreased with the increase of ZrO, content, due to the
ZrO, particles obstructing the motion of dislocation.

When sintered at 1000 °C, the relative densities of
these samples are increased and reach 88.6%, 90.67%,
90.69%, 89.36%, 86.79%, 86.12% respectively
compared with the ones at 900 °C. The tendency is quite
similar to the situation at 900 °C. The compressive
strength made a remarkable increase compared with 900
°C. At 1000 °C, with the addition of ZrO, the
compressive strength also has a notable increase
compared with pure Ti. As the sintering temperature gets
higher, the powder activity gets more active, the
diffusion rate of ZrO, and the contract of sintered
compact increase, and the void decreases, as a result,
both the relative density and the compressive strength of
sintered compact increase. The addition of dispersed
ZrO, phase also enhances the bonding strength. The
ultimate strain is increased a little and the exchange
tendency is quite similar to the one at 900 °C.

At 1100 °C, the relative densities of almost all
samples are increased over 93.3% except the sample 6.
The compression strength is also improved a lot, and it
can reach as high as 1443 MPa (615 MPa better than
pure Ti). The exchange tendency is similar to the
situation at 1000 °C. As a result of the increase of the
relative density, the ultimate strain is also improved, and
the tendency is similar to the one at 1000 °C. The stress
—strain curves of samples 1—4 at 1100 °C are shown in
Fig. 1(d). When the compressive stress reaches 2000
MPa which is the ultimate pressure of the machine, these
samples do not fracture. So, it could be concluded that
these samples have a good plasticity.

Sample 4 (Ti+4%ZrO,) was selected to be
investigated by XRD with pure Ti as the comparative
sample, owing to its high compression strength and good
plasticity in the compressive strength data. The X-ray
diffraction patterns of these samples are shown in Fig. 2.
In the XRD patterns of sample 4, the sharp peaks track
the elements of a-Ti and ZrO,. After ZrO, was added, the
height and the width of the peak changed. The peak
became wider and moved to the left. This phenomenon

indicates that the crystal lattice is changed. By EDS (Figs.

3 and Fig. 4) it turns out that the element of zirconium

can be found in every grain and at grain boundary. The
XRD patterns and the EDS results demonstrate that
zirconium disperses in the green body of Ti in terms of
molecular ZrO, and there is no reaction between ZrO,
and Ti.
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Fig. 2 XRD patterns of pure Ti sintered at 1000 °C (a), Ti+ 4%
ZrO, sintered at 1000 °C (b) and Ti+4%ZrO, sintered at 1100
°C ()
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Fig. 3 SEM image of sample 4 (Ti+4%ZrO,) sintered at
1000 °C

The microstructures of sample 4 (Ti+4%Zr0O,)
sintered at 900, 1000, 1100 °C in Fig. 5 display that the
primary phase is a phase. With the rising of sintering
temperature, the crystal becomes larger and the relative
density gets higher.

As shown in Fig. 6, when 4%ZrO, is added, the
average size of the Ti crystal grain becomes smaller than
others. The results illustrate that adding ZrO, can inhibit
the growth of the grain and make the grain smaller. In
other words, the purpose of particle refinement is
reached. Moreover, ZrO, serves as the dispersed phase
and makes the dispersion strengthened effort. That is
why the compressive strength of sample 4 (Ti+4%ZrO,)
is better than the others.

The fracture morphology of sample 3 sintered at
1000 °C observed by SEM is shown in Fig. 7. Many
dimple fractures and some cleavage steps are found in
Fig. 7(a). So the main fracture mode is plastic fracture.
The backscattered electron image shown in Fig. 7(b)
demonstrates that the white grains are Ti also.
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Fig. 4 EDS patterns of sample 4 (Ti+4% ZrO,) sintered at 1000 °C: (a) Point 1 in Fig. 3; (b) Point 2 in Fig. 3

Fig. 5 SEM images of sample 4
(Ti+4%ZrO,) sintered at different
temperatures: (a) 900 °C; (b) 1000 °C;
(c) 1100 °C
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Fig. 6 SEM images of samples sintered at 1100 °C: (a) Ti+2%ZrO,; (b) Ti+4%ZrO,
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Fig. 7 SEM images of fracture surface of sample 3 (Ti+2%
Zr0,) after being sintered at 1000 °C; (a) Secondary electron
image; (b) Backscattered electron image

4 Conclusions

1) The mechanical property of Ti/ZrO, composites
can be improved with increasing sintering temperature.

2) Adding ZrO; can inhibit the growth of the grain
and make the grain smaller than the one without any
addition. What’s more, ZrO, serves as the dispersed
phase and improves the compressive strength. The best
sample can reach a compressive strength of 1443 MPa.

3) After ZrO, is doped, the particulate-reinforced
titanium-based composites exhibit high strength, at the
same time, the plasticity is preserved. The compressive
strength of the composite with 4% ZrO, sintered at

1100 °C is 1280 MPa, meanwhile the ultimate strain is
over 24%.
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