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Abstract: Bimodal-grained Ti containing coarse and fine grains was fabricated by high-energy ball milling and spark plasma
sintering (SPS). The microstructure and mechanical properties of the compacts sintered by Ti powders ball-milled for different time
were studied. Experimental results indicated that when the ball-milling time increased, the microstructure of sintered Ti was firstly
changed from coarse-grained to bimodal-grained structure, subsequently transformed to a homogeneous fine-grained structure.
Compared with coarse-grained Ti and fine-grained Ti, bimodal-grained Ti exhibited balanced strength and ductility. The sample
sintered from Ti powders ball-milled for 10 h consisting of 65.3% (volume fraction) fine-grained region (average grain size 1 pum)
and 34.7% coarse-grained region (grain size > 5 pum) exhibited a compress strength of 1028 MPa as well as a plastic strain to failure

of 22%.
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1 Introduction

Pure titanium has low density, excellent corrosion
resistance and biocompatibility. However, it exhibits
lower strength, which limits its use for structural and
functional applications. For many engineering and
biomedical applications, high strength is required. Bulk
metallic materials with fine grains were produced by
plastic deformation, casting and powder
metallurgy method [1-3]. The grain sizes were reduced
into micron, sub-micron and nanometer scale, therefore
the mechanical strengths of metals were much higher
than that of their conventional coarse-grained
counterparts [4-6]. Besides the grain size, the
distribution of grain size may also play an important
effect on the mechanical properties of metals and alloys.
Recent researches revealed that compared with
homogeneous nanostructured metals, bimodal or
multimodal nanostructured metals could exhibit better
combination of strength and ductility [7]. For example,
WANG et al [8] reported nanocrystalline Cu with a
multimodal grain size distribution processed by a

severe

thermomechanical  treatment. The presence of
micrometer-size grains in a matrix of nanocrystalline and
ultrafine grains led to a high tensile elongation of 65% as
well as maintaining a high strength 5—6 times higher
than that of coarse-grained Cu. ERTORER et al [9,10]
previously reported a bimodal ultrafine-grained
commercially pure Ti fabricated by cryomilling and
sintering. In those studies, a broad grain size distribution
in Ti resulted in enhanced tensile strength in combination
with high ductility.

One of the widely used methods to produce metallic
materials with fine grains is high-energy ball milling. It
was reported that this process easily formed nano-grains
with a diameter of 20 nm for Ti and Ti—6AI-4V [11,12].
However, a wide distribution of grain size may exist in
the ball milled powders before a homogeneous
nanostructure was achieved. Therefore, bimodal or
multimodal microstructure could be achieved by this
traditional technique. The present study was to fabricate
pure titanium bulky material with a bimodal-grained
structure by high-energy ball milling and spark plasma
sintering (SPS). Pure titanium powders were firstly ball-
milled for different time and subsequently consolidated
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by spark plasma sintering (SPS), which is a fast
consolidation approach with the activation of a pulsed
electrical field [13]. Compared with conventional
sintering methods, SPS has shorter sintering time and
lower sintering temperature, therefore, it is effective to
restrain the grain growth during the sintering
process [14—16]. The effects of ball milling time on the
microstructure and compressive properties of sintered Ti
were investigated and the microstructure evolution of
ball-milled powders during sintering process was
discussed in the present work.

2 Experimental

Commercially pure titanium powders with the
purity of 99.7% were produced by plasma rotating
electrode atomization process. The average particle size
of original powders was 150 pm. The powders were
milled in a QM-2SP20-CL planetary ball milling
machine with stainless steel containers and balls and the
ball to powder ratio was 12:1. The ball milling was
performed at a speed of 228 r/min in an argon
atmosphere for 5, 10, and 50 h, respectively.

The unmilled powders and as-milled powders with
various milling time were sintered by SPS at 750 °C
under a vacuum of <10 Pa. A uniaxial pressure of
50 MPa was applied on the powders during the sintering
process. The powders were heated to the maximum
temperature at a heating rate of 100 °C/min, and held for
4 min. The load was removed when the furnace was
cooled to lower than 200 °C.

The sintered samples with a thickness of 12 mm and
diameter of 10 mm were ground and polished to remove
surface contamination before conducting microstructure
characterization. The microstructures of bulk specimens
after sintering were observed by LEICA DMI 5000M
optical metallographic microscope. The densities were
measured by Archimedes method using water as a liquid
medium. Vickers hardness was tested at a load of 4.9 N
for 20 s by HVS—1000 hardness testing machine. The
compressive test was performed at a strain rate of
1x107 s on a MTS Test Star 810 testing machine at
room temperature. Specimens used in compressive test
were cylinders with a thickness of 6 mm and diameter of
3 mm.

3 Results and discussion

The densification curves obtained by recording the
changes of punch displacements during the heating
process up to 900 °C are shown in Fig. 1.

It can be seen from Fig. 1 that when the sintering
temperature reaches 900 °C, the densification curve of
unmilled powders is still ascending, which indicates that

at the heating rate of 100 °C/min, the densification
temperature of those powders is higher than 900 °C.
However, the densification curves of powders ball-milled
for 5, 10 and 50 h have arrived at steady plateaus at
750 °C and their densification processes are basically
completed. Additionally, the densification temperature of
ball-milled powders decreases with the increase of ball
milling time. During the ball milling process, the
microstructures of powders were refined gradually by
severe plastic deformation. The ball-milled powders have
higher dislocation densities and larger grain boundary
surfaces than the unmilled powders, which led to the
acceleration of atom diffusion and sintering process.
Therefore, the densification curves for ball-milled Ti
powders showed a much lower densification temperature
than the unmilled powders.
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Fig. 1 Densification curves of Ti powders ball-milled for

different time

The microstructures of the samples sintered with Ti
powders ball-milled for different time are shown in
Fig. 2. It is found that a large number of pores are
distributed on particle boundaries in the sample sintered
from unmilled powders. This indicates that the powders
are not sintered sufficiently due to the relatively low
sintering temperature (Fig. 2(a)). The microstructures of
the sintered samples mainly consist of equiaxed grains
with some acicular structures distributed in them. It is
suggested that equiaxed grains are generated in most of
the powders due to recrystallization, while in other
powders, the original acicular structures in the atomized
powders are still maintained.

In the sample sintered with powders ball-milled for
5 h, few pores could be seen and a netlike structure
consisting of dark and bright regions is formed, as shown
in Fig. 2(b). The dark regions distributed on the
boundaries of original particles are found to be
composed of finer grains with the average grain size of
about 1 um. The bright regions distributed in the interior
of particles, however, consist of coarser grains with the
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Fig. 2 Metallographic microstructures of samples sintered with Ti powders ball-milled for different time: (a) 0 h; (b) 5 h; (c) 10 h;

(d) 50 h (the upright insets showed the magnification or SEM graphs of corresponding samples)

grain sizes larger than 5 um. When the ball milling time
increase to 10 h, the microstructure of sintered sample
turns into a lamellar morphology with coarse-grained and
fine-grained regions distributed alternately, which is due
to the severe plastic deformation in ball milling process,
as shown in Fig. 2(c). Compared with the sintered
sample with the ball milling time of 5 h, the volume
fraction of fine-grained regions in the 10 h-milled
samples is apparently increased. As the milling time
increase to 50 h, the microstructure in the sintered
sample finally changes to homogenous fine-grained
structure, and the average grain size is about 1 um, as
shown in Fig. 2(d). The densities and grain size
distribution in sintered samples are shown in Table 1.

Table 1 Densities and grain size distribution in sintered
samples with different ball milling time (FG: fine-grained
region; CG: coarse-grained region)

Ball milling Relative  Grain size/um  Volume fraction/%

time/h density/%  FG CG FG CG
0 93.2 - 10—-80 0 100
5 98.0 ~1 5-50 29.5 70.5
10 97.9 ~1 5-50 65.3 34.7
50 97.8 ~1 - 100 0

The formation of bimodal-grained structure in the
sintered samples with the milling time of 5-10 h could
be attributed to inhomogeneity of plastic strains in the
ball-milled powders. Taking the single powder into
account, a powder ball-milled for relatively short time

showed different microstructures in the interior and
surface  region, because the latter has experienced
heavier plastic deformation and the dislocation density
increases dramatically. During the ball milling process,
the microstructure near the powder surface gradually
turns into dislocation cells, subgrains and fine grains,
finally creating a thin layer of fine-grained region near
the powder surface. While in the center of ball-milled
powder, the plastic strain is much lower so that the grains
are much coarser. Figures 3(a) and (b) demonstrate the
TEM graphs of Ti powders ball-milled for 10 h. It is
found that in Fig. 3(a), the average grain size of ball
milled powders is decreased to about 50 nm, while
Fig. 3(b) shows a coarser grain with the size of about
200 nm. This indicates that the grain sizes in ball milled
powders are distributed in a wide range of several tens to
hundreds of nanometer. After the sintering process, the
microstructure inhomogeneity originated in ball-milled
powders is still maintained even some grain growth
occurred. Figures 3(c) and (d) show the fine-grained and
coarse-grained regions in the sintered sample,
respectively. It could be found that the fine-grained
regions consist of equiaxed grains with the average grain
size of 1 pm. Few dislocations could be seen inside these
grains. The grain sizes in coarse-grained regions vary
from 5 to 50 um. Additionally, in some of the coarse-
grained regions, high density of dislocations generated in
the ball milling process still remained. When the ball
milling time increases, the plastic deformation is
enhanced, the fine-grained layer grows thicker
and thicker, therefore leading to an increasing volume
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Fig. 3 TEM images of Ti ball-milled powders and sintered sample: (a) FG region in ball milled powders; (b) CG region in ball-milled

powders; (¢) FG region in sintered samples; (d) CG region in sintered samples (ball milling time 10 h, sintering temperature 750 °C,

sintering time 4 min)

fraction of fine-grained regions in sintered sample until a
homogeneous microstructure is finally obtained.

Figure 4 shows the Vickers hardness of the sintered
samples with different ball-milling time. It should be
noted that microhardness increases with increasing
milling time. Moreover, in the bimodal-structured
samples sintered from 5 h-milled and 10 h-milled
powders, the hardness in fine-grained (FG) regions is
significantly higher than that of coarsed-grain (CG)
regions. The improvement of hardness in FG regions is
not only caused by the grain refinement strengthening
effect, but also related to the increasing content of
impurities such as O, N, and Fe in these regions due to
the increasing milling time.

7 FG
6_

cG CG

Microhardness/GPa

Ju—
T

0Oh 5h 10h 50h
Fig. 4 Vickers hardness of samples sintered with Ti powders
ball-milled for different time

Figure 5 shows the compressive engineering
stress—strain curves of the sintered samples with various
ball-milling time. The value of yield strength o,
increases with the increasing milling time, meanwhile,
the plastic strain to failure &, decreases obviously. It is
reported that in the bimodal microstructures, fine-grained
regions act as strengthening phase according to
Hall-Petch relationship while coarse grains enhance the
ductility of the materials as toughening phases due to
their good dislocation storage capability [8]. Therefore, it
is reasonable that when the volume fraction of
fine-grained regions increases with the ball milling time,

(d)
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Fig. 5 Compressive stress—strain curves of samples sintered
with Ti powders ball-milled for different time: (a) 0 h; (b) 5 h;
(c) 10 h; (d) 50 h (sintering temperature 750 °C, sintering time

4 min)
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the strength of sintered Ti is improved and the ductility is
reduced. Compared with the sample sintered from
unmilled powders, o, values of the samples sintered by
5 h-milled and 10 h-milled powders are 64% and 157%
higher, respectively. Additionally, those specimens show
steady strain hardening stages after the yielding point,
indicating that they maintain enough ductility as well.
When the ball-milling time increases to 50 h, the
ductility of the sintered sample is decreased to almost
zero although the fracture strength was developed to
about 2.2 GPa. Obviously, impurity elements introduced
by ball milling process improve the compressive strength,
but reduce the ductility markedly on the other hand.

Figure 6 shows the fracture morphologies of the
samples sintered from 10 h-milled and 50 h-milled
powders. As the 10 h-milled sample shows a bimodal
microstructure, the fracture surface exhibits a mixed
morphology with the smooth fracture surfaces and shear
dimples dispersed alternately, as shown in Figs. 6(a) and
(b). Although the fine-grained regions possess a higher
value of yield stress, dislocation slipping is somewhat
restrained by the grain boundaries, resulting in a reduced
plasticity and showed smooth and smeared fracture
morphology. However, the coarse-grained regions exhibit
better plasticity because large-scale dislocation slipping
is enabled. During the fracture process, crack propagates
quickly in fine-grained regions. When the crack tips
reach the coarse grained regions, they are blunted and
deflected, consequently the crack propagation is
impeded. Coarse-grained regions finally exhibit ductile
fracture morphology consisting of shear dimples with the
average size of 5—10 um. In the case of the fine-grained
Ti sintered from 50 h-milled powders, the fracture
surface is characterized by river pattern in Figs. 6(c) and
(d) and intergranular and transgranular fracture feature
could be observed. Because of the limited ability of
plastic deformation, cracks quickly propagate in the
fracture process and finally exhibit cleavage fracture
pattern. Therefore, in the sintered Ti fabricated by high
energy ball milling and spark plasma sintering, the
milling time should be controlled to obtain a balanced
strength and ductility.

4 Conclusions

1) When the ball-milling time increased from 0 to
50 h, the sintering temperature of titanium powders was
dramatically decreased. The densities of samples sintered
from ball-milled powders were developed compared to
the unmilled samples.

2) When the milling time increased, the sintered
samples changed from a coarse-grained to bimodal-
grained structure, the volume fraction of fine-grained
regions increased gradually, until finally a homogeneous
fine-grained microstructure was obtained.

Fig. 6 Fracture morphologies of samples sintered with ball-
milled Ti powders: (a, b) Ball-milling time 10 h; (c, d) Ball-
milling time 50 h (sintering temperature 750 °C, sintering time

4 min)
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