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Abstract: Porous Ti—23%Nb (mole fraction) shape memory alloys (SMAs) were prepared successfully by microwave sintering with
excellent outer finishing (without space holder). The effects of microwave-sintering on the microstructure, phase composition,
phase-transformation temperature, mechanical properties and shape-memory effect were investigated. The results show that the
density and size of porosity vary based on the sintering time and temperature, in which the smallest size and the most uniform pore
shape are exhibited with Ti—23%Nb SMA after being sintered at 900 °C for 30 min. The microstructure of porous Ti—-Nb SMA
consists of predominant ", a, and f phases in needle-like and plate-like morphologies, and their volume fractions vary based on the
sintering time and temperature. The f phase represents the largest phase due to the higher content of f stabilizer element with little
intensities of a and " phases. The highest ultimate strength and its strain are indicated for the sample sintered at 900 °C for 30 min,
while the best superelasticity is for the sample sintered at 1200 °C for 30 min. The low-elastic modulus enables these alloys to avoid
the problem of “stress shielding”. Therefore, microwave heating can be employed to sinter Ti-alloys for biomedical applications and
improve the mechanical properties of these alloys.
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1 Introduction

Titanium-based alloys are characterized by
excellent corrosion resistance, good ductility and high
yield strength; consequently, they are widely used for
biomedical applications as human-body implants
including hip joints, medical devices and dental
implants [1,2]. Among many shape memory alloys
(SMAs), Ti-Ni SMAs have been widely utilized for
biomedical applications. However, the toxicity and
hypersensitivity of Ni have influenced the development
of Ni-free shape memory alloys [3] that are non-toxic
and good biocompatible elements such as Nb and
Ta [4—6]. Therefore, TiNb-based alloys are expectable to
be used to biomedical parts due to their low elastic
modulus, superior biocompatibility [7,8], superelasticity
and good shape memory behaviour [3]. Being able to use
powder metallurgy is vital due to the ability to produce
near-net-shape components without requiring any
deformation and machining operations [9—13]. Ti—Nb
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alloys can be fabricated by powder metallurgy through
several methods including conventional sintering [14,15],
metal-injection moulding [16—18], self-propagating
high-temperature synthesis [19], hot-isostatic
pressing [20], spark-plasma sintering [14,21,22], and
microwave sintering. The microwave sintering technique
is a relatively new method to prepare Ti—Nb alloys, and
it is considered a new sintering method for metals,
composites, ceramics and semiconductors [23—25].
Overall, microwave sintering has several advantages
such as enhanced diffusion process, reduced energy and
sintering-process time, rapid heating rates, and improved
mechanical and physical properties [23,24]. The presence
of pores that reduce the elastic modulus of
porous-titanium alloys [26—28] also allows the implant
cells to grow into the pores and integrate with the host
tissue [28—30]. This reduced elastic modulus diminishes
the effect of “stress shielding”, which is generated due to
the large mismatch of elastic moduli between the implant
materials (>100 GPa) and hard tissue (<20 GPa). The
“stress shielding” may cause resorption of these hard
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tissues, loosen the implants and finally lead to
implantation failure [31-33]. Several studies used the
space-holder method for producing porous Ti-based
alloys [34—38]. There are also some studies on using
space holder and sintering methods to produce foam
structures of different metal powders [39—41]. The main
problem of using the space-holder method is removing
this space holder material from the compacted parts
during the sintering process [42]. The space holder
materials should be removed carefully to prevent
distortion and collapsing of the compacted powders.
Moreover, the contamination that occurs due to the
presence of oxygen, nitrogen and hydrogen in these
materials, which are dissolved in titanium or titanium
alloys via increasing temperature during the sintering
process, adversely impacts mechanical properties [36].
The main aim of this research is to optimize microwave
sintering parameters on the microstructure, mechanical
and shape memory properties of Ti—23%Nb (mole
fraction) for biomedical applications.

2 Experimental

The raw materials are titanium powder (99.5% in
purity and 150 pm in particle size) and niobium powder
(99.85% in purity and 74 pm in particle size), and
Ti—23%Nb. These powders were mixed using a planetary
ball mill (Retsch PM100) for 1 h at a rotating speed of
300 r/min. Ball to powder mass ratio is 4:1 to
homogenize the mixture of the powders. Ti—23%Nb
powders were converted to pellets (d25 mm x 10 mm) by
cold-pressing under a uniaxial pressure of 23 MPa for
5 min. Then, these green samples were microwave
sintered either at 900, 1000 or 1200 °C for 10 or 30 min
at a heating rate of 30 °C/min and furnace cooling to
250-300 °C, followed by water cooling (during furnace

Infra-red pyrometer — |

Cylindrical stainless
steel 304 pot —__|

Insulation cylindrical
cover
Alumina ceramic crucible
SiC
Sample

Rotating

cooling, the cylindrical stainless steel 304 was under
water cooling). The cooling rate at all parameters showed
a small range of 89 °C/min. The microwave machine
was HAMiLab-V3, SYNOTHERM Corp. Afterwards,
Ti—23%Nb microwave-sintered samples were machined
by electrical-discharge machining wire and cut to
dimensions of 7 mm x 7 mm X 14 mm for the
microstructure characterization and compression test and
10 mm x 10 mm x 20 mm for the shape-memory test,
according to the standards of ASTM E9-09. Figure 1
presents the schematic diagram of microwave sintering
pot consisting of infra-red pyrometer, outer water-cooled
cylindrical stainless steel 304, insulation cylindrical
cover made from cotton fibres, alumina crucible, rotator
motor, small circular opening on the cover of the
cylindrical stainless steel 304 used to approach the
samples during sintering, which is covered by a sieve to
prevent the microwaves from leaving the cylindrical
stainless steel and glass, and silicon carbide used as
auxiliary heat material. The microwaves were produced
by two magnetrons, which were set to be 4.5 kW and
245 GHz. The temperature of the samples during
sintering was measured by a Fluke Raytek infra-red
pyrometer through the openings in the insulation
cylindrical cover and alumina crucible, which is possible
since infra-red rays can pass through the setup to reach
the sample. The silicon carbide was used with a mass of
18—20 g and placed in an alumina crucible with a square
top view and internal dimensions of 8.8 cm in length and
width and 3.2 cm in height.

The relative density was tested by the Archimedes-
drainage method. The optical microscopy (Nikon
microscope) was used to determine the average pore size
by wusing software called “iSolution DT”. The
microstructure was analyzed by SEM (SEM, Hitachi,
model S—3400N). The pore size, pore shape, pore

) ||| After grinding
and polishing

Fig. 1 Schematic diagram of microwave sintering pot
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distribution, grain size, volume fraction of the needles
and the plates were observed by Imagej software. The
phase composition of Ti—23%Nb samples was
characterized by X-ray diffraction (D5000 Siemens
X-ray diffractometer) fitted with a Cu K, X-ray source
with a locked coupled mode, a 26 range between 20° and
90° and a scanning step of 0.05 (°)/s. The phase
transformation temperatures of these alloys
identified using a differential scanning calorimeter (DSC
Q200, TA Instrument) under heating and cooling rates of
10 °C/min using TA Instrument software. The
compression test was performed at room temperature
using an Instron 600 DX-type universal testing machine
and operated at an extension rate of 0.5 mm/min. The
microhardness was measured by Vickers hardness test
(Matsuzawa Vicker) using 30 kg force for 20 s, and the
test was performed at room temperature. The shape
memory effect (SME) test was performed using an
Instron 600 DX-type universal testing machine, which
operated with the special-program parameters according
to the SME test, and the loading—unloading cycle

were

Fig. 2 Optical micrographs of Ti—23%Nb samples sintered at 900

30 min (d), 1200 °C for 10 min (e) and 30 min (f)

compressive test was performed at a strain of 4%. The
tests were performed at human body temperature
(37 °C), which is below the martensite start temperature
(M), while below this temperature, the samples would be
able to obtain shape recovery. Then, the deformed
samples that still had an unrecoverable shape were
heated above the austenite finish temperature at 200 °C
for 30 min, followed by water quenching to recover the
residual strain (g;). After the cooling process, the
recovered shape was attributed to the transformation of
the detwinned martensite to the austenite phase, which
had been termed as transformation strain (&).

3 Results and discussion

3.1 Microstructure characterization

The relative density of Ti—23%Nb samples has a
small range of 74%—78%, and the density decreased
gradually with increasing sintering time and temperature.
Figure 2 shows the optical micrographs of Ti—23%Nb
samples sintered with different parameters of microwave
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sintering time and temperature. The Ti—Nb sample
shown in Fig. 2(b) exhibits the smallest average pore size
with a good pore distribution and more uniform pore
shape compared with the others samples. Irregular pore
shape, non-homogeneous pore distribution, and sharp
pore edges act as stress concentration and cause the
decrease of mechanical and shape-memory properties,
which leads to crack propagation through these
pores [43—46]. Table 1 shows the relative density and
average pore size of Ti—23%Nb samples. The existence
of porosity in the Ti—23%Nb is mainly caused by the
inter-diffusion process, and according to Kirkendall
effect [10,47], the atoms are able to diffuse during the
sintering of solid phase, thus causing the porosity. The
diffusion process of niobium atoms into titanium is
prominently faster than that of titanium atoms into
niobium [48], and due to the unbalance of mass transfer
that can result in a pore formation in the niobium-rich
region. Figure 1 depicts the Ti—23%Nb samples with all
the fabrication steps from the cooled pressed powder
until the sample was prepared for microstructure

characterization (located on the right side and indicated
by the arrow of colored points). After microwave
sintering, the Ti—23%Nb samples appeared to have a
uniform surface without large cavities or non-uniform
shrinkage to satisfy the main principle of powder
metallurgy products of producing products without
requiring any deformation operation and machining to
produce near-net-shape components) [9—13].

Figure 3 illustrates scanning electron microscopy
(SEM) images of Ti—23%Nb SMAs. These images

Table 1 Relative density and average pore size of Ti—23%Nb

samples
Sintering Sintering Relative ~ Average pore

temperature/°C  time/min density/% size/pm
900 10 7844 11.68+0.5
900 30 77+3.7 9.78+0.45
1000 10 76.9+3.7 13.8+0.7
1000 30 75+3.6 13.94+0.7
1200 10 74.243.6 19.2+0.9
1200 30 74+3.6 24+1.2

1200 °C for 10 min (e) and 30 min (f)
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illustrate a presence of two types of microstructure
morphologies, needle-like and plate-like. Sintering
temperature had a larger effect than the sintering time
due to the grain size and the volume fraction of the
needles and plates. Therefore, the grain size increases
with increasing sintering temperature, which may cause
diminished mechanical properties because of the crack to
propagate easily through the grain boundaries [45,46].
The volume fraction of the needles and plates increased
with increasing sintering temperature. KIM et al [49]
reported that Ti—(15-35)%NDb (mole fraction) alloys
exhibit superelastic and shape-memory properties
associated with the f to a” martensitic transformation,
while CHAI et al [50] reported that Ti—(20—24)%Nb
alloys exhibit self-accommodation morphologies of
the a" consisting of solid and hollow triangular
morphologies and V-shaped morphology. The solid
plates of " phase were observed in Figs. 3(a) and (b),
while the hollow plates (hollow triangular morphology)
were observed for samples sintered at 1200 °C, as
indicated in Figs. 3(e) and (f), while the a" plates of the
V-shaped morphology can be observed in some parts of
the micrographs, as indicated in Fig. 3(c). According to
the microstructure and XRD analysis, the S phase
increased with increasing sintering temperature and
time. Moreover, the increased sintering temperature and
time cause dendritic plates-like morphology fp and
needles-like  morphology fn, as indicated in
Figs. 3(d)—(f) [51]. For samples sintered at 900 °C, S
needle-like morphology similar to spaghetti or irregular
lines with a phase between them appeared [52,53].
During cooling, a metastable § phase was retained and
other metastable phases (a”, a’, a, and w) were formed
from the retained £ phase. At low Nb content (i.e.,
0.25%<x(Nb)<11%), a supersaturated phase of a' forms
martensitically from the f phase during cooling, and
regardless of the cooling rate, at higher Nb content (i.e.,
11%<x(Nb)<27%) the a” structure forms from the f
phase [54,55], while at the Nb content >27% (mole
fraction), the (a+p) structure forms from the £ phase [55].
In Ref. [49], the critical content of this alloy shows a
scatter due to different cooling rates and impurity levels.
Figure 4 shows the elemental mapping of Ti—23%Nb
sample sintered at 900 °C for 30 min in Fig. 3(b), which
displays the distribution of Ti and Nb in Ti—23%Nb
SMA.

Figure 5 demonstrates the XRD patterns of
Ti—23%Nb SMAs with different parameters of sintering
time and temperatures to verify the presence of 8, " and
o phases in the microstructure and their effect on
Ti—23%Nb SMAs. The S phase appears at the planes
(110), (200), (211), (112) and (220) at 26 values of 38.8°,
55.9°,70°, 76° and 82.7°, respectively. The a” phase

(2)

Fig. 4 Elemental mapping of Ti—23%Nb sample sintered at
900 °C for 30 min: (a) Ti; (b) Nb
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Fig. 5 XRD patterns of Ti—23%Nb SMAs at different

microwave sintering parameters

appears at the planes (020), (021), (102) and (130) at 26
values of 36.7°, 40.2°, 52.7° and 63°, respectively. In
addition, the o phase appears at the planes (100), (101),
(110) and (201) at 26 values of 35.17°, 40.2°, 63° and
77.12° [21,56,57]. The shape-memory behaviour and
superelasticity of Ti—23%Nb alloy are due to the
thermoelastic martensitic transformation between the
cubic f parent phase and the orthorhombic a” martensite
phase, as reported by other studies [49,58—60]. The
Ti—23%Nb sample, which was sintered at 1200 °C for
30 min, exhibits the minimum intensities of « and a”
phase peaks. The samples exhibit reduced intensities of
those peaks with increasing sintering temperature and
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time. The composition has the main effect on the
microstructure of Ti—Nb alloy due to the type of the
phases which were produced during the cooling [54,55],
but sintering parameters affect the intensities of these
phases [61]. However, the f phase represents the largest
phase (see Fig. 3) due to the higher content of f stabilizer
element, with small intensities of a and a" [56].

3.2 Transformation temperature
Figure 6 shows differential scanning calorimeter
(DSC) curves of the Ti—23%Nb samples sintered at

different parameters of temperature and time. The
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transformation temperatures are M; (martensite start
temperature), A (austenite start temperature), M;
(martensite finish temperature) and Ay (austenite finish
temperature). These transformation temperatures were
recorded by the directly extrapolating the baseline of the
DSC curves by using TA Instrument software. The
austenitic transformation peaks were difficult to be
detected with increasing the sintering temperature and
time in Figs. 6(d)—(f), while martensitic transformation
peaks can be observed for all samples. In addition,
the martensite start temperature (M;) was below 105 °C
for all samples. Table 2 displays the transformation
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Fig. 6 Differential scanning calorimeter (DSC) curves of Ti—23%Nb samples sintered at 900 °C for 10 min (a) and 30 min (b),
1000 °C for 10 min (c) and 30 min (d), 1200 °C for 10 min (e) and 30 min (f)



706 Mustafa K. IBRAHIM, et al/Trans. Nonferrous Met. Soc. China 28(2018) 700-710

Table 2 Transformation temperatures of Ti—23%Nb SMAs at
different sintering time and temperatures

Sintering Sintering  Transformation temperature/°C
temperature/°C  time/min M, M; A Ap
900 10 9262 91 5.94 157
900 30 102.4 100.8 37 108
1000 10 91.2 89 -13 78
1000 30 8565 842 —156 45
1200 10 99.8 98 -17  -10
1200 30 90.8 892 -—-193 -14.2

temperatures of Ti—23%Nb SMAs. During heating, the
ranges of the A to Ay transformation decreased with
increasing sintering time and temperature. The DSC
result indicates that these SMAs are suitable for
biomedical applications, which makes any small load
enough for austenite to transform into martensite. The A¢
temperature was reduced with increasing sintering
time and temperature, enhancing the martensitic
transformation at human body temperature.

3.3 Mechanical properties
3.3.1 Stress—strain curves

Figures 7(a) and (b) display the compressive curves
sintered Ti—23%Nb SMAs. The
compressive stress—strain curves can be divided into
three main regions, as shown in Fig. 7(c) [62]. The first
one is a region of the linear-elastic deformation, and its
slope is considered as the elastic modulus of these
samples, followed by the region of the plastic yield
deformation in which a peak stress appears and is
considered as the sample’s compressive strength. Lastly,
the third region in which the rupture occurs is called the
rupture region. Table 3 displays the maximum stress
(fracture strength), strain at the maximum stress, elastic
modulus, and Vickers hardness. The Ti—23%Nb sample
sintered at 900 °C for 10 min exhibits the lowest strength
and strain maybe due to poor bonding between the
powders, and the energy dispersive spectroscopy (EDS)
results showed poor diffusion between the Ti and Nb
powders for this sample. The sample sintered at 900 °C
for 30 min exhibits the maximum stress and strain due to
good bonding, good diffusion between the powders and
fine grain size. Thus, increasing sintering temperature
causes increased grain size and reduced maximum stress
and strain due to crack propagation through grain
boundaries [45,46] (see Figs. 3(e) and (f)). From Fig. 3
we can observe clearly that the microstructure of the
sample in Fig. 3(b) has the smallest grain size compared
with all the others samples, which gives this sample the
highest fracture strength and strain. The microstructure in
Fig. 3(c) shows incomplete bonding with sharp spaces

of microwave

surrounding the atoms that diminish the mechanical
properties. The Vickers hardness and elastic modulus
increase with increasing sintering time at the same
temperature and with increasing temperature at the same
sintering time, except the elastic modulus for sample
sintered at 1200 °C. The pores and microwave sintering
process have the main effect on reducing the elastic
modulus [26—28] and hardness.
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Fig. 7 Compressive stress—strain curves of Ti—23%Nb alloys at
different microwave sintering parameters (a, b) and three main
regions of stress—strain curve enlargment of zone 4 in Fig. 7(b)
of sample sintered at 900 °C for 30 min (c)
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3.3.2 Shape-memory effect

The shape-memory effect arises because the
martensitic phase can arrange itself into a self-
accommodation, finely twinned structure (heterogeneous)
with no or little macroscopic strain relative to austenite.
Hence, upon cooling from austenitic to martensitic phase,
little strain or shape change is usually observed (one-way
SME). We call this a self-accommodation form of
thermal martensite unless the material or alloy has been
heavily processed to have the so-called two-way
SME [63]. Figure 8 displays the shape memory behavior
of Ti—23%Nb SMAs because of varying the sintering
time and temperature. Table 4 displays the maximum
stress, shape memory effect, residual strain, and
superelasticty. As for the recovery of the residual strain
of the compressed samples, after heating the samples
above Ar up to 200 °C, this strain recovery of these alloys

707

is due to their SME. The shape memory effect represents
the strain recovery. Based on transformation temperature
curves in Fig. 6(a)—(f), the M, of Ti—23%Nb is smaller
than 150 °C, so applying the strain at 37 °C (below M)
makes the Ti—23%Nb samples able to obtain shape
recovery. The XRD patterns show that the £ phase is the
main phase in the sample sintered at 1200 °C for 30 min
at ambient temperature, while o and a" phases are
increased with reducing sintering time and temperature.
The SME is decreased by increasing the precipitates of
the equilibrium a phase [64]. However, the § phase can
transform to martensitic a” phase by adding stress during
loading; while during unloading with the release of the
stress, the unstable martensitic a” phase mostly
transforms back to the f phase [65]. The constituting
phases in these samples were detected by diffraction
in transmission. This shape memory behaviour which is

Table 3 Effect of sintering parameters on maximum stress and strain, elastic modulus, and Vickers hardness of Ti—23%Nb alloys

Sintering Sintering Maximum strength, Strain at o, Elastic modulus, Vickers hardness
temperature/°C time/min Omax/ MPa Emax/ Yo E/GPa (HV)
900 10 285+14.2 9.88+0.45 6.6+0.33 51.45+2.5
900 30 515425.7 26.3+1.3 8+0.4 61.7£3
1000 10 411£20.5 22.8+1.1 6.62+0.33 60+3
1000 30 354+17.7 15.24+0.76 8.69+0.43 64+3.2
1200 10 428+21.4 16.8+0.84 9.2+0.46 69+3.4
1200 30 334.6+16.7 8.2+0.41 8.8+0.44 87.4+4.3
350 350
(a) (b)
300 300
1200 °C,
2501 1200 °C, 10 min 250 30 min
o] [
=¥ e
S 2007 1000 °C, 10 min > 2001 4000 °c,
8 150| g 150 0min
n n
100 100
50t 50
0 900 °C, 10 min 0
0 1 2 3 4 0 1 2 3 4
Strain/% Strain/%

Fig. 8 Stress—strain curves of Ti—23%Nb alloys at human body temperature (37 °C) sintered at different temperatures for 10 min (a)

and 30 min (b)

Table 4 Shape memory properties of Ti—23%Nb alloys sintered at different time and temperatures

Sintering Sintering Maximum stress, Shape memory effect, Residual strain, Superelasticty,

temperature/°C time/min Omax/ MPa SME/% &/% SE/%

900 10 248+12.4 0.0005 2.2195+0.11 44.512+2.22

900 30 222+11 0.0015 2.3785+0.11 40.537+2

1000 10 249+12.45 0.0005 2.3995+0.11 4042

1000 30 243+12.15 0.00014 2.1199+0.1 47423

1200 10 278+13.9 0.0001 2.0299+0.1 49.25242 .4

1200 30 315+15.75 0.0002 1.9398+0.09 51.5£2.5
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associated with the £ to " martensitic transformation
may be the reason of obtaining a good shape memory
behaviour for the samples sintered at 1200 °C. While the
sample sintered at 1000 °C for 10 min shows less
superelasticty even from the samples sintered at lower
temperature and time, and lower intensities of S phase
may be due to the weakness in microstructure because of
the non-completed or non-uniform diffusion leaves
spaces between the atoms shown in Fig. 3(c).

4 Conclusions

By using the microwave sintering technique, we
successfully fabricated the porous Ti—23%Nb SMAs,
and investigated the effects of microwave sintering
parameters on the microstructure, phase composition,
phase  transformation  temperatures,  mechanical
properties and shape memory effect of these alloys.
Needle-like and plate-like microstructures of Ti—23%Nb
SMAs are evidenced. However, the plate-like
microstructure is displayed in three morphologies, a”, o/,
and « phases. Increasing the sintering time and
temperature enhances the martensitic transformation due
to the gradual decrease of Ay temperatures that allow the
martensitic transformation to easily occur at human body
temperature. The highest stress and strain were attained
for the sample sintered at 900 °C for 30 min due to the
highest density, smallest pore size, and uniform pore
shape and distribution, while the highest superelasticty
was obtained for sample sintered at 1200 °C for 30 min.
Our systematic methods for sample preparation and
characterization may constitute a basis to produce
quality-biocompatible Ti—23%Nb SMAs.
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