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ABSTRACT

Titanium-Tantalum shape memory materials have widespread potential in
biomedical applications In this research the alloy of (Ti-Ta) has been prepared by
powder metallurgy technique use fixed percentage of Ta (30 at%), then the alloying
elements (Mo and Al) has been added in different compositions (1 at%, 2 at% and
3%) to the master alloy (70% Ti -30% Ta) in order to improve corrosion resistance
and mechanical properties . examination were done by using XRD, SEM technique,
DSC, Vickers hardness, the porosity percentage and corrosion rate in different
solutions (artificial saliva, Ringer solution and blood plasma).The XRD and
microstructure results show that all samples with and without additives consist of two
phases (B-phase) and (a-phase) at room temperature and the addition of Mo and Al in
these percentages does not have effect on present phases. he transformation
temperature decreases with the increasing in Mo percentage while this temperature
increase with the increasing in Al percentage. The addition of Mo and Al leads to
lower the hardness except 3% Mo this sample has highest value than the master
sample. The porosity percentage decrease gradually with the increasing in the both
Mo and Al percentage due to the better inter diffusion caused by these additives.
From the corrosion results in 3% Mo the alloys have less corrosion rate than the
master or other percentage (1 at% and 2 at %) In all solutions (artificial saliva,
simulated body fluid( Ringer solution) and blood plasma) but the Al has a good
corrosion rate in (artificial saliva and blood plasma).
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INTRODUCTION

hape memory alloys (SMA) are materials that have the ability to return to a
Sformer shape when subjected to an appropriate thermo mechanical procedure.

Pseudoelastic and shape memory effects are some of the behaviors presented
by these alloys. The unique properties concerning these alloys have encouraged many
investigators to look for applications of SMA in different fields of human knowledge
[1]. SMAs are extensively used in biomedical applications. Orthodontic wires,
catheters and intravascular stents are particular examples of medical devices that
benefit from the shape memory effect in these unique alloys [2]. Ti-Ta binary shape
memory alloys have attracted much interest due to the absence of toxic element and
the low Young_s modulus [3]. As well as potential good shape memory alloy
properties [4]. The Nb, Ta, Zr, and Sn have been considered excellent b-stabilizing
alloying elements for titanium alloys [5]. Which are also biocompatible? Therefore,
b-type titanium alloys, such as Ti-35.5Nb-5Ta-7Zr, Ti-29Nb-13Ta-4.6Zr, and Ti-
24Nb-4Zr-7.9Sn have been developed as biomedical shape memory and superelastic
alloys. Corrosion resistance of Ti-Ta alloys is superior to that of pure Ti, which
increases with increase in Ta content [6].

The aim of the present study is to prepare set of Ti-Ta shape memory alloys
samples using powder metallurgy technique and study the effect of alloying elements
additions such as (Mo &Al) on the hardness, porosity percentage, transformation
temperature, and corrosion rate in different solutions artificial such as; saliva,
simulated body fluid( i.e. Ringer's solution) and blood plasma.

EXPERIMENTAL WORK
The experimental work includes two main steps:

1. The first step is the preparation of the master sample (Ti-Ta) and the samples with
alloying elements (Mo, and Al), as showed in Table (1) by using powder
metallurgy technique. The sample preparation includes:

a- Preparation and mixing of powders.

b- Compacting of powders.

c- Make the sintering process at 1000 °C for 9 hours under controlled
atmosphere (Argon gas).
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2- The second step is the characterization of samples .including the following:-
a- X-ray diffraction (XRD).
b- Differential scanning calorimeter (DSC).
c- Microstructure test (Scanning electron microscope (SEM), optical
microscope test).
d- Vickers micro hardness.
e- Porosity measurement.
f- Corrosion rate tests.

Table (1) Alloying element in different percentages to the master samples

1% 69Ti-30Ta-1Mo
Mo 16 99.5 2% 68Ti-30Ta-2Mo
3% 67Ti-30Ta-3Mo
1% 69Ti-30Ta-1Al
Al 80 99.99 2% 68Ti-30Ta-2Al
3% 67Ti-30Ta-3Al

The compaction of the powder of each samples done by using the Punch and die
(made from D2 tool steel) with die diameter of 15 mm. and by using the hydraulic
press machine type (RAJCO) the powders was pressed under pressure of 850 MPa for
10 min and thus we obtained samples with diameter of 15mm and 4mm in height.

Sintering process was carried out at temperature 1000 °C for 9 hours under
controlled atmosphere (argon gas) to impede the samples oxidation. This process was
done in two stages in the sintering process due to the inability to make this process in
one stage for 9hours so we separated this process for two stages. After sintering
process we obtained the Ti-Ta alloys with and without different alloying element.

In order to find out the composition and the phase identification of each sample
the XRD test was done by using Shimadzu x-ray diffractometer (XRD - 6000/7000).

DSC is the most widely used technique to determine the transformation
temperatures and to get the energy of transformations of shape memory alloys. This
test was done by using PL-DSC type. This test conducted by taking (5-10) mg of each
sample and testing at scan rate of 15 °C/min. The cooling agent used in the DSC (in
order to cool up to -50°C) was liquid nitrogen while maximum temperature was
200°C.

A scanning electron microscope (SEM) is a type of electron microscope that
images a sample by scanning it with a high-energy beam of electrons in a raster scan
pattern. The electrons interact with the atoms that make up the sample producing
signals that contain information about the sample's surface topography, composition,
and other properties such as electrical conductivity. The device type is CAM SCAN
MV2300. The magnification applied to samples was (50X and 5000X).

The microstructure was studied by optical microscope in order to show the grains
and the phases existing, after the samples were ground, polished, and etched in a
solution of (8 ml HF, 10 ml HNOsand 82 H,0); the microscope is type (BEL
PHOTONICS).The magnification applied was (200X, 400X, 600X and 800X).

The hardness of these alloys was taken by using Vickers micro hardness tester
type (TP uP-A, HV- 1000) where the average of 5 readings was taken. All hardness
values were taken at a load of 1Kg.
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Due to the use of powder metallurgy method to produce samples, this test is
necessary to see the effect of this method on the porosity of samples and the effect of
porosity on shape memory property. The porosity percentage was also measured by
using Archimedes method. The porosity is measured according to this Formula:

Porosity% = [(Ws -Wd)\ (Ws -Wn)] *100 .. (1)
where:
Wd= weight of dry sample (gm).
Ws= weight of saturated samples (gm).
Wn= weight of immersed sample (gm).

Because of the importance of the Ti-base shape memory alloys and their use
in important regions within the human body we had make the corrosion test is made
on the research samples in order to find out the corrosion behavior of these samples
and to determine the period of validity in human body . The device type is X MTD-
2MA. In this test we use three different body solutions; artificial saliva, Ringer’s
solution and synthetic blood plasma as shown in the Table (2):

Table (2) Chemical composition of different body solutions

Solution type Chemical composition

NaCl (0.4g/L), KCI (o.4g/L), CaCl,
(0.78g/L), NaH,PO,. H,O (0.69g/L),
Acrtificial saliva[7] Na,S. 9H,0 (0.005¢g\L), KSCN (0.3¢g\L),
Urea (1g\L).

Adding Ringer tablet to 0.5 liter of
distillated water and heating the solution
to temperature 120°C for 15 min. and
Simulated body fluid(Ringer’s solution) | leaving it to cool .then Na,HCoz; was
added to obtain pH of 7.4.Ringer tablet
was obtained from Merck Company
Germany.

NaCl (6.8g\L), KCI(0.4g\L), CaCl,(0.2)
NaHCO; (2.2g\L), Na,HPO, (1.1269g\L),
NaH,PO, (0.026g\L), MgSO, (0.1g\L).

Synthetic blood plasma [8]

The corrosion test was conducted on the samples at temperature 37°C with 1.76
Cm 2in area. The test was conducted in these steps:

1. Determination of the OCP (open circuit potential) of each sample in the three
different solutions, the open circuit potential measurement was maintained up
to5 minute with reading every10 second.

2. Calculation of corrosion rate by using this formula:[9]

Rmpy = 0.13* icor. * €Q alloy /p alloy. .. (2)

Where:
icorr: CUrrent density of alloy (pA.cm™).
eq: Equivalent weight of alloy (g).
p: alloy density (g.cm™).
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Results and Discussion
X-Ray Diffraction

An X-ray diffraction test was done on all samples after the sintering process.
The phases produced as a result of the sintering process can be seen in figure (1),
there are probably no pure metals present which prove that the sintering time and
temperature used in this work result in complete sintering reaction. X-ray diffraction
showed that all the sample alloys consist mainly of two phases (a + B) biphasic
structure; Titanium is an allotropic element; that is, it exists in more than one
crystallographic form. At room temperature, titanium has a hexagonal close-packed
(hcp) crystal structure, which is referred to as “alpha” phase. This structure
transforms to a body-centered cubic (bcc) crystal structure, called “beta” phase, at
883 °C (1621 °F)[10].The martensitic phase (o- phase) orthorhombic structure and
the austenitic phase (B- phase) B.c.c. structure. It is noteworthy that the volume
fractions of B -phase increases along with the increase in alloy Ta content [10-12].

Transformation Temperature

The DSC measurements have been employed, at constant rate of 10 °C/min of
heating and cooling cycle for all samples. The measurements are carried out in the
temperature range from (-50°C to 200°C). Figure (2) shows the transformation
temperature of the master sample, it can see that during the heating cycle has one
peak which refers to one phase transformation from 36.0 °C to 44.0°C. While during
the cooling cycle of the alloy from austenite to martensite two stage (two peaks) will
occur, at temperature (-16.5°C to -16.2 °C and 11.2 °C to 19.9°C). Table (3) and
Figures (3-5) show the samples with Mo addition in different percentage of additives.
This addition percentage raises the transformation temperature of the alloy during
both heating and cooling cycles but this increase in the transformation disappears
with increasing the Mo percentage at 3% Mo, the alloy has one phase transformation
during the cooling cycle only this is because the Mo is beta stabilized element and
this element lowers the beta transition temperature. The beta transition is defined as
the lowest equilibrium temperature at which the material is 100% beta. Two groups
of elements stabilize the beta crystal structure by lowering the transformation
temperature. The beta isomorphous group consists of elements that are miscible in the
beta phase, including molybdenum, vanadium, tantalum, and niobium. [10] The other
group forms eutectoid systems with titanium, having eutectoid temperatures as much
as 333 °C (600 °F) below the transformation temperature of unalloyed titanium.

Table (3) The transformation temperature for samples with additives.

17.1 27.5 -17.3 -8.8
1 at% 85.5 85.5 1031 | 1098 359 | 479 135 236
2 at% 76.2 76.2 | 259 334 437 |552 |77 18.8
Jat% = | e | e 8.2 13.6 39.7 149 12.4 215

Figures (6, 7, 8) show the sample with Al addition. Compared with the master
sample the increase in Al percentage cause increase in the transformation temperature
for both heating and cooling cycle, but this alloying element has the opposite effect
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compared with Mo because Al is alpha stabilized element. Alloying elements that
favor the alpha crystal structure and stabilize it by raising the beta transition
temperature include aluminum, gallium, germanium, carbon, oxygen, and nitrogen
[10].

Scanning Electron Microscopy

Figures (9 to 22) show the microstructure results (SEM, and optical
microstructure) of all samples (master sample and samples with additives). The SEM
and optical microscope micrographs is observed after the samples were ground by
SiC emery paper with different grits starting from 600,800,1000 grit to get flat and
scratch free surface. Finally, these samples were polished with smooth cloth. The
etching solution of SEM and optical microscope test was listed in Table (4).

Table (4) Etchinﬁ solution of SEM and oEtical microscoie test.

Hydrofluoric acid (HF) 10 ml
Scanning electron microscope test Nitric acid(HNO3z) 20 ml
H,O 150ml
Hydrofluoric acid (HF) 8 ml Nitric
Optical microscope test acid(HNO3) 20 mi
H,0 82 ml

The microstructure reveals that all the sample alloys has consist mainly of two
phases (o + ) structure at room temperature as shown in Figures (9 to 22), compared
with the master sample, the addition of Mo element lead to increasing the dark reign
(B- phase) due to the effect of Mo as the Beta stabilizer elements. This fact is similar
to in alpha-beta and beta alloys, some equilibrium beta is present at room
temperature. A non-equilibrium, or metastable, beta phase can be produced in alpha-
beta alloys that contain enough beta-stabilizing elements to retain the beta phase at
room temperature on rapid cooling from high in the a +  phase field. One hundred
percent beta can be retained by air cooling beta alloys. The decomposition of this
retained beta (or martensite) is the basis for heat treating titanium alloys to higher
strengths. [10].where by the addition of Al element lead to increasing in the light
region due to the effect of Al as a stabilizer element.

Vickers Micro hardness

The measurement of hardness has been done by taking the average of five
readings. The results obtained are represented graphically in figure (23).
Measurement hardness value of master sample is higher than that of samples with
additives except sample with 3% Mo addition. This drop in hardness may be
attributed to some phases and pores localized on the surface and can be attributed to
the fact that the sample has more porosity than master sample. We can also see that
the measurement hardness increases by increasing Mo and Al additives which could
be attributed to the melting of Al additives during sintering process which leads to
close some pores.
Porosity

The porosity percentage of samples was done by using Archimedes method. The
obtained results are represented graphically in figures (24). the porosity percentage
decreases with increasing the percentages of Mo and Al additives (1, 2and 3 at%)
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respectively which could be attributed to the better interdiffusion caused by the
addition. it is also obvious that the porosity percent of the samples when compacted at
850 MPa which is in good agreement with the expectation; since the compacting
pressure leads to good adhesion and interdiffusion between the particles is better
which results in more elimination of pores.

Corrosion Test Results

The corrosion test was done by using the potentiodynamics polarization test in
three different solutions (artificial saliva, simulated body fluid (Ringer’s solution),
and blood plasma) on the master sample and the samples with Mo, Al additions at
temperature 37°C. The results show that the Ti-30% Ta alloy have good corrosion
rate due to the formation of two stable oxide layers (TiO, and Ta,0Os).

This is agreeing with the fact of the corrosion resistance of a pure metal or an
alloy strongly depends on the environment where it is exposed, the chemical
composition, temperature, velocity and so forth. The excellent corrosion resistance of
pure Ti and its alloys results from the formation of very stable, continuous, highly
adherent, self- rehealed and protective oxide films (mainly TiO,) on metal surfaces
within milliseconds in a wide range of corrosive media with all pH ranges, and the
outstanding corrosion capacity of Ta and its alloys are by contrast because of the
formation of the protective oxide films (mainly pentoxideTa,Os) [13-15]. Thus,
thoseTiO, andTa,Os oxide films can definitely result in the expected superior
corrosion resistance of Ti—-Ta alloys. The data listed in Table (5, 6,and 7) show The
E.orr Which is an indicator of the stability of surface Conditions. Thus, less variability
in Ecr values from different samples is indicative of more consistent surface
processing. The I,y and calculated CR are relative measures of corrosion and
illustrate how much of a material will be lost during the corrosion process. Hence, the
higher I, and calculated CR, cause more material lost. Figure (25) show the
corrosion behavior and the corrosion rate of all samples in artificial saliva this figure
show that the corrosion rate of samples decrease with increasing (Mo, Al) addition
this refer that the release of metallic ions was inhabit by these additions so the
oxides layer became more stable with the increasing in alloying addition, These
results show the possibility of using Ti-Ta alloys in the dentistry. Figure (26) show
the corrosion behavior and the corrosion rate of all samples in simulated body fluid
(Ringer’s solution), this Figure show that the corrosion rate of samples with Mo
addition decrease with the increasing of Mo percent due to the stability of oxides is
modified by increasing in Mo addition ,but the corrosion rate of samples decreases
with the increasing in Al in all percentage(1%,2%,3%),this refer to that the
composition of the surface oxide film changes according to reactions between the
surfaces of metallic materials and living tissues. Even low concentration of dissolved
oxygen, inorganic ions, proteins, and cells may accelerate the metal ion release.
Figure (27) show the corrosion behavior and the corrosion rate of all samples in blood
plasma, this figure show slightly increasing in corrosion rate of samples with Mo, Al
addition (1%,2%)compared with the master sample but this increase was draw back
with the increase in Mo, Al (3%) this is refer that the concentration of the blood
plasma solution effect on the stability of oxide layer in this percentage which lead to
increasing in corrosion rate ,but The regeneration time of the surface. Oxide film
after disruption also decides the amount of ions released. So the increasing in the Mo,
Al lead to modify the regeneration time and stability of oxide layer.
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CONCLUSIONS

From studying the effect of alloying elements (Mo and Al) on the Ti-Ta base
shape memory alloys the following conclusion can be drawn:
1- All the samples with and without additives were compacted at 850Mpa. The
sintering temperature 1000 °C, is very satisfying because elemental powders are
completely transformed in to alloy structure.
2- All the samples with and without additives consist of two main phases (-
phase) and (a-phase),this is obtained from XRD and microstructure observations,
and the addition of Al and Mo in 1%, 2% or 3% does not cause adding or removing
any new phases.
3- The addition of Mo in 1%, or 2% does not have significant an effect on the
transformation temperature but from 3%Mo addition, it begins to have effect on the
transformation temperature by decreasing it, also the addition of Al increase the
transformation temperature in all percentages.

4- The addition of Mo and Al reduces the hardness of the alloy compared with
the master sample.

o- The porosity percentage decreases with increase in Mo and Al percentage.

6- The corrosion rate decreases with increase in Mo percentage in all solutions

(artificial saliva, simulated body fluid (Ringer solution) and blood plasma). The
addition of Al causes increase in corrosion rate in Ringer solution but this addition
reduces the corrosion rate in both artificial saliva and blood plasma.
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Figure (1) XRD of all samples pressed at 800MPa and sintered
at 1000 °C for 9 hrs.
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Figure (2) Transformation temperature of master
sample (70%Ti-30%Ta).
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Figure (6) Transformation temperature of (69%Ti-30%Ta-1%Al).
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Figure (7) Transformation temperature of (68%Ti-30%Ta-2%Al).
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Figure (8) Transformation temperature of (67%Ti-30%Ta-3% Al).
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Figure (9) SEM of Master sample (70%Ti-30%Ta).
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Figure (10) SEM of (69%Ti-30%Ta-1%Mo).

944



NoRp{l®  Effect of Alloying Elements (Mo and Al) on
Biomaterials Ti-Ta Shape Memory Alloys

CE TS
Hiw S R BATE OFesn T g T i o
W Y Lo el b T SOl o Rt o, N i o T Dl e

Figure (11) SEM of (68%Ti-30%Ta-2%Mo).
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Figure (13) SEM of (69%Ti-30%Ta-1%Al).
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Figure (14) SEM of (68%Ti-30%Ta-2%Al).
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Figure (15) SEM of (67%Ti-30%Ta-3%Al).

Figure (16) Optical microstructure master sample
(70%Ti-30%Ta).
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Figure (17) Optical microstructure of sample
(69%Ti-30%Ta-1%Mo).

Figure (18) Optical microstructure of sample
(68%Ti-30%Ta-2%Mo).
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Figure (19) Optical microstructure of sample
(67%Ti-30%Ta-3%Mo).
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Figure (20) Optical microstructure of sample
(69%Ti-30%Ta-1%Al)

Figure (21) Optical microstructure of sample
(68%Ti-30%Ta-2%Al).

Figure (22) Optical microstructure of smple
(67%Ti-30%Ta-3%Al)
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Figure (23) Hardness values for the samples with and without various additives.
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Figure (24) Porosity percentage of the samples with and without various

additives.
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Figure (25) Corrosion rate (mm/yr) of the samples with and without various
additives in saliva solution.
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Figure (26) Corrosion rate (mm/yr) of the samples with and without various
additives in ringer solution.
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Figure (27) Corrosion rate (mm/yr) of the samples with and without various
additives in plasma solution.

Table (5) Corrosion parameters of alloys in artificial saliva.

Alloy composition -Ocp -Ecorr. Deams -b + ba Corrosion
at% mvV mvV mA.cm? mv.dec™ mv.dec™ rate mpy
(*10°)
Master(70Ti-30Ta) 312 342.6 0.22 100.4 90.3 0.073
(69Ti-30Ta-1Mo) 111 1.46 15.98 83 115 5.280
(68Ti-30Ta-2Mo) 130 187.5 1.66 65.1 78 0.540
(67Ti-30Ta-3Mo) 147 239 82.16 58 51.3 0.027
(69Ti-30Ta-1Al) 633 600.2 1.79 55.2 56.5 0.373
(68Ti-30Ta-2Al) 618 587.9 1.87 42.9 44.4 0.617
(67Ti-30Ta-3Al) 601 507.6 0.21 19.8 28.9 0.0694

Table (6) Corrosion parameters of alloys in simulated body
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fluid (Ringer’s solution).

Alloy composition -ocp -Ecorr. Nz -b + ba Corrosion

Wt% mv mvV mA/cm? mv.dec™ mv.dec™ rate mpy
(*10°)
Master(70Ti-30Ta) 144 221.1 4.31 74.7 108.5 1.4240
(69Ti-30Ta-1Mo) 37 98.3 22.94 86.1 111.6 7.4999
(68Ti-30Ta-2Mo) 135 243.0 0.308 58.1 106.0 0.10185
(67Ti-30Ta-3Mo) 188 268.1 0.220 79.6 103.9 0.0729
(69Ti-30Ta-1Al) 88 133.1 1.97 77.9 133.9 0.65098
(68Ti-30Ta-2Al) 94 164.4 2.66 83.1 104.7 0.8789
(67Ti-30Ta-3Al) 690 646.8 13.20 136.3 72.0 4.3619

Table (7) Corrosion parameters of alloys in blood plasma solution.

Alloy composition -ocp e Nz -b +ba Corrosion rate
Wt% mvV mvV mA/cm? mv.dec™ mv.dec™ mpy (*10°)

Master(70Ti-30Ta) 437 440.1 4.31 110.4 103.0 1.424
(69Ti-30Ta-1Mo) 127 195.9 19.56 88.2 119.0 6.463
(68Ti-30Ta-2Mo) 86 164.6 60.93 73.7 93.7 20.134
(67Ti-30Ta-3Mo) 635 647.4 4.29 74.3 136.0 1.405
(69Ti-30Ta-1Al) 331 323.2 17.53 121.2 193.5 5.792
(68Ti-30Ta-2Al) 410 441.0 14.07 109.1 169.9 4.649
(67Ti-30Ta-3Al) 679 623.3 0.825 38.7 48.9 0.2727
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