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Abstract

Titanium-niobium (Ti-Nb) binary alloys have lately been given attention and attraction due to their non-toxic properties
and low Young’s modulus. All alloys manufactured by powder metallurgy and studied through the influence of Nb content (13,
14, 15, 23, 24 and 25) at% on the shape memory effect, the surfaces properties (Vickers microhardness, Contact angle (CA),
Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD), DSC and Corrosion resistance (in Hank solution) of Ti—
xNb alloys). The results of XRD illustrated that the (Ti—xNb) alloys included o” and [ Ti phases, such that as the amount of
Nb in the alloy increased the  phase increased proportionately. Regarding the shape memory effect (SME%) of alloys, the
treatment was determined by using microhardness after and before the heat treatment, according to the result of DSC test, by
two different temperature (50 and 150) °C in which the result was far less than 5%.

All Ti-xNb alloys displayed noticeably higher hardness, compressive strength and decreased contact angle, low Corrosion
was founded on Ti—xNb alloys in hank solutions. In overall, binary Ti—xNb at% alloys are a suitable candidate for dental and

orthopedic implants owing to their enhanced mechanical characteristic and Biological performance that is comparable.
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1. Introduction

For Biomedical applications, the shape memory alloys
(SMA) with superior biocompatibility are important.
Because its excellent corrosion resistance, shape memory
ability, and superelasticity, Ti-Ni SMA have been employed
successfully as medical materials [1]. But, the toxicity and
hypersensitivity of Ni were noted in Ti-Ni alloys [2-4].

To achieve safety completely, the making use of Ni-free
Ti-based SMA is necessary. It is well- known that Ti alloys
of B -type undergo a martensitic change from body centered
cubic (BCC) B parent phase to one of Two metastable
structures: either orthorhombic Martensite (a”) or
hexagonal Martensite (a'). At specific concentration of
elements of alloy, the martensite structure transforms from
the B to o”. Internal twinning is typically used to
accommodate the strain of transformation from the B to a”.
The reversion of a” to f in BTi alloys is linked to the shape
memory effect [5-7].

By adding alloying components, the martensitic
transformation starts temperature (Ms) can be altered.
However, alloy design containing non-toxic elements is
needed for biological applications. At 882 °C, the o -phase
of pure Titanium low temperature HCP (Hexagonal Close
Packed) changes to the p-phase. The High-temperature p-
phase can be stabilized at ambient temperature by the
addition of elements like Nb, Mo, and Ta [8-10].

* Corresponding author e-mail: sura.alshahee@gmail.com.

In the Ti-Nb system, when adding one atomic
percentage of Nb to the B-Ti alloy, the temperature of Ms
dropped by 40 °C [11,12]. Ti-26Nb has a theoretical
(crystallographic) recovery strain of 3%. [9]. This value can
be raised by either lowering the Nb concentration or by
substituting Ta, Zr, or Mo for Nb[13]. The comprehensive
research concentrates on shape-memory properties of Ti-
Nb-based alloy produced by cold-working and casting
methods. As an illustration, Kim et al. [9] observed that the
greatest recovery strain 4.2% in a 400 °C-aged cold-rolled
Ti-26Nb alloy, Mehmet Kaya et al. [14] indicated that as
green compact grew, porosity reduced, and as porosity
declined, ultimate compression rose up to 900 MPa. All
samples of Ti-18Nb alloys also exhibit the phases, and a
trace amount of martensite. Jian Zhang et al. [15] Examined
changes in phase upon heating at various heating rates in
quenched Ti-(16-25%) Nb HTSMAs were characterized. In
contrast, (the beginning temperature of the o"— transition)
does not grow linearly with decreasing Nb-content.

In this work, mechanical characteristic and shape
memory behavior of (Ti- xNb) alloys (which produced by
powder metallurgy) were studied to create Ni-free SMA
used in biomedical application. Compressive, hardness and
shape memory effect tests were used to examine the impacts
of Nb content on shape memory behavior and mechanical
properties. The effect of heat treatment on shape memory
property were also investigated. The measurements of XRD
were made at room temperature to identify the constituent
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phases and SEM, DSC, corrosion resistance (in hank
solution).

2. Experimental Part
The average particle size and materials purity of (Ti-Nb)

alloys powders used when preparing are explained in table
1.

Table 1. The average particle size and Purity of powders

Average
Powder particle Purity%  Origin.

size(um)
Titanium ‘ 25.16 ‘ 99.6 ‘ Fluke -swiss
Niobium  5.07 99 -company in china.

Powder metallurgy was used to prepare the specimens.
When the mix of Ti and Nb, (x=13, 14, 15, 23, 24 and 25)
at percent is utilized, a delicate balancing is employed to
measure the powder's weight. The next step, the weighed
powder mixture placed in the planetary automatic ball mill
about 5 hr to accomplish a fine and uniform dispersion of
powder particles. A 2 g powder combination was
compressed with a cylindrical die in an electrical hydraulic
press in one direction to prepare a sample disk with
dimensions of 3 mm in thickness and 12 mm in diameter
(hardness, corrosion, and microstructure). An interior
lubricant made from graphite has been included into the die
walls to lessen pressing friction. Compacting involved
applying 800 MPa. After being crushed in green, the
samples were sinter in a tube furnace. The specimens were
subjected to an argon atmosphere during the sintering
process to prevent oxidation. Following a seven-hour
sintering procedure at 1300°C, the sintered samples are
continually purged with argon and allowed to gradually cool
in the furnace until they are close to ambient temperature.
After the sintering process, the sintered sample have been
gone through heat treatment process involved heating to
1200 °C and holding it at this temperature for 1 hour then
rapidly cooling in iced water, Table (2) explains the
composition and code of alloys that were used in this work.

Following sintering, in order to grind each sample,
silicon carbide sheets with granularity of (180, 220,
320,400, 600, 800, and 1500). The surfaces were then
polished with a diamond using 10 m diamond paste and
metallographic polishing pads to achieve a wonderful
mirror finish. After that, polished samples were etched for
10 to 15 seconds in Kroll's solution (3mL HF, 6mL HNO3,
and 100mL H20) [16]. After the etching procedure, the
samples were cleaned with water and dried.

3. Tests

For the purpose of identifying the crystal structures of

constituent phases:

e X-ray diffraction (XRD) research was done on finely
polished samples.

e Samples were analyzed by scanning electron
microscopy (SEM) and (EDS).

o Differential Scanning Calorimeter (DSC): This test is
used to determine the transformation temperatures for

alloys, the base specimen of weight 15 mg was warmed
up to 100°C, after which it underwent cooling to -50 °C.

e Also, the shape memory effect can be calculated
depending on the transformation from  to o and vice
versa, there was shape memory effect of the specimen
determined by Vickers hardness. The hardness of
specimen is calculated through determining the
dimensions of impression of Vickers hardness at room
temperature. The specimen was placed in a vacuum
furnace for 2 hr at (50 and 150)°C. The dimension of the
impression after drying was measured using the
following equation [17]:.

SM E:%* 100% @

Where: db= diameter of impression in Mm before heat
treatment.
da= diameter of impression in Mm after heat treatment.

e All samples had their Micro-hardness testing which was
used to measure the hardness values by (a Digital Micro
hardness tested HV-1000) with weights of 200 g for 10
s; The values given are the three measurements'
averages.

e The samples' dimensions (12 mm * 18 mm ) are utilized
to determine their compression strength. Throughout the
whole test, a constant loading rate of 0.5 mm/min was
utilized. The compressive strength is calculated using
the formula given in equation [18]:

Compressive strength (MPa) = maxforce (§) @

cross sectional area (mm2)

e Also, contact angle test was accomplished to evaluate
the effect of additives on the wettability of pure materials
by means of contact angle range (0 to 180)° through
using a device which makes calculation of contact angle
and the mean values, and displays a real-time data graph
while videotaping variations in contact angle.

e To understand the corrosion behavior in the human
body, all the corrosion experiments on specimens
performed in Hank's solutions were employed in this
test. The SCE, Pt, and sample were utilized in
accordance with the ASTM standard as the working
electrodes and counter reference respectively. The
polarization curves for potentiodynamics were achieved
and Tafel plots were used to determine the corrosion
potential and corrosion current density (I corr.) using the
potential of the anodic and cathodic branches, which is
250 mV below and above the potential of an open circuit,
the scanning was kept going. The following equation
used to measure the corrosion rate according to [19]:

003 [ (Ew)
P

Where mpy , Ew, I corr., and p, represent (mpy) (mills
per year) , the equivalent weight (g/eq), current density
(Alcm?), density (g/ cmd), respectively.

The metric and time conversion factor equal to 0.13.

Corrosion rate(mpy) =

€)

4. Results and Discussion
4.1. X-Ray Diffraction analysis.

Figure 1 shows the XRD patterns for the alloys A, B, C,
D, E, and F after sintering. the phases (a"Ti and BTi) created
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from the Ti and Nb. This shows that 1300°C for 7 hours
under Argon gas was adequate to complete the process of
sintering as a result of a rise in the interdiffusion within Ti
and Nb.

The phase analysis, demonstrated in Figure (1), indicates
that the regular f phase is observed and increase intensity
with increase niobium content also a” phase is observed,
which is in good agreement with research [20]. When Nb
content is increased to 25 at. %, the peaks of martensitic
phases disappear and B phase becomes the dominating one.

4.2. Microstructure of Ti-Nb Alloys

By using a scanning electron microscope (SEM), the
microstructure of the etched specimens was discovered. The
specimens were etched to show the microstructure's grain
boundaries. There are irregular, round pores of different

sizes and the microstructure of specimens have two phases
(BTi and o"Ti) can be seen, supporting the XRD data. The
results of SEM shown in figures (2-7), On the basis of the
X-ray diffraction analysis results, all samples owned the o
and f phases and demonstrated that the B phase rose as the
niobium contain did [20]. These images illustrate a presence
o' phase , plate-like. Niobium content had a larger effect on
the grain size and the volume fraction of the plates.
Therefore, The volume fraction of the plates increased with
increasing Niobium . The solid plates of o" phase were
observed in D, E ,F alloys as indicated in figures (5-7) which
are thicker and deeper, and therefore the range of
transformation degrees  decrease with the increased
niobium.

The composition of all alloy analysis by the elemental
mapping of EDS which can be shown in figures (8-9).
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Figure 1. Show the patterns of XRD for all alloys.
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Figure 4. The SEM image for (C) layer alloy.
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Figure 5. The SEM image for (D) layer alloy.

§
(

5 . ¥ (7

J

.
> ) | »
. N - _ ey 4 S0 -
SEM HV: 20.0 KV WD: 10.30 mm VEGAS TESCAN
SEM MAG: 1.00 kx Det: SE 20 pm

Date(midly): 012323 Performance in nanospace

i ¥
WO: 10.30 mm
Det: SE L
Date{midy): 012323

~ r.

SEM HV: 20.0 kV WD: 11.20 mm VEGA3 TESCAN SEM HV: 20.0 kV Wik 11.20 mn | 1 VEGAD TESCAN
SEM MAG: Det: SE SEM MAG: 1,00 kx De

SEM HV: 20.0 kV Dateimidy): 012523 Performance in nanospace SEM HV: 20.0 kV Date(mid Performance in nanospace

Figure 7. The SEM image for (F) layer alloy.
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Figure 8. An EDS spectrum and chemical composition for A alloy.
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Figure 9. An EDS spectrum and chemical composition for B alloy.
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Figure 10. An EDS spectrum and chemical composition for C alloy.

Nb

0 eV 5 keV 10 ke 15 eV 20 ke

Figure 11. An EDS spectrum and chemical composition for D alloy.
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Figure 12. An EDS spectrum and chemical composition for E alloy.
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4.3. Shape memory properties.

4.3.1. Differential scanning calorimeter (DSC) analysis
measurements

All sintered Ti-Nb alloys (A, B, C, D, E, and F) were
subjected to DSC measurements to determine the reversible
B-o” phase transformation . Figures (14-19) showed the
DSC curves of previous alloys. It is clear that when sintered
alloys are heated repeatedly, phase change peaks appear.
The Ms of A ,B and C measured from the curves are (-4.5,
-20.5 and -29.3) °C respectively while the Ms of D, E, F
alloy are higher which are (134.3, 137 and 133.1)°C.
According to the results, it was found that when the niobium
content is low, the transformation degrees are low.

Thermal analysis was done to determine the temperature
region at which the studied alloys underwent reversible
martensitic transition. The figures illustrate the Ti-Nb
alloy's DSC heating and cooling curves which were
estimated based on the alloy's As, Af, Ms and Mf
temperatures. These results agree with other papers, such as
Lai etal.'s [21] showing of martensitic transformation. From
that, it is seen that a small difference in the chemical
composition results in a change in the transformation
temperature and thus can be seen in all temperatures in the
range of martensite transformation and the Temp.hysteresis
in Table (3), Where The Temp.hysteresis decreases with
decreasing niobium content , where this agrees with the
SEM figures.
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Figure 14. Typical DSC curve for A alloy. Figure 15. Typical DSC curve for B alloy.
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Figure 18. Typical DSC curve for E alloy. Figure 19. Typical DSC curve for F alloy.
Table 3. show A¢, M¢,A, and M,
Range of M. -
Al A As I:/Is I;/If Trans (As-Mf) Temp.hysteiesm (Af -Ms)
[°C] [°C] [ C] [ C] [oc] [ C]
A 14.3 14.6 -4.5 -5.8 20.1 19.1
B -7 -6.7 -20.5 -21.8 14.8 13.8
C -19 -17.1 -29.3 -30 11 12.2
D 135.8 145.7 134.3 132.2 3.6 11.4
15 140.4 142.2 137 134 6.4 5.2
17 135.5 136 133.1 131.5 4 2.9
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4.3.2. Shape memory Effect

In the shape memory effect (SME%) of A, B, C, D,
E and F alloys, the treatment was determined by using
microhardness by measuring the diameter of ball indenter
after and before the heat treatment by two different temp,
which are (50 and 150) °C as shown in table (4) which is far
less than 5% [22]. The highest shape memory effect was
achieved when the lower nb content shape memory effect
was observed in Ti-(13,14,15 ) at% Nb higher than in Ti-
(23, 24, 25 ) at%Nb and this result conforms with other
works, such as Lai et al.'s [21,30.31].

5. Mechanical Test

5.1. micro hardness Test

the particle which lead to strengthening by preventing
lattice movement [25].

5.2. Compression Test

Figure (21) illustrates the results of the compression test,
which all specimens passed. Because niobium has a high
density (The density of niobium (8.57 g/cm?) slightly differs
from Titanium (4.50 g/cm?), the porosity content of the
alloy drops while its density rises, thus the compressive
strength increases[26, 32,33]. In the Ti-xNb alloys studied,
the increasing Nb content resulted in an increase in yield
strength [27, 34,35].

Table 4. The Influence of Nb content on SME of Ti-xNb

Synthesized Code SME% SME%
The hardness values of all alloys studied in this work C.omposmon ALS0%C Ao ORG
increase as the niobium contain increases, as seen in Figure Tf'13Nb A 4.16 373
(20). Whereas, the hardness of (Ti-13Nb) alloy is 336.78 WD B 411 38
while (Ti-25Nb) alloy is 560.65. This action is connected to Ti-15Nb C 3.60 4.04
strengthening by solid solution, that is significantly Ti-23Nb D 2.59 32
impacted by an atom'’s radius and the number of valence Ti-24Nb E 26 3
electrons present in the solute atoms [23,24]. This change Ti-25Nb F 33 35
indicates a strong bonding force between the structure and
Compresive test
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Figure 20. The values of the hardness of alloys A, B, C, D, E and F.
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Figure 21. Compression strength for all alloys.
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5.3. Contact Angle test

Contact angle is measured to determine the wetting
ability of surfaces. It was indicated that the contact angle is
greatly affected by the phases and alloying elements[28,
36,37], so the microstructure can be controlled as well as in
the contact angle, in this work the microstructure was
controlled by change Nb element to the base alloy in
different proportions which leads to the spread of the beta
phase on the surface of the alloys and thus the contact angle
is also controlled. The liquid-solid contact angle (CA) was
used to quantify the wetting performance (Table 5). The Ti-
25Nb  group  displayed  significantly  increased
hydrophilicity and lowest CA (33.8 ©). remarkably, the

average CA illustrated a decline and the hydrophilicity was
improved as the content of niobium (Nb) in Ti-Nb alloys
increased. The beta phase creates a thicker oxide layer on
the alloy's surface, which decreases the contact angle on the
surface. Its biocompatibility increases thus the contact angle
decreases and the osseointegration increases. Because the
wettability of the oxide layer is influenced by its chemical
composition, the thicker oxide layer causes the contact
angle values of the samples to decrease as it forms, and the
chemical composition of the surface determines the contact
angle of the material. The characteristics of the oxide layer
on the surface of Ti-Nb alloys are associated to their
exceptional biocompatibility [28, 38,39].

Table 5. Value of contact angle for all alloys in the Hank's solution.

Sample Value of Contact angle
A 56.4
B 45.65
C 38.30
D 36.49
E 34.8
F 33.8

14

Contact angle Hank's solution
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5.4. Electrochemical Tests.

The microstructure of Ti-Nb alloys consist of (, o)
phases . It is evident that Ti-13Nb produced in this study
has a lower corrosion rate than Ti-25Nb alloys. These
findings demonstrated the beneficial effects of the Nb
content on the corrosion behavior of -phase titanium alloys.
The second generation B-microstracture may play an
important role for improving the corrosion resistance.

Figure (22) represents polarization curve for A, B, C, D,
E, F alloys in Hanks solution. The figure shows that the
alloys which have Nb reduce the current density
considerably, leading to an improvement corrosion
resistant. In corrosion resistance of the alloy. As indicated
in Table (6) the corrosion rate for sample D,E ,F alloy is
greater than A, B, C because the corrosion rate affected with

© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 2 (ISSN 1995-6665)

the niobium content and the porosity content decrease also
Niobium is a very reactive metal, and its high valence means
that it can form more bonds with other atoms, also galvanic
corrosion occurs between the two phases. This makes Ti-
13Nb alloy a relatively reactive alloy. The equivalent
weight of an alloy can be used to predict its corrosion
resistance. In general, alloys with higher equivalent weights
are more susceptible to corrosion. This is because the higher
the reactivity of these alloys, the more likely they react with
other substances, such as water and oxygen[23,29].

These results confirmed the effective role of niobium
percentage of beta phase in Ti-x% at Nb alloys, also on the
resistance to corrosion of the alloy in biological media
which mean that the alloys become safer for use inside the
human body.
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Figure 22. depicts the polarization curve for the alloys in the Hanks solution.

Table 6. Alloys in Hanks Solution at 37°C: Corrosion Current (Icorr), Corrosion Potential (Ecorr), and Corrosion Rate (C.R.)

samples code Chemical composition (at%) (WA (}r;:l?)rr Poten;i;lv) G C.R (mpy)
A 87at Ti-13at Nb 1.43 -357 0.274
B 86at Ti-14at Nb 1.01 -327.1 0.267
C 85at Ti-15at Nb 1.28 -313.1 0.334
D 77at Ti-23at Nb 2.46 -247.2 0.62
E 76at Ti-24at Nb 2.86 -224.1 0.716
F 75at Ti-25at Nb 2.96 206.3 0.74
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6. Conclusions

In this study, the effects of Nb concentrate on the
microstructure and mechanical properties of Ti-xNb alloys
were investigated. The results supported the following
claims:

e eDue to the existence of the B phase, the mechanical
characteristics of Ti-xNb (x=13, 14, 15, 23, 24 and 25)
at% vary on the Nb concentration. owing to their
enhanced mechanical characteristics and equivalent
biological function.

e o |t appears that sintering prepared samples for seven
hours at 1300°C is a very effective way to ensure that Ti
and Nb are entirely sinterable into the resulting structure.

e o The hardness of Ti-Nb produced alloys increased
proportionately with an increase in niobium percentage.

e o The Ti-Nb alloys are a good possibility for implantable
medical devices; nevertheless, because of their alloys'
greater transformation temperatures than those of
humans, shape memory phenomena should be employed
with caution.

e o The maximum shape effect (4.16 %) are founded in the
A (Ti-13Nb) alloy.

e o F(Ti-25Nb) alloy have higher values of the corrosion
rate compared with the other alloys.
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