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ARTICLE INFO ABSTRACT

Keywords: In order to achieve an effective balance between plasticity and strength, a group of Ti-26Nb-xZr-yMn (x = 4, 7,
Titanium alloy 10 wt% and y = 3, 5 wt%) alloys were designed to evaluate the effects of Mn and Zr on the microstructures,
Microstructure

mechanical properties and strengthening effects of the Ti—Nb system. All the investigated alloys illustrate a
monolithic B phase in their microstructure and they all possess substantial true plasticity (~160%) and true
maximum strength (~ 950 MPa) without fracture during the compression tests within the load capacity of
100 kN. The contribution of solid-solution, grain-boundary and dislocation strengthening mechanisms have been
evaluated using the strengthening model for B Ti alloys for all the investigated alloys. Among the investigated
alloys, Ti-26Nb-4Zr-5Mn demonstrates the highest true yield strength (654 MPa), dislocation density
(2.45 x 10" m™?) and hardness (242 HV) along with improved strain hardening ability in terms of strain
hardening indices (0.42 and 0.09). Furthermore, based on the superior mechanical properties among the in-
vestigated alloys, the electrochemical performance of Ti-26Nb-4Zr-3Mn and Ti-26Nb-4Zr-5Mn have also been
analyzed in this work. The electrochemical measurements show that both alloys have almost similar corrosion
potential and corrosion current density in simulated body fluid, i.e., —0.45 V and 0.838 nA/cm? for Ti-26Nb-

Strengthening mechanism
Strain hardening index
Corrosion resistance

47r-3Mn, —0.48 V and 0.839 nA/cm? for Ti-26Nb-4Zr-5Mn, respectively.

1. Introduction

The superior combination of strength, plasticity, toughness, corro-
sion and wear resistance makes titanium (Ti) and its alloys promising
candidates for orthopedic applications [1-3]. To date, Ti-6Al-4V and
commercially pure Ti (CP-Ti) have been widely applied in the field of
prosthetic implants [4]. However, when used as prosthetic implants
these alloys may cause two main health problems: (i) stress shielding,
which occurs due to the mismatch of elastic moduli between a bio-
material implant (nearly 110 GPa) and a surrounding hard tissue
(nearly 30 GPa) and (ii) cytotoxicity due to the presence of vanadium
(V) and aluminium (Al) heading to neurological disorders, bone fragi-
lity and Alzheimer's disease [5-7]. So far, researchers have made rig-
orous endeavors to develop Ti alloys which are free from V and Al ions
and simultaneously, comprising low modulus. Among Ti alloys, parti-
cularly p-type Ti alloys have been gaining popularity because of their
distinctive attributes such as their enhanced strength, low elastic
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modulus, large plasticity and improved corrosion resistance [8-10].
Therefore, efforts are being made by researchers in order to develop
improved B-Ti alloys by adding the sufficient quantities of -stabilizers.
In recent years, the number of Ti—Nb and Ti-Nb-Zr alloys such as
Ti—35Nb [11], Ti—25Nb [12], Ti-22Nb-10Zr [13], Ti-20Nb-6Zr [14],
Ti-20Nb-13Zr [15], Ti-13Nb-13Zr [16], Ti-28Nb-35.4Zr [17] etc. have
been investigated for orthopedic applications. The Ti—Nb and Ti-Nb-Zr
systems exhibit superior mechanical and corrosion behavior in terms of
low modulus and high corrosion potential (e.g., Ti—35Nb exhibits a
large plasticity of approximately 47% and an increased corrosion po-
tential of —310 mV. Further, Ti-13Nb-13Zr possesses a low modulus of
nearly 62 GPa and a high corrosion potential of —232 mV) [13,18]. The
superior properties of Ti—Nb and Ti-Nb-Zr systems are ascribed to ad-
dition of niobium (Nb) as the primary alloying element since it pos-
sesses distinguish attributes of improved [ stability, low elastic mod-
ulus and high corrosion resistance [11,19]. The addition of neutral
element, i.e., zirconium (Zr) and Nb to Ti has also been shown to be
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effective in improving the B stability and reducing the elastic modulus
of Ti-Nb-Zr alloys [20]. It has been reported that Nb and Zr are better
biocompatible elements than V and Al [13].

In the quest for Ti alloys with low elastic modulus, the well-known
strength-plasticity trade-off dilemma should also be considered care-
fully to achieve the high mechanical performance of newly developed
Ti alloys [21]. The strength of metals and alloys are controlled by im-
peding dislocation movement, which can be achieved by introducing
the defects in crystalline lattice [22]. The movement of dislocations is
mainly impeded by interactions with (i) solute atoms, (ii) grain
boundaries, (iii) other dislocations and (iv) precipitates [22]. As such,
the specific strengthening mechanisms are known as solid-solution
strengthening, grain-boundary strengthening, dislocation strengthening
and precipitate strengthening, respectively [22]. Solid solution
strengthening usually occurs when solute elements such as Mn, Fe, Cr,
etc. are alloyed with the 3-Ti matrix because the atomic size and shear
modulus of these solute atoms have large misfits in Ti solvent [23]. This
difference can produce many strain fields which interact with disloca-
tions [23]. Therefore, the interaction between dislocations and solute
atoms hinders dislocation slip during yielding [24]. Another significant
mechanism to improve the strength of Ti alloys is grain refinement,
which involves the interaction between dislocations and grain bound-
aries [25]. It is well known that a relatively smaller grain size produces
a larger amount of grain boundaries. Consequently, a greater number of
grain boundaries could involve the restriction of dislocation motion,
which does result in enhanced strength of an alloy [25]. The disloca-
tion-dislocation interaction impedes the dislocation movement by tan-
gling which eventually strengthens the alloys [23]. The precipitation
strengthening can be achieved by inducing a second phase in the alloys
[22]. These precipitates restrict the dislocation motion which causes an
increase in the strength of alloys [22]. In general, each strengthening
mechanism contributes differently in enhancing strength of an alloy
and therefore the investigation on individual strengthening mechanism
is useful to develop an improved Ti alloy for biomedical applications.
Hence, the individual contribution of strengthening mechanisms, i.e.,
solid-solution, grain-boundary and dislocation strengthening mechan-
isms is evaluated in the present work.

As reported, manganese (Mn) is a strong and low-cost (3-stabilizer
which possesses low cytotoxic properties, and it is an abundant element
which can be used to design high-strength Ti alloys [26]. It was stated
that Mn produces enhanced solid solution strengthening effect [26,27].
Technically, two factors enhance the solid solution strengthening
ability of Mn as an alloying element: (i) Mn dissolution in solid solution
and (ii) smaller atomic radius of Mn (0.127 nm) as compared to Ti
(0.147 nm) and Nb (0.146 nm) [27]. Moreover, Mn possesses a very
good osseointegration properties and it also effectively helps in the
formation of natural bones and their connective tissues [28]. Pedro et.al
[28] reported that Mn has much lower cytotoxicity than V. Therefore,
considering the pros and cons of Ti alloys discussed above and the
valuable traits of Mn as a biomaterial, Mn is alloyed with Ti-Nb-Zr
systems in order to optimize the strength, plasticity and corrosion re-
sistance of Ti alloys for biomedical applications.

Based on the points discussed above, a series of new quaternary Ti-
Nb-xZr-yMn (x = 4,7, 10 wt% and y = 3, 5 wt%) alloys were designed
with an aim to attain an effective balance between plasticity and
strength. The phase analysis, microstructures, compressive mechanical
properties, Vickers micro-hardness indentation and strengthening me-
chanisms of newly designed Ti-Nb-xZr-yMn were investigated system-
atically. Furthermore, dislocation density has been determined to
evaluate the dislocation-pinning effect of the investigated alloys.
Furthermore, the corrosion behavior of Ti-26Nb-4Zr-3Mn and Ti-26Nb-
4Zr-5Mn in artificial body simulated fluid (modified Hank's solution)
was investigated using standard electrochemical techniques.
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Table 1

The values of mean bond order (Bo) and mean metal d-orbital energy level
(Md), and the lattice parameters (a) of B phase (ap) estimated from XRD pat-
terns in as-cast (ag) and after compression testing (az*) and the mean grain size
(D) estimated by ImageJ for all the Ti-26 wt% Nb-(4, 7, 10) wt% Zr-(3, 5) wt%
Mn alloys.

Alloys Chemical Bo Md
composition (wt%)

ag (nm) ag*(nm) D (um)

T43 Ti-26Nb-4Zr-3Mn 2.8438 24169 0.3275 0.3278 203 = 32
T73 Ti-26Nb-7Zr-3Mn 2.8503 24255 0.3277 0.3281 245 = 50
T103  Ti-26Nb-10Zr-3Mn 2.8570 2.4345 0.3279 0.3284 315 = 54
T45 Ti-26Nb-4Zr-5Mn 2.8426 2.391 0.3269 0.3274 122 * 27
T75 Ti-26Nb-7Zr-5Mn 2.8491 23993 0.3271 0.3277 183 = 29
T105  Ti-26Nb-10Zr-5Mn 2.8558 2.4078 0.3276 0.3280 244 *+ 45

2. Experimental methodology
2.1. Material design and preparation

The materials used in this work were a series of Ti-26Nb-xZr-yMn
x=4,7,10wt% andy = 3, 5 wt%) alloys. The nominal compositions
of Ti-26Nb-4Zr-3Mn, Ti-26Nb-7Zr-3Mn, Ti-26Nb-10Zr-3Mn, Ti-26Nb-
4Zr-5Mn, Ti-26Nb-7Zr-5Mn and Ti-26Nb-10Zr-5Mn are henceforth de-
noted as T43, T73, T103, T45, T75 and T105, respectively, whereas a
series of the Ti-26Nb-xZr-yMn alloys is denoted as the TNZM alloys
from now onwards. The TNZM alloys and their elemental concentra-
tions were theoretically designed using DV-Xa cluster design strategy.
The mean values of bond order (Bo) and metal d-orbital energy level
(Md) for the designed alloys are shown in Table 1. The Bo and Md
values were designed with an objective to achieve the fully stabilized
phase based on the phase stability map suggested by Abdel-Hady et al.
[29]. The theoretically designed compositions of newly developed al-
loys were produced through a cold crucible levitation melting (CCLM)
technique under a high-purity Ti-gettered argon atmosphere. In this
work, 99.9% pure alloying elements were used as raw metals in the
casting process to produce Ti-26 wt% Nb-xZr-yMn (x = 4, 7, 10 wt%
andy = 3, 5 wt%) alloys. The CCLM technique was used for production
of alloys to eliminate some of the problems such as inhomogeneity in
producing alloys comprising elements with different melting points and
specific gravities involved in the production of $ Ti alloys [28]. The
CCLM furnace was comprised of water-cooled crucible which was in-
tegrated with copper segments. The crucible was surrounded by spark
coils which were connected to frequency inverter power supply. After
completion of melting and subsequent mixing of raw metals, the elec-
tric supply was switched off. Afterwards, the solidification of molten
metals into an ingot was performed with in the water-cooled crucible.
Subsequently, the ingots of all the TNZM alloys were remelted and
flipped five times to augment their chemical homogeneity. The cy-
lindrical rods with 5.4 mm in diameter were extracted from the center
of ingots using a spark machining for all types of investigations em-
ployed in this work to avoid any characteristic changes that may be
caused due to the cooling effect.

2.2. Material characterization

Prior to the material characterizations, the button-shaped flakes of
5.4 mm diameter were grounded and polished using SiC papers up to
4000 grits and colloidal SiO, on a Struers MD-chem polishing pad, re-
spectively, following the standard metallographic procedures.
Subsequently, the specimens were etched by a Kroll's etchant (2 vol%
HF, 6 vol% HNO;3; and 92 vol% H,0). For microstructural character-
izations, high resolution scanning electron microscopy (SEM) was
performed on the TNZM alloys using a FEI Helios Nanolab G3 CX
DualBeam scanning electron microscope. Furthermore, quantitative
analysis was conducted through an energy dispersive X-ray
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spectroscopy (EDX) detector equipped in the aforementioned micro-
scope. The constituent phases of the TNZM alloys were analyzed by X-
ray diffraction (XRD) using a PANalytical EMPYREAN diffractometer
with a cobalt (A = 0.1789 nm) source for all the TNZM alloys before
and after mechanical compression testing. The phase information for all
the TNZM alloys was obtained from JCPDS powder diffraction files
using International Centre for Diffraction Data (ICDD). The values of
lattice parameter (a) for the TNZM alloys were estimated for the as-cast
and deformed (after compression testing) TNZM alloys using Bragg's
formula and Nelson-Riley's extrapolation function reported in Ref. [21,
30]. Furthermore, the values of dislocation density were determined
using the XRD line broadening analysis after compression testing for all
the TNZM alloys which was based on the Williamson-Smallman equa-
tion expressed as Eq. (1) [31]:

_ 2\/§-s
P = b m

where p is dislocation density, s is micro-strain, d is crystallite size and b
is Burgers vector. The value of b is estimated usingb = < 111 > a/2
[32]. The values of d and s were estimated using the expression pro-
posed by Williamson-Hall based on the XRD peak broadening analysis
as presented in Eq. (2) [33].

8,;cos0 = %1 + (4sind) @
where C is a constant (~ 0.9), A is the wavelength of Co radiation and
85 is structural broadening. The &, comprises of the micro-strain
broadening (§;) and the crystallite size broadening (8,). Nonetheless,
the total broadening (8,) consists of the 8, and the instrumental
broadening (§;) as shown in Eq. (3) [34].

G = Oy + 6 3

where §, is total broadening, §;, is structural broadening and §; is in-
strumentational broadening. The Bragg's diffraction peaks were fitted
by means of the Voigt function using a Highscore Plus software from
which 6 and §, for each peak were obtained. In this work, the values of
&5 were directly obtained from HighScore Plus software supplied by the
manufacturer of diffractometer which provides the value of §; after
subtracting the value of §;. The slope and y-intercept of linear profile fit
of the §,cos6—4sin6 plot was used to estimate the values of s and d,
respectively.

The mechanical testing of the TNZM alloys including compression
and hardness testing was performed using an Instron 5982 electro-
mechanical universal testing system and Zwick Roell Vickers hardness
testing machine, respectively. The mechanical compression tests were
conducted at a cross head speed of 0.1 mm/min on cylindrical speci-
mens and were prepared according to the ASTM E9 standard (con-
sidering the ratio of length to diameter of a specimen between 1.5 and
2). Accordingly, the two end surfaces of the cylindrical specimens were
ground to flatten surfaces of each TNZM alloy. The average values of
three measurements were considered for all compressive mechanical
properties. The well-known 0.2% strain offset method was applied to
estimate the yield strength from compressive stress-strain curves. The
values of plastic strain and maximum compressive strength were ob-
tained at 100 kN from engineering stress-strain curves of the TNZM
alloys. The values of compressive true stress (0,) and true strain (e,) for
each TNZM alloy were obtained using the expressions reported in Ref.
[35] for compression tests. The corresponding value of g, at &, = 1 mm/
mm was considered as the value of strength coefficient for each TNZM
alloy. Furthermore, strain hardening indices (n; & n,) were also eval-
uated using Ine-Ino; plots (drawn for the plastic regions of the TNZM
alloys). The values of Ine, versus Ino, were plotted considering the
plastic zone to obtain the value of n; & n, for each TNZM alloy.
Afterwards, the values of first strain hardening stage (n;) which dis-
plays the elastic-plastic deformation were obtained from the slope of
plastic yielding region, whereas the values of second strain hardening
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Table 2
The chemical constituents of modified Hank's solution.

Chemical agent Constituents (g/L) Chemical agent Constituents (g/L)

NaHCOs 0.350 NaCl 8.000
Na,HPO,4 0.048 KCl 0.400
KH,PO4 0.060 CeH120¢ 1.000
CaCl, 0.140 C10H1405SNa 0.011
MgSO,4 0.098 - -

stage () which shows the complete plastic deformation were obtained
from the slope of complete plastic deformation region. The micro-
hardness tests were carried out at 5 kgf load with 30 s dwell time. The
average of at least 12 indentations was taken and the mean hardness
value was considered for each TNZM alloy.

2.3. Electrochemical measurements

The electrochemical measurements of T43 and T45 were carried out
by means of PARASTAT 2273 potentiostat using a three-electrode
system connected to a Luggin capillary bridge. The circular rods of
5.3 mm diameter were used for the electrochemical measurements of
T43 and T45 alloys. The polished test specimens (i.e., T43 and T45)
with an exposed base area of 0.22 cm?, a platinum net and a saturated
calomel electrode which serves as working, counter and reference
electrodes, respectively were included in the three-electrode system.
The electrochemical measurements were conducted in artificially aer-
ated body simulated fluid (modified Hank's solution) at normal body
temperature of 37 °C and the pH of 7.4 close to human body fluid was
maintained. The composition of simulated body fluid (modified Hank's
solution) is presented in Table 2. The open circuit potential (OCP)
measurements were conducted for 1 h to obtain a stable state for each
tested specimen. The potentiodynamic polarization curves of T43 and
T45 specimens were obtained over the scan range of —0.6 Vto +1.8V
(Vs OCP) at a sweep scan rate of 1 mV/s. In the meantime, an elec-
trochemical impedance spectroscopy (EIS) test was acquired over the
frequency range of 0.1 Hz to 100 kHz at an alternating current ampli-
tude of 10 mV. In order to estimate the corrosion current density (icor)
and corrosion potential (E.,), the Tafel extrapolation was performed
on the anodic and cathodic regions of potentiodynamic polarization
curves of each tested specimens using an Origin 8.5 fitting software. All
the measurements were repeated at least three times to ensure the ac-
curacy of the data. Moreover, the SEM and EDX analysis were per-
formed in order to confirm the formation of oxides film on the surface
of T43 and T45 specimens after 1 h immersion time in Hank's solution.

3. Results and discussion

The chemical compositions by EDX quantitative analysis for all the
TNZM alloys are summarized in Table 3. The chemical compositions of
the produced alloys are found to be approximately identical with the
theoretically designed compositions.

Table 3
The quantitative analysis performed by means of EDX for all the Ti-26 wt% Nb-
(4, 7, 10) wt% Zr-(3, 5) wt% Mn alloys.

Alloys Chemical composition (wt Ti (wt Nb (wt Zr (wt Mn (wt
%) %) %) %) %)
T43 Ti-26Nb-4Zr-3Mn Bal. 26.7 4.0 3.1
T73 Ti-26Nb-7Zr-3Mn Bal. 25.4 7.2 2.9
T103 Ti-26Nb-10Zr-3Mn Bal. 26.1 9.7 2.8
T45 Ti-26Nb-4Zr-5Mn Bal. 26.0 3.8 4.8
T75 Ti-26Nb-7Zr-5Mn Bal. 27.2 6.7 4.7
T105 Ti-26Nb-10Zr-5Mn Bal. 27.3 9.7 4.9
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Fig. 1. XRD profiles of the Ti-26Nb-xZr-yMn (x = 4,7, 10 wt% andy = 3,5 wt
%) alloys (The alloys are named in the Txy format).

3.1. Phase and microstructure characterizations

Fig. 1 shows the XRD profiles of all the TNZM alloys. All the TNZM
alloys show the peaks related to body-centred cubic (bcc) B phase (PDF
card no.: 00-044-1288 and 01-071-9942). The diffraction peaks slightly
shift towards a higher 26 angle when augmenting the amount of Mn in
the TNZM alloys. This phenomenon occurs because of the addition of
Mn which possesses the smaller atomic radius than Ti. Furthermore, the
a of bee B phase (ap) in as-cast condition for the TNZM alloys are pre-
sented in Table 1. The decreasing trend of ag is apparent while in-
creasing the amount of Mn in the TNZM alloys. The decreasing trend in
the values of ag occurs due to replacing Ti by Mn comprising smaller
atomic radius than Ti [36]. Whereas, the increasing trend in the values
of ag can be observed by increasing the amount of Zr in the TNZM alloys
because Zr has a larger atomic radius compared to Ti [37]. In this work,
the XRD profile of each alloy was acquired at slow scan speed of 0.011°/
s and a step size of 0.013°. In XRD profiles of the investigated alloys, the
peaks associated with miller indices 001, 111, 002, 112 of w phase are
not detected with Co-ka radiation source (Space group: P6/mmm, PDF
card no: 00-051-0631) [38]. Therefore, w phase is not expected in all
the TNZM alloys.

The microstructural topographies of all the TNZM alloys are pre-
sented in Fig. 2. The equiaxed bcc B grains with elongated grain
boundaries can be observed for all the TNZM alloys. Furthermore, the
dendritic substructure is obvious in the B grains of all the TNZM alloys
which typically forms during solidification process after casting. The
mean grain size for each TNZM alloy estimated using an ImageJ soft-
ware is shown in Table 1. Among the TNZM alloys, the T103 displays
the largest mean grain size of 315 * 54 um, whereas T54 shows
smallest mean grain size of 122 = 27 pm. It is noted that the mean
grain size of the TNZM alloys decreases as the amount of Mn as a solute
atom increases. The reduction in grain size of the TNZM alloys occurs
due to the addition of Mn. In general, Mn comprises high growth-re-
striction factor when alloy to Ti and therefore, the addition of Mn in the
TNZM alloys leads to a grain refinement [39]. By contrast, grain size
increases when increasing the amount of Zr in the TNZM alloys. A si-
milar trend has been reported in the previous studies [36,40]. The
phase and microstructural characterizations indicate that all the TNZM
alloys are comprised of a monolithic 3 phase. It has been reported in
previous studies that the addition of 30 wt% or high quantities of Nb in
Ti—Nb binary alloys can result in monolithic 3 phase [41]. In this work,
Mn and Zr are added with 26% of Nb to compensate towards the sta-
bilization of a monolithic  phase in all the TNZM alloys.
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3.2. Mechanical characterizations

It is well known that the microstructure and phase characterization
of an alloy greatly influence their mechanical properties [42,43]. The
newly designed TNZM alloys were subjected to mechanical compres-
sion testing in order to demonstrate its rudimentary mechanical char-
acterizations. As a matter of fact, the bones and surrounding hard tis-
sues are primarily subjected to compressive loads; therefore, the
compression testing has been carried out in this work [44]. Fig. 3a
displays compressive engineering stress strain curves for all the TNZM
alloys. Moreover, the properties of true stress-strain curves of poly-
crystalline materials remain analogous in compression and in tension
[35,45]. Therefore, the compressive true stress-strain curves for all the
TNZM alloys have also been presented in Fig. 3b. All the TNZM alloys
exhibit a significant plastic deformation in mechanical compression
testing. The engineering stress-strain curves (Fig. 3a) of the TNZM al-
loys are comprised of mainly three stages, i.e., elastic stage, plateau
stage and densification stage [46]. According to Gibson-Ashby's model
for compressive stress-strain curves, the unit cell wall bending, the
collapse of the unit cell and the continuous load applied to strengthen
the completely collapsed unit cells remain responsible for the elastic
stage, the plateau stage and the densification stage, respectively [8].
Notably, all the TNZM alloys do not display a fracture during the
compression tests within the load capacity of 100 kN. The values of
engineering maximum compressive strength and plastic strain pre-
sented in Table 4 were obtained at 100 kN for all the TNZM alloys. All
the TNZM alloys demonstrate engineering plasticity of ~80% and en-
gineering maximum strength of ~5 GPa due to the strong B-phase
stability found in all the TNZM alloys [19]. The true stress-strain curves
(Fig. 3b) display significant amount of plasticity and strength within the
load capacity of 100 kN. An oscillating effect can be noted in plastic
region of true stress-strain curves that shows a softening behavior
which occur due to stress relaxation [45]. The values of true maximum
strength and plastic strain presented in Table 5 were obtained at 100 kN
for all the TNZM alloys. All the TNZM alloys display significant true
plasticity of ~160% and true maximum strength of ~950 MPa. In
general, the instantaneous cross-sectional area of a specimen increases
when a material undergoes the deformation in the plastic region during
compression testing. Therefore, engineering strain remains lower than
true strain and contrastingly, engineering stress remains higher than
engineering strain [35,45]. The analogous behavior can be observed for
true strain with engineering strain and true stress with engineering
strain values of the TNZM alloys. Moreover, the TNZM alloys display
moderate hardness values in the range of 200-250 HV (Table 4). The
values of hardness increase upon increasing the amount of Mn in the
TNZM alloys. By contrast, the value of hardness decreases upon in-
creasing the amount of Zr in the TNZM alloys.

In order to calculate the dislocation density as well as to confirm the
formation of any stress induced martensitic transformation (SIMT)
during deformation, the XRD analyses have been carried out on a de-
formed specimen (after compression testing) of all the TNZM alloys. It
is evident in Fig. 4 that all the investigated alloys show only a single bcc
B-phase even after compression testing and the evidence of peaks re-
lated to martensitic phases in the XRD spectra are not found. This
suggests that the SIMT does not occur during the deformation of all the
TNZM alloys. The values of ag* for all the TNZM samples after com-
pression testing presented in Table 1 followed a similar trend like ag,
however, the values of ag* are increased in comparison to the values of
ag due to the lattice distortion that occurs when a material undergoes a
compression testing or a rolling operation [35,47].

3.3. Strengthening mechanism
The strengthening mechanism for monolithic 3 phase Ti alloys has

been recently modelled by Zhao et al. [48] through the integration
effect of solid-solution hardening, grain-boundary hardening and
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Fig. 2. The backscattered SEM microstructural features of the Ti-26Nb-xZr-yMn (x = 4, 7, 10 wt% and y = 3, 5 wt%) alloys (The alloys are named in Txy format).

Note that grain boundary is labelled as GB.
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Fig. 3. The (a) engineering and (b) true stress-strain curves of the Ti-26Nb-xZr-yMn (x = 4,7, 10 wt% and y = 3, 5 wt%) alloys (The alloys are named in Txy format).

dislocation hardening. The solid solution hardening is usually defined
by the elastic misfit () and lattice parameter misfit (y) between the
solvent and solute atoms [23,49]. The effect of solid solution
strengthening was first studied by Fleisher et al. [50], in which the
effect of isolated solute atoms was determined in the crystal structure of
the solvent. Thus, the isolated solute atoms hinder the dislocation
movement. This approach was further extended by Gypen et al. [51]
and Toda-Caraballo et al. [50] to approximate the solid solution
hardening in multi component alloys. The solid solution hardening in
multi-component alloys can be expressed using Eq. (4) [50]:

2/3
Oss = (z BiS/ZXi)
i

4

where 0 is yield strength component produced due to solid solution
hardening, B; is solid solution strengthening co-efficient which depends
on 7 and v, and X; is fraction of solute atom in an alloy. The values of B;
for the alloying elements Nb, Zr and Mn in Ti alloys were taken as 71,
1201, 1485 MPa.at.?’3, respectively [48]. Conventionally, the grain-
boundary strengthening increases the strength of an alloy through
grain-boundary refinement and therefore, it is also known as grain
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Table 4
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The compressive engineering mechanical properties such as yield strength (0p,»), plastic strain (¢,) and maximum strength (0j,qx) along with hardness (H) obtained for

all the Ti-26 wt% Nb-(4, 7, 10) wt% Zr-(3, 5) wt% Mn alloys.

Alloys Chemical composition (wt%) 0p.2 (MPa) & (%) Omax (GPa) H (HV)

T43 Ti-26Nb-3Mn-4Zr 591 + 18 79.2 * 0.5 491 * 0.12 225 + 5
T73 Ti-26Nb-3Mn-7Zr 557 * 6 80.4 = 0.4 5.13 = 0.21 219 * 2
T103 Ti-26Nb-3Mn-10Zr 451 = 19 80.0 = 0.4 494 = 0.35 207 £ 5
T45 Ti-26Nb-5Mn-4Zr 609 + 18 789 + 0.7 491 + 0.21 242 £ 5
T75 Ti-26Nb-5Mn-7Zr 571 + 3 77.7 * 0.5 4.89 * 0.30 236 * 4
T105 Ti-26Nb-5Mn-10Zr 488 + 19 77.9 = 0.3 490 += 0.15 228 + 4

Table 5 and a new junction forms as a third dislocation segment [55]. This

The compressive true mechanical properties such as plastic strain (g, 1),
maximum strength (0mq, ) and strength co-efficient (K) obtained for all the Ti-
26 wt% Nb-(4, 7, 10) wt% Zr-(3, 5) wt% Mn alloys.

Alloys  Chemical composition (wWt%) &, 7 (%) Omax, T (MPa) K (MPa)
T43 Ti-26Nb-3Mn-4Zr 163 = 2 923 + 54 902 + 18
T73 Ti-26Nb-3Mn-7Zr 166 = 7 935 + 42 889 + 20
T103 Ti-26Nb-3Mn-10Zr 168 = 2 929 * 16 865 + 26
T45 Ti-26Nb-5Mn-4Zr 162 = 3 964 + 39 1000 + 19
T75 Ti-26Nb-5Mn-7Zr 157 = 2 961 + 23 974 + 15
T105 Ti-26Nb-5Mn-10Zr 157 = 2 968 + 23 921 + 24
* o B-Ti
g g = 3
T105 A *S & o
—
S |T75 ) )4 4 .
©
N
= [145 ’ B .
(/2]
= [ 4
O 1103 * be .
[
73 \ * 2 .
T43 L3 2 L
T T T T
40 80 100

60
20 (degree)

Fig. 4. XRD spectra of the Ti-26Nb-xZr-yMn (x = 4,7, 10 wt% andy = 3, 5wt
%) alloys after compression testing (The alloys are named in the Txy format).

refinement strengthening [52]. It has been established that the small
sized grains provide a greater number of grain boundaries which could
immensely hinder the dislocations movement [25]. The grain-boundary
strengthening in an alloy can be estimated using the classical Hall-Petch
expression using Eq. (5) [52]:

ky

D )

where oy, is yield strength component produced due to grain refine-
ment, 0, is friction stress, ky is Hall-Petch constant and D is mean grain
size. The values of ky were derived using the expression Eq. (6):

ky =k + Zi ki X; 6)

where kr; and k; are Hall-patch constants for pure Ti and alloying ele-
ments, respectively. The value ky; for pure Ti is 0.75 MPam'/? and the
values of k; for Nb, Zr and Mn in Ti alloys were taken as 1.05, 0.28,
0.06 MPam'/?, respectively [52-54]. Moreover, the dislocation
strengthening occurs when two dislocations gliding on the different slip
planes cross each other and consequently, their total energy reduces

Ogb = G +

dislocation junction is immobilized and it impedes the other disloca-
tions movement. The critically resolved shear stress () needs to break
this junction so that the dislocations cross each other based on a re-
lationship Eq. (7):

T o ub/l )]

where  is shear modulus, b is burgers vector and [ is length between the
interesting obstacles and the mean value of length (I,) is related to
dislocation density according to a relationship: I,, < 1/,/o [55]. This
phenomenon leads to the famous Bailey-Hirsch expression demon-
strating the dislocation strengthening as Eq. (8) [56]:

g, = aMub.Jp ®

where o, is yield strength component produced due to dislocation
strengthening, a is mean junction strength (0.3), M is Taylor factor
(2.8), u is shear modulus for Ti (45 GPa), b is Burgers vector and p is
dislocation density of an alloy [23,48]. The theoretical yield stress for
B-type Ti alloys operating with slip dominated mechanism can be
predicted using the following model that can be expressed as Eq. (9)
[48].

23
kri + 2. kiX;
oy = op + aMub Jp + (Z Bﬁ/ZXi) + %

i

)]

where o7; is slip activation critical stress for Ti. Considering the solid-
solution, grain-boundary and dislocation strengthening mechanisms,
the contribution of each strengthening mechanism estimated using the
corresponding equations described above is presented in Fig. 5 for each
TNZM alloy. It can be noted in Fig. 5 that the grain-boundary

1400
| EZ2] Dislocation strengthening
© 12004 olid solution strengthening
o Grain boundary strenghtening
=
~— 1000 -
i
3
= 800
()
2 600-
e
-+
D) 400 A
[
o
-— .
o 200
0

T43 T73 T103 T45 T75

Alloys

T105

Fig. 5. The estimated strengthening contributions of the dislocation, solid-so-
lution and grain-boundary strengthening mechanisms in yield strength of the
Ti-26Nb-xZr-yMn (x = 4, 7, 10 wt% and y = 3, 5 wt%) alloys (The alloys are
named in Txy format).
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strengthening contributes the least in strengthening the TNZM alloys.
By contrast, the dislocation and solid solution strengthening mechan-
isms are the main contributors in enhancing the strength of the TNZM
alloys. Notably, the trend of o, is directly proportional to dislocation
density of the TNZM alloys, whereas both Mn and Zr are producing the
solid solution strengthening effect and increases the o in the TNZM
alloys because of their high values of B; in Ti alloys.

Nonetheless, Fig. 5 demonstrates the greater contribution of dis-
location and solid-solution strengthening mechanisms as compared to
grain-boundary strengthening because grain- boundary strengthening
correlates with the grain size. All the TNZM alloys comprise large grain
size (> 120 um). Therefore, the number of grain boundaries remains
less and as a result, the contribution of grain-boundary strengthening
remains less as compared to dislocation and solid-solution strength-
ening mechanisms. Moreover, dislocation strengthening can occur in-
side the grains as well as at the grain boundaries due to interaction of
multiple dislocations, whereas the strengthening effect produced due to
solid solution strengthening remains directly proportional to the
amount of Zr and Mn added in the TNZM alloys, which can be evidently
seen in Fig. 5. This demonstrates that the interaction of dislocations
should have occurred extensively and therefore, the interaction of
dislocations produces the greater amount of strengthening.

The values of measured true yield strength and dislocation density
for all the TNZM alloys are presented in Fig. 6. It can be noted that
measured engineering yield strength and measured true yield strength
followed an identical trend. Therefore, from now onwards the values of
true yield strength have been used in subsequent discussion. It can be
noted in Fig. 6 the measured true yield strength displays an increasing
trend upon the addition of Mn as a solute atom because Mn has rela-
tively higher values of # and y [27,48]. Consequently, Mn produces a
strong solid solution strengthening effect in the TNZM alloys. The direct
relationship between true yield strength and dislocation density has
been demonstrated by the Bailey-Hirsch relationship in Eq. (8). Ac-
cordingly, it can be noted in Fig. 6 that the dislocation density is di-
rectly proportional to the true yield strength for all the TNZM alloys. By
contrast, the Hall-Petch relationship demonstrates the inverse re-
lationship between the measured true yield strength and mean grain
size of an alloy [52]. Hence, the measured true yield strength varies
with mean grain size (Table 1) for all the TNZM alloys. Thus, the
measured true yield strength of all the TNZM alloys are influenced by
the combined effects of solid-solution, grain-boundary and dislocation
strengthening. Notably, T45 possesses the highest measured true yield
strength (654 + 12 MPa) among all the TNZM alloys.

As shown in Fig. 3a, the strain hardening ability of all the TNZM

800 35 ~
R True yield strength c\"E
Dc? Dislocation density L 30w
s 700+ ‘9
Z L2.5 X
= >
g - ; L 2.0 é
g /
= i % 1.5 8
5 w0l | :
il 108
= % g
O 4004 % o
g % Los5 O
E % @

300- % L0.0 =

Fig. 6. True yield strength and dislocation density of the Ti-26Nb-xZr-yMn
x =4,7,10 wt% and y = 3, 5 wt%) alloys (The alloys are named in Txy
format).
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alloys is apparent. The strain hardening ability is generally character-
ized in terms of either the strain hardening rate or the strain hardening
index [57]. In this work, to characterize the strain hardening ability of
the TNZM alloys in the plastic region, the strain hardening index which
symbolizes the resistance to plastic deformation [58] can be evaluated
by using a classical Holloman expression using Eq. (10) [59].

g = Kg" (10)

where 0, is true stress, ¢, is true strain and K is strength coefficient of a
material. The material demonstrates the perfect elastic fracture when
the value of strain hardening index is equal to 1, whereas it displays a
complete plastic deformation when the value of strain hardening index
is equal to 0 [58]. To evaluate the values of n; & n, for the TNZM alloys,
Eq. (10) is rearranged and rewritten as Eq. (11) [58].

Ing, = InK + ning, 11

By using Eq. (11), the In &-Ino; plots for all the TNZM alloys are
presented in Fig. 7. It can be noted in Fig. 7a—f that the strain hardening
is comprised of two stages. The n; displays the elastic-plastic de-
formation, whereas the n, shows the complete plastic deformation [58].
All the TNZM alloys exhibit the high n; and low n; values in the range
of 0.428 + 0.01 to 0.542 #= 0.01 and 0.125 =+ 0.005 to
0.090 = 0.006, respectively, which demonstrate their enhanced strain
hardening behavior and good work formability. The values of n; & n,
for the TNZM alloys rise upon increase in the Zr content, whereas the
values of n; & n, demonstrate a decreasing trend upon increase in the
Mn content. Similar results of strain hardening behavior have been
reported in the previous studies [60,61]. The decreasing trend of the
values of n; & n; is associated with an increase in dislocation density of
the TNZM alloys [57]. Moreover, it has also been reported in previous
studies that the strain hardening index of a material increases with
increasing mean grain size up to a certain extent [62]. By contrast,
strain hardening index decreases with increasing mean grain size when
the amount of second phase is precipitated in an alloy [62]. The strain
hardening index and mean grain size can be correlated by using the
Morrison model as follows as presented in Eq. (12) [63]:

5
ST, =E) 12)

where n is strain hardening index and D is mean grain size. In the
present wok, all the TNZM alloys are comprised of a single phase.
Therefore, it is noted that the values of n; & n, (Figs. 7a—f) are directly
proportional to mean grain size (Table 1) for all the TNZM alloys.
Furthermore, the values of strength coefficient presented in Table 5
follow the classical Hall-Petch relationship [64] as these values de-
crease with increasing values of n; & n, for all the TNZM alloys. The
values of n; & n, for all the TNZM alloys demonstrate the high strain
hardening ability and therefore, all of the TNZM alloys exhibit a sig-
nificant plasticity and enhanced {3 phase stability [21,65]. In conclusion
to mechanical characterization and strengthening mechanisms for the
TNZM alloys, T45 and T43 exhibit higher yield strength and significant
strain hardening capability among all the TNZM alloys.

3.4. Electrochemical performance

It has been stated that any biomaterial used for orthopedic implant
application should have enhanced electrochemical performance in the
human body environment [13]. It has also been documented in the
literature that the Ti-Nb-Zr system demonstrates excellent corrosion
resistance with any amount of alloying elements as compared to Ti-6Al-
4V in any artificial human body environment and for any immersion
time for electrochemical analysis [13]. The high corrosion resistance of
the Ti-Nb-Zr system is ascribed to quick formation of oxide film (i.e., Ti
oxide and Nb oxide) on the surface of material [13,18]. Notably, these
layers have capability to self-repair any film damages, which in turn
resists the additional corrosion in the material [18]. Among the all the
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Fig. 7. Relationship between Ino; and In ¢, for the Ti-26Nb-xZr-yMn (x = 4, 7, 10 wt% and y = 3, 5 wt%) alloys (The alloys are named in Txy format).

TNZM alloys, T43 and T45 exhibit superior mechanical properties.
Therefore, the electrochemical analyses were performed for only T43
and T45 among the investigated TNZM alloys. The OCP curves for T43
and T45 are presented in Fig. 8a. The OCP curves display a slight
fluctuation during the preliminary phase of the test. The fluctuating
behavior is ascribed to electron movement occurred between the ma-
terial surface and the simulated body fluid until the equilibrium po-
tential attained for both sides [66]. It can be noted in Fig. 8a that both
alloys attain a more positive and a stable state after few initial minutes;
this trend attributes to the rapid development of oxide layer on the
surface of alloys [4]. In order to better characterize the strength of the
developed Ti and Nb oxide layers, potentiodynamic polarization curves
are obtained in modified Hank's solution for T43 and T45 alloys and
presented in Fig. 8b. The corrosion kinetics parameters, i.e. E.,, and
icorr» are obtained from the Tafel region of the potentiodynamic

polarization curves. In the present work, the E,,. values of T43 and T45
are —0.45 and —0.48 V, respectively. The relatively positive values of
E o for T43 and T45 alloys demonstrate their better corrosion re-
sistance than the as-cast CP-Ti, i.e., —0.58 V [18]. In general, according
to the concept of electrochemistry, the high value of E,,,, and the low
value of i, are the indicators for good corrosion resistance of a ma-
terial [4,67]. The reported value of i, in this work for T43 and T45 are
0.838 and 0.839 nA/cm?, respectively. Both the alloys exhibit lower
i.orr value than the as-cast Ti-6Al-4V, i.e., 1.037 nA/cm? [4]. Thus, the
investigated T43 and T45 alloys demonstrate a better corrosion re-
sistance than CP-Ti and Ti-6Al-4V. Furthermore, the EIS study was
carried out on the T43 and T45 alloys to illustrate the nature of formed
passive oxide layer. The characterization of electron movement re-
sistance can usually be performed by EIS Nyquist curve. The extent of
semi-circular arc radius on EIS Nyquist plot is directly proportional to
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Fig. 8. Results of the electrochemical tests for the T43 and T45 alloys in modified Hank's solution at a pH value of 7.4 at room temperature. (a) Open circuit potential
curves vs. time (b) Potentiodynamic polarization curves. EIS results in the form of (c¢) Nyquist plots and (d) Bode plots.

the corrosion resistance of a material [67]. The radius of a semi-circular
arc for T43 is somewhat higher than T45, as presented in Fig. 8c which
demonstrates that the passive oxide film of T43 has better polarization
resistance on the surface [66]. The Bode impedance plot and the Bode
phase plot are presented in Fig. 8d. The Bode impedance plot displays
two distinct phases: (i) the flat phase in the frequency range of
1 x 10° Hz to 1 x 10° Hz, the flat portion illustrates the solution
resistance [66], (ii) the inclined phase in the frequency range of
1 x 10°Hz to 1 X 107! Hz. The impedance increases up to 1 x 10
6 Q cm? during this phase. Moreover, the phase angle close to 90° de-
monstrates a denser passive oxide film [18]. In the present work, the
Bode phase angle plot displays a wide plateau above phase angle of 80°
from middle to low frequency range which illustrates the formation of
denser passive oxide films on the surface of both alloys.

Moreover, the SEM-EDX surface analyses were performed in order
to confirm the formation of oxides on the surface of T43 and T45 alloys
after corrosion tests. Fig. 9a-b shows the formation of oxides on the
surface of T43 and T45 (after 1 h immersion into Hank's solution). The
similar kind of oxide formation has been reported for Ti—5Cu alloy after
corrosion analysis [67]. The formation of oxides on the surface of T43
and T45 alloys has been further confirmed by means of EDX spectrum
analysis which was performed on the oxide particles as well as on the
surface other than oxide particles. The EDX spectra of T43 and T45
alloys (Fig. 9c—d) exhibit a peak of oxygen besides the peaks of other
elements composing the alloys, i.e., Ti, Nb, Mn and Sn suggesting the
formation of surface passive film by a mixture of oxides. Hence, the
SEM-EDX surface analyses results are in good agreement with results of
electrochemical tests. Based on the points discussed above, T43 and T45
alloys exhibit good corrosion resistance for their use in orthopedic
implant applications.

4. Conclusions

The present work evaluates the phase, microstructure and me-
chanical characterizations including and the strengthening mechanisms
of the newly designed Ti-26Nb-xZr-yMn (x = 4,7, 10 wt% and y = 3,
5 wt%) alloys and based on the superior mechanical properties among
the investigated alloys the electrochemical kinetics of the Ti-26Nb-4Zr-
3Mn Ti-26Nb-4Zr-5Mn alloys. The key findings from this work are
summarized as below.

e The phase and microstructural analyses illustrate a monolithic 3
phase in all the investigated alloys.

o All the investigated alloys exhibit a pronounced true plastic strain
(~160%) and a true maximum strength (~950 MPa) and do not
show any fracture in compression testing.

e The addition of Mn positively affects the strength of the Ti-Nb-Zr
system alloys. The strengthening in the present work is influenced
by combined effect of solid-solution, grain-boundary and dislocation
strengthening.

e The Ti-26Nb-4Zr-3Mn and Ti-26Nb-4Zr-5Mn alloys demonstrate an
improved electrochemical performance as compared to commer-
cially available biomaterials.

e Among the investigated alloys, Ti-26Nb-4Zr-5Mn displays a superior
combination of true maximum strength (951 MPa), large true
plasticity (162%), highest true yield strength (654 MPa), dislocation
density (2.45 x 10'® m~?) and hardness (242 HV) along with im-
proved strain hardening ability and electrochemical kinetics con-
sidering the high strain hardening indices (0.42 and 0.09) and low
corrosion current density (0.839 nA/cm?). Therefore, Ti-26Nb-4Zr-
5Mn could be the promising candidate for orthopedic implant ap-
plications.
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