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HIGHLIGHTS

Three novel Ti-Nb-Fe-Zr and Ti-Nb-Fe-
Sn alloys were empirically developed
for biomedical applications.

Zr and Sn additions reduce the omega-
phase formation upon quenching, in-
creasing ductility.

Ti-19Nb-2.5Fe-10Zr (wt%) water-
quenched samples achieved an elastic
admissible strength of 1.49.

After aging, Zr and Sn are equally dis-
tributed between the beta-matrix and
alpha-precipitates.

Aged Ti-19Nb-2.5Fe-65n (wt%) samples
presented a yield strength of 1271 MPa.
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ABSTRACT

An open challenge on structural biomaterials is to obtain low-cost Ti-alloys with high elastic admissible strength
(the ratio of yield strength to modulus). To reach this goal, we designed and characterized three quaternary alloys
from the Ti-Nb-Fe system with additions of Zr and Sn. The samples were solution-treated and tested under two
conditions: water-quenched and aged at 450 °C. Microstructures were analyzed with aid of scanning and trans-
mission electron microscopy. Tensile tests performed at room-temperature confirmed a remarkable yield
strength of 1271 MPa with an elastic modulus close to 90 GPa among aged Ti-19Nb-2.5Fe-6Sn (wt%) samples.
Solution-treated Ti-19Nb-2.5Fe-10Zr samples presented a good combination of yield-strength and elastic mod-
ulus (1027 MPa and 69 GPa, respectively), displaying an elastic admissible strength close to 1.5. Although Zr
and Sn are equally distributed between matrix and precipitates, the diffusion of Nb and Fe seem to be inhibited
by the presence of Sn. As a result, Sn allows higher yield-strengths and more refined secondary a-phase, while Zr
has a stronger effect on reducing the elastic modulus. In the end, a materials selection chart is presented to help
designers to select materials for orthopedic implants considering the elastic admissible strain and cost as major
guidelines.

© 2018 Published by Elsevier Ltd.
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1. Introduction

Beta-type titanium (Ti) alloys are designed to retain a metastable 3~
phase (bcc) when quenched from the R-phase field to room tempera-
ture. The pursuit of optimal beta-type Ti alloys for long-term
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implantation in the human body took off in the 80s [1-3], but it was
only in 2003 that technical details of the alloy known as “gum metal” -
Ti-23Nb-2Zr-0.7Ta-1.20 (mol %) - were first published by Saito et al.
[4]. With a reduction in stiffness, a nonlinear elastic deformation during
cold-working, high-strength, low elastic modulus and a good biocom-
patibility, gum metal and related alloys ascended into the orthopedic
implants industry to satisfy the technological needs of hip and knee re-
placements, and nowadays are considered as benchmark materials in
the field [5,6].

At first, it was thought that the outstanding mechanical properties of
gum metal were associated with three specific “magic-numbers”: the
electron/atom ratio, the bond-order (Bo) and the d-electron orbital en-
ergy level (Md), based on a materials design theory from the 90s [4,7,8].
Despite some useful insights derived from this theory - e.g. that the
presence of O, Al, Sn and Zr alter the stability of  and ® phases upon
water-quenching (WQ) - the presumption of such “magic numbers”
has already been discredited. Talling et al. substituted Nb with V to pro-
duce an alloy with the exact same electronic parameters of the original
composition, however, the V-based alloy showed a contrasting defor-
mation behavior comparing to the base one [9].

Other early assumption, that gum metals could bear plastic deforma-
tion without dislocation glide, was also debunked [10]. Studies on their
deformation mechanism identified many concurrent deformation
mechanisms such as deformation-induced a”-phase, stress-induced
m-phase, twinning and dislocation glide during strain [11-14]. More re-
cently, Zhang and co-authors identified an ai-® planar complexion in-
duced by the o” formation after subjecting an oxygen-free gum metal
to heating and cooling cycles. The reported complexion contains in its
configuration most of the microstructural features observed before, dur-
ing deformation [15]. After all, it is now clear that the crucial points to be
addressed when designing new gum-type alloys are not the magic
numbers themselves, but making the alloy vulnerable to SIM (stress-in-
duced martensite formation) while partially suppressing the transfor-
mation with proper alloying elements [9,16] - for example, by
controlling the oxygen content in the material [17]. In this work, we
employed a combination of Nb and Fe to achieve this goal. With the sup-
pression of the orthorhombic martensite (o.”-phase) by Fe additions
[18,19], Fe simultaneously creates barriers to dislocation motion, in-
creasing strength via solid solution, and allows a reduction in the Nb
content (since Fe is a strong beta-stabilizer) - thus reducing cost.

Despite all the evidence of the maturity of TiNbZrTa-based (TNZT)
gum metals in the biomedical industry, a remarkable number of studies
investigating new formulations of gum-type alloys have been published
during the last decade. They reveal the potential of Ti-Nb-Fe-based
(TNF) alloys for biomedical applications [20-27]. In a way, researchers
have been trying to reduce the cost of the alloys by substituting Nb,
Ta, and Mo, which are relatively expensive, with elements abundant
all over the world, such as Fe, Sn and Mn [6,28]. Following this trend,
we empirically designed cost-effective gum metals from the Ti-Nb-Fe-
Zr and Ti-Nb-Fe-Sn systems. Microstructures and mechanical properties
were analyzed in two conditions: solution-treated followed by WQ and
an arbitrary aging condition. Considering orthopedic applications, the
parameter defined as elastic admissible strain (i.e. the ratio of yield
strength to elastic modulus) must be maximized in order to avoid fail-
ures due to fatigue, associated with low strength, or the activation of
the stress-shielding effect, associated with a high elastic modulus
[6,29]. Thus, mechanical properties of the experimental alloys were
probed and ultimately displayed in an Ashby map that includes a com-
pilation of 24 recently-developed compositions from the literature to
guide the selection of biomedical Ti-alloys with optimal mechanical
properties and relatively low cost.

2. Experimental

Three experimental alloys with compositions of Ti-19Nb-2.5Fe-10Zr,
Ti-19Nb-2.5Fe-6Sn and Ti-11Nb-3.5Fe-7Zr (wt%) were melted under

controlled atmosphere (Ar 99.99%) in electric-arc furnace with a refrig-
erated Cu-crucible. In the illustrations and tables of this paper, the alloys
are referred to as 192510, 192506 and 113507, respectively. The ingots
weighted 70 g. Precursor elements with high purity (>99.95 wt%) were
employed. After solidification, the ingots were homogenized at 1000 °C
for 12 h to assure chemical homogeneity. The composition was con-
firmed by X-ray fluorescence technique (XRF) using a Shimadzu
EDX7000 equipment and the interstitial O and N contents were ana-
lyzed with a LECO TC400 analyzer (Table 1). Samples were cut using a
diamond abrasive saw and cold rolled to 50% of their original thickness.
They were then submitted to solution heat-treatment (ST) at 800 °C for
10 min followed by water quenching (WQ). The second group of sam-
ples was subjected to solution treatment (ST) followed by an isothermal
step-quench at 450 °C instead. The isothermal aging time varied be-
tween 30 min and 12 h, depending on the composition. All samples
were subjected to metallographic preparation, including 400, 800, and
1500 grit sandpaper followed by 6 h of vibratory polishing with colloidal
silica. Kroll's etching solution was used only on samples examined by
optical microscopy. Hardness values were obtained from the Vickers
test - seven prints in each sample with 1 kgf applied load for 15 s. The
equipment used in such measures was a Buehler 2100. Elastic modulus
measurements were obtained by pulse-echo ultrasound technique, cou-
pling longitudinal and transversal waves. Samples with 2 mm thickness
were analyzed.

Scanning electron microscopy (SEM) was performed using an FEI In-
spect F50 and an FEI Apreo system. FIB foils were prepared from the
bulk samples using an FEI Helios 600 and analyzed on an FEI Tecnai
F20 equipped with energy-dispersive X-ray spectroscopy (EDX). After
all, tensile tests were carried out in an MTS 810 tensile testing equip-
ment using cylindrical tensile specimens with a gauge length of
20 mm. The specimens were heated up to 1000 °C for 5 min and then
hot-swaged into cylinders before milling to the final shape. An average
of 3 specimens was analyzed for each condition.

3. Results and discussion
3.1. Water-quenched samples

In the case of Ti-19Nb-2.5Fe-10Zr, the combined addition of 19Nb,
2.5Fe and 10Zr (wt%) allowed the retention of a full 3-phase after ST-
WQ. Nb and Fe additions also play an important role in avoiding the for-
mation of a”-phase [22]. For the other two experimental alloys,
athermal-o (w,,) was detected (Fig. 1). With that, we infer that the
w-suppression capabilities of 6Sn are not the same as 10Zr (wt%).
When comparing the ®-phase detected among the experimental alloys
with their respective ternary alloys, quaternary additions with either Sn
or Zr reduce the volumetric fraction of ®w-phase by some content, as ex-
pected [30-32]. The same happens even when the alloys have a similar
Mo equivalent - for example, comparing Ti-19Nb-2.5Fe from [27] with
and without quaternary additions. Furthermore, the addition of 7Zr to
Ti-11Nb-3.5Fe (which has a relatively reduced Nb/Fe ratio) did not sup-
press the ®,q, formation upon WQ, even though the combined presence
of Fe and Zr can often destabilize ® [33,34].

Tensile tests performed at the ST-WQ condition are presented in
Fig. 2. The average grain-size of Ti-19Nb-2.5Fe-10Zr and Ti-19Nb-
2.5Fe-6Sn were estimated at around 70 um, whilst the grains of Ti-
11Nb-3.5Fe-7Zr reached 100 pum, on average, corresponding to Fig. 1a-
c. Given the three alloys possess grains with a size of the same order
of magnitude, this should not be considered as the main factor while
making distinctions between their mechanical properties. The similari-
ties of the stress-strain curves of the Ti-19Nb-2.5Fe-6Sn (wt%) and TNZT
gum metals are evident. Just after the specimens start yielding, a drop in
the resistance is observed and the stress reaches a plateau, which could
be linked to stress-induced phase-transformations, such as a’-phase
[35], a”-phase [36], stress-induced ®-phase and deformation twins. Ac-
cording to Koli et al. (2015), deformation mechanisms of Ti alloys vary
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Compositions (XRF) and interstitial contents of the experimental alloys reported in weight percentage (wt%).

Alloy (wt%) Ti Nb Fe Zr or Sn 0] N

Ti-11Nb-3.5Fe-7Zr Bal. 109 + 0.1 3.7+ 0.1 7.1+ 0.1 0.164 + 0.004 0.011 + 0.001
Ti-19Nb-2.5Fe-6Sn Bal. 18.6 + 0.5 26+ 0.1 58 +0.2 0.128 + 0.004 0.017 £ 0.001
Ti-19Nb-2.5Fe-10Zr Bal. 189 + 0.1 2.7+ 0.1 10.1 £ 0.1 0.157 £ 0.001 0.007 + 0.001

widely, even within a specific range of solute content [37]. Preliminary
XRD data collected on the fractured edges of the tensile test specimens
after testing indicate that the main deformation mechanism among the
experimental alloys might be twinning and dislocation slip since no
stress-induced phases were detected (see Fig. 3). Despite these observa-
tions, the influence of ®,y, and of the grain-size on the stress-induced
formation of a”-phase requires further studies [38].

The strain-hardening effect among Ti-Nb-Fe-Sn (TNFS) samples
seems negligible. The ductility of Ti-19Nb-2.5Fe-6Sn is slightly superior
to TNZT, with an average strain of 31%, while TNZT-O gets to approx.
20% before failure. According to the literature, at this condition, TNZT-

O presents a great combination of yield strength and elastic modulus,
976 MPa and 66 GPa, respectively, thus resulting in an elastic admissible
strain (EAS) of 1.48 [6]. Despite the relatively low EAS obtained for Ti-
19Nb-2.5Fe-6Sn at this condition (1.09), the EAS obtained for Ti-
19Nb-2.5Fe-10Zr (wt%), on the opposite, is fairly close to that of
TNZT-O - with 1027 MPa of yield strength and 69 GPa of elastic modu-
lus, as can be seen in Table 2. According to Abdel-Hady et al., Zr has a
high bond-order (Bo) comparatively to Ti - thus, alloying with Zr im-
plies in a reduction of the elastic modulus of 3-Ti [31]. As examples,
Ti-35Nb-5Ta-7Zr and Ti-13Nb-13Zr are commercial alloys which
have a considerable amount of Zr added and achieve low elastic moduli,
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Fig. 1. Optical micrographs of the solution-treated and water-quenched (ST-WQ) quaternary alloys: (a) Ti-19Nb-2.5Fe-10Zr, (b) Ti-19Nb-2.5Fe-6Sn and (c) Ti-11Nb-3.5Fe-7Zr. Selected-
area diffraction patterns (SAD, d, e, f) and dark field images showing the athermal omega-phase (h, i) at the same condition. An additional SAD image is presented for Ti-19Nb-2.5Fe-10Zr
(g) since it has a full beta-structure at this condition. Ti-19Nb-2.5Fe-6Sn and Ti-11Nb-3.5Fe-7Zr dark-field images are presented in (h) and (i), respectively.
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Fig. 2. Stress-strain curves for the experimental alloys at the ST-WQ condition. The plastic
deformation does not cause work-hardening among Ti-19Nb-2.5Fe-6Sn (b) samples.

between 55 and 80 GPa, depending on the processing route [6]. As for
shape-memory alloys, some authors suggest the optimal Zr/Nb ratio of
0.3 [39]. Whilst Ti-19Nb-2.5Fe-10Zr has a Zr/Nb ratio close to 0.5, it
would be worth analyzing its shape-memory behavior at the WQ condi-
tion, given the mechanical behavior reported here (Table 3).

To this point, we concluded that the experimental alloys have simi-
lar properties to the TNZT system, and quaternary additions benefit the
TNF alloys at the ST-WQ condition by increasing the mechanical
strength whilst reducing the elastic modulus. As can be seen in the frac-
ture surfaces presented in Fig. 4, all ST-WQ samples showed a relatively
ductile behavior, presenting a quasi-cleavage fracture mode [40-42].
The greater proportion of cleavage facets among samples is observed
in Ti-11Nb-3.5Fe-7Zr, probably due to the higher .y, volumetric frac-
tion (Fig. 1) and its elevated Fe content, which is associated with a brit-
tle behavior.

3.2. Isothermally-aged samples

Previous works have shown that Fe largely improves the mechanical
strength of TNF alloys due to the reinforcement of the 3-phase matrix
via solid solution [23,27,43,44]. However, to achieve an even higher
strength, a controlled precipitation of alpha () through aging heat

(110) Full bee (Ti-B)
—

j (220)
= s A
3 113507

>
= (211)
L L A
o] 192506
=
200
\JL—‘ ( A ) A
192510

30 40 50 60 70 80 90
20 (degrees)

Fig. 3. X-ray diffraction of the fractured edges of the tensile test specimens (after testing)
at the ST-WQ condition. Only the 3-phase (bcc) was detected.

Table 2
Electronic parameters, hardness and elastic modulus of the experimental alloys. Ternary
Ti-11Nb-3.5Fe and Ti-19Nb-2.5Fe were included for comparison.

Alloy Bo Md e/a Mo Hardness E Ref
(eV) [eq] (HV1) (GPa)?

1135 2804 2.399 419 1183 382+3 97 + 1 [27]

113507 2.817 2416 419 11.83 358 +£3 88+ 3  This
work

1925 2.820 2.409 420 11.57 3344+ 4 90 + 3 [27]

192506 2.807 2.398 421 1157 260+ 9 78 +£1 This
work

192510 2.840 2.437 421 1157 267 +3 70 £ 1 This
work

@ Obtained with the pulse-echo ultrasound technique.

treatments could be employed [45,46]. Since the size and distribution
of a-laths typically vary depending on the aging heat-treatments [47],
trials with three different times (30 min, 3 h, and 12 h) were conducted,
and we selected the microstructure with the finest and most disperse
distribution of ai-phase for each alloy to perform the tensile tests. That
is - 12 h for the Ti-19Nb-2.5Fe based alloys and 30 min for the Ti-
11Nb-3.5Fe-7Zr alloy. The goal was to observe a net increase in the elas-
tic admissible strain after the heat-treatment. Step-quench heat-
treatments were selected instead of classical quench-and-aging treat-
ments to avoid the formation of w-phase at lower temperatures, e.g.
while reheating the microstructure [48,49]. The aging temperature of
450 °C was selected based on our previous experiments with Ti-19Nb-
2.5Fe ternary alloys [27].

As shown in Fig. 5, an increase in yield strength was observed after
aging for all experimental alloys, when compared to the ST condition.
Ti-19Nb-2.5Fe-6Sn presented a remarkable increase in yield strength,
from 765 MPa to 1261 MPa. Among Zr-based alloys, yield strength
was increased by roughly 10%. In other ways, it is known that by
strengthening the > matrix through precipitation-hardening, the elastic
modulus will inevitably be increased, which is undesirable [3]. The elas-
tic modulus of Ti-19Nb-2.5Fe-10Zr and Ti-19Nb-2.5Fe-6Sn were in-
creased by approximately 30 GPa as part of the heat-treatment
performed. These significant changes in the mechanical behavior can
be ascribed to microstructural alterations arising from aging, which
will be discussed in more detail in the next paragraphs. To some extent,
the increase in modulus is also associated with the increase in oxygen
content to approx. 0.30 wt% during the hot swaging process, which is
arequired step in the fabrication of the tensile test specimens (see Sup-
plementary Table 1). Regarding the fracture surfaces, we could identify
fewer dimples, compared to the WQ samples, but the typical
transgranular fracture mode is still predominant (Fig. 6).

As seen in the scanning electron microscopy (SEM) images pre-
sented in Fig. 7, the aging heat-treatment was successful in obtaining
fine and disperse a-laths to reinforce the 3-matrix for the three exper-
imental alloys. The laths are fairly distributed, acting as an effective bar-
rier to dislocations [47], and we did not observe a massive of oi-phase at
the grain boundaries, which could impair ductility [40]. With the

Table 3
Compilation of the mechanical properties obtained through tensile tests.
Alloy Condition  Elastic Yield EAS® Elongation
modulus Strength (%) (%)
(GPa) (MPa)
113507 WQ 90 £+ 2 1011 £ 17 1.12 441
Aged 9342 1184 + 33 127 141
192506 WQ 714+2 765 + 10 1.08 31+5
Aged 98 +3 1261 + 41 1.29 6+1
192510 WQ 69 +1 1027 + 33 1.49 8+2
Aged 97 £3 1132+ 18 1.17 3+1

¢ Elastic admissible strain.
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Fig. 4. Fractography of alloys (a) Ti-19Nb-2.5Fe-10Zr (b) Ti-19Nb-2.5Fe-6Sn and (c) Ti-11Nb-3.5Fe-7Zr alloy at the ST-WQ condition. Transversal analysis of the Ti-19Nb-2.5Fe-6Sn

showing the increase of martensite laths near the failure (d-f).

assistance of Image]2 [50], we estimated the number of a-laths per area
in each SEM image displayed in Fig. 7. For Ti-19Nb-2.5Fe-10Zr (Fig. 7b),
there are approximately 7 laths/um?, while for Ti-19Nb-2.5Fe-6Sn and
Ti-11Nb-3.5Fe-7Zr, there are 25 laths/um?, corresponding to the aver-
age between Fig. 7c and d. The distributions of Ti-19Nb-2.5Fe-6Sn and
Ti-11Nb-3.5Fe-7Zr are similar, and both are finer than the Ti-19Nb-
2.5Fe-10Zr counterpart. According to Zheng et al., they can be consid-
ered super-refined [51]. Finer ai-phase distributions usually increase
the mechanical strength of Ti-alloys [52], thus, the high strength exhib-
ited by aged Ti-19Nb-2.5Fe-6Sn is certainly related to the regular and
restricted growth of a-laths in the selected aging condition. On the
other hand, despite its fine a-phase density, the excess of Fe in Ti-
11Nb-3.5Fe-7Zr (3-matrix may have impaired the alloys ductility, com-
paring to the Ti-19Nb-2.5Fe based alloys [23].

1500

113507 (c)

12001 192506 (b)

1000 192510 (a)

750+
500 4

N

(6,

o
N

Tensile Stress (MPa)

Aged samples

o

2 4 6
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o

Fig. 5. Stress-strain curves for the heat-treated alloys, (a) Ti-19Nb-2.5Fe-10Zr, (b) Ti-
19Nb-2.5Fe-6Sn and (c) Ti-11Nb-3.5Fe-7Zr (wt%).

Regarding the compositional aspects of ai-phase formation, the re-
jection of p-stabilizing Nb and Fe from the a-phase was expected [53].
Additionally, a negligible partitioning of Sn between 3-matrix and o-
phase laths was observed among Ti-19Nb-2.5Fe-6Sn samples, as
shown in Fig. 8. Based on thermodynamic equilibrium assessments via
ThermoCalc® (Table 4), the homogeneous distribution of Sn between
matrix and precipitates was not expected. Sn should be rejected from
the p-phase to the a-laths. However, the opposite trend has been re-
ported while subjecting Ti-Nb-Sn and Ti-Mo-Sn alloys to prolonged
aging heat-treatments [54,55], with Sn being slightly rejected to the
3-phase, instead. In this respect, it seems the Ti—Sn interactions are
not well described via ThermoCalc®, and since the results are contro-
versial, further assessments of the Ti-Fe-Sn system are needed to refine
these calculations. The migration of Sn to the 3-phase requires time,
given Sn low diffusivity in both 3 and a-phases [56,57]. Thus, 12 h
might be not enough time to reach the predicted equilibrium composi-
tions, in this case.

Despite being considered a neutral alloying element, earlier authors
suggested that aging Ti-Nb-Zr alloys could induce Zr to migrate to the 3-
phase matrix, working as a [ stabilizer element [58]. However, a Zr par-
tition could not be observed after aging Ti-19Nb-2.5Fe-10Zr for 12 h
(Fig. 8b) and Ti-11Nb-3.5Fe-7Zr for 30 min (Fig. 9). ThermoCalc® pre-
dictions foresee that Zr should be equally distributed between matrix
and precipitates in Ti-19Nb-2.5Fe-10Zr (Table 4), which corroborates
with our results. As for Ti-11Nb-3.5Fe-7Zr, Zr should be slightly concen-
trated at the B-phase. Since we identified the coarsening of the o-
precipitates occurring quickly in Ti-11Nb-3.5Fe-7Zr alloy, the heat-
treatment time had to be limited to 30 min among these samples to
avoid over-aging, and the system also did not have the time to achieve
equilibrium compositions. In other ways, the assessment for the Ti-
Nb-Fe-Zr system seems accurate.

By comparing Ti-19Nb-2.5Fe-10Zr with Ti-19Nb-2.5Fe-6Sn, we con-
clude that both Zr and Sn contribute to reducing the elastic modulus
comparing to the Ti-Nb-Fe ternary system. The advantage of adding Zr
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Fig. 6. Transversal (optical) and top-view fractography (a, b) of the Ti-19Nb-2.5Fe-6Sn and top-view (c) of the Ti-11Nb-3.5Fe-7Zr aged samples. Some features are indicated as
(1) transgranular fracture, (2) intergranular fracture, (3) mixed fracture and (4) cleavage facets, respectively.

is a stronger effect on reducing the elastic modulus in the ST-WQ condi-
tion, while Sn allows higher yield-strengths and more refined a-phase
distributions, limiting a-phase coarsening during aging. Therefore, the
co-addition of Zr and Sn seems a promising strategy in developing
age-hardening gum-type alloys [32,59-61].

3.3. Solute distribution among matrix and precipitates

Now we will discuss the sluggish solute-diffusion observed among
the TNES aged samples, displayed in Fig. 8d. Previous studies showed
that nearest-neighbor monovacancy jumps in the (111) direction are
responsible for the diffusivity in bcc-structures over a large range of
temperatures [62]. According to Neumann et al. (2001), Ti, Zr and Hf-
based alloys are vulnerable to lattice instabilities in the (111)B direction,
which result in a drastic softening of (111) and (110) phonon-modes,
that hence cause a decrease of the vacancy-migration energy and thus
an enhanced diffusivity [56]. Based on our results, it could be inferred

that Sn partially suppresses the lattice instabilities along (111)( direc-
tion. A consequence of that is the partial suppression of the (111)R col-
lapse (to form w-phase) observed in the WQ-condition (Fig. 1d-i). On
the other hand, since Zr additions also suppressed the w-phase, this can-
not be the main factor influencing the Nb and Fe diffusion in presence of
a quaternary element. If that were the case, Ti-Nb-Fe-Zr (TNFZ) and
TNFS would display an analogous behavior regarding diffusion (see
Figs. 8b, d, 9d). Therefore, the barriers to Nb and Fe diffusions - which
are particular to the Ti-Nb-Fe-Sn system - must be related to the pres-
ence of Sn atoms in the bee-solid solution.

Sn has been known as a slow-diffuser in o and PR Ti-alloys
[56,57,63,64]. Although some authors take account of Sn large metallic
radius on its diffusivity, this should not play a decisive role regarding
substitutional solutes that migrate via vacancies [56]. The diffusion coef-
ficients of substitutional solutes linearly depend on correlation factors
(CFs) - i.e. the correlation between two successive solute-vacancy ex-
changes. However, in binary alloys, the influence of CFs on Sn diffusion
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Fig. 7. SEM backscattered electrons (BSE) images of the experimental alloys after aging: (a) low-magnification of Ti-19Nb-2.5Fe-10Zr, grain boundaries were highlighted with coarse black
lines; (b) Ti-19Nb-2.5Fe-10Zr, (c, d) Ti-19Nb-2.5Fe-6Sn and (e) Ti-11Nb-3.5Fe-7Zr alloy. The aging time is displayed at the right, upper corner.
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Fig. 8. Line scans performed via scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) of Ti-19Nb-2.5Fe-10Zr (a-b) and Ti-19Nb-2.5Fe-65n (c-d) aged at 450
°C for 12 h. A marginal partition of both Zr (b) and Sn (d) is observed between matrix and precipitates.

is negligible [63]. As a result, the CFs on Sn impurity-diffusion in 3-Ti has
been often described by a pure mass-effect [56]. In respect to this point,
we can only infer that the CFs in a multi-component system diverge
from the binaries correlation factors available in the literature [64]. On
top of that, CFs must depend on secondary interactions between Sn
and the other alloying elements in this system: Nb and Fe.

According to a recent study with the Ti-Nb-Sn system, small Sn addi-
tions create an energetically favorable configuration of Ti—Sn first-
neighboring atoms, with a mixed Ti—Nb neighborhood [65]. We believe
these Ti—Sn anti-bonding sites may influence the vacancy-migration
energy and therefore the solute diffusion in our system. After all, further
studies on the solute-vacancy binding energies and on the chemical
bonding characteristics of the Ti-Nb-Fe-Sn quaternary system are
needed to reach a better understanding of the role of Sn on the mecha-
nisms of diffusion.

3.4. Materials selection and documentation

Materials property charts (Ashby maps) are useful tools for selecting
materials for structural parts. They represent, in a concise way, how two
properties of interest correlate with each other. Also, by analyzing the
position of a given material on the chart, one can promptly have a

Table 4
Equilibrium compositions at 450 °C predicted by ThermoCalc® using TCT1.

Alloy (wt%) Phases® Composition (wt%)
Ti Nb Fe Zr or Sn

Ti-11Nb-3.5Fe-7Zr B (bcc) 60.3 229 8.6 8.2

a (hep) 91.0 2.8 <0.01 6.1
Ti-19Nb-2.5Fe-6Sn B (bcc) 46.1 474 6.5 <0.01

a (hep) 90.0 13 <0.01 9.7
Ti-19Nb-2.5Fe-10Zr B (bcc) 524 329 4.7 10.0

a (hep) 86.9 3.1 <0.01 10.0

2 Only disordered BCCs were included in the calculation.

dimension on how the material will perform compared to other candi-
dates with respect to these properties [66].

With Fig. 10, we provide a detailed comparison of the alloys pro-
posed in this study and 24 other compositions taken from the literature.
Individual points in the graph are displayed as numbers, each one asso-
ciated to an alloy listed in the Supplementary Table 2. As properties of
interest for the map, we selected the elastic admissible strain, a well-
developed performance index to structural biomaterials, and the alloy
cost, which was estimated based on the cost-per-weight of the base-
metals traded on the London Metal Exchange (2016 first quarter), avail-
able here [67], and its relative proportion in each alloy.

From left to right, upper on the chart, we can spot #15 (TNZT-O) and
#12 (Ti-42Nb-0). As expected, TNZT and related alloys (in red) perform
well in terms of elastic admissible strain, however, their cost is elevated
due to the high percentage of Nb, Ta, and Zr in their composition - that is
why they are displayed far left on the chart. Ternary alloys as the ones
reported by Biesiekierski et al. (Ti-34Nb-25Zr) and Bahl et al. (Ti-
32Nb-2Sn), #9 and #10, respectively, have a relatively high elastic ad-
missible strain, but their high-Nb content makes them a bit expensive
(centered on the chart).

On the lower part of the chart, in violet, we expose the limitations of
solute-lean ternary alloys such as (#1) Ti-6Al-4V, (#2) Ti-13Nb-13Zr
and other alloys from the TNF system (#4-#7). They barely achieve
an elastic admissible strain of 1.0. In a recent study, we compared six
novel compositions derived from the Ti-Nb-Fe (TNF) system to establish
the dependence of the elastic modulus on the Nb/Fe atomic ratio [27].
Among samples submitted to solution-treatment followed by water-
quenching, the elastic modulus is always higher than 80 GPa due to
the presence of ®,, phase [27,46,68], which also limited their cold-
workability. On the other hand, Ti-6Al-4V has a good yield strength,
but its elastic modulus is higher than 100 GPa, which is undesirable con-
sidering the activation of stress-shielding [29]. Despite the low-cost as-
sociated with these alloys, they are deficient in terms of either yield
strength or elastic modulus.
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Fig. 9. TEM-images of Ti-11Nb-3.5Fe-7Zr aged at 450 °C for 30 min: (a) dark-field showing the alpha-precipitates through the [102]3 zone axis, (b) HAADF image of the same region,
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Through a combined analysis, the best candidates with a trade-off
between elastic admissible strain and cost are displayed in the first
quadrant of Fig. 10. They are: #24 (Ti-5Fe-3Nb-3Zr), #19 (Ti-12Mo-
6Zr-2Fe) and numbers #26, #27 and #30, designed in this study.
These numbers refer to Ti-19Nb-2.5Fe-6Sn at the aged condition, Ti-
19Nb-2.5Fe-10Zr at the ST-WQ condition, Ti-11Nb-3.5Fe-7Zr at the
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Fig. 10. Ashby map displaying some biomedical alloys from the literature and the ones
analyzed in this study. The 30 individual points displayed in the graph can be found,
with the respective references, on Table S2 (Supplementary information).

aged condition, respectively. We must highlight the position of #27
(Ti-19Nb-2.5Fe-10Zr) which presented a remarkable elastic admissible
strain of 1.49. Also upper on the chart, but with a slightly higher cost, are
the remaining alloys from the TNZF system: #23 (Ti-32Nb-6Zr-1.5Fe,
Nocivin et al. [26]), #20 and #21 (Ti-28Nb13Zr-0.5Fe, Cui et al. [20]).
It may be emphasized that we considered the price of commercially
pure Nb (99.9%) to compose the price of all TNZF based alloys. Never-
theless, the expense could be partially reduced by using Nb—Fe master
alloys (66%Nb, 33%Fe) instead, since these alloys have both Nb and Fe in
their composition. Master alloys are commodities of the steel industry,
and their costs are far inferior to the vacuum-grade Nb counterpart. As
an exception in the first quadrant, Ti-12Mo-6Zr-2Fe alloy (ASTM
F1813, [69]) shows that Ti—Mo based alloys can also perform well
within the selected criteria. However, Ti—Nb based alloys are superior
in respect of wear behavior. According to the literature, Nb allows a
quick re-passivation at the surface level, preventing any premature fail-
ure due to combined corrosion-wear mechanisms [3].

It is worth reminding that in Fig. 10, alloys subjected to ST-WQ and
to intricate heat-treatments are compared all at once, thus, their micro-
structure is varied. For more information, please check Supplementary
Table 2. Also, with the precipitation of a-phase during aging-heat treat-
ments, both yield strength and elastic modulus are increased [49,70],
and a specific EAS can be found for either condition, depending on the
alloy.

4. Conclusions

With the exposed limitations of the Ti-Nb-Fe ternary system in mind
[27], the results of this study showed that the addition of & suppressor
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elements such as Zr and Sn to Ti-Nb-Fe alloys are important to obtain
low-modulus, low-cost quaternary alloys, with good cold-formability.
Therefore, these additions are always beneficial to the Ti-Nb-Fe alloys,
drastically improving the EAS (elastic admissible strain) compared to
the ternary alloys. Alongside with improvements such as proper cold
working, grain refinement, and oxygen addition, we believe the TNFZ
and TNFS alloys reported here can easily achieve 1.4 GPa of yield
strength while maintaining a low elastic modulus, near 70 GPa. Ti-
19Nb-2.5Fe-10Zr is best represented at the ST-WQ condition, while Ti-
19Nb-2.5Fe-6Sn was presented as a viable age-hardening alloy. Also,
the alloys developed in this study are cost-effective, with an average
price lower than 40 US$/kg, while the conventional TNZT gum metals
cost nearly 100 US$/kg.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2018.10.040.
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