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ABSTRACT

Among many B-metastable alloys explored for biomedical applications, alloys
from the Ti-Nb-Fe-Zr system present great potential regarding cost and
mechanical strength. In this article, we take a new look at the possibility of using
Fe as a minor alloying element in the Ti-Nb-Fe-Zr system, with additions up to
2.0 wt% Fe. Additional compositions fixing the Nb/Fe ratio and changing Zr
content from 7-13 wt% were also explored, resulting in a total of five different
alloys. The samples were solution-treated and then subjected to three different
conditions: water-quenched, furnace-cooled, and step-quenched to 450 °C for
12 h. Resultant microstructures were analyzed using X-ray diffraction, differ-
ential scanning calorimetry, scanning, and transmission electron microscopy.
DSC experiments indicate that Zr might alter the phase transformations that
occur during heating and cooling cycles. First-principles calculations confirmed
that Zr’s addition is crucial to reduce the elastic modulus of the § matrix and
increase the w-phase formation energy relative to B. All alloys presented
mechanical properties suitable for biomedical applications; however, Ti-23Nb-
2.0Fe-10Zr (wt %) stands out with the best combination of mechanical strength
and elastic modulus after aging.
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Introduction

Throughout recent history, Ti alloys have become
unique materials for a wide range of applications in
the chemical, aerospace, and biomedical industries
owing to a combination of high-strength, low-den-
sity, and exceptional corrosion resistance. As a con-
vention, titanium alloys can be divided into three
different broad classes, designated as o, o + B, and
alloys. Nowadays, B and B-metastable Ti alloys are
the preferred candidates in the field of orthopedic
implants, thanks to their relatively low elastic mod-
ulus, biocompatibility, and an improved cold-work-
ability compared to a-p alloys, due to a higher
number of slip systems available in the bcc-f in
comparison with the hcp-o crystal structure [1]. The
number of studies concerning B-metastable Ti alloys
has been growing consistently since the 1990s. The
total number of publications indexed from Web of
Science reached approximately one thousand four
hundred fifty (1450) as of January 2021. It might rise
in the following decades with further advances in
alloy development, characterization techniques, and
computational tools [2].

While some research has been carried out on Ti-Fe-
based alloys, there is very little scientific under-
standing of Fe’s role on the phase transformations in
multicomponent Ti alloys. Since the early 1960s,
studies with alloys containing more than 2.5 wt% Fe
were discouraged. During the ingot fabrication, Fe’s
addition in high quantities led to its segregation to

regions called PB-flecks, which were detrimental to
mechanical performance [3]. Furthermore, the met-
allurgy community raised some concerns about the
formation of the Ti-Fe intermetallic compound over a
broad range of Fe additions in the Ti-Fe binary sys-
tem. However, later works by Franti et al. and Lee
et al. showed that in hypoeutectoid alloys such as Ti-
5Fe (wt %), the formation of Ti-Fe occurred very
slowly. According to the authors, the delay between
the onset of proeutectoid o formation and the
beginning of the bainite reaction—which in turn
would produce Ti-Fe—is of the order of weeks, even
at elevated soaking temperatures, slightly below the
eutectoid temperature. Ti-Fe intermetallics could
only be seen in Ti-5Fe after 28 days spent at 550 °C.
When detected, the formation of Ti-Fe seemed to
occur at impinged proeutectoid o-plates [4, 5I.
Accordingly, these results opened the possibility to
explore ternary systems with Fe further. As an
example, the design of Ti-Mo-Fe and Ti-Mo-Fe-Zr in
the early 2000s paved the way to design new alloys
with low cost and high mechanical strength [6, 7].
On the other hand, only a few papers had been
published exploring the Ti-Nb-Fe system in 15 years.
Most of them analyzed either as-cast samples of
binary Ti-Nb alloys, with diversified additions of Fe,
or solution-treated samples subjected to water
quenching or continuous cooling [8, 9]. As an exam-
ple, Lopes et al. (2016) showed that additions of
1-5 wt% Fe to Ti-30ND alloys could induce significant
strength improvements relative to the Ti-Nb binary
system [10]. In 2009, Cui & Guo designed a novel
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alloy named TNZF (Ti-28Nb-13Zr-0.5Fe wt%).
Forged samples subjected to ST-WQ presented yield
strength of 800 MPa, elongation of 13%, and an
elastic modulus of 60 GPa. The microstructure was
composed of primary B-grains and a small volumet-
ric fraction of o”. After aging at 450 °C for four hours,
the precipitation of o and a-phases led to increased
yield strength and elastic modulus to 950 MPa and
80 GPa, respectively [11]. A few papers revisited the
Ti-Nb-Fe-Zr system during the last years, showing
how promising this system could be [12-14]. The
possibility of using Fe as an alloying element has also
regained interest in the past years due to the con-
solidation of new processing routes based on additive
manufacturing using low-cost TiH, powder feed-
stock. In this case, Fe enhances the sinterability of AM
pieces thanks to its high diffusivity in Ti, significantly
accelerating the initial sintering stage [15]. This article
takes a new look at the possibility of using Fe as a
minor alloying element (i.e., with additions below
2.5 wt%) in a quaternary system alongside Nb and
Zr. Zr was selected as an w-suppressor element
because its addition can increase the energy barrier to
o-formation relative to other systems without this
element [16].

In this paper, we analyzed a total of five compo-
sitions; three of them are obtained by fixing the Zr
weight fraction and varying the Nb/Fe ratio—Ti-
23Nb-2.0Fe-10Zr, Ti-27Nb-1.5Fe-10Zr, and Ti-31Nb-
1.0Fe-10Zr (wt %). Two additional compositions are
prepared by varying the Zr content from 10 to 7 or
13 wt%, e.g., Ti-27Nb-1.5Fe-7Zr, Ti-27Nb-1.5Fe-13Zr.
Thus, Nb/Fe (atomic) ratios explored were 6.9 (Ti-
23Nb-2.0Fe), 10.8 (Ti-27Nb-1.5Fe), and 18.6 (Ti-31Nb-
1.0Fe). The alloys were designed hoping that high
Nb/Fe ratios could present a reduced elastic modu-
lus with respect to the compositions previously
reported in Dal Bo et al. [14]. Computational and
experimental data gathered during this work evi-
dence the chosen compositions are promising candi-
dates to the biomedical field, presenting a relatively
high elastic admissible strain (EAS, i.e., the yield
strength to elastic modulus ratio).

@ Springer
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Materials and methods
Experimental

The five alloys investigated in this study were pre-
pared via arc-melting under an argon atmosphere.
For this purpose, we used an electric-arc furnace with
a non-consumable tungsten electrode and a water-
cooled copper crucible. High-purity (> 99.95 wt %)
precursor metals were employed. The 70 g ingots
were flipped and re-melted six times to ensure
chemical homogeneity. Afterward, ingots were
encapsulated in quartz tubes with argon and sub-
jected to a homogenization heat-treatment at 1000 °C
for 12 h, followed by water-quenching by breaking
the quartz tubes. The ingots were cold-rolled to 20%
of their original thickness and then subjected to a
solution/recrystallization heat-treatment at 800 °C
for 10 min, followed by either (i) water-quenching
(WQ), (ii) furnace cooling (FC), or (iii) step-quenching
(SQ) to 450 °C for 12 h. The cold-rolling step was
necessary to obtain a specific thickness and ensure a
smaller grain size after recrystallization. The step-
quenching aging process (iii) was selected to mitigate
iso-o (isothermal omega) formation, and consists of
solution heat-treatment immediately followed by
holding the samples at the desired temperature, in
this case, 450 °C. This treatment was performed with
two independent hot-zones and followed by water-
quenching.

The ST-WQ samples’ composition was confirmed
by X-ray fluorescence technique (XRF) using a Shi-
madzu EDX7000 equipment. The interstitial O and N
contents were analyzed via the inert gas fusion
method (LECO TC400). The chemical composition of
the experimental alloys is displayed in Table 1.

Vickers hardness measurements were obtained
with a Buehler Vickers 2100 hardness tester, applying
an indentation load of 1 kgf load applied for 15 s.
Elastic modulus measurements of the 2 mm thick
samples were taken using a pulse-echo Panametrics
NDT 5072PR emitter-receiver equipped with 7.5 mm
round transducers operating at a frequency of
5 MHz. WQ samples later subjected to aging at
350 °C for 24 h were analyzed via DSC measure-
ments using a NETZSCH STA 409 C purged with
argon. Heating and cooling rates were set to 25 K/
min, over a temperature range from RT to 800 °C, to
detect the w-solvus temperature. The samples for the
DSC  experiments weighted 70 mg, on average.
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Table 1 Composition of the

five experimental alloys (wt Alloy (wt. %) Nb Fe Zr 0 N e/a

0); Ti in balance Ti-23Nb-2.0Fe-10Zr 222 + 0.6 23 +£02 9.9+ 03 0.186 & 0.002 0.006 + 0.002 4.22
Ti-27Nb-1.5Fe-7Zr 248 + 04 17402 7.1+02 * * 423
Ti-27Nb-1.5Fe-10Zr 26.1 £ 03 1.5+ 0.1 10.1 4 0.1 0.140 £ 0.009 0.014 + 0.004 4.23
Ti-27Nb-1.5Fe-13Zr 254 + 03 1.6+0.1 13.1+0.1 * * 424
Ti-31Nb-1.0Fe-10Zr  29.7 + 0.8 13 402 102+ 02 0.131 & 0.002 0.008 + 0.002 4.24

“Interstitials were determined to the alloys subjected to tensile tests only

Samples were subjected to a conventional metallo-
graphic preparation. Kroll’s reagent (6 mL of HNO;,
3 mL of HF, and 91 mL of H,O) was used for met-
allographic etching of the samples analyzed via vis-
ible-light microscopy (Olympus BX60M). Scanning
electron microscopy (SEM) images were acquired
using a ZEISS EVO MA15 scanning electron micro-
scope operating at 20 kV. Transmission electron
microscopy (TEM) images were obtained with the aid
of a JEOL 2100 (200 kV, LaB6 source) from conven-
tional 3 mm disks prepared via mechanical punch-
ing, grinding, and polishing. The disks were
subjected to argon ion milling at ~ 4 kV and an
incident angle of £ 6°, while in contact with a holder
cooled with liquid N».

Cylindrical, hot-swaged samples were prepared
exclusively for the tensile tests. Ingots were heated up
1000 °C and then hot-swaged with a reduction of
approx. 3 mm in diameter each step (four to five
forging steps total), down to 9 mm. Cylindrical ten-
sile specimens with 4 mm of diameter and 26 mm of
gauge length were then milled from the bars and
subjected to the desired heat-treatment. Fixation at
the universal testing machine was done at both edges
by M8 threads.

DFT calculations

First-principles calculations based on the density
functional theory (DFT), as implemented in the
Vienna Ab-initio Simulation Package (VASP) [17],
were carried out to investigate the energetic and
elastic properties of specific alloys derived from Ti-
23Nb-2.0Fe-10Zr (wt.%). The projector-augmented
wave (PAW) method with the corresponding PAW
pseudopotentials and PBE functional were
employed. The energy cutoff was set to 400 eV. The
Brillouin zone was sampled by an equivalent of 27 k-
points in the bcc primitive cell. Special-quasi-ran-
dom-structures (5QSs) with 54 atoms were built with

the aid of the ATAT package [18] to model each
composition. The configuration of each cell was Ti46-
Nb8 and Ti-43-Nb8-Zr3 (at.%) corresponding to
approx. Ti-23Nb-2.0Fe and Ti-23Nb-2.0Fe-10Zr
(wt.%), respectively. They were relaxed until forces
smaller than 0.02 eV/A were reached. Elastic con-
stants were obtained from the second derivative of
the internal energy with respect to orthorhombic and
monoclinic strain tensors, as described in Pezold et al.
[19]; the deformations were applied to the relaxed B-
phase cells, in four deformation steps, maxing out 2%
strain. Two-dimensional projections of the bulk
modulus (K), shear modulus (G), and Poisson’s ratio
were generated in the ELATE suite, developed by
Gaillac et al. [20].

Charge density differences were computed by self-
consistent calculations with a fine k-point grid (the
equivalent of 54 k-points in the primitive cell); they
were calculated to identify the charge rearrangement
due to the presence of Fe atoms in the B-phase. One
reference structure was computed for each alloy since
atomic positions are different due to ionic relaxation.
The charge density differences associated with Fe
additions (Ap, in e/ A3) are assumed to be:

Ap = Ps — (pere + putFe) (1)

where pg, psre, Purre are the total charge density of the
converged structure, of the converged structure
removing the Fe atom, and an isolated Fe atom at the
same atomic site, respectively. Charge density files
were post-processed with VESTA [21].

Alloy design

In Ti alloys, the valence electrons per atom ratio (e/a)
can significantly influence the elastic modulus.
Experiments with the Ti-Nb and Ti-V binary alloys
have shown that a minimum modulus can be
obtained in these systems with an e/a ratio between
4.24 and 4.26 [22]. According to Saito et al., in this
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range, the difference between the elastic components
C11 and C22 is small, which implies the single-crystal
Young’s modulus in the < 001 > direction, and the
shear modulus along < 111 > {011}, {112} and {123}
slip systems must be small. In this way, the elastic
modulus should be minimized [23]. As shown in
Table 1, the alloys’ ¢/a ratio is close to the reported
optimal range. However, it goes down to 4.22 (Ti-
23Nb-2.0Fe-10Zr) as we substituted Nb with Fe. The
relationship between the e/a ratio and the resultant
elastic modulus will be discussed in the results sec-
tion. In regard to Zr, since Zr partially substitutes Ti
atoms in the lattice, significant alterations in the e/a
ratio are not expected. As stated before, the benefits
of using Zr are associated with its w-phase sup-
pressing abilities.

In addition to essential aspects of alloy design
already covered in the introduction, another attrac-
tive property of our alloys is hardenability. Accord-
ing to Cotton et al. 2015, hardenability is the ability to
produce a functional metastable condition in the -
phase during quench, with a significant age-harden-
ing response from the supersaturated B-phase during
aging [24]. In the proposed alloys, the high quantity
of B stabilizers (Nb + Fe) helps avoid an extensive
formation of martensite or m-phase. Furthermore, the
high Nb/Fe ratio hinders the formation of diffusion-
controlled o-phase, since Nb is a slow diffuser in Ti.
Small additions of Fe are still there to act as fast
diffusers, allowing controlled precipitation of a-
phase during aging [25].

| ] Mater Sci (2021) 56:11494-11510

Results and discussion
Preliminary tests with Ti-27Nb-1.5Fe-xZr

To establish a reference frame, we started analyzing
samples subjected to ST-WQ and ST-FC, which could
easily be compared to their parents from the ternary
system [26]. It is worth reminding that the presence
of (athermal) ath-m also causes significant alterations
in the Vickers hardness, beyond changing the elastic
modulus [27, 28]. Vickers hardness for Ti-27Nb-1.5Fe
with Zr additions is shown in Fig. 1. Zr additions can
significantly reduce Vickers hardness in comparison
with the base alloy. It seems the reduction reaches a
threshold with additions between 10 and 13 wt% of
Zr. In the ST-WQ condition, an elastic modulus close
to 65 GPa was obtained for Ti-27Nb-1.5Fe with
additions of 10 and 13 Zr (wt%). These results can be
considered promising in comparison with other
compositions with much higher Zr contents, such as
Ti-25Nb-41Zr [29]. Concerning the FC samples, the
addition of Zr to the Ti-Nb-Fe system has led to
interesting divergences, compared to the base system.
For Ti-27Nb-1.5Fe, a significant drop in hardness and
elastic modulus is observed with the Zr addition. It
can be inferred that the Zr additions help to suppress
the isothermal omega (iso-0w) phase previously
formed in Ti-27Nb-1.5Fe (ternary) upon FC.

The initial idea behind the Zr addition was to
partially suppress the omega () phase formation by
a structural destabilization. XRD analyses were per-
formed for all the experimental alloys after WQ or FC
and are presented in Fig. 2. As the microstructure has
phases with a limited size, the analysis of conven-
tional XRD data must be performed with caution. For
the ST-WQ samples, Zr’s addition seems to efficiently

Figure 1 Hardness and elastic 360 360 110 71557
modulus as a function of the 340 1 —v—WQ 340 1 Xt
Zr content for Ti-27Nb-1.5Fe- —_ - | 1001 s
xZr. Data from WQ samples > 3204 320- "
are displayed in black; FC E:(; 1 % = 90+
samples in blue. @ 3001 300+ o
2 4 9/ 80 .
5 280 280+ =
T | 70
2604 260 -
240 2401 . 60+
J —e—FC |
220 T T T T 220 T T T T T 50 T T L T
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12

Zr content (wt%)
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Figure 2 X-ray diffraction of the ST-WQ (below) and ST-FC
samples. Compositions are abbreviated as follows: Ti-27Nb-
1.5Fe-10Zr = 271,510.

hinder the formation of the ath-m, since no  could be
detected via XRD. During cold rolling, we noticed a
moderate improvement in the cold formability with
the quaternary alloys. Omega-phase was not detected
in Ti-27Nb-1.5Fe-10Zr samples after ST-WQ (Fig. 3)
via TEM either. According to the literature, the
addition of 5-7 wt% of Zr to Ti-Mo-Fe alloys is
enough to suppress the formation of ath-o upon
water-quenching [30, 31], which corroborates with
our results.

On the other hand, in the FC condition, ®-phase
peaks are seen in the diffractograms from Ti-27Nb-
1.5Fe-7Zr, probably due to the slow cooling process
that enables the formation of isothermal ®w-phase. The
results obtained in this work pointed to the necessity
of slightly higher Zr additions (10 wt%) to Ti-Nb-Fe
alloys to avoid the formation of isothermal w-phase

Figure 3 Bright-field of the
Ti-27Nb-1.5Fe-10Zr TEM
sample (ST-WQ) and its
respective selective-area
electron diffraction (SAED).
Images recorded through the
[102]B zone axis. Only B-
phase was detected.

11499

during cooling. Additionally, the broadening of B
peaks near 20 =70 degrees could suggest the
appearance of either o or martensitic phases (a" and
o) in these samples. However, this is unlikely to be
the case since no other peaks were detected. Fur-
thermore, in these alloys, the quantity of B stabilizers
is sufficient to depress the martensite start (Ms)
associated with o’ and o'’ to below room temperature
[32, 33]. Conversely, Nb contents should limit o-
phase formation and growth due to its limited dif-
fusion in the B matrix [34].

As a preliminary analysis, DSC scans were per-
formed for Ti-27Nb-1.5Fe-10Zr (the intermediate
composition concerning the Nb/Fe ratio). As previ-
ously described in Costa et al. 2016 and Salvador
et al. 2017, samples were subjected to aging at 350 °C
for 24 h to produce microstructures with well-de-
veloped iso-o-phase precipitation before the scans.
With an elevated w-phase volumetric fraction, the
phase-transformation events could be easily detected
[25, 26].

DSC thermograms are presented in Fig. 4. The
image displays peaks associated with the iso-o for-
mation and decomposition. However, they are less
energetic relative to ones detected in the ternary
system [26]. This behavior might be associated with
the Zr presence in the alloy since Zr reduced the iso-®
volumetric fraction obtained after aging relative to
the ternary system. On the other hand, the exother-
mic peak associated with o-phase is very subtle and
can only be highlighted in the first heating cycle
(450 °C < T <500 °C). Based on previous results
from the ternary system, Zr may cause the reduction
of ®-solvus temperature, enabling o-phase to form at
lower temperatures among the quaternary alloys.

@ Springer
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Figure 4 DSC curves (2 consecutive cycles) recorded for Ti-
27Nb-1.5Fe-10Zr. The formation and dissolution of ® are
followed by the formation of alpha near 450 °C. Red tones
represent heating cycles, and blue tones cooling cycles,
respectively.
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Computational investigation
DFT analysis of the w-phase

To evaluate the w-phase stability via DFT, we take the
o-structures after relaxation and compare it to the
prior B-structure. A degree of collapse (DOC) of 1
means the atoms that collapsed to form o are still at
the same positions expected for a standard o crystal
structure. On the other hand, a DOC = 0 means the ®
structure fully relaxed into P; therefore, the atoms
returned to their original positions before the collapse
[35, 36]. In Fig. 5, one can see that the energies of
and o phases are much closer in the Ti-23Nb-2.0Fe
(b) alloy supercells. Also, the degree of collapse of ®
after relaxation is 63%, which is relatively close to an
ideal ® crystal structure (DOC =1). On the other
hand, in the Ti-23Nb-2.0Fe-10Zr cell (c), the w-phase
relaxed into a partially-collapsed ®, with the centered
atoms positioned almost at the bcc primitive posi-
tions. Following this behavior, the B-phase has

Figure 5 Energy of the 54
atom supercells after
relaxation; initial structures set
to B-phase (blue) and w-phase
(orange) phases for each
composition; the degree of

-442

-443 ]

collapse after relaxation is
shown in gray (right-hand
axis), next to an illustration
that shows DOC = 0 and
DOC = 1; b depicts the ®-
phase cell for Ti-23Nb-2.0Fe
after relaxation and

(c) illustrates the same for Ti-
23Nb-2.0Fe-10Zr. Note that

444

System energy (eV)

23Nb-2Fe

(%) D0Q ebswQ
(®)
()

23Nb-2Fe-10Zr

(c) is very similar to a bee (b)
structure.

23Nb-2Fe

(111

(11218
[110]g

[112)g

(110l 23Nb-2Fe-10Zr
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relatively lower energy than o in this case, and the
estimated DOC is small after relaxation (DOC =
43%). It is worth reminding that a DOC = 0 equals a
perfect B crystal structure. In other words, DFT cal-
culations pointed to a destabilization of ® in the Zr
presence, favoring a bcc-like phase formation upon
quench. These results support previous statements
and data collected via DSC.

DFT analysis of the f-phase

An in-depth analysis of the B-phase structures after
relaxation adds interesting data to the problem in-
hand. By analyzing Fe atoms’ neighborhood, it is
intriguing to note significant atomic displacements
towards the Fe atom, causing lattice distortions in
both compositions (Fig. 6). However, while in Ti-
23Nb-2.0Fe the bond distortions follow a bimodal
distribution, with a few bonds parallel to the [111]8
direction being severely affected (Fig. 6a), the local
bond distortions in the presence of Zr are more
homogenous (Fig. 6b). We believe these atomic con-
figurations result from the electronic charge density
distributions (Ap) around the Fe atoms in each alloy.

11501

In general, positive Ap are localized along with Ti-Fe
bonds, favoring such bonds. In Ti-23Nb-2.0Fe, elec-
tron-excess and depletion zones are found alongside
the [111]B direction, increasing directional stiffness
and most likely favoring the collapse of B to form this
o-variant (Fig. 6¢). As can be observed in Fig. 6d, an
opposite behavior is seen in Ti-23Nb-2.0Fe-10Zr,
which presents delocalized Ap that decrease the
bonds’ overall covalent character and promote an
elastic softening of the structure. Local distortions
and charge distributions corroborate with Ti alloys’
phase stability and mechanical behavior, as discussed
by Choudhuri et al. [35]. In the absence of Zr,
depletion zones generated by Fe cause large local
atomic distortions, induce the o-phase formation and
result in increased elastic stiffness. Fortunately, Zr
additions can change the charge density distribution
around Fe, promoting charge delocalization and
balanced atomic displacements, contributing to
higher B-phase stability.

Finally, the elastic properties of Ti-23Nb-2.0Fe with
and without Zr additions are illustrated in Fig. 7.
Figure 7c—f also shows a marginal increase in the
Poisson-ratio anisotropy (1.20 vs. 1.08) with the Zr

Figure 6 Bond distortions
around Fe atoms for Ti-23Nb-
2.0Fe (a) an Ti-23Nb-2.0Fe-
10Zr (b). Figures (c) and

(d) display the electron charge

(a)

difference plots associated
with the Fe atom in each alloy.
Charge density differences
(Ap) created with VESTA [21]
are displayed in yellow with

Probability (%)

-10 -5 0

0.05 e/A? iso-charge surfaces.
Depletion zones are presented
in blue. Atoms were colored
with a standard CPK coloring
scheme. Red arrows indicate
increasing stiffness vectors.

Bond distortions around Fe (%)

(b)

-10 -5 0 5 10
Bond distortions around Fe (%)

5 10

(111

[112]g
[110]g
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(a) s E (GPa) | (b) s G (GPa)| (© °s  Poisson
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Figure 7 2D projections of the elastic modulus, shear modulus, and Poisson’s ratio for each cell obtained via DFT. Maximum values are

shown in blue and minimum in green.

Table 2 Elastic constants

obtained via DFT. Alloy (wt. %) K Cn Ciz Cus Poisson Poisson anis
(GPa)
Ti-23Nb-2.0Fe 110.0 124.3 102.9 11.6 0.45 1.08
Ti-23Nb-2.0Fe-10Zr 104.9 116.7 99.0 10.6 0.45 1.20

The bulk modulus is referred to as K

addition. The difference between the elastic compo-
nents C11 and C22 was not significantly affected. In
absolute values (Table 2), the elastic modulus of the
B-phase (Voigt-Reuss-Hill averages) could be
reduced by roughly 13% with the addition of Zr
(Table 2). However, this reduction does not take into
account the energy minimization of , which hinders
the formation of ®. In other words, the addition of Zr
to Ti-23Nb-2Fe has two direct benefits: it reduces the
elastic modulus of the f matrix and also increases the
o-phase formation energy relative to B, ultimately
suppressing » formation.

Experimental verification

Now that all theoretical implications concerning Fe
and Zr solutes were exposed let’s turn our attention

@ Springer

to experiments performed with samples with varied
Nb/Fe ratios and Zr content fixed to 10 wt%. X-ray
diffraction patterns of such samples are presented in
Fig. 8. One more time, WQ samples presented a full
B-structure. According to the TEM analysis shown in
Fig. 3 and in Dal Bo et al. [14], the addition of 10 wt%
of Zr to the ternary alloys Ti-19Nb-2.5Fe and Ti-
27Nb-1.5Fe thoroughly suppresses ath-w-phase for-
mation upon quenching. The same is expected for Ti-
23NDb-2.0 Fe based on the DFT predictions presented
in Fig. 5. As Ti-31Nb-1.0Fe also has considerable
amounts of Nb, it could be inferred that m-ath would
also be suppressed upon the same addition.

Figure 8b shows the diffractograms obtained from
samples subjected to solution treatment followed by a
step-quench to 450 °C for 12 h. The diffractograms
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Figure 8 XRD data on the (a) WQ samples
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(b) Aged samples

(a) ST-WQ and (b) aged
conditions. Samples with Zr
content fixed to 10 wt.%.

Figure 9 Optical micrographs
of the WQ samples (a—c) and
SEM of the aged samples (d—
f). All compositions with

10 wt.% of Zr. As labeled,
images are related to Ti-23Nb-
2.0Fe-10Zr, Ti-27Nb-1.5Fe-
10Zr and Ti-31Nb-1.0Fe-10Zr
from left to right, respectively.
This image refers to
cylindrical, hot-swaged
specimens.

—— 23Nb-2.0Fe-10Zr —— 23Nb-2.0Fe-10Zr
——— 27Nb-1.5Fe-10Zr R ——— 27Nb-1.5Fe-10Zr
—— 31Nb-1.0Fe-10Zr Qe —— 31Nb-1.0Fe-10Zr
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point to a successful strategy in getting fine and
dispersed o-precipitates through the  matrix with-
out detectable m-phase formation. The temperature of
450 °C—which is above w-solvus for Ti-27Nb-1.5Fe-
10Zr and therefore for all experimental alloys—was
chosen based on the previous DSC results presented
in Fig. 4. The microstructures of the WQ and aged
samples are further detailed in Fig. 9. As shown in
the optical micrographs presented in Fig. 9a—c, WQ
samples present only B grains, with a broad size
distribution, due to the mechanical processing and

fast recrystallization performed before the character-
ization. It appears Ti-23Nb-2.0Fe-10Zr has an average
grain size greater than the others, and this could be
associated with either the composition or the ther-
momechanical processing; however, this particular
analysis was not addressed in the present work. The
reader should be aware that the smaller grains could
result in an overestimation of yield strengths in Ti-
27Nb-1.5Fe and Ti-31Nb-1.0Fe based alloys due to the
well-known Hall-Petch relationship [37]. As for the
aged samples (Fig. 9d—f), one can observe fine and
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dispersed o-phase, without much development of the
precipitates at the grain boundaries, which is bene-
ficial to ductility. As the images were recorded with a
backscattered electrons (BSE) detector’s aid, it can be
inferred that Nb has been concentrated in the f-phase
(brighter), as expected for such long heat-treatments.
Nb-rich regions appear brighter in BSE images since
they scatter more electrons, given Nb’s superior
atomic number.

Tensile tests presented at the WQ and aged con-
ditions are presented in Fig. 10a and b, respectively.
As expected, the lower Nb/Fe ratio (higher Fe con-
tent) in Ti-23Nb-2.0Fe-10Zr led to overall higher yield
strengths, given that Fe has an essential role in solid-
solution strengthening of the B-phase [38]. On the
other hand, high Nb contents led to improved duc-
tility. Ti-31Nb-1.0Fe-10Zr reached an average elon-
gation at failure of 15 &+ 6%, the higher strain among
the experimental alloys.

Concerning the heat-treated specimens, Ti-23Nb-
2.0Fe-10Zr performed best in response to aging, with
an average yield strength of 980 £ 62 MPa. In Ti
alloys, the B/o interfaces block the dislocation
motion; hence, the mechanical strength of any p + o
microstructure derives mainly from the size, mor-
phology, and distribution of the o phase. Usually, the
finer the o-phase size distribution, the higher the
resultant mechanical strength. An interesting point to
be noted in the mechanical tests (Fig. 10b) is that
although the o-phase size distribution in Ti-31Nb-
1.0Fe-10Zr (Fig. 9f) appears more refined than in Ti-
23Nb-2.0Fe-10Zr (Fig. 8d), the Fe-rich alloy presented
a higher yield strength, which is controversial.

1200
| (a) Water-quenched
T 1000 4 —— Ti-23Nb-2.0Fe-10Zr
% Ti-27Nb-1.5Fe-10Zr
= ——Ti-31Nb-1.0Fe-10Zr
o 800- F’_\
(7]
)
= 6004
n
2
‘= 400 \
)
2
S, 200-
C
w
0 T T T T T
0 4 8 12 16 20 24

Strain (%)

| ] Mater Sci (2021) 56:11494-11510

Therefore, in this case, it seems the solid-solution
reinforcement of Fe within the B-matrix is dominant
over the size of the o-phase laths resultant from
aging. In Fig. 10a, it is also possible to observe a non-
uniform deformation before necking in Ti-27Nb-
1.5Fe-10Zr, which could be associated with the
composition.

A compilation of the mechanical properties
obtained in this study is presented in Table 3. Despite
the sound results reported in this section, none of the
high-Nb alloys performed as well as the Ti-19Nb-
2.5Fe-10Zr (1027 MPa, 69 GPa) with respect to the
mechanical properties [14]. In other words, Ti-19Nb-
2.5Fe-10Zr seems to present an optimal trade-off
between mechanical strength and low elastic modu-
lus, reaching a unique elastic admissible strain.

Based on the fractured surfaces presented in
Fig. 11, a ductile rupture mechanism is evident
among the WQ samples. The side view images
(Fig. 11a—) display a vast necking region for all
specimens, with a familiar cup-and-cone shape [39].
Fractured surfaces are covered by dimples and a few
opened-up pores (dark), which indicate a predomi-
nant ductile behavior. Dimpled rupture involves
three stages: void nucleation, growth, and coales-
cence. According to Van Stone et al. (1978), in Ti
alloys, void nucleation should occur on blocked slip-
bands or deformation twins (in the absence of a sec-
ond phase). Then, the voids propagate through twin
boundaries or grain boundaries, taking advantage of
the multiple deformation modes available on both
sides of these boundaries [40], which agrees with our
experimental observations. Most fractures seem to

1200
_ (b)
© 4
q 1000
=3 — =
o 800
n
1)
= 6004
n
2
G:.) 400 Step-quenched (aged)
GCJ ——Ti-23Nb-2.0Fe-10Zr
'Sy 200+ —— Ti-27Nb-1.5Fe-102Zr
c ——Ti-31Nb-1.0Fe-10Zr
Ll
0 T T T T T
0 2 4 6 8 10 12

Strain (%)

Figure 10 Stress—strain curves for the experimental alloys at the ST-WQ condition (a) and the aged condition (b).
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Table 3 Compilation of the mechanical properties of high-Nb alloys
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Alloy Condition Hardness Yield strength Elastic modulus Elastic modulus Elongation at break
HV,) (MPa) (GPa) (GPa)* (%)

Ti-23Nb-2.0Fe- wQ 252 +£ 8 782 £ 62 79 £ 1 72 + 2 10+ 1

10Zr Aged 316 £ 5 980 + 62 104 £+ 10 87 £2 8+ 1
Ti-27Nb-1.5Fe- wQ 229 + 2 735 + 94 78 £ 3 77+ 2 9+1

10Zr Aged 301 £ 9 903 + 33 101 &£ 5 85+ 3 8+3
Ti-31Nb-1.0Fe- wQ 218 &5 672 £ 99 77 £ 2 75 + 2 15+6

10Zr Aged 278 &£ 7 796 £ 94 89 + 1 86 + 4 10+ 5

Two elastic modulus measurements, via tensile tests and the *pulse-echo technique

Figure 11 Fractography of
the samples subjected to ST-
WQ. Side view of the
specimens after testing (a—c),
overview (d—f), and detailed
(g—1) SEM images of the
fractured surfaces. From left to

right, respectively: Ti-23Nb-
2.0Fe-10Zr, Ti-27Nb-1.5Fe-
10Zr and Ti-31Nb-1.0Fe-10Zr.
This image refers to
cylindrical, hot-swaged
specimens.

occur due to void coalescence. Furthermore, a higher
Nb/Fe ratio appears to be associated with fewer
dimples, elongated, and more generous in size in Ti-
31Nb-1.0Fe-10Zr specimens. A difference in the
density and size of dimples based on composition
was also reported in Lopes et al. (2016) while
exploring the Ti-Nb-Fe system, corroborating these
observations.

As for the aged specimens, the side view (Fig. 12a—
¢) displays a mild necking and a few sharp ledges,
which could be representative of both ductile and
brittle (mixed) fracture modes. However, the fracture
surfaces encompass a high density of varied sized

dimples and opened-up pores, typical of ductile-
dominant fracture. The micro-fracture images are
also dominated by dimples, as can be seen in
Figs. 12g-i. That makes sense since the average
elongation at break for the aged specimens reaches
8%. As a frame of reference, heat-treated Ti-5553
presents a quasi-cleavage, transgranular fracture
mode under tensile, with a predominance of cleavage
facets over dimples. In the case of Ti-5553, elongation
at break is often limited to 2% [41]. In this context, it
could be stated that the alloys explored in this work
still present a relatively high-ductility, even after
being subjected to aging heat-treatments. On the
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Figure 12 Fractography of
the samples subjected to aging.
Side view of the specimens
after testing (a—c), overview
(d—f), and detailed (g—i) SEM
images of the fractured

surfaces. From left to right,
respectively: Ti-23Nb-2.0Fe-
10Zr, Ti-27Nb-1.5Fe-10Zr and
Ti-31Nb-1.0Fe-10Zr. This
image refers to cylindrical,
hot-swaged specimens.

Table 4 The best elastic admissible strain (EAS) obtained for
each alloy/condition

Alloy Condition EAS % (best)
Ti-23Nb-2.0Fe-10Zr wQ 1.09

Aged 1.14
Ti-27Nb-1.5Fe-10Zr wQ 0.95

Aged 1.06
Ti-31Nb-1.0Fe-10Zr wQ 0.89

Aged 0.93

other hand, early plastic instabilities among aged
samples could limit their use depending on the target
structural application’s strain requirements.

Overall, the alloys presented here are promising
candidates to be used in the biomedical field. Upon
quenching or aging, they achieved elastic admissible
strains close to 1 (Table 4), suitable for structural
materials in the biomedical area [29, 42]. Hardness
values are also presented as a reference for future
works. We decided to use the pulse-echo modulus
values to estimate the elastic admissible strains
(EASs) displayed in Table 4 since this technique is
more reliable than extrapolations from the stress-
strain curves.
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A compilation with a few alloys from the Ti-Nb-Fe,
Ti-Nb-Zr, and Ti-Nb-Fe-Zr systems, their composi-
tions, mechanical properties, and e/a ratios are
shown in Table 5. Concerning alloy design aspects, it
seems the success of creating novel quaternary com-
positions should not be directly associated with the
well-known electronic parameters such as the e/a
ratio. As shown in Fig. 12, it is impossible to establish
a direct correlation between elastic modulus and such
parameters. Even for a small e/a ratio range (near
4.20), elastic moduli vary from 55 to 90 GPa.
According to Wang et al. 2016, the e/a ratio is not a
suitable parameter to predict the elastic modulus and
the phase stability of multicomponent Ti-Nb-Zr
alloys [43] (Fig. 13).

Since compositions with the same e/a ratio can have
different shear elastic constants, an estimation of the
elastic constants via computational techniques is
needed for each specific alloy, making alloy design
more intricate than previously thought [23, 44-46].
The elastic modulus of Ti-23Nb-2Fe was reduced by
approx. 32% with Zr additions, going from 95 to 72
GPa. According to DFT calculations, only 12% of such
reduction can be attributed to structural changes in
the B -phase; therefore, the decline may be majorly
linked with the ® suppression in Zr presence.



Table 5 Compilation of the
mechanical properties of ST-
WQ alloys from the literature

] Mater Sci (2021) 56:11494-11510 : 11507
Id* Composition (wt. %) Ys (MPa) E (GPa) EAS e/a References
1 Ti-13Nb-13Zr 345 66 0.52 4.077 [47]

2 Ti-34Nb-25Zr 810 62 1.31 4.245 [29]
3 Ti-12Nb-5Fe 740 90 0.82 4.250 [48]
4 Ti-30Nb-3Fe 650 81 0.80 4.303 [10]
5 Ti-19Nb-2.5Fe 672 90 0.75 4.203 [26]
6 Ti-23Nb-2.0Fe 604 95 0.64 4211 [26]
7 Ti-28Nb-13Zr-0.5Fe 780 58 1.34 4.201 [11]
8 Ti-10Nb-19Zr-1Fe 624 59 1.06 4.100 [12]
9 Ti-32Nb-6Zr-1.5Fe 1038 62 1.67 4.266 [13]
10 Ti-19Nb-10Zr-2.5Fe 1027 69 1.49 4214 [14]
11 Ti-35Nb-7Zr-5Ta 530 55 0.96 4255 [49]
12 Ti-23Nb-10Zr-2.0Fe 782 72 1.09 4223 This work

“Identification matching Fig. 10

100 LN DL L L L B L AL R LA L LA LA L R B R
— Ti-Nb-Fe 6]
D‘:.u 90+ (ternary) .
e
(2]

80 - 4
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-é 70, 23Nb-2.0Fe-10Zr |
0 (1]
®
LT“J, 60 -

1 Cui 2009 [11JTNZT
50 +—+—m—w—14—m—————T
405 410 415 420 425 430 435

e Based on the electronic analysis of the B-phase
performed via DFT, it is not the magnitude of
electronic charge density differences (Ap) that
define the elastic properties in this system, but
rather its localization and orientation. Charge
density differences play an essential role in lattice
distortions, thus influencing phase stability.

e Overall, the behavior of Fe-rich alloys diverges
from the Nb-rich ones. Fe enables higher mechan-
ical strength but unfortunately leads to a rela-
tively higher elastic modulus.

A good compromise between strength and mod-

electron/atom (e/a) ratio

Figure 13 Elastic modulus vs. e/a ratio. There is no apparent
correlation between these data points; the diagram only explicit
the reduction of the elastic modulus with 10 wt.% Zr addition.

Conclusions

We have confirmed there are good candidates among
the Ti-Nb-Fe-Zr alloys in the biomedical field. In
summary, Zr additions seem crucial to hinder the ®-
phase formation and achieve a relatively low elastic
modulus among Ti-Nb-Fe-Zr alloys. This hypothesis
is supported by DFT calculations and several exper-
imental observations presented through this study,
such as the ones highlighted below:

e Semiempirical electronic parameters such as the
e/a ratio could not predict the behavior of novel
Ti-Nb-Fe and Ti-Nb-Fe-Zr compositions concern-
ing either their elastic modulus or their phase
stability.

ulus is obtained for Ti-23Nb-2.0Fe-10Zr, which
presented an elastic admissible strain of 1.14 after
aging.

e Zr additions provide an excellent counter-mea-
sure to the elastic modulus increase due to Fe
presence, operating on two fronts: (1) reducing the
elastic modulus of the p matrix and (2) increasing
the o-phase formation energy relative to p.
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