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Abstract

Ti-(24-26)Nb-(2-4)Hf at.% alloys were designed by assuming that hafnium has a sim-
ilar effect to zirconium in the Ti-Nb-Zr system. Alloy specimens were produced using
vacuum arc melting and subsequently hot-rolled. Uniaxial tensile testing was then
performed both at ambient temperature and in liquid nitrogen at -196◦C. While
the alloys showed no obvious superelastic behaviour, they exhibited pronounced
strain hardening and could achieve high elongations before failure (>30% engineer-
ing strain). Post-mortem examination revealed that the mechanism of strain hard-
ening was extensive blue{332} and/or {211} deformation twinning. Twinning was
found to be more prevalent in alloys with 2 at.% Hf compared to those with 4 at.%.
The cryogenic temperature deformation also promoted deformation twinning when
compared to ambient temperature results. As is the case with other metastable
β-Ti alloys, maintaining control over the precipitation of ω phases was found to
be crucial for attaining desirable mechanical behaviour. Further, microstructural
engineering and alloying may be used to develop strong, lightweight alloys based
on the Ti-Nb-Hf system with beneficial strain hardening characteristics for energy
absorption, cryogenic and biomedical applications.
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1 Introduction

Stabilising the body-centred cubic (b.c.c.) β phase in titanium through al-
loying can yield improved and often unique mechanical properties. This has
been exemplified by the introduction of near-β alloys with excellent forge-
ability such as Ti-10V-2Fe-3Al [1] and Ti-5Al-5Mo-5V-3Cr [2] (wt.%) in the
aerospace industry and by the development of metastable-β superelastic and
shape memory alloys such as Gum Metal Ti-36Nb-2Ta3Zr [3] and IMR alloy
Ti-24Nb-4Zr-8Sn [4] (wt.%).

Preprint submitted to Elsevier 17 October 2018



Alloys based on the Ti-Nb binary system exhibit interesting variability in
mechanical behaviour, e.g. shape memory and superelasticity, due to a strain-
induced martensitic transformation [5,6]. During this transformation the b.c.c.
β phase is transformed into twinned martensite variants of the orthorhombic
α′′ phase. The mathematical description of the transformation has been de-
scribed in detail by Lieberman et al. [7], as well as by Mackenzie and Bowles
[8,9]. The martensite formation may occur in addition to conventional plastic
behaviour attributable to dislocation glide and/or deformation twinning.

The characteristics of the β to α′′ martensitic transformation in Ti-Nb can
be controlled through alloying with additional elements, which include Al, Pt,
Ta, Zr and Sn [10–15]. Among these, alloying with tantalum and zirconium
has shown the greatest window for tailoring of mechanical behaviour [12].
The Ti-Nb-Ta-Zr quaternary system has thus resulted in a number of alloys
that are collectively abbreviated to TNTZ. The superelastic properties of ti-
tanium alloys are strongly dependent on their oxygen content [16,17] as well
as the amount of athermal and isothermal ω phases [18,19]. Excess propor-
tion of ω causes the superelasticity to diminish. Precipitation of isothermal ω
(i.e. during isothermal ageing) results in rejection of β-stabilising solutes and
formation of disperse α laths [18–20].

The most intensively studied and discussed TNTZ alloy has been Gum Metal
[3]. The alloy was designed by applying the theoretical averaging principles
put forward by Morinaga et al. [21,22] which use the molecular orbital con-
cept. While originally it was suggested that the alloy’s “super” properties
were attributed to a dislocation-free faulting mechanism, it was subsequently
demonstrated that the alloy deformed via the β to α′′ martensitic transfor-
mation [23]. It was also demonstrated that the transformation is accompanied
by dislocation glide and deformation twinning [24], especially during cyclic
loading.

Deformation twinning has been exploited to obtain ultra-ductile steels with
superb strain hardening characteristics, e.g. TWIP steels. This makes them
superb materials for dynamic energy absorption [25]. Example applications
include ballistic protection and automotive collision safety. If the same phe-
nomena can be exploited in titanium alloys, it would provide lower density
alternatives to steels for dynamic applications where the extra material cost
is warranted. Despite the substantial ductility to failure and extensive trans-
formation twinning observed in Gum Metal, the alloy does not exhibit any
beneficial work hardening. This is also the case in a number of other alloys
based on the Ti-Nb system [26,12].

The Ti-Nb-Hf system has received very limited scientific attention to date.
The primary interest has been from biomaterials research as the system can
produce low-modulus biocompatible alloys that are reported to form twinned
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martensite phases [27,28]. In this work we investigate the mechanical proper-
ties of Ti-(24-26)Nb-(2-4)Hf at.% alloys with a focus on structural applications
and consider the perspectives for developing alloys with dynamic strain hard-
ening.

2 Experimental methodology

2.1 Alloy design

The alloy compositions in this study were selected by assuming that hafnium
has a similar effect on the martensite start (Ms) temperature as zirconium.
Thus, the alloys were designed with the aim of achieving a β → α′′ transfor-
mation that would result in superelasticity or shape memory in the alloys.

The compositions were determined with reference to existing studies. In Ti-
(25-28)Nb alloys the Ms increased by 43 ◦C for every 1 at.% of niobium added,
with the Ms of Ti-25Nb approximately at room temperature. In Ti-22Nb-(2-
8)Zr the Ms decreased by 38 ◦C for every 1 at.% of zirconium content [13].
Since there were no existing reports discussing effects of hafnium on the Ms

at the time of this writing, its effect was assumed equivalent to that of zirco-
nium. The effects of niobium and hafnium on the martensitic transformation
temperatures were assumed to be independent. The hafnium content was con-
strained to 2-6 at.% due to its high melting point. It was thus, estimated that
the Ti-(24-26)Nb-(2-6)Hf at.% alloys would have the Ms temperature ranging
from -140 to 20 ◦C.

Final alloy compositions were derived using molecular orbital theory parame-
ters [29,21,22]. These three parameters are the electron per atom ratio (e/a),
bond order (Bo) and metallic average d-electron orbital energy level (Md).
The properties related to martensites can be predicted by e/a ratio [29]. In
quenched material, it is predicted that an e/a ratio greater than 4.20 will
result in a pure β phase. Ti-(25.5-27)Nb at.% alloys (e/a 4.255-4.270, Bo
2.869-2.873, Md 2.440-2.441 eV) showed superelastic behaviour at room tem-
perature [16]. Ti-22Nb-6Zr at.% (e/a 4.220, Bo 2.876, Md 2.471 eV) exhibited
the best superelastic behaviour at room temperature among Ti-22Nb-(2-8)Zr
at.% alloys [16]. Finally, Saito et al. put forward three electronic “magic num-
bers” for Gum Metals which were most likely to exhibit “super-properties”
(including superelastity): e/a ∼4.24, Bo ∼2.87, and Md ∼2.45 eV. With ref-
erence to the aforementioned studies, the final compositions of the four alloys
investigated in this study were determined (i.e. Ti-(24-26)Nb-(2-6)Hf at.%).
The alloy design parameters are summarised in Table 1.
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2.2 Alloy preparation and mechanical testing

The alloys were produced from commercial purity titanium sponge (<1200
ppm oxygen), 99.9% niobium pellets and 99.7% hafnium bar. The elements
were arc-melted in a water-cooled crucible under a back-filled argon atmo-
sphere and cast into a copper mould to produce≈300 g ingots with a 23×23 mm
cross section. The ingots were then heated to 1150 ◦C and, after a 30 minute
furnace soak time, were hot-rolled using square profile rolls to produce 14×14 mm
cross section bars.

The material from the rolled bars was sectioned manually for metallographic
characterisation and electric-discharge machined (wire EDM) to produce minia-
ture tensile test specimens. The dog bone geometry specimens had a 19 mm
gauge length and a 1.5×1.5 mm cross section. Tensile testing was performed
using a Zwick-Roell 100 kN lead screw load frame. The specimens were tested
to failure at 10−3 s−1 using a contact extensometer to record strain. Low-
temperature tests were performed at -196 ◦C in liquid nitrogen.

To investigate alloy stability, some specimens were encapsulated in quartz
tubes with back-filled argon and annealed for 1 h at 800 ◦C and subsequently
quenched in water. Half of the annealed specimens were tested immediately
and half were ω-aged at 300 ◦C for 24 h before tensile testing.

To reduce the grain size and improve the strength, Ti-24Nb-2Hf was sequen-
tially cold rolled to 75% thickness, flash-annealed at 900 ◦C for 2 min and
water-quenched. Thus, the 14 mm bar was rolled into a 1.5 mm plate, ma-
chined into dog bone specimens and tested in tension. Based on the initial
test results, the effect of the flash annealing temperature on grain size was
investigated in Ti-24Nb-2Hf cold-rolled to a 70% thickness reduction. Pieces
of the alloy were flash-annealed for 1 min at different temperatures and ex-
amined in the light microscope to measure the average grain size (equivalent
diameter) using ImageJ software. Due to the limited quantity of original ingot
material Vickers hardness tests were performed.

2.3 Material characterisation

Specimens were prepared for scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), visible light microscopy (LM) and X-Ray
diffraction (XRD). For SEM, XRD and LM specimens were prepared using
standard metallographic technique using SiC papers and pH-neutral colloidal
silica suspension. LM specimens were chemically etched using 8 vol.% HF and
15 vol.% HNO3 in water. LM imaging was performed on deformed specimens
using cross-polarising filters to increase the contrast.
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SEM and XRD specimens were characterised in the polished condition. XRD
measurements were made for the as-manufactured alloys using a Bruker D2
Phaser diffractometer. High-resolution EBSD mapping was performed on the
deformed specimens using a Zeiss Sigma 300 field emission gun (FEG) SEM
with a Bruker e−Flash EBSD detector. A working distance of 15 mm was used
for the pattern acquisition.

For TEM specimen preparation, sections were made from the rolled bars using
a rotary precision saw and 3 mm discs were cut using a spark-erosion unit. The
discs were electrolytically polished in a Struers TenuPol-5 twin-jet unit using
8 vol.% H2SO4 in methanol at -40 ◦C and 18 V. Imaging was carried out using
a JEOL JEM-2100Plus 200kV TEM with a LaB6 thermionic electron source.

3 Results

3.1 Mechanical properties

Figure 1(a) shows the ambient temperature tensile deformation behaviour of
the four Ti-Nb-Hf alloys and the material parameters measured from the tests
are summarised in Table 2. The stress vs. strain curves show that all four
alloys deform in a ductile manner and exhibit strain hardening. There is no
embrittlement at the point of failure. All alloy specimens showed notable gauge
necking (Figure 4), which accounts for the apparent rapid strain softening
(manifested as a stress drop) before failure. For conciseness, “yield stress”
and “yield strength” will refer to 0.2% offset yield.

The curves in Figure 1(a) allow the effects of alloying to be distinguished. The
tensile behaviour of the least alloyed composition, Ti-24-2, stands out promi-
nently among the four alloys. It exhibits the lowest yield strength, 302 MPa,
and the greatest ductility of 31.5%. With an ultimate tensile strength (UTS) of
476 MPa, the alloy exhibits the highest extent of strain hardening, ≈174 MPa,
when compared to the other compositions. The addition of another 2 at.% of
hafnium in Ti-24-4 increases the yield stress to 376 MPa, and results in the
highest UTS , 505 MPa. However, these increases occur at the expense of duc-
tility, which is reduced to 21.7%. This may be a consequence of an additional
solute hardening effect provided by the extra hafnium. Alternatively, dislo-
cation glide starts to compete to a greater extent with deformation twinning
(see Figure 4(b)) in Ti-24-4.

Raising the niobium content to 26 at.% increases the yield strength, but lowers
the UTS. In Ti-26-2 these values are 395 MPa and 488 MPa respectively, while
in Ti-26-4 they were measured to be 400 MPa and 466 MPa respectively. There
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is an overall trend, whereby increasing the total amount of alloying elements
leads to a reduction in overall ductility: 19.8% in Ti-26-2 and 15.2% in Ti-26-4.
Another notable observation is the serrated yielding of the two alloys, which
suggests that the active deformation mechanisms in these alloys are different.
It is not possible to distinguish any obvious β → α′′ double yield behaviour
from the curves. However, for alloys with 2 at.% hafnium, the changing overall
post-yield gradients (particularly in Ti-26-2) suggest that, to a limited extent,
the martensitic transformation might be taking place.

Figure 1(b) and Table 3 compare the mechanical performance of the alloys
tested in tension at ambient temperature after annealing at 800 ◦C for 1 h.
The heat treatment, which is intended to dissolve any existing ω phases, has
a pronounced effect on the tensile behaviour of all four of the alloys. The
specimens still fail in a ductile manner, but the tensile properties are markedly
different. In the text that follows, the property change multiples with respect
to the “as hot-rolled” condition are given in square brackets.

The most pronounced behaviour change is in the Ti-24-2 alloy, which now
exhibits double yield behaviour that is characteristic of the β to α′′ marten-
sitic transformation. The yield strength is approximately halved from 302 to
146 MPa [0.48], with secondary yield occurring at ≈250 MPa. The UTS and
strain to failure have also reduced to 409 MPa [0.86] and 26.4% [0.84] respec-
tively. However, given the substantial drop in yield stress, the total work hard-
ening and average hardening rate undergo a notable increase to give 263 MPa
[1.51] and 1.18 GPa [1.76] respectively.

The alloy Ti-24-4 also suffers a drop in yield strength and UTS, with values
of 239 MPa [0.63] and 441 MPa [0.87] respectively. However, this is offset by
an increase in failure strain to 28.3% [1.30]. The total work hardening and
average work hardening rate are also improved, 202 MPa [1.57] and 0.87 MPa
[1.42].

In comparison, the alloy Ti-26-4 experiences similar effects on its tensile prop-
erties after the 800 ◦C heat treatment. The yield strength and UTS are also
lowered in this alloy after the annealing treatment, 368 MPa [0.92] and 417 MPa
[0.89] respectively. Likewise, the ductility of the alloy is also increased giving
an overall failure stain of 22.5% [1.48]. The principal difference is that the al-
loy exhibits reduced strain hardening. The total work hardening and average
work hardening rates are also improved, 49 MPa [0.74] and 0.31 GPa [0.53].
The alloy still retains the serrated yield characteristic observed in the “as
hot-rolled” material, indicating that dislocation glide rather than deformation
twinning is still the dominant deformation mode.

Interestingly, Ti-26-2 undergoes changes that are opposite to those observed
in the other three alloys. After the 800 ◦C treatment it exhibits slightly in-
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creased yield stress and UTS, which rise to 431 MPa [1.09] and 497 MPa [1.02]
respectively. The ductility of the alloy is reduced by the heat treatment to
15.1% [0.76]. The alloy also exhibits minimal work hardening, 66 MPa [0.71],
since the values of the yield stress and the UTS are close.

Figure 1(c) compares the mechanical performance of the alloys tested in ten-
sion at ambient temperature after annealing at 800 ◦C for 1 h, which was fol-
lowed by ageing at 300 ◦C for 24 h. The bracketed values in Table 3 give the
measured mechanical properties. The ageing treatment, was performed to pro-
mote the formation of isothermal ω phase precipitates. A pronounced effect
on the tensile behaviour of all four of the alloys is clearly evident. As a general
observation, all of the alloys exhibit noticeably increased UTS values and no
strain hardening. The alloy Ti-24-2 showed complete embrittlement, failing at
0.7% strain without any observed plasticity. The UTS achieved by the alloy
was 660 MPa. Ti-24-4 showed very little plasticity with mixed-mode failure at
2.6% strain and 695 MPa UTS. The Nb-rich alloys Ti-26-2 and Ti-26-4 showed
no embrittlement failing in a ductile manner after an initial period of subtle
strain softening. The failure strains attained were 15.8% and 8.3% respectively
for the two alloys. Both alloys no longer exhibited serrated yield behaviour,
reaching UTS values of 634 MPa and 556 MPa respectively, which coincided
with the yield point of the alloy.

As can be seen from Figure 2 and Table 4, the tensile deformation behaviour
at -196 ◦C is markedly different from room temperature behaviour. At this
cryogenic temperature, the alloys should form some α′′ martensite because all
the alloys are below Ms. The alloys show a dramatic increase in strength. This
applies both to the yield stress and the UTS. The ductility of all the alloys is
also increased, albeit to a different extent for each composition.

The alloy Ti-24-2 has a yield stress of 607 MPa, reaching a UTS of 1065 MPa
and fails after reaching a tensile strain of 35.5%. In comparison, Ti-24-4 out-
performs all of the other alloys on all three material parameters: with a yield
stress of 626 MPa, a UTS of 1128 MPa and a strain to failure equal to 40.9%.

The alloys with 26 at.% niobium exhibit a similar trend with respect to ductil-
ity. A higher hafnium content favours a greater elongation to failure at cryo-
genic temperature, 33.4% in Ti-26-4 vs. 30.8% in Ti-26-2. It also promotes
a more ductile mode of failure with a greater extent of necking. The alloys
with 4 at.% also exhibit a higher degree of work hardening. Despite the greater
ductility, Ti-26-4, which has the highest yield strength at room temperature,
is the lowest strength alloy at -196 ◦C with a yield and UTS of 477 MPa and
1004 MPa respectively. For comparison, Ti-26-2 has a yield stress of 650 MPa,
a UTS of 1103 MPa and strain to failure of 30.8%.

7



3.2 Microstructural characterisation

XRD and EBSD have shown the “as hot-rolled” alloys to be in the fully-
β condition, with no h.c.p. α phases. This can be seen from the diffraction
spectra in Figure 3 which show only reflections corresponding to the b.c.c. β
phase. SEM EDX analysis has shown that the final alloy compositions matched
the nominal values.

The light micrographs and EBSD maps in Figure 4 show the post-mortem
microstructures of the four alloys, which provide insight into the deformation
mechanisms. In Figure 4(a) we see that all of the grains in Ti-24-2 are popu-
lated entirely by numerous deformation twins. This is also the case in Ti-24-4,
Figure 4(b), but the twins have a coarser morphology. In comparison, Ti-26-2
in Figure 4(c) has grains that are only partially populated by coarse twins and
Ti-26-4 in 4(d) has even even fewer twins still. The micrographs in Figures
4(c) and 4(d) explain the different stress vs. strain behaviour exhibited by
Ti-26-2 and Ti-26-4 in Figure 1(a). It is evident that deformation twinning is
being superseded by dislocation glide as the main mechanism of plastic strain
accumulation. The serrated yield of both alloys would thus be consistent with
strong dislocation-solute interactions (e.g. solute atmospheres). In all of the
alloys, examples can be seen of twinning across multiple grains which have
low relative misorientation. Failure appears to have occurred intra-granularly,
largely along prior twin boundaries, where plastic strain was highly localised.

TEM dark-field imaging, Figure 5, revealed that all of the alloys contained
dispersions of ω phase precipitates in the “as hot-rolled” condition. All of the
complementary diffraction patterns show distinct ω spots as well as some dif-
fuse streaking. This indicates that both isothermal and athermal ω variants are
present in the specimens. The alloys containing 4 at.% hafnium have less well
defined isothermal ω spots and more pronounced athermal streaking. These
alloys also appear to have more uniform precipitate distributions, whereas in
specimens with 2 at.% of hafnium there are areas where the precipitates are
more densely clustered. It is also worth noting that the precipitates in Ti-26-2
appear noticeably coarser than in the other three alloys. Taking into account
the differences between the two crystallographic viewing directions, 〈110〉 vs.
〈113〉, this coarse ω morphology still stands out.

Figure 6 shows post-mortem EBSD maps of the four alloys subjected to anneal-
ing at 800 ◦C for 1 h. Alloys Ti-24-2 and Ti-24-4 both exhibit very pronounced
twinning within the grain interiors, Figures 6(a) and (b). These observations
are consistent with the strain hardening behaviour observed from the tensile
test data in Figure 1(b). Furthermore, the morphology of the twins is differ-
ent between the two alloys. Ti-24-2 has very fine closely-spaced paired straight
twins. Their chevron-like morphology is typical of twinned α′′ martensite. Ti-
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24-4 has larger highly-distorted individual twins with a wavier, more-lenticular
morphology that are more characteristic of β deformation twins, although
some chevron-like twins are present as well. This difference is in agreement
with the tensile test data, providing a likely explanation for the double yield
behaviour of Ti-24-2. It should be noted that all of the sucessfully indexed
pixels correspond to the b.c.c. β phase.

Figure 6(c) clearly shows minimal twinning in alloy Ti-26-2. The EBSD map
reveals significant orientation variations arising due to the rotations induced
by plastic strain within the grain interior. Very fine slip bands are visible in the
central grain. The grain boundaries are populated with numerous sub-grains.
It is clear that dislocation glide is the dominant mechanism of plastic strain
accumulation, which explains the negligible strain hardening observed in this
alloy, Figure 1(b). Ti-26-4, in Figure 6(d), shows a partly similar strained
microstructure featuring strain field contrast, slip bands and a few fine sub-
grains at the grain boundaries. However, it also exhibits a sparse population
of coarse deformation twins. The limited ability to sustain some deformation
twinning alongside the prevalent dislocation glide is the likely source of the
alloy’s improved ductility over Ti-26-2.

The post mortem microstructures of the alloys after ω ageing at 300 ◦C for
24 h are shown in Figure 7 as EBSD maps. It is clear that no α phase was
observed in any of the alloys. Ti-24-2, which underwent complete embrittle-
ment, exhibits no plastic deformation within the grain interiors. This is in line
with the brittle intergranular failure mode observed in the alloy. In Ti-24-4
there is very limited orientation variation within the grain interiors, which is
consistent with the very limited ductility observed during the tensile test. It is
clear that the ageing treatment has had much less impact on alloys containing
26 at.% of niobium, which is in line with its stabilising effect on the b.c.c. β
phase. Plastic strain localisation is evident in the form of slip bands in both
Ti-26-2 and Ti-26-4, Figures 7(c) and 7(d). Therefore, both the EBSD maps
and tensile test data confirm that the alloys with a higher niobium content are
better at sustaining dislocation glide and are more resistant to embrittlement
by precipitation of the ω phase. It can also be concluded that the ω ageing
treatment suppresses deformation twinning in all four of the alloys.

The stress vs. strain curves in Figure 2 clearly indicate that there are changes
in the deformation mechanisms when the alloys are tested in liquid nitrogen.
Insight into the origin of these changes can be gained from examining the
light micrographs and EBSD maps in Figure 8. The main distinction is the
substantial increase in the extent of deformation twinning within all of the
alloys, particularly in Ti-24-4, Ti-26-2 and Ti-26-4, where noticeable increases
in overall ductility were observed. In comparison with room temperature de-
formation, the grain interiors of these alloys are now fully twinned. All of
the alloys show an apparent refinement in the size of the deformation twins
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at -196 ◦C. Furthermore, the twins have a straighter, more linear morphology
compared to the wavy and more lenticular appearance observed after ambi-
ent temperature testing. Despite the increase in overall ductility, the mode of
fracture in all four alloys is more brittle than ductile. Ti-26-4 has retained the
most ductility during fracture, which is evident from the necking in Figure
8(d). In contrast, Ti-24-2 shows an almost entirely brittle mode of failure with
negligible necking and intra-granular cleavage. It can be seen from Figures 2
and 8 that a more ductile mode of failure is favoured by greater solute content.

3.3 Grain size effects

Figure 9 presents a trial investigation into the effect of grain refinement pro-
cessing on the properties of Ti-24-2. The particular alloy was selected to un-
dergo the treatment because it exhibited the greatest overall strain hardening
and overall ductility during room temperature deformation in the “as hot-
rolled” state. It has been demonstrated that a substantial increase in the
yield strength and UTS can be obtained in TWIP steels with minimal loss
in overall ductility through grain refinement processing [32]. Such processing
involves cold rolling to large reductions (e.g. to 50% thickness) followed by
short-duration “flash annealing” at elevated temperatures. The current un-
derstanding is that the reduction in the grain size increases the threshold
stress for twin nucleation. This effect acts in conjunction with conventional
Hall-Petch type grain size strengthening, whereby the grain boundaries act as
obstacles that impede the transfer of plasticity carrier defects, (i.e. dislocations
and deformation twins), between adjacent grains.

Figure 9(a) shows that grain refinement does indeed noticeably increase the
yield strength and UTS of Ti-24-2 (370 and 614 MPa respectively). This
amounts to respective increases of 23 and 29% resulting from the reduction of
average grain size from ∼97 to ∼11 µm. However, this comes at the cost of a
reduced strain to failure, which is lowered from 31.6% to 11.7%. The alloy still
fails in a ductile fashion with considerable necking within the gauge area. The
experiment thus shows that it is not possible to increase the strength through
a grain size reduction without significantly lowering the strain to failure. The
observation may have two possible causes.

First, the experiment assumed that grain size refinement would have a similar
effect in b.c.c. β titanium alloys as it does in f.c.c. austenitic TWIP steels.
Given the differences in crystal structure, and hence the operative mechanisms
for deformation twinning [33], this may not be the case.

In f.c.c. crystals, deformation twins typically form on one of four crystal-
lographically non-equivalent close-packed {111} planes each of which con-
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tains three close-packed 〈110〉 directions. Conventional deformation twinning
in b.c.c. crystals occurs on one of twelve non-close-packed {211} planes each of
which hosts only one close-packed 〈111〉 direction. While there are 12 available
systems for twinning in both crystals, the restriction of dislocation and twin
activity that results from the grain size reduction may have fundamentally dif-
ferent effects on the ability of the alloys to sustain the desirable large levels of
plastic strain before failure. Furthermore, metastable β titanium alloys exhibit
an alternative {332} 〈113〉 deformation twinning mechanism [34]. Alloys based
on the Ti-Nb binary system, including Ti-24Nb-X (at.%), have also been found
to exhibit this type deformation twinning scheme [31]. The exact mechanism
of {332} 〈113〉 has still not been fully described, but it has been shown to
accompany the β to α′′ martensitic transformation in Ti-23.3Nb-0.7Ta-2.0Zr
(at.%) [35].

Secondly, during grain refinement processing the alloy specimen (rolled into a
1.5 mm plate) was annealed twice at 900 ◦C for 2 min followed by quenching
in water. Given the comparatively high temperature and quenching method
used for the process, it is possible that some oxygen had diffused into the alloy.
Dissolved oxygen is known to alter the behaviour of titanium alloys, particu-
larly in the metastable β family, generally leading to a reduction in ductility
[30], as well as suppression of deformation twinning [36,34] and superelasticity
(i.e. reversible martensitic transformations) [17,31].

Figure 9(b) summarises the effect of 1 min “flash” annealing temperature on
grain refinement in Ti-24-2 that had been cold-rolled to a 70% thickness re-
duction. It can be seen that, on the whole, the grain size can be controlled
reliably through adjustments in annealing temperature. Decreasing the anneal-
ing temperature also reduces the average grain size in the alloy. This reduction
coincides with an apparent though small increase in the Vickers hardness of
the specimens, although there is significant variability in the data. The ob-
tained values give a fitted Hall-Petch hardening coefficient ky=53.5 and single
crystal hardness of 151(VHN).

4 Discussion

The Ti-(24-26)Nb-(2-4)Hf (at.%) alloys investigated in this study exhibit a
broad range of mechanical behaviour that is highly dependent on two factors.
Firstly, it depends on the prior alloy processing route and heat treatment,
which control the alloy microstructure. The second factor is the temperature
of the alloy, which controls the interplay between the different deformation
mechanisms that are possible in β titanium alloys.

The obtained light micrographs and EBSD data (Figure 4) show clearly that
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deformation twinning takes place in all four of the alloys, but the extent of
twinning and its prevalence over dislocation glide depends on the composition
of the alloy and its temperature. The amount of twinning observed in the alloys
correlates directly with their ability to exhibit dynamic Hall-Petch strengthen-
ing effects. The extent of twinning also correlates with the observed ductility,
i.e. the strain sustained before failure. An additional level in the complexity
of deformation arrises from the “double yield” behaviour observed in some
alloys, which suggests the formation of martensite.

To better understand the nature of twinning in the Ti-(24-26)Nb-(2-4)Hf
(at.%) alloys, it is important to identify the crystallographic type of the twins.
Figure 10 presents the twin boundary analysis for the non ω-aged specimen
EBSD data, as implemented in the Bruker Esprit 2.0 software package. While
it is clear that not all of the twin boundaries were indexed, it is still possi-
ble to obtain a qualitative understanding of the twinning phenomena. The
indexed twin boundaries are colour coded: blue for {332} and red for {211}
major twinning systems. The less common {411}, {222}, {310} and {321}
twin planes are coloured yellow, magenta, orange and grey respectively. The
boundary colours are superimposed over the band contrast image combined
with the {110} 〈1̄11̄〉 Schmid factor map with respect to the loading direc-
tion. Table 5 summarises the indexed proportions of the twin boundary types
observed in the specimens.

In the “as hot-rolled” alloys a clear compositional dependence of the twining
mechanism can be observed. Alloys with 4 at.% hafnium appear to favour
{211} twinning, whereas {332} twins are prevalent in alloys with 2 at.%
hafnium. Ti-24-4 and Ti-26-4 also exhibit an increased proportion of {411}
twin boundaries at approximately 9% in both alloys. It is difficult to identify
the origin of these less common twin boundaries from the maps in Figure 10.
It is possible that they help accommodate the high curvature of some twins
by providing a coherent interface. Increasing the niobium content noticeably
reduces deformation twinning and shifts the plasticity mechanism towards the
prevalence of dislocation glide. This is evident both from the micrographs
and from the stress-strain behaviour. This is expected because niobium is a
β stabilising element. Furthermore, its stabilising effect is also evident from
the increased amount of {211} twinning in alloys containing 26 at.% niobium
when compared to those with just 24 at.% niobium. The proportions of the
minor twin planes are generally negligible in the four alloys except the 4.3% of
{321} twin boundaries in Ti-26-4. Given the low amount of deformation twin-
ning in this alloy, however, the implications of this observation are unlikely to
be of significance to the overall deformation behaviour.

The β-annealed alloys appear to display different twinning characteristics to
the “as hot-rolled” specimens. The most interesting behaviour is that of Ti-
24-2. While {332} twin boundaries are still in the majority, their proportion
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is now 45.2% vs. the 94.2% in the “as hot-rolled” material. The {211} twin
boundaries now comprise a comparable 35.6% and this is accompanied by 8.9%
{411} twin boundaries. Unusually, 9.3% of the indexed twin boundaries are
{310}, and this great a proportion is not observed in any of the other cases.
Given the very characteristic “double yield” stress-strain behaviour of the
alloy, it is reasonable to suggest that these twin boundaries may be associated
with α′′ martensite formation. The chevron-like morphology of the finer twins
also seems to support this.

In contrast, the Ti-24-4 the twinning characteristics are largely unaltered with
approximately the same proportions of {332} and {211} twin boundaries ob-
served as in the “as hot-rolled” specimen. Ti-26-2 exhibited a minimal amount
of deformation twinning as is evident from the EBSD data (Figure 6) and the
stress-strain curve (Figure 1), which showed negligible strain hardening. Thus,
a statement that the prevalence of twinning reverses form {332} to {211} rel-
ative to the “as hot-rolled” state would have limited validity given the low
sample size (i.e. area analysed). The prevalent twin boundary type in Ti-26-4
is {332} at 74.9% according to the analysis. Similarly to Ti-26-2, deformation
twinning is not the main mode of plastic strain accumulation. However, it is
possible the dissolution of ω phases by the β-annealing heat treatment has
resulted in a more metastable alloy capable of sustaining a limited amount of
{332} twinning that is still largely outcompeted by dislocation glide.

Annealing the alloys at 800 ◦C for 1 h has an effect that is consistent with the
dissolution of isothermal ω phases. Increasing the hafnium content improves
the ductility of the annealed alloy. The ductility increase is evident when
deformation twinning dominates plasticity (Ti-24-4) and also when dislocation
glide is prevalent (Ti-26-4). A possible explanation for this is that hafnium acts
as an oxygen scavenger element and reduces the proportion of oxygen in solid
solution by binding with it. This would alleviate the detrimental effects of the
dissolved oxygen on ductility [16,30,31]. Meanwhile, increasing the niobium
fraction allows improved retention of strength after annealing. This may be a
result of slower grain growth during the annealing treatment due to the lower
diffusivity of niobium. The higher niobium content also stabilises the b.c.c.
β phase, and thus favours dislocation glide over deformation twinning as the
prevalent mode of plastic deformation.

Deformation at at -196 ◦C is entirely dominated by twinning as is evident
from the micrographs in Figure 8. The stress-strain data (Figure 2) show that
lowering the temperature of the alloys promotes twinning during deformation
and hence dynamic Hall-Petch strengthening. The temperature transition from
slip to twinning as the dominant mechanism of plasticity can be very gradual,
and both competing modes can operate simultaneously [37]. This is clearly
evident in more stable alloys with higher solute content, e.g. Ti-26-2 and
Ti-26-4. The transition typically arises as a result of the difference in strain-
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hardening rates and temperature sensitivities of the two deformation modes
[38]. At -196 ◦C, the critical resolved shear stress for dislocation glide must
be considerably greater than the twinning stress. In addition, the increased
dynamic Hall-Petch strain hardening due to the twinning would further inhibit
dislocation glide.

The twin boundary indexing analysis shows that in all alloys except Ti-24-2,
the deformation is primarily via the {332} twinning mechanism. It should be
borne in mind that, due to the exceptionally high number density and fine
morphology of the twins, the overall boundary indexing rate is lower in Ti-24-
4 than in the other specimens. As is the case with the “as hot-rolled” alloys
at ambient temperature, the higher hafnium concentration in Ti-24-4 and Ti-
26-4 seems to correlate with an increased proportion of {411} boundaries.
The higher niobium content of Ti-26-2 and Ti-26-4 appears to have shifted
the twinning mode almost entirely in favour of {332}, with over 89% of the
indexed twin boundaries belonging to that system. In alloys Ti-24-2 and Ti-
24-4 the split between the {332} and {211} mechanisms is considerably more
even, as can be seen from Table 5.

The test temperature of -196 ◦C (77 K) is considerably lower than the esti-
mated Ms temperatures of the four alloys. Thus, it is highly probable that
at least some proportion of the β phase in the specimens transformed to α′′

martensite upon cooling. This martensite would then continue to deform by
forming progressively finer generations of martensite twins, alongside the de-
forming β phase. Upon completion of the test, the martensite twins in the
failed specimens would transform to twinned β as the alloys reached ambient
temperature. Given the differences in the estimated transformation temper-
atures between the alloys, the fraction of the β phase that transforms to α′′

would decrease with increasing solute content. This may be responsible for the
differences in the proportions of {332} and {211} observed.

The strain hardening behaviour of Ti-24-2 and Ti-26-2 alloys is also worth
noting. There is evidence of “double yield” behaviour at ≈900 MPa and at
≈870 MPa respectively, highlighted by arrows on Figure 2. This suggests that
the strain-induced β to α′′ martensitic transformation is taking place alongside
deformation twinning. However, the double yield behaviour of both alloys is
considerably more subtle and is not as pronounced as that observed in the
β-annealed Ti-24-2 tested at ambient temperature in Figure 1. In the case of
Ti-24-2, the observed twin boundary fractions for the {332} type are close in
the “as hot-rolled” and liquid nitrogen immersed specimens (45.2 and 46.9%
respectively). The apparent “double yield” in Ti-24-2 at -196 ◦C is too subtle
to be conclusive. It is more pronounced in Ti-26-2, which has a greater fraction
of {332} twin boundaries.

The observations for Ti-24-2 and Ti-26-2 at -196 ◦C are in agreement with the
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{332} twinning mechanism proposed by Lai et al. [35]. The authors propose
that {332} twins nucleate within α′′ martensite [35], based on observations in
a Ti-36Nb-2Ta-3Zr wt.% alloy. However, the apparent absence of a “double
yield” in Ti-24-4 and Ti-26-4 which also exhibit {332} twins goes against this
theory. Furthermore, the fraction of {332} twin boundaries generally increases
as the estimated Ms temperature decreases. This implies that the alloys which
are expected to have have smaller α′′ martensite fractions upon cooling to -
196 ◦C form more {332} twins, which is contrary to Lai et al. Generally, the
data indicate that, in addition to the effect of any existing ω phase distribu-
tions, the stress-induced martensitic transformation in Ti-(24-26)Nb-(2-4)Hf
(at.%) alloys is also very dependent on the temperature, and appears to be
promoted at cryogenic temperatures in “as hot-rolled” specimens.

In summary, the post-mortem characterisation of the alloys suggests that the
active deformation mechanisms in the Ti-(24-26)Nb-(2-4)Hf (at.%) alloys are
very complex. There is apparent competition between {332} and {211} defor-
mation twinning, as well as dislocation glide and, in some cases, the stress-
induced α′′ martensitic transformation. The true nature of the interplay be-
tween these mechanisms can only be characterised using in-situ loading and
temperature control experiments employing synchrotron X-ray scattering and
EBSD. While these methods would provide a direction for fascinating further
research, they are beyond the scope of this study.

5 Conclusions

This study has investigated the mechanical behaviour of Ti-(24-26)Nb-(2-4)Hf
(at.%) alloys at both ambient and cryogenic temperatures when tested in
uniaxial tension. The following conclusions can be made based on the obtained
experimental data:

(1) Dynamic Hall-Petch strain hardening effects can be successfully exploited
in Ti-(24-26)Nb-(2-4)Hf (at.%) alloys which exhibit deformation twin-
ning.

(2) Twinning is more prominent in less stable alloys with a lower concen-
tration of alloying elements, especially the β-stabilising niobium. Greater
proportions of alloying additions Nb and Hf favour dislocation glide over
twinning. Since both slip and twinning can occur simultaneously, alloying
can be used to fine tune their contributions to overall plastic deformation
and thus attain desirable mechanical behaviour.

(3) The mechanical behaviour of the alloys is very sensitive to the precipi-
tation of ω phases. High-temperature annealing at 800 ◦C to dissolve ω
precipitates can improve the mechanical properties. In Ti-24Nb-2Hf this
treatment activates the β → α′′ martensitic transformation. Deliberate
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ageing in of isothermal ω at 300 ◦C has a very detrimental effect on the
mechanical behaviour, either embrittling the alloys or completely elimi-
nating any strain hardening capability.

(4) Thermo-mechanical processing can be successfully used to control the
grain size in Ti-24Nb-2Hf. This increases the yield strength and UTS,
but at a noticeable reduction in failure strain.

(5) During deformation at cryogenic temperature, -196 ◦C, dislocation glide
is suppressed and twinning is promoted in all four of the alloys studied.
This results in a dramatic improvement in mechanical properties, espe-
cially the strain hardening response when compared to room temperature
deformation.

(6) The EBSD analysis has shown that both {332} and {211} deformation
twinning occur in the studied alloys. Which of the two modes prevails
depends strongly on the alloy composition, the deformation temperature
and the existence of ω phases. This is consistent with deformation mech-
anisms observed in other metastable β phase alloys based on the Ti-Nb
system.

The Ti-Nb-Hf alloys studied are particularly promising materials for biomed-
ical applications. The good biocompatibility of the alloying elements in con-
junction with low elastic moduli make them suitable for orthopaedic implants.
At the same time, their comparatively low strengths, good ductility and strain
hardening characteristics make them perspective materials for production of
surgical stents. The alloys may also may also find potential uses for low-
temperature applications such as cryogenics and space exploration since their
mechanical properties are substantially improved at -196 ◦C.
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Table 1
Theoretical alloy design parameters used to down select the final alloy compositions
for the study: electron per atom ratio (e/a), bond order (Bo), metallic average d-
electron orbital energy level (Md) and martensite start temperature (Ms) estimated
by extrapolation.

Composition e/a Bo Md Ms

(at.%) (eV) (K)

Ti-24Nb-2Hf 4.240 2.871 2.452 ∼270

Ti-24Nb-4Hf 4.240 2.877 2.463 ∼200

Ti-26Nb-2Hf 4.260 2.877 2.452 ∼190

Ti-26Nb-4Hf 4.260 2.883 2.462 ∼120

Table 2
Mechanical properties of Ti-(24-26)Nb-(2-4)Hf (at.%) alloys measured in uniaxial
tension at ambient temperature, ≈20 ◦C, in the “as hot-rolled” condition.

Nominal 0.2% UTS Failure Elastic Total Work Average
Composition Yield Strain Modulus Hardening Hardening Rate

(at.%) (MPa) (MPa) (%) (GPa) (MPa) (GPa)

Ti-24Nb-2Hf 302 476 31.5 56.3 174 0.67

Ti-24Nb-4Hf 376 505 21.7 51.9 129 0.61

Ti-26Nb-2Hf 395 488 19.8 50.3 93 0.78

Ti-26Nb-4Hf 400 466 15.2 56.1 66 0.59

Table 3
Mechanical properties of Ti-(24-26)Nb-(2-4)Hf (at.%) alloys measured in uniaxial
tension at ambient temperature, ≈20 ◦C, after annealing at 800 ◦C for 1 h. Values
in brackets correspond to annealing at 800 ◦C for 1 h followed by ageing at 300 ◦C
for 24 h.

Nominal 0.2% UTS Failure Total Work Average
Composition Yield Strain Hardening Hardening Rate

(at.%) (MPa) (MPa) (%) (MPa) (GPa)

Ti-24Nb-2Hf 146 409 (660) 26.4 (0.7) 263 1.18

Ti-24Nb-4Hf 239 441 (695) 28.3 (2.6) 202 0.87

Ti-26Nb-2Hf 431 497 (634) 15.1 (15.8) 66 0.42

Ti-26Nb-4Hf 368 417 (556) 22.5 (8.3) 49 0.31
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Table 4
Mechanical properties of “as hot-rolled” Ti-(24-26)Nb-(2-4)Hf (at.%) alloys mea-
sured in uniaxial tension during immersion in liquid nitrogen at -196 ◦C .

Nominal 0.2% UTS Failure Total Work Average
Composition Yield Strain Hardening Hardening Rate

(at.%) (MPa) (MPa) (%) (MPa) (GPa)

Ti-24Nb-2Hf 607 1065 35.5 458 1.28

Ti-24Nb-4Hf 626 1128 40.9 502 1.16

Ti-26Nb-2Hf 650 1103 30.8 453 1.54

Ti-26Nb-4Hf 477 1004 33.4 527 1.42

Table 5
Proportions of the different twin boundary types indexed by the Bruker Esprit 2.0
software. Data for “as hot-rolled” (AHR), β-annealed (BA) and liquid nitrogen
immersed (LN2) specimens of Ti-(24-26)Nb-(2-4)Hf at.% alloys are presented.

Fraction of twin boundary type (%)

Alloy {332} {211} {411} {222} {310} {321}

Ti-24Nb-2Hf (AHR) 94.9 4.9 0.1 - - -

Ti-24Nb-4Hf (AHR) 33.0 56.6 8.8 0.8 0.4 0.4

Ti-26Nb-2Hf (AHR) 62.1 35.7 1.4 0.5 0.1 0.2

Ti-26Nb-4Hf (AHR) 13.1 73.1 8.9 0.6 - 4.3

Ti-24Nb-2Hf (BA) 45.2 35.6 8.9 0.4 9.3 -

Ti-24Nb-4Hf (BA) 35.4 60.6 3.4 0.4 0.2 -

Ti-26Nb-2Hf (BA) 38.0 68.7 2.1 1.3 - -

Ti-26Nb-4Hf (BA) 74.9 18.1 6.5 0.1 0.3 -

Ti-24Nb-2Hf (LN2) 46.9 52.8 0.1 - 0.2 -

Ti-24Nb-4Hf (LN2) 55.0 42.1 2.1 - 0.7 0.1

Ti-26Nb-2Hf (LN2) 96.9 2.1 0.3 - 0.6 -

Ti-26Nb-4Hf (LN2) 89.3 4.5 4.6 0.1 1.4 -
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Fig. 1. Deformation behaviour of Ti-(24-26)Nb-(2-4)Hf at.% alloys in uniaxial ten-
sion, strained at 10−3 s−1 at ambient temperature, ≈20 ◦C: in the “as hot-rolled”
condition (a), after annealing at 800 ◦C for 1 h (b), and after annealing at 800 ◦C
for 1 h followed by ageing at 300 ◦C for 24 h (c).
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fully-β condition, showing only reflections from the b.c.c. Ti phase.
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(a) Ti-24Nb-2Hf

(c) Ti-26Nb-2Hf

(b) Ti-24Nb-4Hf

(d) Ti-26Nb-4Hf

Fig. 4. Post-mortem microstructures of Ti-(24-26)Nb-(2-4)Hf at.% alloys that have
been tested to failure in uniaxial tension at ambient temperature in the “as
hot-rolled” condition. Light micrographs (left) are presented alongside EBSD maps
(right). The light microscope images show the regions in the miniature tensile test
specimens adjacent to the fracture surface. The EBSD data comprise the band
contrast maps overlaid with the inverse pole figure maps coloured relative to the
specimen surface normal. The tensile stress direction is parallel to the vertical image
axis of orientation maps.
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(a) Ti-24Nb-2Hf (b) Ti-24Nb-4Hf

(c) Ti-26Nb-2Hf (d) Ti-26Nb-4Hf
50nm 50nm

50nm50nm

Fig. 5. Dark-field transmission electron micrographs of as-manufactured
Ti-(24-26)Nb-(2-4)Hf at.% alloys showing the present distributions of nano-scale
ω phase precipitates. Images (a) and (d) were taken parallel to the 〈110〉 zone axis,
while (b) and (c) were imaged parallel to the 〈113〉 zone axis, as is shown by the
supplementary diffraction patterns. The smaller, less-bright diffraction spots corre-
spond to the ω phase.
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(a) Ti-24Nb-2Hf

(c) Ti-26Nb-2Hf

(b) Ti-24Nb-4Hf

(d) Ti-26Nb-4Hf
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Fig. 6. EBSD maps showing post-mortem microstructures of Ti-(24-26)Nb-(2-4)Hf
(at.%) alloys deformed in uniaxial tension at ambient temperature, ≈20 ◦C, after
annealing at 800 ◦C for 1 h. The EBSD data comprise the band contrast maps
overlaid with the inverse pole figure maps coloured relative to the specimen surface
normal. The tensile stress direction is parallel to the vertical image axis.
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(a) Ti-24Nb-2Hf

(c) Ti-26Nb-2Hf

(b) Ti-24Nb-4Hf

(d) Ti-26Nb-4Hf
200μm 200μm

200μm200μm

Fig. 7. EBSD maps showing post-mortem microstructures of Ti-(24-26)Nb-(2-4)Hf
(at.%) alloys deformed in uniaxial tension at ambient temperature, ≈20 ◦C, after
annealing at 800 ◦C for 1 h followed by ageing at 300 ◦C for 24 h. The images are
inverse pole figure maps coloured relative to the specimen surface normal. The
tensile stress direction is parallel to the vertical image axis.
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(a) Ti-24Nb-2Hf

(c) Ti-26Nb-2Hf

(b) Ti-24Nb-4Hf

(d) Ti-26Nb-4Hf

Fig. 8. Post-mortem microstructures of Ti-(24-26)Nb-(2-4)Hf at.% alloys that have
been tested to failure in uniaxial tension during immersion in liquid nitrogen at
-196 ◦C. Light micrographs (left) are presented alongside EBSD maps (right). The
light microscope images show the regions in the miniature tensile test specimens
adjacent to the fracture surface. The EBSD data comprise the band contrast maps
overlaid with the inverse pole figure maps coloured relative to the specimen sur-
face normal. The tensile stress direction is parallel to the vertical image axis of
orientation maps.
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Fig. 9. (a) Effect of grain size refinement processing (cold rolling to 25% thickness
reduction followed by 2 min flash annealing at 900 ◦C repeated twice) on the ambient
temperature tensile deformation of Ti-24Nb-2Hf at.%. The results are represented
by the solid line, compared to the “as hot-rolled” material represented by the dashed
line. (b) Shows the effects of of 1 min flash annealing temperature on the average
grain size in of Ti-24Nb-2Hf at.% cold rolled to 70% reduction and the corresponding
effect on the Vickers hardness.
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(a) Ti-24Nb-2Hf

(c) Ti-26Nb-2Hf

(b) Ti-24Nb-4Hf

(d) Ti-26Nb-4Hf

Hot-rolled 800°C β-annealed ω-aged

Fig. 10. Twin boundary analysis as carried out by the Bruker Esprit 2.0 software.
The sucessfully indexed twin boundaries are shown in colour: blue - {332}, red
- {211} and yellow - {411}. the data are overlaid onto the EBSD band contrast
maps and {110} 〈1̄11̄〉 Schmid factor map (black=0.3, white=0.5) with respect to
the loading direction (vertical image axis).
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