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A B S T R A C T

The evolution of microstructure and deformation modes in metastable Ti-23Nb-0.7Ta-2Zr-0.8O (at%) alloys with
accumulated strain to 0.15 are investigated, where different solution treatments were applied to control both
elemental distributions and the bcc β-phase stability. Recent studies suggest that the occurrence of specific
deformation mechanism of the β-phase is strongly linked with its chemical stability. In the present study, the Bo-
Md phase stability diagram was used to evaluate the β-phase stability and to discuss the deformation modes as
function of solution treatment conditions, resulting in different deformed microstructures. Analysis of the de-
formed microstructure using electron backscatter diffraction and X-ray diffraction revealed that deformation
bands formed at the initial stage of strain were composed of not only mechanically induced {332}< 112> β
and {112}<111> β twinning, but also stress-induced martensite ⍺״ phase. It was observed that the number of
deformation bands decreases with increasing homogeneity in the alloy, which is strongly dependent on the phase
constitution, and directly impacts its final properties including hardness and elastic modulus. Based on the
experimentally observed results, the β-phase stability dependence of deformation features can explain the
possibility of manipulating the mechanical properties without the evident elastic properties variation in Ti-Nb
Gum Metal.

1. Introduction

In recent years, there has been growing interest in materials science
and industrial fields for multifunctional β-phase Ti alloys due to a good
combination of elastic properties and mechanical properties [1–3].
Metastable β-Ti alloys, which can be defined as the least stable β-phase
titanium alloys, have been developed to open a new possibility to ex-
pand the material property window between lower elastic modulus and
better formability compared with conventional ⍺, ⍺+β, and β-phase Ti
alloys [4–8]. With progress in developing multifunctional β-Ti alloys,
tailoring the chemical stability of the β-phase has been an essential
approach, which is strongly dependent on chemical composition of the
alloys [9–11].

Gum Metals are the most well-known metastable β-phase Ti alloy,
developed by controlling chemical composition [12], which funda-
mentally consist of Ti + [Nb or V] + Ta + [Zr or Hf] elements and
oxygen. It is well documented in the literature [12–14] that these alloys
possess “super-properties” such as low elastic modulus with high
strength, and high ductility accompanied by little or no work hardening
during cold working. These combinations of properties are rarely

present in a single alloy. For these unique characteristics of the alloys,
three critical electronic parameters are simultaneously satisfied [12];
(a) an average valence electron/atom ratio e/a ~ 4.24; (b) a bond order
(Bo-value) ~ 2.87, and (c) d-electron orbital energy level (Md-value)
~2.45 eV. Furthermore, oxygen, with a range from 0.7 to 2.0 at%, is an
essential element in the chemical composition [12]. The specific com-
position required for Gum Metal’s unique properties suggests that the
characteristics of the alloys strongly correlate with their β-phase sta-
bility. Moreover, exceptional physical properties, such as nonlinear
elastic behavior with an extended elastic limit, Invar-like thermal ex-
pansion, and Elinvar-like thermal dependence of the elastic modulus,
can be achieved only after a certain amount of cold deformation [12].
This implies that the chemical composition of Gum Metal is not only
related to the β-phase stability, but also to plasticity, which is con-
sidered as the most important factor to determine its characteristics.
Plastic deformation of the Gum metal in processing is necessary to
realize their unique properties.

Accordingly, there have been extensive studies investigating the
deformation mechanism of Gum Metals to elucidate plastic deformation
behavior [15–20]. Saito et al. [12,19–21] reported that the above
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unique properties are attributed to a dislocation-free deformation me-
chanism, which is characterized by a distorted lattice containing na-
nodisturbances (referred to as “giant faults”). It supported in the lit-
erature [22,23] that the ideal strength of Gum Metal is achieved by
means of a non-conventional plasticity mechanism, accommodated by
with low resistance to shear along certain crystallographic planes,
where the trigger stress for bulk shear is smaller than the critical re-
solved shear stress to move dislocation on their slip planes. However,
several studies have recently shown that conventional deformation
mechanisms are operative during plastic deformation in Gum Metals
[16,17,22–27]. For example, mechanically induced twinning [17,23]
and stress-induced phase transformation [16,22,23] have been reported
to be active in a deformed typical Gum Metal, Ti-23Nb-0.7Ta-2.0Zr-
1.2O (at%) alloy. In addition, Yang et al. observed dislocation glide on
slip planes with increased oxygen content in Ti-22.4Nb-0.73Ta-2.0Zr-
1.34O (at%), whose β phase stability is slightly higher than that of
nominal Gum Metal [16,24–27]. Oxygen is considered a β stabilizing
element in metastable β alloys [12,26]. Therefore, these results imply
that not only are multiple deformation mechanisms activated in Gum
Metals, but also the main mechanism operative can be controlled by the
β-phase stability.

It was found that the deformation behavior of metastable β-Ti alloys
is closely related to the β-phase stability [9,10,13,28–30], characterized
by the ability to transform into martensite phase by cooling or external
stress [31]. As discussed in the literature [10,27,28], deformation in
stable β-Ti alloys is mainly accompanied by dislocation slip, while the
activated deformation modes are changed with decreasing the β-phase
stability, including mechanically-induced {332}< 113> twinning,
{112}<111> twinning, or stress-induced ⍺״ martensitic transforma-
tion [15–17,30]. It has also been observed that multiple deformation
mechanisms can co-exist, which results in a complex deformation be-
havior of metastable β-Ti alloys [16,24,30–32]. To establish the re-
lationship between plastic deformation behavior and β-phase stability,
two-dimensional phase stability diagrams have very recently been ap-
plied [31–34], utilizing the electronic parameters: bond order (Bo) and
d-orbital energy level (Md). Morinaga et al. [35,36] suggested that the
two electronic parameters (Bo and Md) connect with the relative che-
mical stability of the β phase, where Bo is the covalent bond strength
between Ti and each alloying elements, and Md represents the elec-
tronegativity. These values were calculated using the following equa-
tions [35]:
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Here, xi is the atomic fraction of an alloying element and Bo i( ) and
Md i( ) are the Bond order values and metal d-orbital energy level for
element i, respectively. Furthermore, this phase stability map provided
correlation of the chemical stability of the β-phase with the occurrence
of the dominant deformation mechanism using experimental data from
a wide variety of alloying system [35], which is experimentally corre-
sponding to the preferred activation of mechanically-induced twinning,
stress-induced martensitic transformation and dislocation slip [30,31].
The Bo-Md phase stability diagram is therefore a very useful tool for
investigating how plastic deformation behavior is affected by alloy
composition that corresponds the phase stability of β-Ti alloys.

Compositional optimization has been widely used to achieve a su-
perior combination of mechanical properties in metastable β-Ti alloys
[12,33,37–39], because it is strongly linked with the presence of mul-
tiple phases that can be manipulated by materials processing and op-
timized alloy design. Based on this methodology, earlier reports
[30,32–34] suggest that the various deformation modes operative in a
given alloy play a crucial role in enhancing the work hardening rate,
and thus significantly improving the poor ductility caused by strain
localization in conventional slip-dominated β-Ti alloys. The

improvement in mechanical properties is attributed to the simultaneous
occurrence of TRansformation-Induced Plasticity (TRIP) effect and
TWinning-Induced Plasticity (TWIP) effect [33,34]. As such, composi-
tional optimization is considered an approach to potentially control
microstructure and optimize mechanical properties in β-Ti alloy.

Given the remarkable effects of Gum metal’s composition on its
physical properties, it is surprising how few studies have examined this
approach to control the mechanical properties of Ti-Nb Gum Metal.
Therefore, this study is aimed to improve and/or control the mechan-
ical properties of Gum metal through manipulating deformation beha-
vior in association with the chemical stability of the β-Ti phase.
Different solution treatments were employed to achieve various β-phase
stabilities through homogenizing the elemental distributions in a me-
tastable β, Ti-23Nb-2Zr-0.7Ta-0.8O (at%) alloy. The evolution of de-
formation mechanisms with respect to the β-phase stability is in-
vestigated, as well as discussion of the possibility of manipulating the
mechanical properties without evident elastic modulus variation in this
Ti-Nb Gum Metal.

2. Experimental

A master alloy with a nominal composition of Ti-23Nb-2Zr-0.7Ta-
0.8O (at%) was produced using a mixture of pure elements Ti, Nb, Ta,
Zr, and powder TiO2. Owing to the difference in the melting point and
density of raw materials, two kinds of ingots were first fabricated by
arc-melting under argon atmosphere: i) Ti + Zr + TiO2, and ii) Nb +
Ta. After melting these two ingots separately, they were combined to-
gether by arc melting, also under argon atmosphere. The resulting ingot
was melted at least five times to avoid in-homogeneity due to un-melted
elements or a lack of molten mixing. To minimize elemental segregation
adjacent to grain boundaries, the ingot was held in an inert-gas in-
duction furnace for 30 min in its liquid state. The chemical composition
of the as-cast alloy is listed in Table 1. In order to achieve different
elemental distribution in each sample, the solution treatment was
performed for 100, 1000 or 3000 min at 1273K (above the β transus)
under vacuum followed by quenching into water. These solution-
treated specimens are referred to hereafter as ST100, ST1000, and
ST3000, respectively. The microstructure of the as-solution treated al-
loys consists of large equiaxed grains whose average size was
~1200 µm shown in Fig. 1(a), irrespective of the different solution
treatment times used in this study. For investigating the evolution of the
deformation microstructure with accumulated strain, the samples for
cold rolling were prepared with the following dimensions: 35 mm in
length, 10 mm in width and 10 mm in thickness. These samples, fol-
lowing the solution-treatment, were cold-rolled to a strain from 0.02 to
0.15, at room temperature. These cold-rolled samples were cut with a
slow cutting speed to minimize any heating effects on the samples.

Specimens for structural investigations were first ground using SiC
papers and then mechanically polished with 3 µm, 1 µm diamond, and
0.05 µm SiO2 solutions. The polishing process was performed under a
load of 5 N to avoid the formation of stress-induced α" martensite phase
on the surface; no subsequent etching was applied. Electron back-
scattered diffraction (EBSD) and scanning electron microscopy (SEM)
were carried out on the plane parallel and normal to the rolling di-
rection (RD) using a Bruker e-Flash EBSD detector on a FEI Quanta 600
SEM at 20 kV. Scans for EBSD were performed with a step sizes between
0.5 and 1.0 µm and working distance around 20 mm. In order to de-
termine the local misorientation of deformed structures, the Kernel

Table 1
Chemical composition of as-cast Ti-Nb-Ta-Zr-O alloy.

Element Ti Nb Ta Zr O

at% Balance 22.8 0.71 2.02 0.80
wt% Balance 35.5 2.15 3.09 0.21
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averaged misorientation (KAM) analysis was applied with misorienta-
tion ranges from 0 to 5°. The element composition of the microstructure
was measured quantitatively by energy dispersive spectroscopy (EDS)
using point-spot analysis as show Fig. 1b. To identify phase structures,
X-ray diffraction (XRD) was conducted with Cu K⍺ radiation. The body-
centered cubic β phase was the only phase detected in the as-solution
treated specimens shown in Fig. 1c.

Microhardness measurements were performed on the polished
samples by Vickers hardness tester with a load of 1.0 kg. for 20 s. An
average of the microhardness measurements was obtained from six
indentations (the measured error was within 2%). The elastic modulus
of the specimens was determined with acoustic wave-speed measure-
ments obtained from ultrasonic sound speed and the material’s density
measured by Archimedes’ principal. The measurements of wave speed
and density of pure Ti (99.99 at%) was utilized for a calibration.

3. Results and discussion

3.1. Elemental distribution and phase stability

Fig. 2 shows the distributions of the elements Ti, Zr, Nb and Ta in

the three samples obtained by different solution treatments (ST100,
ST1000, and ST3000), where the composition of each element was
determined by EDS analysis, at locations represented as dots in Fig. 1b.
Both the ST100 sample (Fig. 2a) and the ST1000 sample (Fig. 2b) dis-
played significantly broader ranges of elemental distributions compared
to that of the ST3000 sample. These EDS results were repeated several
times on different locations in each sample. Table 2 presents the
average compositions of Ti, Zr, Nb and Ta, and the variation of ele-
mental distribution in the ST100, ST1000 and ST3000 samples. The
results indicate that all samples have almost the same average values of
each element in the as-solution treated samples. On the other hand, the
difference between the maximum and minimum composition of Ti, Zr,
Nb and Ta was 6.8%, 0.69%, 5.7% and 0.61%, respectively, in the
ST100. The variation in composition of Ti, Zr, Nb and Ta in the ST1000
was 5.8%, 0.62%, 4.6% and 0.53%, respectively, showing a narrower
range compared to that in the ST100. As shown in Fig. 2c, the ST3000
sample has a very small variation of elemental distributions, indicating
that composition homogeneity was achieved by increasing the solu-
tionizing time to 3000 min. Therefore, the EDS analysis indicates that
both the ST100 and ST100 were clearly heterogeneous, which results
from the sluggish diffusion of these refractory, β stabilizing elements

Fig. 1. (a), (b) Microstructure and (c) XRD pattern of the solution-treated alloy for 100 min (ST100). The white spots in (b) represent locations for EDS analysis depicted in Fig. 2a for the
ST100 sample. Similar data point locations were selected for analysis of elemental compositions for samples ST1000 and ST3000 used in Fig. 2b and c, respectively.

Fig. 2. Elemental distributions of Ti, Nb, Ta and Zr in samples of the same alloy melt, but solutionized for different times (a) ST100, (b) ST1000 and (c) ST3000. Arrows depict the
elemental ranges within each plot.
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and insufficient solutionizing time, while a fully homogenized structure
was achieved by increasing the solutionizing time to 3000 min for the
ST3000 sample. Furthermore, this suggests that elemental distributions
in Ti-Nb Gum metal can be controlled by the solution treatment pro-
cess, which influences the β-phase stability of this alloy.

As shown in Fig. 3, the Bo-Md phase stability diagrams, derived
from the work by Morinaga et al. [35], was adopted here to evaluate
the β-phase stability of various microstructures in this study, where the
β/β+ω phase boundary, represented by a solid line, indicates a region
of the least stable single phase β. Martensite phases such as ω, ⍺' or ⍺״,
depending on the alloy composition, could exist predominantly below
the boundary for the martensite start temperature, for samples at room
temperature (Ms = RT) as given by a dotted line in Fig. 3. It should be
noted that the boundaries used for this diagram have been proposed by
M. Abdel-Hady and coworkers [36], which showed some discrepancies
with Morinaga’s diagram [35,40]. As is mentioned by others [26,36],
the addition of oxygen to metastable β-Ti alloys have been shown to
suppress hexagonal ω phase formation upon quenching, and decreases
the Ms transition temperature, illustrating that oxygen works as a β-
phase stabilizer in Ti-Nb Gum Metal. Based on this observation and the
results found in this study, it is thus reasonable to adopt modified
boundaries for both the β/β+ω phase and the Ms transition, when
considering the alloying effect of oxygen on the β-phase stability.

The composition data shown in Fig. 3 is derived from the EDS data
(Fig. 2) and the Bo and MD values of alloying elements (Table 3), and
indicates the β-phase stability variation in the alloys as function of
solution treatments, where the alloying vectors (Bo and Md) were cal-
culated for different locations within the microstructures. Position of
each point, presented by the symbol ■ on the phase stability map, is
related with the relative β-phase stability, which corresponds to the
EDS point-spot results represented for example in Fig. 1b. In addition,
the Bo-Md diagram indicated the preferred activation of deformation
mechanisms with the β-phase stability [35,36]. The nominal

composition of this Ti-Nb Gum Metal, with the values Bo=2.869 and
Md=2.452, falls in the twinning region of Bo-Md map, as indicated by
a red point in each part of Fig. 3. Accordingly, the predominant de-
formation mode activated in the alloy is expected to be mechanical
twinning during the initial stages of deformation, which correspond
well with experimental results reported by others [22–26,41,42]. On
the one hand, the ST100 and ST1000 samples exhibit a wide region of
β-phase stability from a region of stable β phase to a region of mar-
tensitic phase dominated, resulting from the heterogeneous elemental
distributions. These results imply that the constituent β phase of these
alloys possessed varying chemical stability, which is compositionally
dependent. Previous reports [10,13,26,43] showed that the dominant
deformation mechanism in metastable β-Ti alloys strongly rely on the
β-phase stability, similar to the stacking fault energy in FCC metals.
Based on existing theories and experimentally observed results, there is
a strong possibility of multiple deformation mechanisms operative in
these heterogeneous sample, rather than deformation by a single me-
chanism.

With increasing solutionizing time, however, the data points (black
squares) scatter decreases and converge toward the red circle data point
(representing the bulk Ti-Nb Gum metal composition) shown in Fig. 3c.
This implies that the β-phase stability in the ST3000 sample was more
uniform, resulting from a more homogenized elemental distribution, as
previously shown in Fig. 2c. This result suggests that one single de-
formation mechanism would be primarily operative in this alloy when
its elemental distribution is fully homogeneous.

3.2. Phase stability dependence of deformation microstructures

Fig. 4 shows the representative microstructures of three samples
after cold-rolling (ε = 0.02), which were observed using EBSD analysis.
The crystallographic orientation is presented by inverse pole figure
(IPF) coloring scheme as indicated in the inset in Fig. 4a, in which the
observed plane is parallel to the rolling direction (RD). The same color
scheme was applied to all of the orientation maps used in this study.
The small amount of black in the IPF maps indicate areas with little or
no indexed patterns, which may be due to difficulty in indexing SIM ⍺״

with EBSD mapping. The observed microstructures show localized de-
formation bands formed in the equiaxed grains after plastic deforma-
tion. The IPF maps (Fig. 4a and b) for the ST100 and ST1000,

Table 2
Measured contents of each element and calculated variation of elemental distribution in the ST100, ST1000 and ST3000 samples.

Samples Ti Zr Nb Ta

Average (at%) Δcontent (at%) Average (at%) Δcontent (at%) Average (at%) Δcontent (at%) Average (at%) Δcontent (at%)

ST100 74.32 6.8 2.03 0.69 22.89 5.7 0.76 0.61
ST1000 74.45 5.8 2.05 0.62 22.72 4.6 0.78 0.53
ST3000 74.10 0.7 2.00 0.06 23.16 0.9 0.74 0.03

Fig. 3. β-stability as function of solution treatments: (a) ST100, (b) ST1000 and (c) ST3000. Each point superimposed on the Bo-Md diagram corresponding to a specific EDS point-spot
result shown in Fig. 2. The red point on the map represents the β-phase stability of the Ti-23Nb-0.7Ta-2.0Zr-1.2O (at%) overall alloy composition.

Table 3
List of the Bo and Md values for each of the alloying elements in bcc Ti [36].

Element Ti Nb Ta Zr

Bo 2.790 3.099 3.144 3.086
Md (eV) 2.477 2.424 2.531 2.934
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respectively, depict similar microstructures that were composed of
numerous plate-like features ~1 µm in size. The initiation of these de-
formation bands appears to start from one boundary and stopped at
another grain boundary or by other band structures. These deformation
bands do not propagate though grain boundaries to neighboring grains.
It has been reported that the deformation bands in Ti-Nb Gum Metals
result from primarily mechanical twinning [10,41,42]. However, it will
be shown later that the bands can be composed of mechanical twinning
or martensite ⍺״ phase. On the other hand, Fig. 4c reveals that only a
few deformation bands with parallel thin lines were observed in the
ST3000 sample, illustrating that each sample deformed differently with
the different solution treatment times (ST). The results in Fig. 4 indicate
that the deformation bands in strained grains significantly decreased
with increasing ST time, where the average number of the bands in a
grain is about 25.8, 12.7 and 6.5 in the ST100, ST1000 and ST3000
samples, respectively. Clearly the extent of the deformation bands
varies with the degree of compositional homogeneity, with longer so-
lutionizing times and therefore greater homogeneity resulting in fewer
deformation bands.

As discussed in the Section 3.1, the dominant deformation me-
chanism is dependent on the β-phase stability, which is strongly related
to chemical composition of the alloys [9,10,13]. It is thus conceivable
that deformation microstructure would significantly be influenced by
the β-phase stability of the alloy. In particular, previous reports [29,39]
found that the critical stress to trigger SIM (⍺״) decreased when the
chemical composition was close to the Ms transition line, implying that
the SIM transformation was easily activated by a small amount of ex-
ternal stress in the less stabilized β-Ti alloys. Therefore, it is essential to
consider the β-phase stability in the specimens, to correlate to different
fractions of deformation band in the microstructures. As shown in
Fig. 3, the relatively lower β-phase stability was found in the ST100 and

ST1000 samples, compared to that in the ST 3000 sample, can be
correlated to a higher fraction of deformation bands in the micro-
structures. In addition, Min et al. [43] have reported that different level
of homogeneity in β-Ti alloys led to various deformation features,
especially enhancement of mechanical twinning rather than dislocation
slip. This suggests that the existence of the heterogeneous elemental
distribution results in the formation of low β-phase stability regions,
which can be the nucleation site for mechanical twinning [34,43,44].
Consequently, the occurrence of a heterogeneous twin formation was
attributed to a high fraction of the deformation bands in grains [43]. As
shown in Fig. 4, similar to previous work [43], a heterogeneous ele-
mental distribution led to a high fraction of the bands in the ST100 and
ST1000 samples, demonstrating that the fraction of deformation bands
in an early stage of deformation was highly dependent on elemental
distributions.

3.3. Characteristics of deformation band

In order to identify the internal structure of the deformation band,
ST100 and ST3000 samples were further characterized by EBSD ana-
lysis with the areas highlighted in Fig. 4a and c corresponding to ST100
and ST3000 samples, respectively. The IPF map (Fig. 5a) shows several
intragranular bands, tens of micrometers in size, formed in the in-
homogenized β matrix, with parallel thick laths induced by deforma-
tion. The deformation bands exhibit different color with that of the
parent phase, which implies that their crystallographic orientations
differ from each other. Fig. 5b shows that most of the bands were in-
dexed as {332}<113> β (indicated with blue lines) that corresponds
to the crystallographic misorientation of 50.5° between the β-matrix
and {332}< 113> β twin along the< 110> β direction [45]. These
observations indicate that the deformation structures are twin bands.

Fig. 4. Inverse pole figure maps of deformation microstructures in specimens with a strain of 0.02: (a) ST100, (b) ST1000, (c) ST3000. The observed plane is nominal to the rolling plane.

Fig. 5. EBSD analysis of deformation bands formed in the ST100, a heterogeneous structure: (a) IPF map, (b) IQ map superimposed with boundaries for {332}< 113> twins delineated
by the blue lines, (c) KAM map and (d) Misorientation profile along the arrow in (a).
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However, some part of bands was not delineated as {332}<113> β on
the image quality (IQ) map, especially in the dark color area shown in
the Fig. 5b. It is worth noting that the image quality map reflects lattice
distortion in accordance with lattice imperfection [46]. Hence, dark
contrast in the bands indicates higher lattice distortion, which means
that the band was not purely composed of only {332}< 113> β de-
formation twins. To characterize the deformation bands in more detail,
the local lattice distortion was analyzed by the Kernel average mis-
orientation (KAM) as shown in Fig. 5c, where the KAM values represent
the density of geometrically necessary dislocation (GND) [47,48]. Ob-
servation of darker regions in the image quality map (Fig. 5b) corre-
spond higher KAM values. This suggests there are additional deforma-
tion mechanisms operative beyond the {332}<112> β twins during
deformation. Fig. 5d shows the point-to-origin and point-to-point mis-
orientation profile along the arrow, presented in Fig. 5a, illustrating the
strain was mainly activated by multiple deformation modes. This figure
shows that stress-induced martensite (SIM) ⍺״ was formed along the
distance between 12 µm and 16 µm, corresponding to the point-to-point
misorientation of 15.6°. The corresponding point-to-point misorienta-
tion of 59.9° was identified as {112}< 111> twins [45], while
{332}<113> twinning was defined with the characteristic 50.9°
point-to point misorientation angle, as shown in Fig. 5d. Superimposing
the misorientation and twin boundaries onto the IQ map, reveals that
the deformation band was composed of α" / {112}<111> β twin /
{332}<113> β twin / β matrix in sequence. Therefore, these images
shown in Fig. 5 indicate that the strain in the in-homogenized sample
was accommodated by multiple deformation mechanism, including
stress-induced martensitic transformation and mechanically induced
twins during the early stages of deformation.

Fig. 6 shows EBSD analysis of the deformation bands formed in
ST3000, corresponding to a homogeneous elemental distribution in the
specimen. These images illustrate that, in the homogenized β matrix,
mechanical twinning was the only mechanism activated at a strain of
0.02. In the image quality map (Fig. 6b), the bands were fully indexed
as {332}<113> β, where the image contrast color of the whole de-
formation band is nearly the same along its entire length. In addition,
no obvious additional misorientations with the β matrix were observed
by the KAM analysis as shown in Fig. 6c. In addition, the misorientation
profile (Fig. 6d) clearly shows that {332}<113> β mechanical twin-
ning was solely activated as the deformation mechanism. This suggests
that Ti-Nb Gummetal, when compositionally homogeneous, deforms by
mechanical twinning at the initial stages of strain.

Based on the above results, the operative deformation mode was
obviously different between the ST100 and ST3000 samples, even with
the same bulk chemical composition. According to previous studies
[10,32,49,50], the deformation mechanisms in metastable β titanium

alloys strongly rely on the matrix conditions such as grain orientation,
grain size and phase stability, and should be considered. In the present
study, all samples, even with different solution treatments, were shown
to have essentially the same grain size, and possessed no obvious tex-
ture, as presented in Fig. 4. Hence, it is reasonable to consider only the
phase stability affecting the deformation mechanism in the alloys. Re-
call that a single master alloy was cast from which all the different
solutionizing samples were created. Lai et al. [48] reported that the
deformation behavior was accompanied by multiple deformation me-
chanisms in Ti-23 Nb-0.7Ta-2.0Zr (at%) with no oxygen included, an
alloy with lower β-phase stability than a nominal composition of Gum
Metal (since oxygen works as β stabilizer by retarding ω phase for-
mation). It was found that the deformation bands formed in the less
stable β-Ti alloys were composed of {332}<113> β twinning,
{112}<111> β twinning and SIM ⍺״, in good agreement with our
results obtained from the ST100 sample, as shown in Fig. 5. It suggests
that the deformation bands formed in a compositionally heterogeneous
sample was attributed to the relatively lower β-phase stability, which
was mainly observed in the ST100 deformed at a strain of 0.02. On the
other hand, it is found by others [22,51] that Gum metal undergoes a
reversible stress-induced martensitic phase transformation (⍺״→β)
during the unloading process at the initial stage of strain. The above
result demonstrated that mechanical twinning was the primary de-
formation mechanism in Ti-25 Nb-0.7Ta-2Zr-1.2O (at%) alloy, which is
well supported by the deformation bands formed in the ST3000 sample.
This study thus highlights the fact that the deformation behavior of Ti-
Nb Gum metals is closely related to the β-phase stability that can be
controlled by alloying element distributions as shown in Fig. 3.

3.4. Effect of β-phase stability on deformation mechanism

To investigate the effect of chemical stability on the deformation
behavior, the microstructure of individual grains in the ST1000 sample
were observed after cold-rolled to 5% reduction (ε=0.05). Fig. 7a-c
shows the typical deformation microstructures corresponding to the β-
phase stability (Fig. 7d) in the deformed ST1000. Clearly different de-
formation features, with different fractions of parallel thin bands and
thick lathes, were revealed in strained grains (Fig. 7a-c). This implies
that the deformation behavior was accompanied by different plastic
deformation mechanisms in β-grains. It should be state that deforma-
tion bands nucleated at one grain boundary and propagated either to
the middle of the grain intersecting with other bands or terminated at
another grain boundary. Hence, the deformation mode occurring in one
grain has little or no influence on the deformation mechanisms of
neighboring grains. In the micrograph of grain A, shown in Fig. 7a, a
few deformation bands 0.1–1.5 µm in width were observed. As

Fig. 6. EBSD analysis of deformation band formed in the ST3000, a fully homogenized structure: (a) IPF map, (b) IQ map superimposed with boundaries for {332}< 113> twins
delineated by the blue lines, (c) KAM map and (d) Misorientation profile along the arrow in (a).
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described in the previous section, the thick-lath features were char-
acteristic of mechanical twinning, and the thin bands were considered
to be stress induced martensite (SIM, α"). In grain B, shown in Fig. 7b,
the numbers of bands significantly increased and were thicker com-
pared to grain A. It is clear that the bands formed in the grain B are
comprised of both mechanical twins and SIM (α"), as indicated in
Fig. 7b. Finer band features of the microstructure were observed in
Fig. 7c, corresponding to grain C, and no thick laths were present. The
observed thin bands were identified by SIM ⍺״ with 5–20 nm in width,
indicating that the occurrence of stress-induced martensite ⍺״ trans-
formation led to a dense network of nanoscale thin band structures
[52]. These observations (Fig. 7a-c) demonstrate that different β grains
respond to plastic behavior in different way in a heterogeneous spe-
cimen. Composition differences between grains directly alter the de-
formation mode of individual grains.

Fig. 7d displays the β-phase stability of each grain, corresponding to
the grain A (Fig. 7a), the grain B (Fig. 7b) and the grain C (Fig. 7c), on
the Bo - Md diagram, where the Bo and Md values of individual grains
were calculated as described in Section 3.1. The obtained β-phase sta-
bilities in three grains were obviously different due to a heterogeneous
elemental distribution shown in Fig. 3b, which can lead to various
deformation mechanisms. The corresponding β-phase stability in grain
A shows most points were located near or above the β/β+ω-phase
boundary (i.e. in the stable β-phase region), illustrating that plastic
deformation in this grain was mainly accommodated by mechanical
twins or dislocation glide on slip planes, which is in close agreement
with the micrograph of grain A. Furthermore, the relatively stable β-
phase was strongly correlated with a small number of visible de-
formation bands in grain A. On the other hand, lower stability of the β-
phase was revealed in grain B, where composition measurements yield
Bo - Md values that mostly fall in the area between the β/β+ω-phase
boundary and the Ms transition line. Observation of the microstructure
indicates characteristics of mechanical twins and SIM (⍺״), with a high
number of deformation bands within grain B, as shown in Fig. 7b. In the
Bo - Md diagram, the β-phase stability obtained from grain C was
mainly located near the Ms transition line, where the SIM ⍺״

transformation was predominantly taking place during plastic de-
formation, as was pointed out in Section 3.2. These observations in-
dicate that the preferential activation of a deformation mechanism in
different β-grains is closely linked to the chemical stability of the β-
phase. In addition, it also plays a significant role in determining de-
formation behavior of the alloy as a whole, as different deformation
mechanisms lead to different levels of ductility and homogeneity of
deformation.

3.5. Effect of phase stability on phase constitution in cold-rolled alloys

Fig. 8 presents IPF maps of typical microstructures observed in the
ST100 (Fig. 8a and c) and ST3000 (Fig. 8b and d) specimens after cold
rolling to 15% reduction (ε=0.15). In a general view of the deformed
microstructures shown in Fig. 8a and b, there were obvious changes in
the band number and their volume fractions between an in-homo-
genized specimen (ST100) and a homogenized specimen (ST3000). As
mentioned in Section 3.2, this is likely a result of differences in the
elemental distributions between the ST100 and the ST3000 samples. In
the IPF map of the ST100 sample, at a strain of 0.15, a high fraction of
deformation bands was observed with activation of second deformation
products in the primary bands as shown in Fig. 8c. According to Sun
et al. [32], the primary band would provide a modified orientation
area, where secondary deformation products including secondary twins
and SIM ⍺״ were favored over continued deformation of the β matrix,
resulting in a dense network of deformation bands. The feature shown
in Fig. 8c depicts that with further plastic deformation, multiple de-
formation mechanisms, including secondary mechanical twins and SIM
⍺״ were simultaneously operative, which was strongly correlated with
multiplication of deformation bands. Fig. 8b and d show corresponding
IPF maps of the ST3000 sample, indicating that a large fraction of un-
deformed area was still shown in individual grains. The observed pri-
mary band with ~100 µm in width was much thicker than that in the
ST100 sample. Few secondary deformation bands were found in the
microstructure at a strain of 0.15. This implies that the plastic de-
formation in the ST3000 sample was mainly accommodated by the

Fig. 7. (a, b and c) SEM images of the ST1000 sub-
ject to 5% cold rolling (ε=0.05), (d) β-phase stability
relative to the Grain A (a), Grain B (b), and Grain C
(c) superimposed on the Bo - Md diagram. The red
point on the map represents the β-phase stability of a
Ti-23Nb-0.7Ta-2.0Zr-1.2O (at%) alloy.
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primary bands being denser and thicker, rather than multiplication of
the bands, as shown in Fig. 8d.

To further investigate the deformation band in Fig. 8d, detail EBSD
was carried out with careful misorientation analysis. In the IPF map, the
primary band shows slight different colors along its width as indicated
by a line A to B in Fig. 9a. This illustrates that the crystallographic
features were obviously different from each other, including crystal-
lographic orientations or crystal structure, which might be a result of

multiple phases. The KAM map (Fig. 9b) shows that the boundaries
were clearly visualized in the primary band, which is attributed to
different lattice distortions. Fig. 9c displays the misorientation profile of
the line from A to B in Fig. 9a, indicates that the crystallographic
misorientation between the β-matrix and the band was less than 20°,
corresponding to SIM ⍺״ phase. On the other hand, the point-to-point
misorientation of the band along the distance between 58 µm and
112 µm were 59.7° and 59.2°, respectively, which correspond to the

Fig. 8. IPF map of deformation structure in the
specimen subject to cold rolling to 0.15 (a) and (c)
ST100 and (b) and (d) ST3000.

Fig. 9. EBSD analysis of deformation microstructure
in the ST3000 (ε= 0.15): (a) IPF map, (b) KAM map,
(c) and (d) Misorientation profiles relative to the first
points along the arrows A-B (c) and C-D (d).
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{112}<111> β twinning system as revealed in Section 3.3. The above
results indicate that the deformation bands were characterized by SIM
α" / {112}< 111> β twin / SIM ⍺״, in sequence. Fig. 9d corresponds to
the misorientation profile of the bands as indicated by a line from C to D
in Fig. 9a. It shows the crystallographic misorientation between β-ma-
trix and the bands were less than 20°, illustrating that the bands were
only composed of SIM ⍺״ phase. This suggests that SIM ⍺״ phase would
be developed either at boundaries between the matrix and the primary
twin or in the β-phase matrix, which might be a result of their or-
ientation caused by high lattice distortion with accumulating strain
[32]. Therefore, this demonstrates that the deformation bands were
composed of both mechanical twins and SIM ⍺״ or only SIM ⍺״ phase in
cold rolling to a strain of 0.15.

Fig. 10 shows XRD patterns of the ST100, ST1000 and ST3000
samples subject to cold-rolling (ε = 0.15) and solution-treated. Only
the peaks of the β phase (body centered cubic, bcc) were indexed in the
solution-treated ST100 sample, as shown in Fig. 10. It is worth noting
that none of the ω phase, {thermally-induced martensitic transforma-
tion (β → ω)} during quenching [48], was detected in the three solu-
tion-treated samples, even though it has been previously observed in
TEM analysis [53–56] in metastable Ti-Nb alloys. This may result from
the nano-scale size and low volume fraction of the martensite phase,
making it difficult to detect by conventional XRD analysis. With accu-
mulating strain to 0.15, peaks corresponding to the ⍺״ phase were ob-
served in the ST100 and the ST1000 samples, both having a hetero-
geneous elemental distribution. This demonstrates the occurrence of
the stress-induced martensitic transformation β → ⍺״ in the hetero-
geneous specimens during plastic deformation. Comparing the intensity
of ⍺״ phase peaks between the cold rolled ST100 and ST1000 samples,
higher intensity and more evident ⍺״ peaks were indexed in the ST100
specimen. This might be due to a higher volume fraction of ⍺״ phase in
the ST100 sample, resulting from the enhancement of the SIM trans-
formation with increasing cold deformation. On the other hand, no
orthorhombic ⍺״ peaks were found in the ST 3000 sample, even though
SIM ⍺״ was identified in microstructures deformed to 15%, as shown in
Fig. 9. This might be due to fact that a negligibly amount of SIM ⍺״

formed in a homogenized sample compared to that in a heterogeneous
sample. Therefore, this illustrates that the fraction of deformation
bands has a significant influence on the phase constitution of the alloys.

3.6. Influence of β-phase stability on hardness and elastic modulus

In order to establish the dependence of mechanical properties and
elastic properties on the β-phase stability, as well as confirm the effect
of plastic deformation on these properties, hardness and elastic mod-
ulus were measured by Vickers hardness and acoustic wave method,
respectively. Fig. 11a shows the variation of microhardness of three
specimens strained from 0 to 0.15, indicating that the hardness in three

specimens increases slightly with accumulated strain, regardless of
structural state (β-phase stability), with only about 8% increase in
hardness with a cold-rolling reduction to 15%. This suggests that the
alloys would show a relatively low work hardening behavior compared
to conventional β-Ti alloys, which is in agreement with previous studies
[12,57]. According to other studies [12–15,58], little or no work
hardening has been observed during over 90% cold-deformation in Ti-
Nb based Gum metals, which was attributed to non-conventional dis-
location-free deformation mechanisms. Based on these theoretical and
experimentally results, it would appear that dislocation activity has
little effect on the mechanical behavior of these alloys. In the ST3000
sample, the measured hardness values, at different strain levels, were
significantly higher than that of the ST100 and ST1000 specimens. The
analysis presented in Section 3.2 shows that the ST100 and ST1000
specimens possess in-homogenized structures having relatively large
volume fractions of deformation bands composed of mechanically in-
duced twins and SIM ⍺״, as compared to samples with a homogenized
structure (e.g., in the ST3000). As is mentioned in several other studies
[6,7,30–34,58], strain-hardening processes are presumably linked to
the occurrence of multiple deformation mechanisms in metastable β-Ti
alloys, which may result from transformation-induced plasticity (TRIP)
effect and twinning-induced plasticity (TWIP) effect. This means that
the mechanical behavior of β-Ti alloys largely depend on the interac-
tion between these different deformation mechanisms. Therefore, the
enhancement of twinning deformation and/or SIM ⍺״ for achieving
better ductility can be expected in the heterogeneous specimens like the
ST100 and ST1000 samples. In addition, Hao et al. [59] suggested that
SIM ⍺״ possesses a lower hardness compared with the β-phase, which is
well supported by the results of XRD analysis and hardness measure-
ment in this study. As shown in Fig. 10, a relatively high volume
fraction of SIM ⍺״ phase was observed in the ST100 and ST1000, which
can result in lower hardness values compared to that of ST3000.
Therefore, these observations suggest that the deformation mechanism
activated during plastic deformation has a significant effect on the
mechanical properties in these alloys, which can be manipulated by the
extent of β-phase stability, as discussed in Section 3.1.

Fig. 11b shows the elastic moduli of the three specimens subjected
to solution treatment and cold rolling to 15%. The data reveals that the
elastic modulus in all specimens decreased gradually with accumulating
deformation to 15%, from 109 GPa to 91 GPa in the ST100 sample,
from 96 GPa to 78 GPa in the ST1000 sample, and from 98 GPa to
76 GPa in the ST3000 sample which is in good agreement with the
typical mechanical behavior of Ti-Nb Gum metal [13,14]. Furuta et al.
[14] has reported that the elastic modulus of Gum Metals decreases
with increasing cold working to 90% due to its highly textured micro-
structure (strong<110> texture) and/or a significant amount of
stored elastic energy after deformation. In addition, ω-precipitates in
solution treated alloys gradually disappear within the primary de-
formation band in the early stages of strain. Lai et al. [15] reported that
the initiation and propagation of the deformation band leads to the
deformation-induced transformation from ω-phase to β-phase, which is
shown to lead to the formation of the channel depleted of athermal ω-
phase. However, the mechanism for cold-deformed Gum Metal is still
under discussion. Although the trend in elastic modulus with accumu-
lated cold-deformation is similar to the trends observed for typical Gum
Metals, the ST100 shows the highest elastic modulus of these three
specimens. It is worth noting that the elastic modulus in metastable β-Ti
alloys is highly dependent on the constituent phases of the alloy, re-
sulting from the clear differences in elastic modulus of individual
phases [59–61], and found to be related by the following approxima-
tions: Eω ≈ 2.0Eβ and E⍺״≈ Eβ [59,62]. Therefore, it is important to
clarify that as the volume fraction of the athermal ω-phase increases in
the microstructure, the elastic modulus of the alloy would be increased
(⍺״ phase has little effect on the elastic modulus of the β-phase Ti alloys
[59]). As shown in Section 3.1, the ST100 specimen has the most het-
erogeneous elemental distribution and the least β-phase stability, being

Fig. 10. XRD patterns of Ti-Nb-Ta-Zr-O alloys subject to solution treatment (ST100) and
15% cold rolling (ST100, ST1000, ST3000).
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located under the Ms transition line. By comparison, the more homo-
geneous specimens, ST1000 and ST3000, relatively few points re-
presenting the β-phase stability were observed under the Ms transition
line. This implies that in more stable β-Ti alloys, the appearance of ω-
phase was limited or absent, which results in lower elastic modulus of
as-solution treated alloys. Although the volume fraction of the ω-phase
in each alloy cannot be obtained quantitatively with our XRD analysis,
due to its small fraction and size in the nanoscale, the formation or
presence of athermal ω-phase in the three alloys is associated with both
the chemical stability of the alloy and its deformation behavior. Fur-
thermore, the ST1000 and ST3000 exhibit similar values of elastic
modulus even with strain to level of 15%. It should be noted that be-
tween the ST1000 and ST3000, significantly different β-phase stability
and mechanical behavior were characterized as can be observed in
Fig. 4 and Fig. 11b. These results lead to a very important conclusion,
that mechanical properties of the alloys can be controlled without
elastic properties variation in the same chemical composition of Ti-Nb
Gum Metal.

4. Summary

1. For the solution treated Ti-23Nb-0.7Ta-2Zr-0.8O (at%) alloy, the
extent of β-phase stability was dependent on elemental distribu-
tions, which was controlled by the solution treatment process.

2. The effect of β-phase stability on the deformation behavior of the
alloy was related to the deformation mechanism and could be de-
scribed on the basis of characterization of deformation band at the
initial stage of strain. In the ST3000 specimen, a fully homogenized
structure, only mechanically-induced {332}<113> β twinning
was observed, whereas in both the ST100 and ST1000 samples,
having heterogeneous structures, were accompanied by multiple
deformation mechanisms operative, including {112}< 111> β
twinning, {332}<113> β twinning and stress-induced ⍺״ mar-
tensite during the early stages of deformation.

3. The preferential activation of the deformation mode was highly
dependent on the chemical stability of the β-phase during an early
stage of deformation, which plays a significant role in determining
deformation behavior and constitute phase of the alloy.

4. β-phase stability plays an important role in determining the me-
chanical properties and the elastic properties of metastable Ti-al-
loys. The microhardness results revealed that the enhancement of
the twinning deformation (TRIP) and/or SIM ⍺״ (TRIP) for
achieving better ductility can be expected in the heterogeneous
specimens or homogeneous samples slightly off the current com-
position. It was also found that the elastic modulus of the alloys
decreased with accumulating strain, which was highly dependent on
phase constitution before and after cold working.
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