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A B S T R A C T

Thermomechanical-cycling processes were applied to a metastable Ti-23Nb-0.7Ta-2Zr-1.0O (at%) alloy to
control a volume fraction of mechanical twins, resulting from activation of twinning-induced plasticity effects.
Analysis of the microstructure features designed using electron backscattering and X-ray diffraction revealed the
deformation bands induced by the cycling process were characterized as only {332}< 113 > β twinning. It was
also observed that the fraction of twins was significantly increased with increasing the number of the cycles in
the process, resulting in a pronounced softening effect. To shed a light on the relevant micro-scale features (e.g.,
geometric orientation and stress concentrations) responsible for the microstructure evolution and mechanical
response, the local Schmid factor of grains and geometrically-necessary dislocation densities were evaluated
from experimentally observed results, and correlated with deformation twinning. A good correlation between
the local geometric Schmid factor and softening behavior, due to texture evolution within twins was established,
as well as the effect of local stress concentrations on microstructure evolution of this Ti-Nb Gum metal.
Significant decrease in micro-hardness (approximately 18% from untwinned structure) was achieved by highly
twinned structure, and a possible deformation mechanism was established to enhance ductility without evident
elastic properties variation in metastable β Ti alloys.

1. Introduction

Recently, the development of metastable β-titanium alloys, which
can be defined as the least stable β-phase Ti alloys, are known to pos-
sess a good combination of extremely low elastic modulus and a high
specific strength [1]. These alloys have been widely considered to be
utilized as promising biomaterials in artificial hip and knee joints, etc.
to reduce the stress shield, which is caused by high Young's modulus of
the implant, compared with that of human bone (max. 30 GPa) [2,3]. In
recent years, several new β alloys such as TNS (Ti–25Nb–11Sn (wt%))
[4], Ti-2448 (Ti-24Nb-4Zr-8Sn (wt%)) [5] and TNTZ (Ti-29Nb-13Ta-
4.6Zr (wt%)) [2,6] have been developed for applications as metallic
structure implants as well as a replacement for hard tissue [4–7].
However, due to the relatively poor formability compared to other
conventional alloys, their translation into commercial applications has
been hindered. As a result, further investigations have been undertaken
to open new possibilities to expand the material property window be-
tween the relatively low Young's modulus, which is related to chemical
composition optimization [1] and better formability [8,9], which is
linked to improved ductility and enhanced strain hardening [8–11].

With progress in improving formability, a prominent approach has been
considered to stimulate activation of multiple deformation modes, such
as mechanical twinning or stress-induced transformation, along with
dislocation slip, and thus significantly improve upon the poor ductility
caused by rapid strain localization in slip-dominated β-Ti alloys
[10,11]. However, it is difficult to separately manipulate the mechan-
ical properties of these alloys, without affecting the Young's modulus
variation (avoiding increasing the modulus), which is the most promi-
nent property of these metastable β-Ti alloys for consideration in bio-
material implants.

For example, Gum metals, which fundamentally consist of Ti-Nb-Ta-
Zr elements, along with intentional amounts of oxygen, have been de-
veloped by optimized alloy design for “super-properties” such as low
elastic modulus (50–90 GPa), very high strength (~1.1 GPa) and su-
perelasticity (~2.5%) [11–17]. Owing to its unique physical properties
and good biocompatibility, Gum metals are expected to be potential
biomedical materials. However, this alloy development effort has not
focused on improved plastic deformation behaviors related to higher
ductility and better formability. As an example, the oxygen introduced
in the Gum metal chemical composition may help retard athermal
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⍺″-martensite and ω-phase transformations, which are beneficial to
achieve its unique elastic properties [13,14], whereas ductility and
formability of Gum metal are significantly decreased by the addition of
oxygen, which is mainly due not only to oxygen solute strengthening
[15], but also suppression of the deformation twinning mechanism by
increasing β-phase stability [16].

Twining is an important deformation mode in several metastable β-
Ti alloys, and it is well documented in the literature that the origin of
{332}< 113 > twinning strongly depends on crystallographic or-
ientation [17,18], which was substantiated based on Schmid's law. In
addition, Marteleur et al. [10] reported that deformation twining plays
a crucial role in exhibiting a large uniform elongation and significant
straining hardening, as evident from Twinning-Induced Plasticity
(TWIP) steels [19–21]. Although the improvement in these mechanical
properties has not yet been fully understood or utilized, the activation
of multiple {332}< 113 > twinning is an essential key to enhance
formability in metastable Ti alloys [10,18,22]. It is worth noting that,
whereas the occurrence of mechanical twining in these alloys has been
extensively studied, twin fraction/mechanical property relationships
have received little attention and not optimized due to a lack of ex-
perimental information on highly twinned structures of β-Ti alloys.

As a consequence, this study was focused to achieve multiple
twinning in a Ti-23Nb-2Zr-0.7Ta-1.0O (at%) alloy, attributed to an
optimized microstructure design approach. Significant decrease in
hardness without evident Young's modulus variation was achieved
through the formation of highly twinned structure, and a possible de-
formation mechanism was discussed. To understand the microstructure
evolution during plastic deformation, stress concentrations were esti-
mated qualitatively with geometrically-necessary dislocation (GND)
densities derived from electron backscattered diffraction (EBSD) mea-
surements. In addition, different fractions of twins were employed to
elucidate the relevant microstructure features responsible for the var-
iation in mechanical properties, based on the global Schmid factor
analysis. Therefore, the main objective of this study was to understand
the effect of microstructure features on deformation evolution and the
mechanical properties in the Ti-Nb Gum metal resulting from extensive
plastic deformation processing.

2. Experimental procedures

2.1. Twinned structure design

In order to achieve twinning-induced microstructural features, a
unique cycling process (CP) composed of a small pre-strain step and
subsequent heat treatment was adopted in this study. A fully homo-
genized Gum metal alloy was first cold-rolled to 5% reduction
(ε=0.05) leading to the formation of the primary deformation twins,
attributed to the presence of different crystallography orientation
within the parent grain and lattice distortions caused by local stress
concentrations. This pre-strain level provided a sufficient trigger stress
for the nucleation of the primary twin bands in the grains, and neither
the secondary bands, generally formed into the primary band, nor
significant the primary band growth were found with the 5% reduction.
Next, a heat treatment step was carried out at 973 K for 30min, with
sufficient time at temperature to relieve local stress concentrations
adjacent to the deformation bands and grain boundaries, but still avoid
detwinning of the deformation twins by recrystallization and/or
boundary migration. The presence of athermal martensitic phases can
lead to undesired properties, such as embrittlement and increases in
Young's modulus [1,23]. Therefore, a rapid water cooling step was se-
lected to maintain a homogenized structure, which is beneficial to
suppress growth of recrystallized grains and limit precipitation of
athermal ω and/or ⍺″martensitic phases. The process was implemented
as a sequence of up to four cold-rolling/heating/cooling cycles able to
achieve varying twin fractions in the microstructure of the Gum metal.
These thermomechanical-cycling processed specimens are referred to

hereafter as CP1, CP2, CP3 and CP4, respectively.

2.2. Experimental details

Gum metal with a nominal chemical composition of Ti-23Nb-2.0Zr-
0.7Ta-1.0O (at%) was prepared by arc-melting under argon atmo-
sphere, with a mixture of pure elements Ti, Nb, Ta, Zr, and TiO2. For the
preparation of fully homogenized specimens, the ingots were held in an
inert-gas induction furnace for 30-min in its liquid state, then solution-
treated for 2000-min at 1273 K (above the β transus), followed by water
quenching [24]. The measured chemical composition of the as-cast
alloy is presented in Table 1. It is shown that the microstructure of the
as-solution treated alloy consists of random oriented grains with an
average size of ~650 µm (Fig. 1a). Phase identification was conducted
by X-ray diffraction (XRD) using Cu-K⍺ radiation. The body-centered
cubic β-phase was the only phase detected in the alloy as shown in
Fig. 1b. For these experiments, all samples were subjected to mechan-
ical polishing with SiC papers and SiO2 solutions under a load of 5 N.
Microstructure observations of the polished surfaces were carried out
via optical microscopy (OM) and electron backscatter diffraction
(EBSD) on the cross-section parallel to the rolling-direction (RD) using a
Bruker e-Flash EBSD detector on a FEI Quanta 600 SEM at 20 kV. To
investigate the effect of deformation twinning on the mechanical and
elastic properties, as well as establish the dependence of these proper-
ties on the cycling process, micro-hardness and elastic modulus mea-
surements were conducted using Vickers hardness and acoustic wave
method, respectively. The experimental methods and conditions for
these mechanical tests were described in our previous work [24].

2.3. Schmid factor and GND

To further explore the orientation information, Schmid factor (SF)
and geometrically necessary dislocation (GND) densities were analyzed
using EBSD results. Data were collected from four distinct
38 µm×50 µm scans at different locations on the same cross section of
samples. Based on orientation of parent grains and
{332}< 113 > twin variants, it was possible to obtain Schmid factor
values using the available Bruker EBSD software. The Schmid factor
presented in this study is the global Schmid factor, which ignores the
complex internal stress state variation [25]. It is calculated for every
pixel of the EBSD image in the following manner. First, the orientation
matrix is used to rotate individual twin variants from crystal co-
ordinates to sample coordinates. Next, the global Schmid factor of in-
dividual twin variants in the sample coordinates can be calculated as a
product of the direction cosines between the loading direction and in-
dividual twinning direction/plane. GND density is calculated based on
measured orientation data from Hough-based EBSD through the Nye
tensor, while ignoring the relatively insignificant elastic strain gra-
dients. From the orientation descriptor, i.e. Euler angles, lattice mis-
orientation matrices can be extracted from pairs of neighboring pixels,
which are used for computing lattice orientation gradients to populate
the Nye tensor [26]. A traction free boundary condition is reasonably
assumed for the interrogated surface material, therefore only five terms
of the Nye tensor are directly accessible from the measured data (α12,
α13, α21, α23, α33), plus an extra difference term (α11-α22) [27].
Through Frank's loop construction, the measured Nye tensor can be
equated with the unknown dislocation density vector and the disloca-
tion configuration matrix formed by dyadics of the Burgers vectors and

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

Element Ti Nb Ta Zr O

at% Balance 22.8 0.72 2.05 1.0
wt% Balance 35.5 2.18 3.13 0.27
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unit line directions. Erroneous GND density data points are then filtered
out, including those below the noise floor and those adjacent to sub-
grain or grain boundaries. In this study, the dislocation density statistics
are generated through log-normal probability density function fitting of
the data distribution [28].

3. Results

3.1. Mechanical properties

Fig. 2 shows the variation of microhardness and Young's modulus
with increasing the number of cycling process (CP) steps compared to
those of specimens subjected to cold-rolling reductions (CR) to 5%, 15%
and 20%, corresponding to the same amount of thickness reduction
with CP1, CP2 and CP4, respectively. Young's modulus measurements
reveal that there was little or no difference in the specimens subjected
to the cycling process versus cold-rolling alone to 15%. On the other
hand, Young's modulus with cold-rolling to 20% reduction decreased
slightly from 78 GPa to 69 GPa, which was beneficial for cold-worked
Gum metal [11]. For mechanical properties, typical process methods or
deformation mechanisms that accumulation of strain are associated
with an increase in hardness and strength of polycrystalline, a phe-
nomenon commonly known as work hardening behavior. This was
observed in the Gum metal with cold-rolling reduction to 20%, al-
though with a relatively low work-hardening rate, based on the hard-
ness measurement shown in Fig. 2, as compared to conventional β-Ti

alloys, which is attributed to non-conventional dislocation-free de-
formation mechanisms [11,29,30]. However, the Gum metal samples
subjected to the thermomechanical-cycling process exhibit a different
hardness trend compared to the cold-rolled specimens. The data reveal
that micro-hardness significantly decreased with increasing number of
CP steps, with approximately 20% decrease in hardness even with a
thickness reduction to 20% from the solution-treated alloy. These re-
sults appear to be in conflict with the dynamic Hall-Petch mechanism
for strengthening by deformation twinning as previously described in
the literature [19–21,28], since twin boundaries are generally con-
sidered to be obstacles to dislocation-based plasticity. The present study
is thus focused particularly on this softening behavior induced by the
cyclic processing, and establish and validate the mechanism associated
with this softening effect depicted in Fig. 2.

3.2. Phase constitution

Fig. 3 shows XRD results of the 20% cold-rolled Gum metal and
thermomechanical-cycling processed Gum metal. Only the peaks re-
lated to the body centered cubic (bcc) β-phase were indexed in the Gum
metal after 20% reduction (20CR in Fig. 3), implying that cold de-
formation has no obvious influence on phase constitution of the single
phase β microstructure. However, evidence for the C-centered orthor-
hombic ⍺″ martensitic formation was found in CP-Gum metals, as in-
dicated in Fig. 3. This demonstrates the occurrence of thermally-in-
duced martensitic transformation β → ⍺″ during heat treatment, which

Fig. 1. (a) Microstructure and (b) XRD patter of the solution-treated alloy.

Fig. 2. Variations of microhardness and Young's modulus with the number of
cycling process and cold-rolled ratio.

Fig. 3. XRD patterns of Ti-Nb-Ta-Zr-O alloys subject to 20% cold rolling and the
thermomechanical-cycling process from one to four cycles (CP1, CP2, CP3 and
CP4).
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was mainly attributed to a lower process temperature (923 K) than β-
transus temperature, as it has been reported earlier for numerous me-
tastable β Ti alloys [31–34]. Comparing the intensity of ⍺״ phase peaks
among the samples, the highest intensity and more evident ⍺″ peaks
were observed in CP4 specimen. This suggests a higher volume fraction
of ⍺″ phase in the CP4, which may be correlated to the enhancement of
the thermally-induced martensitic transformation by increased total
heat treatment time with each cycle. It is worth noting that constituent
phases of the alloy are closely linked to Young's modulus and hardness
of metastable β-Ti alloys [24], and it has been observed previously that
β-phase microstructure possesses a lower hardness and Young's mod-
ulus compare to those of ⍺״ phase-dominated structures [35–37]. Based
on the results as depicted in Fig. 2, however, the amount of ⍺″ phase
formed during the CP had a negligible effect on mechanical and elastic
properties of the processed Gum metal in this study. In addition, it has
been reported previously that the precipitation of isothermal marten-
sitic phases in β-phase dominated Ti alloys, such as ω- and/or ⍺″-phase,
would significantly influence its deformation mechanism, which is
mainly dependent on β-phase stability [38,39]. From the micro-
structure observations (it will be shown in Section 3.3), it can be seen
that plastic deformation induced by the thermomechanical process was
mainly attributed to mechanical twinning, irrespective of phase con-
stitution. This also supports the conclusion that neither deformation
mechanism in Gum metal nor β-phase stability would be influenced by
the precipitation of isothermal ⍺″ phase.

3.3. Microstructure

To compare the microstructures between cold-rolled specimens and
the thermomechanical-cycling processed specimens, EBSD analysis was
carried out. The microstructures in the Gum metal samples exhibit
significantly different features between these two processes after the as-
solution treated state. Fig. 4a and b show the representative micro-
structures of the specimens after cold-rolling to 5% (ε=0.05) and 20%
(ε=0.2) reduction, respectively. The color code was used for grain
orientation in all IPF maps is given in the upper right corner of Fig. 4a.
In the deformed Gum metal, at 5% reduction, a few deformation bands,
tens of micrometers in size, were observed with different fractions in
each grain, shown in Fig. 4a. In addition, crystallographic orientations
identified in the elongated deformation bands differ from that of the β-
parent phase, caused by twinning deformation. This implies that a
lattice reorientation of the twinned regions would make it change the
condition of plastic deformation, based on geometric factors. The
crystallographic orientation obtained from EBSD analysis will be dis-
cussed in the Section 4 to interpret the deformation behavior in Gum
metal. In our previous work [24], mechanical {332}< 113 > β
twinning was preferred as the active deformation mechanism, espe-
cially at the early stages of cold deformation, suggesting that the de-
formation bands formed during the cold rolling process are mainly
consistent with {332}< 113 > β twins induced by plastic deforma-
tion. The microstructure features shown in Fig. 4b show that the frac-
tion of deformation bands identified as {332}< 113 > β twins was
unchanged with increasing reduction from 5% to 20%, although strain
localization was observed in a few grains, which is in good agreement
with the typical deformation behavior of Ti-Nb Gum metal [11,14,15].
This implies that plastic deformation with further cold rolling proceeds
mainly through the activation of other mechanisms, such as dislocation
slip, kinking, and shear band formation, resulting in significant strain
hardening [16] when compared to twinning-dominated plastic de-
formation. Conversely, in the specimens that were processed by a
combination of pre-strain and subsequent heat treatment (CP samples)
shown in Fig. 4c, a large fraction of deformation bands was observed. In
the inset of Fig. 4c, which is the enlarged microstructure, several re-
crystallized grains, with the size of a few micrometers, were also found
in the deformation bands, resulting from the combined effects of loca-
lized strain in the bands and heat treatment. From the misorientation

analysis (along the line inset of Fig. 4c), the plate-like features were
confirmed to be typical {332}< 113 > β twins (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 [17]. The IPF maps shown in Fig. 4 indicate that
mechanical twinning was induced by not only pre-strain, but rather
enhanced by further deformation in the thermomechanical-cycling
process. Furthermore, the obtained results demonstrate that micro-
structure features in Gum metals were strongly linked to its mechanical
properties, especially the softening behavior associated with the twin-
ning, as mentioned in Section 3. A better assessment of the effect of
multiple twinning on the mechanical response was achieved using a
Schmid factor analysis, which will be discussed in Section 4.

3.4. Microstructure evolution in the thermomechanical-cycling processed
Gum metal

To uncover the microstructure evolution in the thermomechanical-
cycling processed Gum metal, microstructures corresponding to the CP1
and CP2 were characterized by EBSD analysis, and the results obtained
are displayed in Fig. 5. Dramatic changes in the microstructure features
were apparent as the number of CP increased. In Fig. 5(a) and (b), the
observed microstructure in CP1 shows numerous plate-like bands con-
sisting of {332}< 113> β twins, which were identified with the
misorientation profile shown in Fig. 5c. These bands were introduced
by plastic strain to 5% reduction (ε=0.05) by the first CP, and the
width of the primary twins are approximately 10–20 µm determined
from the Fig. 5c. It should be noted that the initially induced twins
appear to nucleate from one boundary and terminate at another grain
boundary. In addition, the majority twin bands formed in the same
grain exhibited the same orientation as shown in the IPF map (Fig. 5a),
implying that they were formed under the same geometrical deforma-
tion condition. The secondary twins were also observed within the
primary ones, in which the secondary deformation, formed by the first
cold-rolling, was preferred to be active within the primary twin due to
the modification of the geometrical orientation in the twinned β zones,
as reported earlier [40]. In the microstructure of CP2 shown in Fig. 5(d)
and (e), more densely distributed deformation features were observed
compared to that of CP1. A few deformation twins appeared to have
different orientations from others in the same grain, as seen in the IPF
map (Fig. 5d). As seen in Fig. 5e, the number of deformation bands
were significantly increased as evident by the abundance of the dark
areas which are heavily deformed regions. Further observations reveal
that some grains were also deformed sufficiently to have a wavy
structure of bands, demonstrating that grain rotation and twisting oc-
curred with further deformation, resulting in new twins as indicated
with arrows in Fig. 5d. According to the misorientation analysis shown
in Fig. 5f, the occurrence of newly formed deformation bands present in
the CP2 were also identified as {332}< 113 > β twins. Furthermore,
the new twins with the width of only a few micrometers were mainly
introduced in un-deformed β regions of the CP1. The reason for the
discrepancy in twin thickness between CP1 and CP2 was considered to
be strain localized in the un-deformed β zones during the second CP,
which is associated with increasing activation energy for twin nuclea-
tion.

In Fig. 6, the representative microstructures of CP3 (a and b) and
CP4 (c and d) observed of etched surface with optical microscopy are
displayed. Numerous deformed lamella structure as well as several re-
crystallized grains a few microns in size were observed. It should be
noted that these features were observed throughout the specimens, ir-
respective of location; however, it was not possible to evaluate accu-
rately the number of deformation band and their thickness due to
highly deformed structure. Indeed, the variation of bands was found to
be increased and more pronounced as the cycling process proceed to
CP4. It was also seen in Fig. 6b and d that the fine deformation traces
within the twins exhibit consider waviness between the twin bands in
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Fig. 4. Inverse pole figure maps showing the deformation microstructures of specimens with a strain of (a) 0.05; (b) 0.2, and (c) microstructure of CP4. (d)
Misorientation profile along the along the arrow AB of the inset image in (c).

Fig. 5. EBSD results of CP1(a-c) and CP2(d-f): (a), (d) IPF maps, (b), (e) the corresponding IQ maps and (c), (f) misorientation profiles along trace AB in (b) and CD in
(e), respectively.
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the un-deformed zones (indicated as bright area in the observed mi-
crostructures), which is a different deformation behavior compared
with CP1 and CP2. These results demonstrate that the highly twinned

structure induced by the thermomechanical-cycling process was ob-
viously derived from the different deformation condition when com-
pared to when only cold rolling deformation was applied. The

Fig. 6. Optical micrographs showing the microstructures of (a), (b) CP3 and (c), (d) CP4. Micrograph plane is parallel to the rolling direction (RD).

Fig. 7. Deformation twinning dependence of Schmid factor (SF): (a) variations mean Schmid factor and Vickers hardness with the number of CP with the error bars
showing the standard deviation, (b) SF distributions of CP1 and CP2, and IQ maps of (c) CP1 and (d) CP2, respectively. Measured surface is parallel to the rolling
direction.
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microstructure evolution sequence associated with the thermo-
mechanical-cycling process will be discussed further in Section 4.

4. Discussion

4.1. Effect of the geometric Schmid factor on softening behavior

Experimental observations from this study illustrate a highly
twinned microstructure in a metastable Ti-Nb Gum metal can be
achieved by the thermomechanical-cycling process described herein,
composed of repeated cycles of a pre-strain and subsequent heat
treatment. In addition to twin-induced plasticity (TWIP) effect, ex-
hibiting low yield strength and large uniform elongation through sig-
nificant work hardening, which have been reported previously [7-
11,18,40-44], it was found that the multiple twins significantly affect
microstructure evolution and mechanical response in this study. The
trend of decreasing hardness, shown in Fig. 2, in the Gum metal, with
increasing twin fraction, can be well explained by softening mechanism
in terms of a crystallographic orientation of deforming crystal structure.
Earlier reports [38,45–47] suggest that deformation twinning can in-
duce a structural softening in the twinned region, due to texture evo-
lution associated lattice reorientation, as indicated in Fig. 5. The
modified orientation in the twinned structure is ascribed to a favorable
geometrical condition for the secondary deformation twins. Hence, it
implies that the contribution to softening will be significant the larger
the fraction of deformation twins in the microstructure.

In order to clarify the effect of orientation-dependent on twinning
activation, the Schmid factor (SF) was calculated with EBSD data,
considering the resolved external stress on the twinning plane and in
the twining shear direction [17]. Combining the hardness results of CP
specimens in Fig. 2, with the mean Schmid Factor analysis, reveals that
the trend of the measured hardness with the number of CP steps was

strongly related with the variation of SF values, as depicted in Fig. 7a. It
should be noted that the fine newly formed twins observed throughout
the microstructures of CP3 and CP4 (Fig. 6) were not considered as part
of the mean SF values due to the inability of the EBSD technique to
resolve these features, where thickness of the twins were smaller than
the step size (~0.85 µm) used for EBSD analysis or the corresponding
interaction volume. Only absolute SF values larger than 0.3 were con-
sidered to activate plastic deformation, as reported by Bertrand et al.
[17]. During the thermomechanical-cycling process, the average
Schmid factor increased mainly due to a larger volume of twinned re-
gions with increasing the number of CP steps. Fig. 7(a) and (b) present
the distribution of Schmid factors on the population of observed twins,
for the CP1 and CP2 samples respectively. For the CP1 sample, the
average SF values increase from 0.403 to 0.429, while for the CP2
samples the values are demonstrably higher with a range from 0.45 to
0.49, close to the maximum value of 0.5. It is noted that more twins
were found with higher Schmid factors. In Fig. 7(c) and (d), the re-
presentative microstructure in the CP1 and CP2 obtained by EBSD
image quality maps reveal that the volume fraction of deformation twin
increased as the cycling process proceeded, due to not only pre-strain,
which induced the primary twins in the CP1, but also further de-
formation, which introduced newly formed twins in CP2, as illustrated
in Fig. 5. This result demonstrates that the variation of Schmid factor
with the number of the CP steps was strongly linked to microstructure
features, correlated with the fraction of deformation twins.

Fig. 8 show inverse pole figure (IPF) maps of the CP1 and CP2 with
the corresponding Schmid factor (SF) distribution maps, illustrating
that reorientation was accompanied by deformation twin. According to
the SF maps shown in Fig. 8(b) and (d), the twinned region has a much
higher SF value than that of the β-matrix. The results are in agreement
with previous literature [41,48] in β-Ti alloys, where the secondary
deformation was preferentially activated in the twinned regions

Fig. 8. Twinning structures of (a) CP1 and (c) CP2, and the corresponding Schmid factor distribution maps of (b) CP1 and (d) CP2. The scale indicates the calculated
SF value.
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because of a modified orientation factor, based on the Schmid factor.
This also supports the conclusions that the mechanical softening in Ti-
Nb Gum metal is governed by the initial twin fraction in the micro-
structure, which might be attributed to orientation dependence of the
critical resolved shear stress in twin-dominated deformation
[17,48–50].

4.2. Effect of local stress concentrations on microstructure evolution

The results in this study lead to a question of why twin formation
would be further enhanced in the cyclically processed Gum metal. From
Schmid factor analysis, it can be expected that further plastic de-
formation is likely to be active in twin bands rather than in un-twinned
regions. Based on Fig. 5 and Fig. 6, however, the observations de-
monstrate that the activation of new deformation twins induced by the
cyclic process preferentially occurred in the un-twinned regions, im-
plying that the microstructural evolution correlates to a different de-
formation behavior when compared to that of the cold-rolled Gum
metal. Indeed, numerous studies on the nucleation of deformation twin
in a polycrystalline material have been suggested non-Schmid factor
behavior associated deformation twin formation [51–53]. The postu-
lated non-Schmid factor mechanism has been explained by local stress
concentrations. For instance, a twin variant formed in a grain is not
always related with the highest Schmid factor, and some of the twins
were shown to form in regions of the second highest or even much
lower SF values, for example in [17,41,51]. In addition, Guo et al. [25]
reported deformation twins can cause a localized stress field at the twin
tip and at the interface between the twin and parent grain, which was
highly correlated with the lengthening and thickening of the twins by
further external stress. This implies that the twining process, including
nucleation, propagation and thickening, would be strongly dependent
on the localized event (or stress concentration), based on a resolved
shear stress that is determined by the stress tensor in the twinning re-
gion rather than the Schmid factor alone. To elucidate this point fur-
ther, the Kernel Average Misorientation (KAM) was analyzed by the

EBSD data, which can represent relative strain concentration; mis-
orientations greater than a tolerance of 3° were excluded. Fig. 9 display
the IPF maps (a and c) and the corresponding KAM maps (b and d) of
the specimen subject to cold-rolling to 15% (a and b), and cyclic pro-
cessed (CP2) (cold-rolled + annealing). The IPF map shows from the
cold-rolled sample (Fig. 9a), the relatively coarse deformation twins,
with approximately 50–70 µm wide, represents a thickening dominated
phase of the twinning process. The misorientation analysis shown in
Fig. 9b demonstrates that a stress concentration was significantly lo-
calized at the twin tip and at twin-parent interface, resulting in a very
heterogeneous stress distribution. From these results, it can be stated
that, with only cold deformation (no annealing step), an external stress
applied after the primary twin formation would mainly assist thick-
ening of the twins through local stress concentrations around the twin-
parent interface (thickening state) rather than nucleation of new twins.
On the order hand, clearly different microstructural features, with a
large number of parallel thin twins (see Fig. 9c), were revealed in the
cyclically processed specimen, as compared to the twins in Fig. 9a. This
implies that nucleation of new twins predominantly occurred in the
deformation process rather than thickening of existing twins, which
might be attributed to lower strain (and hence stress) concentrations.
As depicted in Fig. 9d, the CP2 sample, having undergone annealing
before the additional cold-rolling, was identified with almost the same
KAM values throughout the whole grain, indicating that the level of
stress concentrations from strained (cold-rolled only) state to annealed
(CP) state change sharply.

A better assessment of the effect of local stress concentrations on
twin formation was achieved by the determination of the density and
distribution of geometrically necessary dislocations (GND), which are
associated with non-uniformly deformed regions of a material [54].
GND density is calculated based on measured orientation data from
Hough-based EBSD through the Nye tensor, while ignoring the rela-
tively insignificant elastic strain gradients. Fig. 10 shows the GND
density of strained state (5CR) (by cold rolling to 5%) was higher than
that of the annealed state (5CR+annealing) by subsequent heat

Fig. 9. EBSD analysis of specimen subject to: (a), (b) cold-rolling to 15% and (c), (d)CP2: (a), (c) IPF maps and (b), (d) the corresponding Kernel average mis-
orientation maps. The scale indicates the misorientation value excluding greater than a pre-set tolerance value of 3°.
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treatment. The comparison between the two GND densities reveals that
the local stress concentration might have been modified slightly by
recovery of the distorted lattice after heat treatment (annihilation of
dislocations). Accordingly, it demonstrates that small stress gradients,
which could drive the nucleation of new twin at grain boundaries, and
enhanced local stress concentrations (e.g., at twin tips and grain
boundaries), which would be beneficial for twin thickening, were
strongly dependent on the microstructure state of the Gum metal. These
results lead to a very important conclusion that controlling stress states
(particularly dislocation densities and their distributions) is an essential
key to achieve the highly twinned structure that contribute to the
softening behavior in the mechanical response of Ti-Nb Gum metals.

5. Conclusions

In order to investigate the effect of twin fraction (after being de-
formed) on mechanical properties in a Ti-23Nb-0.7Ta-2Zr-1.O (at%)
alloy, a microstructure design approach was utilized, which in-
corporated both highly twinned structures and highly strained struc-
tures. The geometric Schmid factor and GND density of the resulting
microstructures were analyzed following a study of texture softening
and microstructure evolution. The main results in this work are sum-
marized as:

1. The goal of a highly twinned microstructure was successfully ob-
tained through the thermomechanical-cycling process by a combi-
nation of pre-strain (5% cold-rolling) and subsequent heat treatment
(973 K, 30min), which was mainly composed of {332}< 113 > β
twinning.

2. Microhardness measurement revealed that the twinning structure
was strongly related to the overall softening behavior, showing that
more twins result in lower hardness in the Gum metal. However,
Young's modulus was largely unaffected by twin fraction and iso-
thermal ⍺″-phase present in these alloys.

3. The Schmid factor analysis demonstrated that there was structural
softening in twinned regions, caused by texture reorientation asso-
ciated with a more favorable orientation for plastic deformation.

4. Local stress concentrations mainly induced by twin formation plays
an important role in determining the deformation evolution of Ti-Nb
Gum metal. It was found that reduced localized stress variation
(resulting from the annealing step) facilitates the nucleation of new
twins at grain boundaries. Whereas, in the cold-rolled condition,
propagation and thickening of pre-existing twins were enhanced due

to the higher stress concentrations at the twin tips and/or the in-
terface between twins and β-parent phase.
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