
lable at ScienceDirect

Acta Materialia 131 (2017) 499e510
Contents lists avai
Acta Materialia

journal homepage: www.elsevier .com/locate/actamat
Full length article
Microstructure evolution and superelastic behavior in
Ti-35Nb-2Ta-3Zr alloy processed by friction stir processing

Liqiang Wang a, *, Lechun Xie a, Yuting Lv a, Lai-Chang Zhang b, Liangyu Chen c,
Qiang Meng d, Jiao Qu a, Di Zhang a, Weijie Lu a, *

a State Key Laboratory of Metal Matrix Composites, Shanghai Jiao Tong University, Shanghai, 200240, China
b School of Engineering, Edith Cowan University, 270 Joondalup Drive, Joondalup, Perth, WA, 6027, Australia
c School of Science, Jiangsu University of Science and Technology, Zhenjiang, Jiangsu, 212003, China
d Beijing FSW Technology Co.Ltd, No.1 Dongjunzhuang, Chaoyang District, Beijing, 100024, China
a r t i c l e i n f o

Article history:
Received 25 November 2016
Received in revised form
9 March 2017
Accepted 11 March 2017
Available online 8 April 2017

Keywords:
Friction stir processing
Surface modification
Martensitic phase transformation
Mechanical property
* Corresponding authors.
E-mail addresses: wang_liqiang@sjtu.edu.cn (L.

(W. Lu).

http://dx.doi.org/10.1016/j.actamat.2017.03.079
1359-6454/© 2017 Acta Materialia Inc. Published by E
a b s t r a c t

This work investigates systematically the phase transformation and superelasticity in TiNbTaZr alloy
prepared by friction stir processing (FSP). Multiple-pass FSP with a 100% accumulated overlap to three
passes was implemented. The influence of the processing parameters on the microstructural evolution
and superelasticity in stir zone, transition zone, and heat affected zone were investigated. After
recrystallization, existing dislocations gradually accommodate themselves at sub-grain boundaries. In-
crease in the proportion of a00 martensitic phase is always accompanied by significant reduction in the
fraction of u phase precipitation. Metastable u phase dissolving feature is evident and promoted by
dislocation gliding, especially in the specimen processed at a higher rotation speed. In nanoindentation
measurements, the closer the indent applied towards the transition zone, the more martensites nucleate,
thereby gradually reducing both elastic modulus and hardness via re-orientation of martensites. This
study provides new insight into the surface modification of beta titanium alloys through FSP method to
achieve improved mechanical properties.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Recently, b-type titanium alloys have been increasingly
considered as excellent implant materials because of the remark-
able combination of high strength-to-weight ratio, good fatigue
resistance, relatively low Young's modulus, good biocompatibility
and high corrosion resistance [1e3]. Compared to the conventional
(aþb)-type titanium biomaterials such as Ti-6Al-4V, b-type tita-
nium alloys containing non-toxic constituents possess Young's
modulus (~60 GPa) closer to that of bone (10e30 GPa). From the
viewpoint of practical biomedical application, it is highly desirable
to obtain superelasticity for b-type titanium alloys at higher strain
rates or lower temperatures. It is also important to fully understand
the superelastic behavior in b-type titanium alloys. In the past few
years, extensive endeavors have been made to produce b-type ti-
tanium alloys with a high superelasticity performance [4,5]. For the
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commonly studied Ti-Nb alloys, superelastic effect is attributed to
the reducing proportion of b stabilizing elements such as Ta or Nb
[4]. To our knowledge, increasing critical stress for slip deformation
can also improve the superelasticity. For instance, precipitation
hardening effect via fine u phase and solid solution strengthening
after cold rolling both enhance critical stress for slip deformation,
which improves the superelasticity significantly [6,7]. Therefore,
there is no doubt that nanostructured and ultrafine-grained tita-
nium alloys would exhibit better superelastic performance.

According to present literature, ultrafine-grained or nano-
structured titanium alloys could be obtained through severe plastic
deformation [8e18]. For example, Yilmazer et al. [12,13] found that
high-pressure torsion (HPT) results in fine microstructure in
precipitation-hardened Ti-29Nb-13Ta-4.6Zr (TNTZ) b-type tita-
nium alloy thereby enhancing its hardness. Currently, extensive
studies are being focused on the surface modification, composition
manipulations, heat treatment, and composites reinforced by hard
precipitates to improve the mechanical properties of titanium al-
loys [19e24]. As one of SPD methods [25], friction stir processing
(FSP), a novel solid-state surface modification technique, is
emerging as a very attractive method of localizing thermom-
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Fig. 1. Schematic view of friction stir process.
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echanical processing. Two main processing parameters in FSP, i.e.
rotation speed and pass number, significantly influence the
microstructure of the processed materials. Increasing pass number
during FSP can refine grains due to severe plastic deformation
experienced and severe stirring effect in stir zone, which signifi-
cantly optimized surface properties [26]. Multiple-pass FSP with a
100% overlap was reported to be an effective approach to achieve
refined and homogeneous microstructure in as-cast AZ91 [27].
Currently, FSP has been increasingly applied for surface modifica-
tion of Ti-6Al-4V alloy [28]. However, very few studies on solid-
state surface modification towards b-type titanium alloys and
associated phase transformation mechanism have been reported.

In the past few years, different kinds of phase transformation
mechanisms have evolved into a key goal in research related to b-
type titanium alloys. To that effect, research efforts have resulted in
a number of means that are actively being pursued. For instance,
dislocation slipping, stress-induced a00 martensite phase trans-
formation and deformation twins were reported in cold-deformed
beta titanium alloy [29]. During equal channel angular pressing,
strain induced excessive dislocation tangles and defects in grain or
subgrain boundaries and interiors play detrimental roles in phase
transformation driven process, causing more martensite nucleation
than martensite propagation [11]. However, u phase precipitation
was little observed in the aforementioned work. Owing to different
microstructural features, such as stacking faults and dislocations
generated during FSP, u and a00 martensite phase transformation is
different from those in titanium alloys prepared by other severe
plastic deformation technologies as reported in Refs. [11,29e33].

In this work, FSPmethod was employed for surface modification
of the newly-developed Ti-35Nb-2Ta-3Zr (wt%) alloy with a low
Young's modulus of approximately 48 GPa [29e31]. This work
systematically investigated the effect of FSP on the phase trans-
formation and mechanical properties of Ti-35Nb-2Ta-3Zr alloy. a00

martensite phase, u phase transformation characteristics and
associated nucleation mechanism were detailed discussed. The
superelasticity associated with martensite phase transformation in
stir zone was also explored via nanoindentation tests. This study
provided a new insight into the surface modification of b-type ti-
tanium alloys through FSP method to obtain desired mechanical
properties for biomedical applications.

2. Experimental

2.1. Material preparation

Pure elemental constituents with 99.5 wt% purity were arc-
melted under an argon atmosphere to form Ti-35Nb-2Ta-3Zr
alloy. The ingot was melted three times for chemical homogenei-
ty. As-cast ingot was homogenized at 1223 K for 1 h in vacuum
condition and then forged into a billet with 40 mm in diameter and
160 mm in length. Afterward, the billet was solution treated at
780 �C for 30 min followed by air cooling. Finally, the solutionized
Ti-35Nb-2Ta-3Zr billet was rolled into a sheet about 5 mm in
thickness, with the total rolling reduction ratio about 90% with a
reduction ratio about 5% for each pass at room temperature. In
order to eliminate rolling stress and obtain homogeneous b phase,
solid solution treatment was carried out at 780 �C for 30 min, fol-
lowed by air cooling.

2.2. Friction stir processing

Friction stir processing was performed using a professional FSW
machine with a FSP tool of tungsten steel. Probe diameter and
probe plunge depth used during FSP were 10.0 mm and 2.0 mm
respectively. During FSP procedures, argon was introduced
surrounding both rotating tool and surface layers of FS-processed
zones with aim to prevent high temperature oxidation of Ti-
35Nb-2Ta-3Zr alloy. The processing parameters were at a con-
stant travel speed of 50mm/min at rotation speed of 225 and 300 r/
min. Multiple-pass FSP with a 100% accumulated overlap to three
passes was implemented for further grain refinement. Fig. 1 in-
dicates the schematic view of friction stir process.

2.3. Microstructural observations

FSPed samples for metallographic examinations were cut,
ground, polished, and etched in a solution containing 10 vol% HF,
30 vol% HNO3, and 60 vol% H2O. Microstructure observations were
carried out by transmission electron microscopy (TEM) and high
resolution TEM (HRTEM) with a JEM2100 microscope operating at
200 kV. TEM specimens were sampled from stir zone and twin-jet
polished in a solution with 3 vol% perchloric acid and 97 vol%
alcohol at �25 �C. The observed area posses the same thickness
around 100 nm for each TEM sample. Specimen with 10 mm in
length, 10 mm in width and 4 mm in height was cut from Ti-35Nb-
2Ta-3Zr alloy, and then ion polished for 4e5 h in Gatan Model 693
Precision Cross Section System for Electron backscattered diffrac-
tion (EBSD) characterization in a Nova FEI 400 field emission
scanning electron microscope (SEM) equipped with HKL Channel
Oxford 5 EBSD system. The microscope was operated at 20 kV and
8 nAwith the stage tilted at an inclination of 70�. The specimenwas
scanned at a scan step size of 1 mmand a spot size of 5 nm. The grain
tolerance angle used for grain-size measurements was 5�, and
lower limit boundary-misorientation cutoff was 2� for misorien-
tation measurements. The EDS detector was fully retracted to avoid
overexposure due to the large current used to collect the EBSD data.

2.4. Nanoindentation tests

Nanoindentation measurements were performed using an
NANO Indenter G200 Tester device which employs a lock-in tech-
nique for determination of the indentation-depth-dependent me-
chanical properties at the same position on the sample in the
course of a single loading-unloading curve. In the case of the
different superelasticity, it was possible to perform several different
indentations from the top surface in stir zone at the different
location considering each test independently from others. To
perform several cycles in a reproducible and comparable way, three
identical loading and unloading cycles were conducted with the
equal maximum load and constant applied loading rate in the
location with the same depth to the surface. Nanoindentation tests
were carried out at room temperature using a nanoindenter with a
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Berkovich tip at continuous load up to a maximum value of 50 mN
with a loading rate of 1.0 mN/s. Before unloading step performed at
a rate of 1.0 mN/s, a 5s dwelling timewas applied at maximum load
about 50 mN. Indentations were operated at sufficiently large dis-
tance from each other to avoid any interaction between stress fields
generated by the indentation and the elastic incompatibility
stresses associated to the presence of a grain boundary. The dis-
tance between each individual indent was around 30 mm to ensure
that the value of each indent was accurate without any surface
modification effect by others.

3. Results

3.1. Microstructure characteristics

Fig. 2 shows the SEM micrographs of distinct regions in trans-
versal cross-section of three-pass FSPed samples. Four distinct re-
gions can be consecutively observed from the upper surface of FSP
zone as marked in Fig. 2(a), i.e. stir zone (SZ), transition zone (TZ),
heat affected zone (HAZ) and base metal (BM or matrix). The
principal directions in Fig. 2(a) are identified as WD (welding di-
rection), TD (transverse direction) and ND (normal direction) of the
specimen, which are the same as indicated in other reports (e.g.
Refs. [34e39]).

SEM observations have indicated no distinct difference in
morphology for regions A-E in the SZ. The characteristics of the SZ
include uniform equiaxed fine grains in hundreds of nanometers
(Fig. 2(b)), which are much finer than the grains in matrix with a
size of 50 mm (Fig. 2(e)). Meanwhile, many cavities induced by grain
boundary sliding are distinctly observed in the SZ (Fig. 2(b)).
Fig. 2(c) shows the typical microstructure for the TZ, which includes
shear bands together with elongated grains along transverse di-
rection. Extensive grain boundary sliding along with somewhat
elongated grains is observed (Fig. 2(c)). As clearly indicated in the
enlarged region marked by the square, coarser gains without sec-
ond phase are distinct in TZ in comparison with SZ. Furthermore,
less cavities are observed in TZ, which is especially indicated by
extensive grain boundary sliding and remarkable grain elongation.

Different from the microstructure in SZ and TZ, massive lentoid
laths with an average length of 100 mm are visible in the region H in
HAZ, as marked in Fig. 2(d). According to our knowledge, HAZ ex-
periences a thermal cycle, but does not undergo any plastic defor-
mation. It is also reported that martensitic transformation could be
induced under applied force such as high pressure torsion and one
dimensional shock loading [40,41]. It is known that during friction
stir processing, high plunge depth results in high forces perpen-
dicular to the friction stir processed surface, which ultimately in-
duces the martensitic transformation as observed above. The
morphology and distribution ofmartensites in HAZ are significantly
different compared to those in SZ and TZ.

Fig. 3 shows the EBSD microstructural features of equiaxed
grains in SZ and TZ. As seen from Fig. 3(a) and (b), SZ consists of
grains with average size of about 0.9 mm, indicating that recrys-
tallization has occurred in SZ. Fig. 3(c) shows the misorientation
angle distribution, which indicates the fraction of high angle grain
boundaries (HAGBs) in SZ is 88.7%. Such a high fraction of HAGBs
with an average misorientation angle of 36.2� implies the occur-
rence of dynamic recrystallization (DRX) resulting from severe
plastic deformation during three-pass FSP. Compared with the
microstructure evolution in SZ, relatively coarser grains are
observed in TZ, which have a grain size of around 1.2 mm (Fig. 3(e)).
Meanwhile, the fraction of HAGBs in TZ is 76.4% and the average
misorientation angle is 31.4� (Fig. 3(f)). It has commonly been re-
ported that boundary migration would contribute much to DRX,
especially in those materials with high stacking fault energy, such
as Tie6Ale4V during severe plastic deformation at high tempera-
ture [42]. In this work, a large number of micron-sized new grains
are formed in SZ. As such, the boundary misorientation will be
promoted gradually. In addition, the black-colored areas in EBSD
maps in Fig. 3(a) and (d) indicate the appearance of cavities, which
cannot be identified as newborn phases. Compared with TZ, much
more black color areas in SZ thus meanmore cavities in SZ, which is
consistent with the SEM observations in Fig. 2(b).

Fig. 4(a) shows the optical microstructure for the cross-section
of the three-pass FSP-processed samples at the rotation speed of
225 r/min, which reveals a depth of about 1655.75 mm in stir zone.
Fig. 4 (b)-(f) are the TEM images of upper stir zone (i.e. the region A
in Fig. 4(a)). The grains in upper stir zone are homogeneously
refined and have a size less than 1 mm (Fig. 4(b)). Meanwhile, no
distinct anisotropy is observed for recrystallized grains in upper
region near the top surface. Dislocation tangles are clearly pre-
sented around recrystallized grains (Fig. 4(c)). This scenario is
similar to the previous report that high density dislocations are
especially found around grain boundaries [43]. Fig. 4(d) shows the
precipitation of a00 martensitic phase. Needle-shape martensitic
laths with about 500 nm in length and less than 100 nm in width
are formed inside recrystallized grains. In addition, u phase is also
present inside the grains. Fig. 4(e) and (f) show both the bright- and
dark-field images of u phase, respectively. The corresponding
selected area electron diffraction (SAED) pattern with distinct u
phase spots in Fig. 4(f) shows that u phase are induced during FSP
in the upper region of stir zone and that the orientation relation-
ship between b matrix and u phase is [1e11]b//[11e20]u.

The bright-field image shown in Fig. 5 displays the details of the
deformation twins taken from the same region (region A, as
marked in Fig. 4(a)). Plate shaped deformation twins coupled with
u phase are also observed in Fig. 5(a). The zone axis of the SAED
pattern is parallel to the [011]b direction, which is taken from the
same region as marked in Fig. 5(a). It has been reported that
{332}b<113>b and {112}b<111>b twins are regularly observed in the
metastable b-type titanium alloys [44e46]. In this work, the twins
are identified as {332}b<113>b. Fig. 5(b) shows the indexed diagram
corresponding to b matrix, b twin, and u phase.

Regarding the microstructure evolution in region B marked in
Fig. 4(a), inhomogeneous recrystallized grains are presented in the
middle stir zone, with sizes of 0.5e1 mm in diameter (Fig. 6 (a)).
Elongated grains extending along welding direction are also
observed accompanying equiaxed grains. Meanwhile, dislocation
tangles take place around grain boundaries of some recrystallized
grains (Fig. 6 (b)). Compared with the morphologies of upper stir
zone (Fig. 4), relatively smaller grains andmore dislocations around
the recrystallized grains are evident in the middle stir zone. Such a
change in grain size is associated with the differences in temper-
ature profile and in heat dissipation in stir zone during FSP. In the
middle stir zone, the peak temperature is lower and the thermal
cycle is shorter compared to the nugget top. The combination of
lower temperature and shorter excursion time at the middle stir
zone effectively restrains grain growth thereby refining recrystal-
lized grains [47]. This result is similar to the findings that grains in
stir zone tend to grow near top surface [48]. The stress-induced a00

nucleates and grows quickly in the middle stir zone inside the
recrystallized grains, leading to the formation of long stress-
induced a00 martensites (Fig. 6(c)). As illustrated in Fig. 6(c),
stress-induced a00 martensite is favored in region B. The SAED
pattern in Fig. 6(c) inset specifies clearly the relation between a00

martensitic phase and u phase, showing the precipitation of a00

phase. Fig. 6(d) and (e) show the bright-field and dark-field images
of u phase, respectively. HRTEM image of domain A in (d) along
<1e11> b zone axis shows the boundary between u phase and b
phase. As seen from the HREM image (Fig. 6(f)), the direct evidence



Fig. 2. SEM micrographs showing distinct regions in transversal cross-section of three-pass FSP-processed sample at a rotational speed of 300 r/min: (a) overview of different
regions at a low magnification, and the enlarged views for (b) stir zone (SZ), (c) transition zone (TZ), (d) heat affected zone (HAZ), and (e) matrix. WD (welding direction), TD
(transverse direction) and ND (normal direction) of the specimen are indicated. Note that there is no distinct difference in SEM images for A-E in (a).
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of u phase nucleation and the associated interface characteristics
between b and u phase is provided. Furthermore, zig-zag struc-
tured u phase is clearly visible, showing u in the [11e20]u zone
axis. Parallelogram structured b phase crystals along the [1e11]
zone axis are also detected. The interface of zig-zag structure of u
phase region is not clear in atomic level but it shows a gradual
change in the atomic structure transforming to b crystal structure.
HRTEM image in enlarged regions directly show the diffuse spots of
u phase and b phase crystal, respectively. This is similar to the aged
u phase crystals in b-type titanium alloys [49], where zig-zag
structure of stress-induced u phase is also detected in b-type ti-
tanium alloy during FSP.
3.2. Superelasticity

Previous work on NiTi alloy via nanoindentation indicated that
internal stresses required to induce martensitic transformation are
comparable to the macroscopic critical transformation stresses
[50]. Non-uniform stresses are obtained at the location where a
very small volume of the material is indented during nano-
indentation. Hence, an impression of the indenter tip equivalent to
the unrecovered plastic deformation remains in the specimen after
unloading. The recovered displacement includes both the elastic
recovery and superelastic recovery [51].

Fig. 7 shows the schematic of nanoindentation test and strain



Fig. 3. EBSD maps of equiaxed grains for three-pass FSP-processed sample at a rotational speed of 300 r/min: (a) orientation map, (b) distribution of grain size and (c) misori-
entation angle distribution in stir zone (SZ), and (d) orientation map, (e) distribution of grain size and (f) misorientation angle distribution in transition zone (TZ).

Fig. 4. Microstructure of the three-pass FSP-processed sample at rotation speed of 225 r/min: (a) optical image, and TEM images of (b) recrystallized grains in region A in stir zone,
(c) recrystallized grains and dislocation tangles at high magnification, (d) martensite phase, (e) bright image of u phase, (f) dark image of u phase and the corresponding SAED
pattern.
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Fig. 5. TEM images in region A (Fig. 4 (a)) in stir zone for the three-pass FSP-processed
sample at rotation speed of 225 r/min: (a) deformation twins corresponds to a <011>
zone axis of the b phase and the corresponding SAED pattern; (b) indexed diagram
corresponding to b matrix, b twin, and u phase for (b).
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recovery feature in the stir zone for the three-pass FSP-processed
sample at rotation speed of 225 r/min. Fig. 7(a) and (b) show the
indents in stir zone obtained consecutively from the up surface.
Fig. 7(c) shows the load-depth curves of 51 indents in stir zone. The
maximum indents depth (hmax), residual depth during unloading
(hr) associated with indents are shown in Fig. 7(d). We may define
the elastic recovery her ¼ Pm/S, with Pm and S being the maximum
load and initial unloading slope respectively, and also the supere-
lastic recovery hsr ¼ hmax�hr�Pm/S. As such, the total strain recov-
ery hr, superelastic strain recovery hsr, and elastic strain recovery her
are:

hr ¼ (hmax�hr)/hmax (1)

hsr ¼ hsr/hmax ¼ (hmax�hr�her)/hmax (2)

her ¼ her/hmax (3)

All the maximum depth (hmax), residual depth (hr) and supere-
lastic depth (hsr) of the indentation vary from different indenter
locals (Fig. 7(e)), which are considered as the main distinction of
stress-induced martensite for individual indent. It is reported that
higher total strain recovery indicates a better superelasticity, which
is obtained in the condition that the stress required to induce
martensite is lower than that for conventional plastic deformation
in parent phase [52,53]. In this work, the loading-unloading cycles
for three indentations, which were carried out in the location with
the same depth to the surface, are quite reproducible for the same
maximum load. Therefore, a selection of cycles is plotted for com-
parison. Comparing with different domains ranged from top sur-
face in SZ towards the matrix (about 1530 mm in length), a highest
hr of 35.3% for indent 1 is obtained nearby the up surface. The total
strain recovery decreases gradually when indents are located to-
wards the middle region. However, a larger hr (over 27%) is acces-
sible for the indents from 42 to 51. In addition, a pronounced
increase in maximum depth along with increased indent indicates
the softening process from up surface of stir zone. Similar trend for
superelastic strain recovery (her) is also observed clearly in Fig. 7(f).
4. Discussion

4.1. u phase transformation in stir zone

So far, there exist two reported u precipitation mechanisms.
One is the shuffling mechanism associated with a thermally acti-
vated u phase transformation, which has already been observed in
group IV transition metals and alloys during heat treatment [54].
According to our knowledge, metastable u phase transformation
should be induced mainly by temperature increase and such
athermal u phase is present during quenching from the high
temperature b phase region owing to a shuffling mechanism.
However, in our previous work, no obvious athermal u phase has
been detected by increasing temperature followed by cooling from
b phase region for Ti-35Nb-2Ta-3Zr alloy [29e32]. In this work, the
temperature in the stir zone is detected around 900 �C by infrared
temperature measuring instrument during FSP, which is higher
than the b phase transformation temperature. Therefore, temper-
ature increase has little effect on the metastable u phase trans-
formations after FSP, especially in stir zone. The other u
precipitation mechanism is the dislocation mechanism for
deformation-induced u phase transformation during deformation
[55], which is induced mainly by internal stress. As reported in
literature, internal stresses are important for microstructure evo-
lution during thermo-mechanical treatment, as recovery and
recrystallization are induced by heterogeneities in a deformed
state, which are commonly associated with heterogeneities in
dislocation formed during deformation [56]. As indicated in
Ref. [57], deformation-induced u phase is observed in nano-
crystalline body-centered cubic (bcc) Mo during HPT. Also shock-
induced u phase was investigated in tantalum alloys [55]. In this
work, nano-sized u phase precipitates along grain boundaries and
they distributes especially in recrystallized grains with several
hundred nanometer in size (Fig. 4(e)). With increasing the depth
towards matrix, the amount of u phase induced in the middle stir
zone becomes less while the grain size becomes smaller (Fig. 6(e)),
which is similar to the deformation induced u precipitation
observed at the very beginning during tension in metastable b ti-
tanium alloy [58]. The present result is consistent with the previous
work that the fraction of u phase decreases monotonically with
decreasing average grain size ranged in nanometer [59]. According
to Ref. [55], the motion of partial 1/3[111] and 1/12[111] disloca-
tions dissociated from the 1/2[111] whole dislocations contributes
to the transition of b to u. As reported in previous literature [60],
any factor obstructing dislocation motion, such as through intro-
ducing high-density dislocation tangles and grain boundaries by
cold rolling prior to aging, suppressing u transformation, could
assist in hindering the formation of u.

However, the increase in a00 martensitic phase along with
decrease in dislocation density is always accompanied by signifi-
cant reducing the fraction of u phase precipitation. As shown
before, compared with the upper surface treated at a rotation speed
of 225 r/min (Fig. 4(d)), much more deformation-induced a00

martensite is presented in the middle stir zone (Fig. 6(c)). u phase
precipitates are considered to be dissolved with increasing the
deformation amount [58]. Currently, there was a speculation that
the structural change from u to a00 is more difficult to achieve
comparing with the transformation from b to a00, which is ascribed
to the decrease in the amount of u phase [61]. However, little
experimental evidence could prove this speculation. In this work,
the dissolving of u phase is discussed in detail for the specimens
with different rotation speeds as indicated in Fig. 8.

It can be observed that most dislocations glide in slip bands for
both specimens FSP-processed at different rotation speed as
marked by yellow arrows in Fig. 8(a) and (b). Several single



Fig. 6. TEM images of region B indicated in Fig. 4(a) in stir zone for the three-pass FSP-processed sample at rotation speed of 225 r/min: (a) recrystallized grains, (b) recrystallized
grains with dislocation tangles around grain boundary at high magnification, (c) martensitic phase along <001>a00 zone axis, u phase along <11e20>u direction and its corre-
sponding SAED pattern, (d) bright image of u phase, (e) dark image of u phase, (f) HRTEM image of domain A in (d) along <1e11> b zone axis showing the boundary between u
phase and b phase, including the complete collapse of atomic planes in u precipitates along <11e20>u direction.
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dislocations glide in the grain and slip planes are distinguished
from slip traces left by dislocations at the sample surfaces (indi-
cated by white arrows). Due to multiple dislocation slips, some slip
traces are wavy, while other traces are straight. Same scenario was
also clearly reported in Ref. [62]. Compared with the FSP-processed
specimen at a rotation speed of 225 r/min, many more slip bands
accompanying with dislocation tangles are present in the specimen
at the speed of 300 r/min, as indicated in Fig. 8(b), which is
attributed to much larger deformation extent at higher rotation
speed. Thus, metastable u phase dissolving feature is evident in the
region where dislocations gliding is present, especially in the
specimen processed at a higher rotation speed (Fig. 8 (b)). After
considering that the observed areas possess the same thickness for
both specimens, we compare the HRTEM images for these speci-
mens as shown in Fig. 8(c) and (d). In the current work, the details
for the domains of u dissolving show clearly the transformation
from u phase to b phase. Many more u precipitates are firstly
promoted accompanying with a few u dissolving regions and



Fig. 7. Schematic of nanoindentation test and strain recovery feature in the stir zone for the three-pass FSP-processed sample at rotation speed of 225 r/min: (a) and (b) indents in
stir zone obtained orderly from the up surface (the sequence of numbers correspond to indents starting from the top surface), (c) load-displacement curves obtained from the 51
indents, (d) load-displacement curve for solution-treated specimen, (e) maximum indents depth (hmax), residual depth during unloading (hr), elastic recovery (her) and superelastic
recovery (hsr) associated with indents, (f) total strain recovery (hr), superelastic strain recovery (hsr), and elastic strain recovery (her) associated with indents.
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gradually disappear with increasing the rotation speed from 225 r/
min to 300 r/min. As seen from Fig. 8(d), many more domains
containing b phase appear and more feature of u dissolving is
observed clearly, which is promoted by dislocation gliding. Fig. 8 (e)
shows the indexed diagram corresponding to b phase and u phase.

Fig. 9 shows the schematic view of microstructural character-
istics in SZ, TZ, HAZ and BM, accompanyingu phase transformation.
The detailed u phase transformation mechanism is shown in Fig. 9
(b). During severe plastic deformation, especially for the upper
surface at a rotation speed of 300 r/min, much more vacancies are
formed owing to the increased dislocation slipping, accelerating u
phase dissolving, as clearly indicated in Fig. 9. During this process, a
homogeneous lattice deformation and lattice invariant shears are
also observed. It was reported [63] that the vacancy mediated atom
diffusion normally has a lower energy barrier which promotes the
phase transformation from u phase to a phase. In the current work,
vacancy-ordered metastable u phase dissolves and finally develops
to the b precipitates, transforming [11e20]u phase orientation to
the [1e11]b directly. Fig. 10 shows the XRD patterns of the speci-
mens for both the upper surface and surface in SZ at a rotation
speed of 300 r/min.u phase is observed in the upper surface, which
can be indicated clearly in the enlarged XRD pattern in Fig. 10 inset.
In contrast, both the a00 martensite and b parent phases are
observed in the upper surface and surface in SZ. The intensity of the
(020) peak for b phase is enhanced with the gradually increasing
the depth from upper surface to surface, implying that much more
a00 martensite transformation appears in surface accompanying
disappearance of u phase. This is consistent with the previous
discussion in Fig. 9(b).

4.2. Superelasticity in stir zone

The enlarged load-displacement curves in nanoindentation ex-
periments indicate the typical behavior of superelasticity of FSP-



Fig. 8. TEM and HRTEM images of the stir zone for the three-pass FSP-processed
sample at varied rotation speeds: (a) Slip bands and slip traces of single dislocations
(trace) for the specimen FSP-processed at 225 r/min. (b) Slip bands and slip traces of
single dislocations (trace) for the specimen FSP-processed at 300 r/min. (c) HRTEM
image at 225 r/min and (d) HRTEM image at 300 r/min, (e) the indexed diagram
corresponding to b phase and u phase.

Fig. 9. Schematic view of microstructural characteristics in different regions: (a) in SZ,
TZ, HAZ and BM, (b) u phase transformation.

Fig. 10. XRD patterns of the specimens for both the upper surface and surface in SZ at a
rotation speed of 300 r/min.
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processed specimens (Fig. 11). To achieve the same indentation
depths, distinct load should be applied to the samples. For example,
when the indentation depth is 700 nm, the highest load is around
37, 33, 30, 33, and 30mN for indent 1,17, 32, 42 and 51, respectively.
The highest values in hardness appear in indent 1 to indent 8, as
indicated in Fig. 11(f). Meanwhile, among all the 51 indents, the
highest value in elastic modulus, which is presented by the slope of
P(h) curve after unloading, is also achieved in indent 1. As seen from
the value of the recovery ratio in Fig. 7(f), themaximumvalue of the
recovery ratio is obtained for indent 1, which is attributed primarily
to the reverse transformation of deformation-induced martensitic
transformation, similar to Refs. [64,65]. By increasing indent
number towards the transition zone (i.e. the indent locale gradually
closer to the transition zone) leads to that much more martensites
nucleate, which re-orientate during nanoindentation testing.
Therefore, lower load is applied compared with those in the upper
surface (Fig. 11(b)-(e)), resulting in a gradual decrease in both
elastic modulus and hardness (Fig. 11(f)). It can be proved that
martensite nucleation and its reverse transformation occur easily in
the region towards transition zone according to the record that the
highest recovery ratio (Fig. 7(f)) and lower elastic modulus and
hardness are achieved in indent 51, the nearest position to transi-
tion zone. The pop-ins on the load-displacement curve corresponds
to the deformation-induced martensitic transformation, which was
previously discussed in Ref. [66]. Ahn et al. [66] also attributed the
first pop-in event to the dislocation nucleation in TRIP steels fol-
lowed by martensitic transformation. Among all the mentioned
indents in Fig. 11, the first pop-inwith highest load occurs at indent



Fig. 11. Nanoindentation experiments conducted with Berkovich indent: (a) indent 1, (b) indent 17, (c) indent 32, (d) indent 42, (e) indent 51, (f) relationship between the slope of
P(h) curve, hardness, elastic modulus and different indents. The numbers correspond to the sequence of indents starting from the top surface in stir zone. The positions of the pop-
ins are arrowed.
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1, seen from the enlarged image inside (Fig. 11(a)), which is
consistent with the hardening effect for indent 1. On the other
hand, manymore pop-ins presenting in indent 51 also provide solid
evidence that muchmoremartensitic transformation is achieved at
this location.

To further indicate the deformation features during nano-
indentation testing, series of scanning electron microscopy (SEM)
images of remnant nanoindents (maximal applied load of 50 mN)
are shown in Fig. 12. Fig. 12(a) shows the schematic representation
of residual indentation area including dislocation and martensite
transformation feature during nanoindentation. As discussed
above, the recovered displacement includes both the elastic re-
covery (her) and superelastic recovery (hsr), observed in Fig. 12(a).
Fig. 12. Series of SEM images of remnant nanoindents (maximal applied load of 50 mN)
martensite, (b) indent 1, (c) indent 17, (d) indent 32, (e) indent 42, (f) indent 51.
Similar morphology of indent left after unloading is achieved with
different Berkovich tip geometry. Anisotropy of the geometry size
for indent 1 is considered as the result from the inhomogeneous
nucleation of deformation-inducedmartensite, accompanying with
dislocations. Obvious cracks between grain boundaries are
observed. The largest superelasticity obtained in indent 1, as indi-
cated in Fig. 7(e) and (f), is attributed to the precipitation hardening
effect of much more fine u phase and fine grain strengthening after
FSP, which is caused by increasing critical stress for slip deforma-
tion. With increase in indent number, isotropic geometry sizes for
indents 17, 32, and 42 are achieved which show a homogenous
nucleation of deformation-induced martensite, as indicated in
Fig. 12(cee). As for both indents 42 and 51 (Fig. 12(f)), towards
: (a) schematic representation of residual indentation area including dislocation and
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transition zone, where martensite nucleation and its reverse
transformation occur easily, anisotropy of the geometry size is
obtained with smallest remnant nanoindents.

5. Conclusion

(1) Transition zone (TZ) consists of coarser grains than stir zone
(SZ). Different from the microstructure in SZ and TZ, a large
number of martensites including micro-twinning are pre-
sented in region of heat affected zone (HAZ). The
morphology and distribution of martensite in HAZ are
significantly different compared to those of SZ and TZ.

(2) The high fraction of high angle grain boundaries (HAGBs)
implies that dynamic recrystallization (DRX) occurs during
FSP due to severe plastic deformation for three passes and
the averagemisorientation angle is 36.2�. Comparedwith the
microstructure evolution in SZ, relatively large grain size can
be observed in TZ, which ranged around 1.2 mm. Meanwhile,
the fraction of HAGBs in TZ is 76.4% and the average
misorientation angle is 31.4�. As clearly clarified, b grains are
homogeneously refined from TZ to SZ accompanying the
increase in the average misorientation angle.

(3) After thorough recrystallization, the existing dislocations
gradually arrange themselves at sub-grain boundaries, and
the increase in sub-grain boundary misorientation angle
ultimately promotes the formation of high angle grain
boundary. Recrystallization is obtained accompanying
dislocation annihilation while with just a few discontinuous
dislocation lines appearing in the recrystallized grains.

(4) Zig-zag structured stress-induced u phase is also detected in
b titanium alloy during FSP. In addition, stress-induced a00

phase also precipitates accompanying u phase nucleation
and dislocation annihilation. The process of u dissolving is
promoted by the dislocation gliding.

(5) With increasing indent number towards the transition zone,
much more martensites nucleate, which re-orientate during
nanoindentation test, resulting in gradual decrease in both
elastic modulus and hardness.
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