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The wide applications of pure titanium (Ti) are greatly limited by its low strength and hardness. In this
paper, we employed an industrial method of rotary swaging (RS) to improve the strength of commercial
pure (CP) Ti and uncovered the elementary mechanisms governing microstructural changes under RS.
Specifically, the {10-12} extension and {11-22} contraction twins take place in the coarse grains at the early
stage of RS deformation, which contributes to the increase of yield strength and moderate ductility. As for
the late stage, the twins disappear and are replaced by textured nanostructured grains; meanwhile, there
exists a hardness gradient along the radial sample direction. High strain rate RS brings about profuse twins
Rotary swaging and rapid grain refinement at room temperature in contrast to conventional severe plastic deformation. We
Microstructure evolution rationalize that the high yield strength of CP Ti (up to 955 MPa) is attributed to dislocation, grain boundary
EBSD and texture strengthening. This result may provide some insights in microstructure-based design of metals
with superior mechanical properties subjected to this scalable RS technique.
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1. Introduction

Commercially pure (CP) titanium exhibits high biocompatibility
and comparable elastic modulus with the bone tissue, which renders
it increasingly demanding for medical applications [1-4]. One ex-
isting issue is that the coarse-grained (CG) CP Ti displays low
strength and poor resistance to wear, being a serious impediment
against wider applications [5,6]. Although the strength can be ele-
vated through alloying as exemplified in the traditional Ti-6AI-4V,
the alloying elements may release into the human body and un-
avoidably pose health issues [5]. Therefore, pure titanium with su-
perior mechanical properties would be urgently required.

Rotary swaging (RS) is a widely used industrial method allowing
for high-throughput mass production of materials with enhanced
mechanical properties. This process enables large hydrostatic
stresses and thus facilitates the accumulation of large strain.
Recently, the improvement of mechanical properties has been re-
ported in Cu, Al, Mg, W, Ti and their alloys [7-13], ascribed to the
development of nanostructured or ultrafine-grained (UFG) struc-
tures according to the Hall-Petch relationship [14-20]. For instance,
Pachla et al. [12] and Huang et al. [ 13] pointed out that the strength
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and ductility of the CP Ti were comparable to those of the Ti-6A1-4V
alloy through RS combined with subsequent thermal treatment.
Several plastic deformation mechanisms have been identified in the
late stage of RS, like grain refinement via formation of grain/sub-
grains and continuous dynamic recrystallization [12,13]. However,
these current experimental results do not yield a satisfactory picture
about the elementary mechanisms governing microstructural
changes under RS, thus restricting the capability for microstructural
design of metals with optimized mechanical properties. The reason
for this lack of knowledge is due to unknown aspects regarding the
microstructure changes in the early stage of the RS.

With the above issues in mind, the objectives of the present work
are twofold as follows. First, a one-step rotary swaging process
without thermal treatment will be conducted in an effort to examine
the previously overlooked microstructure evolution and deforma-
tion mechanisms in the CP Ti. Second, the relationship between
microstructure evolution, texture, and mechanical properties of the
RS-processed CP Ti will be critically appraised by detailed micro-
structural analysis.

2. Experiments
2.1. Sample preparation

CP Ti rods of diameter of 30 mm and height of 100 mm (Shaanxi
Lianzhong Co., Ltd., China) ingot were used as the starting materials.
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Table 1
Chemical compositions of commercial pure titanium alloy studied in this work
(mass%).

Elements Fe C N H 0] Ti

wt% 0.02 0.009 0.007 0.001 0.065 Bal

Top view

Swaging

direction Side view

Fig. 1. Schematic illustration of the rotary swaging process and the definition of the
sample coordinate system for further microstructural analysis.

Table 2
The sample diameter and corresponding deformation strain of the as-received and
RS-processed samples.

Condition Diameter, mm True strain
As-received 30.0 0.00
RS 1 24.6 0.40
RS 2 11.0 2.00

Their chemical compositions are given in Table 1. A type of four-die
rotary swaging machine (Fig. 1) was utilized to process the CP Ti
samples. The principle of its operation is simple as illustrated in
Fig. 1. The sample coordinates were defined by the swaging direction
(SD), normal direction (ND) and transverse direction (TD). A series of
molds were used to reduce the diameter of cross-section from
30 mm to 11 mm (one pass about 0.5 mm) with strain rate ranged
from 10 to 10? s' at the room temperature [21]. Thereafter, typical
swaged samples at various true strains were selected for further
investigations (see Table 2). The deformation strain is defined as
@ = In(Ap/A) where Ay and A are the initial and final cross-section
area of the Ti samples, respectively [8,10].

2.2. Tensile testing

Flat dog-bone tensile specimens with gauge dimensions of
1.5x2.5x 10 mm? were sectioned by electrical discharge machining
(EDM) from the various swaged samples along the swaging direc-
tion. All tensile specimens were polished prior to tension using
0.25um diamond suspension. The uniaxial tensile samples were
tested at room temperature with a universal tensile testing machine
(LFM-20, Walter + Baiag, Lohningen, Switzerland) at an initial strain
rate of 1 x 107 s™!. The tensile tests were repeated at least three
times for each specimen.

2.3. Microstructural characterizations

Microstructural characterization was carried out by means of
electron back-scattered diffraction (EBSD) and transmission electron
microscope (TEM) techniques. Specifically, EBSD mapping was con-
ducted using a high-resolution field emission Carl Zeiss-Auriga-
45-66 scanning electron microscope (SEM) equipped with a fully
automatic Oxford Instruments Aztec 2.0 EBSD system (Channel 5
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software). Two types of metallographic sections were taken from the
RS samples, referred to as the top-view and side-view samples. The
top-view and side-view samples were prepared in the ND-TD and
ND-SD planes of the CP Ti samples, respectively (Fig. 1). The speci-
mens for EBSD characterization were mechanically polished with SiC
paper and then electro-polished in an electrolyte containing 90 vol%
acetic acid and 10 vol% perchloric acid using a voltage of 35V and
polishing time of 50s in a Buehler ElectroMet 4 polisher. TEM ob-
servations were conducted in an FEI-Tecnai G2 20 S-TWIN micro-
scope operated at 200 kV. The TEM specimens were prepared by
grinding the deformed specimens down to 60 pm thickness and then
punched into discs with a diameter of 3 mm and were finally electro-
polished to an electron-transparent thickness in an aqueous elec-
trolyte containing 10% perchloric acid, and 90 vol% ethyl alcohol at
20 °C via a twin jet electro-polishing system.

3. Results and discussion
3.1. Microstructure characterization

Fig. 2 shows the top-view and side-view microstructure of the as-
received CP Ti. Coarse equiaxed grains with an average size of about
10.7 pm are observed in the inverse pole figure (IPF) map for the top
view sample (Fig. 2a). In the side view, the coarse grains are elon-
gated along the SD with comparable grain size (Fig. 2d). The
equiaxed grains consist of a large volume fraction of HAGBs and a
few LAGBs for the top view (Fig. 2b). There are plenty of LAGBs in the
elongated grain interior from the side view. The Kernel Average
Misorientation (KAM) measure is used as an index for describing the
accumulated local lattice curvature due to rotary swaging. Herein,
the 2nd neighboring shell is considered and misorientations larger
than 5° are discarded to avoid an artificial effect from adjacent grain
boundaries. In the as-received sample, only LAGBs are associated
with high KAM values (Fig. 2c and f).

Fig. 3 presents the microstructures of the CP Ti sample subjected
to rotary swaging with a deformation strain ¢ =0.4. The grains are
elongated from the top view, in contrast to the as-received sample.
The occurrence of several twins is clearly observed in the grain in-
terior (Fig. 3a and d). Compared to the as-received sample, the defect
density increases in terms of more LAGBs and HAGBs formed in the
RS sample (Fig. 3b and e). This is also consistent with the increased
KAM values in the LAGBs and HAGBs for each view section (Fig. 3¢
and f). The interior regions for some large grains remain unaltered
according to the blue contours while the twin regions change to the
green contours due to strain accumulation.

With increasing strain from 0.4 to 2.0, the grains are substantially
refined in the top view section. Plenty of equiaxed grains
(117 £ 53 nm) are embedded in the spiral grains (Fig. 4a). In the side
view, the grains are elongated and some equiaxed grains are sand-
wiched in the lamellar structure (Fig. 4d). As seen in Fig. 4b and e,
some LAGBs are aggregated in the HAGBs, analogous to the ¢=0.4
sample. Interestingly, the twinning structure disappears. The corre-
sponding TEM characterization shows the deformed grains with an
average size of 117 nm in the top-view section and elongated la-
mellar structure (averagely 182 nm in thickness) in the side-view
section (Fig. 5). It is noted that both lamellar boundaries and grain
boundaries are blurry and the grain shape is not discernable. The
high dislocation density within the grains may result in high internal
stress, as indicated by the red dotted circle in Fig. 5.

The fraction of LAGBs increases with the increasing RS strain
according to the misorientation angle distribution (Fig. 6). For in-
stance, the fraction of LAGBs is about 11.3% for the as-received CP Ti
on the top view (Fig. 6a), while the fractions of LAGBs at the strain of
0.4 and 2.0 increase to 63.3% and 57.8%, respectively (Fig. 6b and c).
The side view section shows the same tendency (Fig. 6d-f). The high
fraction of LAGBs may be due to the fact that the dislocations
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Fig. 2. IPF maps (a and d), EBSD boundary maps (b and e) and KAM maps (c and f) for the top view (a-c) and side view (d-f) sections of the as-received CP Ti sample. The top view
is parallel to the swaging direction and the side view is perpendicular to swaging direction. The inserts in (a) and (d) are respective grain size distribution. Red lines in the EBSD
boundary maps represent misorientation angle > 15° and yellow lines represent misorientation angle between 2° and 15°.(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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9=0.4 side view

Fig. 3. IPF maps (a and d), EBSD boundary maps (b and e) and KAM maps (c and f) for the top view (a-c) and side view (d-f) sections of the ¢ = 0.4 sample. The inserts in (a) and (d)
are respective grain size distribution. Red lines in (b) and (e) represent misorientation angle > 15° and yellow lines depict misorientation angle between 2° and 15°.(For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

substructure cannot be annihilated and rearranged. The KAM values
are used to evaluate the change in the dislocation density. The KAM
distribution shifts to an overall high value for each view section
(Fig. 6h-m). Taking the side view as an example, the average KAM
value increases from 0.64° in the as-received sample to 1.01° of the
¢=0.4 sample and up to 1.67° for the ¢ =2.0 sample (Fig. 6k-m). It
can be seen that the misorientations increase when moving from the
zones close to the center of the grain to the grain boundaries and the
dislocation density increases with the deformation strain (Fig. 3c
and f, Fig. 4c and f). This is an indication of the development of
plastic gradients within the grains that are accommodated via the
formation of geometrically necessary dislocations (GNDs) [22].
These dislocations are mainly assembled close to the grain

boundaries so as to accommodate the inhomogeneous deformation
between neighboring grains. It was reported that the GND density is
the minimum that can accommodate plastic gradients [23]. A rough
estimate of the density of GNDs, pp, can be expressed as a function
of the accumulated average local misorientation angle, 6, [24]:

o= —
GND b 1)

where b is the length of the Burgers vector. Taking b =0.295 nm for
Ti [25], the step p and the average local misorientation angle § (KAM)
into the Eq. (1), it yields the calculated density for each sample
(see Table 3). For instance, the GND density of the as-received
CP Ti is 6.88 x 10> m™ from the top view. The density is about
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Fig. 4. IPF maps (a and d), EBSD boundary maps (b and e) and KAM maps (c and f) for the top view (a-c) and side view (d-f) sections of the ¢ = 2.0 sample. Red lines in (b) and (e)
depict misorientation angle > 15° and yellow lines represent misorientation angle between 2° and 15°.(For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

3.82 x 10" m™2 with a deformation strain ¢=0.4 and further in-
creases to 1.44 x 10" m™2 for the sample at a strain of 2.0. It should
be noted that the GND density is eventually increased by almost two
order of magnitude.

3.2. Twinning and texture evolution

As mentioned above, the twinning structure is observed in the
grain interior at a deformation strain ¢ =0.4. Misorientation angle
distributions are used to identify the twins and their variants (Fig. 6).
The peaks at around 65° and 85° have emerged, meaning that
{11-22} < 11-2-3 > contraction twin (CT) and {10-12} < -1011 >
extension twinning (ET) are formed, respectively (Fig. 6b and e) [26].
It was established that four twinning systems are commonly found in
Ti including {11-21} < -1-1126 >, {10-12} < -1011 >, {11-22}
< 11-2-3 > and {11-24} < -2-24-3 >, and the first two are extension

twins (ETs), while the other two are contraction twins (CTs) [27]. For
the four twinning types in Ti, twinning shear z can be estimated
as [28,29]:

T2y =y 2)
to-12) = (¥ = 3)V3y (3)
Ti1-22) = 2(* = 2)[3y (4)
T11-24y = 2(r* = 2)[3y (5)

where y is the c/a ratio of Ti (1.587). By using these equations, the
twinning shear of t(11-21}, T{10-12)» T(11-22), T{11-24; are calculated to be
0.630, 0.175, 0.218 and 0.218, respectively. The lower twinning shear
of {10-12} ETs, {11-22} CTs and {11-24} CTs implies that less stress/
energy is needed to activate the twinning system. In addition,
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Fig. 5. Typical TEM micrographs showing the microstructure on top view (a) and side vi

ew (b) of the deformation degree ¢ = 2.0 sample, the inserted histograms are grain size

distribution and red dotted circles indicate the high dislocation density for each view section.(For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

activation of twinning is heavily dependent on the included angle
between the loading direction and c axial of the grain in the Ti alloys.
As a part of Schmid factor analysis, Fig. 7 shows the Schmid factor
distribution of the four twinning systems for the as-received sample
subjected to RS treatment. The Schmid factor distributions show that
{11-21} < -1-126 > twin with an average Schmid factor of 0.452
(Fig. 7a), while {10-12} < -1011 >, {11-22} < 11-2-3 > twin with the
average Schmid factor of 0.331, 0.393, respectively (Fig. 7b and c).
Though the average Schmid factor of {10-12} < -1011 > and
{11-22} < 11-2-3 > twinning systems is lower than {11-21}

<-1 -126 > twin system, the twinning shear = of {10-12}

< -1011 > and {11-22}< 11-2-3 > twinning systems is much lower

than {11-21} < -1-126 > twin system. Moreover, the ratio of twinning
shear and Schmid factor for {10-12} < -1011 > twinning system is
0.529, which is lower than the value 0.555 of {11-22}
< 11-2-3 > twinning system. Considering that {11-24} twins were
only reported at cryogenic temperature for strain accommodation due
to the suppression of dislocation slip [28]. Thus it is understandable
that the {10-12} ETs and {11-22} CTs are observed twinning types
sustaining the early stage RS deformation at room temperature. The
misorientation peak of {10-12} ETs is higher than {11-22} CTs owing to
the lower twinning shear of {10-12} ETs. Therefore, a larger volume is
required for {10-12} ETs to accommodate the same deformation strain
as for {11-22} CTs. It is worth noting that the volume fraction of
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Fig. 6. The histograms of grain boundary misorientation (a-f) and local misorientation (h-m) for the as-received and RS-processed samples: (a and h) top view, (d and k) side view
for the as-received sample; (b and i) top view, (e and 1) side view for the ¢ =0.4 sample; (c and j) top view, (f and m) side view for the ¢ =2.0 sample. Corresponding volume

fraction of the LAGBs and KAM values are given in the figures as well.
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Table 3
The calculated GND density for different samples based on the KAM maps.
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Samples As-received top view As-received side view ¢=0.4 top view ¢=0.4 side view ¢=2.0 top view ¢=2.0 side view
0 0.58° 0.64° 1.29° 1.01° 1.21° 1.67°
p/um 0.5 04 0.2 0.2 0.05 0.1
pCND/m2 6.88 x 10" 9.52 x 1013 3.82 x 10 2,99 x 10™ 144 x 10" 1.00 x 10'

20 20
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Fig. 7. The Schmid factor distribution of the four twinning systems for the as-received
sample subjected to RS treatment: (a) {11-21} < -1-126 > ; (b) {10-12} < -1011 > ; (c)
{11-22} < 11-2-3 > ; (d) {11-24} < -2-24-3 > . The average Schmid factors are given
in the diagrams and the loading direction is parallel to ND.

deformation twins is measured to be 14%, much higher than that
under room temperature rolling of pure Ti from a recent investigation
[29]. In contrast to conventional severe plastic deformation (SPD),
the strain rate during rotary swaging is higher and estimated to be
10-10? s7!, which is favorable for generating twins based on
Hollomon equation. This well explains the observed fine and dense
twin at the early stage of room temperature RS. With further
deformation, the misorientation peaks disappear at the deformation
condition ¢ = 2.0. The fragment of twins is due to interaction between
twin boundaries and dislocation. Besides, it was suggested that the
deformation twinning becomes more difficult with decreasing grain
size but the underlying reason is unclear [30].

The maximum pole intensity of {0001} plane is inclined to ND in
the range of 15° ~ 45° and the {10-10} pole figure is distributed
loosely for the as-received samples (Fig. 8a). As for the ¢=0.4
samples, the maximum intensity of {0001} plane is about 55° in-
clined to ND with the tilted angle to SD being about 15° and 30°
(Fig. 8b). The {10-10} pole figure is similar to the as-received samples
(Fig. 8a and b). The maximum intensity of {0001} plane is parallel to
ND and the < 10-10 > fiber texture occurs with respect to SD for the
¢ =2.0 sample (Fig. 8c). Such preferred orientation texture for CP Ti
is consistent with prior work subjected to swaging and drawing
[13,31]. The Schmid factor analysis is further utilized to study the
slip activities of the CP Ti samples during RS treatment and tensile
deformation (Figs. 9 and 11). The Schmid factor distributions show
that {10-11} < 11-23 > slip with an average Schmid factor of 0.434
(Fig. 9d) is most likely to be initiated, while {10-10} < 11-20 > slip
with an average Schmid factor of 0.186 (Fig. 9b) is difficult to be
facilitated for the as-received CP Ti sample. After RS treatment at the
deformation strain ¢=0.4, the average Schmid factor of {10-
10} < 11-20 > slip increases to 0.279 (Fig. 9f) and the most active
slip system is still {10-11} < 11-23 >, with an average Schmid factor
of 0.427 (Fig. 9h). It is known that the Schmid factor indicates the
critical resolved shear stress (CRSS) of applied stress (cgppiiea) ON

0.4
side view

(c) {0001} N2 {10-10}

2.0
side view

3
=
12

Fig. 8. The ND-SD {0001} and {10-10} pole figures for the (a) as-received sample, (b)
¢=0.4 sample and (c) ¢ =2.0 sample. The sample coordinates were defined by the
swaging direction (SD), normal direction (ND) and transverse direction (TD).

corresponding slip planes and the ogppiieq Needed to stimulate the
dislocation can be calculated by the following equation [31]:

Oapplied = OcRrss/M (6)

where m is the average Schmid factor of corresponding slip system.
It was previously calculated that the CRSS for basal slip, prismatic
slip and pyramidal slip are 150 MPa, 30 MPa and 120 MPa, respec-
tively [32]. Thus, we obtain the stress required to activate the slip
systems in Ti during deformation (see Tables 4 and 5). It is obvious
that the ogppriea required to stimulate the {10-10} < 11-20 > slip is
much lower than that for other dislocations when subjected to the
RS process. Therefore, with increasing strain from 0.4 to 2.0, it is
reasonable to assume that the highly favorable {10-10} < 11-
20 > slip systems would contribute to the formation of< 10-
10 > fiber texture and therefore influence the mechanical properties
of the CP Ti samples.

3.3. Mechanical properties and strengthening mechanisms

Fig. 10a plots the efficiency of grain refinement as a function of
equivalent strain in the RS processing, compared with different SPD
techniques in the literature. CR - cold rolling, HE - hydrostatic ex-
trusion, ECAP - equal channel angular pressing, hydrostatic extru-
sion and KoBo - extrusion through oscillating die. The grain size is
refined to 200 nm at the strain ¢ = 2.7 for cold rolling. As for the HE
and KoBo, the grain size is decreased to 500 nm and 650 nm at a
strain of 3.2 and 4.2, respectively. Interestingly, the RS processing
allows for the rapid grain refinement, which can be seen from the
fact that the grain size is refined to 117 nm at the strain ¢ =2.0. It can
be interpreted that the coarse grain is subdivided by the dense twin
lamellar and dislocation slipping and refined to UFGs. The UFGs is
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further refined down to nano-grains by slipping at the high strain
rate. Fig. 10b and d show the hardness distribution along the radial
direction and the tensile properties from the edge to center of the
¢ =2.0 sample. As shown in Fig. 10b, the micro-hardness of the as-
received CP Ti is ~196 HV. The RS processing brings about a gradient
distribution of micro-hardness along the radial sample direction,
with a constant value of ~270 HV in the center region, which slightly

center and then decreases gradually to ~260 HV with the distance
increasing to 4.5 mm. The swaged center samples exhibit a higher
yield strength but lower ductility (Fig. 10d), which may stem from
that the high strain rate could increase the saturated dislocation
density and render the strain hardening ability limited. The gradient
structure is attributed to the friction between the dies and the Ti

turns to approximately ~275 HV at the distance of 1.5 mm to the

sample, resulting in a severe deformed zone in the center region.
Fig. 10c displays the typical tensile curves of the RS-processed

20 (a) B (0001}<11-20 20 (b) B (10-10;<11-20 20 (C) Wl {10-11;<11-20 20 (d) Wl (10-11}<11-23
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Fig. 11. The Schmid factor distribution of four slip systems for the as-received sample and RS-processed samples during tensile tests: (a-d) as-received sample; (e-h) ¢ =0.4
sample; (i-1) ¢ = 2.0 sample. The average Schmid factors are given in the diagrams and the loading direction is parallel to SD.
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Table 4

Journal of Alloys and Compounds 859 (2020) 158222

The applied stress (MPa) needed to active the four slip systems in Ti of different samples during RS treatment.

Samples {0001} < 11-20 > {10-10} < 11-20 > {10-11} < 11-20 > {10-11}< 11-23 >
As-received 404 161 420 276
=04 404 108 324 281
samples compared with the as-received sample. The measured yield (a)100— == | (b)300
strength (YS) and ultimate tensile strength (UTS) of the as-received _ ——KoboEss 280
CP Ti are 417 + 8 MPa and 549 + 4 MPa, respectively. For the ¢ =0.4 £ 10 5_360,
sample, the YS and UTS are 675 + 20 MPa and 700 + 12 MPa, re- g —EcAr 37 %24()»
spectively. Furthermore, the YS and UTS increase to 953 + 13 MPa g 1 i 5220
and 976 + 10 MPa, which are almost two times as high as for the as- S =
received CP Ti. The YS and UTS increases monotonically with the RS ol B 200
strain from 0.4 to 2.0 (Fig. S1a and b), but inevitably leading to a T ¢ % I8 e s
sacrifice of ductility due to the poor strain hardening ability (Fig. 10c (c) Equivalent strain ¢ (d) Center distance (mm)
and Fig. S1b). 1000 —Acrecaved 1000
As expected, the strength is substantially elevated, presumably S 00 f\ =0.4 é 200
ascribed to Taylor dislocation strengthening and Hall-Petch g = 9=2.0 7 Swaged Ed
strengthening as well [14,15]. It is reasonable to assume grain i 600 i 600
boundary and dislocation strengthening play a crucial role, as the £ 400 § 400
grain size is decreased from 10.7 pm to 117 nm (top view, Figs. 2a and £ .g)
5a) and the KAM value increases from 0.64 to 1.67. In addition, when g 200 & 200
the loading direction is parallel to the SD, it is highly favorable for 0 Bt contiin i

the prismatic slip systems {10-10} < 11-20 > with an average
Schmid factor of 0.451 (Fig. 11j) and lower applied stress of 67 MPa
(Table 5), but unfavorable for the basal slip {0001} < 11-20 > with
Schmid factor of 0.139 (Fig. 11i) and higher applied stress of
1079 MPa (Table 5). This result is analogous to RS-processed CP Ti
followed by annealing treatment [13]. The grains that are most fa-
vorably orientated for prismatic slip can be deformed at lower values
of applied stress. Localization of plastic slip within these grains re-
sults in local strain hardening, in turn leading to the increase of the
flow stress. Thus, the strength of deformation condition ¢ =2.0 is
955 MPa, which is much higher than the strength 417 MPa of the as-
received CP Ti. After RS treatment of strain ¢ = 2.0, dislocation slip is
further to accommodate the strain, resulting in high dislocation
density generated in the small grain size (117 nm), with the LAGBs
percentages of 62.1% (Fig. 6f). The ductility is decreased to one third
of the as-received sample, because there is no sufficient site for
continuous dislocation gliding and dislocation accumulation.

For the as-received CP Ti and ¢ = 0.4 samples, they share similar
grain size, texture and {10-10} < 11-20 > prismatic slip systems
(Fig. 11a-h and Table 5), but the yield strength of ¢ =0.4 sample is
higher than the as-received materials. This primarily stems from
Taylor dislocation strengthening, which can be seen that the GND
density increases from 9.52x 10" m™ to 2.99x 10" m™ with a
deformation strain ¢ = 0.4. Another reason is the deformation twins
with a volume fraction of about 14% in the grain interior (Fig. 3b and
e), which can serve as obstacles in prohibiting dislocation motion.
Besides, lower density of pre-existing dislocation with larger grain
size is beneficial for work hardening. Consequently, the tensile
ductility of the ¢=0.4 sample is superior to that of the ¢=2.0
sample.

In contrast to the reported RS process combined with thermal
treatment, our study assesses the potential of one-step RS in im-
proving the mechanical properties of CP Ti. Obviously, grain
boundaries, dislocations, twins, and texture evolve in the different

Table 5

0 5 10 15 20 25 30
Engineering strain (%)

=]

6 9 12
Engineering strain(%)

Fig. 10. (a) The resultant grain size of pure Ti as a function of equivalent strain of
different SPD treatment [33-37]; (b) The Vickers micro-hardness measured from edge
to center in the top view along the TD of the RS-processed CP Ti with the different
strain; (c) Engineering stress-strain curves of different deformation strain level, the
inserted histogram is statistical value of yield stress and fracture elongation of dif-
ferent deformation condition; (d) Engineering stress-strain curves of the swaged
@=2.0 sample at the edge and center region.

stages of this cost-effective technique, contributing to the enhanced
mechanical properties and thereby enabling promising utilization of
pure Ti for medical applications.

4. Conclusions

In summary, CP Ti was plastically deformed using one-step rotary
swaging to different deformation degrees to examine the previously
overlooked microstructure evolution, deformation mechanisms and
their impact on the resulting mechanical properties. The main
conclusions can be drawn as follows:

(1) The {10-12} extension and {11-22} contraction twins take place
in the coarse grains at the early stage of RS deformation, which
contributes to the increase of yield strength and moderate
ductility.

As for the late stage, the twins disappear and are replaced by

textured nanostructured grains with very high strength (up to

955 MPa). We rationalize that the combination of dislocation,

grain boundary and texture strengthening is responsible for the

high strength of CP Ti in the late stage of RS.

(3) High strain rate RS brings about profuse twins and rapid grain
refinement at room temperature in contrast to conventional
severe plastic deformation techniques. Taking into account the
low-cost and scalable process, we anticipate that the utilization

(2

~—

The applied stress (MPa) needed to active the four slip systems in Ti of different samples during tensile tests.

Samples {0001} < 11-20 > {10-10} < 11-20 > {10-11}< 11-20 > {10-11}< 11-23 >
As-received 898 69 270 275
¢=04 735 70 268 263
¢=20 1079 67 266 260
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of bulk CP-Ti with unprecedented strength will be significantly
accelerated in the field of medical applications.
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