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ABSTRACT

The industrial applications of commercial pure titanium (CP-Ti) are significantly
limited due to the strength-ductility trade-off in metallic materials. The strategy
of heterostructured materials has been proposed to design microstructures for
desired strength and ductility. To improve the mechanical properties of CP-Ti,
a heterostructured rod, consisting of ultrafine fibrous grains and recrystallized
grains, was produced by rotary swaging and subsequent annealing. The hetero-
structured Ti exhibits a high tensile strength of 636 MPa, simultaneously sus-
taining a high ductility of 11.9%, its tensile toughness is three times that of the
swaged sample. The superior mechanical properties are attributed to the signifi-
cant hetero-deformation induced (HDI) hardening in heterostructured Ti. It is
found that the HDI hardening is induced by the interactions between geometri-
cally necessary dislocations (GNDs) and hetero-interfaces.
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[4, 5]. Grain refinement is the most effective method to
enhance the strength of metallic materials. In recent dec-

Introduction

Commercial pure titanium (CP-Ti) has a broad applica-
tion in aerospace and biomedical fields owing to its high
specific strength, high corrosion resistance, and good
biocompatibility [1-3]. However, the low strength of
coarse-grained (CG) CP-Ti limits its further applications
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ades, severe plastic deformation (SPD) techniques have
been developed to produce ultrafine-grained (UFG)
or nanocrystalline (NS) materials [6-8]. However, the
increase in strength of UFG/NS materials is usually at
the cost of ductility due to the limited work hardening
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capacity [9, 10]. It is necessary to find novel strategies to
improve the strength-ductility synergy of CP-Ti.

Recently, the strategy of heterostructured materials
(HSMs) has been proposed because of their excellent
mechanical properties [11-13]. The superiority in the
strength-ductility combination of HSMs has been veri-
fied in various metallic materials, i.e., Cu alloys [14, 15],
Mg alloys [16, 17], Al alloys [18], low-carbon steels [19],
high entropy alloys [20, 21], etc. In terms of Ti plates,
heterostructures involving heterogeneous lamellar
structure [22], laminated structure [23, 24], and gra-
dient structure [25] have been developed to improve
mechanical properties. Especially, the heterogeneous
lamellar structured Ti produced by rolling and subse-
quent annealing has a high strength of ~900 MPa and a
high ductility of ~8%. Such heterostructured Ti plates
are usually produced from the severely deformed struc-
ture with fine grains and high-density defects, which
provides a sufficient driving force for subsequent
incomplete recrystallization to obtain the heterogene-
ous zones, i.e., ultra-fine and coarse grains.

However, it is difficult to produce heterostructured
Ti rods through rolling processing. Therefore, the
microstructure of Ti rods should be refined by appli-
cable plastic deformation techniques before anneal-
ing. Rotary swaging (RS) is a conventional industrial
method for deforming bulk metallic rods [26, 27]. The
grain size of rods can be significantly refined due to the
large equivalent strain and high strain rate [26, 28-30].
For instance, the bulk nanostructured Mg-Gd-Y-Zr
alloy rod with an average grain size of 80 nm was pro-
duced by four-pass rotary swaging [31]. Consequently,
it is promising to fabricate heterostructured Ti rods by
rotary swaging and subsequent annealing.

In the present study, heterostructured CP-Ti rods
were prepared by RS and annealing. The microstruc-
ture and mechanical properties of heterostructured
Ti rods were systematically studied. hetero-defor-
mation induced (HDI) stress in the heterostructured
samples was investigated through loading — unload-
ing - reloading (LUR) tensile tests. The underlying
mechanisms of HDI hardening were explored in
depth.

Material and methods

CP-Ti rod with ASTM Grade 1 was used in this work,
the detail chemical composition (wt%) is shown in
Table 1. Figure 1 shows an inverse pole figure (IPF) map
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of the as-received CP-Ti, which has an average grain
size of ~ 15 um. The pole figure shows that the initial
texture intensity of the as-received CP-Ti is weak, and
the maximum pole intensity of {0002} plane is perpen-
dicular to the normal direction (ND). A type of four-die
rotary swaging machine was employed to process the
CP-Ti. The illustration of its operation refers to Ref. [32].
The initial round bar with a diameter of 35 mm was
finally swaged to 7.8 mm with an equivalent strain € of
3.0. The ¢ is calculated by the equation:

e =In(4y/A) @

where Ay and A are the initial and finish cross-sec-
tional areas of the CP-Ti rod, respectively. The RSed
rod were annealed for 10 min or 30 min at 450 °C by
air colling, which hereafter called RS3.0-10 min and
RS3.0-30 min, respectively.

The tensile specimens were cut from the center of
RSed rod using wire cutting. The geometric samples’
size for tensile testing is shown in Fig. 2. The uniaxial
tensile samples were conducted on a Walter + Baiag
LFM 20 kN tensile testing machine equipped with an
extensometer under a strain rate of 1x 10 s™. The ten-
sile direction is parallel to the swaging direction (SD).
The loading—unloading-reloading (LUR) tensile tests
were performed using a contacting extensometer at an
unloading rate of 50 N/s to 20N and a reloading strain
rate of 2x 107 s71. All tensile specimens were polished
gradually using a set of sandpapers from 400 to 20004.

The microstructure was characterized on a transmis-
sion electron microscope (TEM TECNAI 20) and a high-
resolution field emission Carl Zeiss Auriga scanning
electron microscope (SEM). The SEM is equipped with
an Oxford Instruments Aztec 2.0 EBSD system (Channel
5 software) for electron backscatter diffraction (EBSD)
mapping. All the metallographic sample was cut from
the center of swaged rods. The specimens for EBSD
characterization were mechanically polished with SiC
paper and then electro-polished in a solution contain-
ing 90 vol% acetic acid and 10 vol% perchloric acid in
a Buehler Electro Met 4 polisher. The voltage and time
for electro-polishing is 35 V and 60 s, respectively. The
specimens for TEM characterization were polished to
a thickness of 60 um by sandpaper and then punched

Table 1 Chemical composition (wt%) of the CP-Ti
C H (0] N Fe Ti

0.009 0.005 0.1 0.012 0.021 Bal.
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Figure 1 Microstructure of as-received CP-Ti sample: a IPF map; b statistical grain size distribution; ¢ pole figure of {0002}.
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Figure 2 Geometric dimension of the tensile specimen.

into discs with a diameter of 3 mm. The perforation is
carried out by twin-jet electropolishing using a solution
of 10 vol% perchloric acid and 90 vol% ethyl alcohol.

Results and discussion

Figure 3 shows the TEM images of RSed rods with
equivalent strains of 1.0 and 3.0. At the equivalent
strain of RS is 1.0, a large number of dislocations are

activated in grain interior. High density dislocation
cells are discernible along the SD view, marking by
the blue arrows in Fig. 3a. Meanwhile, grains are elon-
gated and aligned parallel to the swaging direction,
observed along the ND view (Fig. 3b). As marked by
the yellow arrows, twins are visible in two directions,
which indicate multiple deformation mechanisms are
active at the initial stage of RS deformation. With the
RS strain increasing (e= 3.0), the grains are signifi-
cantly refined, forming a fibrous-grained microstruc-
ture in width of ~ 140 nm (Fig. 3c and d). Note that,
twins are almost absent in this stage. It is revealed that
twinning plays the role of coordinated deformation at
the early RS stage. However, as the grains gradually
refined by the plastic deformation, the activation of
twinning becomes more difficult. Such the grain size
effect on twinning in pure Ti was reported in the Ref.
[26, 33].

Figure 4a-1 and b-1 shows the microstructure in
RS3.0-10 min and RS3.0-30 min samples annealed at
450 °C, respectively. After thermomechanical process-
ing, a heterogeneous structure is obtained consist-
ing of equiaxed recrystallized grains and elongation
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Figure 3 Bright field TEM micrographs of RS samples: a and b RS1.0 sample viewed along SD and ND, respectively; ¢ and d RS3.0

sample viewed along SD and ND, respectively.

fibrous grains. With annealing time increasing, the
number and size of equiaxed recrystallized grains
increase. In order to quantitatively analyze the size
of fibrous grains in IPF maps, the grain size distribu-
tions along ND and SD are plotted in Fig. 4a-2 and b-2,
denoted by dyp and dgp. As annealing time increased
from 10 to 30 min, the average length of fibrous grains
shows a slightly increasing, whereas the average
width is almost unchanged, which is due to the strong
texture of annealed RS samples. As demonstrated in
Fig. 4a-3 and b-3, a strong < 1010 > texture is formed
parallel to the SD in both annealed samples, which
indicates that the type of texture is not affected by the
increasing annealing time. Grain growth is the migra-
tion of grain boundaries, primarily depending on the
misorientation between adjacent grains [34, 35]. The
smaller misorientation usually leads to easier migra-
tion of grain boundaries. In present work, the fibrous-
grained microstructure reveals an oriented grain
growth, which is achieved by smaller misorientation
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between the adjacent grains in SD than those of in
ND, during the annealing treatment. Figure 4c and d
shows the TEM micrographs in the RS3.0-10 min and
RS3.0-30 min samples, respectively. The microstruc-
ture of the R53.0-10 min sample is mainly composed of
fibrous ultrafine grains, which contain a little recrystal-
lized grains with grain size less than 1 um. In contrast,
in the RS3.0-30 min sample, the recrystallized grain
size reaches 1 ~2 um, forming a typical heterogeneous
microstructure morphology.

The engineering stress—strain curves of CP-Ti pre-
pared by RS and subsequent annealing are presented
in Fig. 5a. With RS straining up to 3.0, the tensile
strength of CP-Ti is reaches from 318 to 813 MPa,
while the uniform elongation is decreased from 17.4%
to 2.4%. As the annealing time increases, the strength
of CP-Ti decreases, while the ductility recovers. Spe-
cifically, when the annealing time reaches 30 min,
although the strength decreases, its uniform elonga-
tion significantly increases, demonstrating excellent
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Figure 4 The evolution of fibrous-grained microstructure
annealed at 450 °C: a-1, a-2 and a-3 IPF map, statistical grain
size distribution and pole figure of { 1010 ; of the RS3.0-10 min

sample; b-1, b-2 and b-3 IPF map, statistical grain size distribu-

strength-ductility combination. The work hardening
rate (® = do/de) versus true strain curves are plotted
in Fig. 5b, the RS3.0-30 min sample shows a higher
work hardening rate than RS3.0 and RS3.0-10 min
samples, which leading to a much higher ductility. We
adopted the concept of tensile toughness represented
by the product of yield strength (YS) x uniform elonga-
tion (UE) [36, 37], the value of the RS3.0-30 min sample
increased by about three times compared to RSed sam-
ple, as shown in Fig. 5c. This result implied a remark-
able enhancement in the combination of strength and
ductility of RS3.0-30 min sample. Figure 5d summaries

SD -
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I -1 3
ML TTTIT 11.0
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N

tion and pole figure of { IOTO} of the RS3.0-30 min sample; ¢, d

TEM micrographs of the RS3.0-10 min and RS3.0-30 min sam-
ples, respectively.

the YS and the UE of the present samples and those
reported in literature for CP-Ti prepared by SPD meth-
ods, discovered that the combination of strength and
ductility of CP-Ti processed by RS are superior to
other SPD processes after annealed. Wang et al. [38]
attributed it to the decrease in dislocation density and
the strong fiber texture, which leads to the activation
of the prismatic and pyramidal <a > slip systems more
easily when stretched along the RD. However, in this
study, the RS3.0-10 min and RS3.0-30 min samples
exhibited similar texture types but different combina-
tion of strength and ductility, indicate the existence of
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Figure 5 Mechanical properties of CP-Ti under different treat-
ments. a Engineering stress—strain curves; b work hardening rate
(©) and true stress verses true strain curves; ¢ toughness of the

additional strengthening and toughening mechanisms
in the RS3.0-30 min sample. Zhu et al. [39] believe that
this additional work hardening ability is related to
HDI hardening, the strong HDI hardening is super-
imposed onto the dislocation hardening can improve
ductility.

The LUR tensile tests were conducted to investigate
the HDI hardening behaviors of R53.0-10 min and
RS3.0-30 min samples, as illustrated in Fig. 6a. The
RS3.0-30 min sample exhibits an obvious Bauschinger
effect, which shows a larger hysteresis loop during
LUR. The HDI stress (oyp;) is calculated by an equa-
tion, i.e., oyp = (0, + 6,)/2, where ¢, and o, represent
the unload and reload yielding stress, respectively

@ Springer
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annealed sample in comparison with RSed sample; d Compari-
son of yield strength and uniform elongation of CP-Ti processed
with SPD [40-45].

[46], as shown in Fig. 6b. The calculation results of
oyp; are plotted in Fig. 6¢-1. Cleanly, the HDI stress of
RS3.0-10 min sample is higher than R53.0-30 min sam-
ple. Moreover, the loop width (characterized by resid-
ual plastic strain, ¢,,) of two samples under different
strain is measured in Fig. 6¢-2. The larger width of
loops indicates a stronger HDI hardening [47]. Obvi-
ously, the R53.0-30 min sample has a larger width of
loop than the RS3.0-10 min one. For comparing the
HDI hardening effect for two samples, the ratio of HDI
stress to flow stress in each sample is plotted in Fig. 6d.
The ratio of oyp;/ o for RS3.0-10 min sample shows a
slow fluctuate with increasing true strain, indicating
weak HDI hardening. Moreover, the ratio of oyp;/oy
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Figure 6 Analysis of HDI hardening of RS3.0-10 min and
RS3.0-30 min samples: a load-unload-reload curves; b schematic

of hysteresis loops for characterizing the Bauschinger effect and
the residual plastic strain; c-1 The calculated results of HDI

in RS3.0-30 min sample increase with increasing true
strain, that more than 60% at true strain larger than
2%, indicating significant HDI hardening effect, which
responsible for high work hardening of RS3.0-30 min
sample.

The above results show that the HDI harden-
ing effect has a significant impact on the mechani-
cal properties of RS3.0-30 min sample. In order to
reveal the origin of this mechanism, the microstruc-
tural evolution before and after plastic deformation
of RS3.0-30 min sample was investigated by TEM
characterization. Figure 7a shows the microstructure
before deformation, displaying recrystallized grains
have lower density of crystal defects compare with
fibrous grains, that’s mean, the recrystallized grains

1 2 3 4 S
True Strain (%)

stress vs. true strain; ¢-2 evolution of the residual plastic strain of
hysteresis loops with straining; d proportion of HDI stress in flow
stress with true strain.

as the soft zone of heterogeneous structure. By con-
trast, the dislocations pileups are clearly visible at the
zone interface in recrystallized grain at an engineer-
ing strain of 10%, as marked by the yellow arrows in
Fig. 7b. This phenomenon has been reported in lamella
heterostructured pure Ti [22]. Since the plastic incom-
patibility of inter-zone interaction between the soft
and hard zones, leading to the generation of strain
gradient during plastic deformation. The strain gra-
dient is accommodated by accumulated GNDs which
creating the dislocation pileups and generating back
stress at the interface of soft zone [11]. In contrast, for-
ward stress is generated on the interface of hard zone,
where the back stress and forward stress are the same
in magnitude but opposite in directions. The coupling
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Figure 7 TEM graphs of RS3.0-30 min sample and schematic
of HDI hardening mechanism: a before deformation; b deformed
microstructure at an engineering strain of 10%. ¢, d Schematic of

of soft and hard zones produce additional HDI hard-
ening [12], which can be understood with the help of
Fig. 7c—d. Since HDI hardening is produced by GNDs
pile-up at zone interfaces, the increase in the num-
ber of zone interfaces contributes to the formation of
HDI hardening [48, 49]. In this study, the heterogene-
ous CP-Ti, formed through the special deformation
method of RS, consists of fiber ultrafine grains and
micron recrystallized grains. Compared to lamella het-
erostructured materials with the same proportion of
soft and hard zones, the CP-Ti has a higher number of
heterogeneous interfaces. This increased interface den-
sity further enhances the contribution of HDI harden-
ing. Our results expand the understanding of the HDI
hardening mechanism in CP-Ti fabricated by RS and
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the pile up of GNDs, which produces back stress in the soft zone
and forward stress in the hard zone.

annealing techniques. Additionally, we provide a new
design method for high interface density heterogene-
ous structured materials.

Conclusions

To sum up, the heterostructured CP-Ti rod with
enhanced mechanical properties was produced by
rotary swaging (RS) and subsequent annealing. The
microstructure and mechanical properties of the
swaged and heterostructured samples were system-
atically investigated. The HDI hardening mechanism
in heterostructured Ti was analyzed. The key findings
of this work are listed as follows:



(1) The RS processing results in the elongated grains
along the swaging direction, forming a fibrous
grain structure. The average grain size is signifi-
cantly refined from ~ 15 pm to ~ 140 nm when the
equivalent strain reaches 3.0. As subsequently
annealed at 450 °C for 30 min, a heterostructured
Ti consisting of equiaxed recrystallized grains
and fine lamellar grains was produced.

(2) The tensile strength of CP-Ti reach to 813 MPa
after RS with an equivalent strain of 3.0, while
the ductility is significantly reduced to 2.4%. In
contrast, the heterostructured Ti shows superior
mechanical properties with a high strength of
636 MPa and a high ductility of 11.9%, and its
tensile toughness is three times that of the RSed
sample. Such a good strength-ductility combina-
tion is attributed to the higher work hardening
ability of heterostructured Ti.

(3) The fraction of HDI stress in flow stress is larger
than 55% during the entire tensile deformation
of heterostructured Ti, thus enhancing the tensile
strength. In addition, HDI stress increases with
tensile strain, creating an extra HDI hardening,
which improves the work hardening ability to
maintain ductility. The significant HDI harden-
ing is caused by the GND pile-ups near the zone
interfaces during deformation.
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