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Improving uniform elongation in metals typically involves enhancing the work hardening rate, as elevated work
hardening can delay necking and fracture. However, our investigation into commercial pure titanium reveals a
counterintuitive relationship between these properties. We find that high uniform elongation correlates with low
work hardening capability, while a high work hardening rate results in reduced ductility. Two types of ultrafine-
grained pure titanium, prepared by rotary swaging, subsequent rolling, and annealing, exhibit different me-
chanical properties. Microstructural and deformation mechanism analyses reveal that the difference arise from
variations in texture. Specifically, extensive activation of <c+a> dislocations in the former sample leads to
premature, intense work hardening that is quickly exhausted, while the latter sample shows a steady, uniform
work hardening progression that delays necking. Our findings challenge the conventional understanding that
high work hardening rates ensure high uniform elongation. Instead, we propose that optimizing ductility requires
a strategic allocation of work hardening throughout the tensile deformation to delay necking. This study reveals
the intrinsic relationship between work hardening and ductility, offering new strategies for designing stronger
and tougher materials.

1. Introduction

With the rapid development of industrial technology, people’s de-
mand for material strength is increasing day by day [1]. The application
of high-strength materials is beneficial for lightweight design of struc-
tural components, especially for fields such as transportation and aero-
space, which is an effective way to reduce fuel consumption and
greenhouse gas emissions [2,3]. However, there is often a trade-off be-
tween strength and ductility (uniform elongation), and good ductility is
the guarantee of material formability (low ductility leads to strain
localization during the machining process, inducing the generation of
cracks) [4]. Based on this, a series of processes have been developed to
improve material ductility and thus enhance formability, for example,
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hot forming [5], current or ultrasonic assisted forming [6,7]. But these
methods require specific deformation conditions and also impact the
strength of the material. Therefore, while maintaining strength, maxi-
mizing the ductility of materials has remain a long-standing challenge
for material researchers.

Usually, the localized deformation (i.e. necking instability) of ma-
terials during tensile tests can be predicted through the Considere cri-
terion [8]:

<o )

where ¢ and ¢ are true stress and true strain, respectively, and ¢ denote
strain rate. do/0e is work hardening rate ©. It is generally believed that a
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higher work hardening can delay the occurrence of necking, produces
larger uniform elongation [9]. Such as, during the tensile deformation
process of coarse grained pure titanium (Ti) in liquid nitrogen envi-
ronment, the rich twinning mechanisms greatly enhance its work
hardening ability, resulting in a significant improvement in its uniform
elongation compared to room temperature stretching [10]. Nano-
crystalline (NC) metal have extremely high strength, but due to their
extremely small grain size, grain boundaries are more likely to absorb
dislocations, making it difficult to accumulate dislocations within
grains, resulting in low work hardening ability and subsequently low
ductility [11]. Therefore, the guiding ideology of many currently
developed strengthening and toughening schemes is mainly to increase
the accumulation dislocations to improve work hardening ability and
ductility [12,13].

However, the above criteria are only a rough understanding, and in
fact, ductility is a process variable, which closely related to the work
hardening ability at each moment during the tension process. As sche-
matically shown in Fig. 1, excessive work hardening ability can cause
the true stress-strain curve to rise too quickly and intersect with the
work hardening rate curve prematurely (the red tensile curve of pure
magnesium [14], also observed in pure Ti [15]), although low work
hardening ability also leads to the early generation of necking due to the
quick drop of the work hardening rate curve (the blue tensile curve of
nano or ultrafine grained (UFG) metals [16]). In tensile tests, the
descending work hardening rate curve and the ascending true
stress-strain curve usually run in opposite directions, destined to inevi-
tably intersect. Therefore, the key to improving ductility lies in how to
delay the meeting of the work hardening rate curve and the true
stress-strain curve as much as possible, as shown by the dotted black
curves in Fig. 1.

Titanium, with its characteristic hexagonal close-packed (HCP)
crystal structure, typically exhibits significant elastic-plastic anisotropy
[17]. The strength of coarse-grained pure Ti is relatively low, so its
application is limited, the typical strengthening strategy is to refine
grains through severe plastic deformation (SPD), which include
high-pressure torsion [18,19], equal channel angular pressing [20],
rotary swaging [21,22], and accumulative roll bonding, et al. [23].
During the process of SPD, twinning and dislocations continuously
refine the grains, thereby obtaining ultrafine or nano grain structures.
But due to the almost saturated defect density, the UFG pure Ti obtained
through SPD often loses the defects accumulate ability, leading to early
necking [8]. This can be improved by appropriate annealing parameters.
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Fig. 1. Schematic representation of the relationship between uniform elonga-
tion (necking onset) and work hardening rate ©. Both too high (red curve) and
too low (blue curve) © cause too early necking onset, while reasonable © dis-
tribution (dotted black curve) during the stretching process can delay necking
onset and increase uniform elongation.
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For UFG pure Ti, twinning is notably limited due to grain size effects
[24], resulting in deformation predominantly governed by dislocation
slipping. On the other hand, the reduction of grain size increases the
yield strength of pure Ti, which can promotes the activation of <c+a>
type pyramidal slip [25], which becomes the critical mechanism to
accommodate c-axis deformation, enhancing work hardening capability
[26]. This has led researchers to focus on promoting <c+a> pyramidal
slip in HCP metals to improve both work hardening ability and ductility
[27]. However, it remains uncertain whether an elevated work hard-
ening capability necessarily translates to improved ductility at compa-
rable yield strength levels.

In this work, we selected HCP commercial pure Ti as the model
material to investigate the relationship between work hardening ability
and ductility, given its strong correlation with texture type [28]. We
prepared two UFG pure Ti samples with different texture types but
similar grain sizes through thermomechanical treatment. The heat
treatment during preparation released internal stresses, ensuring the
UFG structure remained stable during loading. We found that the acti-
vation of <c+a> dislocations significantly increased the work hard-
ening exponent of the HCP pure Ti but did not result in the anticipated
high ductility, contrary to traditional expectations. It is well known that
the work hardening ability is closely related to dislocation behavior
[29]. To understand the underlying mechanism of this unexpected
result, we investigated the dislocation activities in the two samples using
transmission electron microscopy (TEM) and visco-plastic self--
consistent (VPSC) simulations. Our findings indicate that high work
hardening in the early stages of deformation depletes the dislocation
storage capacity for later stages, leading to premature necking. Thus, we
propose a new perspective: achieving improved uniform elongation and
ductility requires a balanced distribution of the work hardening rate (®)
throughout the deformation process.

2. Material and methods
2.1. Experimental material

Polycrystalline commercially pure titanium (CP-Ti) rod with ASTM
Grade 1 was used in this study. The detailed chemical composition (wt
%) of the material was as follows: 0.009% C, 0.005% H, 0.1% O, 0.012%
N, 0.021% Fe, and balance Ti. The average grain size of the CP-Ti was
~15 pm.

2.2. Preparation of the samples

A four-die rotary swaging machine was employed to process the CP-
Ti rod. The principle of rotary swaging is shown in Fig. 2a. During the
swaging process, four dies were evenly arranged around the circum-
ference of the CP-Ti rod, rotating at high speed around the rod while
simultaneously making high-frequency short-range strokes along the
radial direction. The initial rod, with a diameter of 35 mm, was reduced
to a final diameter of 7.8 mm, achieving an equivalent strain (¢) of 3.0.
The equivalent strain was calculated using the following equation:

e =In(Ag/A) )

where Ag and A are the initial and final cross-sectional areas of the rod,
respectively. The swaged sample was referred to as the rotary swaging
(RS) sample. Subsequently, the RS sample was subjected to rolling using
a rolling machine with a roller diameter of 120 mm and a rolling speed
of 0.34 m/s. The RS sample was rolled to a final thickness of 1 mm after
~30 rolling passes, achieving a total rolling reduction of 87%. This
rolled sample was referred to as the rotary swaging-rolling (RSR) sam-
ple, and its process diagram is shown in Fig. 2b. After deformation
processing, both the RS and RSR samples were annealed at 450 °C for
30 minutes. The annealed samples were referred to as RS-A and RSR-A
samples, respectively.
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Fig. 2. Process schematic diagram: (a) rotary swaging (RS); (b) rotary swaging-rolling (RSR); (c) heat treatment; (d) Geometric dimension and cut position of tensile
specimen. The sample coordinates were defined by the swaging direction (SD), rolling direction (RD), normal direction (ND) and transverse direction (TD).
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Fig. 3. The microstructure of rotary swaged sample after annealed (RS-A) and rotary swaging-rolled sample after annealed (RSR-A): (a-c) IPF map, pole figures and
grain size distribution statistics of RS-A sample, respectively; (d-f) IPF map, pole figures and grain size distribution statistics of RSR-A sample, respectively.
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2.3. Mechanical testing and microstructure characterization

Tensile specimens were prepared by cutting them from the center of
swaged and rolled samples using wire cutting. The geometric di-
mensions of the tensile samples were shown in Fig. 2d. Uniaxial tensile
tests were performed using a Walter + Baiag LFM 20 kN tensile testing
machine equipped with an extensometer, applying a strain rate of 1 x
1073 s71. To ensure accuracy and reliability, all tensile specimens un-
derwent a gradual polishing process, ranging from 400# to 2000#
sandpapers. Each tensile test was repeated at least three times for sta-
tistical validity.

Microstructural characterization was carried out using advanced
microscopy techniques. A transmission electron microscope (TEM
TECNAI 20) and a high-resolution field emission Carl Zeiss Auriga
scanning electron microscope (SEM) were employed for this purpose.
The SEM was equipped with an Oxford Instruments Aztec 2.0 EBSD
system (Channel 5 software) for electron backscatter diffraction (EBSD)
mapping. Metallographic samples were obtained from the center of
swaged rods for microscopy analysis. For EBSD characterization, spec-
imens were mechanically polished with SiC paper and then electro-
polished in a solution containing 90 vol% acetic acid and 10 vol%
perchloric acid using a Buehler Electro Met 4 polisher. The electro-
polishing process involved applying a voltage of 35V for 60 s. For
TEM characterization, samples were polished to a thickness of 60 pm
using sandpaper and then punched into discs with a diameter of 3 mm.
Perforation was achieved by twin-jet electropolishing using a solution
comprising 10 vol% perchloric acid and 90 vol% ethyl alcohol.

3. Results
3.1. Microstructure

The microstructures of the RS-A and RSR-A samples were analyzed
using inverse pole figure (IPF) maps along the transverse direction (TD),
as shown in Fig. 3a and d. The RS-A sample exhibits a microstructure
predominantly composed of fibrous grains along with some equiaxed
recrystallized grains, whereas the RSR-A sample is mainly composed of
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equiaxed grains. Notably, these samples display significantly different
texture types. For the RS-A sample, a strong <10-10> fibrous texture is
observed along the swaging direction (SD), with the <0002> texture
parallel to the normal direction (ND). This texture is characteristic of
rotary swaged titanium (Ti) [30], and is illustrated in Fig. 3b.
Conversely, the RSR-A sample exhibits a shift in the maximum pole in-
tensity from the {1010} plane to the {0002} plane, resulting in a
bimodal basal texture similar to that of rolled CP-Ti [31], and shown in
Fig. 3e. The average grain sizes for both RS-A and RSR-A samples were
measured using the line-intercept method. For the RS-A sample, the
grain size distribution along the ND and the SD is plotted in Fig. 3c,
represented by dyp and dgp. The average width and length of the fibrous
grains in the RS-A sample are approximately 0.48 pm and 1.73 pm,
respectively. In contrast, the equiaxed grains of the RSR-A sample have
an average diameter of approximately 0.65 pm, as shown in Fig. 3f.
These grain sizes are similar and are classified as ultrafine grains, being
less than 1 pm [23]. This analysis highlights the distinct microstructural
and textural differences between the RS-A and RSR-A samples,
contributing to their unique mechanical properties and behavior under
various processing conditions.

Fig. 4 illustrates the microstructural evolutions of CP-Ti samples
following distinct deformation processes and subsequent annealing, as
revealed by TEM. Fig. 4a shows the transverse direction TEM image of
the RS sample, exhibiting a refined, elongated grain structure oriented
along the swaging direction, resulting in a fibrous-grained microstruc-
ture with an average width of ~140 nm. In contrast, Fig. 4b shows the
microstructure post rolling deformation, where the fibrous grains have
been fragmented into equiaxed grains with an estimated diameter of
~126 nm, closely matching the fibrous grain width observed in the RS
sample. Fig. 4c shows the microstructure of the RS-A sample after
annealing, which comprises a mixture of fibrous grains and partially
recrystallized equiaxed grains. Notably, the grain shape largely retains
the characteristics of the pre-annealing state. Fig. 4d shows the RSR-A
sample’s microstructure post combined swaging-rolling deformation
and annealing, characterized by a predominantly equiaxed grain struc-
ture. The grain shapes in the RSR-A sample also maintain the pre-
annealing characteristics.

Fig. 4. TEM bright field micrographs of CP-Ti observed from the transverse direction (TD): (a) rotary swaging (RS); (b) rotary swaging-rolling (RSR); (c) rotary
swaged sample after annealed (RS-A); (d) rotary swaging-rolled sample after annealed (RSR-A).
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3.2. Mechanical property

Fig. 5a shows the engineering stress-strain curves for the RS and RSR
samples, along with their subsequent annealed counterparts. Post-
deformation, the ultimate tensile strength (UTS) of the RS and RSR
samples exhibits a significant increase from 318 MPa to 817 MPa and
887 MPa, respectively, while the total elongation (TE) decreases from
50.7% to 9.6% and 6.7%. Upon annealing, the UTS of the RS-A and RSR-
A samples decreases to 636 MPa and 592 MPa, respectively, with a
concomitant recovery in uniform elongation (UE) and TE to 9.5% and
11.7%, and 21.7% and 23.6%, respectively. Detailed mechanical prop-
erties are shown in Fig. 5b. Notably, although the yield strength (YS) of
the RS-A sample (498 MPa) is slightly lower than that of the RSR-A
sample (540 MPa), the RS-A sample exhibits a higher UTS, indicating
superior work hardening capacity compared to the RSR-A sample. The
work hardening behavior of the RS-A and RSR-A samples diverges
significantly, as illustrated in Fig. 5c, which plots the work hardening

~m==RS
=900} -
& g ——RS-A
= AN ----RSR
P ——RSR-A
£600 H ——As-recevied
» %
[
£
[}
o300p—— \
S
c
L
0 1 1 /,/ 1
10 20 50
Engineering Strain (%)
@
® 4t
[0
®
[@)]
£ 2} RS-A
(]
°
- —
= 0 RSR-A
o
=
9 L .
0 5 10
True Strain (%)
©
<800}
o
=3
[2}
[%]
o g
2 N
o ——RSR-AT - — - RS-A1
5200 ——RSR-A2 - - - RS-A2
w ——RSR-A3 - - - RS-A3
i 10 20 30
Engineering strain (%)
(e

Journal of Materials Processing Tech. 330 (2024) 118484

rate against true strain. Initially, the RS-A sample exhibits a markedly
higher work hardening rate than the RSR-A sample; however, this rate
diminishes rapidly with increasing true strain. In contrast, the RSR-A
sample maintains a linear and uniform work hardening rate
throughout the deformation process. Fig. 5d further indicates this dif-
ference by showing the increment of flow stress (Ao, i.e o5 — 6¢.2) versus
true strain; the Ac of the RS-A sample surpasses that of the RSR-A
sample, clearly demonstrating the RS-A sample’s enhanced work hard-
ening ability. This trend is consistently observed under other annealing
parameters, as corroborated by tensile test results in Fig. Se-f.

The work hardening behavior of metallic materials can be described
using Taylor’s equation [32]:
Ao = MraGb+/Ap 2

where My represents the Taylor factor, a, G and b are a geometrical
coefficient, the shear modulus, and the Burgers vector, respectively.
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Fig. 5. Mechanical properties of CP-Ti under different treatments: (a) Engineering stress-strain curves; (b) specific mechanical property parameters, error bars
represent + standard deviation (SD) from the mean value (n = 3); (c) true stress and work hardening curves from tensile tests; (d) flow true stress (minus YS) versus
true strain curves; (e-f) engineering stress-strain curves and flow true stress versus true strain curves under the other annealing parameters, where Al (450°C/

10 min), A2 (500°C/2 min) and A3 (500°C/5 min).
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From the equation, the increment in flow stress Ao is proportional to the
square root of the increment in dislocation density Ap. It can be inferred
that the dislocation proliferation rate of the RS-A sample is higher than
that of the RSR-A sample during the initial stages of deformation.
However, due to a rapid decrease, the RS-A sample’s dislocation pro-
liferation rate becomes lower than that of the RSR-A sample in the later
stages of deformation. This suggests that the high work hardening ca-
pacity of the RS-A sample in the early stage depletes its dislocation
storage capacity more quickly, leading to an earlier onset of necking.

In addition to work hardening rate, another parameter for evaluating
strain hardening capability is work hardening exponent n, as determined
by the Ludwick equation [33]:

0 =00+ Ks;,' 3)

where n is the work hardening exponent, K is the strength coefficient, ¢
is the true stress, oy is the yield strength and ¢, is the true plastic strain.
The n value indicates the ability of the material to undergo uniform
deformation through hardening before necking occurs [34]. A high n
value means better work hardening ability and uniform deformation.
The simulated n value, shown in Fig. 6, are 0.32 for RS-A, and 0.21 for
RSR-A, indicating that RS-A samples have a higher work hardening
capability. However, further analysis of the n value across different
stages of uniform plastic deformation reveals an interesting phenome-
non: as the strain increases, the n value for RS-A continuously decreases
from 0.36 to 0.21, while for RSR-A, it increases from 0.13 to 0.32. This
indicates that although the RS-A sample exhibits high work hardening
ability in the early stage of deformation, this ability rapidly diminishes
with increasing strain, reducing the uniform plastic deformation ca-
pacity and leading to necking. Consequently, the RS-A sample ultimately
shows a lower uniform elongation rate compared to the RSR-A sample,
which has a poorer initial work hardening ability.

3.3. Dislocation configurations after deformation

In general, the two primary mechanisms responsible for the plasticity
of materials are dislocation slip and deformation twinning. Noted that,
the deformation twinning of Ti is strongly affected by the grain size;
when the grain size is less than 1pm, deformation twins are completely
replaced by dislocation slip [24]. In this work, the microstructure of
RS-A and RSR-A samples consists of ultrafine grain, with size less than
1lpm. Consequently, their twinning behavior during deformation is
significantly inhibited. Therefore, it is hypothesized that the variation in
dislocation slip mode is the source of the difference in work hardening
behavior between the RS-A and RSR-A samples. To identify the active
slip systems in deformed RS-A and RSR-A samples, two-beam conditions
were set during TEM observations according to the invisibility criterion
of geb = 0, where g and b represent the reflection vector and Burgers
vector, respectively. When a particular reflection is set as g = 0110 or g
= 2110, <a> dislocations with b =1 < 1120 > become visible, and
<c> dislocations with b =< 0001 > are invisible in bright field TEM
images. Conversely, when the two-beam situations are set as g = 0002,
<a> dislocations become invisible while <c> dislocations are visible. In
addition, <c+a> dislocations with b =1 <1123 > are visible in all
aforementioned two-beam conditions. Therefore, the dislocation type
can be determined by two-beam bright-field (TBDF) technology [35].

Figs. 7a-1 and b-1 show the dislocation configurations in the RS-A
and RSR-A samples deformed to 10% strain, respectively. As expected,
deformation twinning is inhibited in UFG pure Ti, and the primary
deformation mechanism is dislocation slip. Detailed two-beam bright-
field TEM imaging was carried out for the RS-A sample near [2110] zone
axis under g = 0110 (Figs. 7a-2) and g = 0002 (Figs. 7a-3). In the g =
0110 condition, all dislocations are visible, whereas in the g = 0002
condition, some dislocations become invisible while others remain,
indicating the presence of both <a> and <c+a> type dislocations,
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marked by red and blue arrows, respectively, in Figs. 7a-3. In contrast,
the dislocation types activated during the deformation of RSR-A sample
differ significantly from those of the RS-A sample. TEM imaging under
g =0110 (Figs. 7b-2), and g = 0002 (Figs. 7b-3) shows that most dis-
locations are eliminated under the g = 0002 condition, with only a small
portion remaining visible. This indicates that primarily <a> disloca-
tions form in the deformed RSR-A sample, with the activation of <c+a>
dislocations being more challenging. According to the TBDF method, the
activation of <c+a> type dislocations is likely responsible for the
distinct work hardening behaviors observed in the RS-A and RSR-A
samples.

3.4. Visco-plastic self-consistent (VPSC) modeling

Although the activation of different dislocation types during defor-
mation of RS-A and RSR-A samples was observed by TBDF method, the
limited observation area in TEM restricts the ability to obtain compre-
hensive statistical results. To address this limitation, the visco-plastic
self-consistent (VPSC) model can be employed to simulate the plastic
deformation behavior of polycrystals [36]. This model predicts the
relative activity of slip and twin systems, providing results based on the
macro polycrystalline scale. Consequently, the VPSC model can com-
plement the TBDF method, offering a broader and more statistically
understanding of the deformation mechanisms.

The VPSC model, initially developed by Molinari et al. and extended
for fully anisotropic behavior by Lebensohn and Tomé [37], is capable of
predicting the anisotropic plastic deformation of a polycrystal.
Renowned for its high forecasting accuracy, exceptional computational
efficiency and robust algorithms, the VPSC model has gained wide
acceptance [38]. In recent years, it has been effectively employed to
replicate the texture formation [39] and predict the activity of twinning
and slip system during plastic deformation [40]. In the present investi-
gation, the VPSC model is used to simulate the plastic deformation
behavior of RS-A and RSR-A samples. The VPSC-7d software package
was utilized to predict the experimental stress-strain curve and local
texture evolution under the stress triaxiality conditions. The
self-consistent model considers each grain as an ellipsoidal viscoplastic
inclusion surrounded by a homogeneous medium representing the
average response of the surrounding grains. In the simulations, the value
of threshold stress (t%) was updated during plastic deformation by the
Voce hardening model. This model characterizes the evolution of
threshold stress with accumulated shear strain in each grain using the
following from:

S

0
=15+ (S +65T) (1 —exp(-T r_g
1

) C)

where I' = Y Ay® is the accumulated shear in the grain, 7o, 6o, 61,
N

(to+71) are the initial CRSS, the initial hardening rate, the asymptotic
hardening rate and the back-extrapolated CRSS, respective.

In this work, the self-consistent schemes were used with the n¢ff =
10, The initial ellipsoid ratios of RSed sample set as 1:3:1, reflecting the
long and short axis ratios determined from EBSD statistical results.
Conversely, the grains of RSRed samples are equiaxed, and their initial
ellipsoid ratios were set as 1:1:1. The material parameters determined
for the n®ff = 10 self-consistent schemes are summarized in Table 1. The
elasticity constants of Ti are listed in Table 2.

In this study, deformation twinning is significantly inhibited in the
RS-A and RSR-A samples due to grain size effect. Consequently, the
VPSC model considers only dislocation slip activities, specifically the
basal <a> ({0002}<1120>) slip, the prismatic <a> ({1100}<1120>)
slip, and the pyramidal <c+a> ({1101}<1123>) slip, while ignoring
the influence of twins. The true stress-true strain curves simulated by the
VPSC model are shown in Fig. 8. After numerous trials to calibrate the
simulate parameters, a good consistency between the simulated and
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Fig. 6. Experimental true stress versus true plastic strain curves and Ludwick simulated curves of the rotary swaged sample after annealed (RS-A) and rotary
swaging-rolled sample after annealed (RSR-A): (a) RS-A sample, (a-1), (a-2) and (a-3) are the simulated results at different stages of uniform plastic deformation,
respectively; (b) RSR-A sample, (b-1), (b-2) and (b-3) are the simulated results at different stages of uniform plastic deformation, respectively.
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Fig. 7. Dislocation configurations in the rotary swaged sample after annealed (RS-A) and rotary swaging-rolled sample after annealed (RSR-A) under tensile-
deformed to 10%: (a-1) RS-A sample under deformation at [2110] zone axis, (a-2) g = 0110 in TBDF, (a-3) g = 0002 in TBDF; (b-1) RS-A sample under deforma-

tion at [2110] zone axis, (b-2) g = 0110 in TBDF, (b-3) g = 0002 in TBDF;.

Table 1
Material Voce hardening parameters with n°ff = 10 self-consistent schemes.
Mode T (2] 6o 01
RSed Basal 300 30 400 10
Prismatic 125 30 600 40
Pyramidal 425 60 400 10
RSRed Basal 160 20 1000 20
Prismatic 50 20 1000 160
Pyramidal 175 35 1000 10
Table 2

The elasticity constants of pure titanium [36].

Elasticity constants (GPa)

ca4
46.5

Cl1
160

C12
90

C13
66

C33
181

experimental stress-strain curves was achieved (the VPSC model only
simulates plastic deformation stage). Fig. 8 also compares the simulated
deformation texture with the experimental measurements, where the
pole figures are generated using MTEX toolbox in Matlab software. The
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Fig. 8. Comparison between experimental and simulated true stress-strain
curves and texture of the rotary swaged sample after annealed (RS-A) and ro-

tary swaging-rolled sample after annealed (RSR-A).
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simulated pole figures show a good agreement with the experimental
results.

The simulated relative slip system activities as a function of plastic
strains are shown in Fig. 9. The VPSC simulation results show significant
differences in the activation of slip systems during tensile deformation in
RS-A and RSR-A samples. For the RS-A sample, the prismatic <a> slip
system exhibits higher activation than the other two modes at the initial
stage of deformation. As the strain increases, the activation of prismatic
<a> and basal <a> slip systems decreases, while the pyramidal <c+a>
slip system gradually becomes dominant. In contrast, for the RSR-A
sample, the simulation results reveal that tensile deformation is pri-
marily dominated by the prismatic <a> slip system, with partial acti-
vation of the pyramidal < c+a> slip system, while the basal <a> slip
system is difficult to activate. The relative slip systems activities align
with the observations from the TBDF analysis (Fig. 7). Overall, these
results indicate that RS-A sample can activate various slip modes during
deformation, while the RSR-A sample predominantly utilizes the pris-
matic <a> slip with a minor contribution from <c+a> slip.

4. Discussion

The activation of slip system is closely related to the Schmid factor
(SF), which serves as a predictor for the likelihood of slip system acti-
vation under specific loading directions [41]. The SF is often employed
to estimate the ease of slip operation, influenced significantly by the
texture of the material. In this study, RS-A and RSR-A samples show
different texture types (as shown in Fig. 3b and e), which impact their SF
distributions. Fig. 10 shows the Schmid factor distributions of the three
slip systems in the RS-A and RSR-A samples, with the loading direction
along SD and RD, respectively. For the RS-A sample, the distribution
indicates that the pyramidal <c+a> slip, with an average Schmid factor
of 0.401, is most likely to be activated. In addition, the basal <a> slip,
with an average SF of 0.335, is also a relatively soft slip mode. However,
the prismatic <a> slip, with an average SF of 0.268, represents a harder
slip mode. In contrast, the RSR-A sample shows different tendencies. The
prismatic <a> and pyramidal <c+a> slip systems, with average Schmid
factors of 0.449 and 0.451, respectively, are more likely to be activated.
Conversely, the basal <a> slip, with an average Schmid factor of 0.154
is less likely to be initiated.

In addition to high Schmid factor, low critical resolved shear stress
(CRSS) is important for promoting the activation of various slip systems
[25]. The Schmid factor denotes the resolved shear stress (RSS) of the
applied stress (Gapplied) On specific slip planes. Therefore, knowing the SF

0.8f —— Prismatic<a>
2 — Basal<a>
2 Pyramidal<c+a>
S 0.6
i3
B
9 04F = - o
s e
@ 0.2f

0 1 1 1 1

True strain (%)

(@)
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and CRSS allows for the calculation of the Gapplieq needed to stimulate
dislocation movement using the following equation::

Gapplied = OCRSS / m (5)

where m is the Schmid factor of corresponding slip system [42]. For
pure Ti with a c/a ratio of 1.587, prismatic glide is generally easier to
activate than basal glide due to this ratio being less than the ideal 1.633
[43]. Based on previous studies [44], the CRSS values to activate basal,
pyramidal and prismatic slip systems are 150 MPa, 120 MPa, and
30 MPa, respectively. The calculated capplieq for activating different slip
systems in RS-A and RSR-A samples is shown in Table 3. For the RS-A
sample, the stress required to activate all three slip modes is less than
the flow stress observed in tensile tests, suggesting that these slip modes
can be started. The Schmid factor of the pyramidal <c+a> slip is the
highest among these slip modes. In contrast, for the RSR-A sample, the
Schmid factors for pyramidal <c+a> slip and prismatic <a> slip are
nearly equivalent. However, the CRSS for prismatic <a> slip is signifi-
cantly lower than that for pyramidal <c+a> slip, indicating that the
prismatic <a> slip is largely activated during deformation. In addition,
the basal <a> slip is difficult to activate due to its low Schmid factor and
high CRSS, as indicated by the calculations in Table 3. These findings
align with the simulation results shown in Fig. 9.

The observed differences in work hardening behaviors between the
RS-A and RSR-A samples are related to the activation of distinct slip
systems. Work hardening results from the interactions of dislocations
gliding on intersecting slip planes. These interactions lead to dislocation
entanglement, which inhibits dislocation motion and produces a
strengthening effect [45]. In this research, the RS-A sample activates the
basal <a> slip system during deformation, while the RSR-A sample finds
it difficult to activate this mode. The activation of more slip systems in
the RS-A sample facilitates greater dislocation interactions, resulting in a
faster increase id dislocation density. On the other hand, both VPSC
simulation and TEM observations show that a large number of <c+a>
dislocations are activated in the RS-A sample, while <c+a> dislocations
are relatively inactive in RSR-A samples. Yu et al. reported the detailed
source mechanism of <c+a> dislocation slip in Ti alloys [26], demon-
strating through in situ nano compression and TEM that <c+a> dislo-
cation initiation follows <a> dislocation activity. They found that
<c+a> dislocation junctions form when <a> segments on the prism
plane encounter pre-existing <c> segments, subsequently allowing
<c+a> dislocations to cross slips from the prism plane (immobile) to the
pyramidal plane (mobile). This nucleation and emission of <c+a> dis-
locations contribute to pronounced work hardening, attributed to the

0.8 \
2 —— Prismatic<a>
% —— Basal<a>
@ 0.6f Pyramidal<c+a>
Q.
%
'02> 0.4}
©
(0]
@ 0.2t

0 I T 1 1

3 6 9 12
True strain (%)

(b)

Fig. 9. Simulated relative activity plot for the three slip modes as a function of the true strain according to the visco-plastic self-consistent (VPSC) simulation: (a)
rotary swaged sample after annealed (RS-A); (b) rotary swaging-rolled sample after annealed (RSR-A).
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Fig. 10. Schmid factor distributions of different slip system: (a-1), (a-2) and (a-3) Basal <a> slip, Prismatic <a> slip and Pyramidal <c+a> slip of rotary swaged
sample after annealed (RS-A), respectively; (b-1), (b-2) and (b-3) Basal <a> slip, Prismatic <a> slip and Pyramidal <c+a> slip of rotary swaging-rolled sample after
annealed (RSR-A), respectively. The loading stress parallels to swaging direction (SD) or rolling direction (RD).

Table 3

Applied stress (MPa) needed to generate different slip systems in rotary swaging
(RS) and rotary swaging-rolling (RSR) samples after annealing.

Slip system CRSS

RS-A RSR-A
MP:
(MPa) Applied m Applied
stress (MPa) stress (MPa)
Basal<a> 150 0.335  447.7 0.154 974
Prismatic<a> 30 0.268 112 0.449 66.8
Pyramidal<c+a> 120 0.401 299 0.451  266.1

low mobility of <c+a> dislocations and their tendency to pile up,
enhancing the material’s work hardening response. To sum up, the su-
perior work hardening ability of the RS-A sample can be attributed to the

10

activation of more slip systems and the generation of <c+a> disloca-
tions, which significantly contribute to the strengthening of the material
during deformation.

Despite the high work hardening ability observed in the RS-A sam-
ple, it does not translate to correspondingly high uniform elongation. his
phenomenon can be explained through the lens of dislocation storage
capacity. In the RS-A sample, the activation of multiple dislocation slip
systems during deformation leads to a rapid increase in dislocation
density. This corresponds to a higher work hardening ability in the early
stage of deformation. However, the rapid increase in dislocation density
also leads to a rapid decrease in dislocation storage capacity. Therefore,
the space available for accommodating further dislocation proliferation
decreases as deformation progresses, leading to a reduction in work
hardening ability. In contrast, the RSR-A sample, which primarily



J. Hu et al.

activates a single slip mode, exhibits low work hardening ability in the
early stages of deformation. As strain continues to increase, dislocation
density gradually accumulates, increasing the likelihood of dislocation
interactions. This leads to an improvement in work hardening ability
over time. The decrease in dislocation storage space in the RSR-A sample
is more gradual, leading to a relatively steady work hardening ability
and delaying the onset of necking. For HCP metals, although the acti-
vation of <c+a> dislocations can coordinate deformation along the c-
axis and improve work hardening ability, it also leads to a rapid accu-
mulation of dislocation density in the early stages of deformation. The
rapid accumulation consumes the material’ s potential for uniform
deformation in the later stages. Thus, high work hardening ability early
in the deformation process is not conducive to promoting uniform
elongation of the material.

Achieving a balanced allocation of work hardening ability
throughout different stages of plastic deformation can significantly
enhance ductility. For example, Sun et al. engineered phase stability in a
Ti alloy through metastable engineering to create a graded multi-stage
activation of work hardening during tensile deformation [46]. Simi-
larly, C.T. Liu et al. utilized additive manufacturing to achieve a gradient
distribution of beta phase stabilizing elements in Ti alloys [47]. This
design caused regions with poor stability to undergo stress-induced
martensitic transformation (SIMT) first, followed by more stable re-
gions, effectively regulating work hardening and enhancing ductility. In
steel, the Liiders bands phenomenon serves as a typical example of how
distributing work hardening can improve ductility [48]. During the
early stage of deformation, the expansion of the Liiders bands results in a
very low work hardening rate with minimal dislocation multiplication.
Once this stage is completed, the material begins to exhibit traditional
work hardening behavior. This delay in work hardening often signifi-
cantly improves ductility, as has also been confirmed in recent studies on
multi-principal element alloys [49]. In this study, for UFG pure Ti with
an HCP structure, work hardening arises from the activation of dislo-
cations (due to twinning is inhibited), therefore, the work hardening
ability is closely related to the type and extent of dislocation activation,
which can be regulated by adjusting the texture type. In the RS-A sam-
ples, due to the unique texture generated by RS, the three slip systems
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can be activated simultaneously in early stage of tensile deformation,
resulting in a high rate of dislocation multiplication and a significant
improvement in work hardening ability. However, this process also
rapidly reduces the dislocation storage capacity, leading to a rapid
decrease in work hardening ability in the later stages of deformation,
thereby decrease ductility. By adjusting the texture type through rolling,
basal <a> slip system is suppressed in the RSR-A sample, reduce the rate
of dislocation multiplication in the early stage of tensile deformation. In
addition, although the SF of prismatic <a> and pyramidal <c+a> slip
systems are similar, the lower CRSS of the prismatic <a> slip system
leads to its dominated deformation behavior. While a small amount of
activated <c+a> dislocations can assist in uniform deformation. As the
deformation increases, <c+a> dislocations are gradually activated,
resulting in a smooth work hardening behavior, achieves higher
ductility. Overall, for UFG pure Ti with dislocation slip as the main
deformation mode, adjusting its texture type through different defor-
mation processes is an effective way to regulate its work hardening
behavior. This strategy of adjusting work hardening behavior to achieve
high ductility can be illustrated in Fig. 11.

In sum, the key to achieving higher uniform elongation lies in a
judicious allocation of work hardening ability throughout the entire
stretching process, instead of merely pursuing high work hardening
ability. This strategy ensures that the material can accommodate more
uniform deformation, thereby delaying necking and enhancing overall
ductility.

5. Summary

In this study, severe plastic deformation of pure Ti was carried out by
rotary swaging and rotary swaging combined with rolling. After
annealing, the ultra-fine grained pure Ti samples were obtained char-
acterized by fiber grains or equiaxed grains. Despite having similar grain
sizes, they exhibited different textures, resulting in comparable yield
strengths but significantly different work hardening behavior during
tensile testing. Specifically, high uniform elongation and ductility were
associated with low work hardening, while high work hardening cor-
responded to low ductility. In order to reveal this anomalous
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Fig. 11. Schematic representation of adjusting work hardening rate ® to achieve high ductility. The implementation of this strategy is based on adjusting the texture

type of metal materials through plastic deformation.
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phenomenon, the deformation behaviors of the rotary swaged sample
after annealed (RS-A) and rotary swaging-rolled sample after annealed
(RSR-A) were systematically investigated by TEM and visco-plastic self-
consistent (VPSC) simulation. The key findings of this work are sum-
marized as follows:

(1) The work hardening exponent (n) of RS-A and RSR-A samples
during deformation was simulated using the Ludwick equation.
The n value of RS-A sample was consistently higher than that of
the RSR-A sample. However, segmented fitting results showed a
decrease in the n value for RS-A samples with increasing strain,
while RSR-A samples exhibited an increasing trend, surpassing
RS-A samples in the later stages of deformation.

The active slip systems in RS-A and RSR-A samples during
deformation were identified by two-beam bright-field TEM
technology. The results shows that the RS-A sample activated
both <a> and <c+a> type dislocations during deformation,
while RSR-A samples predominantly activated <a> dislocations.
VPSC simulation was employed to examine dislocation activities
in ultrafine-grained pure Ti at the mesoscopic scale. The simu-
lation supported that RS-A samples could activate basal, pris-
matic and pyramidal plane sliding modes, while RSR-A samples
struggled to activate basal plane sliding mode. This difference
was strongly correlated with the texture type of the samples.
Overall the superior work hardening ability of the RS-A sample
was resulted from the activation of more slip systems and the
generation of <c+a> dislocations.

The activation of multiple slip systems in the early stage of
deformation endowed the RS-A sample with a higher ability for
dislocation proliferation and work hardening. However, this
rapid accumulation of dislocation density led to a decrease in
dislocation storage space, causing a rapid decrease in work
hardening ability. Therefore, the RSR-A sample, with its more
limited slip system activation, exhibited a lower initial work
hardening ability. As strain increased, the gradual accumulation
of dislocations improved its work hardening ability, resulting in a
more stable dislocation storage capacity and delayed necking,
thereby enhancing uniform elongation.
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