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Abstract: To investigate the effects of grain size and processing temperature on the deformation behaviors of
commercially pure titanium (CP-Ti), the tensile tests were conducted at room temperature (RT) and liquid nitrogen
temperature (LNT) on the samples with the average grain size of 2, 9, 23, and 51 pum, respectively. The experimental
results based on EBSD and TEM characterizations showed that dislocation slip was the main deformation mechanism at
RT, while abundant deformation twins including {1012} extension twins, {1122} compression twins and some
{1122}—{1012} secondary twins were observed under LNT condition. The transition of deformation modes from
dislocation slip to dynamic twinning contributes to the outstanding mechanical properties of the samples with a larger
grain size at LNT. Additionally, a modified Hall-Petch relationship was proposed to study the quantitative contribution
of average grain size and deformation twins on yield stresses of CP-Ti under LNT condition.
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be the ideal structural materials at cryogenic

1 Introduction

Titanium (Ti) and its alloys have a significant
prospect of application in various industries
owing to their low density, high strength, and
ductility, good corrosion resistance and excellent
biocompatibility, especially in the fields of
aerospace, marine, and biomedicine [1-3]. Besides,
Ti alloys have a low thermal expansion coefficient
at a cryogenic temperature which is considered to

temperature (<77 K) [4,5]. Over the last decades,
the deformation mechanism of Ti alloys at ambient
temperature has been widely studied [6—9]. As
the basic plastic deformation mechanisms, the
dislocation slips including basal, prismatic,
pyramidal (@), and (cta) slip systems are fully
understood by numerous researchers [10—12].
Simultaneously, deformation twinning plays an
important role in the strain accommodation
in hexagonal close-packed (HCP) alloys where the
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{10123(1011), and {1121}(1126) extension twins
(ETs), {1122}(1123) and {1124}(2243) contraction
twins (CTs) are frequently observed in the Ti
alloys [13—16]. Twinning-induced grain refinement
can improve the mechanical properties of the
materials [17,18]. However, critical resolved shear
stress (CRSS) of slip is thermal-sensitive [19,20]. It
has been reported that the CRSS of slip will
significantly increase when the deformation
temperature is low [5,21]. Thus, the deformation
mechanism is surely different from ambient to
cryogenic temperature in Ti alloy. Recently,
researchers have been focusing on the cryogenic
deformation of commercially pure Ti (CP-Ti),
which can trigger the activation of abundant
deformation twinning. Therefore, the strength and
ductility of related Ti alloy could be dramatically
improved [22—24]. LEE et al [25] investigated the
microstructure evolution of pure Ti sheet at
cryogenic temperature through the tensile test. The
results reveal that a high area fraction of twinning
of 28.3% was mainly contributed by {1012} ETs
and {1122} CTs, and the fracture elongation of
sample parallel to rolling direction (RD) increased
from 32% to 50% as the deformation temperature
changed from 298 to 100 K. However, the grain
size effect was not considered.

Generally, the activation of deformation twins
is strongly related to the initial texture, strain rate,
deformation temperature, and grain size in Ti
alloys [26—28]. a-Ti has strong grain-scale size
effects due to higher value of CRSS for the easiest
dislocation slip in comparison with the other HCP
structured alloy [29]. Therefore, twin activation,
twin growth, and twin—twin interaction prefer to
form in specimens with large grain sizes at room
temperature (RT) [28]. However, it will break down
the balance competition between dislocation slip
and deformation twinning by increasing their CRSS
values with decreasing deformation temperature.
The deformation twinning will be the dominant
mode since the increased magnitude for slip is far
higher than that for twinning. HUANG et al [20]
studied the effect of the grain size and temperature
on the twinning activation and strength—ductility
of CP-Ti. They found that at liquid nitrogen
temperature (LNT), the transition from grain
boundary strengthening to dynamic
strengthening resulted in an excellent strength—
ductility combination. However, the multiple effects

twinning

of dislocation slip and twinning on strengthening
under uniaxial loading at cryogenic temperature
have not yet been fully understood [5,20,25]. The
limited grain size of the deformation mechanism
transition from slip to twinning in CP-Ti at
cryogenic temperature is also worth studying,
which may have a great effect on mechanical
properties. Particularly, the traditional Hall-Petch
relationship may not well adapt to the deformation
at cryogenic temperature due to different
deformation mechanisms [6]. Therefore, it is
worthwhile to study the cryogenic mechanical
properties of CP-Ti in different grain sizes.

In the present work, the mechanical properties
and twinning behavior of CP-Ti with different grain
sizes at RT and LNT were investigated. Scanning
electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM) techniques
were used to characterize the microstructure
evolution and dislocation motion. The plastic work
hardening  behavior, twinning-induced grain
fragmentation, texture transformation, and plasticity
under tension at LNT were discussed. Moreover,
the limited grain size for twinning activation was
forecast through a modified Hall—Petch relationship,
which was proposed to study the quantitative
contribution of average grain size and deformation
twins on yield stresses of CP-Ti at LNT. The result
is useful to control and design the microstructure of
hexagonal metals to promote their application under
extreme conditions.

2 Experimental

The CP-Ti with the impurities of 0.19% Al,
0.13% V, 0.15% Fe, 0.10% Zr and 0.03% Cr (wt.%)
was used in this work. The as-received sheet
specimen was firstly annealed at 750 °C for
120 min, and then rolled at RT with a rolling speed
of 300 mm/s. The thickness of the specimen was
finally reduced by 80% by multi-pass rolling. In
order to obtain fully recrystallized samples with
different grain sizes, the rolled sample was
subsequently annealed at 550 °C for 30 min, 650 °C
for 30 min, 750 °C for 30 min, and 750 °C for
60 min, respectively. Flat dog-bone-shaped tension
samples were machined from the processed sheets
using electrical discharge machining. The gauge
dimensions of tensile samples were 15 mm in
length, 4 mm in width and 3 mm in thickness. Note
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that the length of the samples was parallel to the
RD. All tensile specimens were mechanically
polished before the test to remove the wire
electrode cutting marks. The uniaxial tensile tests
were performed on an electronic universal testing
machine (Walter-Bai AG LFM—20) along the RD
until failure at RT and LNT, with the initial strain
rate of 1x107° s™!. The microstructure of annealed
samples with various grain sizes and fractured
samples were characterized by optical microscopy
(OM, ZEISS Axio Vert Al), scanning electron
microscope (SEM, Zeiss Auriga) together with
electro backscatter diffraction (EBSD, Oxford
Instrument) technique, and transmission electron
microscopy (TEM, JEM-F200) on the surface
corresponding to the RD and normal direction (ND)
plane. The EBSD measurement was performed with
the accelerated voltage and scanning step size of
15kV and 0.3 um. The specimen surfaces were
prepared by mechanical grinding and further
electropolished by wusing a solution of 10%
perchloric acid and 90% acetic acid at 45 V for 50 s
at RT until the mirror surface met the surface
quality requirements. The TEM samples were
thinned with an electrolytic double jet thinning
instrument for 80—100 s, under a working current
of 40—50 mA and a voltage of 19 V. The fracture
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morphologies were observed by SEM (FEI Quant
250).

3 Results

3.1 Starting materials

Figure 1 shows the OM images of annealed
samples after rolling. The microstructures are
presented in the RD—ND section. When the sample
was annealed at 550 °C for 30 min (Fig. 1(a)), most
of the grains were recrystallized with small grain
size, and at the same time, several deformed grains
remained. It can be observed from Figs. 1(b—d) that
other annealed samples exhibited a homogeneous
microstructure with equiaxed recrystallized grains.
The fine grains were obviously grown up and the
grain boundaries (GBs) became clearer as the
annealing temperature and/or processing time
increased. The average grain sizes of all annealed
samples were measured by Nano Measure software
and the corresponding grain size distributions are
presented in Figs. 1(a—d). Under different annealing
conditions, the average grain sizes of these samples
were calculated to be 2, 9, 23, and 51 pm, which are
labeled as D2, D9, D23, and D51 in the following
discussion, respectively.

Figure 2 shows the EBSD orientation maps in
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Fig. 1 OM images of starting materials with different annealing processes: (a) 550 °C, 30 min; (b) 650 °C, 30 min;
(c) 750 °C, 30 min; (d) 750 °C, 60 min (The grain size distributions are presented in corresponding OM images)
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Fig. 2 EBSD maps of annealed samples (a—d) and corresponding misorientation angle distribution (e—h): (a, e) 550 °C,
30 min; (b, f) 650 °C, 30 min; (c, g) 750 °C, 30 min; (d, h) 750 °C, 60 min
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inverse pole figure (IPF) form in the RD-ND
section, where the RD direction was projected,
as well as the corresponding misorientation
distributions. The EBSD data were analyzed using
the ATEX software [30]. The low-angle grain
boundaries (LAGBs; 2°<6<15°) and the high-angle
grain boundaries (HAGBs; 6>15°) were labeled by
white and red lines, respectively. 5° was considered
as a minimum disorientation angle for defining a
grain. Some notable elongated grains with a length
of more than 18 um could be found in the D2 alloy
(Fig. 2(a)), which indicated that the recrystallization
was not completed under this heat treatment
condition. As shown in Figs. 2(e—h), frequencies of
LAGBs for D2, D9, D23, and D51 samples were
58.6%, 23.6%, 14.6%, and 11.7%, respectively,
which revealed that the fraction of LAGBs was
decreased by increasing the annealing temperature
and/or time.

3.2 Tensile properties

Engineering strain—stress curves of tensile
tests with various grain sizes are plotted in Fig. 3
and tensile properties are summarized in Table 1.
Mechanical properties are distinct for samples with
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different grain sizes and/or under different
processing temperatures. For the RT tested samples
in Fig. 3(a), the D2 sample exhibited the best
comprehensive mechanical properties where the
yield strength (oy,) was 481.7 MPa, the ultimate
tensile strength (op) was 529.8 MPa and the
elongation to failure (EL) was 27.1%. It is notable
that a clear yield plateau phenomenon of yield point
elongation [31-34] at RT could be seen in the D2
sample, which was not found at LNT (Fig. 3(b)).
This phenomenon only exists within a specific
range of the average grain size (1-2 um) for
CP-Ti [33,34], which is induced by numerous
dislocation multiplication locations in fine-grained
structured samples [38] and is considered as a
remarkable contribution in EL in RT tensile test.
The EL of the D9 sample was slightly higher than
that of the D2 sample. This phenomenon is possible
to happen due to the heterogeneous microstructure
in the D2 sample and possible twinning activation
in the D9 sample. The EL of D23 and D51 samples
decreased with the larger grain size. A similar result
was reported in Ref. [35], where the EL of the
sample with the grain size of 7.5 um was smaller
than that of the sample with grain size of 15.5 yum.
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Fig. 3 Engineering strain—stress curves at RT (a) and LNT (b); True strain—stress curves and corresponding work

hardening curves at RT (c¢) and LNT (d)
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Table 1 Mechanical properties of samples with different grain sizes when tested at RT and LNT

Condition Sample ay/MPa ov/MPa EL/% d V?/um™12 Ac/MPa

D2 481.74£2.8 529.8+3.2 27.1£2.5 0.71 48

D9 437.5+4.7 524.9+1.8 27.4+2.2 0.33 87

R D23 429.245.2 520.9+7.5 25.2+3.7 0.21 92

D51 398.4+6.2 506.8+7.4 24.6+1.2 0.14 108

D2 896.24+9.8 988.5+8.7 41.444.5 0.71 92

LNT D9 796.6+6.8 1017.9+£7.2 56.5+£3.9 0.33 221

D23 719.248.5 1053.2+9.7 53.244.3 0.21 334

D51 721.4+6.1 1038.1+£7.6 53.8+2.8 0.14 317

However, the grain size had no remarkable effect on which indicated the characteristics of ductile

the uniform elongation (UEL) at RT, showing about
12% for all the samples (Fig. 3(a)).

As shown in Fig. 3(b), all samples presented
an excellent combination of strength and EL. Both
strength and EL were almost twice higher when
compared to that of the RT tested samples. The D2
alloy presented the highest g, of §96.2 MPa due to
the smallest average grain size, whereas the D23
showed the highest o, of 1053.2 MPa with the
lowest o, among all samples under the same
condition. The stress increment (Ac=cy—0y,) was
sharply increased at LNT compared with RT,
especially for D23 and D51 alloy. Simultaneously,
the UEL for the D9, D23, and D51 was more
significantly increased than D2 as the gap between
EL and UEL decreased from around 14% to 5%
(Fig. 3(b)). Moreover, the true strain—stress and
the corresponding work hardening curves before
necking are illustrated in Figs. 3(c) and 3(d),
respectively. It can be clearly seen that the work
hardening rate at LNT was enhanced. The RT-tested
samples showed the continuously decreasing work
hardening rate where the deformation occurred
homogeneously. However, the curves showed a
falling—increasing—falling changing tendency with
several peak values at LNT, and similar results were
obtained in Ref. [36]. It was indicated that the
deformation mechanism was possibly changed from
RT to LNT.

3.3 Fracture morphologies

Figure 4 shows the SEM morphologies of
the fracture surface of tensile-tested samples with
different grain sizes and processing temperatures.
Apparently, an amount of dimples could be
observed in both RT-tested and LNT-tested samples,

fracture [37]. The average sizes of dimples were
measured by the software Nano measure, where the
average dimple sizes at RT were 10.5, 28.3, 39.7
and 50.6 um corresponding to D2, D9, D23 and
D51, respectively. The dimple sizes of LNT-tested
samples were 3.4, 6.6, 4.8 and 2.5 um. It was
abnormal that the D51 sample showed the smallest
average dimple size. The results revealed that the
grain size had an opposite impact on the dimple size
at RT and LNT, which should be related to the
difference in the deformation mechanism. When the
tensile test was carried out at LNT, the generation
of a large number of twins led to grain breakage in
materials with relatively small grain sizes, which
was the main reason for this phenomenon. In
addition, the fracture morphology confirmed the EL
results in Fig. 3, indicating that ductility could be
improved by grain refinement [38].

3.4 Microstructure evolution

Microstructure evolution of tensile tested D2,
D9 and D23 samples were further investigated to
clarify the deformation behavior at RT and LNT.
The microstructures absolutely varied from RT to
LNT, which was closely related to the original grain
size. After the samples were processed by tensile
test at RT, the microstructures remained almost
unchanged compared to the initial samples in Fig. 5.
The results revealed that few deformation twins
(DTs) with the small thicknesses could be found to
form in some large grains of D2, D9 and D23
samples. In addition, the color gradients appeared
within multiple grains in Figs. 5(a—c) and the
numerous LAGBs formed during the
deformation process due to strain accumulation in
the elongated grains. Therefore, the misorientation

WweEre
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Fig. 4 Fracture surface morphologies by SEM: (a, c, e, g) RT-tested samples; (b, d, f, h) LNT-tested samples

distributions of RT-tested samples (Fig. 6(a)) were
obviously changed compared to the initial samples
(Figs. 2(e—h)). A distinctive misorientation peak
around 85° newly appeared in the RT-tested
samples, especially for D23, as shown in Fig. 6(a),
which were induced by {1012}(1011) extension
twins (ETs) [16,39]. The situations in the LNT-
tested samples were different, where a higher
density of DTs could be clearly observed compared
with RT-tested samples. Especially for D9 and D23,

the coarse recrystallized grains were fragmented
by the high density of DTs, which would further
impact the texture. Figure 6(b) shows the
misorientation distribution maps of LNT-tested
samples. The new peaks around 65°, 85° and
48° were generated, which were related to {1122}-
(1023) compression twins (CTs), {1012} ETs
and {1122}—{1012}(5503) secondary twins,
respectively [40,41]. It could be seen in Fig. 6(c)
that the frequency of LAGBs was lower in the
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Fig. 5 Microstructure evolution of samples tested by EBSD: (a, b, ¢) At RT; (d, e, f) At LNT (The white lines and red

lines represent the LAGBs and HAGBEs, respectively)
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Fig. 6 Misorientation angle distribution of samples with different processes: (a) At RT; (b) At LNT; (c) Statistics of
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initial condition, but dramatically increased after
elongation at RT due to the formation of vast
LAGBs inside the grains (Figs. 5(a—c)). When the
samples were tested at LNT, a large number of
twins introduced more HAGBs compared to those
under RT, so the frequency of LAGBs was
relatively lower.

3.5 Texture evolution

EBSD based texture evolution of D2, D9 and
D23 samples in different processing conditions
are presented by {0002} pole figures, as shown in

Fig. 7. As the recrystallization could not change
the typical texture of rolled Ti alloy during the
annealing process [13], the texture of annealed
samples maintained the c-axis tilting from ND
towards TD, as shown in Figs. 7(a, d, g). After
being tested at RT and LNT, the texture component
of the D2 alloy remained unchanged where the
intensities of texture were enhanced from an initial
11.26 to 14.05 in the RT sample and 12.3 in the
LNT sample, respectively. For D9 alloy, as shown
in Figs. 7(d—f), the texture intensities of deformed
samples decreased with compared to the initial one.
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Fig. 7 EBSD based texture evolution by {0002} pole figure

It could be seen in Fig. 7(e) that the texture
components were obviously changed with more
discrete peak values, due to the change of internal
grain misorientation. With the activation of vast
twin variants, D9 (Fig. 7(f)) and D23 (Fig. 7(i))
showed nearly random texture with low intensity.
Furthermore, an abnormal texture component of
the c-axis nearly parallel to ND also appeared in
Figs. 7(f, 1), where the intensities were 3.75 and
5.36, respectively. The same results have been
reported in cryogenic rolled CP-Ti sheets [42]. This
abnormal texture was considered to be mainly
related to {1122} and {1124} CTs.

4 Discussion
4.1 Deformation mechanism

In the HCP materials such as a-Ti alloy, it is
well known that dislocation slip and twinning

8.85
7.55
6.24
4.93
3.62
2.31
1.00

are the dominant deformation mechanisms. The
activation of the deformation mode is strongly
depended on the critical resolved shear stress
(CRSS), which has strong temperature sensitivity.
After tension at RT, deformation twinning was
rarely observed in D2, D9 and D23 samples, and
the plastic deformation was dominated by
dislocation slip, as shown in Fig. 5 and Fig. 8. The
DTs in RT-tested samples were confirmed to be
the {1012} ETs. These twin variants were more
frequently generated in coarse grains, which have
lower CRSS at RT with compared to other twin
variants [43]. Simultaneously, the parallel slip
bands [14] could be clearly seen in D2 and D9
samples compared with D23. The critical twinning
stress of Ti was much lower than the CRSS for
dislocation slip at LNT [5,12,44], so deformation
mechanism was changed. A much higher density of
DTs was activated at LNT (Figs. 8(d—f)), and new
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Fig. 8 Twinning observation of fractured samples at different processing temperature: (a, b, ¢) RT; (d, e, f) LNT

twin variants of {1122} CTs and {1122}—{1012}
secondary twins were formed which were not
observed in RD-tested samples. The matrixes were
markedly fragmented, particularly in D9 and D23
samples. Moreover, in both RT- and LNT-tested
samples, the density of DTs was strongly related to
the grain size. It was shown in Fig. 9 that the length
fraction of twins was higher in samples with larger
grains. In D23 alloy, the length fraction of twins
took up nearly 60% after being tested at LNT.
Furthermore, the length fraction ratios of {1012}
ETs to {1122} CTs at LNT were calculated to be
0.42, 0.49 and 0.75 for D2, D9 and D23. The
relative proportion of {1012} ETs was even higher
in the material with larger grains, indicating that
{1122} CTs have higher sensitivity on grain size
and deformation temperature [6]. The formation of
this high density of twins leads to a significant
increase in the work hardening rate [45] and benefits
the improvement of mechanical properties, which
can be confirmed by the tensile test results in Fig. 3.

Further discussion was based on the TEM
observations which were performed near the
fracture zone of all the samples, as shown in
Figs. 10 and 11. Fractured samples showed various
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Fig. 9 Length fraction statistics of different twinning
types in fractured samples

microstructure evolution in different grain sizes
and processing temperatures. The high density of
dislocation walls, dislocation tangles, and cells
inside some deformed grains could be observed in
D2 (Fig. 10(a)) and D9 (Fig. 10(b)) samples [46].
These features were generated in the vicinity
of GBs. Nevertheless, the dislocation density was
reduced in D23, and a number of dislocation lines
could still be clearly observed in Fig. 10(c). More
twins could be observed in D51 sample (Fig. 10(d))
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Fig. 10 TEM images close to fracture zone of RT-tested samples: (a) D2 sample; (b) D9 sample; (c) D23 sample;
(d) D51 sample and related diffraction patterns (The yellow dotted lines indicate the GBs and twin thickness are

highlighted by red marks)
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Fig. 11 TEM images close to fracture zone of LNT-tested samples: (a) D2 sample; (b) D9 sample; (c) D23 samples and
related diffraction patterns; (d) D51 sample
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while dislocation gathered within the DTs.
The EBSD (Fig.8) and TEM (Fig. 10) results
demonstrated that the dislocation slip was the
main deformation mechanism when tested at RT,
especially in the D2 and D9 samples. DTs in D23
and D51 samples were more found due to the
increased grain size. However, the proportion of
those DTs was still low so that DTs could induce a
limited effect on the mechanical properties.

On the contrary, the density of dislocations and
mean dislocation motion free path reduced sharply
at LNT as the DTs were gradually formed [44]. For
the D2 sample, Fig. 11(a) showed that dislocation
slip was still the main deformation mechanism
while several DTs were formed with a thickness of
about 0.13 um. The YS of the D2 sample was the
highest (Fig.3(b)) at LNT due to the smallest
average grain size; however, the other samples
showed higher UTS and EL. The results indicated
that the mechanical properties were related to not
only the grain size but also the deformation
mechanism at different processing temperatures.
The abundant twin variants were activated to
accommodate the imposed strain in D9, D23 and
D51 samples, as shown in Figs. 11(b—d), and dense
lamellar twins could be observed compared with
the RT-tested samples. Generally, grain refinement
induced by the twinning and lower density of
dislocation collaborated to have an impact on the
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work hardening of Ti alloy during tensile test [13],
and twin boundaries would act as obstacles to
the dislocation motion and conduct the matrix
reorientations to benefit the dislocation slip [20].
Thus, the UTS of the D9, D23 and D51 samples at
LNT (Fig. 3(b)) was much improved and even
higher than that of the D2 sample. Twinning
induced plasticity [47] was considered to interpret
the appeared outstanding ductility in LNT-tested
samples [48]. The thickness of several DTs was
measured in Figs. 10 and 11, and the results
revealed that the twins were relatively thin in the
LNT-tested samples. Moreover, the reorientation
mechanism of the matrix for the benefit of
dislocation slip caused by twinning and the
interaction of boundary interfaces are worthy to
be further investigated.

4.2 Hall-Petch relationship

The well-known Hall-Petch relationship
reveals that the grain refinement induces the
improvement of YS (oy) in materials, which is
commonly expressed by the following formula [6]:

(1

where gy is the stress of an infinite single crystal,
kup 1s the Hall-Petch coefficient and d represents
the average grain size.

As shown in Fig. 12(a), oy is almost linearly

Oy=0 otkupd -2
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Fig. 12 Hall-Petch relationship of tensile tested samples for yield stress (a) and flow stress (b), and data plotted against

d*with y=1/2 (c) and =1 (d)
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Table 2 Fitting parameters of Hall-Petch relation at RT and LNT

x=1/2 x=1 x=1/4
Condition Stress
o/MPa  k/(MPa-um'?) R?> oyMPa k/(MPa-um) R?*> o¢/MPa k/(MPa-um'#) R?
RT oy 391.5 130.9 0.92 4194 135.8 0.78 343.6 166.0 0.95
Ofs 509.8 31.3 0.65 5109 36.2 0.33  497.0 42.0 0.74
INT oy 669.8 327.8 0.96 7224 363.9 0.98 5544 407.7 0.96
Ofs 1059.4 —100.6 0.85 10434 —-112.4 096 1094.3 —124.0 0.85

related to d~'? at both RT and LNT, which agrees
with the Hall-Petch relationship. As the fine grains
provide more GBs, the dislocation motion and
multiplication will be hindered and higher stress is
needed to be imposed for plastic deformation.
However, the deformation mechanism is quite
different at LNT where the necking is delayed
compared to RT. The flow stress (og) in necking
shows a negative coefficient at LNT. Since only the
grain boundary strengthening is considered in the
conventional Hall-Petch formula, DUNSTAN and
BUSHB [49] have proposed a modified Hall-Petch
relationship that can well fit the cryogenic
deformation with both grain boundary and twinning
strengthening [20]:

oy=0o+kupd ¥ 2

where exponent y value is widely scattered from 0.2
to 1, as the Hall-Petch formula is included when
x=0.5. In Table 2, different y values of 1/4, 1/2
and 1 are chosen to fit the results presented in
Figs. 12(b, d). The result shows the highest fitting
regression R* when the y value is taken as I.
Besides, the fitted lines of yield stress and flow
stress are extended until intersected. The points of
intersection 1, 2, 4 and 5 (Figs. 12(c, d)) indicate
that oy is equal to o and will finally exceed it with
decreasing the grain size. Moreover, it can also
predict the possible limited grain size for twinning
activation from Points 3 and 6, because it is difficult
to generate twins in ultra-fine grains even at LNT.
The better predicted grain size is 0.27 um
calculated by Point 6 with y=1. The modified
Hall—Petch relationship provides a validated law for
the study of the relationship between deformation
mechanism and strength under cryogenic condition.

5 Conclusions

(1) The recrystallized CP-Ti samples with
different grain sizes exhibited an excellent

combination of high strength and EL when
deformed at LNT compared to RT. The D2 sample
had the highest YS at both RT and LNT due to the
smallest grain size; however, the UTS and EL of D9,
D23 and D51 samples at RT were much lower than
those at LNT due to the transition of deformation
mechanism. In addition, the UTS and EL of D9,
D23 and D51 samples at LNT showed an inverse
evolution compared to RT.

(2) Dislocation slip was the main deformation
mode and only a few {1012} ETs could be observed
for all samples at RT. However, deformation
twinning became the dominant deformation
mechanism at LNT. A high density of {1012}
ETs and {1122} CTs and some {1122}—{1012}
secondary twins were generated. The formation of
various new orientations and the related grain
refinement induced by the profuse twins
contributed to the high performance and work
hardening rate of samples at LNT.

(3) A modified Hall-Petch relationship was
proposed for the strengthening mechanism of
tensile tested CP-Ti sample under -cryogenic
deformation condition.
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