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Abstract: The deformation behavior of pure Ti, Ti-0.2wt% O, and Ti-0.4wt% O polycrystals under high strain rate was investigated
by quasi-in-situ EBSD and SEM observation. Results show that under dynamic compressive deformation of 5% strain, the twinning
behavior in pure Ti is very active, the twins in most grains are activated, and multiple twin variants appear in half of the grains.
However, the slip trace analysis shows that the slip systems are activated in only 50% grains. With the increase in oxygen content, the
proportion of twins and the twin area ratio are decreased, and multiple slips and cross slip are activated in the meantime. XRD
analysis reveals that the solute oxygen atoms cause the lattice distortion and increase the c/a ratio in a-Ti, which is beneficial to the
dislocation slip. The active dislocation slip inhibits the twin nucleation, and the oxygen atoms can pin dislocations to hinder the
expansion of twinning boundaries. Thus, the twinning behavior is no longer active. In addition, the dynamic yield strength of pure Ti
increases by about 390 MPa for every 0.2wt% increase in oxygen content. This solution hardening phenomenon mainly originates
from the lattice distortion, and it is also influenced by the pinned dislocations and the jogs resulting from multiple slips and cross slip.
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Titanium and titanium alloys have great potential in the
impact protection applications due to their low density and
excellent dynamic mechanical properties!' ™. Therefore,
deformation behavior of titanium under high strain rates has
received widespread attention.

Alloying elements are important influence factors on the
plastic deformation behavior of metals. Thus, in order to
analyze the dynamic deformation of titanium, the effect of
solutes, such as Al and V, on dynamic deformation of Ti
polycrystal has been investigated®™. As the commonest
interstitial element in titanium alloys, oxygen has a significant
impact on material properties, but it is uncontrollable in low-
cost titanium alloys”'”. Besides, its effect on dynamic
deformation behavior is rarely studied.

The effect of oxygen on the quasi-static deformation behavior
of Ti polycrystal has been investigated, but the research
mainly focuses on the slip!""". Twinning phenomenon in Ti

[15]

polycrystal is promoted at high strain rates" ™, so the difference
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between quasi-static and dynamic deformation mechanisms is
huge"?. Therefore, the effect of oxygen on the dynamic defor-
mation behavior of Ti polycrystal should be further studied .

In this research, the effect of oxygen content on the dy-
namic mechanical properties and deformation mechanisms of
Ti polycrystals was investigated. The dynamic compressive
mechanical properties of pure Ti, Ti-0.2wt% O, and Ti-
0.4wt% O polycrystals were tested by split Hopkinson
pressure bar (SHPB), and the twinning and slip behavior of
these materials were investigated by quasi-in-situ electron
backscattered diffraction (EBSD) and scanning electron
microscope (SEM) analysis of the slip trace.

1 Experiment

The materials in this research were pure Ti, Ti-0.2wt% O
(Ti-0.20) alloy, and Ti-0.4wt% O (Ti-0.40) alloy, and their
chemical composition is shown in Table 1. All materials were
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Table 1 Chemical composition of experiment materials (wt%)

Material O C H N Fe Ti
Pure Ti  0.03  0.0038 0.0016
Ti-0.20 0.22  0.0042 <0.0020 0.0017 <0.0050 Bal.
Ti-040 0.41  0.0062 0.0018

rolled into sheets with 8 mm in thickness and then annealed to
obtain similar equiaxed structure. Fig. la— 1c show EBSD
inverse pole figures (IPFs) of the pure Ti, Ti-0.20, and Ti-
0.40 polycrystals, respectively. Statistically, the grain sizes of
pure Ti, Ti-0.20, and Ti-0.40 polycrystals are 124, 154, and
110 pm, as shown in Fig. 1d—1f, respectively. Fig.1g—1i show
the {0001} pole figures (PFs) of the pure Ti, Ti-0.20, and Ti-
0.40 polycrystals, respectively. It can be seen that the texture
with the highest intensity is the c-axis shifted by about 25°
from normal direction (ND) to transverse direction (TD).

The lattice parameters were obtained by X-ray diffraction
(XRD) analysis. The dynamic compression test was conducted
through SHPB (the bar diameter is 14.5 mm). The schematic
diagram of typical SHPB apparatus is shown in Fig.2a. The
apparatus pushes the striker by adjusting the air pressure of
the gas gun, so the striker strikes the incident bar at a certain
speed, producing an elastic stress wave which travels through
the incident bar. When the stress wave reaches the specimen,
part of the stress wave is reflected back to the incident bar due

to the difference in wave impedance between the bar and the
specimen. Other parts are loaded on the specimen and then
transmitted into the transmitted bar. The incident wave g,
reflected wave ¢, and transmitted wave ¢ were recorded by
the strain gages attached to the incident and transmitted bars.
Then, the stress (o), strain (¢), and strain rate (¢) of the Ti
polycrystals could be calculated by Eq.(1-3), respectively, as

follows:
oc=E j (1)
&= —%f e dt 2)
s Y0
-2, )

where E| is the Young’s modulus of the bars; 4, and 4, are the
initial cross-sectional area of the bar and the specimen,
respectively; C, is the elastic wave velocity in the bar; L_is the
initial length of the specimen.

The specimen used in the dynamic compression tests was
cylinders of @5 mmx5 mm, whose axial direction, i. e.,
loading direction (LD), was along the rolling direction (RD).
The test was conducted at room temperature and the strain rate
was controlled at 4000 s™".

The schematic diagrams of the specimen used for quasi-in-
situ observation are shown in Fig.2b and 2¢™'". The dimen-
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Fig.1 EBSD IPFs (a—c), grain size distributions (d—f), and {0001} PFs (g—i) of pure Ti (a, d, g), Ti-0.20 (b, e, h), and Ti-0.40 (c, f, i) polycrystals
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Fig.2 Schematic diagram of SHPB apparatus (a); schematic diagrams of specimen for quasi-in-situ observation in front view (b) and left view (c)

sion of the observation surface was 2.5 mmx5 mm. The cyl-
inder side was machined for observation, and the surface was
ground by sandpaper and then electrolytically polished. The
observation area on this surface was marked by laser and
observed by EBSD. This specimen was then loaded using
SHPB with the same LD and strain rate for the dynamic
compression test, and the strain was controlled as 5% by a
stop ring with 4.75 mm in height. This deformed specimen
was observed by EBSD and SEM, and then it was compared
with the undeformed specimen. The twinning and slip trace
analyses were also conducted.

2 Results and Discussion

2.1 Lattice parameter

Fig. 3a shows XRD patterns of pure Ti, Ti-0.20, and Ti-
0.40 polycrystals. All peaks are calibrated as close-packed
hexagonal (hcp)-Ti. However, with the O addition, all peaks
have a slight shift to the lower angle region, as shown in
Fig.3b. The higher the O content, the more obvious the angle
shift, which indicates that the O addition increases the lattice
parameter of the Ti polycrystals. Fig. 3c shows the lattice
parameters of three materials obtained from XRD results. It is

found that the ¢/a ratio of Ti polycrystals increases from 1.587
to 1.593 with the increase in oxygen content. This phenom-
enon confirms that oxygen atoms are solutes in «-Ti, which
causes lattice distortion. It is known that the oxygen is
interstitial solute and located at hcp octahedral site!"”. Mean-
while, with the increase in oxygen content, different peaks
have different intensities, which may be caused by the subtle
differences in the textures of three materials.

2.2 Dynamic mechanical properties

Fig.4a shows the incident, reflected, and transmitted waves
of Ti polycrystals in the dynamic compression tests. Different
heights of the incident waves originate from different striker
speeds, which can control strain rate of materials with
different strengths. As a result, the reflected waves of three
materials are essentially coincident. According to Eq.(3), three
materials have the same strain rates, whereas different heights
of the transmitted waves are related to the difference in
strength of three materials.

Fig. 4b shows the true stress-true strain curves of three
materials at room temperature and strain rate of 4000 s™'. It is
found that the dynamic yield strength of pure Ti is about 227
MPa and increases by about 390 MPa for every 0.2wt%
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Fig.3 XRD patterns (a), localized enlargement of (1011) peaks of XRD patterns (b), and c/a ratios (c) of pure Ti, Ti-0.20, and Ti-0.40

polycrystals
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increase in oxygen content. This is mainly because the critical
resolved shear stress of deformation mechanisms related in
the yield phase is elevated by the lattice distortion effect,
which demonstrates the solution hardening caused by oxygen
addition.

In addition, all three polycrystals have good plasticity, and
no fracture occurs. The sharp decrease in strength is caused by
the unloading process.

2.3 Deformation mechanisms

2.3.1

The change of deformation mechanisms is the fundamental
improvement of mechanical properties.
Therefore, the dynamic deformation mechanisms of Ti
polycrystals with different oxygen contents are analyzed.

IPF's of the observation area of pure Ti polycrystal before and
after dynamic compressive deformation with 5% strain are
shown in Fig.5a—5b, respectively. It can be seen that twins ap-

Pure Ti polycrystal

reason for the

pear in 75% grains, and there are twin lamellae along different
directions in grain 1, 2, 4, and 7 in Fig.5b, indicating that mul-
tiple twin variants are activated in these grains. According to
statistics, it is found that all twins have misorientation angle of
86° with the matrix and are determined as { 1012 } twins. Fur-
thermore, up to three kinds of twin variants are activated in the
grain 2 and 4, and the total area fraction of twins is about 10%.
The twinning systems are very active in pure Ti polycrystal.
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Significant twin-twin interactions can be observed in the
grain 2. Within the blue rectangle area in Fig.5b, the second
twin variant is activated from the twin boundary of the first
variant, indicating that the stress-concentrated twin boundary
can promote the nucleation of other twin variants. Meanwhile,
as shown in the red rectangle area in Fig.5b, when the twin
variants encounter other twin variants in the growth process,
mutual hindrance occurs, thereby impeding the expansion.
Therefore, different twin variants can both promote and hinder
the growth of other twin variants.

Fig.5¢ shows SEM microstructure of grain 2 in Fig.5b. The
twin lamellae along different directions as well as a set of
parallel slip lines can be observed. The slip lines are shallow
and unclear. Similar slip lines can also be observed in grain 5,
6, and 8, indicating that only 50% grains have activated slip
systems. Thus, the slip systems are not very active in pure Ti
polycrystal.

Briefly, in the pure Ti polycrystal, the twin systems are much
more active than the slip systems, revealing that twinning is
the dominant deformation mechanism at high strain rate.

2.3.2  Ti-0.20 polycrystal

Fig. 6a—6b show IPFs of Ti-0.20 polycrystals before and
after dynamic compressive deformation with 5% strain, respec-
tively. In Fig.6b, twins can only be observed in the grain 1, 5,
and 8. Only grain 1 and grain 8 have two twin variants. Both
the number of grains with the twins and the kinds of twin var-

1400 +

—a— Pure Ti

—e—Ti-020

—=+— Ti-040

0.0 0.1 02 0.3 04
True Strain, &

Fig.4 Incident, reflected, and transmitted waves (a) and dynamic compressive true stress-true strain curves (b) of pure Ti, Ti-0.20, and Ti-0.40

polycrystals
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IPFs of observation area of pure Ti polycrystal before (a) and after (b) dynamic compressive deformation with 5% strain; SEM
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Fig.6 IPFs of observation area of Ti-0.20 polycrystal before (a) and after (b) dynamic compressive deformation with 5% strain; SEM

microstructure of grain 4 in Fig.6b (c)

iants are less than those of the pure Ti polycrystal. According
to statistics, it is found that the twins are still { 1012 } twins,
but the total area fraction of twins is only 2%. Overall, the
activity of twin systems in Ti-0.20 polycrystal is significantly
lower than that of pure Ti polycrystal. Meanwhile, the
reduction in twin variants reduces the twin-twin interactions.
In the deformed Ti-0.20 polycrystal, slip lines can be
observed in every grain, and the cross slip lines can also be
observed in some grains, as indicated by the red and yellow
lines in Fig.6c¢. Slip lines are the intersection lines between the
slip planes and the specimen surface. The dislocations
slipping on the same slip plane will form a set of parallel slip
lines, and the dislocations slipping on different slip planes will
form slip lines along different directions. Therefore, the
crossed slip lines appear in the same grain, indicating that
dislocations slip on multiple slip planes, i.e., the occurrence of
multiple slips. Meanwhile, some folded slip lines can be
observed in the blue rectangle area in Fig. 6¢, indicating the
occurrence of cross-slip. This is because once the propagation
of dislocations is hindered in the slip plane, they may slip into
other slip planes to continue their propagation. This process
may occur repeatedly, forming the folded curved slip lines. In
addition, all slip lines are deeper and clearer than those in the
pure Ti polycrystal, indicating that the slip behavior is more

¥
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active in Ti-0.20 polycrystal.

Compared with those in the pure Ti polycrystal, the twin
systems are less active and the slip systems are more active in
the Ti-0.20 polycrystal. Thus, both slip and twinning are
important deformation mechanisms.

2.3.3 Ti-0.40 polycrystal

According to Fig.7b, no twins appear in the deformed Ti-
0.40 polycrystal. Additionally, the slip lines are deeper and
denser, and much more crossed slip lines can be observed in
Fig. 7c. These slip lines indicate that multiple slips are very
active in the Ti-0.40 polycrystal, and slip is the dominant
deformation mechanism.

In addition, more folded slip lines can be observed in the
yellow rectangle area in Fig.7c, indicating that the cross-slip is
also very active in Ti-0.40 polycrystal.

Comparing the deformation mechanisms in three polycrys-
tals, it is found that the twinning gradually becomes inactive
with the increase in oxygen content. At the same time, the slip
activity is enhanced, and the multiple slip and cross-slip occur.

This is because with the increase in oxygen content, the c/a
ratio of Ti polycrystal is increased and becomes closer to that
of hep crystals with the perfect stacking. These phenomena all
result in the more active slip systems, and therefore the
multiple slips occur. Slip gradually replaces twinning as the
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Fig.7 1PFs of observation area of Ti-0.40 polycrystal before (a) and after (b) dynamic compressive deformation with 5% strain; SEM

microstructure of grain 4 in Fig.7b (c)
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dominant deformation mechanism. At the same time, the Progress[J], 2022, 39(5): 1 (in Chinese)

interstitial solute oxygen atoms pin the dislocations. 2 Alaghmandfard R, Dharmendra C, Odeshi A G et al. Materials
Therefore, the deformation resistance improves, some Science and Engineering A[J], 2020, 793: 139794

hindered dislocations slip to other slip planes for easier slip, 3 Li Yanxing, Zhou Zhe, Wang Lin et al. Rare Metal Materials
resulting in the cross-slip; the pinned dislocations can further and Engineering[J], 2023, 52(3): 953 (in Chinesc)

hinder the expansion of twin boundaries. Multiple slips and 4 Xin Shewei, Hao Fang, Zhou Wei et al. Rare Metal Materials

and Engineering[J], 2022, 51(1): 295 (in Chinese)
5 Luo Y M. IOP Conference Series: Materials Science and
3 Conclusions Engineering[J], 2019, 585: 012017
6 Wang Q C, Liu R, Ye W J et al. Materials Science Forum[J],
2017, 898: 231
7 Wang Q C, Hui S X, Ye W J et al. Rare Metals[J], 2018, 42: 2361

cross-slip cause many jogs, and the pinned dislocations as
well as the jogs contribute to the solution hardening effect.

1) The yield strength of Ti polycrystal increases by about
390 MPa for every 0.2wt% increase in oxygen content.
Solution hardening mainly originates from the lattice

distortion caused by oxygen addition. 8 Liu Qinghua, Hui Songxiao, Ye Wenjun et al. Rare Metal

2) At high strain rates, twinning is the main deformation Materials and Engineering[J], 2013, 42(7): 1464 (in Chinese)
mechanism in pure Ti polycrystal. However, with the increase 9 Wasz M, Brotzen F, McLellan R et al. International Materials
in oxygen content, the total area fraction of twins and the Reviews[J], 1996, 41(1): 1

kinds of twin variants are decreased. Besides, the slip systems 10 YuQ, Qi L, Tsuru T et al. Science[J], 2015, 347(6222): 635
are activated more frequently. Meanwhile, multiple slips and 11 Ren J Q Wang Q, Lu X F et al. Materials Science and
cross-slip occur. Slip gradually becomes the dominant

: ) Engineering A[J], 2018, 731: 530
deformation mechanism.

12 Chaari N, Rodney D, Clouet E. Scripta Materialia[J], 2019,
162: 200

13 Barkia B, Couzini¢ J P, Lartigue-Korinek S et al. Materials
Science and Engineering A[J], 2017, 703: 331

3) The change of deformation mechanism of Ti polycrystal
originates from the interstitial solution of oxygen atoms. With
the increase in oxygen content, ¢/a ratio is increased, resulting
in more active slip and the occurrence of multiple slips. At the

same time, oxygen atoms pin the dislocations, which hinders 14 Kale C, Garg P, Bazehhour B G et al. Acta Materialia[J], 2019,
the dislocation slip and causes cross-slip. The active slip 176: 19

suppresses twinning, and the pinned dislocations prevent the 15 Xu F, Zhang X, Ni H et al. Materials Science and Engineering
expansion of twin boundaries. In addition, the pinned A[J], 2012, 541: 190

dislocations and the jogs caused by multiple slips and cross- 16 Dai L, Song W. International Journal of Plasticity[J], 2022, 154:
slip also conduce to solution hardening effect. 103281

17 Luo Y M, Guo W Q, Wang B Y et al. Crystals[J], 2022,
12(5): 677

References

1  Hou Hongmiao, Qin Cheng, Pan Hao et al. Titanium Industry
AR EMNAURTERAT AN

ERHE S SR, K B, RUER TR RSOR ', AR
(1. FEEHEHERERA R B EaEMR &I LEZKE AL, dba 100088)
Q. AT TR AR AR, Jbat 101407)

Q. A OEEU Ak, st 100088)

(4. B HFMRE AR TE, T4 il 528051)

1 . i uEFE AL EBSD Ml SEM WIS A T 44K Ti-0.2% O fI Ti-0.4% O () £ MR m NAE K A AT V. ERE
WH: 7E 5% NASTIZNA RAE LT T, AR 2R A7 AR R IRER, 2 50N N I8 2E RBHOS,  HPEOR R O 2 PR A AR i T
ML BT R, AU 50% IR RN IFE) TIE# R BEAESRRIGM, 284 R ed) 28 @R & s 2 R s, R R4 20
BEZEE. XRDOHEY, BRAR T SEGHREE, BE T o-Til cda, AR TAAEE . SRS AT N0 1 255 K%
B B A LA T 2 BRAS 2R A R, FEEAAT AR, IhAh, HEEEHIN0.2% (RESH0, AEKI2)A MR
JERRREIE ML 390 MPa. X FPEVA TR R - BR T A Wa AL, 52 BIREAT FUALAS K 2 1 B RS i RS 7= AR I EI B S

KR Ak SEE; RIBHH HERAL RN AR ER

&I B, 2, 1997424, 44, dbalaaeEpsi i, J6i 100088, E-mail: boya0314@hotmail.com



