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Abstract: In this paper, a quasi in situ method is established to study the microstructural evolution
and deformation mechanism transition behavior of pure Ti under a high strain rate of 4000 s~ *. The
main deformation mechanism is found to be influenced by deformation strain level. In the strain
range from 0 to 0.05, {1012} and {1122} twinning is proved to be the main mechanism, while the
grains without any deformation twin (about 32% of the whole grains) are deformed by dislocation
slip. When the strain increases from 0.05 to 0.10, the growth of twins, secondary twinning, and
dislocation movement are proved to be the main deformation mechanism. In the strain range from
0.10 to 0.15, dislocation movement becomes the dominant deformation mechanism. Compared with
the traditional observation method, the new quasi in situ method effectively permits observing the
microstructure evolution and recording the deformation behavior progressively step by step, which
is more suitable to reveal the deformation mechanism of materials at high strain rates.

Keywords: quasi in situ; pure Ti; deformation mechanism; microstructure evolution; high strain rate

1. Introduction

The deformation behavior of material not only contains information on the mechanical
properties and deformation mechanism but also contains information on the evolution of
microstructure. A detailed study of deformation behavior is significantly helpful to predict
the reliability of materials in service. Meanwhile, the evolution of microstructure (including
the nucleation and growth of twins, the movement of dislocations, and the reaction of twins
and dislocations) under quasi-static deformation conditions can be clearly described [1-5].
By using tensile or compression loading devices in a scanning or transmission electron
microscope (SEM or TEM), which is called the in situ method, the researchers can easily
record the whole evolution process of microstructures in a small area during the deforma-
tion process. So far, in situ observation of the microstructure is suitable for the deformation
temperatures ranging from room temperature to 1300 °C under quasi-static deformation
conditions with a strain rate less than 1 s~ [6,7].

However, since the duration of the dynamic deformation process of materials is
extremely short (usually less than 100 ps), it is difficult for electronic microscope equipment
to capture the microstructural features during the deformation process. Although high-
speed photography can capture the macro shape changes under dynamic deformation
and reveal the strain distribution together with other information throughout the material
deformation process, the resolution and field depth of a high-speed camera limit the
capture of microstructure evolution [8-12]. Nowadays, dynamic deformation research
is carried out by studying deformed microstructures without analyzing the evolution
process [13,14]. Therefore, the deformation process of materials at high strain rates is still
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not clear. Furthermore, since the strain rate shows a great influence on the deformation
and failure mechanisms, researchers cannot predict the dynamic behavior of the material
according to its performance under quasi-static conditions [15,16]. In order to investigate
the dynamic deformation behavior of materials, an in situ investigation method which is
suitable for observing the microstructure evolution under dynamic deformation conditions
should be established.

Titanium and its alloys are important engineering materials with high strength and
low density [17,18] and have drawn great attention in the dynamic behavior research
field [13,14]. The deformation mechanism and microstructural evolution of titanium in
quasi-static deformation have been revealed using in situ methods [19-21]. The twin-
ning/detwinning process, crack initiation position, stress—strain state at the mean time
of crack initiation, and the relationship between crack propagation path and lamellar are
carefully described. However, under high strain rates, research still uses traditional ex
situ methods to investigate the deformation mechanism of Ti alloys [22-24]. The studies
show that the twinning becomes prevalent at high strain rates in crystalline solids, and
four types of deformation twins have been observed in the dynamic deformed Ti sam-
ple, including {1012}, {1121}, {1122}, and {1124}. Moreover, N. P. Gurao [22] studied the
change of microstructure and texture of commercially pure Ti during room temperature
compression under quasi-static and dynamic loading conditions and found that there
was a significant difference in the strength of pure Ti when deformed at different strain
rates. Zhou [23] studied the twin interaction behavior in pure Ti under high strain rate
compression, and the results showed that twinning variants that did not follow the Schmid
law were more frequently observed under the high strain rate deformation than the quasi-
static deformation. These traditional ex situ methods may have some limitations. First,
the estimated twin fraction may be underestimated, since the slip activity influences the
twin boundaries [22], and when two twin variants meet, the angle between them is not a
recognizable twin characteristic angle [25]. Second, the development processes of twinning
and slip behaviors cannot be traced, which means the nucleation sites, corresponding
stress and strain conditions, and interaction of twins and dislocations cannot be restored.
Therefore, the microstructure evolution under dynamic conditions is still not clear. On
this basis, in this study, we establish a quasi in situ characterization method to observe the
microstructure evolution of pure Ti, which is also suitable for other metals at high strain
rate loading conditions.

2. Experimental Procedure
2.1. Material Preparation

The material investigated in this work was high purity titanium (99.995%) obtained
as a plate in hot-rolled condition. To obtain an equiaxed single-phase microstructure
with a weak texture, the plate was heated to 870 °C for 1 h in atmosphere and then air
cooled. The microstructure was examined by scanning electron microscope (SEM, JSM-
7001F, Beijing, China) combined with the electron backscattering diffraction (EBSD, JEOL
JEM-7900, Beijing, China) technique, and the average grain size of the annealed sample
was about 200 um, as shown in Figure 1.

2.2. Quasi In Situ Method

In this research, high strain rate compression was conducted along the axial direction
of the specimen at room temperature, utilizing a Split Hopkinson Pressure Bar (SHPB,
USTC, Beijing, China). Figure 2a shows the schematic diagram of the SHPB device. The
strain rate of every dynamic loading was 4000 s~ !, which was ensured by setting the same
impacting velocity.
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Figure 1. (a) Microstructure; (b) grain size distribution of the pure Ti sample used in this study.
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Figure 2. Schematic diagram of (a) SHPB device; (b) specimen; (c) stopper ring.

The specimen was carefully designed for the quasi in situ microstructure observation.
First, a cylinder with 5 mm in diameter and 5 mm in height was exacted from the inner
part of the annealed plate mentioned above to avoid the surface oxide layer. Then a
flat plane with a dimension of 3 mm X 5 mm (named Surface A) was milled at the side
of this cylinder, which was specifically designed for the observation of microstructure
evolution, as shown in Figure 2b. The surface was ground using SiC sand paper and
electrolytic polished (volume ratio of perchloric acid: acetic acid equals 5:95) at 65 V. In
order to analyze the slip lines, the sample surface was not etched, and the electrolytically
polished samples were applied to SEM and EBSD. After the surface preparation, a small
reference mark (width about 20 pm) was made on Surface A using a diamond cone indenter
to help locate the observation site after each stop of the dynamic deformation. Then a
1mm x 1 mm observation area was selected just near the reference mark (the red rectangle
area in Figure 2b. This observation site was far more than 0.5 mm away from the sample
boundary.
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In order to investigate the microstructural evolution, a quasi in situ characterization
method suitable for high strain rate loading conditions was established. The principal
procedure was as follows: (1) Observe the microstructure of the marked area by EBSD for
the original state. (2) Compress the specimen at a high strain rate to a defined strain by
stopper ring, as shown in Figure 2c. (3) Observe the microstructure of the marked area by
SEM and EBSD for the first deformation round. (4) Compress the specimen at the same
strain rate again and make it a higher strain by using a shorter stopper ring. (5) Observe
the microstructure for the second round. Then, repeat the “dynamic loading with a strain
increment—microstructure recording at the same area” process on the same specimen.
Following these steps, the microstructure evolution of a certain area in a specimen subjected
to dynamic compression can be recorded.

After each dynamic loading break, the specimen was only cleaned with acetone to
reserve the surface deformation morphology (e.g., slip lines) which was examined by
SEM (JSM 6510, Beijing, China), while the crystallographic orientations of each grain were
gathered using EBSD. The orientation data were analyzed using EDAX/TSL OIM Analysis
6.2 software(EDAX, Beijing, China). By combining the direction of slip lines with the
orientation of the grain where slip lines were located, the specific slip system could be
determined. Firstly, the angle between a slip trace and the load direction (also the y-axis
in SEM images) 0sr)r was measured through the SEM image. Then, the angle between
different activated slip systems i and the load direction 6, ; was calculated by: [26,27]

sy Vsl i
0cq1; = arccos _CyTOSLE 1)
|esy"|USL,i|
UsL,i = €sz X NSl 2)

where s, and e, are the unit vector of the y and z-axis in the sample coordinate system,
respectively, and ngg; ; is the unit vector normal to the slip plane (ki ki Ii i) for slip system i
in the sample coordination, and was calculated by: [27]

1
nssri = sy (g7) 3)

where g is the Euler angle, and n.gy ; is the slip plane normal in the crystal coordinate
system. Thus, the slip trace on the sample surface can be calculated and represented by
vsp,;- The twin variants were determined by OIM.

3. Results and Discussion
3.1. Feasibility of Quasi In Situ Method

Figure 3a—d are the EBSD IPF maps of the observation area corresponding to the
strains of 0, 0.05, 0.10, and 0.15, respectively. To obtain a quantitative analysis, grains with
complete boundaries in the observation area are numbered from 1 to 29 as shown in IPF
maps, respectively. According to Figure 3, the quality of IPF maps decreases with the
increase in strain. While the strain approaches 0.15, about 90% of the EBSD results can
still be analyzed. The characterization method of quasi in situ established in this paper
can be applied to study the microstructure evolution at high strain rates and reveal the
deformation mechanism.
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Figure 3. IPF maps of the observation area with strains of (a) 0; (b) 0.05; (c) 0.10; (d) 0.15.

It can be found from Figure 3a,b that the relative positions of each grain change
obviously from the beginning as the strain increases to 0.05. Twins can be recognized by
OIM software. Except for the twins, most of the parent grains show uniform colors, but the
colors are different from the beginning, indicating the rotation of grains. The Euler angles
of the matrix in 29 grains before and after the first round of deformation are compared. By
inputting these Euler angles into the software TexTools, the rotation behavior of 29 grains
represented by angle/axis pairs is analyzed and the results are listed in Table 1. The average
rotation angle is 4.6° from the beginning. Figure 3¢ shows the IPF map of the sample with
a strain of 0.10. The relative position of each grain does not change much, indicating that
the relative movement of grains is not a significant reason for deformation at this strain
level. However, the grains’ colors in Figure 3¢ change a lot from that with a strain of 0.05,
indicating that the orientations of grains change obviously while the strain increases to 0.10.
Moreover, the disorientation in each grain is not as uniform as before. Thus, the difference
in orientations is not only caused by grain rotation behavior. The localized disorientation
is the result of dislocation movement. Apart from the localized disorientation area, the
average rotation angle of grains in the strain range of 0.05-0.10 is 8.7°, which is much larger
than that in the strain range of 0-0.05.
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Table 1. Rotation, twinning, and slip systems of 29 observed grains, at the 0.05 strain level. The SFs

of activated variants that do not have the largest SF of the six equivalent variants are marked in bold.

x2’ signs in twin and slip systems represent the two different equivalent variants observed.

No e I acmeevra | Sipontem | Comegonine
1 6.6 [2243] — D{0002}<1120> 0.321
2 3.7 [5143] T{1122} 0.255 0.187 D{1011}<1210> 0.406
[5419] — D{1122}<1123> 0.387
4 2.7 [117418] T{1122) 0.294 0.294 {{ 011 é}}<<112§11%>> gégé
5 45 [87121] T{1012} 0.421 0.421 —
6 34 [1011] T{1012} 0.397 0.226 —
7 55 [2429] — D{1010}<1210> 0.497
5.4 Ay - Doz 052
9 5.4 [4150] T{1012} 0.301 0.301 D{1011}<1210> 0.410
10 5.8 [4156] T{1012} 0.463 0.188 D{1011}<1210> 0.487
11 37 [1786] — D{1122}<1123> 0.306
12 5.3 [71140] T{1012} x 2 0.435 and 0.389 0.389 and 0.130 —
13 4.4 [2429] T{1012} 0.443 0.443 —
14 5.1 [1456] T{1012} 0.497 0.147 —
15 49 [2110] T{1012} 0.482 0.455 —
16 44 [2423] T{1122) x 2 0.497 and 0.484  0.414 and 0.343 —
17 7.3 [7870] — D{101>1<}§1210> 0.478 and 0.372
18 2.7 [1120] T{1012} 0.210 0.198 —
19 4.7 [58133] — D{1011}<1210> 0.446
20 5.4 [5143] T{1012} 0.210 0.210 —
21 5.8 [1011] — D{0002}<1120> 0.443
23 55 [7819] T{1012} x 0.394and 0.393  0.394 and 0.393 —
24 27 [2779] T(1012) x 0.485and 0478  0.478 and 0.206 D“mi};m“ 0.420 and 0.497
25 7 [11215] T{1012) x 2 0.361and 0.319  0.361and 0.037  D{1011}<1210> 0.427
26 3.9 [9363] T{1012} 0.485 0.481 —
27 42 [7810] T{1012} 0.365 0.365 —
28 2.7 [12112] — D{1011}<1210> 0.446
29 3.9 [4150] T{1122} x 0.261 and 0.251 0.142 and 0.113 —

3.2. Deformation Mechanism under High Strain Rate

Figure 4a shows the undeformed area where the twins are about to nucleate, and the
twin boundaries at a strain of 0.05 are colored in Figure 4b. According to Figure 4b, the
twin systems are also summarized in Table 1. In some grains, i.e., Grain No. 23, two {1012}
twinning variants are activated, which can be clearly seen in Figure 4b. Such activated twin
system of these grains is labeled as T{1012} x 2 in Table 1. From Figure 4 and Table 1, {1122}
twins nucleate in only 14% of grains (painted purple), and {1012} twins nucleate in 54%
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of grains (painted green), while no twins are observed in the rest 32% of grains (painted
yellow). Thus, twinning is a leading deformation mechanism at this stage. According to
SEM results, slip lines are found in the grains without twinning, as shown in Figure 4c,d,
indicating the existence of dislocation slip. Furthermore, some grains are deformed by both
twinning and dislocation slip, as shown in Figure 4e,f. Since these twins show discontinues
at the twins/slip lines junction, twinning is considered to start before dislocation slip. In
a word, under the strain rate of 4000 s—1, twinning is the main mechanism in the strain
range of 0-0.05, while dislocation slip also has a contribution. In Xu’s early study [24],
deformation twinning is also pointed out to be dominant at the low strain. However, {1121}
and {1124} twins which were reported by other researchers [22-24] are not observed in
this study.

Strain=0 i3 ~  Strain=0.05

=D

Strain=0.05

~— — {1012} Strain=0.05 —

Figure 4. (a): The undeformed grains where twinning is going to happen. The grains painted green,
purple, and yellow indicate {1012} twins, {1122} twins, and no twins, respectively. (b): Microstructure
with the boundaries of {1012} twins in green and {1122} twins in purple; (¢,d): SEM morphology with
twins and slip lines; (e) pole figure and (f) IPF map of Grain No. 24 at the 0.05 strain level.
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The Schmid Factors (SF) of the active twinning variants and slip systems are given
in Table 1 by the following method. The variants of twinning and dislocation systems can
be obtained based on the Euler angles of the undeformed 29 grains, while the loading
direction in the sample coordinate system, parallel to the y-axis of the IPF figure, can be
expressed in the crystal coordinate system through coordinate transformation. Then, the
angle 0 between the loading direction and the twinning/slip plane normal, and the angle n
between the loading direction and twinning/slip direction can be determined. Thus, the SF
can be calculated in terms of the relation SF value = cosf x cosn.

When dislocation slip and twinning both occur in the same grain, the SF of dislocation
slip is higher than that of twinning. Thus, the CRSS of twinning is lower than that of
dislocation slip. At the deformation beginning stage, twinning happens more easily than
dislocation slip. This is because increasing the strain rate is equivalent to suppressing the
dislocation activities and stimulating the twinning formation [24]. Moreover, only 8 of 19
active variants of twins obtain the largest SF, among the 6 equivalent variants in the same
twinning system, indicating that twinning variants do not always follow the Schmid law
under high strain rates. Apart from Ti [23,28], this phenomenon is also observed in other
HCP metals like Mg [29,30].

SEM results show that when the strain changes from 0.05 to 0.10, a large number of
slip lines with different orientations occur, as shown in Figure 5b, indicating the activation
of new slip systems. Therefore, dislocation slip is an important deformation mechanism
while the strain increases from 0.05 to 0.10. In a model diagram of a strain of 0.05, the area
where the twins are about to nucleate and grow is marked in different colors, as shown in
Figure 5c. In Figure 5d, the existed twinning area at 0.10 strain level is identified. According
to these pictures, it can be found that, in Grain No. 9, No. 12, No. 16, No. 23, No. 24,
and No. 25, twins occupy over 70% of the whole grain, while in Grain No. 14 and No.
27, twins have completely occupied the parent grain. Moreover, the new {1122} twins
nucleate in Grain No. 2 and No. 20, while new {1012} twins nucleate in Grain No. 3, No.
17, and No. 28. Moreover, {1122} secondary twins nucleate in Grain No. 5, No. 14, No.
24, No. 26, and No. 27, while {1012} secondary twins nucleate in Grain No. 4. Thus, it
can be seen that twinning is also an important deformation mechanism while the strain
increases from 0.05 to 0.10. Moreover, the relationship between twin and dislocation is
more obvious while the strain increases from 0.05 to 0.10. Figure 5e,f shows the SEM figures
of the same area with a strain of 0.05 and 0.10. It can be seen that slip lines occur in twins
and parent grains at a strain of 0.10, indicating that dislocations are activated later than
twinning. The same phenomenon has also been observed that dislocations in the parent
grain can actively interact with the tip of the twin embryos and proceed in step with the
twin lamellae [31]. For the reaction of twin-dislocation, researchers have pointed out that
slip produced in a soft-oriented grain can stimulate the twin nucleation under a quasi-static
condition [32,33]. However, in this paper, under a dynamic deformation condition, no new
twins are observed to nucleate within the whole observed area at the places, indicating that
twins initiate before dislocation activation instead of being stimulated by dislocation slip.
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Strain=0.05 fg - Strain=0.10

-

~

Figure 5. SEM figures at the same place with a strain of (a): 0.05, (b): 0.10 indicating the slip lines;
(c): the model diagram with a strain of 0.05 where twinning is going to nucleate and grow. The
place painted green, purple, orange, and yellow indicate {1012} twins, {1122} twins, both of the two
twinning systems, and no twins, respectively; (d): microstructure at 0.10 strain level, with {1012} twin
boundaries (in green) and {1122} twin boundaries (in purple); SEM morphology with a strain of (e):
0.05 (af): 0.10.

While the strain increases from 0.10 to 0.15, as shown in Figure 3d, no significant
changes in relative position and IPF colors of parent grains are found. Moreover, the
growth of twins is not obvious and no new twin is formed. Thus, twinning is not an
important deformation mechanism at this deformation stage. Moreover, the existed twins
could not be identified due to the uneven surface, as shown in Figure 6b. However, new slip
systems occur, resulting in the denser and more complex slip lines, as shown in Figure 6c,d,
indicating that dislocation slip has become the dominant deformation mechanism as the
strain increases from 0.10 to 0.15.
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Figure 6. (a): Model diagram with a strain of 0.10. The places where twinning is going to nucleate
and grow are painted green, purple, and yellow indicating {1012} twins, {1122} twins, and no twins,
respectively. The place where existed twins become unidentified is painted in blue; (b): microstructure
at 0.15 strain level, with {1012} twin boundaries (in green) and {1122} twin boundaries (in purple)
identified by EDAX/TSL OIM Analysis 6.2; SEM morphology with a strain of (c): 0.10 and (d): 0.15.

3.3. Microstructural Features and Evolution

The goal of the quasi in situ method is to reveal the microstructural evolution of
materials. Compared with the traditional final-state observation method, the quasi in situ
method can record the data of deformation microstructure progressively step by step. In
Grain No. 27, as shown in Figure 7a,b, a {1012} twin can be observed when the strain is
0.05. Since the twin has grown to the whole parent grain as the strain increases to 0.10, it
cannot be identified according to the twinning feature angle. Instead, a {1122} secondary
twin is observed in the existed {1012} twin. Thus, if the final observation method is used,
the evolution process of {1012} twin would be ignored.

Figure 7. IPF and misorientation map with strains of (a): 0.05; (b): 0.10.
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Based on the above analysis, a microstructural evolution model of pure Ti under high
strain rate compression conditions is built, as shown in Figure 8. At the beginning state of
deformation, {1012} and {1122} twins initiate and are proved to be the main deformation
mechanism, while parts of grains are deformed by dislocation slip, as shown in Figure 8b.
When the strain increases from 0.05 to 0.10, as Figure 8c shows, the growth of twins,
secondary twinning, and dislocation movement were the main deformation mechanisms. In
the strain range from 0.10 to 0.15, dislocation movement became the dominant deformation
mechanism, as shown in Figure 8d. Compared with traditional research [2,34], the quasi in
situ method in the current study offers a new approach to obtaining more microstructure
features during the deformation, which effectively reveals the microstructural evolution
of pure Ti under dynamic deformation, showing potential to be applied in studying the
deformation mechanism of materials under high strain rate condition.

a b

= grain boundary

slip line

1012} twin

2} twin

{
{
{1122} secondary twin
{1012

—
= {]]2
—{ll
= {1012} secondary twin

e=0.10 =015

Figure 8. A schematic diagram showing the microstructural evolution of pure Ti under high strain
rate compression with strains of (a): 0; (b): 0.05; (c): 0.10; (d): 0.15.

4. Conclusions

To reveal the dynamic deformation behavior of metals, a new and effective quasi
in situ characterization method is established in this study. A specimen is compressed
under a high strain rate discontinuously, and the increase of strain at each step is controlled
precisely. By recording the detailed microstructure characteristics including orientation
of each grain, slip line, and twin of the same area under different strain levels during
discontinuous dynamic loading deformation carefully, the microstructure evolution can be
clearly described. Compared with the traditional observation method, this new method has
significant advantages in revealing the influence of strain on the deformation mechanism
and the evolution process from primary twinning to secondary twinning.

Using this method, the deformation mechanism transition behavior of pure Ti is
investigated at a strain rate of 4000 s~1. Tt can be found that in the strain range from 0 to 0.05,
{1012} and {1122} twinning behaviors are proved to be the main deformation mechanisms.
As the strain increases to 0.10, the growth of twins, together with the secondary twinning
and dislocation movement, dominate the deformation. In the strain range from 0.10 to 0.15,
the dislocation movement becomes the dominant deformation mechanism.
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