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Abstract: The plastic deformation modes of commercially pure titanium (CP-Ti) were studied using
an in situ tensile test monitored by electron-backscatter-diffraction (EBSD) assisted slip trace analysis.
The plastic strain was primarily accommodated by prismatic slip, followed by deformation twins and

heck pyramidal slip. The slip transmission between two adjacent grains was predicted using the geometric
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updates compatibility factor m’, which influenced not only the degree of stress concentration but also the
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Academic Editor: Andriy 1. Introduction

Ostapovets Commercially pure titanium (CP-Ti) has been widely used in the biomedical field
because of its excellent corrosion resistance, high fracture toughness, and good biocom-
patibility [1,2]. CP-Ti has a hexagonal close-packed (hcp) structure at room temperature
and exhibits complex plastic deformation mechanisms due to the low symmetry of the
hcp structure. Four slip systems, including prismatic slip, basal slip, pyramidal (a), and
Publisher's Note: MDPIstaysneutral (¢ 4 3) slips, and six deformation twins (DTs), including the {1012} (1011), {1121} (1126),
with regard to jurisdictional claims In 54 {11231 (1122) tension twins and the {1011} (1012), {1122} (1123), and {1124} (2243)
published maps and institutional affil- .,y sression twins, have been reported [3-5]. For a particular grain, the ease of these
deformation modes is generally determined by the critical shear stress (CRSS) and the

® Schmid factor (SF).
Recently, the phenomenon of slip transmission has been observed in some specific

Copyright: © 2022 by the authors. circumstances. It has been proposed that the slip transmission between grain boundaries
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This article is an open access article  the damage of polycrystalline [6-9]. Slip transmission behavior can be predicted using the
distributed under the terms and  geometric compatibility factor m’. The m' is given by m’ = cosgcosy where ¢ is the angle
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GB- and twin-boundary-(TB) cracking are the major crack initiation mechanisms of Ti
alloys due to the blocking of GBs and TBs on dislocations [15-17]. The crack initiation of a Ti
alloy is delayed when the stress or strain concentration at GBs and TBs is alleviated through
slip transmission. A better understanding of slip transmission is of great significance for
improving the mechanical properties of Ti and its alloys.

In this work, CP-Ti (TA2) is selected and deformed by in situ tensile tests. The activities
of slip systems and DTs are identified based on electron backscatter diffraction (EBSD) and
slip trace analysis [18-21], and the emphasis is placed on slip transmission behavior and its
influence on the activity of deformation modes.

2. Experimental

TA2 bars with a diameter of 10 mm were supplied by the Northwest Institute For
Non-ferrous Metal Research, and their chemical composition is shown in Table 1. The
as-received bars were first annealed at 450 °C for 1 h with furnace cooling to achieve a
low residual stress state, and then dog-bone-shaped in situ tensile samples with a gauge
section of 4 mm length, 3.5 mm width, and 0.5 mm thickness were cut from the annealed
bars using discharged machining. The samples were mechanically ground to 1500 grit and
then electropolished to produce a mirror-like surface using 10% HClO, and 90% C,HsOH.

Table 1. Chemical composition of the experimental material (wt.%).

Element

Fe

Si C N H o Ti

Composition

0.3

0.15 0.1 0.05 0.015 0.2 Balance

In situ tensile tests were conducted by scanning electron microscopy (SEM, Gatan
mtest 2000, Gatan, Pleasanton, CA, USA) at a strain rate of 2.1 x 1074 s~ (a loading
velocity of 8.3 x 10—* mm-s’l). For the observation of microstructure, the tensile tests
were interrupted by controlling the strain at ~2.9% (with displacement at 0.117 mm) and
~22.5%. The in situ tensile tests were stopped after the strain of ~22.5% for observation
using a confocal laser scanning microscope (CLSM, ZEISS, Oberkochen, Germany). The
EBSD measurements were conducted at an accelerating voltage of 20 kV with different
step sizes depending on the desire (0.2~1 um). The grain size, crystal orientation, and SF
before and after in situ tensile testing were analyzed using Channel 5 software 5.11, Oxford
Instruments, Abingdon, UK. The slip activities of the deformed grains were identified
based on EBSD (Oxford Nordlys Max, Oxford Instruments, Abingdon, UK) and slip trace
analysis [22,23]. The geometric compatibility factor m’ of the grains after in situ tension
was calculated using Mtex-5.7.0 and Matlab software 2018a, MathWorks, Natick, MA, USA,
and the influence of slip transmission behavior on the activity of deformation systems was
further analyzed.

3. Results and Discussion
3.1. Initial Microstructure

The initial microstructural characteristics, including the band contrast (BC) image,
inverse pole figure (IPF), and a kernel average misorientation (KAM) map, as well as the
grain size distribution, the cumulative frequency of SF for the different deformation modes,
and the KAM distribution, are shown in Figure 1a—f, respectively.

It is clear that the initial microstructure was a typical equiaxed « grain with an average
grain size of 13.5 um. The IPF suggests the c-axials of most grains were parallel with the
normal direction, as shown in Figure 1c. It can be found from Figure 1d that the frequencies
of SFs greater than 0.3 for prismatic slips, pyramidal slips, {1012} (1011) twins, and basal
slips were 87%, 82%, 82%, and 38%, respectively. Because the CRSS of the prismatic, basal,
pyramidal slips, and {1012} (1011) twins were measured to be 96 & 18 MPa, 127 + 33 MPa,
240 MPa, and 494 MPa, respectively [24,25], it was inferred that prismatic slips were



Metals 2022,12,721 30f9

primarily activated during in situ tensile deformation. Figure le,f demonstrate that the
density of the geometry necessary dislocation (GND) in the initial stage was relatively low.
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Figure 1. The initial microstructural characteristics of TA2: (a,b) BC map and the distribution of grain
size; (¢,d) IPF and cumulative frequency of SF for different deformation modes; and (e,f) KAM map
and the frequency distribution of KAM.

3.2. Dislocation Slip during In Situ Tensile Testing

The displacement-load curve during in situ tensile testing is shown in Figure 2a. The
SEM micrograph and the corresponding IPF at the tensile displacement of 0.117 mm (at a
strain of ~2.9%) along the direction parallel to the black double-headed arrow are shown
in Figure 2b,c. Obviously, a number of parallel slip bands and deformation twins (DTs)
were observed in some grains, which was marked by the number of the IPF. The activated
deformation modes in the marked grains were distinguished by trace analysis, and the
activated deformation modes, as well as their SFs, were marked in the SEM image. The
red, yellow, and blue lines represent the plane traces of prismatic slip, pyramidal slip, and
DTs, respectively.

In Figure 2d,e, the KAM map illustrates that, after a tensile strain of ~2.9%, the plastic
strain mainly accumulated at some GBs, and some GBs could not be resolved due to
the large amount of dislocation pile-up, as indicated by the white arrows in Figure 2f.
Meanwhile, the average KAM increased from the initial microstructure of 0.35° to 0.49°.
The density of the GND (ognp) was estimated using the following formula [26-28]:

2KAM 0
~Y 1
PGND = —p = @D

where KAM,,, is the average value of KAM, b is the magnitude of the Burgers vector of
dislocations (a = 0.295 nm and ¢ = 0.468 nm for HCP Ti), and R is the step size (0.5 um). We
concluded that the density of GND increased obviously after tensile deformation. Further
observations found that not all GBs had strong hindrance to dislocation and accumulated
a large amount of plastic strain. Combined with the geometric compatibility factor (m’)
map in Figure 2f, it was found that plastic strain accumulation mainly occurred at GBs
with an m’ less than 0.7. Because the cracks were preferentially initiated at GBs that
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accumulated serious plastic strain during further deformation, slip transmission behavior
had an influence on the accumulation degree of plastic strain at GBs. In other words, the
accumulation degree of the plastic strain at GBs decreased with the increase in m’.
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Figure 2. The displacement-load curve and the deformed microstructures of TA2 during in situ tensile
test: (a) displacement-load curve, (b) SEM image, (c) IPE, (d) KAM map, (e) frequency distribution of
KAM, and (f) the geometric compatibility factor (m’) distribution map of the prismatic slip.

3.3. Deformation Twins during In Situ Tensile Testing

As an important deformation mode in HCP Ti, DTs (including primary twins and
secondary twins) were also frequently observed in some grains, as shown in Figure 3a.
The misorientations of the primary twins and the secondary twins in the grains are shown
in Figure 3b. It can be seen that the misorientation of the primary twin was ~64°, the
misorientation of the secondary twin was ~43° relative to the matrix, and the misorientation
of the secondary twin relative to the primary twin matrix was ~84°. The variants of the
primary twin and secondary twin were determined by pole figure, as shown in Figure 3c,d,
respectively. It was determined that the primary twin was the (2112) [2113] compression
twin, and the secondary twin was the (0112) [0111] tensile twin [29,30].

A larger deformed region was observed to quantitatively analyze the activated de-
formation mode using slip trace analysis, as shown in Figure 4a,b. The frequency of the
activated deformation mode was counted, as shown in Figure 4c. It was revealed that
the activated deformation modes were prismatic slip, pyramidal slip, and DTs, and their
frequencies were 55%, 21%, and 24%, respectively. This result indicated that prismatic slip
is the dominant deformation mechanism, and DTs and pyramidal slip are auxiliary plastic
deformation mechanisms.
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Figure 3. Variant analysis of primary twin and secondary twin: (a) IPF; (b) misorientation between
primary twin and secondary twin; (c¢,d) pole figures (PFs) of primary and secondary twin variants.
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Figure 4. The analysis of deformation mechanisms of TA2 after a strain of ~2.9%: (a) SEM with
the traces of different deformation modes; the traces of prismatic, basal, and pyramidal planes
are indicated by the black, red, and blue lines, respectively; (b) IPE, (c) the fraction of different
deformation modes.

3.4. Slip Transmission Behavior during In Situ Tensile Testing

Two different cases of slip transmission behavior are shown in Figure 5. In Figure 5b,
the slip transmission occurred between grains A and B. The activated slip systems of grain
A and grain B were prismatic slips (1010) [1210] and (1100) [1120], and their SFs were 0.49
and 0.39, respectively. The m’ calculation of prismatic slip between grains A and B was
highlighted with red wireframe, as shown in Figure 5¢, and further observation found that
the maximum value of m’ was 0.94, which indicates that the GB between grains A and
B had little obstacle to dislocation slip. In contrast, since the maximum m’ value of the
prismatic slip between grains C and D was only 0.55, the prismatic slip in grain C could not
pass through the GB between grains C and D, which resulted in the activation of pyramidal
slip in grain D, as shown in Figure 5d—f. The activated slip systems of grains C and D
were prismatic slip (1100) [1120] and first order pyramidal slip (0111) [2110], and their SFs
were 0.40 and 0.32, respectively. Obviously, slip transmission behavior had an influence
on the stress concentration and activation of the slip systems. When m’ was greater than
0.7 (for example, the GB between grains A and B), the slip transmission could effectively
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m’=0.94

SF = 0,.32\‘
(0T1B[2110] 1> =0.55

coordinate the macroscopic strain. When m’ was less than 0.7 (for example, the GB between
grains C and D), the stress concentration at the GB could be released by the activation of
the pyramidal slip system to avoid premature crack nucleation at GBs [31].

“SF=0.49
(1010)[1210] =
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Figure 5. Slip transmission behavior between different grains: (a,d) SEM with the slip trace and SF
of the activated slip systems; (b,e) IPF; (c) m’ calculation between grains A and B; (f) m’ calculation
between grains C and D.

Low m’ induced not only the activity of pyramidal slip but also the nucleation of
DTs, as shown in Figure 6. It can be observed that there was no slip activity in grain F
and only DT occurred. The DT nucleated from the GB between grains E and F, and this
DT was identified as (2112) [2113] from the IP map and the misorientation distribution
in Figure 6¢,d. The calculation of SF indicated that the SF of the activated (2112) [2113]
twin was 0.35, and the largest SF of prismatic slip was 0.45. The phenomenon that the
(2112) [2113] twin with high CRSS and low SF was activated instead of prismatic slip with
low CRSS and high SF was related to the m’ value between grains E and F. As shown in
Figure 6e, the maximum m’ of the prismatic slip between grains E and F was 0.61. The poor
geometric compatibility between the two grains led to stress concentration at the GB, which
was conducive to the nucleation of a DT at the GB [32-35]. The stress concentration at the
GB can be proved by the KAM map, as shown in Figure 6f. It is clear that the intensity
of KAM at the GB between grains E and F was obviously higher those that of the other
regions, as indicated by the white arrow.

3.5. Surface Topography after In Situ Tensile Testing

The surface topography after an in situ tensile stain of ~22.5% was observed by a con-
focal laser scanning microscope (CLSM), as shown in Figure 7. Clearly, the surface became
rugged due to coordinated deformation between the different grains, and the fluctuation
was mainly concentrated at the GB region. Close observation found that the surface bulge
was mainly observed at the GBs between grains with slip activity and grains without slip
activity. This phenomenon further indicated that, when slip transmission cannot occur
at GBs, there is obvious stress concentration at that point [36]. This stress concentration
can be released by inducing other deformation modes that are not easy to activate, such as
pyramidal slip and DTs. Otherwise, it will develop into crack initiation sites.
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Figure 6. The nucleation of DT was induced by stress concentration at the GB: (a) IPF, (b) SEM, and
(c) PF of {1122} ; (d) the distribution of misorientation along the line in (a,e); the calculation of m’
between grains E and F; and (f) KAM map.
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Figure 7. The surface topography of CP-Ti after in situ tensile stain of ~22.5%: (a) the optical
microstructure, and (b) the corresponding two-dimensional surface topography.

4. Conclusions

(1) Based on EBSD characterization and slip trace analysis, the active deformation modes
of CP-Ti after an in situ tensile strain of ~2.9% were prismatic slip (55%), pyramidal
slip (21%), and deformation twins (24%);

(2) Slip transmission had an obvious influence on the activities of the deformation mode,
which were predicted using a geometric compatibility factor. Slip transmission in
CP-Ti tended to occur between the same slip types (prismatic slip to prismatic slip).
The stress concentration in GBs was released by slip transmission to accommodate
coordinated deformation;

(38) Poor geometric compatibility between two adjacent grains led to stress concentration
at the GBs, which was conducive to the activity of pyramidal slip or the nucleation of
deformation twins.
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