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Abstract: This study investigates the microstructures and deformation mechanism of hetero-structured
pure Ti under different high strain rates (500 s−1, 1000 s−1, 2000 s−1). It has been observed that, in
samples subjected to deformation, the changes in texture are minimal and the rise in temperature
is relatively low. Therefore, the influence of these two factors on the deformation mechanism can
be disregarded. As the strain rate increases, the dominance of dislocation slip decreases while
deformation twinning becomes more prominent. Notably, at a strain rate of 2000 s−1, nanoscale twin
lamellae are activated within the grain with a size of 500 nm, which is a rarely observed phenomenon
in pure Ti. Additionally, martensitic phase transformation has also been identified. In order to
establish a correlation between the stress required for twinning and the grain size, a modified Hall–
Petch model is proposed, with the obtained value of Ktwin serving as an effective metric for this
relationship. These findings greatly enhance our understanding of the mechanical responses of Ti
and broaden the potential applications of Ti in dynamic deformation scenarios.

Keywords: pure Ti; hetero-structure; deformation mechanism; twinning; high strain rate

1. Introduction

The usage of pure Ti has been steadily increasing in the fields of chemical, biomedical,
and aerospace engineering. This is primarily due to its exceptional corrosion resistance,
excellent biological compatibility, and impressive high specific strength [1,2]. As a structural
material, pure Ti not only encounters static loads, but also confronts challenges from high-
speed impact loads. Structural components in industries such as aerospace and defense
industries may inevitably be involved in high-speed collision events [3]. Compared to static
loading, the mechanical properties and deformation mechanisms of titanium and its alloys
undergo significant changes under dynamic loading conditions, especially at high strain
rates [4]. Therefore, conducting a thorough investigation of the deformation mechanism of
pure Ti at high strain rates is of great significance for promoting the extensive utilization of
pure Ti.

Previous studies have indicated that the deformation mechanism of pure Ti are affected
by various factors, including its inherent characteristics (grain size, alloying elements,
texture, etc.) and experimental conditions (loading mode, strain rate, temperature, strain
level, etc.) [5–9]. In particular, strain rate plays a significant role and greatly influences
the deformation behavior of materials. It has been found that higher strain rate facilitates
the activation of twinning [10,11]. This can be attributed to the fact that a high strain rate
promotes the rapid accumulation of dislocations in localized regions, leading to severe
stress concentration. These regions of stress concentration provide effective nucleation
sites for twinning [12]. It is worth noting that at high strain rates, the heat dissipation
process in titanium is relatively slower compared to heat generation. This results in thermal
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softening during the accumulation of plastic deformation [4]. Consequently, instabilities in
plastic flow and the formation of shear bands are observed, exerting a significant impact on
the deformation mechanism. In addition, the influence of crystallographic texture on the
mechanical behavior and deformation mechanism of pure Ti cannot be underestimated,
owing to its hexagonal close-packed (HCP) structure. Extensive research has revealed
that the presence of two distinctly different initial textures results in varying mechanical
responses [13].

In addition to strain rate, the deformation mechanism of pure Ti also has a strong
grain size dependency [14]. Studies have revealed that the occurrence of twinning becomes
increasingly challenging as the grain size decreases, reaching a critical threshold at 750 nm.
Below this grain size, deformation twinning is completely replaced by dislocation slip.
Nevertheless, it is important to note that this conclusion solely takes into account the
influence of static loads [15]. Currently, high-speed deformation studies of pure Ti primarily
focus on samples with large grain sizes, where deformation are mainly dominated by
dislocation slips and various types of twinning [13,16]. Unfortunately, there has been
limited experimental research conducted on the high-speed deformation of pure Ti with
hierarchical grain size, thereby impeding an in-depth investigation into grain size effect. The
reason for this predicament is the difficulty in fabricating cross-scale structures with varying
grain sizes. In recent years, an innovative approach, microstructural heterogenization,
offering a promising avenue to overcome this challenge. This strategic paradigm has
demonstrated a remarkable synergy in enhancing mechanical properties in pure Ti [17].
By incorporating heterogenization in grain size, ranging from coarse to ultra-fine regime,
this structure can be served as an ideal model for studying the mechanism change during
high-speed deformation processes.

Therefore, this study focuses on hetero-structured pure Ti samples with a hierarchical
grain size. A room temperature split Hopkinson pressure bar test was conducted to examine
the dynamic mechanical responses of the samples at different strain rates. Microstructural
evolution during deformation was characterized using electron backscattering diffraction
(EBSD) and transmission electron microscopy (TEM) techniques. Microstructures and
deformation mechanism of hetero-structured pure Ti were systematically investigated,
with a particular focus on exploring the influence of grain size on twinning under high
strain rates.

2. Experiment

In this study, a split Hopkinson pressure bar (ALT1000) compression test was con-
ducted to analyze the mechanical responses of the sample. The compression was performed
along the ND (normal direction) axis of Ti samples at room temperature, and the compres-
sion rate was controlled by adjusting the gas pressure. This allowed for data collection on
the dynamic mechanical responses of the samples at different strain rates (500 s−1, 1000 s−1,
2000 s−1). Figure 1(a-1) illustrates a schematic diagram of the Hopkinson impact test, while
Figure 1(a-2) displays the observation surface of the sample in the transverse direction (TD)
plane. Commercially pure Ti (grade 1) was selected as the material for this investigation,
and the compositions is as follows (wt%): 0.001 C, 0.005 N, 0.0015 H, 0.085 O, 0.045 Fe, and
balanced Ti. To prepare the initial hetero-structured pure Ti samples with hierarchical grain
sizes, a combination of rolling and annealing techniques was employed. The Ti samples
underwent cold rolling to an 80% reduction in thickness, followed by annealing at 480 ◦C
for 5 min under vacuum conditions. EBSD observations were carried out using a Zeiss
Auriga scanning electron microscope (SEM) with an acceleration voltage of 15 kV and
a step size of 50 nm. TEM characterization was performed using an FEI TEM at 200 kV.
Figure 1(b-1) presents the EBSD results of the hetero-structured pure Ti sample. The grain
size exhibits a bimodal distribution, with an average grain size of 580 nm for the ultrafine
grains and 2.14 µm for the coarse grains (Figure 1(b-3)). No twinning was observed in the
sample. The grain boundary orientation distribution map (Figure 1(b-2)) reveals that the
proportion of low angle grain boundaries (LAGBs) in the sample is approximately 19.5%.



Materials 2023, 16, 7059 3 of 13

This indicates that the material has undergone significant dislocation recovery during the
annealing process.
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Figure 1. (a-1) The schematics of the split Hopkinson pressure bar system; (a-2) specimen;
(b-1–b-3) EBSD characterization of the initial hetero-structured sample. (b-1) Inverse polar figure
(IPF) map; (b-2) distribution of grain boundary orientation; (b-3) distributions of grain size.

3. Results and Discussion

Figure 2a presents the Hopkinson impact mechanical curves of the hetero-structured
pure Ti samples deformed under strain rates of 500 s−1, 1000 s−1, 2000 s−1. It can be
observed that the dynamic compressive stress gradually increases as the strain increases,
indicating that the sample absorbs impact energy during the impact process. It is important
to note that the rapid decline in flow stress at the end of the curve is solely attributed
to the termination of the applied load on the Hopkinson bar and not due to material
failure. To obtain the true stress-strain curve, it can be calculated based on the compressive
engineering stress-strain curve, as depicted in Figure 2b. This relationship can be described
as follows:

σt = σe(1 − εe) (1)

εt = −In(1 − εe) (2)

where σt and εt represent the true stress and strain, respectively, σe and εe represent
engineering stress and strain, respectively. It can be observed that the increase in true
stress is not significant with increasing strain, but there is a noticeable oscillatory pattern.
This oscillatory pattern arises from stress vibrations, which occur when an elastic wave,
caused by an impact from a hammer in the test machine, propagates through the test
sample and is detected by the load cell [18]. Figure 2c shows the strain hardening capacity
of hetero-structured sample under different strain rates, and this is closely related to
the deformation mechanism. In Figure 2d, the variation trends of different mechanical
performance indicators with strain rate are illustrated. It can be seen that the corresponding
yield strength (YS), ultimate compressive strength (UCS), and uniform elongation (UE)
increase with the increase in strain rate.
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Figure 2. Mechanical properties of hetero-structured samples under different strain rate: (a) compres-
sive engineering stress-strain curves; (b) true stress-strain curves from compressive tests; (c) strain
hardening rate curves; (d) corresponding yield strength (YS), ultimate compressive strength (UCS)
and compression strain of the samples under different strain rate.

During high-speed deformation, a substantial amount of the energy involved in
plastic deformation is converted into heat energy. Due to insufficient heat dissipation,
a noticeable local temperature rise occurs, leading to thermal softening of the material.
The influence of temperature on the deformation mechanism of the material is crucial,
thus necessitating a thorough examination of the impact of temperature rise during high-
speed deformation. If we assume that all the energy generated from plastic deformation
is completely transformed into heat energy and not dissipated, the resulting adiabatic
temperature rise can be expressed as:

∆T =
β

ρCv

∫ ε f

0
σTdεT (3)

where ρ represents density and Cv refers to specific heat capacity, σt and εt represent the
true stress and strain, respectively, and ε f is the max strain. β is a constant known as the
Taylor–Quinney factor, which denotes the coefficient of plastic deformation work converted
into heat. The values of ρ, Cv, β are ρ = 4.51 g/cm3, Cv = 527 J/(kg·◦C), β = 0.9 [19]. The
results calculated from Equation (3) are shown in Figure 3. At a strain rate of 500 s−1,
the theoretical temperature rise is approximately 10 K. As the impact rate increases, the
total strain also increases, resulting in an increase in the plastic deformation energy of the
corresponding sample and a subsequent increase in adiabatic temperature rise. When the
strain rate reaches 2000 s−1, the corresponding theoretical temperature rise is approximately
45 K. Although the temperature rise increases obviously with the strain rate, it is still far
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from reaching the recrystallization temperature. Therefore, we believe that the temperature
rise here has little effect on the deformation mechanism, and the emphasis should be placed
on the effect of stress.
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strain rate.

Figure 4 presents the EBSD results of hetero-structured pure Ti subjected to vari-
ous strain rates. From the IPF maps depicted in Figure 4(a-1–c-1), it is evident that the
microstructure remains its hetero-structured nature, with no signs of recrystallization or
significant grain refinement within the samples. However, after the impact tests, a notice-
able occurrence of twinning is observed. Through analyzing the orientation differences
(Figure 4(a-3–c-3), it can be observed that the predominant twinning type in the three
deformed samples is {1122} compression twins [20]. For pure Ti with an HCP structure,
{1122} twinning is more readily activated when the lattice experiences stress along the
c-axis [21]. As depicted in the twin boundary map (Figure 4(a-2–c-2)), an increase in the
percentage of twin boundaries, from 5.4% to 6.2% and 8.6%, is observed when the strain
rate increases from 500 s−1 to 1000 s−1 and 2000 s−1. The percentage of twin boundaries is
determined by calculating the areal fractions of twin boundaries among all interfaces within
the EBSD maps. It is noteworthy that at relatively low strain rates (500 s−1), twinning only
occurs in coarse grains due to the notable influence of grain size on twinning behavior in
pure Ti [22,23]. When the grain size is refined to the ultrafine range, twinning is nearly
absent. However, when the strain rate is increased to 2000 s−1, twinning appears in some
smaller grains, as shown in Figure 4(c-2). This occurrence could be attributed to the unique
microstructure of hetero-structured pure Ti and the high stress induced by the ultra-high
strain rate impact, which triggers twinning [24]. Additionally, the proportion of LAGBs
does not vary significantly under different strain rates, implying a decreased dominance
of dislocations in the impact deformation process [25]. Figure 4(a-4–c-4) illustrate the
statistical distribution plots of local misorientation corresponding to impact deformation at
different strain rates. By analyzing these plots, the average Local Misorientation difference
(K) can be calculated. For strain rates of 500 s−1, 1000 s−1, and 2000 s−1, the K values
are 0.38, 0.54, and 0.59, respectively. An increase in K indicates a higher level of plastic
deformation or a higher density of defects in the sample [26]. Specifically, the sample
subjected to a strain rate of 2000 s−1 shows a similar K to the sample at a strain rate of
1000 s−1, suggesting insignificant dislocation accumulation as the strain rate increases
from 1000 s−1 to 2000 s−1. This observation is consistent with the minimal increase in the
proportion of LAGBs shown in Figure 4(b-2,c-2).
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Figure 5a–c display the pole figures that correspond to the samples deformed under
strain rates of 500 s−1, 1000 s−1, and 2000 s−1, respectively. The pole figures reveal a
bimodal basal texture, with the highest texture strengths measured at 13.5, 12.8, and 14.6,
respectively. There is no significant change in the texture type when compared to the
original sample. These results indicate that the strain rate has a minimal effect on the
texture. In other words, the influence of texture on the change in deformation mechanism
can be ignored.
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Figure 5. (0001), (1120) and (1010) pole figures of deformed hetero-structured samples under different
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Figure 6(a-1,a-2) shows a bright-field TEM image of Ti sample deformed at a strain
rate of 500 s−1. It can be observed that the deformed sample contains a high density of
dislocations, which is a typical characteristic of plastic deformation. Twin boundaries
are commonly observed within coarse grains, as illustrated by the yellow dotted lines
in Figure 6(a-1,a-2). In contrast, no twinning is observed in the ultrafine grains, where
dislocation slip serves as the primary mode of deformation [27]. When the impact strain
rate increases to 1000 s−1, the microstructure of the sample is shown in Figure 6(b-1,b-2),
revealing a typical deformed structure characterized by a significant presence of defects
such as dislocations and twins. Similarly, no twinning is observed in the ultrafine grain
region of the sample. This implies that even at a strain rate of 1000 s−1, twinning remains
suppressed in the ultrafine grains. On the other hand, within the coarse grains, a promi-
nent twin boundary is present, accompanied by a significant distribution of dislocations
that form a ring-like pattern. In the magnified region (Figure 6(b-2)), a large number of
dislocations can be seen near the twin boundary, indicating that the newly formed twin
boundary inhibits the movement of dislocations [28]. Additionally, dislocations are also
observed within the twin lamellae.
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When the impact strain rate reaches 2000 s−1; the microstructure undergoes severe
plastic deformation, leading to significant disordering within the grains, as shown in
Figure 7. Consequently, the grains exhibit a remarkably high density of defects, making it
difficult to clearly distinguish grain boundaries and twin boundaries based solely on mor-
phology (Figure 7a,b). Although it has been verified by EBSD observation (Figure 4(c-2))
that the areal twin percentage is 8.6%, TEM bright-field images at high magnification reveal
the formation of dislocation cell structures in certain regions, as depicted by the solid
rectangle in Figure 7b. Additionally, Figure 7(c-1,c-2) show the presence of numerous fine
needle-like structures, which were not found in the deformed samples at strain rates of
500 s−1 and 1000 s−1. These structures resemble the needle-like martensitic phases found
in titanium alloys. Previous studies have indicated that under extreme deformation condi-
tions, pure Ti can undergo stress-induced martensitic phase transformation, transitioning
from the HCP phase to the face-centered cubic (FCC) phase, ultimately resulting in the
formation of fine needle-like martensitic structures [29,30].
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For the hetero-structured pure Ti investigated in this study, the grain sizes are generally
below 3 µm and contain a significant number of ultrafine grains, resulting in a relatively
small grain size (Figure 1(b-3)). Considering the influence of grain size on deformation
mechanism, dislocation slip is the most prevalent deformation carrier under this grain
size [31,32]. On one hand, higher strain rates lead to the activation of more dislocation
sources, resulting in the entanglement of dislocations and impeding their motion. This leads
to the accumulation and pile-up of a significant number of dislocations, as confirmed by
TEM images of the deformed samples. On the other hand, the hierarchical structure contains
numerous hetero-structure interfaces. These interfaces give rise to hetero-deformation-
induced (HDI) stress, which in turn leads to a significant accumulation of geometrically
necessary dislocations [33,34].

It is generally believed that twinning is unlikely to occur in ultrafine grains [22,31].
However, in the deformed samples under a strain rate of 2000 s−1, TEM bright-field images
reveal the presence of small nanoscale twin lamellae within the ultrafine grains with an
equivalent size of approximately 500 nm, as shown in Figure 8. The thickness of these twin
lamellae is approximately 10 nm. The occurrence of twinning within the ultrafine grains is
not widespread, but rather localized, observed in specific individual grains. This localized
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twinning may be due to the inhomogeneous deformation during impact, which leads to
highly localized stress levels that satisfy the nucleation conditions for twinning within
the ultrafine grains [35,36]. The significance of this discovery lies in gaining a profound
understanding of the fundamental reasons behind the inhibitory effect of grain refinement
on twinning. It uncovers that twinning is not completely absent within ultrafine grains,
but rather occurs under extremely stringent conditions.
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Numerous studies have demonstrated that dislocations play a pivotal role in the
initiation of twinning in pure Ti [37–39]. Furthermore, the Hall–Petch relationship, which is
based on the principle of dislocation obstacle at grain boundaries, has effectively explained
the origin of strength [15]. Hence, we hypothesize that the correlation between the re-
quired stress for twin activation and the grain size is similar to the Hall–Petch relationship.
Consequently, in order to gain a better understanding of the emergence of nanoscale twin
lamellae in ultrafine grain, we propose a modified Hall–Petch relationship, which takes into
account the fact that the stress required to initiate deformation twinning, σtwin, is inversely
proportional to the square root of grain size. This the relationship can be described as:

σtwin = Ktwin × d−
1
2 (4)

where d represent the average grain size and Ktwin is a constant that represents the sensitiv-
ity of twin activation to grain size. A higher Ktwin value indicates a stronger grain size effect
on twinning. The experimental results in this study demonstrate that twinning is activated
at an equivalent grain size of 500 nm (the finest observable grain size where twinning
occurs) when the strain rate reached 2000 s−1. Based on the stress–strain curve (Figure 2),
the corresponding range of flow stress is between 0.92 GPa and 1.04 GPa. According to
Equation (4), the Ktwin can be calculated to range from 0.651 MNm−3/2 to 0.735 MNm−3/2,
which is significantly larger than the K value obtained from the traditional Hall–Petch
relationship (0.24 MNm−3/2) [40]. Extensive research has indicated that the critical shear
stress for compression twinning in pure Ti falls within the range of 125 MPa to 255 MPa
when the grain size is between 10 µm and 50 µm [41–43]. To validate the equation, by
assuming values of Ktwin as 0.651 and 0.735, when Ktwin is set to 0.651, the critical shear
stress for twinning at grain sizes ranging from 10 µm to 50 µm can be calculated as 92 MPa
to 203 MPa. On the other hand, when Ktwin is set to 0.735, the critical shear stress can be
calculated as 105 MPa to 232 MPa. These values are in good agreement with previous
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studies, confirming the scientific validity of this equation. The value of Ktwin reported in
this study can be used to predict the stress required to initiate deformation twinning across
a wide range of grain sizes spanning from coarse to ultrafine.

In summary, our experimental results and empirical model greatly enhance our un-
derstanding of the twinning mechanism at ultrafine grain level, as well as establish a
correlation between grain size and critical shear stress. These findings also offer potential
avenues for strengthening mechanisms through twinning in HCP structured materials with
ultrafine grains.

4. Conclusions

This study investigates the influence of deformation rate on the microstructures and
deformation mechanism in hetero-structured pure Ti. The results can be summarized
as follows:

1. The mechanical responses and deformation mechanism of hetero-structured pure
Ti samples are closely related to the strain rate. As the strain rate increases from
500 s−1 to 2000 s−1, dislocation activities are the primary deformation carrier, but the
dominance of dislocation slipping reduces and the dislocation configurations undergo
changes. Conversely, there is an increase in the percentage of deformation twinning
with higher strain rates.

2. It has been found that under different high deformation rates (500 s−1, 1000 s−1,
2000 s−1), the changes in texture are relatively minimal, and the degree of temperature
rise is low (far lower than the recrystallization temperature). Consequently, the
alterations in these two influential factors are insufficient to induce changes in the
deformation mechanism.

3. When subjected to a strain rate of 2000 s−1, martensitic phase transformation is
identified in the deformed Ti sample. Moreover, nanoscale twin lamellae are observed
within the ultrafine grain, which can be attributed to the high flow stress. A modified
Hall–Petch model is proposed, and the obtained Ktwin can be used to effectively
establish the correlation between the stress required for twinning and the grain size.
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