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Instability of various forms is acommon phenomenon in condensed matter. The adiabatic shear bands
(ASBs) of visco-plastic materials attract substantial attention in both academia and industry due to
their critical impact on component safety, particularly under extreme impact loading conditions. Its
occurrence on an extremely small temporal and spatial scale makes prediction extremely challenging.
Here, we developed an advanced in-situ testing system to capture the onset of instability and real-time
evolution of deformation and temperature fields. We reported an anisotropic instability behavior in
pure Ti with two distinct ASB development modes under dynamic compression in different directions.
In one case, no significant temperature rise was detected until ASB propagation began; in the other,
thermal softening significantly affected dynamic instability. This anisotropy is likely due to differences
in dominant plasticity mechanisms. More critically, detailed experiments revealed that microstructural
evolution and microscale damage are key drivers of localized plastic instability.

Ductile metals typically exhibit a peculiar, localized shear instability beha-
vior when subjected to impact loading. This is usually signaled by a sudden
stress drop on the stress-strain diagram at a certain strain, followed by a
stable stress plateau'”. Microscopically, the dynamic instability is accom-
panied by a severely concentrated thermoplastic flow in the form of bands
1.0-100 um wide. Within these bands, the equivalent strain can reach up to
100, with the strain rate exceeding 10°s . As a consequence, a large amount
of heat converted from the plastic work will not have sufficient time to be
dissipated out of the narrow region within such a very short period of time (a
few tens of microseconds), resulting in significant local temperature rise that
sometimes even exceeds the melting point of the material’. Due to the
exceedingly short time frame and large plastic deformation in such a nearly
“adiabatic” environment, the force/heat coupling easily leads to the for-
mation of a large number of submicron/nanometer-sized equiaxed
recrystallized grains®’. In the recovered samples, localized shear bands with
sharp boundaries at the micrometer scale can often be observed along the
direction of maximum shear stress, which are usually referred to as adiabatic
shear bands (ASBs)". The severe shear localization naturally results in a large
strain gradient in the vicinity of the ASBs, so that crack propagation along
the ASBs will lead to sudden and catastrophic failure of the material or

structure®. In the past century, due to its scientific and technological
importance, the formation mechanism and the criterion for predicting such
dynamic instability has been an important issue that has been extensively
studied in the field of mechanics and materials science. However, the
extremely short loading history and the very limited morphological space
have posed great challenges to direct examinations. This, in turn, has ser-
iously limited the clear understanding of the formation mechanism and the
development modes of ASBs, as well as the derivation of the associated
criteria for their occurrence.

The earliest and most widely accepted notion is the thermomechanical
instability theory proposed by Zener and Hollomon’. They assume that
plastic instability begins when thermal softening outplays the work-
hardening of the material’. Experiments show that within the localized shear
region, the maximum temperature rise could exceed 1000 °C along the shear
axis under dynamic torsion of titanium alloys'’~". Following this notion,
thermal perturbation or thermal softening parameters were used in the
mathematical analysis and mechanistic models to stimulate the appearance
of ASB during dynamic loading™*"*. Although this is helpful in the quali-
tative understanding of the formation of dynamic shear localization in some
metals, it fails in most situations in providing a reasonable and realistic
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prediction of the dynamic instability strain'’. There have even been some
arguments that the temperature rise prior to localization plays only a very
marginal role in the formation of ASB". The marginal role of temperature
rises in the initiation of ASB has been verified by direct measurements of the
evolution of the temperature rise during high-strain-rate deformation'®. It
was found that the accelerated and severe temperature rise was a con-
sequence of the formation and propagation of ASB that involved an
exceedingly large plastic strain over an extremely short time frame®, as
pointed out previously'”. It should be noted that such a causal relationship
between dynamic instability and temperature rise has been usually reported
in metallic materials with hexagonal close-packed (HCP) crystal structure,
such as titanium (Ti) and its alloys'*”' and magnesium (Mg) alloys'””,
where deformation twinning plays a very significant role in plastic defor-
mation. In some aluminum alloys with face-centered cubic (FCC) structure,
where plasticity is dominated by dislocation slip, in-situ temperature field
measurements showed a significant temperature rise prior to instability’**.
During plastic deformation, some of the mechanical energy is dissipated as
heat, and the remainder is stored in the material as lattice defects such as
dislocations”. The amount of energy stored is directly proportional to the
evolving dislocation density*. Deformation twins alone do not store much
internal energy due to the coherent twin boundaries and should therefore
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Fig. 1 | Typical mechanical responses showing the anisotropic dynamic
instability behavior of the Ti specimen. a True stress-strain curves under uniaxial
dynamic compression in three orthogonal directions of the specimen. The error bars
indicate the deviation of the curves obtained from three repeated tests under the

release more thermal energy to increase temperature’”. This is quite dif-
ferent from the phenomenon of no detectable temperature rise in the Ti or
Mg alloys mentioned above. As such, different experimental results have
been reported for different materials in terms of adiabatic temperature rise
and its relationship to the formation of ASB, rendering it difficult to make
comparisons to establish a causal relationship between the thermal effect
and dynamic instability. More convincing and direct investigations of the
evolution of the adiabatic temperature rise in specific metals are needed to
gain further insights into the thermal softening effects on the plastic
instability during dynamic loading.

Besides the thermo-mechanical coupling effect during dynamic
deformation, micro-mechanisms are also considered to be the dominant
factors preceding ASB failure, including dynamic recrystallization (DRX)
softening and microdamage. This is particularly the case when the work-to-
heat conversion is very limited” . As noted above, Rittel et al. demon-
strated the marginal thermal effect on localized instability from energy
considerations'’. They also identified DRX grains when specimens were
loaded to only half the failure strain®. Based on such observations, it was
proposed that the early generation of DRX grains could work as weak
enclaves, potentially triggering ASB formation and ultimate failure”. Recent
advances in DRX evolution in Ti-alloys using in-situ XRD showed the onset
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same conditions. b Microscopic morphology of ASBs in the specimen after dynamic
compression along the TD; ¢ and d Two different modes of propagation of ASBs in
the specimen when loaded in the RD and ND, respectively.
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of the DRX process shortly after yielding, without any association with the
temperature rise™. Our recent work also revealed the coalescence of loca-
lized softened patches leading to the formation of ASBs in an FCC high
entropy alloy”. However, further experimental results showed no softening
effect of the DRX grains during quasi-static plasticity. It even resulted in a
hardening behavior in pure Ti*. In general, it is known that grain
refinement by DRX can be used to strengthen metals’*’ if the competition
between dynamic recovery and Hall-Petch strengthening is considered.
Note that in most cases, under dynamic loading, the significant adiabatic
temperature rise due to the conversion of plastic work to heat in the shear
zone cannot be neglected. Local thermal softening must be taken into
account when interpreting the occurrence of instability. But in some special
cases, no heat is generated with the DRX process, similar to the quasi-static
plasticity, which means no softening effect to promote the dynamic
instability. This raises another very important question: if neither thermal
softening nor DRX softening is involved, what other mechanisms should be
responsible for the stress collapse and ultimate ASB formation? In the lit-
erature, it was also pointed out that micro-damage could serve as a local
softening mechanism and lead to instability"' . A similar controversy can
be easily identified in the context of the causality relationship between the
occurrence of microscale voids or cracks and shear instability. Traditional
wisdom holds that crack propagation along the ASB is a consequence of the
large shear strain within the ASB""**"”. We believe the key to answering these
questions is to clearly characterize the formation process of ASBs by
breaking down the limitations of the temporal and spatial scales.

In this work, we established a state-of-the-art in-situ testing system to
examine the evolution of deformation and the associated thermal history in
real time. We then systematically analyzed the formation processes of the
anisotropic dynamic instability in different loading directions for pure Ti
(GradeII). Through this effort, we achieved a clear and holistic picture of the
roles of heat dissipation, microstructure, or micro-damage softening in
promoting dynamic shear localization and the final occurrence of ASBs.
This was realized by identifying the sequence of crucial observations,
including the critical instability points, adiabatic temperature rise, strain
localization, initiation and propagation of ASBs, and so on. All these
experiments were performed by the digital image correlation (DIC) tech-
nique and a high-speed infrared (IR) in-situ temperature field measurement
system with high temporal and spatial resolutions. A plane-array IR imaging
system composed of 64 x 64 InAsSb detectors was utilized to map out the
temperature fields on the specimen surface. The size of each detector ele-
ment is 50 x 50 um’. Meanwhile, on the opposite surfaces or the same
surface of the cubic specimen the deformation process was recorded by a
high-speed camera with a framing rate of 1 x 10° frames per second (see
Supplementary Fig. 9 for details of the experimental setup). Directly mea-
suring the field variables during dynamic uniaxial compression allowed us
to investigate the entire process until the final plastic instability and failure of
the specimen.

Results and discussion

Anisotropic shear instability of pure Ti under dynamic uniaxial
compression

Figurela shows the representative anisotropic dynamic instability of pure Ti
in this work. More curves obtained from repeated dynamic compression
tests in each direction are provided in Supplementary Fig. 2. It can be seen
that when loaded in normal direction (ND), the yield strength was much
higher, while maintaining a constant hardening rate until the onset of
instability. In contrast, when loaded in rolling direction (RD) or transverse
direction (TD), they showed similar mechanical responses in terms of lower
strength and segmental hardening behavior. Additionally, their softening
behavior started slightly later than that of ND. After the peak stress, there
was a sudden stress drop at a critical strain, followed by a stress plateau,
which usually indicates the concentrated shear flow in the ASBs. Micro-
structural observations after dynamic loading confirmed the appearance of
ASBs, as seen in Fig.1b. More careful observations revealed a secondary
localized shear region intersecting the primary ASB.

Figurelc and d display two development modes of ASBs corre-
sponding to the anisotropic mechanical behavior. Some authors classified
the nucleation of ASBs into the “strength-like” and “toughness-like” modes,
depending on specimen geometries and loading conditions in various
metals™*. Our work provides the first evidence for different development
modes of ASB in the same material and under the same loading condition.
As can be seen from the high-speed visual recording images in Fig.1c, two
adiabatic shear localization (ASL) zones appeared first, and then the ASBs
ran through the shear zones instantaneously. In contrast, in Fig.1d, ASBs
nucleated at the specimen’s corner and extended like a crack to the opposite
edge. To more clearly describe the different development modes of ASBs, we
added two insets of schematic sketches in the upper right corner of Fig. 1c
and d, respectively. Such anisotropic instability behavior or different for-
mation processes were indeed associated with the different plasticity modes
and dominant instability mechanisms when loaded in different directions.
Supplementary Fig. 4 showed the microstructural features and corre-
sponding pole figures, revealing an obvious rolling basal texture. As illu-
strated by the crystal lattice orientation of each grain in Supplementary
Fig. 4a, the c-axes of most grains were closely parallel to the ND of the rolling
plate. Therefore, it is not difficult to understand the dynamic anisotropy of
pure Ti. Correspondingly, we also calculated the Schmid factors for the
predominant slip system in HCP metals (see Supplementary Fig. 5). When
the specimens were loaded in the RD and TD, they had similar potential slip
systems. This was why they showed similar mechanical responses and the
same ASB formation mode. However, when loaded in the ND, only the
pyramidal <c+a> slip systems were the potential ones with larger Schmid
factors. In Supplementary Fig. 6, we have shown the evolution of micro-
structural features with increasing strain when loaded in different directions,
particularly the labeling of deformation twin types. Apparently, when loa-
ded in the RD/TD directions, the specimens were plastically deformed via a
combination of dislocations in large grains and deformation twins (DTs) in
some smaller grains. At lower strains, more extension twins (ETs) were
activated, but as the strain increased, fewer ETs remained, and the total
number of DTs decreased dramatically. In contrast, when loaded in ND, the
plasticity of almost all grains was apparently mediated by deformation twins
and dominated by contraction twins (CTs). We also analyzed the evolution
of dislocation density using electron backscatter diffraction (EBSD) map-
ping and Kernel average misorientation (KAM) analysis in Supplementary
Fig. 7. Here we were more concerned with the change in dislocation density
due to the hindering effect of deformation twins on dislocation slip**".
Obviously, when loaded in RD/TD, dislocation density was much higher in
grains where deformation twins were activated. In some grains without
twins, dislocations were trapped near the grain boundaries. In comparison,
since the deformation twins were activated in almost every grain, the dis-
location density of local regions at € = 0.2 has already reached a very high
value of 2 x 10"*/m’. With increasing strain, the grains continued to store up
more dislocations. In the following discussion, such dislocation distribution
results can also help us understand the different temperature field mea-
surement results. As described above, different plasticity mechanisms will
lead to different microstructural evolution and heat dissipation during
dynamic deformation®”’". This allows us to further determine the primary
softening mechanisms conducive to dynamic instability.

In this paper, we will elaborate on the instability mechanisms of ASBs
in different modes based on a more in-depth analysis of the experimental
results. Here, in the main text, we focus on the results of RD and ND for
comparison. Other similar results can be found in the Supplementary
Materials. (See Supplementary Fig. 8 for the microscale morphology of ASBs
after loading in RD and ND, and Supplementary Fig. 10 for the formation
process of ASBs in TD-loaded specimens). We also confirmed the different
development modes of ASBs when the specimens were loaded in different
directions using high-speed in-situ visual recording and temperature field
measurements on the same surface of the cubic specimen. In Supplementary
Fig. 11a, the high-speed recording images as loaded in the RD showed the
variation in shading degree along the shear direction. This indicates the
formation of localized shear zones at first, followed by an instantaneous
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Fig. 2 | Determination of the critical instability time by tracking the evolution of the velocity of characteristic points on the surface of the cuboidal specimens during
uniaxial dynamic compression in different loading directions. a Rolling direction and b Normal direction.

expansion of the ASBs, leading to complete instability. Similarly, when
loaded in the TD, the strain field results in Supplementary Fig. 11b also
showed the appearance of shear localization, and then the ASBs immedi-
ately extended through the shear zones to result in instability at a critical
time. Differently, when loaded in the ND, the ASBs started to propagate
from the left edge of the specimen at the critical instability time and gra-
dually extended to the opposite edge along the shear direction (see Sup-
plementary Fig. 11c).

Accurate determination of the critical instability points

Naturally, the first step in studying the evolution of ASBs is to assess the
critical moment when the instability occurs. Conventional wisdom holds
that the onset of stress collapse in the dynamic stress-strain curve signals the
onset of dynamic instability. To substantiate this notion, high-speed pho-
tography has been used to pinpoint the critical time. However, the extremely
short duration and the very small length scale of ASBs involved make it
difficult to guarantee the precision of this approach. In this work, we used a
physical parameter of the surface particle velocity according to a kinetic
energy-based localization theory proposed by Cherukuri and Shawki’*”. In

the first part of the Supplementary Information, we provided a detailed
description of the derivation of this theory. In this theory, the onset of shear
instability was related to the rate of kinetic energy. As shown in Supple-
mentary Fig. 12, we selected the specific specks outside the shear regions as
the characteristic points to follow the evolution of their velocities. The first
derivative of the kinetic energy per unit mass was expressed as the product of
velocity (red curve) and acceleration (pink dotted curve in Fig. 2). Namely,
its change rate with time was used, as plotted as the blue dotted curve in Fig.
2. The peak value of the change rate then indicated the critical instability
time (¢,). After this point, plastic deformation was completely concentrated
in the ASBs, and the acceleration of the characteristic point started to
decrease until it reached zero. At that point (f;,), deformation transitioned
into a steady flow stage within the ASBs. It is intriguing to note an inflection
point on the mechanical curve (or the stress-time curve in black) of Fig. 2a.
Due to the complete loss of stability, the flow stress started to drop again.
Then, since the end of the transmitter bar obstructed the motion of the
specimen (see the high-speed camera snapshot in Fig.1c), the acceleration
became negative. As such, the dynamic load was supported by the whole
specimen, and the mechanical curve entered a constant flow stage (see
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Fig. 3 | The evolution of in-situ temperature fields on the specimen surfaces during dynamic compression in different loading directions. a Rolling direction and

b Normal direction.

Supplementary Fig. 12b for the measurement results of kinetic parameters
on the TD-loaded specimen). When loaded in the ND, the specimen
experienced a similar deformation and instability process. But its instability
came relatively late, and the transition to a constant stress plateau occurred
faster (Fig. 2b). This is related to the different development mode of ASBs in
this loading direction. In the following sections, we will further discuss the
dominant instability mechanisms behind the different formation modes
of ASBs.

The role of thermal softening in dynamic instability

This is the first controversial issue addressed in this paper. By combining
critical instability measurements with real-time temperature field data, we
explicitly clarified the causality between adiabatic temperature rise and shear
instability. Limited by the measurable area of the high-speed IR system
(3.2mm x 3.2 mm), we captured the temperature field evolution of one
wing of the two conjugated ASBs. In Fig. 3, the black dashed rectangular
shapes mark the temporal shape changes of half of the specimen, while the
color changes in this area showed the temperature field evolution on the
specimen surface. Notice in particular that the temperature rises within the
shear region. Except for the localized shear zones, the temperature rise was
less than 100 °C, which should only have a marginal effect on the specimen’s
mechanical response. However, with the development of shear localization/
ASBs, a significant temperature rise was observed. Moreover, different
development modes of ASBs led to different temperature rise patterns
within the shear zones. When loaded in the RD (Fig. 3a), the temperature at
alocal site along the shear direction had risen to more than 200 °C (at 85ys).
As deformation continued to the peak stress (108s), the local temperature
rise became more substantial. Finally, dynamic instability occurred at a

critical time, which was captured as a concentrated hot region through the
specimen. Subsequently, due to concentrated shear flow, the highest tem-
perature in the ASBs exceeded 400 °C. In this case, thermal softening in the
local region should be a primary contributor to instability. Furthermore, the
microstructure evolution (such as DRX) in this shear region, caused by
coupling effects of large strain and high temperature, should also be carefully
addressed. This will be discussed in the next section. Similar temperature
fields measured on the TD-loaded specimen can be found in Supplementary
Fig. 13. On the contrary, when loaded in the ND, no significant temperature
rise was detected before the critical instability. A significant temperature rise
appeared only with the propagation of ASBs at the critical instability time of
108us. This means that the temperature rise is a result of shear instability. In
this specimen with profuse twinning, the higher density of stored disloca-
tions due to the twinning hindrance effect'* resulted in more strain energy
storage (see Supplementary Fig. 7) and hence lower plastic work conversion
to heat. Furthermore, from the temperature field evolution when loaded in
different directions, we could clearly distinguish the different development
modes of ASBs. When loaded in the RD/TD, the ASB appeared in a wider
localized shear zone and immediately extended through the specimen at the
onset of instability. However, when loaded in the ND, the ASBs first
appeared at the the specimen's corners and then gradually extended to the
opposite side along the shear direction. We could even see a clear deflection
of the ASB after a certain propagation distance (see the temperature field at
112 ps). Itis important to note that the temperature fields (Fig. 3a and b) and
high-speed camera images (Fig. 1c and d) were taken separately on the
opposite surfaces of the cubic specimen but correspondingly showed the
identical development patterns of ASBs. This further demonstrated the
plausibility of our understanding of the different development modes of
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ASBs. In addition, we provided in-situ temperature field measurement
results obtained on a single surface of the cubic specimen in Supplementary
Fig. 14, corresponding to the high-speed visual recording and strain field test
surface. The same evolution process of adiabatic temperature rise within the
shear zones and ASBs confirmed again the differences in the occurrence of
dynamic instability as loaded in different directions. By combining more
detailed microstructure evolution below, we will provide more convincing
analyses of the dynamic instability mechanisms.

As discussed above, due to the localized shear deformation under
dynamic compression, the conversion of plastic work into heat results in a
significant adiabatic temperature rise. Meanwhile, it will be seen in the
next section that dynamic localization is also the major cause of micro-
structure evolution. Therefore, it is very important to acquire the strain
fields to analyze the whole deformation process. In Fig. 4, the DIC results
showed the strain evolution of the specimens when loaded in the RD and
ND, respectively (see Supplementary Fig. 15 for the strain evolution when
loaded in the TD). It is evident that when loaded in the RD/TD, the
localized shear zone has passed through the specimen along the shear
direction before the peak stress (see strain field pattern at ¢, in Fig. 4a).
Severe plastic concentration can lead to more conversion of plastic work to
heat, and therefore we have already observed significant adiabatic tem-
perature rise in a wide shear zone at the peak stress. Then, considering the
coupling effects of thermal softening and further microstructural evolu-
tion in this local region, it is easy to understand the subsequent instan-
taneous dynamic instability. However, when loaded in the ND, only
sporadic scattered shear regions were observed along the shear direction
prior to the peak stress (see strain field pattern at ¢, in Fig. 4b). As the

strain increased, the shear localization began to extend through the spe-
cimen. Note that before the critical instability strain (&), no temperature
rise was detected at this moment. This is understandable as more strain
energy was stored during plastic deformation. Supplementary Fig. 7
showed profuse DTs in the ND-loaded specimen. Usually, DTs are
thought of as an athermal process, and because of the coherent twin
boundaries, DTs alone do not store strain energy. Some authors reported
enhanced heat production by twinning’”. However, as reported by
Lu et al.”’, the plastic straining of even nano-twinned copper is accom-
panied by the multiplication of very high density of dislocations. A similar
phenomenon has been observed in twin-induced plasticity (TWIP)
steels’. Our observations are in line with such literature results in that
comparing the twinning effects on the dislocation density evolution in
Supplementary Fig. 7b-f, a higher fraction of deformation twins resulted
in a much higher dislocation density. This means that although the DTs
themselves did not store plastic energy, they often significantly facilitate
the storage of dislocations and thus increased the plastic energy storage to
reduce the work-to-heat conversion rate. Such a notion helps to under-
stand no significant temperature rise during the stable plasticity in the
ND-loaded specimen. Nevertheless, another very important phenomenon
based on the strain field evolution should be stressed here. That is,
although there was no thermal softening, the connectivity of discretely
distributed local deformation sites (see the strain fields at &5 and g4 in
Fig. 4b) started to cause stress reduction and ultimate instability along the
shear direction. This should be associated with the microstructural evo-
lution in these shear regions. Next, we will delve into the microstructural
evolution to further understand the instability mechanisms.
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Fig. 5 | Typical mechanical responses when the specimens were loaded to a given
strain near the peak stress in different directions, and the corresponding
microscale morphology of shear localizations and microstructural observations
within the localized shear regions are also shown. a and e comparisons of
mechanical responses between the constrained strain loading (blue solid curve) and

single loading (black dotted curve) in different directions, while the further obser-
vation locations on the specimens are marked by red boxes; (b, ¢) and f, g SEM
images showing the morphological features after dynamic compression to a given
strain; d and h EBSD mapping results showing the variations within the localized
shear regions.

Roles of microstructure/micro-damage softening in dynamic
instability

Two more controversial issues associated with the occurrence of ASBs
remain to be clarified. They are related to the microstructure evolution
during plasticity. The first concerns the appearance of DRX grains. In this
context, we loaded the compression specimens in different directions to a
prescribed strain (close to the peak stress, blue curve in Fig. 5a and e). From
the strain fields of the localized deformation zones, we could find conjugated
localized shear bands near the edge of the specimens. These bands only
expanded through half of the specimen along the shear directions, as
indicated by the yellow dashed lines in the SEM images of Fig. 5a and e. For
the TD-loaded specimen, the enlarged SEM images in Fig. 5b and c clearly
showed the canonical pattern of shear flows in the sense of Wright™. The
band contrast (BC) map in the left corner presented the localized shear at
much higher magnification. More specifically, the EBSD mapping of Fig. 5d
showed numerous dynamic recoveries with a few DRX grains in the shear
zone. Of particular interest is the predominance of low-angle grain
boundaries (red curves in the EBSD map of Fig. 5d) within this shear zone
due to the dislocation-dominated plasticity. During subsequent plastic
deformation, the coupled adiabatic temperature rise effect then gradually
caused more severe DRX, which finally triggered the onset of dynamic
instability. The RD-loaded specimen exhibited similar microstructure
evolution and mechanical behavior due to similar plasticity mechanisms
that were dislocation-dominated and twin-assisted.

On the contrary, when loaded in the ND, the dominant plasticity
mechanism changes to deformation twinning. It has been widely docu-
mented that twin interactions or dislocation fragmentation between twin
boundaries strongly favors the occurrence of DRX, and thus the term
“twinning-induced DRX” (TDRX)*****. As such, we were able to see
localized shear bands with distinct boundaries in samples at the prescribed
strain near the peak stress, consistent with previous observations™. We
believed that this should be a result of DRX in the large deformed regions
along the shear direction. In Fig. 5h, the EBSD mapping clearly showed a
remarkable number of DRX grains with high-angle grain boundaries. It is
important to note here that although severe DRX occurred in the localized
regions, no softening occurred until the end of the strain constraint. TEM

observations of the DRX grains within the shear region, as shown in Sup-
plementary Fig. 16, revealed that the submicron lamellar grains were filled
with high density of dislocations. This is consistent with some published
results where grain refinement via continuous DRX during severe plastic
deformation has been used to strengthen metals™*. As such, this leads to an
important question as to why a significant stress drop followed by complete
instability occurred without any detectable temperature rise or micro-
structural softening. Full-field strain measurements with detailed microscale
observations revealed continuous local shear zones throughout the speci-
men. Additionally, massive micro-voids and microcrack appeared in these
local bands, as shown in Fig. 5f and g. In the upper left magnified micro-
graph of Fig. 5f, we could even see microcracks presumably formed through
the coalescence of voids. It is reasonable to believe that the accumulation of
concentrated shear strain tends to cause more nucleation of microscale
voids or cracks due to the relatively low plastic deformation capacity of the
very small DRXed grains in pure Ti"’"’. Meanwhile, these experimental
observations provide convincing evidence to clarify the third controversial
issue about the casual relationship between microdamage and dynamic
instability. It is certain that microscopic damage is indeed one of the critical
factors inducing adiabatic shear instability.

Conclusions

To summarize, in this work, we have reported two different development
modes of ASBs in pure Ti, indicating an anisotropic dynamic instability
when dynamically compressed in different directions due to the pre-existing
basal texture. Using in-situ deformation field measurements of the velocity
of characteristic points on the specimen surface, we accurately determined
the critical time for instability. We found that complete instability occurred
in a very short time after the peak stress. Subsequently, simultaneous
measurements of high-speed infrared temperature fields and strain fields,
combined with detailed microstructural observations, clearly revealed the
controlling instability mechanisms corresponding to the different ASB
modes. In particular, several long-standing controversies in the research
area have been clarified. These include the causal relationship between
adiabatic temperature rise, DRX/microdamage, and dynamic instability,
which depends primarily on the dominant plasticity mechanisms of the
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materials. In the dislocation-dominated specimen, thermal softening cou-
pled with microstructural evolution triggered the instability to form ASBs.
In the twinning-dominated case, DRX-induced microdamage in the local
shear zones should be responsible for the ultimate instability and the
appearance of ASBs, with the adiabatic temperature rise being a result of
dynamic instability. Such a comprehensive understanding of the different
instability mechanisms in pure Ti can provide a solid basis for the further
development of mechanistic and mathematical theories of ASBs, especially
with crystal plasticity modeling.

Methods

Material and mechanical tests

The rolled commercial pure titanium plate of 99.5% purity (TA2) in the
recrystallized state was used to cut the cubic specimens in this work. The
three-dimensional size of the dynamic compression specimen is 3 x 3 x
3 mm”. Please refer to Supplementary Fig. 3 for the initial dimensions of the
cubic specimens before dynamic compression, meanwhile, the representa-
tive morphological features after dynamic instability are also given. In order
to consider the texture effect on the mechanical behavior, we conducted
high-strain-rate uniaxial compression tests along three orthogonal direc-
tions of the cubic specimen. The standard Split Hopkinson Pressure Bar
(SPHB) system was used to obtain the dynamic mechanical response at
ambient temperature. The striker bar, incident bar and transmit bar were all
made of maraging steel and had a diameter of 12.7 mm. After the con-
ventional dynamic compression test, the engineering stress (o), engineering
strain (g.) and strain rate (¢) of the tested specimen can be obtained by
processing the recorded stress wave signals based on the one-dimensional
stress wave theory. In this work, the compressive loading rate was set to
approximately 5 x 10°s™". Routinely, at least three repeated tests were
performed under each loading direction to ensure the reproducibility of the
results.

High-speed in-situ strain and temperature field measurements

During the dynamic compression experiments, a high-speed photography
system, consisting of an ultra-high-speed camera (Kirana), a telecentric lens,
and flash lamps, was used to record the deformation process. The camera
framing rate was set to 1 x 10° frames per second, and it could record 180
consecutive photos when triggered. The total recording duration was
therefore 180 ps, ensuring that the entire deformation process was captured.
For more quantitative information, we sprayed randomly distributed
speckles on one of the specimen surfaces. The digital image correlation
(DIC) technique was used to track the velocity evolution of the selected
characteristic points and to calculate the strain field of the specimen surface
at different loading times. Meanwhile, a high-speed infrared (IR) tem-
perature field measurement system, which was composed of 64 x 64 InAsSb
detectors arranged in an array with very small spacing between adjacent
detectors (~1 pm), was used to record the evolution of the adiabatic tem-
perature rise during impacts. The size of each detector was 50 um x 50 pum,
resulting in a detectable area of 3.2 x 3.2 mm’. The response time of the
thermal detectors was 1 ps. They received the radiation signal from the
object, converted it into a voltage, and then stored it as the grayscale image.
Prior to testing, the detectors were calibrated to establish the correlation
between temperature and grayscale value. The temperature-gray-value
correlation then became the basis for retrieving the true temperature. The
recorded grayscale images were converted into temperature fields at dif-
ferent loading times. The detectable temperature ranged from 30 °C to
800 °C. All of the above high-speed test instruments together form the in-
situ strain and temperature field measurement system. Supplementary Fig. 9
illustrates the schematic and real experimental setups, showing the details of
each unit. Due to the obstruction of the temperature measurement system,
we had to place the high-speed camera on the opposite side. This meant that
we could only directly measure the deformation process and the tempera-
ture evolution separately on the two opposite surfaces of the cubic specimen.
To achieve simultaneous recording of the high-speed visual images and the
temperature field evolution on the same surface, we placed a fully reflective

mirror underneath the optical path of the temperature measurement sys-
tem. The mirror was tilted at an angle of approximately 12° from the vertical
direction, allowing the image of the back surface of the cubic specimen to be
reflected to the high-speed camera. This setup enabled simultaneous mea-
surements of the deformation and temperature evolution on a single surface.
To reduce the potential inaccuracies of temperature measurement, we only
sprayed half of the sample surface with randomly distributed speckles to
simultaneously obtain the strain fields. The results from the opposite sur-
faces and the same surface showed excellent consistency. The measurement
results obtained from the opposite surfaces can provide a higher quality of
the full-field strain evolution on the specimen. Therefore, we use the results
obtained from the opposite surface measurements in the Results and Dis-
cussion sections of the main text. To further confirm the reliability of the
results, we also provided the results of high-speed visual recording and the
temperature fields on the same surface in the Supplementary Information
(Supplementary Figs. 11 and 14).

Microstructure characterizations

The evolution of microstructural features before and after loading was
observed using a scanning electron microscope (SEM) equipped with
electron backscatter diffraction (EBSD). Sample preparation for EBSD
analysis consisted of mechanical grinding followed by electropolishing using
a Struers electropolisher with a solution of 5% perchloric acid, 80%
butoxyethanol, and 15% methanol. The voltage was maintained at 40 V and
the temperature at around —30°C. The EBSD observations were made
using a ZEISS Sigma 300 with an acceleration voltage of 20 kV. The selected
scanning step was 0.03-0.2 pum. The EBSD data were analyzed using Aztec
software. We also observed the microstructural features within the shear
region after loading to the peak stress using a transmission electron
microscope (TEM) to verify the dislocation configuration within the DRX
grains. Due to the limited width of the localized shear zone, TEM samples
were prepared using a dual-beam focused ion beam (FIB) system. They were
then observed using a 300 KeV Tecnai F30 electron microscope.

Data availability

The authors declare that all relevant data supporting the findings of this
study are available within the paper and its supplementary information files,
or can be obtained from the corresponding author upon reasonable request.
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