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The evolution of adiabatic shear localization in an annealed AISI 316L stainless steel has been
investigated and was reported in Part I of this paper (Met. Trans. A, 2006, Vol. 37A, pp. 2435-
446). In the present research (Part II), a comprehensive transmission electron microscopy (TEM)
examination was conducted on the microstructural evolution of shear localization in this material at
different loading stages. The TEM results indicate that elongated subgrain laths and an avalanche of
dislocation cells are the major characteristics in an initiated band. Development of the substructures
within shear bands is controlled by dynamic recovery and continuous dynamic recrystallization. The
core of shear bands was found to consist of fine equiaxed subgrains. Well-developed shear bands are
filled with a mixture of equiaxed, rectangular, and elongated subgrains. The equiaxed subgrains, with
a typical size less than 100 nm, are postulated to result from either the breakdown and splitting of
subgrain laths or the reconstruction of subcells.

I. INTRODUCTION

ADIABATIC shear localization (shear band) is an
important damage/failure mode of materials during high-
strain-rate deformation. This failure mode is characterized
as an unstable behavior of deformation to form a band-like
localized deformation region in a nearly adiabatic pro-
cess.[1,2] Although thermal softening in a shear band can
finally lead to a rapid failure and makes the material lose
its local load-bearing capacity, unlike cracking, the material
inside a shear band may still maintain a weak continuity.
Once a shear band forms, thermal softening dominates the
subsequent development of shear bands. Severe plastic
deformation within a shear band at high strain rates leads
to a drastic rise of temperature, even up to the melting point
of the material. The microstructure within shear bands
observed in postmortem observations provides ample infor-
mation of this failure process.[3] However, the material
inside shear bands possesses complicated substructures that
experience multiple transitions of deformation modes, com-
bined stress and temperature history, and rapid quenching
after the deformation. The analysis and decoding of the
combined effects on the substructures is quite difficult but
is critical to understand the process and mechanisms of
shear localization.
The propensity of materials to adiabatic shear localiza-

tion has been extensively studied since this phenomenon
was reported.[1–12] A broad range of materials, including
metals and their alloys, polymers, ceramics, and compo-
sites, have been examined under different dynamic loading
processes.[1,2,7,8,9,13,14] The development of substructures
within shear bands received a great attention to determine
effects of material parameters on shear band initiation,
morphology, and mechanisms to generate such substruc-
tures.[1,3,7–11] Many early documents attribute the white

etching inside shear bands in steels to a phase transforma-
tion product. A plausible explanation is that at the high
temperatures generated inside shear bands, steels austenize
and subsequently quench into martensites through a phase
transformation ðg ! a0Þ.[3] Some recent TEM results have
suggested that the fine substructure may not in fact come
from this transformation but instead from recrystalliza-
tion.[15] The residual products within shear bands were
found to have formed via different mechanisms, related to
the locally high temperatures and high shear stresses. The
potential mechanisms controlling the residual substructures
within shear bands include dynamic and/or static recovery,
dynamic and/or static recrystallization, and phase transfor-
mation. Some researchers have also reported amorphous
regions within shear bands.[16] Although metallurgists have
invested a great deal of effort into exploring the products of
shear bands in the past half-century, there remains very
limited knowledge of the systematic evolution of micro-
structure during the nucleation and growth stages of shear
localization.
The substructures within shear bands have been widely

studied using TEM in different materials, including brass
(70-30 Cu-Zn),[17] Al alloys,[18] alloy steels in different heat
treatment conditions,[19–22] and commercially pure (CP) Ti
and Ti alloys.[23–25] TEM examinations have revealed the
detailed substructures within shear bands and have pro-
vided extensive information for understanding the process
of adiabatic localization. However, previous TEM exami-
nations have mainly explored the residual substructure
within shear bands at specific loading stages. The morphol-
ogy of the residual substructures inside shear bands has
been reported in regard to various random aspects. Because
adiabatic shear bands develop at extremely high strain rates
(up to 105;106 s–1), it is very hard to capture a shear band
at a designated stage of its formation. There is also a lack of
well-controlled shear conditions required to ‘‘freeze’’ shear
bands at different evolving stages. Previous studies have
indicated that hot-rolled steels and annealed steels, such
as stainless steels, do not readily form adiabatic shear
bands.[7,13] How shear localization initiates and develops
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in such a material that is not susceptible to unstable defor-
mation is important to the understanding of the dominant
mechanisms controlling shear localization.
Part I of this paper (Met. Trans. A, 2006, Vol. 37A, pp.

2435-446) reported a study correlating the evolving micro-
structure to the corresponding mechanical response during
shear localization in an annealed (as-received) AISI 316L
stainless steel. Postmortem observations of the shear band
microstructure were performed and correlated to the
mechanical response. The complete progression of shear
band evolution from formation through final development
was examined. In the present paper, a comprehensive
microstructural examination of shear band evolution using
TEM is presented. The microstructures within the shear
sections of specimens loaded to a series of critical points
of the shear deformation were extensively investigated. The
mechanisms that control the resultant substructures within
shear bands are proposed and discussed in accordance with
the observed results.

II. EXPERIMENTAL PROCEDURES

The details of the tested material (316L SS) and the
forced shear experiments were described in Part I. A series
of hat-shaped specimens loaded to different shear displace-
ments were correlated to several stages of shear localiza-
tion. The sheared sections of hat-shaped specimens were
examined using both optical microscopy (OM) and TEM.
The results reported in this paper emphasize the TEM
examination, in which the resolution is about 100 times
larger than the OM observations detailed in Part I. The term
‘‘microstructure’’ as used in Part I and in Part II involves
different length scales. The postmortem examinations of
these samples exhibit the microstructural evolution of adia-
batic shear localization in these very short loading durations.
The TEM samples were cut from both the untested 316L

SS plate and the tested hat-shaped specimens. Hat-shaped
specimens were bisected along the loading axis direction
and a 200-mm-thick sheet was cut parallel to the bisected
surface using a low-speed diamond saw. The shear section
containing the localized deformation is sandwiched
between the two notched tips at both the punch-in and
punch-out ends of the hat-shaped specimen. The residual
length of the sheared section retained is 0.2;0.5 mm after
the tests. These sheet samples were mechanically thinned
and polished to a thinner foil. Three-millimeter disks were
carefully cut to align the shear band paths exactly through
the center of the disks. The schematic procedure of the
sample preparation is shown in Figure 1. Dimpling was
carried out on a Gatan dimpler to more precisely thin the
TEM foil exactly within the shear band region. Ion milling
was performed on a Gatan Precision Ion Polishing system
(PIPs) to ensure that the perforation was accurately located
on the paths of the shear bands. A Philips CM30 TEM at
300 kV was used to examine the substructure of the mate-
rials in both the as-received and localized areas.

III. RESULTS

The substructure of the as-received 316L SS was exam-
ined and analyzed. The microstructure was found to consist

of a low dislocation density and a few scattered stacking
faults (Figure 2). 316L stainless steel is a typical face-cen-
ter-cubic (FCC) metal with low stacking fault energy. Slip
primarily occurs on {111} planes and ,110. directions,
and dislocations typically have a ½,110. Burgers vector.
The low defect density in the as-received material is char-
acteristic of a material with a high potential to generate and
store more defects during deformation. The observed

Fig. 1—TEM sample preparation of the hat-shaped specimen loaded in
the dynamic forced shear configuration.

Fig. 2—Initial defects in the annealed 316L stainless steel; low density of
dislocations and stacking faults scattered in a grain. The lower density of
defects reflects the potentially higher capability for work hardening.
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microstructure containing a low defect density is seen to
correlate with its stable and linear hardening response dur-
ing the first three stages of the forced shear tests for the
annealed 316L SS (in Part I).
To correlate the TEM substructure to the microstructures

observed optically, a brief review of the optically observed
microstructural evolution, reported in Part I, is given here.
The well-controlled forced shear tests on identical hat-
shaped specimens were interrupted at six loading durations
(25.1, 31.0, 36.1, 41.2, 51.5, and 61.8 ms, respectively)
corresponding to different stages of shear localization.
The optical metallography illustrated that the annealed
316L SS displayed a strong work-hardening effect and that
localized deformation had not initiated until the sample was
loaded to 41.2 ms. Just before the onset of shear banding,
the sample loaded to 36.1 ms exhibited a heavily shear
deformed section containing localized stream-like strips
in the area close to the tips of the punch-in and punch-
out ends. The center of the shear section was seen to dis-
play a heavy shear deformation but no localization. A full
shear band did form in the sample loaded to 41.2 ms. Tiny
fragments of grains with less deformed structure inside
were observed to be scattered within the main shear band.
A core region of the shear band was found to run through
the entire shear section in the 51.5-ms sample. The shear
band core with an average width of 10 mm is easily recog-
nized by its sharp boundaries inside the shear band with a
typical width of 60 mm. A well-developed shear band was
observed in the sample loaded to 61.8 ms, and the shear
band core was found to gradually grow to cover the entire
shear band width.
The TEM examination performed in this current study

concentrated on the evolving process of shear localization.
The first two loading stages, during which work hardening
dominated and no localized deformation occurred, are
ignored in this study. The specimen loaded to 36.1 ms rep-
resents a critical stage just before the initiation of a shear
band. The heavy shear deformation at this stage is seen to
have generated a large number of defects: dislocation cell
structures, bent deformation twin bands, and microbands.
Figure 3 depicts the details of this heavily shear deformed
region in which a large amount of dislocation cells and
stretched grains exist. The selected area diffraction within
these grains reveals a crystalline pattern (close to a (110)
zone axis). The elongated diffraction spots along the cir-
cumferential direction imply that either the substructure
contains some small-angle boundaries or the misorienta-
tions of significant magnitude in the local lattice exist.
Stream-like strips with typical widths of 1;2 mm, reported
in Part I, were seen to form in the area close to the tip of the
punch-in end of the hat-shaped specimen and had some of
the microstructural characteristics typically associated with
shear localization. Figure 4(a) displays the substructure
within such a stream-like strip embedded in a heavily shear
deformed region. The marked strip exhibits a finer sub-
structure than the outside regions. The ring diffraction pat-
tern from the selected area, marked by a circle in the figure,
indicates that multiple fine subgrains have been formed
within this stream-like strip. The dimensions of these fine
substructures are quite similar to those inside a shear band.
Figure 4(b) shows a high-magnitude image of the substruc-
ture located at the upper-left portion of the circle in Figure

4(a). It is obvious that these substructures came from the
stretched dislocation cells. Before the initiation of shear
localization, most of the previous equiaxed dislocation cells
in these strips appeared to be stretched along the shear
direction. The aspect ratio of these cells is larger than 4.
The cell size is quite small, and a typical cell from the
upper center of this image is about 300 nm in length and
60 nm in width. The high density of dislocation cells and
the small dimensions characterize the formation process
of these substructures. Since the perforation location of
this TEM sample is close to the punch-in tip, the observed
microstructure exposes more of the initial characteristics
of the localized deformation. In fact, the middle part of
the shear section of this sample still exhibits no localization
but only heavy shear deformation. These observations exhi-
bit what has occurred in the microstructure of 316L SS
during the transition toward the onset of shear localization.
The sample loaded to 41.2 ms was seen to form a com-

plete shear band in both the optical micrographs and the
corresponding mechanical response. A micrographic mont-
age of a partial shear band in Figure 5 clearly illustrates
three distinct regions formed inside the shear band: an
avalanched dislocation cell region, an elongated subgrain
lath region, and a nearly rectangular or elliptical fine sub-
grain region. Close to the boundary of the shear band, a
broad region covered by avalanched dislocation cells is
observed and hence called the avalanched dislocation cell
region. The original thick-walled dislocation cells are seen
to be stretched out along the shear direction. Lateral dis-
location walls along the shear direction were thinned due to
the apparent annihilation of dislocations. New subgrain
boundaries might have formed there. Meanwhile, at both

Fig. 3—Heavily sheared section on the hat-shaped specimen loaded
before the initiation of shear localization.
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elongated ends of the cells, the dislocation walls have
become thicker and thicker until the cells collapse (or tear
up) into many black fragments containing high densities of
tangled dislocations. This catastrophic collapse of the cells
is therefore termed the avalanche of dislocation cells. Some
disintegrated dislocation cells can still be traced to their

original structures. In the avalanched dislocation cell region
in Figure 5, the segments of avalanched dislocation cells
exhibit fragments with (black) and without (bright) a high
density of tangled dislocations. We refer to the individual
domain of the fragments as a ‘‘subcell.’’ These subcells
appear to have a substantially different contrast that reflects
pronounced misorientations. Upon further deformation,
they can create new boundaries with their neighbors and
can form new subgrains. This process, in which the dislo-
cation cells avalanche into fragments, build up new subcell
boundaries, and thereafter lead to the formation of new
subgrains, is characterized as a reconstruction of disloca-
tion subcells and is one of the important mechanisms of the
substructural refinement within shear bands.
Adjacent to the avalanched dislocation region is an elon-

gated subgrain region. These subgrains were seen to be
stretched along the shear direction in Figure 5. The narrow
laths are rather long and have an extremely high aspect
ratio (larger than 30). The formation of such laths seems
to occur through a more complex mechanism than merely
grain elongation. The 316L SS has 24 twin systems oper-
ative on {111} planes and ,112. directions. Before the
formation of shear bands, deformed grains were often
observed to contain many deformation twins. A significant
rotation near or inside a shear band inevitably led one or
more twin systems to be activated and finally to reorient
toward the shear band direction. These deformation twins
rapidly multiplied until they reached a saturated state with
a relatively narrow twin spacing. The multiplication of
deformation twins is considered an important mechanism
to generate the fine elongated laths arrayed along the shear
direction. Grain elongation due to plastic flow alone could
not have generated the same finely sized laths.
Across the elongated lath subgrain region toward the

center of the shear band is the fine subgrain region. In the
center of the shear band, nearly rectangular (or elliptical)
subgrains are observed to replace the aligned lath sub-
grains. The fine subgrain structure is not uniform in mor-
phology, and it is seen to be mixed with some stretched

Fig. 4—(a) The steam-like strips display some fine substructure and the related selected area diffraction pattern shows some ring patterns. (b) The dislocation
cells were stretched and elongated along the shear direction.

Fig. 5—Substructures within a shear band developed exactly at the onset
of shear localization in the sample loaded to 41.2 ms exhibit three typical
regions: an avalanched dislocation cell region, an elongated subgrain
region, and a fine subgrain region. They sequentially appear from the shear
band boundary toward the center of the shear band.
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laths. Figure 6(a) shows details of the mixed fine subgrain
region where the elongated subgrains and the rectangular
subgrains are coincident. Some fine equiaxed subgrains are
also observed at the right side (circled area) in Figure 6(a).
The average size of the fine subgrains is under 50 nm, and
the number of such equiaxed subgrains in the shear band
region under this loading duration is quite low.
Transition from the elongated substructure to the rectan-

gular subgrains is the key to understand the grain refine-
ment within shear bands. Figure 6(b) displays the details of
such a transition among the mixed elongated and elliptical
subgrains at the center of the shear band. Many of the fine
subgrains appear to have been likely formed through a
process of breaking down the elongated laths. An elongated
lath of subgrain marked at A in Figure 6(b) was broken into

two pieces that show the different contrast (the arrow marks
the boundary). At the lateral side of subgrain A, a bamboo-
shoot piece marked B was split from the parent subgrain A.
This feature is likely the result of the lath subgrain inter-
action under shear stress. The splitting of subgrains is
another important process thought to lead to subgrain
refinement. A typical example is the long lath splitting
shown on the left of Figure 6(b). The white lath subgrain
(marked C) and the dark lath subgrain (marked D) likely
belong to one parent lath. The shear deformation leads to
the curved lath boundaries, and some portions appear to
have been squeezed out to form a hump. The shear stress
along the lath direction results in splitting lath C off from
the long lath D. The bifurcation point E displays a clear
bulge extruded toward the left of the figure (an arrow shows

Fig. 6—(a) Alternate elongated subgrains and equiaxed fine subgrains at the center of the shear band at the onset of shear localization. (b) The stretched lath
subgrains continue to be refined through the breakdown and the splitting. (c) A schematic splitting process of lath subgrain C from parent subgrain D shown
in (b).
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the extrusion direction) but retains a smooth boundary of
the parent lath subgrain. A schematic drawing in Figure 6(c)
depicts the complete process of the splitting of subgrain C
from subgrain D. The split likely initiated from the upper
portion and ended at the bifurcation point E. The heavy
shear deformation and the softening of the lateral adjacent
subgrains promote the formation of the extrusion and wavy
boundaries. The shear force on these wavy interfaces leads
to the uneven portions, which initiate a split and slide out.
The above-mentioned evidence for grain refinement sug-
gests that two mechanisms control the multiplication and
the polygonization of the elongated subgrains: the break-
down and the splitting. The breakdown mechanism domi-
nates the transverse segmentation of the elongated
subgrains. The driving force comes from the conjugated
shear stress. This mechanism primarily controls the transi-
tion from the elongated lath subgrains to the rectangular
subgrains. The rectangular segments may slide out a little
bit and generate new boundaries within their parent laths.
The splitting mechanism represents an interaction between
the adjacent elongated or rectangular subgrains. Once elon-
gated laths develop some perturbations or humps, perhaps
created through a transverse breakdown, their lateral boun-
daries become undulating. The adjacent subgrains push the
humps to split apart from the parent laths. The split results
in further narrowing of the elongated laths. The split por-
tion at point E in Figure 6(b) has a width of only about
20 nm. This indicates that the elliptical or even equiaxed
subgrains were developed under deformation-induced
mechanisms, the breakdown and splitting, instead of from
the nuclei of recrystallization. The temperature calculation
in Part I of this paper indicates that the temperature rise
within this shear band deformed under the 41.2-ms pulse is
470 °C (743K), which is lower than the recrystallization
temperature of ;0.45 of the melting temperature (Tm 5
1450 °C). Therefore, the development of subgrains may
be completely controlled by a dynamic recovery.
The subsequent shear deformation was mainly localized

into the shear band region once shear bands were initiated.

The further development of shear localization in a sample
loaded to 51.5 ms was observed to generate a core within
the shear band. The optical micrographs of this sample
reveal that the shear band core, formed within the 60-mm
shear band, has a width of 10 mm. The corresponding TEM
sample distinctly shows such a core area within the shear
band and its unique characteristics. Figure 7 shows the sub-
structure in the shear band core region with its extremely
fine subgrains. There are three indications to support that
the fine subgrain region is the shear band core. First,
the dimension of the region is approximately 10 mm in
width, consistent with the data observed in optical micro-
graphs. Second, the extremely fine subgrains distinguish the
core region from any substructure outside this region, even
in the outer shear band. Third, all characteristics of the
substructures outside the core, but within the shear band,
are seen to be similar to what has been observed in the
sample loaded to 41.2 ms.
The extremely fine substructure within the shear band

core is shown in Figure 8(a). In contrast to the fine subgrain
region in the 41.2-ms sample in Figures 6(a) and (b), the
long lath subgrains completely disappear, and the combined
equiaxed subgrains and elliptical subgrains filled the whole
core region. In Figure 8(a), the fine subgrains are embedded
in each other and are prone to form equiaxed shapes with
curved boundaries. Unlike the initial stage of shear band
formation shown in Figures 6(a) and (b), in which most of
subgrains retained their long axis parallel to the shear direc-
tion, only scattered elliptical subgrains in Figure 8(a) expose
the shear band direction to which their long axis is aligned.
Equiaxed subgrains and curved subgrain boundaries have
completely obliterated the trace of the shear deformation.
Some equiaxed subgrains are easily seen to be broken apart
from their parent elongated subgrains. Such types of link-
ages between the equiaxed subgrains and the elongated
parent subgrains suggest that the equiaxed subgrains did
not evolve from a process of nucleation and growth.
Figure 8(b) exhibits a close view of the fine subgrain

region in the shear band core. Most of the subgrain boundaries

Fig. 7—A montage of the shear band core in the sample loaded to 51.5 ms. Extremely fine subgrains in the center of the image were observed within the
core area, compared with other coarse stretched structures in the outer shear band.
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look blurred and have feather-like (fuzzy) patterns. The
subgrain A contains a high density of defects and has been
broken down into three sections; however, it still retains
an overall rectangular shape. The lath marked by B in the
figure appears to have been bent into a horizontal ‘‘;’’
shape and was broken into several subgrains. The axis of
the ‘‘;’’ shape subgrain reveals the shear direction. Besides
the obvious segmentation in the lath, a bamboo-shoot fine
subgrain marked C in the figure appears split from the
parent lath. Figure 8(c) shows a schematic view of the
twisted parent lath. The transverse shear stress seems to
have assisted in creating the broken pieces, and the sliding
between the adjacent subgrains resulted in the generation of
the split piece. Three characteristics are observed for the
twisted lath: (1) the local temperature increase (up to 1207 °C
estimated at this stage in Part I) led to the local thermal
softening that allowed for a relative release of lateral con-
finement and made subgrain boundaries curved; (2) the lath
experienced a large amount of rotation during lateral con-
finement release while it concurrently broke into several
pieces of smaller subgrains; (3) both the breakdown and

the splitting mechanisms dominate the refinement of the
twisted subgrains. These patterns within the subgrains sug-
gest that recrystallization was not the dominant mechanism
to produce the refinement of the substructures, although the
local temperature has been higher than the recrystallization
criteria. If widespread recrystallization occurred, it could
wipe out all of the initial deformed substructures. In addi-
tion, recrystallized products are frequently characterized as
defect-free equiaxed subgrains. These features mentioned
above have not been observed within the shear bands at this
point in the evolving stage of shear band formation.
The further development of a shear band reflects the

expansion of the shear band core during longer loading dura-
tion (61.8 ms). The shear band was almost entirely filled
with shear deformation flow similar to that observed within
the shear band core in the 51.5-ms sample. The montage in
Figure 9 illustrates an area inside the shear band but close
to a shear band boundary. The montage covers the transi-
tion area from the elongated lath subgrain region to the fine
subgrain region that includes both the elliptical subgrains
and the equiaxed subgrains. The elongated subgrains have

Fig. 8—(a) The extremely fine subgrains with an average grain size less than 100 nm in the shear band core region. (b) The coexistence of some equiaxed
and ellipsoid subgrains that were broken down from the elongated subgrains, but with their long axes aligned along the shear band direction. (c) Schematic
view of the breakdown and splitting processes in the area marked by the dashed lines in (b).
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widths that range from 50;200 nm, and they are seen to be
substantially wider than the long laths in Figure 6(a). This
reflects the difference in the evolution of the substructures
at the center of the band and at the boundaries. The appear-
ance of the shear band core further softened the material at
the shear band center, while the substructures at the shear
band boundaries were thereafter subjected to relatively
small shear deformation due to the unloading induced by
the development of the core. The transition from the elon-
gated laths to fine subgrains is abrupt and suggests that
the fine subgrain region was expanding from the center of
the shear band toward the band boundaries. In contrast, the
coexistence of the equiaxed fine subgrains and elongated
subgrains characterizes the process by which the heat flux
corroded and engulfed the elongated lath subgrains. Except
for a few long elongated subgrains, most of the recon-
structed substructure consists of fine equiaxed subgrains
where the shear flow direction is indistinct. When
approaching the center of the shear band, the elongated
subgrains disappear and only fine equiaxed subgrains
remain at the center of the shear band. Figure 10 exhibits
the details of the fine equiaxed subgrains in the shear band
center where the shear flow direction is completely unrec-
ognizable. These equiaxed subgrains possess a range of
dimensions varying from 20 to 100 nm. Some small sub-
grains (;50 nm) with sharp grain boundaries are dis-
tributed randomly at the boundaries of larger subgrains.
Such types of small subgrains may be the products of
recrystallization.

IV. DISCUSSION

The adiabatic shear localization phenomenon was recog-
nized in early investigations from the pronounced etching
characteristics of the residual microstructure (white lines or
white bands).[1,3] The white etching phenomenon in ferritic
alloys, especially steels, was explained to be the result of

a phase transformation. The early researchers[3] classified
shear bands into two categories: deformed bands and trans-
formation bands. The white etching bands represented a
typical characteristic of phase-transformed bands in steels.
In the current study, no white etching bands were observed.

Fig. 9—A montage of the well-developed shear band in the 61.8-ms sample shows an area within the shear band but close to its boundary. The fine subgrain
region and the elongated lath (subgrain) region are readily distinguished.

Fig. 10—Equiaxed subgrains appear at the center of the well-developed
shear band. Some small subgrains with sharp boundaries exhibit features
suggesting dynamic recrystallization.
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The TEM analysis of the residual substructures within the
shear bands indicates that no phase transformation occurred
during the evolution of the shear band microstructures and
no melting occurred. This latter conclusion is in agreement
with the estimation of the temperature increment within the
shear bands in Part I, where the maximum temperature rise
was calculated to be 1408 °C, which is lower than the
melting temperature of 316L SS (1450 °C). Of course,
the temperature estimated in Part I of this paper depends
on the measured maximum strain within the shear bands.
Some micro- or nanoscale deformation, such as boundary
sliding within shear bands, may lead to higher local strains
and hence generated hot spots higher than the melting
temperature. However, the microstructure resolved using
TEM did not show any evidence to support the existence
of melting.
Shear band studies within the past decade have indicated

that some of the previously characterized transformation
bands did not experience a true phase transformation. Some
fine substructures found within these shear bands have been
verified to be the products of dynamic recrystallization or
dynamic recovery.[25–36] As summarized in the introduction,
multiple mechanisms may individually operate or simulta-
neously coexist during shear localization according to the
temperature and stress history experienced. The present
TEM results cover a series of sequential stages after local-
ization and illustrate several substructures, including ava-
lanched dislocation cells, elongated lath subgrains, and
equiaxed subgrains. The breakdown and splitting processes
suggest that the grain refinement has been completed via a
thermally assisted, shear deformation-induced mechanism
instead of a thermally controlled phase transformation or
growth of new grains. It is obvious that such a process lacks
the nucleation/growth period and is not typical of the reg-
ular dynamic recrystallization process; rather, it may reflect
some kind of deformation-induced grain refinement. Pre-
vious researchers have termed this process rotation recrys-
tallization or continuous dynamic recrystallization.[37–40]

Therefore, it is reasonable to believe that dynamic/static
recovery controls the generation of subgrains with low-
angle boundaries, and the continuous dynamic recrystalli-
zation may have assisted with the development of subgrains
with high-angle boundaries through the breakdown and
splitting of the substructure. Both dynamic recovery and
dynamic recrystallization dominate the main development
of substructure within shear bands in the present experi-
ments. This is consistent with previous TEM analysis
of shear bands in some other steels.[21,32] However, the
well-developed shear bands loaded to 61.8 ms exhibited
numerous equiaxed subgrains; some subgrains with sharp
boundaries had some characteristics of regularly recrystal-
lized grains. The proportion of such types of subgrains was
quite low, and most of the subgrains in the same image had
the apparent features of broken-down subgrains. The nucle-
ation/growth type of dynamic recrystallization may occur at
later stages during shear localization but does not appear
to play a dominant role in the development of subgrains
within shear bands due to the lack of sufficient time for
widespread nucleation and growth as well as the quick
quenching following the loading.
The substructures inside shear bands have been exten-

sively studied in various materials, and some of the sub-

structures observed in the present TEM examination have
been reported previously in the literature. Highly elongated
subgrains and equiaxed subgrains have been found within
shear bands in various materials. Meyers et al.[30] studied
shear localization in preshocked FCC copper using hat-
shaped specimens and reported fine equiaxed subgrains
with an average size of 50 nm inside the shear bands.
Beatty et al.[31] applied a similar method to examine shear
localization in AISI 4340 steel and observed that white
etching bands formed. TEM examination of these bands
revealed extremely fine equiaxed subgrains with a size
range of 8;20 nm. They claimed that the extremely fine
subgrains were heavily deformed martensite and no phase
transformation occurred. Mgbokwere et al.[32] and Cho
et al.[21] demonstrated that both highly elongated subgrains
(laths) and fine equiaxed subgrains existed within shear
bands in 4340 steel and in HY-100 steel, respectively.
The breakdown process of the elongated substructure was
also described in Reference 21. Xu et al.[22] announced that
avalanched dislocation cells were observed within a shear
band in a low-carbon steel. The appearance of avalanched
dislocation cells symbolized the onset of shear localization.
However, all these phenomena observed in the previous
studies could not be associated with specific stages of shear
banding at predefined locations. The current systematic
investigation determined both the time and spatial locations
for the appearance of these substructures within the time
sequence of shear localization.
Stream-like strips appeared in the 316L SS sample just

before the initiation of shear bands. They represent a char-
acteristic of localized deformation at an early stage. The
diffraction pattern indicates a ring structure that reflects the
existence of fine subgrains in Figure 4(a). The appearance
of stream-like strips is thought to be a foreshadowing of
shear localization. Cho et al.[21] examined the less heavily
deformed flank regions outside a shear band in HY-100
steel and found that the flow striations had a similar micro-
structure as that observed within shear bands. They postu-
lated that the microstructure in the flow striations was
representative of shear localization at an early stage. Their
conjecture is substantiated by our observations. Conversely
to their observations at the area adjacent to a shear band,
the stream-like strips that we observed are exactly located
on the path of a potential shear band before the formation
of a full band.
The systematic TEM investigations of the main stages of

shear localization provide more evidence to understand
the mixed mechanisms under such a combined mechanical,
physical, and metallurgical process. The coexistence of the
three substructure regions inside a shear band is interpreted
as the main characteristic of shear band onset in materials
with a high work-hardening rate. Generally, the avalanched
dislocation cells mainly exist in areas close to the shear
band boundaries, while the fine subgrains are mainly present
at the centers of shear bands where the maximum shear
strain is operative. The elongated laths were frequently
sandwiched between these two regions. The sizes of these
three regions inside the shear bands shown in Figure 5 vary
along the bands. They depend on not only the initial ori-
entation of the grains before these grains involved into the
localized deformation but also the deformation mode by
which either the dislocation cell structures or the laminar
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lath substructures predominated. However, the elongated
laths do not appear to be the products of the avalanched
dislocation cells. Not all shear band boundaries show an
avalanched cell substructure. In some specific cases, only
one mode appeared to connect with the fine subgrain
region. Some shear band boundaries exhibited only elon-
gated substructures. Although a quantification of the sizes
of these regions is difficult, Figure 11 presents data repre-
senting the evolving process of a continuous expansion of
the shear band core. The increasing width of the core and
the decreasing size of the outer band substructure (com-
bining the elongated lath and avalanched dislocation cell
regions) are shown in this figure to shed light on how the
shear band core evolves.
The evolution of the substructure inside the shear bands

was observed to progress toward a fine equiaxed substruc-
ture. The TEM results show that there are two approaches
for the evolution of shear band substructures: the subgrain
reconstruction of the avalanched dislocation cells and the
breakdown and splitting of elongated subgrains. Each is
directly associated with the defect structure formed prior
to the formation of shear localization. Figure 12 shows two
schematic processes that characterize two different mecha-
nisms controlling the refinement: the dislocation avalanche
mechanism (Figures 12(a) through (d)) and the breakdown
and splitting mechanism of the elongated subgrains (Figures
12(f) through (i)). The avalanche process requires the pre-
existence of dislocation cell structures before the formation
of shear bands. The dislocation cells initially have a
nearly equiaxed shape with thick dislocation walls (Figure
12(a)). Once these cells are deformed near a shear band,
they are stretched and become elongated cells, as shown in
Figure 12(b). Thick dislocation clusters are tangled and
accumulated at both ends of the elongated cells, while dis-
locations annihilate at the lateral walls and form new sub-
grain boundaries (Figure 12(c)). Continued localized
deformation tears up the dislocation cells and leads to the

avalanched pattern that includes the fragments with high
(black) and low (white) densities of tangled dislocations.
These fragments were mentioned in the previous section as
the dislocation subcells. Finally, these subcells generate
new boundaries with their neighbors and individually con-
struct new subgrains, as seen in Figure 12(d). The gener-
ation process of fine subgrains represents a reconstruction
of dislocation subcells. The breakdown and splitting proc-
ess evolves from the elongated lath substructures that result
from either fine secondary twins or other elongated sub-
structures, as shown in Figure 12(f). Figures 12(g) and
(h) illustrate the breakdown and the splitting processes,
respectively, although both processes may simultaneously
happen. The breakdown reflects the transverse faults of the
elongated subsubstructures that were locally sheared off to
create rectangular subgrains, while the splitting reveals the
longitudinal faults of the subgrains along the shear band
direction to generate thinner laths. The shear stress provides
the powerhouse for splitting along the shear direction (the
longitudinal direction of elongated subgrains), while the
conjugated shear stress becomes the main driving force to
break down the elongated lath substructures into pieces in
the transverse direction. At the later stage of shear banding,
the elongated laths become curved due to adiabatic heating
and provide more opportunities for the breakdown and
splitting. The mixed breakdown and splitting leads to fur-
ther refinement of subgrains, as seen in Figure 12(i). Local-
ized deformation under these two mechanisms finally
results in the generation of a very fine equiaxed subgrain
structure, as shown in Figure 12(e). The development of
this kind of substructure under either one of the two mech-
anisms can be attributed to a deformation-induced fragmen-
tation process instead of a regular recrystallization process.
The initial scales of the substructures in the two processes
are quite different: the equiaxed dislocation cells are roughly
a few microns in diameter, while the widths of the elon-
gated laths are around 100;200 nm. Although the two
processes generate different substructures at an early stage,
further localized deformation brings them toward a similar
pattern during late stages of localized deformation, at
which time the multiple breakdown and splitting processes
dominate the subsequent development of the substructures.
This may involve deformation-induced or continuous
dynamic recrystallization processes. Compared with the
grain refinement afforded during severe plastic deformation
(SPD),[41,42,43] such as equal channel angular pressing
(ECAP) or high-pressure torsion (HPT), the microstructure
within adiabatic shear bands is seen to be very similar to
those after SPD. Although SPD is a deformation process in
a quasi-static mode, severe shear and multiple paths built
up a large shear deformation in local regions of the bulk
materials. The accumulation process of defects and the
subdivision of grains in both cases are the same; the only
difference lies in the adiabatic heating in dynamic adiabatic
shear bands, which may facilitate the development of local-
ized deformation in their later stages.
The expansion of the shear band core was identified in

Part I using OM. At the TEM observation level (102;103

higher than those observed in OM), a quantification of the
dimensions of the substructural regions over a general view
of fully developed shear bands is difficult due to the higher
resolution and the perforation size limitation in the TEM.

Fig. 11—The evolution of the shear band core width and the width of the
outer band region as the function of increasing displacement. The shear
localization initiated at a displacement of 0.36, and the final total displace-
ment for a well-developed shear band is about 0.63.
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However, some linkages between the observations in the
OM and in the TEM can still be made. For instance, Figure
7 shows a montage of the core structure that is exactly
matched with what was observed using the OM in Part I.
The hardness in the 51.5-ms sample shows a pronounced
jump in the shear band core region in Part I. The correlating
TEM examination displays extremely fine subgrains within
the shear band core. The fine subgrains should correspond
to the highest hardness region. Although the core expanded
to the whole shear band at a later stage (61.8-ms sample),
the adiabatic heating generates a high temperature with-
in the band and leads to dynamic recovery that slightly
softens the material within the band. The measured hardness
at this stage is more uniform within the band but is somewhat
lower than that in the core region of the 51.5-ms sample.
Some recent studies have reported similar features inside

shear bands in ultrafine grained and nanostructured met-
als,[44,45] though these shear bands were found to form
under both quasi-static and dynamic loading conditions.
These results are in good agreement with our observations
of grain refinement within shear bands. The defect accumu-
lation and the grain refinement, correlating to the macro-
scopic work hardening, appear to help trigger the formation
of shear bands. Although the substructures within quasi-
static shear bands in nanograined materials and within
dynamic adiabatic shear bands in our coarse-grained mate-
rial look similar, some differences are easily recognized.
Because the nanograined materials start with a fine struc-
ture (100 to 200 nm), these grains during localized defor-
mation evolved into an elongated laminar structure and
break down to finer pieces. They do not require as extensive
an accumulation of defects and subgrain formation. The

adiabatic shear bands in coarse-grained materials require
a significant increase in defect density, and high strain rate
deformation therefore leads to the rapid tangling of dislo-
cations to form subgrain boundaries. The ultra-fine-grained
materials appear to bypass several stages for initiating a
localized deformation, which is why the localized deforma-
tion can occur during the quasi-static loading without the
help of adiabatic heating. The temperature within a shear
band at an early stage of formation is not very high. This
suggests that the increase of subgrain boundaries and the
defect density will significantly constrain the conventional
uniform plastic deformation and finally trigger a new, local-
ized deformation mode. Although a high temperature was
estimated within the later-stage shear band, evidence of an
extensive recrystallization (discontinuous recrystallization)
via nucleation and growth was not observed. The temper-
ature there may be overestimated due to missing some
nanoscale deformation mechanisms within shear bands,
such as boundary sliding and subgrain rotation. Deforma-
tion under these mechanisms will not generate as much heat
as calculated in the conventional work-heat transformation.
If the discontinuous recrystallization fully occurred, it would
eliminate all of the deformation-induced microstructure,
such as the elongated subgrains. Therefore, although a
few tiny dislocation-free subgrains appeared sporadically,
dynamic recovery and continuous dynamic recrystallization
are thought to dominate the shear localization.

V. CONCLUSIONS

The microstructural evolution of adiabatic shear locali-
zation in an annealed (as-received) 316L stainless steel was

Fig. 12—Two main mechanisms for the refinement of substructures during shear localization: the dislocation avalanche mechanism (a) to (d) and the
breakdown and splitting mechanism (f) to (i). The avalanche process evolves from (a) dislocation cell structures, (b) elongated cells, and (c) accumulated
thick dislocation clusters and dislocation annihilation at lateral walls to (d) dislocation cell avalanche and the formation of elliptical subcells. The breakdown
and splitting process evolves from (f) elongated laths (from secondary twins or other substructure), (g) broken-down rectangular pieces, and (h) splitting along
the shear band to (i) the subgrain formation with curved boundaries during the combined breakdown and splitting processes. Both processes develop to the
final fine equiaxed subgrain structure in (e).
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systematically investigated using TEM. TEM examinations
of adiabatic shear localization reveal a complete evolution
of microstructure during shear localization. The major
results are:

1. The substructures of shear bands at an early stage con-
sist of three main regions: an avalanched dislocation cell
region, an elongated lath subgrain region, and a fine
subgrain region. Generally, the avalanched dislocation
region appears close to the boundaries of the shear
bands, while the fine subgrains exist close to the centers
of the shear bands.

2. The shear band core initiated at a shear band center and
comprised finer rectangular or elliptical subgrains and
nearly equiaxed fine subgrains. These subgrains are
clearly distinguished from the substructure in the outer
shear bands.

3. The shear band core continuously expanded with an
increase in displacement. The surrounding elongated
subgrain regions are seen to be eroded by the spread
of the fine subgrain region. The existence of elongated
subgrains at the core boundaries implies that the local-
ized deformation prefers to evolve into the core region.
The outer shear band is finally eroded and annexed by
the expansive core region.

4. The fine subgrains were seen to result either from the
breakdown and splitting of elongated subgrains or from
the reconstruction of subcells in the avalanched disloca-
tion cell region. No evidence of melting was found
within these bands during shear localization. Dynamic
recovery and continuous dynamic recrystallization are
considered the main mechanisms controlling the resid-
ual substructures within shear bands.
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