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In the present study, evolution of adiabatic shear band (ASB) and annealing effect on the evolution of ASB
in ultra-fine-grained (UFG) Fe under dynamic shear loading were investigated. The UFG Fe was processed
by equal-channel angular pressing (ECAP) via route BC. After 6 passes, the grain size of UFG Fe reaches
w500 nm, as confirmed by means of Transmission Electron Microscopy (TEM). Examination of micro-
hardness and grain size of UFG Fe shows a transition from recovery to grain growth at annealing
temperature of approximately 400 �C. The high-strain-rate response of UFG Fe was characterized by hat-
shaped specimen set-up in Hopkinson bar experiments. With increased shear deformation, the evolution
of ASB was found to be a two-stage process, namely a nucleation stage followed by a thickening stage. In
the thickening stage, ASB evolution is accompanied by increasing in both thickness and micro-hardness
of ASB. The increased micro-hardness in ASB and TEM observations inside ASB indicate that grains in the
shear band are further refined. Once the shear band is initiated, cracks also nucleate and propagate
within ASB, which produces failure in the material. After 450 �C post-ECAP annealing, development of
ASB and crack propagation were inhibited under dynamic shear loading. The results indicated that the
ductility under dynamic shear loading can be significantly improved by appropriate post-ECAP annealing
without losing the strength of the UFG Fe.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

UFG/nanocrystalline (NC) materials have unique mechanical
properties, such as increased strength/hardness, improved tough-
ness and enhanced diffusivity compared to their coarse grained
counterparts [1,2]. However, UFG/NC materials usually show
reduced strain hardening and limited ductility, especially under
high strain rate deformation [3e11]. One of the reasons is the shear
band formation during dynamic loading [7e11]. The strain rate
effects in UFG/NC metals with different lattice structures have been
summarized in Ref. [12]. The experimental results consistently
indicate that strain rate sensitivity (SRS) of FCC metal has been
remarkably enhanced in the UFG/NC regime, while that of BCC
metals has been considerably reduced. UFG/NC BCC metals are
prone to shear band formation due to the reduced strain-hardening
rate and SRS [8e10].

Adiabatic shear band (ASB) has been recognized as an important
phenomenon, as a precursor for dynamic failure, in the field of
x: þ86 01082543977.
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dynamic deformation for a large class of metals and alloys [13e17].
As for UFG/NC BCC metals, the first observation of localized defor-
mation in the form of shear band has been reported for consoli-
dated UFG/NC Fe under both quasi-static and dynamic compressive
loading [18,19]. In the consolidated samples, the impurity and
porosity during powder preparation and subsequent compaction
are hard to exclude completely, so the formation of shear band is
mainly due to such impurity and porosity, not adiabatic nature.
Severe plastic deformation (SPD), such as ECAP, has been proven to
be an effective method for production of bulk and fully
contamination-free dense metals with sub-micron grain sizes
[20,21]. The mechanical behavior of ultrafine-grained (UFG) Fe
processed by SPD has been the subject of recent work due to their
increased strength/hardness [22e26]. However, most of reported
research work on UFG Fe was carried out under quasi-static loading
[22e25], and few under dynamic loading [26]. Although the
propensity and the properties of ASB in UFG Fe produced by ECAP
have been investigated in Ref. [26], the origin and evolution of ASB
in UFG Fe is still poorly understood.

In the present study, hat-shaped specimen set-ups in Hopkinson
bar experiments were used to study the evolution of ASB in UFG Fe
by controlling dynamic shear displacement. The thermal stability of
UFG Fe was investigated by examination of micro-hardness and
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Fig. 1. Schematic illustration of the ECAP specimen geometry. Z represents the
pressing direction, X and Y represent the transverse directions.
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grain size as a function of post-ECAP annealing temperature. The
annealing effect on the development of ASB in UFG Fe was also
studied. The results of the present paper will help to not only
understand the origin and characteristics of ASB in UFG BCCmetals,
but provide insights for improving ductility in such materials.
2. Materials and experimental procedures

The hot rolled commercial pure iron used in the present study
was received in the form of rods of 60 mm in diameter. The as-
received materials have a composition, in weight percentage, of
0.004 C, 0.01 Si, 0.2 Mn, 0.013 P, 0.007 S, 0.15 Al, 0.1 Cr, 0.002 Ni, 0.2
Cu, and the balance of Fe. The hot-rolled billets were first annealed
at 800 �C for 2 h. Then the rods with a length of 180 mm were
processed using an ECAP die with an interior channel angle of 90

�

and an external arc curvature of 30
�
, which yielding an effective

strain of w1 by a single pass. The samples were extruded for six
passes at 350 �C using route BC. In route BC the sample is rotated 90

�

about its longitudinal axis after each pass. Route BC is the best route
for achieving homogeneous properties among four fundamental
routes (A, BA, BC and C). Details of the experimental set-up for ECAP
can be found in Ref. [27]. All samples for mechanical testing were
machined from the extruded billets by wire saw with loading
direction parallel to the direction of pressing (Z direction in Fig. 1).
By ignoring the head and tail regions of the pressing billets, the
magnitude of experienced shear strain along the pressing direction
during ECAP is nearly homogeneous [28,29]. By cutting all samples
from the center region of cross-sectional plane (as shown in Fig. 1),
the heterogeneity of the experienced strain along transverse
directions (X, Y directions) during ECAP is also minimized [28,29].

After ECAP, the grain size of ECAP-6 Fe was examined by TEM in
both parallel and perpendicular planes to the Z direction. Disks for
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specimen
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in Hopkinson bar experiments

Fig. 2. Hat-shaped specimen set-up
TEM were cut with a thickness of 300 mm and polished down to
50 mm using 2000 grid SiC papers. Final thinning to electron
transparency was achieved by jet polishing with a solution of 5%
perchloricþ95% acetic acid at�40 �C. The thermal stability and the
grain size of UFG Fe as a function of post-ECAP annealing temper-
ature were also examined by micro-hardness testing and Electron
Back Scatter Diffraction (EBSD). Small pieces of ECAP-6 Fe were
annealed for half hour at different temperatures. The annealed
sample surfaces (X plane) were polished with 0.5 mm diamond
paste and then were etched with 5% Nital to reveal the micro-
structure. For each annealing temperature, the Vickers micro-
hardness (HV) was measured on the etched surface using
a micro-hardness tester under a load of 10 g, for 15 s dwell time.

Following the ASTM standards, the specimens for quasi-static
compression have a length to width aspect ratio of 2.5, and the
specimens for dynamic compression (rectangular shape) have
a length to width aspect ratio of 0.6. The quasi-static compression
tests were performed at strain rates of 5� 10�4/s, while the
dynamic compression experiments were performed at strain rates
of w1� 104/s. The hat-shaped specimen set-up for Hopkinson-
bar testing is shown in Fig. 2. The hat-shaped design has been
widely used to study ASB in various metals [11,30e32]. The hat
shape is designed to concentrate shear deformation in a narrow
zone facilitating the shear band formation [11]. Details of the
Hopkinson-bar technique can be found in [33]. Following impact,
the hat-shaped specimens were sectioned in half along the impact
axis. The half sections were then polished to 2000 grit and then
polished with 0.5 mm diamond paste. This was followed by
etching with 5% Nital. The etched half sections were then exam-
ined by optical micrograph and SEM. Micro-hardness measure-
ments were also made on these polished half sections using
a Vickers diamond indenter at a load of 10 g for 15 s dwell time.
The light load is especially compatible with measurements within
ASB which have widths ranging from roughly 35 mme200 mm.
Three groups of measurements traversing an ASB were made,
and the average value was taken for reducing the physical error.
Samples for TEM observations near ASB were cut with
a thickness of 300 mm along the X direction, and then polished
down to 50 mm using 2000 grid SiC papers. To assure specific
locations, the surfaces were etched with 5% Nital and examined
by optical microscope. This is very important in locating
regions within and/or adjacent to ASB. 3 mm TEM disks could
be punched with ASB near the center location. Since
electropolishing creates a hole in the center of 3 mm disks, this
ensures that a region around the shear band could be examined
under TEM.
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Fig. 3. TEM micrographs of microstructure after 6-pass pressing for (a) Z plane; (b) X plane. The insert in (b) is the corresponding SAD pattern.
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3. Results and discussions

3.1. Thermal stability of ECAP-6 Fe

After pressing for six passes, the grains were sufficiently refined
to sub-micron level. The typical TEM micrographs inspected on Z
and X planes are shown in Fig. 3a and b respectively. The corre-
sponding selected area diffraction (SAD) pattern for X plane is also
shown in the inset of Fig. 3b. The ultra-fine grains appear almost
equiaxed on the Z plane with clear fringes of grain boundaries,
while the ultra-fine grains show slightly band structure on the X
plane. The average grain size is about 500 nm. The evolution of
micro-hardness of ECAP-6 Fe after annealing for half hours at
different temperatures is shown in Fig. 4. The micro-hardness
measurement is made on the surface perpendicular to the direc-
tion pressing. There is no significant change of micro-hardness
when the annealing temperature is below 400 �C. The micro-
hardness decreases with increased annealing temperature above
400 �C, revealing a transition from recovery to grain growth. As
shown in Fig. 5, the microstructure consists of mostly large grain
and the average grain size is approximately 12 mm after annealing
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Fig. 4. Evolution of micro-hardness with annealing temperature for ECAP-6 Fe.
at temperature of 600 �C, which has a good correlation with the
micro-hardness examination.

Fig. 6a presents the true stressestrain curves obtained during
both quasi-static and dynamic compression loadings for both ECAP
Fe and post-ECAP annealing Fe at 450 �C (half hour). Under quasi-
static loading, the ECAP Fe behaves like a nearly elastic-perfectly
plastic material. The yield strength is found to decrease slightly
from 480 MPa to 450 MPa during the annealing process, while the
post-ECAP annealing Fe shows strain hardening due to the
annealing effect. Under dynamic loading, the flow stress of ECAP Fe
is increased by a factor of 1.8 compared to the quasi-static case,
while flow softening behavior is observed. The adiabatic tempera-
ture rise during dynamic compression is a function of the flow
stress level and the cut-off plastic strain. The calculation leads to
about 200 K temperature rise assuming 90% of the plastic work
converted into heat, so the flow softening behavior could be
explained by the adiabatic heating and subsequent thermal soft-
ening during dynamic loading. Under dynamic loading, the initial
flow stress is found to decrease slightly from 1000 MPa to 930 MPa
after 450 �C post-ECAP annealing, however the flow softening
behavior is vanished and flow hardening behavior is observed for
Fig. 5. EBSD map of 600 �C post-ECAP annealing Fe.
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Fig. 6. (a) True stressestrain curves under compression for both ECAP Fe and post-ECAP annealing Fe; (b) Strain rate sensitivity of Fe as a function of grain size, the reference and its
first author corresponding to each data point are also given in the plot.
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post-annealed sample. This is mainly due to the fact that the
increased strain hardening ability after annealing overwhelms the
thermal softening effect during dynamic loading. In Fig. 6b, we
plotted our data including the literature data [19,26,34] of SRS vs.
grain size for Fe, in which SRS can be equally written in terms of
uniaxial stresses and strains such as m ¼ vlns=vln _ε. The SRS of Fe
decreases with reduced grain size, and this trend is sharply
opposing to that of FCC metals [12]. These results indicate that the
UFG Fe shows increased strength and reduced SRS compared to its
coarse grained counterparts, and the appropriate post-ECAP
annealing can prevent plastic instability with only a small loss of
strength under dynamic compression loading.

3.2. Evolution of ASB under dynamic shear loading

The shear stress-displacement curves of hat-shaped samples
tested by Hopkinson bar are shown in Fig. 7. Three sets of ECAP-6
Displacement (mm)
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Fig. 7. Shear stress vs. displacement curves of ECAP-6 Fe.
specimens were tested with displacements approximately of 0.27,
0.78 and 1.29 mm respectively by using stopper ring with proper
thickness. These three experiments are called H1, H2 and H3
respectively. The peak shear stress for ECAP-6 Fe sample is about
550 MPa, which translates to a normal stress of 950 MPa by Von
Mises criterion. This stress level is in the same range of strength for
ECAP-6 Fe as can be verified from Fig. 6a. At the end of curve H1 and
H2, the stress rises because the incident bar is in contact with the
stopper ring, the pressure is now being applied on thewhole area of
both the hat and the stopper ring. Increasing in shear deformation
leads to loss of load capability, and the shear stress is reduced to
only half of the peak shear stress when the shear displacement
reaches 1.29 mm. This load instability is due to formation of ASB,
crack nucleation and propagation.

Fig. 8 shows optical micrographs of half cross-section (X plane)
for experiments H1, H2 and H3. Fig. 9 shows close SEM observa-
tions of the shear band for experiments H1, H2 and H3. Fig. 10
shows Vickers micro-hardness traversing ASB for experiments
H2 and H3. As shown in Figs. 8a and 9a, when the shear
displacement is small (0.27 mm for H1), the shear deformation is
not enough to form a shear band, but only distort the origin
texture produced by ECAP. Before forming shear band, the shear
strain in the hat-shaped sample can be estimated by dividing the
displacement (d) by the shear zone thickness (t). The experienced
“homogeneous” shear strains are estimated to be about 1.35 (d/
t ¼ 0.27/0.2) and 3.9 (d/t ¼ 0.78/0.2) for the experiments of H1 and
H2 respectively. Since the shear band formation is observed in the
experiment H2, but not in the experiment H1, the critical shear
strain required for shear localization to initiate in ECAP-6 Fe is
between 1.35 and 3.9. ASB has been seen in coarse-grained Armco
Fe under explosive loading [15], in which the strain rate is much
higher than what can be reached by dynamic shear loading used
in the present study. Even at such high strain rates, the critical
shear strain required for ASB in coarse-grained Armco Fe is more
than 4.0. So the ECAP-6 UFG Fe investigated in the present study is
much more prone to formation of ASB due to the reduced strain
hardening rate and SRS.

As the shear displacement is increased, the evolution of the
shear band is found to be a two-stage process, namely an initiation
stage (Figs. 8b and 9b) followed by a thickening stage (Figs. 8c and
9c). In the initiation stage, the shear band occurs within a thickness



Fig. 8. Optical micrographs of half cross-section observed for (a) H1; (b) H2; (c) H3.
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35 mm. As shown in Fig. 9b, the initial shear band consists of two
regions: a core region and two transition layers. Increasing in shear
deformation leads to thickening of shear bands, which is composed
of thickening of the core region by transforming the transition
layers into the core region, and outward movement of the transi-
tion layers by deforming the adjoining matrix. In the thickening
stage, ASB evolution is accompanied by increasing in both thickness
and micro-hardness of ASB. ASB width is increased from 35 to
200 mm, and the average micro-hardness of ASB is increased from
180 to 190 Hv in contrast to the surroundingmatrixmicro-hardness
of 160 Hv (as shown in Fig. 10) when the shear displacement is
increased from 0.8 to 1.3. This increased micro-hardness in ASB
indicates that grains in the shear band are further refined by severe
shear deformation, which is identified by TEM work shown in the
Fig. 11. Fig. 11a and b represent the TEM micrographs for the as-
ECAPed region and the shear band region respectively. The shear
band region consists of the transition region and the core region.
The grains in the transition region are refined from about 500 nm to
400 nm. While, the grains in the core region are severely elongated
and refined under the dynamic shear loading, and the average grain
size in the core region is further reduced to about 280 nm. As
shown in Fig. 8b and c, micro-voids and micro-cracks in the shear
band also coalesce into observable cracks which propagate along
the shear bands when the shear displacement is increased. The
mean crack length is increased from 0.55 mm to 0.80 mm in the
thickening stage. All measurements mentioned above are also
reproduced in Table 1 for summary.

3.3. Annealing effect on the development of ASB under dynamic
shear loading

In Figs. 4 and 5, examination of micro-hardness and grain size of
UFG Fe as a function of post-ECAP annealing temperature shows
a transition from recovery to grain growth, and the critical transi-
tion temperature is about 400 �C. In order to study the annealing
effect on the development of ASB in UFG Fe, we choose 450 �C as
the annealing temperature. This annealing temperature is
supposed to improve the ductility of materials without losing the
strength. After annealing at 450 �C for half hour, the hat-shaped
specimen was investigated under dynamic shear loading with the
same displacement as the experiment H3. The experiment for post-
ECAP annealing Fe is called H4.



Fig. 9. SEM micrographs of the shear band as observed for (a) H1; (b) H2; (c) H3.
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Fig. 12 shows the shear stress-displacement response of ECAP-6
Fe and post-ECAP annealing Fe. The total shear displacements are
both approximately 1.2 mm. After annealing, the peak shear stress
is slightly decreased from 560 MPa to 530 MPa, while the load
instability is much inhibited due to the annealing effect. As the
shear deformation is increased, the shear stress is only decreased
from 530 MPa to 490 MPa for post-ECAP annealing Fe. Considering
the area below the shear stress vs. displacement curve as the
ductility of materials, the ductility of ECAP-6 Fe is significantly
improved by proper thermal treatment without much losing of
strength.
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Table 1
Adiabatic shear band (ASB) and deformation related properties measured in ECAP-6
Fe.

Experimental
no.

Shear
displacement
(mm)

Ave. ASB
width (mm)

Mean crack
length (mm)

Ave. ASB
hardness
(Hv)

H1 0.27 0 0 N/A
H2 0.78 35 0.55 179.5
H3 1.29 200 0.80 190.0

Fig. 13. (a) Optical micrographs of half cross-section observed for H4; (b) SEM
micrographs of the shear band as observed for H4.
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Fig. 13 shows optical micrographs of half cross-section and
close SEM observations of ASB for the experiment H4. As
shown in Figs. 8c, 9c and 13, the annealing treatment suppresses
the evolution of ASB in the material. The average ASB width
is decreased from 200 mm to 135 mm, and the transition
layers is much less distorted after annealing. The crack
propagation in the ASB is also suppressed by annealing treat-
ment. The mean crack length is reduced from 0.8 mm to 0.4 mm
after annealing.

After examining the shear stress response, the characteristics
of ASB features and microstructures, we can conclude that the
annealing treatment improves the ductility of material
without losing much of the strength, which is achieved by
suppressing the evolution of ASB and propagation of crack in the
ASB. This good combination of strength and ductility is achieved
by mixing up the length scales [35], specifically by creating
a bimodal grain size distribution with the proper heat
treatment. In the bimodal structures, the large grain provides
work hardening by dislocation activity in the grain interior,
while the small grain provides strength. The extra strain hard-
ening ability may come from the micro-structural length scale
involved, which are close to the characteristic length scale
(usually several mm) of a material for strain-gradient plasticity
to play a significant role. Because of the large strain gradient
produced between the large grains and small grains,
geometrically necessary dislocations required for compatible
plastic strains are generated to provide additional strain
hardening.
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4. Summary and concluding remarks

The thermal stability, evolution of ASB and annealing effect on
the development of ASB in ECAP-6 Fe were investigated system-
atically. The concluding remarks are as follows:

1. With increased annealing temperature, ECAP-6 Fe shows
a transition from recovery to grain growth, and the critical
transition temperature is approximately 400 �C. The quasi-
static and dynamic compression results indicate that the
appropriate post-ECAP annealing can improve strain hardening
and prevent plastic instability with only a small loss of strength
under dynamic compression loading.

2. The ECAP-6 Fe is much more prone to formation of ASB due to
the reduced strain hardening rate and SRS compared to its
coarse-grained counterparts. With increased shear deforma-
tion, the development of ASB under dynamic shear loading was
found to be a two-stage process, namely a nucleation stage
followed by a thickening stage. In the thickening stage, ASB
evolution is accompanied by increasing in both thickness and
micro-hardness of ASB. ASB width is increased from 35 to
200 mm, and the average micro-hardness of ASB is increased
from 180 to 190 Hv in contrast to the surrounding matrix
micro-hardness of 160 Hv. This increased micro-hardness in
ASB and TEM observations inside ASB indicate that grains in
the shear band are further refined. Once the shear band is
initiated, cracks also nucleate and propagate within the ASB,
which produces failure in the material. The mean crack length
is increased from 18.3% to 26.7% of the ASB length in the
thickening stage.

3. After 450 �C post-ECAP annealing, development of ASB and
crack propagation are inhibited under dynamic shear loading.
Work hardening plays a key role in the evolution of ASB. The
material after 450 �C post-ECAP annealing displays a much
higher work hardening rate under both quasi-static and
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dynamic compression loading. The results indicated that the
ductility under dynamic shear loading can be significantly
improved by appropriate post-ECAP annealing without much
losing of strength. The results of the present paper will help us
to not only understand the evolution of ASB in UFG Fe, but
provide insights for improving ductility in such materials.
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