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Abstract

We report the microstructural characterization of induced adiabatic shear bands (ASB) in a hot-rolled interstitial free (IF) steel deformed at
high strain rates (>2.8 x 10*s™!) in a split Hopkinson bar under controlled conditions at —50 and 25 °C. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) were used to reveal the degree of subdivision within ASB
and neighboring grains. Deformation twins were found in adjacent grains suggesting that twinning occurs before the flow associated to shear
banding. Progressive subgrain misorientation (PriSM) recrystallization is a plausible mechanism to explain the development of a new structure
consisting of weakly textured ultrafine grains (0.1-0.5 pm) within the ASB. Recrystallization is proposed to occur by the formation and mechanical
rotation of subgrains during deformation, coupled with boundary refinement via diffusion during shear band cooling. The presence of elongated
subgrains and grains perfectly aligned within regions resembling a former lamellar structure within bands supports the occurrence of such a

mechanism.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Adiabatic shear bands (ASB) are regions where very large
shearing occurs as a result of intense dynamic loading of met-
als and alloys. The amount of heat generated in this localized
process is confined in the shear band and, for practical pur-
poses, is not dissipated to the vicinity of the band. The term
adiabatic refers to the short period of time where shear defor-
mation occurs at a rate greater than the heat can be conducted
away from the sheared zone. At high strain rates, ASB are a
type of intense shear localization that depends on a number of
metallurgical parameters, and their formation is often a precur-
sor to catastrophic failures. In general, metals are frequently
exposed to high strain rates and tend to display regions of highly
localized straining when deformed plastically during conven-
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tional machining, metal-forming, impact, high velocity shaping
or cryogenic behavior of materials to name but a few [1,2]. ASB
in metals have been recently reviewed with respect to different
engineering boundary conditions [3-5].

Many microstructural investigations have been performed
to clarify both the flow localization and the shear evolu-
tion in copper [6-9], iron [9], refractory and hard metals
[10-15], aluminum alloys [16-17], silicon carbide [18] and
steels [19-23]. The scope of some of these studies consisted in
determining the mechanical response of such materials under
high rate loading and representing their flow stress behav-
ior with the aid of constitutive mechanical models. There are
many constitutive models describing the flow stress behavior
of the materials in the literature, including those proposed by
Johnson—Cook [24], Zerilli-Armstrong [25], Bodner—Partom
[26] and Follansbe—Kocks [27] and all of these have been, to
varying extents, applied to shear banding.

There have been many attempts to study the mechanisms of
recrystallization in adiabatic shear bands. Hines and Vecchio [7]
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have shown that the kinetics of two classical mechanisms for
recrystallization, high-angle boundary migration and subgrain
coalescence, as compared with the time—temperature profile
determined for these adiabatic shear bands, are inadequate to
explain the observed grain sizes, with the kinetics being sev-
eral orders of magnitude slower than the deformation time
and/or the cooling time of the shear bands. Tests conducted
at liquid nitrogen temperature also demonstrated that temper-
ature did not play a major role in dynamic recrystallization
under these circumstances. Hines and Vecchio [7] proposed a
dynamic recrystallization model, in which mechanically driven
subgrain rotations assist the mechanism for recrystallization.
This approach can enable dynamic recrystallization to proceed
at very high strain rates, with only limited thermal assistance.

Later, Hines et al. [28] proposed a mechanical subgrain rota-
tion model to account for the recrystallized grains, observed in
adiabatic shear bands in a number of materials. The model is
based on a ‘bicrystal’ approach using crystal plasticity theory
to predict the evolution of subgrain misorientations by mechan-
ical lattice rotations within ASB. These mechanically induced
rotations are shown to occur at the high strain rate associated
with adiabatic shear band formation. Recrystallized grain for-
mation is proposed to occur by the formation and mechanical
rotation of subgrains during deformation. Boundary refinement
(recovery) is provided by the temperature rise and time necessary
for dislocation rearrangement during deformation. This model
is referred to as Progressive subgrain misorientation (PrisM)
recrystallization and appears capable of accounting for shear
band microstructures in a variety of metals.

TEM observations have been extensively employed to inves-
tigate the microstructure of ASB due to its tiny scale, which
is in the range of a few nanometers. Nevertheless, the limited
area illuminated in post-mortem TEM thinned disks provides
poor statistical information. In order to enhance the statistical
basis and determine the mesotexture and microtexture developed
within shear regions, conventional and high-resolution EBSD
techniques can be used to obtain accurate results. Humphreys
reports in [29] that the use of FEG-SEM has improved the spa-
tial resolution of EBSD allowing measurement of grains or
subgrains as small as 0.1-0.2 pm in highly deformed mate-
rials. Only a few EBSD studies in ASB are reported in the
literature. The first application of EBSD to shear band struc-
ture analysis was reported by Pérez-Prado et al. [15], which
showed that significant misorientations occurred within the
subdivisions of the shear band structure. In another recent inves-
tigation, regions in the vicinity of shear bands were successfully
mapped, but not the structure within them [23]. In both of these
works, only pole figures indicating large orientation spreads
were shown. In addition, the microstructure developed within
shear bands could not be resolved in detail. It is well known
that the main problems in the conventional EBSD technique
arise from inappropriate sample preparation and to the limited
spatial/angular resolution in the SEM. These features have a
strong influence on the indexing of the Kikuchi patterns. The
Kikuchi patterns acquired from regions with high dislocation
density are normally diffuse and cannot be indexed in a proper
manner.

The final texture developed in IF steels is characterized by
a sharp and homogeneous {11 1}(u vw) texture (y-fiber) with
components like {554}(225),{554}(135)and {1 11}(110)
[30-32]. The y-fiber in bcc metals comprises orientations where
{111} planes are parallel to the normal direction (ND). At high
rolling strains, shear bands become prominent in many metals
and, depending on its volume fraction, can play an important role
in determining the deformation texture. It is also well known that
these deformation heterogeneities are favorable nucleation sites
for further primary recrystallization. However, studies reporting
jointly both the development of the deformation texture and the
mechanical behavior in IF steels deformed at high strain rates
are lacking in the literature.

In this work we report in detail the microstructure evolu-
tion within ASB induced in a hot-rolled IF steel deformed to
large strains with aid of a split Hopkinson bar at —50 and
25 °C. The microstructural characterization of deformed spec-
imens was performed using light optical microscopy (LOM),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and electron backscatter diffraction (EBSD).
High-resolution EBSD in a field emission gun scanning elec-
tron microscope (FEG-SEM-EBSD) was also employed to
resolve the development of the new grain structure within shear
bands.

2. Experimental
2.1. Material

The Ti-stabilized interstitial free (IF) steel used in this inves-
tigation was supplied by CSN (Brazil). The dimensions of the
hot band were 250 mm in width, 300 mm in length and 38 mm in
thickness. The plate was obtained by multiple-pass hot rolling
in the austenite regime (1070 °C) followed by air-cooling. The
chemical composition of the steel (in wt%) was the following:
0.003 C, 0.069 Ti, 0.003 V, 0.049 Al 0.0025 N, 0.005 O, 0.19
Mn, 0.011 Si, 0.027 P and 0.005 S.

2.2. Dynamic compression and shear tests

Mechanical tests were performed at quasi-static (0.001s~!)
and dynamic strain rates (up to 3200s~!) at temperatures from
—196 to 300°C using cylindrical compression specimens of
the IF steel, with the cylinder axis aligned parallel to the axis
of the shear band samples. The results of these experiments
were used to determine the coefficients and exponents of the
Zerilli-Armstrong constitutive equation. This equation, in turn,
was employed to estimate the temperature rise within the shear
band region of the shear test samples.

The dynamic shear band tests were performed to shear strains
(y) in the range from 3.4 to 23.25, with test conducted at two
temperatures, —50 and 25 °C. The dynamic tests were carried out
in a modified split Hopkinson bar using hat-shaped specimens
[33] (see Fig. 1). The specimens were carefully machined in
the transverse section of the Ti-stabilized IF steel plate. AISI
4340 stopper rings were used to vary the shear strain (y) in the
material.



J.EC. Lins et al. / Materials Science and Engineering A 457 (2007) 205-218 207

d,=10.16

> -
8 sz 1B
I~
i
~ ~
8 # ASB
W 5 N
iy d2= 9.70 © —
= * n

= SR
- d,=19.05 Incident Bar Transmitted Bar

(a) (b)

Fig. 1. Cross-section schematic drawing: (a) hat-shaped specimen used in this investigation (dimensions are given in mm) and (b) before dynamic compression test.

SR refers to the stopper ring and the thickness of the ASB is given by &.

The shear strain in the shear localization was determined
by the ratio between the displacement (§) and the thickness of
the shear band (£). The thickness (£) of each shear band was
measured using LOM (dark field) in the central area of each
specimen. It is well known that this method is not considered
very rigorous because the thickness varies with distance but this
region can be considered “homogeneous” to estimate the shear
strain. In the upper and lower regions of the hat-shaped speci-
mens the shear strains are generally higher than the central region
due to its geometry that provides intense shear localization. The
total displacement (8) was calculated by the difference between
of initial (A1) and final (h3) dimensions of the hat’s height. Eight
specimens divided in two sets were deformed at strain rates
varying from 2.8 x 10* to 6.4 x 10*s~! (Table 1). Table 1 also
shows the nomenclature of the samples adopted in this work,
the corresponding dimensions, the applied strain rates, and the
thickness of the stopper rings used in the impact tests.

2.3. Microstructural characterization

Metallographic preparation for the EBSD measurements was
carried out using a new methodology to reveal as many details
of the microstructure as possible. Both polishing/etching oper-
ations performed in low carbon steels are usually based on
electrolytic routes using hazardous HC104 containing solutions.
In this work, we propose a simplified chemical-mechanical pol-
ishing route. A solution with 25 mL of a commercial colloidal
silica suspension, 1975 mL of distilled water, 1 mL of nitric acid
and 10 mL of commercial detergent was used as the polishing

Table 1

medium. The samples of shear region for TEM observation were
obtained by sectioning in a low-speed diamond saw and elec-
tron discharge machine trepanning 3 mm disks. These disks were
hand ground to 0.1 mm. A dimple grinder was used to thin the
specimen mechanically to the thickness required for ion milling.

Light optical microscopy images were acquired in a Leica
DM IRM microscope with conventional illumination (bright
and dark fields). Electron channeling contrast maps of deformed
specimens were obtained in a LEO 1450-VP scanning electron
microscope operating at 10, 20 and 30kV in the backscattered
electron mode (BSE). This technique allows identifying regions
with misorientations () around 2° or less by the variation in the
gray scale in SEM images. Transmission electron microscopy
was carried out in JEOL JEM-100CX operating at 100 kV.

2.4. Microtexture and mesotexture evaluation

The distribution of misorientations (i) across the grain
boundaries and between pairs of adjacent grains or regions and
the respective local texture developed within shear bands as well
as at their edges was evaluated using the EBSD technique. Ori-
entation imaging microscopy (OIM) results were determined by
means of automatic indexing of Kikuchi patterns after suitable
image processing in a TSL EBSD system interfaced to a Philips
XL-30 SEM operating at 30kV with a W-hairpin filament. The
more detailed mapping of representative specimens was con-
ducted in a JEOL JSM-6500F field emission scanning electron
microscope (FEG-SEM) operating at 15kV also interfaced to a
TSL EBSD system.

Nomenclature, strain rates and dimensions of the hat-shaped specimens deformed in a split Hopkinson bar following the dimensions in Fig. la

Sample  hg (mm) dp (mm) h; (mm) di (mm) Ay (mm) dr(mm) hz3(mm) SR (mm) Temperature (°C) Time (ws)  Strain rate 10*s™h
A-1 8.10 18.92 6.71 10.01 6.83 9.45 6.22 51 2.80

A-2 7.98 19.00 7.01 10.16 7.16 9.70 6.35 830 397

A-3 8.05 19.02 6.88 10.11 7.06 9.60 6.50 25 5.23

A-4 7.80 19.02 7.06 10.13 6.96 9.73 6.22 6.50 -50 33 6.24

B-1 8.13 19.10 6.71 10.13 6.22 9.70 4.95 122 6.24

B-2 8.03 19.05 6.99 10.16 7.11 9.68 5.00 5100 o3

B-3 7.85 19.05 7.04 10.16 7.01 9.68 4.98 122 6.38

B-4 8.13 19.05 6.88 10.16 7.26 9.68 4.95 5.00 -50 122 5.59

SR refers to the thickness of the stopper ring and A3 is the final height of the hat-shaped specimen after dynamic shear deformation.
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Fig. 2. Electron channeling contrast image of longitudinal section (rolling plane)
of the initial Ti-stabilized IF steel plate. RD and TD refer, respectively, the rolling
and transversal direction.

3. Results and discussion
3.1. Starting material

The starting material was evaluated in terms of its microstruc-
ture and texture. Results showed the existence of a very weak and
diffuse (random) texture in the hot-rolled plate resulting from
the transformation of austenite into ferrite polygonal structure
after air-cooling. The microstructure of the IF steel plate consists
of a ferritic matrix and Ti-rich particles. The average orienta-
tion density (OD) found in the hot-rolled plate was about 3.42.
Hardness results showed a mean value of 98 & 13 Vickers. In the
rolling plane, hardness was about 109 & 6 Vickers whereas this
value dropped to about 86 = 4 Vickers in the transverse section,
i.e. the plane containing both the rolling (RD) and the normal
directions. A comparison between the linear intercept method
by EBSD technique and a traditional quantitative metallography
determination using LOM was performed to estimate the grain
size. Good agreement was observed when comparing the results
obtained from both techniques. According to both methods the
grain size was equal to 55 =6 wm. Fig. 2 shows a micrograph
of the rolling plane (RD-ND section).

3.2. Deformed state

Fig. 3 shows the stress—strain response of IF steel at strain
rates ranging from 0.001 to 3200s~! at temperatures varying
from —196 to 300°C. It is well known that body-centered
cubic (bcc) metals display strong temperature sensitivity to
their stress—strain response. The stress—strain curves in Fig. 3
display considerable strain rate sensitivity driven by strong
Peierls—Nabarro stresses, and its associated strong thermal acti-
vation energy dependence. Pérez-Prado et al. reported similar
behavior in dynamically compressed tantalum and Ta—10 wt%
W alloy at strain rates varying from 0.001 to 10,000s~! at
temperatures from 25 to 525°C [15]. These results showed
Ta—10 wt% W alloy was less sensitive to the thermal softening
displayed by pure tantalum strained in the same conditions.

The width of the shear band (&) within the samples was deter-
mined using LOM and confirmed by SEM. The results are shown
in Table 2 along with the calculated values of the shear (y) and
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Fig. 3. Stress—strain response at several temperatures for strain rates varying
from 0.001 to 3200s~! for IF steel.

longitudinal (g) strain components. The conversion from shear
strain to longitudinal strain (&) has been calculated with the aid
of the following equation:

) 12
s:ln(’;+y+1> (1

There is a clear fluctuation of the shear strain found between
both sets of the dynamically deformed specimens at 25 °C and
the stopper ring thickness, as well as the corresponding shear
band widths. At lower testing temperatures, this fluctuation was
less evident, and therefore only one sample from each set at
this condition was used for the more complete analysis reported
herein. It was observed, as a general trend, that the shear strain
value increases with the decrease of the stopper ring’s thickness
and the test temperature.

Fig. 4 shows a general view of the deformed shear region in
different test conditions. The irregular shape of the shear bands
and their respective macroscopic displacement (§) in the shear
regions are revealed in these micrographs. Therefore, it is well
known that the shear strain varies along the thickness of the shear
band. Chen et al. [12] pointed out the problems that arise when
the thickness of the shear band &, is determined as indicated in
Fig. 1b.

Deformation twins are found extensively throughout the
shear deformation regions in both groups of the investigated
samples, as shown in Fig. 5. Twinning in bcc metals is very

Table 2
Deformation parameters for the dynamic shear tests (§ is the displacement, & is
the thickness of the shear band, y is the shear strain and ¢ is the true strain)

Sample Temperature (°C) § (mm) & (pm) y = (8/§) &

A-1 0.48 133.4 3.62 1.21
A-2 25 0.66 169.9 3.89 1.26
A-3 0.38 112.0 3.40 1.16
A-4 -50 0.71 121.8 5.84 1.59
B-1 1.75 218.9 8.01 1.86
B-2 25 1.98 161.6 12.26 2.24
B-3 2.06 126.3 16.29 2.51
B-4 -50 1.88 80.9 23.25 2.85
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IF Steel Sample A3
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EHT=1000kv  DEMAR - FAENQUIL

(b) Mag= 90X
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 IF Steel Sampie C3

Fig. 4. General view of the shear region in samples: (a) A-3 and (b) B-3. The shear direction (SD) in the micrograph is the vertical one. SPN stands for shear normal

plane (SEM-BSE).

sensitive to temperature and strain rate conditions, and our
deformation conditions associated with the dynamic loading
at low temperatures (25 and —50 °C) facilitates the occurrence
of deformation twinning as an alternative deformation mode
to dislocation slip. The size and morphology of the deforma-
tion twins vary from one region to another within the same
specimen. These twins are bounded by incoherent interfaces

IF Steel Sample A2 Signal A = QBSD WD= 7mm

Mag= 500X

EHT=2000kv DEMAR - FAENQUIL

and exhibit a lenticular shape independent of the test tempera-
ture. A slight increase in volume fraction of deformation twins
was noted in specimens deformed in cryogenic conditions. It
was also observed that deformation twins become thinner with
decreasing test temperature; however the volume fraction of
twins was not quantitatively determined in the present inves-
tigation. Mechanical twinning gains importance because of the

SWA-BSD WD= 7mm
EWT=2000w  DEMAR - FAENQUIL

" IF Steel Sample A5
(b) H Mag= 500X

IF Steel Sample C3

Signal A=QBSD WD= Smm

Mag= 500 X EHT=2000kv DEMAR - FAENQUIL

WD= 8mm
DEMAR - FAENQUIL

Signal A= QBSD
EHT = 20.00 kv

IF Steel Sample C5
(d) H Mag= 4.00 KX

Fig. 5. Micrographs showing deformation twins in samples: (a) A-2, (b) A-4, (c) B-3 and (d) B-4. The shear direction (SD) in the micrograph is the vertical one.

SPN stands for shear plane normal (SEM-BSE, 20kV).
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strengthening provided by the increasing number of barriers for
dislocation motion in metals. The literature reports that twin-
ning in bec metals is preferentially associated with {1 12} planes
rather than with {1 1 0} [34]. Deformation twinning is also grain
size dependent in high strain rate processes. As a general trend,
the twinned volume fraction increased with increasing strain.
The literature also reports the presence of deformation twins
at different temperatures and strain rates in pure iron (single
and polycrystals) and extra-low-carbon steel without microal-
loying elements [17,21,35-38]. Bowed twins in grains close to
the adiabatic shear bands (marked by white arrow in Fig. 5d)
were observed in all of the specimens. This peculiar morphology
strongly suggests that deformation twinning occurs before the
flow associated to shear band over the microstructure. Meyers et
al. [39] reported similar findings in o-Ti after shear deformation.

Figs. 6 and 7 display the micrographs taken within the adi-
abatic shear bands. Voids, blunt cracks and others damage
induced by high strain rate deformation processes are also seen
in the shear region (Fig. 6¢). A similar behavior was observed
in adiabatic shear bands in the AISI 4340 steel deformed at
0.8 x 10%s~! with accumulate shear deformation about 3.92
[20]. The literature reports that the morphology of the voids can
be associated with the ductility of the material at high strains.
Grebe et al. [10] reported the voids observed in Ti-6Al-4V as

LR R
IF Sleel Sampla A2  Spot Size = 553 Signal A=0BSD W
Mag= 200K XEHT=2000kv DEMAR - FAENQUIL

having a spherical morphology after impact ballistics experi-
ments. Similar findings were observed in our IF steel specimens
in the shear deformation zone.

Many authors report that the microstructural characterization
of shear bands using LOM and SEM techniques is unfeasible
due to resolution limitations [16]. As expected, it is not easy to
resolve details of the microstructure found in the fine lamellar
structure developed during plastic deformation using a conven-
tional W-filament SEM in the BSE mode. The lamellae spacing
found in the shear bands is mostly below 0.5 wm. For this reason,
TEM is typically the most suitable technique to resolve details
of this lamellar structure. Fig. 7 shows the lamellar structure
(samples A-1 and A-4) and a well-defined elongated subgrain
structure within the ASB (sample A-4). It is worth mentioning
that the recrystallization models that describe the microstructural
evolution within ASB include a step that involves the formation
of elongated subgrains by recovery processes.

The data in the plots of stress—strain curves (Fig. 3) was used
to estimate the temperature rise during adiabatic dynamic com-
pression tests of this IF steel incorporating the work of plastic
deformation. The temperature rise certainly plays an important
role in the recovery processes during straining and further cool-
ing down to room temperature. There is no direct experimental
technique to measure this increase in temperature due to the

»0
haal
...\" i
L™

L 4

Ris. )
IF Steel Sample AS

Mag= 3.00KX

EHT = 20.00kV

IF Steel Sample C3

Signal A=0BSD WD= 8mm
EHT=2000kv DEMAR - FAENQUIL

(o) F—

Mag= 4.00KX

IF
Mag= 1.00KX

EHT=30.00kv DEMAR - FAENQUIL

Fig. 6. Micrographs showing details of the microstructure of ASB in samples: (a) A-2, (b) A-5, (c¢) B-3 and (d) B-4. The shear direction (SD) in the micrograph is

the vertical one. SPN stand for the shear plane normal (SEM-BSE).
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(b)

Fig. 7. Micrographs showing details of the microstructure of ASB in samples: (a) A-1 (lamellar structure), (b) A-4 (lamellar structure and elongated subgrains)

(TEM, bright field, 100kV).

short duration of the compression tests and boundary condi-
tions. The determination of the coefficients and exponents of the
Zerilli-Armstrong constitutive equation was done by regression
analysis technique that determines the best-fit parameters for all
of the data. Eq. (2) gives the constitutive equation used for this
analysis:

0 =00+ C1 exp[—CaoT + C3T In(é)] + Cs&" 2)

where o,, C1, Ca, C3, C4 and n are the parameters determined
by regression analysis procedure, ¢ is the true imposed strain
rate, T is the temperature and o and ¢ (Table 2) are the stress and
strain, respectively. It is worth mentioning that due to uncertain-
ties associated with shear area and shear displacements within
hat-shaped specimens, the temperature rise was calculated by
integrating the Zerilli-Armstrong constitutive equation using the
shear band deformation conditions, and assuming a portion of
the work is converted to heat, represents an estimate of the actual
shear band temperature. In problems of high strain rate defor-
mation, it can be assumed that typically ~90% of plastic work
done during dynamic deformation produces heat [5]. Thus, the
ASB temperature rise can be estimated using the expression:
0.9 [
T=—— ode 3
pCp Jo

where p is the material’s density, Cp, the heat capacity and o
is given by the Zerilli-Armstrong constitutive equation (Eq.
(2)) integrated from O to the final strain (ef). The results of this
calculation are depicted in Fig. 8. This final strain is obtained
by converting shear strain in the shear band to axial strain via
Eq. (1). Fig. 8 shows clearly that when the shear strains are
greater than 5.84 (sample A-4) the estimated temperature rise
can attain about 1000 °C. In theory, this instantaneous amount
of heat coupled with the elevated local dislocation density

could run away both recrystallization and/or recovery process
during the deformation process of the IF steel. At low strain
rates it is well-documented that dynamic recrystallization is
a common feature during the hot-rolling stage (~1070°C) of
ultralow-carbon steels [40]. In addition, the average time dura-
tion (~77 ws) of the tests and consequently the temperature rise
in adiabatic conditions is reported in the literature as generally
lower than the minimum time required to associate with static
recrystallization process [41].

In contrast to the fine lamellar structure found in most of the
samples, a striking feature observed in some deformed speci-
mens is the presence of an equiaxed grain structure strip within
shear bands (Fig. 6¢ and d). This structure probably results from
some sort of dynamic recrystallization process in particular areas
within the shear bands, and what mechanism is still controversial

1600 ™
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Calculated temperature (°C)
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0 — L £ I ¥ T & d "L 571 T T
0 1 2 3 4 5 6 7 8 9 10
Shear strain (y)

Fig. 8. Calculated temperature rise for IF steel as function of shear strain using
the Zerilli-Armstrong equation.
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at this time. Several studies reported the occurrence of recrys-
tallization under high strain rate conditions in various materials
[7,15,23]. The mechanism known as rotational dynamic recrys-
tallization, formerly proposed by Derby [42] and later modified
by Meyers et al. in [16], is a likely mechanism to explain this new
grain structure within ASB incorporating the dislocation ener-
getics in the model. The microstructural evolution involved in
this mechanism can be summarized as follows: (i) rearrangement
of dislocations into elongated cells with increasing strain; (ii)
the thermal activation provided by the temperature rise and the
development of increasing misorientations transform these cells
into elongated subgrains bounded by many high-angle lamel-
lar boundaries; (iii) subdivision of these elongated structures
with the creation of geometrically necessary boundaries associ-
ated to local crystal rotations [16]. These aspects are captured
numerically in the work of Hines et al. [28].

Hines et al. [28] proposed a mechanical subgrain rotation
model to account for the recrystallized grains within ASB in
a number of materials. The model is based on a ‘bicrystal’
approach using crystal plasticity theory to predict the evolution
of subgrain misorientations. These mechanically induced rota-
tions were shown to occur under the high strain rate associated
with adiabatic shear band formation. Recrystallized grain for-
mation was proposed to occur by the formation and mechanical
rotation of subgrains during deformation, coupled with bound-
ary refinement via diffusion during shear band cooling. After
the deformation process, the boundary refinement occurs by
reducing the excess dislocation dipoles promoted mainly by dis-
location climb during the cooldown stage. This model is referred
to as progressive subgrain misorientation (PriSM) recrystalliza-
tion and appears to account for shear band microstructures in
a variety of metals. Hines and Vecchio [7,28] have shown by
careful thermal diffusion calculations of dislocation structures in
shear bands that there is insufficient time during the deformation
period of shear band formation to achieve any significant dislo-
cation annihilation and boundary refinement. However, since the
shear band temperature rise is fairly high and the cooling period
of the shear band is significantly longer than the deformation
time, it is quite reasonable, kinetically speaking, to achieve sig-
nificant dislocation annihilation and boundary refinement during
the cooling period of the shear band. The only significant differ-
ences between these various mechanisms related to whether one
believes that the formation of the equiaxed structure with refined
high-angle boundaries occurs entirely during the deformation
time (dynamic recrystallization [28]) or whether the misorien-
tation portion of the recrystallized structure occurs during the
deformation time and the majority of the dislocation recovery
and boundary refinement occurs during the cooling period [29].

3.3. Deformation microtexture

Conventional EBSD has proved being a suitable technique to
investigate the grain subdivision behavior displayed by grains
in the vicinities of the shear bands. However, due to the large
stored energy in the lamellar structure found within ASB, most
of Kikuchi patterns obtained using conventional SEM-EBSD
are diffuse. As a consequence, the corresponding orientation

data points must be discarded because they cannot be properly
indexed. This is an intrinsic limitation of the spatial resolution
of the conventional technique (W-filament). In contrast, the use
of high-resolution EBSD has proved to be a powerful tool to
bring out details of the microstructure and the resulting mis-
orientations present in the lamellar structure. In the literature
regarding microstructural characterization of isothermal shear
bands, there are only a few results reported using FEG-SEM-
EBSD in [43] for a low-strained AlI-Mg alloy deformed in plane
strain compression. In high strain, high strain rate deformation
the observations within ASB are recent and previously limited
to conventional EBSD mappings, with the very first reported
use of EBSD on shear bands to be Pérez-Prado et al. [15] on
tantalum, and more recently by Meyers et al. [23].

3.3.1. Group A

The EBSD characterization was performed on specimens of
Group A. Fig. 9 shows the results of the EBSD mapping in sam-
ple A-3 (y =3.4). The OIM map was performed in five areas with
a step size of 0.1 wm. The average width of the shear band in
this orientation map is about 112 pm. This figure shows details
of the lattice rotations within the shear band and long-range
internal stresses associated to grain subdivision in the vicinity
of the shear localization. The sharp Kikuchi patterns could be
obtained within a shear band and the respective pole figures have
shown a gradual lattice rotation around a-fiber to accommo-
date the severe plastic deformation imposed. This lattice rotation
can be observed in terms of the reorientation around the shear
plane normal direction (SPN) in relation to the ideal orientation
(110)//SD (a-fiber). SD stands for shear direction. It is worth to
mentioning that the morphology of this shear band is very irreg-
ular in contrast with other samples deformed to larger strains
(Group B). Take note of a nearly [4 1 3]-oriented deformation
twin bending towards the shear localization within an [210]-
oriented grain. It represents a simple example of the many twins
found throughout the microstructure. The literature reports that
several twinning systems can operate under compressive loading
and exhibit a complex orientation-dependency [44,45]. It can be
concluded that the shear band displays a strong heterogeneous
character in terms of the grain fragmentation and for this level
of shear strain only recovery mechanisms could be observed.
There is so sign of recrystallized grains within the ASB.

In copper, dynamic recrystallization was observed to occur at
a certain value of shear strain (y ~ 4, at a strain rate of 4.1 0*s~h
[7]. However, Ta and Ta—10W alloys do not exhibit a new recrys-
tallized structure within regions of highly localized deformation
in the hat-shaped specimens deformed to an equivalent shear
strain [15]. As mentioned before, one would expect that recrys-
tallization become noticeable at a shear strain of approximately
5.85 (sample A-4) in IF steel due to the significant tempera-
ture rise. Two EBSD mappings were performed to investigate
the possible presence of recrystallized grains within the shear
region of sample A-4. Contrasting to sample A-3, the ASB
found in sample A-4 (Fig. 10a) displays a more uniform mor-
phology and was mapped with a step size of 0.1 pm. It can be
observed that some degree of subdivision (long-range stresses)
within the adjacent grains and the presence of slip bands and
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Fig. 9. High-resolution EBSD results of sample A-3 showing image quality (IQ) map version of the OIM (not shown in this paper) and {1 10} pole figures of each

area marked (white rectangle) in IQ map, respectively.

deformation twins. The literature reports that these bands appear
within grains and exhibit a well-defined crystallographic direc-
tion [44,45] and deformation twins are reported quite often [34].
It is important to note that under large strain rates, these slip
bands were also found. Fig. 10a shows the microstructure of
the ASB in sample A-4 consisting on fine lamellar boundaries,
elongated subgrains and many ultrafine recrystallized grains. As
mentioned before the TEM micrographs also showed the same
lamellar boundaries and elongated subgrains. These ultrafine-

grained structures could be clearly distinguished in the deformed
microstructure in the quality image maps from EBSD. The sec-
ond OIM map (Fig. 10b) shows that the new grain structure
has a mean size of about 0.3 wm. These results strongly sug-
gest that these new grains have their origin closely related to
former lamellar structure. The analysis of microtexture within
ASB (Fig. 10c) indicates a weak component near [122]. In
this orientation map, the fraction of boundaries with misori-
entations comprised in the interval 15° < < 180° was found to
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be lower than 35% (Fig. 10d). Due to the high fraction of low
angle boundaries and the presence of elongated subgrains, it is
plausible considering sample A-4 underwent dynamic recovery
supported by lamellar boundaries refinement with the develop-
ment of a small fraction of new ultrafine grains. Furthermore, the
presence of a clear texture (around the a-fiber) within the ASB

indicates that the new grains do not result from a nucleation and
growth or from a diffusion-controlled recrystallization process
(neither static recrystallization by nucleation and growth or sub-
grain coalescence). In contrast, the presence of the consistent
fiber texture supports the idea of the new grains evolving from
the plasticity of the shear region, and is therefore consistent with
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the dynamic shear deformation leading to subgrain development
and their rotation, simultaneous with (dynamic) or followed by
(static) boundary refinement associated with recovery processes;
the latter being consistent with the progressive subgrain mis-
orientation mechanism proposed by Hines et al. [28] and the
recovery kinetics calculations of Hines and Vecchio [7].

3.3.2. Group B

SEM shows the presence of a fine-grained structure in the
central region of the ASB (sample B-3) in Fig. 6¢. These new
equiaxed grains are surrounded by a well-developed lamellar
structure, typically found in metals deformed to large strains.
The width of the ASB displaying the recrystallized structure is
about 30 wm. A small step size (0.1 um) was used to perform
this orientation mapping (Fig. 11a). Results show the presence
of regions with low density of defects (grains) within the lamel-
lar structure as can be clearly identified by the image quality
(IQ) map. The average misorientation across these lamellar dis-
location boundaries is about 55° (high-angle character). The
lamellae spacing found in the shear band is about 0.2-0.3 pum.
The orientation distribution function (ODF) of the recrystallized
grains within the ASB indicates a clear and strong y-fiber tex-
ture and a weak a-fiber (Fig. 11b). The mean grain size in this
recrystallized structure is about 0.45 pm. The striking aspect in
these findings is the similarity between the texture displayed by
recrystallized grains within the ASB and the recrystallization
texture frequently reported in IF steels processed by cold rolling
followed by isothermal annealing [30].

The white dashed rectangle marked in Fig. 11a shows the
presence of an interesting region within ASB. It is possible to
observe very tiny strips in the left part of a well-defined recrys-
tallized band (below 1 pm in thickness). The microstructure
within these tiny strips differs from the surrounding recrystal-
lized areas. An interesting microstructure consisting of a few
lamellae containing elongated subgrains can be seen within these
strips (Fig. 11c). Note the large fraction of high-angle bound-
aries in the substructure marked by black lines. The microtexture
corresponding to this strip, in particular, also belongs to a weak
v-fiber (Fig. 11d). It is worth mentioning that only a few crystal-
lites were taken into account to determine the {1 1 1} pole figure.
Nevertheless, the presence of a weak microtexture and lamellar
boundaries associated with the elongated subgrains found in this
region strongly suggests the occurrence of dynamic recovery as
discussed in the samples of Group A, in particular, sample A-4.

In order to resolve details of the microstructure, sample B-4
was also mapped via field emission microscope interfaced with
EBSD system. This specimen was chosen because of the pres-
ence of a clear grain structure within a shear band resolved by
SEM (see Fig. 6d). Fig. 12a shows the orientation map performed
in the shear region and reveals details of the microstructure
where recrystallized grains with equiaxed morphology are seen
embedded in the fine lamellar structure of the shear band. The
recrystallized grains are confined within a 30 pm wide region
making about 26° with SD. This orientation map was performed
in area of 70 pm x 90 pwm with a step size of 0.1 wm. The fine
and thick black lines in the OIM mark, respectively, low and
high-angle boundaries. In the vicinity of the sheared region (red

grain), we note the presence of a well-defined (left part) subgrain
structure. The mean subgrain size in this 56°[1 0 0]-oriented
grain is about 1 pm. Deformation twins bending towards the
shear direction are noticeable in the left part of the OIM. In
the right part of the OIM, one can notice this region display
a stable pattern in terms of grain subdivision. The literature
reports that this behavior could be described in terms of active
slip systems of grains oriented near {01 1}(1 1 1)//SD that do
not undergone several rotations under severe shear deformation.
The {0 11}(11 1)-slip system have the highest resolved shear
stress for bcc metals.

Based on the ODF shown in Fig. 12b the orientation of the
ultrafine grains belongs to the y-fiber. In contrast with the results
observed in sample B-3, the lamellar structure is weakly ori-
ented to the y-fiber as shown in the {111} pole figure. The
literature reports that the final and stable orientation for ASB is
around (1 1 1). This result could also indicate an intense restora-
tion process within the lamellae (dynamic recovery) lowering
the intensity of the y-fiber. It is worth mentioning that we have
cropped a region within the ASB containing only recrystallized
grains and only these grains were accounted for the determina-
tion of the mean grain size and corresponding local textures. It
can be concluded that the new recrystallized grains (about 5000
grains) have a mean grain size of about 0.49 pum (Fig. 12c¢).

For the first time, the microstructure, in terms of both appar-
ent grain size and grain orientation (or texture) of an induced
shear band has been revealed in a statistical basis due to high
spatial resolution of the FEG-EBSD technique. The results pre-
sented in this paper support progressive subgrain misorientation
recrystallization [28] coupled with grain boundary refinement
via recovery processes during the dynamic shear band formation
in the IF steel. This mechanism could satisfactorily explain the
development of the new ultrafine grain structure within the ASB.
Many authors report evidence supporting this mechanism based
on a quite limited statistical basis provided by TEM observa-
tions. The effect of temperature rise, strain rate and large strains
imposed could explain the differences of the volume fraction of
the recrystallized grains and the differences in texture observed
in the two sets of sample examined here.

4. Conclusions

Hat-shaped specimens of a hot-rolled IF steel were dynam-
ically compressed in a split Hopkinson bar at high strain rates
to induce the formation of adiabatic shear bands. Deformation
twins were found throughout the microstructure, in particular
close to the shear bands. The volume fraction of twinned grains
was larger in the samples deformed at cryogenic conditions
(50°C). The presence of deformation twins bending towards
the shear direction strongly suggests that mechanical twinning
occurs before the flow associated to shear banding. FEG-SEM-
EBSD results show that most grains adjacent to the shear bands
subdivide into a well-defined subgrain structure. An interesting
feature observed in many specimens, independent of test tem-
perature, was the presence of an equiaxed grain structure with
distinct textures: a weak and sharp a-fiber (Group A) and v-
fiber (Group B) within the ASB. Furthermore, the presence of
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elongated subgrains and grains aligned with the shear direction
in the former lamellar structure within the ASB also supports
the occurrence of Progressive subgrain misorientation (PrisM)
recrystallization to explain the development of the ultrafine-
grained structure.
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