
A

h
t
a
b
c
r
s
m
©

K

1

s
a
p
p
a
m
a
t
m
s
e
l

0
d

Materials Science and Engineering A  457 (2007) 205–218

A microstructural investigation of adiabatic shear
bands in an interstitial free steel

J.F.C. Lins a,∗, H.R.Z. Sandim b, H.-J. Kestenbach c, D. Raabe d, K.S. Vecchio e
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bstract

We report the microstructural characterization of induced adiabatic shear bands (ASB) in a hot-rolled interstitial free (IF) steel deformed at
igh strain rates (>2.8 × 104 s−1) in a split Hopkinson bar under controlled conditions at −50 and 25 ◦C. Scanning electron microscopy (SEM),
ransmission electron microscopy (TEM) and electron backscatter diffraction (EBSD) were used to reveal the degree of subdivision within ASB
nd neighboring grains. Deformation twins were found in adjacent grains suggesting that twinning occurs before the flow associated to shear
anding. Progressive subgrain misorientation (PriSM) recrystallization is a plausible mechanism to explain the development of a new structure
onsisting of weakly textured ultrafine grains (0.1–0.5 �m) within the ASB. Recrystallization is proposed to occur by the formation and mechanical

otation of subgrains during deformation, coupled with boundary refinement via diffusion during shear band cooling. The presence of elongated
ubgrains and grains perfectly aligned within regions resembling a former lamellar structure within bands supports the occurrence of such a
echanism.
 2006 Elsevier B.V. All rights reserved.

misor

t
o
i
e

t
t
[
s
d
h
i

eywords: IF steel; Shear bands; Deformation twinning; Progressive subgrain

. Introduction

Adiabatic shear bands (ASB) are regions where very large
hearing occurs as a result of intense dynamic loading of met-
ls and alloys. The amount of heat generated in this localized
rocess is confined in the shear band and, for practical pur-
oses, is not dissipated to the vicinity of the band. The term
diabatic refers to the short period of time where shear defor-
ation occurs at a rate greater than the heat can be conducted

way from the sheared zone. At high strain rates, ASB are a
ype of intense shear localization that depends on a number of

etallurgical parameters, and their formation is often a precur-

or to catastrophic failures. In general, metals are frequently
xposed to high strain rates and tend to display regions of highly
ocalized straining when deformed plastically during conven-
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ional machining, metal-forming, impact, high velocity shaping
r cryogenic behavior of materials to name but a few [1,2]. ASB
n metals have been recently reviewed with respect to different
ngineering boundary conditions [3–5].

Many microstructural investigations have been performed
o clarify both the flow localization and the shear evolu-
ion in copper [6–9], iron [9], refractory and hard metals
10–15], aluminum alloys [16–17], silicon carbide [18] and
teels [19–23]. The scope of some of these studies consisted in
etermining the mechanical response of such materials under
igh rate loading and representing their flow stress behav-
or with the aid of constitutive mechanical models. There are

any constitutive models describing the flow stress behavior
f the materials in the literature, including those proposed by
ohnson–Cook [24], Zerilli–Armstrong [25], Bodner–Partom

26] and Follansbe–Kocks [27] and all of these have been, to
arying extents, applied to shear banding.

There have been many attempts to study the mechanisms of
ecrystallization in adiabatic shear bands. Hines and Vecchio [7]

mailto:jfclins@metal.eeimvr.uff.br
dx.doi.org/10.1016/j.msea.2006.12.019


2 and E

h
r
c
d
e
e
a
a
a
u
d
s
T
a

t
a
b
t
i
r
w
m
r
(
f
i
r
b

t
i
a
p
b
w
t
r
t
s
r
l
t
s
s
t
m
w
w
s
t
a
s
s
K
d
m

a
c
[
{
r
a
i
t
f
j
m
a

t
l
2
i
s
m
H
t
r
b

2

2

t
h
t
i
c
0
M

2

a
−
t
o
w
Z
w
b

(
t
i

06 J.F.C. Lins et al. / Materials Science

ave shown that the kinetics of two classical mechanisms for
ecrystallization, high-angle boundary migration and subgrain
oalescence, as compared with the time–temperature profile
etermined for these adiabatic shear bands, are inadequate to
xplain the observed grain sizes, with the kinetics being sev-
ral orders of magnitude slower than the deformation time
nd/or the cooling time of the shear bands. Tests conducted
t liquid nitrogen temperature also demonstrated that temper-
ture did not play a major role in dynamic recrystallization
nder these circumstances. Hines and Vecchio [7] proposed a
ynamic recrystallization model, in which mechanically driven
ubgrain rotations assist the mechanism for recrystallization.
his approach can enable dynamic recrystallization to proceed
t very high strain rates, with only limited thermal assistance.

Later, Hines et al. [28] proposed a mechanical subgrain rota-
ion model to account for the recrystallized grains, observed in
diabatic shear bands in a number of materials. The model is
ased on a ‘bicrystal’ approach using crystal plasticity theory
o predict the evolution of subgrain misorientations by mechan-
cal lattice rotations within ASB. These mechanically induced
otations are shown to occur at the high strain rate associated
ith adiabatic shear band formation. Recrystallized grain for-
ation is proposed to occur by the formation and mechanical

otation of subgrains during deformation. Boundary refinement
recovery) is provided by the temperature rise and time necessary
or dislocation rearrangement during deformation. This model
s referred to as Progressive subgrain misorientation (PrisM)
ecrystallization and appears capable of accounting for shear
and microstructures in a variety of metals.

TEM observations have been extensively employed to inves-
igate the microstructure of ASB due to its tiny scale, which
s in the range of a few nanometers. Nevertheless, the limited
rea illuminated in post-mortem TEM thinned disks provides
oor statistical information. In order to enhance the statistical
asis and determine the mesotexture and microtexture developed
ithin shear regions, conventional and high-resolution EBSD

echniques can be used to obtain accurate results. Humphreys
eports in [29] that the use of FEG-SEM has improved the spa-
ial resolution of EBSD allowing measurement of grains or
ubgrains as small as 0.1–0.2 �m in highly deformed mate-
ials. Only a few EBSD studies in ASB are reported in the
iterature. The first application of EBSD to shear band struc-
ure analysis was reported by Pérez-Prado et al. [15], which
howed that significant misorientations occurred within the
ubdivisions of the shear band structure. In another recent inves-
igation, regions in the vicinity of shear bands were successfully

apped, but not the structure within them [23]. In both of these
orks, only pole figures indicating large orientation spreads
ere shown. In addition, the microstructure developed within

hear bands could not be resolved in detail. It is well known
hat the main problems in the conventional EBSD technique
rise from inappropriate sample preparation and to the limited
patial/angular resolution in the SEM. These features have a

trong influence on the indexing of the Kikuchi patterns. The
ikuchi patterns acquired from regions with high dislocation
ensity are normally diffuse and cannot be indexed in a proper
anner.
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The final texture developed in IF steels is characterized by
sharp and homogeneous {1 1 1}〈u vw〉 texture (�-fiber) with

omponents like {5 5 4}〈2 2 5〉, {5 5 4}〈1 3 5〉 and {1 1 1}〈1 1 0〉
30–32]. The �-fiber in bcc metals comprises orientations where
1 1 1} planes are parallel to the normal direction (ND). At high
olling strains, shear bands become prominent in many metals
nd, depending on its volume fraction, can play an important role
n determining the deformation texture. It is also well known that
hese deformation heterogeneities are favorable nucleation sites
or further primary recrystallization. However, studies reporting
ointly both the development of the deformation texture and the

echanical behavior in IF steels deformed at high strain rates
re lacking in the literature.

In this work we report in detail the microstructure evolu-
ion within ASB induced in a hot-rolled IF steel deformed to
arge strains with aid of a split Hopkinson bar at −50 and
5 ◦C. The microstructural characterization of deformed spec-
mens was performed using light optical microscopy (LOM),
canning electron microscopy (SEM), transmission electron
icroscopy (TEM) and electron backscatter diffraction (EBSD).
igh-resolution EBSD in a field emission gun scanning elec-

ron microscope (FEG-SEM-EBSD) was also employed to
esolve the development of the new grain structure within shear
ands.

. Experimental

.1. Material

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

.2. Dynamic compression and shear tests

Mechanical tests were performed at quasi-static (0.001 s−1)
nd dynamic strain rates (up to 3200 s−1) at temperatures from
196 to 300 ◦C using cylindrical compression specimens of

he IF steel, with the cylinder axis aligned parallel to the axis
f the shear band samples. The results of these experiments
ere used to determine the coefficients and exponents of the
erilli–Armstrong constitutive equation. This equation, in turn,
as employed to estimate the temperature rise within the shear
and region of the shear test samples.

The dynamic shear band tests were performed to shear strains
γ) in the range from 3.4 to 23.25, with test conducted at two
emperatures,−50 and 25 ◦C. The dynamic tests were carried out
n a modified split Hopkinson bar using hat-shaped specimens

33] (see Fig. 1). The specimens were carefully machined in
he transverse section of the Ti-stabilized IF steel plate. AISI
340 stopper rings were used to vary the shear strain (γ) in the
aterial.
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ig. 1. Cross-section schematic drawing: (a) hat-shaped specimen used in this i
R refers to the stopper ring and the thickness of the ASB is given by ξ.

The shear strain in the shear localization was determined
y the ratio between the displacement (δ) and the thickness of
he shear band (ξ). The thickness (ξ) of each shear band was

easured using LOM (dark field) in the central area of each
pecimen. It is well known that this method is not considered
ery rigorous because the thickness varies with distance but this
egion can be considered “homogeneous” to estimate the shear
train. In the upper and lower regions of the hat-shaped speci-
ens the shear strains are generally higher than the central region

ue to its geometry that provides intense shear localization. The
otal displacement (δ) was calculated by the difference between
f initial (h1) and final (h3) dimensions of the hat’s height. Eight
pecimens divided in two sets were deformed at strain rates
arying from 2.8 × 104 to 6.4 × 104 s−1 (Table 1). Table 1 also
hows the nomenclature of the samples adopted in this work,
he corresponding dimensions, the applied strain rates, and the
hickness of the stopper rings used in the impact tests.

.3. Microstructural characterization

Metallographic preparation for the EBSD measurements was
arried out using a new methodology to reveal as many details
f the microstructure as possible. Both polishing/etching oper-
tions performed in low carbon steels are usually based on
lectrolytic routes using hazardous HClO4 containing solutions.

n this work, we propose a simplified chemical–mechanical pol-
shing route. A solution with 25 mL of a commercial colloidal
ilica suspension, 1975 mL of distilled water, 1 mL of nitric acid
nd 10 mL of commercial detergent was used as the polishing

m
d
m
T

able 1
omenclature, strain rates and dimensions of the hat-shaped specimens deformed in

ample h0 (mm) d0 (mm) h1 (mm) d1 (mm) h2 (mm) d2 (mm) h

-1 8.10 18.92 6.71 10.01 6.83 9.45 6
-2 7.98 19.00 7.01 10.16 7.16 9.70 6
-3 8.05 19.02 6.88 10.11 7.06 9.60 6

-4 7.80 19.02 7.06 10.13 6.96 9.73 6

-1 8.13 19.10 6.71 10.13 6.22 9.70 4
-2 8.03 19.05 6.99 10.16 7.11 9.68 5
-3 7.85 19.05 7.04 10.16 7.01 9.68 4

-4 8.13 19.05 6.88 10.16 7.26 9.68 4

R refers to the thickness of the stopper ring and h3 is the final height of the hat-shap
gation (dimensions are given in mm) and (b) before dynamic compression test.

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

Light optical microscopy images were acquired in a Leica
M IRM microscope with conventional illumination (bright

nd dark fields). Electron channeling contrast maps of deformed
pecimens were obtained in a LEO 1450-VP scanning electron
icroscope operating at 10, 20 and 30 kV in the backscattered

lectron mode (BSE). This technique allows identifying regions
ith misorientations (ψ) around 2◦ or less by the variation in the
ray scale in SEM images. Transmission electron microscopy
as carried out in JEOL JEM-100CX operating at 100 kV.

.4. Microtexture and mesotexture evaluation

The distribution of misorientations (ψ) across the grain
oundaries and between pairs of adjacent grains or regions and
he respective local texture developed within shear bands as well
s at their edges was evaluated using the EBSD technique. Ori-
ntation imaging microscopy (OIM) results were determined by
eans of automatic indexing of Kikuchi patterns after suitable

mage processing in a TSL EBSD system interfaced to a Philips
L-30 SEM operating at 30 kV with a W-hairpin filament. The

ore detailed mapping of representative specimens was con-

ucted in a JEOL JSM-6500F field emission scanning electron
icroscope (FEG-SEM) operating at 15 kV also interfaced to a
SL EBSD system.

a split Hopkinson bar following the dimensions in Fig. 1a

3 (mm) SR (mm) Temperature (◦C) Time (�s) Strain rate (104 s−1)

.22
6.50 25

51 2.80
.35 35 5.97
.50 25 5.23

.22 6.50 −50 33 6.24

.95
5.00 25

122 6.24
.00 111 6.43
.98 122 6.38

.95 5.00 −50 122 5.59

ed specimen after dynamic shear deformation.
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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 (δ is the displacement, ξ is
the thickness of the shear band, γ is the shear strain and ε is the true strain)

Sample Temperature (◦C) δ (mm) ξ (�m) γ = (δ/ξ) ε

A-1
25

0.48 133.4 3.62 1.21
A-2 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
ig. 2. Electron channeling contrast image of longitudinal section (rolling plane)
f the initial Ti-stabilized IF steel plate. RD and TD refer, respectively, the rolling
nd transversal direction.

. Results and discussion

.1. Starting material

The starting material was evaluated in terms of its microstruc-
ure and texture. Results showed the existence of a very weak and
iffuse (random) texture in the hot-rolled plate resulting from
he transformation of austenite into ferrite polygonal structure
fter air-cooling. The microstructure of the IF steel plate consists
f a ferritic matrix and Ti-rich particles. The average orienta-
ion density (OD) found in the hot-rolled plate was about 3.42.
ardness results showed a mean value of 98 ± 13 Vickers. In the

olling plane, hardness was about 109 ± 6 Vickers whereas this
alue dropped to about 86 ± 4 Vickers in the transverse section,
.e. the plane containing both the rolling (RD) and the normal
irections. A comparison between the linear intercept method
y EBSD technique and a traditional quantitative metallography
etermination using LOM was performed to estimate the grain
ize. Good agreement was observed when comparing the results
btained from both techniques. According to both methods the
rain size was equal to 55 ± 6 �m. Fig. 2 shows a micrograph
f the rolling plane (RD–ND section).

.2. Deformed state

Fig. 3 shows the stress–strain response of IF steel at strain
ates ranging from 0.001 to 3200 s−1 at temperatures varying
rom −196 to 300 ◦C. It is well known that body-centered
ubic (bcc) metals display strong temperature sensitivity to
heir stress–strain response. The stress–strain curves in Fig. 3
isplay considerable strain rate sensitivity driven by strong
eierls–Nabarro stresses, and its associated strong thermal acti-
ation energy dependence. Pérez-Prado et al. reported similar
ehavior in dynamically compressed tantalum and Ta–10 wt%

alloy at strain rates varying from 0.001 to 10,000 s−1 at
emperatures from 25 to 525 ◦C [15]. These results showed
a–10 wt% W alloy was less sensitive to the thermal softening

isplayed by pure tantalum strained in the same conditions.

The width of the shear band (ξ) within the samples was deter-
ined using LOM and confirmed by SEM. The results are shown

n Table 2 along with the calculated values of the shear (γ) and

B
B

B

ig. 3. Stress–strain response at several temperatures for strain rates varying
rom 0.001 to 3200 s−1 for IF steel.

ongitudinal (ε) strain components. The conversion from shear
train to longitudinal strain (ε) has been calculated with the aid
f the following equation:

= ln

(
γ2

2
+ γ + 1

)1/2

(1)

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

Fig. 4 shows a general view of the deformed shear region in
ifferent test conditions. The irregular shape of the shear bands
nd their respective macroscopic displacement (δ) in the shear
egions are revealed in these micrographs. Therefore, it is well
nown that the shear strain varies along the thickness of the shear
and. Chen et al. [12] pointed out the problems that arise when
he thickness of the shear band ξ, is determined as indicated in
ig. 1b.
25-2 1.98 161.6 12.26 2.24
-3 2.06 126.3 16.29 2.51

-4 −50 1.88 80.9 23.25 2.85
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ig. 4. General view of the shear region in samples: (a) A-3 and (b) B-3. The sh
lane (SEM-BSE).

ensitive to temperature and strain rate conditions, and our
eformation conditions associated with the dynamic loading
t low temperatures (25 and −50 ◦C) facilitates the occurrence

f deformation twinning as an alternative deformation mode
o dislocation slip. The size and morphology of the deforma-
ion twins vary from one region to another within the same
pecimen. These twins are bounded by incoherent interfaces

w
d
t
t

ig. 5. Micrographs showing deformation twins in samples: (a) A-2, (b) A-4, (c) B-
PN stands for shear plane normal (SEM-BSE, 20 kV).
rection (SD) in the micrograph is the vertical one. SPN stands for shear normal

nd exhibit a lenticular shape independent of the test tempera-
ure. A slight increase in volume fraction of deformation twins
as noted in specimens deformed in cryogenic conditions. It

as also observed that deformation twins become thinner with
ecreasing test temperature; however the volume fraction of
wins was not quantitatively determined in the present inves-
igation. Mechanical twinning gains importance because of the

3 and (d) B-4. The shear direction (SD) in the micrograph is the vertical one.
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trengthening provided by the increasing number of barriers for
islocation motion in metals. The literature reports that twin-
ing in bcc metals is preferentially associated with{1 1 2}planes
ather than with {1 1 0} [34]. Deformation twinning is also grain
ize dependent in high strain rate processes. As a general trend,
he twinned volume fraction increased with increasing strain.
he literature also reports the presence of deformation twins
t different temperatures and strain rates in pure iron (single
nd polycrystals) and extra-low-carbon steel without microal-
oying elements [17,21,35–38]. Bowed twins in grains close to
he adiabatic shear bands (marked by white arrow in Fig. 5d)
ere observed in all of the specimens. This peculiar morphology

trongly suggests that deformation twinning occurs before the
ow associated to shear band over the microstructure. Meyers et
l. [39] reported similar findings in �-Ti after shear deformation.

Figs. 6 and 7 display the micrographs taken within the adi-
batic shear bands. Voids, blunt cracks and others damage
nduced by high strain rate deformation processes are also seen
n the shear region (Fig. 6c). A similar behavior was observed
n adiabatic shear bands in the AISI 4340 steel deformed at

.8 × 106 s−1 with accumulate shear deformation about 3.92
20]. The literature reports that the morphology of the voids can
e associated with the ductility of the material at high strains.
rebe et al. [10] reported the voids observed in Ti–6Al–4V as

d
r
i
t

ig. 6. Micrographs showing details of the microstructure of ASB in samples: (a) A
he vertical one. SPN stand for the shear plane normal (SEM-BSE).
ngineering A  457 (2007) 205–218

aving a spherical morphology after impact ballistics experi-
ents. Similar findings were observed in our IF steel specimens

n the shear deformation zone.
Many authors report that the microstructural characterization

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

The data in the plots of stress–strain curves (Fig. 3) was used
o estimate the temperature rise during adiabatic dynamic com-
ression tests of this IF steel incorporating the work of plastic

eformation. The temperature rise certainly plays an important
ole in the recovery processes during straining and further cool-
ng down to room temperature. There is no direct experimental
echnique to measure this increase in temperature due to the

-2, (b) A-5, (c) B-3 and (d) B-4. The shear direction (SD) in the micrograph is



J.F.C. Lins et al. / Materials Science and Engineering A 457 (2007) 205–218 211

F : (a) A
(

s
t
Z
a
o
a

σ

w
b
r
s
t
h
i
s
t
s
m
d
A

T

w
i
(
c
b
E
g
c
o

c
d
r
a
u
t
i
l
r

s
mens is the presence of an equiaxed grain structure strip within
shear bands (Fig. 6c 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
ig. 7. Micrographs showing details of the microstructure of ASB in samples
TEM, bright field, 100 kV).

hort duration of the compression tests and boundary condi-
ions. The determination of the coefficients and exponents of the
erilli–Armstrong constitutive equation was done by regression
nalysis technique that determines the best-fit parameters for all
f the data. Eq. (2) gives the constitutive equation used for this
nalysis:

= σo + C1 exp[−C2T + C3T ln(ε̇)] + C4ε
n (2)

here σo, C1, C2, C3, C4 and n are the parameters determined
y regression analysis procedure, ε̇ is the true imposed strain
ate, T is the temperature and σ and ε (Table 2) are the stress and
train, respectively. It is worth mentioning that due to uncertain-
ies associated with shear area and shear displacements within
at-shaped specimens, the temperature rise was calculated by
ntegrating the Zerilli–Armstrong constitutive equation using the
hear band deformation conditions, and assuming a portion of
he work is converted to heat, represents an estimate of the actual
hear band temperature. In problems of high strain rate defor-
ation, it can be assumed that typically ∼90% of plastic work

one during dynamic deformation produces heat [5]. Thus, the
SB temperature rise can be estimated using the expression:

= 0.9

ρCp

∫ εf

0
σ dε (3)

here ρ is the material’s density, Cp the heat capacity and σ
s given by the Zerilli–Armstrong constitutive equation (Eq.
2)) integrated from 0 to the final strain (εf). The results of this
alculation are depicted in Fig. 8. This final strain is obtained
y converting shear strain in the shear band to axial strain via

q. (1). Fig. 8 shows clearly that when the shear strains are
reater than 5.84 (sample A-4) the estimated temperature rise
an attain about 1000 ◦C. In theory, this instantaneous amount
f heat coupled with the elevated local dislocation density

F
t

-1 (lamellar structure), (b) A-4 (lamellar structure and elongated subgrains)

ould run away both recrystallization and/or recovery process
uring the deformation process of the IF steel. At low strain
ates it is well-documented that dynamic recrystallization is
common feature during the hot-rolling stage (∼1070 ◦C) of

ltralow-carbon steels [40]. In addition, the average time dura-
ion (∼77 �s) of the tests and consequently the temperature rise
n adiabatic conditions is reported in the literature as generally
ower than the minimum time required to associate with static
ecrystallization process [41].

In contrast to the fine lamellar structure found in most of the
amples, a striking feature observed in some deformed speci-
ig. 8. Calculated temperature rise for IF steel as function of shear strain using
he Zerilli–Armstrong equation.
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t this time. Several studies reported the occurrence of recrys-
allization under high strain rate conditions in various materials
7,15,23]. The mechanism known as rotational dynamic recrys-
allization, formerly proposed by Derby [42] and later modified
y Meyers et al. in [16], is a likely mechanism to explain this new
rain structure within ASB incorporating the dislocation ener-
etics in the model. The microstructural evolution involved in
his mechanism can be summarized as follows: (i) rearrangement
f dislocations into elongated cells with increasing strain; (ii)
he thermal activation provided by the temperature rise and the
evelopment of increasing misorientations transform these cells
nto elongated subgrains bounded by many high-angle lamel-
ar boundaries; (iii) subdivision of these elongated structures
ith the creation of geometrically necessary boundaries associ-

ted to local crystal rotations [16]. These aspects are captured
umerically in the work of Hines et al. [28].

Hines et al. [28] proposed a mechanical subgrain rotation
odel to account for the recrystallized grains within ASB in
number of materials. The model is based on a ‘bicrystal’

pproach using crystal plasticity theory to predict the evolution
f subgrain misorientations. These mechanically induced rota-
ions were shown to occur under the high strain rate associated
ith adiabatic shear band formation. Recrystallized grain for-
ation was proposed to occur by the formation and mechanical

otation of subgrains during deformation, coupled with bound-
ry refinement via diffusion during shear band cooling. After
he deformation process, the boundary refinement occurs by
educing the excess dislocation dipoles promoted mainly by dis-
ocation climb during the cooldown stage. This model is referred
o as progressive subgrain misorientation (PriSM) recrystalliza-
ion and appears to account for shear band microstructures in

variety of metals. Hines and Vecchio [7,28] have shown by
areful thermal diffusion calculations of dislocation structures in
hear bands that there is insufficient time during the deformation
eriod of shear band formation to achieve any significant dislo-
ation annihilation and boundary refinement. However, since the
hear band temperature rise is fairly high and the cooling period
f the shear band is significantly longer than the deformation
ime, it is quite reasonable, kinetically speaking, to achieve sig-
ificant dislocation annihilation and boundary refinement during
he cooling period of the shear band. The only significant differ-
nces between these various mechanisms related to whether one
elieves that the formation of the equiaxed structure with refined
igh-angle boundaries occurs entirely during the deformation
ime (dynamic recrystallization [28]) or whether the misorien-
ation portion of the recrystallized structure occurs during the
eformation time and the majority of the dislocation recovery
nd boundary refinement occurs during the cooling period [29].

.3. Deformation microtexture

Conventional EBSD has proved being a suitable technique to
nvestigate the grain subdivision behavior displayed by grains

n the vicinities of the shear bands. However, due to the large
tored energy in the lamellar structure found within ASB, most
f Kikuchi patterns obtained using conventional SEM-EBSD
re diffuse. As a consequence, the corresponding orientation

f
p
o
w

ngineering A  457 (2007) 205–218

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

.3.1. Group A
The EBSD characterization was performed on specimens of

roup A. Fig. 9 shows the results of the EBSD mapping in sam-
le A-3 (γ = 3.4). The OIM map was performed in five areas with
step size of 0.1 �m. The average width of the shear band in

his orientation map is about 112 �m. This figure shows details
f the lattice rotations within the shear band and long-range
nternal stresses associated to grain subdivision in the vicinity
f the shear localization. The sharp Kikuchi patterns could be
btained within a shear band and the respective pole figures have
hown a gradual lattice rotation around �-fiber to accommo-
ate the severe plastic deformation imposed. This lattice rotation
an be observed in terms of the reorientation around the shear
lane normal direction (SPN) in relation to the ideal orientation
1 1 0〉//SD (�-fiber). SD stands for shear direction. It is worth to
entioning that the morphology of this shear band is very irreg-

lar in contrast with other samples deformed to larger strains
Group B). Take note of a nearly [4̄ 1̄ 3]-oriented deformation
win bending towards the shear localization within an [2 1̄ 0]-
riented grain. It represents a simple example of the many twins
ound throughout the microstructure. The literature reports that
everal twinning systems can operate under compressive loading
nd exhibit a complex orientation-dependency [44,45]. It can be
oncluded that the shear band displays a strong heterogeneous
haracter in terms of the grain fragmentation and for this level
f shear strain only recovery mechanisms could be observed.
here is so sign of recrystallized grains within the ASB.

In copper, dynamic recrystallization was observed to occur at
certain value of shear strain (γ ≈ 4, at a strain rate of 4.104 s−1)

7]. However, Ta and Ta–10W alloys do not exhibit a new recrys-
allized structure within regions of highly localized deformation
n the hat-shaped specimens deformed to an equivalent shear
train [15]. As mentioned before, one would expect that recrys-
allization become noticeable at a shear strain of approximately
.85 (sample A-4) in IF steel due to the significant tempera-
ure rise. Two EBSD mappings were performed to investigate
he possible presence of recrystallized grains within the shear
egion of sample A-4. Contrasting to sample A-3, the ASB

ound in sample A-4 (Fig. 10a) displays a more uniform mor-
hology and was mapped with a step size of 0.1 �m. It can be
bserved that some degree of subdivision (long-range stresses)
ithin the adjacent grains and the presence of slip bands and
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ig. 9. High-resolution EBSD results of sample A-3 showing image quality (IQ
rea marked (white rectangle) in IQ map, respectively.

eformation twins. The literature reports that these bands appear
ithin grains and exhibit a well-defined crystallographic direc-

ion [44,45] and deformation twins are reported quite often [34].
t is important to note that under large strain rates, these slip
ands were also found. Fig. 10a shows the microstructure of

he ASB in sample A-4 consisting on fine lamellar boundaries,
longated subgrains and many ultrafine recrystallized grains. As
entioned before the TEM micrographs also showed the same

amellar boundaries and elongated subgrains. These ultrafine-

f
A
t
e

version of the OIM (not shown in this paper) and {1 1 0} pole figures of each

rained structures could be clearly distinguished in the deformed
icrostructure in the quality image maps from EBSD. The sec-

nd OIM map (Fig. 10b) shows that the new grain structure
as a mean size of about 0.3 �m. These results strongly sug-
est that these new grains have their origin closely related to

ormer lamellar structure. The analysis of microtexture within
SB (Fig. 10c) indicates a weak component near [1 2̄ 2]. In

his orientation map, the fraction of boundaries with misori-
ntations comprised in the interval 15◦ ≤ψ < 180◦ was found to
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Fig. 10. OIM results of the shear region of the sample A-4: (a) OIM and image quality map, (b) orientation map of ASB indicated in (a) showing high (thick black
l ure c
d e. SP
r

b
a
p
s
m
p

i
g

ine) and low angle character (fine black line) of boundaries, (c) {1 1 0} pole fig
isplayed in (b). The shear direction (SD) in the micrograph is the vertical on
ectangles indicate slip bands in (b).

e lower than 35% (Fig. 10d). Due to the high fraction of low
ngle boundaries and the presence of elongated subgrains, it is

lausible considering sample A-4 underwent dynamic recovery
upported by lamellar boundaries refinement with the develop-
ent of a small fraction of new ultrafine grains. Furthermore, the

resence of a clear texture (around the �-fiber) within the ASB

(
g
fi
t

orresponding to the mapped area showed in (b) and (d) boundaries distribution
N stand for the shear plane normal. Note that the areas marked within white

ndicates that the new grains do not result from a nucleation and
rowth or from a diffusion-controlled recrystallization process

neither static recrystallization by nucleation and growth or sub-
rain coalescence). In contrast, the presence of the consistent
ber texture supports the idea of the new grains evolving from

he plasticity of the shear region, and is therefore consistent with



J.F.C. Lins et al. / Materials Science and Engineering A 457 (2007) 205–218 215

Fig. 11. OIM results of the shear band of the sample B-3: (a) OIM and image quality map, (b) ODF showing ϕ2 = 45◦ corresponding to ultrafine grains and lamellar
structure, (c) enlarged view of the region marked in (a) (white dashed rectangle) and (d) {1 1 1} pole figure corresponding to region scanned in (c). The shear direction
(SD) in the micrograph is the vertical one. SPN stand for the shear plane normal.
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Fig. 12. OIM results of the shear band of the sample B-4: (a) OIM and image quality map, (b) microtexture corresponding to ultrafine grains and lamellar structure
in (a) and (c) grain size distribution of the new grain structure displayed in (a).
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he dynamic shear deformation leading to subgrain development
nd their rotation, simultaneous with (dynamic) or followed by
static) boundary refinement associated with recovery processes;
he latter being consistent with the progressive subgrain mis-
rientation mechanism proposed by Hines et al. [28] and the
ecovery kinetics calculations of Hines and Vecchio [7].

.3.2. Group B
SEM shows the presence of a fine-grained structure in the

entral region of the ASB (sample B-3) in Fig. 6c. These new
quiaxed grains are surrounded by a well-developed lamellar
tructure, typically found in metals deformed to large strains.
he width of the ASB displaying the recrystallized structure is
bout 30 �m. A small step size (0.1 �m) was used to perform
his orientation mapping (Fig. 11a). Results show the presence
f regions with low density of defects (grains) within the lamel-
ar structure as can be clearly identified by the image quality
IQ) map. The average misorientation across these lamellar dis-
ocation boundaries is about 55◦ (high-angle character). The
amellae spacing found in the shear band is about 0.2–0.3 �m.
he orientation distribution function (ODF) of the recrystallized
rains within the ASB indicates a clear and strong �-fiber tex-
ure and a weak �-fiber (Fig. 11b). The mean grain size in this
ecrystallized structure is about 0.45 �m. The striking aspect in
hese findings is the similarity between the texture displayed by
ecrystallized grains within the ASB and the recrystallization
exture frequently reported in IF steels processed by cold rolling
ollowed by isothermal annealing [30].

The white dashed rectangle marked in Fig. 11a shows the
resence of an interesting region within ASB. It is possible to
bserve very tiny strips in the left part of a well-defined recrys-
allized band (below 1 �m in thickness). The microstructure
ithin these tiny strips differs from the surrounding recrystal-

ized areas. An interesting microstructure consisting of a few
amellae containing elongated subgrains can be seen within these
trips (Fig. 11c). Note the large fraction of high-angle bound-
ries in the substructure marked by black lines. The microtexture
orresponding to this strip, in particular, also belongs to a weak
-fiber (Fig. 11d). It is worth mentioning that only a few crystal-

ites were taken into account to determine the {1 1 1} pole figure.
evertheless, the presence of a weak microtexture and lamellar
oundaries associated with the elongated subgrains found in this
egion strongly suggests the occurrence of dynamic recovery as
iscussed in the samples of Group A, in particular, sample A-4.

In order to resolve details of the microstructure, sample B-4
as also mapped via field emission microscope interfaced with
BSD system. This specimen was chosen because of the pres-
nce of a clear grain structure within a shear band resolved by
EM (see Fig. 6d). Fig. 12a shows the orientation map performed

n the shear region and reveals details of the microstructure
here recrystallized grains with equiaxed morphology are seen

mbedded in the fine lamellar structure of the shear band. The
ecrystallized grains are confined within a 30 �m wide region

aking about 26◦ with SD. This orientation map was performed

n area of 70 �m × 90 �m with a step size of 0.1 �m. The fine
nd thick black lines in the OIM mark, respectively, low and
igh-angle boundaries. In the vicinity of the sheared region (red

f
p
d
fi
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rain), we note the presence of a well-defined (left part) subgrain
tructure. The mean subgrain size in this 56◦[1 0 0]-oriented
rain is about 1 �m. Deformation twins bending towards the
hear direction are noticeable in the left part of the OIM. In
he right part of the OIM, one can notice this region display

stable pattern in terms of grain subdivision. The literature
eports that this behavior could be described in terms of active
lip systems of grains oriented near {0 1 1}〈1 1 1〉//SD that do
ot undergone several rotations under severe shear deformation.
he {0 1 1}〈1 1 1〉-slip system have the highest resolved shear
tress for bcc metals.

Based on the ODF shown in Fig. 12b the orientation of the
ltrafine grains belongs to the �-fiber. In contrast with the results
bserved in sample B-3, the lamellar structure is weakly ori-
nted to the �-fiber as shown in the {1 1 1} pole figure. The
iterature reports that the final and stable orientation for ASB is
round 〈1 1 1〉. This result could also indicate an intense restora-
ion process within the lamellae (dynamic recovery) lowering
he intensity of the �-fiber. It is worth mentioning that we have
ropped a region within the ASB containing only recrystallized
rains and only these grains were accounted for the determina-
ion of the mean grain size and corresponding local textures. It
an be concluded that the new recrystallized grains (about 5000
rains) have a mean grain size of about 0.49 �m (Fig. 12c).

For the first time, the microstructure, in terms of both appar-
nt grain size and grain orientation (or texture) of an induced
hear band has been revealed in a statistical basis due to high
patial resolution of the FEG-EBSD technique. The results pre-
ented in this paper support progressive subgrain misorientation
ecrystallization [28] coupled with grain boundary refinement
ia recovery processes during the dynamic shear band formation
n the IF steel. This mechanism could satisfactorily explain the
evelopment of the new ultrafine grain structure within the ASB.
any authors report evidence supporting this mechanism based

n a quite limited statistical basis provided by TEM observa-
ions. The effect of temperature rise, strain rate and large strains
mposed could explain the differences of the volume fraction of
he recrystallized grains and the differences in texture observed
n the two sets of sample examined here.

. Conclusions

Hat-shaped specimens of a hot-rolled IF steel were dynam-
cally compressed in a split Hopkinson bar at high strain rates
o induce the formation of adiabatic shear bands. Deformation
wins were found throughout the microstructure, in particular
lose to the shear bands. The volume fraction of twinned grains
as larger in the samples deformed at cryogenic conditions

50 ◦C). The presence of deformation twins bending towards
he shear direction strongly suggests that mechanical twinning
ccurs before the flow associated to shear banding. FEG-SEM-
BSD results show that most grains adjacent to the shear bands
ubdivide into a well-defined subgrain structure. An interesting

eature observed in many specimens, independent of test tem-
erature, was the presence of an equiaxed grain structure with
istinct textures: a weak and sharp �-fiber (Group A) and �-
ber (Group B) within the ASB. Furthermore, the presence of
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longated subgrains and grains aligned with the shear direction
n the former lamellar structure within the ASB also supports
he occurrence of Progressive subgrain misorientation (PrisM)
ecrystallization to explain the development of the ultrafine-
rained structure.
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Mater. 51 (2003) 1307–1325.
24] G.R. Johnson, W.H. Cook, Eng. Fract. Mech. 21 (1985) 31–48.
25] F.J. Zerilli, R.W. Armstrong, Acta Metall. Mater. 40 (1992) 1803–1808.
26] S.R. Bodner, Y. Partom, J. Appl. Mech. 42 (1975) 385–389.
27] P.S. Follansbe, U.F. Kocks, Acta Metall. 36 (1998) 81–93.
28] J.A. Hines, K.S. Vecchio, S. Ahzi, Metall. Trans. A 29 (1998) 191–203.
29] F.J. Humphreys, J. Mater. Sci. 36 (2001) 3833–3854.
30] R.K. Ray, J.J. Jonas, Inter. Met. Rev. 39 (1994) 129–172.
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