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This  paper  presents  an  in-depth  investigation  into  the  formation  mechanisms  and  microstructures  of
adiabatic  shear  bands  (ASBs)  in  hardened  AISI 1045  steel  induced  by high  speed  machining  (HSM).  A sys-
tematic  analysis,  both  experimentally  and  theoretically,  shows  that  a low  cutting  speed  leads  to  deformed
ASBs,  and  a high  cutting  speed  results  in transformed  ASBs.  The  formation  mechanisms  of  the two  types
of ASBs  are  fundamentally  different.  A  deformed  ASB  is  simply  due  to severe  plastic  shear,  but  a  trans-
formed  ASB  involves  a process  of reorientation  and  elongation  of  the  martensite  laths  in  the  hardened
steel,  and  the  partitioning  of  elongated  subgrains.  It  was  found  that  a dynamic  rotational  recrystallization
diabatic shear band
icrostructure evolution

ecrystallization
errated chip
quiaxed grains
ubgrain
rain reorientation

is  likely  the  origin  of  the  equiaxed  grains  in the  center  of  a transformed  ASB.
© 2011 Elsevier B.V. All rights reserved.
. Introduction

High speed machining (HSM) has many advantages such as
ts high productivity and good quality in surface finish. As such,
SM has recently been used in aircraft, aerospace, automotive,
ie/mould-making and defense industries. However, it has been
ound that the serrated chipping associated with HSM has a signifi-
ant influence on the cutting force, cutting temperature, tool wear,
nd surface integrity of the machined elements. Experiments have
hown that in the primary shear zones of a serrated chip, adiabatic
hear bands (ASBs) appear. The studies have concluded that it is the
SBs that make the serrated chipping.

In mechanical terms, an adiabatic shear is the result of
hermal–mechanical instability in a material, localized in an
xtremely narrow band, when thermal-softening exceeds strain
ardening. This phenomenon has been often observed in the
eformation of materials subjected to various high-strain-rate

onditions such as ballistic impact [1–5], explosive fragmen-
ation [6–10], dynamic compression [11–17] and torsion [18],
olling [19,20] and welding [21]. These materials include steel
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[3,5,7,10,13,14,20],  aluminum alloys [4,6], magnesium alloys
[1,20,21], tantalum alloys [16], copper [17], titanium alloys
[2,8,9,11,12] and Ni-based alloys [18]. Two  types of ASBs have been
reported based on optical microscopy studies, i.e., the ‘deformed
shear bands’ and the ‘transformed shear bands’  [22–24],  of which
the former is caused by large plastic deformation and the latter, as
the name stands, is associated with microstructural changes. The
transformed shear bands are also called the ‘white-etching bands’
sometimes, because of their ‘white’ color due to the formation of
fine grains in ASBs, although such color-based justification is inac-
curate. Recent studies have found that the formation of various
microstructures in ASBs depends on materials and deformation
processes [22]. The investigations have also reported that ASBs can
have a broad range of microstructural alterations, such as recrys-
tallization, phase transformation and amorphization [24].

To reveal the formation mechanism of ASBs in high speed
machining, a thorough microstructural analysis under electron
microscopy is important. Nevertheless, due to the difficulties in
specimen preparations (particularly those for TEM analysis), very
few investigations on the microstructures of ASBs in serrated chips
have been conducted. Duan et al. [25–27] studied the microstruc-
tures in the ASBs of HSM chips of high strength steels using SEM and

TEM, and found that the transformed bands contained equiaxed
grains of about 0.1 �m in diameter. They suggested that the re-
crystallization and phase transformation could be simultaneous
during the formation of the ASBs. Puerta Velasquez et al. [28]

dx.doi.org/10.1016/j.msea.2011.10.071
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:liangchi.zhang@unsw.edu.au
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Fig. 1. Sketch map  of preparation for TEM film sample of sawtooth chip.

on their different microstructural features. One of them (Fig. 3) has a
highly localized straining zone with a width of about 50 �m.  In this
zone, however, the material has shown no sign of a phase change,
12 C.Z. Duan, L.C. Zhang / Materials Scien

nalysed the HSM chips of the Ti6Al4V alloy using SEM and EBSD,
ut concluded that no phase transformation took place in the ASBs,
lthough they did not investigate the details of the microstruc-
ure. Some studies reported that the shiny zone in the ASBs of
arious steels could be re-crystallized fine structures with an asso-
iated dissolution of carbides, resulting in an increased resistance
o etching [29]. These features were roughly defined as phase
ransformation products. In the formation of ASBs in HSM, the
hermo-mechanical deformation of a metal involves large strain,
igh strain rate and very localized heating. The process is so com-
lex that many fundamentals, such as the following, remain open:

1) What is the microstructural evolution process in an ASB gener-
ated during HSM?

2) What is the mechanism of re-crystallization, if any?

This paper aims to answer these questions. To explore the met-
llurgical details of individual microstructural zones in the ASBs of

 serrated chip, the microstructural evolution leading to the ASBs
ill be characterized.

. Experimental

.1. Machining setup

AISI 1045 steel was used in this study. A steel ingot before heat
reatment was machined into a cylindrical tube workpiece with its
xternal diameter of ∅153 mm and wall thickness of 2.5 mm.  A heat
reatment was then conducted under the following conditions and
rocedures: heating the workpiece to 850 ◦C in vacuum and main-
aining this temperature for 70 min; then quenching it in salt water,
ollowed by a tempering at 360 ◦C for 5 h. The obtained hardness of
he workpieces was HRC 50. The cutting tool was a carbide blade,
T15. The HSM was conducted as dry turning on lathe CA6140.

n order to keep the sharpness of the cutting tool noses, the cut-
ing tool inserts were replaced as required during the experiment.
he cutting conditions used were: cutting speed v = 48–538 m/min,
epth of cut ac = 0.15 mm and tool rake angle �0 = −10◦. The cut-
ing and thrust forces, Fc and FT, were measured by a piezoelectric
ynamometer.

.2. Chip sample preparation for microscopy analysis

A collected chip was first set into the bakelite powder hori-
ontally with a side surface on top to expose its sawteeth. After
rinding, polishing and eroding, the morphology and microstruc-
ure of the chip were examined under a Neuphot-II optical

icroscope and JSM-5600LV SEM to allow measuring the height
f the chip and its sawteeth, the separation angles between the
hear band and the bottom of the chip, and the shear band width.

The chip specimens for TEM analysis must be prepared sepa-
ately for examining the microstructures of the ASBs. Because a
hip is very thin, it is difficult to handle and allocate its side surfaces.
hus before thinning a chip down, its top and bottom surfaces (see
he illustration in Fig. 1) were first electroplated by Nickel to a cer-
ain thickness to make the specimen manageable. The specimens
ere then glued to a flat metal plate for grinding and polishing to a

hickness of about 50 �m.  The ASB zones in the chips were further
hinned down by focused ion beam milling to a thickness suitable

or TEM analysis. The microstructural examinations in ASBs were
one on at least 3 samples to ensure the reliability of the results.
he examinations were performed on an H-800 analytical TEM,
perated at 200 kV with L� = 24.33 mm Å.
Fig. 2. An optical image of a ribbon chip (cutting speed v = 46.2 m/min).

3. Results and discussion

3.1. Microstructural analysis

Fig. 2 shows a smooth ribbon chip produced at a low cutting
speed, 46.2 m/min. The entire chip thickness is relatively uniform.
The chip deformation is in the form of homogeneous glide. No
deformation localization was observed. Figs. 3 and 4 show that as
the cutting speed increases (240.3 m/min and 432.6 m/min), ser-
rated chipping took place. ASBs appear regularly in the primary
shear zones between the sawteeth. The ASBs are of two types based
Fig. 3. An optical image of a serrated chip with deformed shear bands (cutting speed
v = 240.3 m/min).
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ig. 4. An optical image of a serrated chip with transformed shear bands (cutting
peed v = 432.6 m/min).

ut has experienced severe plastic shear with a high density of slip
ines. Therefore, this type of ASBs is the deformed shear bands.
he second type of the ASBs observed (Fig. 4), of about 10 �m in
idth, show bright, smooth and white bands of morphology after

rosion. The materials within the bands have distinct characteris-
ics of a microstructural change during the adiabatic temperature
ise. These are therefore the transformed shear bands. It is worth
oting that the deformed shear bands formed under lower cut-
ing speeds (e.g., v = 240.3 m/min), but the transformed shear bands
merged under higher cutting speeds (e.g., v = 432.6 m/min), indi-
ating that the deformed and transformed shear bands occurred
nder different strain rates when the other cutting conditions are
he same.

Figs. 5 and 6 are the SEM micrographs showing the details of
he ASBs in Figs. 3 and 4, respectively. In Fig. 5, it can be seen that
here is not a clear boundary between the deformed band and the
urrounding material. The microstructure in the ASB was  clearly
longated along the shear direction, indicating that the material in
he deformed band had experienced a large plastic deformation.
pproaching the center of ASB, the glide lines become denser. This
uggests that the deformation in the center is much severer. The
ormation mechanism of such microstructures can be described as
ollows. Due to the high strain hardening effect, a great number

f mobile dislocations were initiated and accumulated during the
SM in the primary shear zone to produce the deformed bands.
s a result, the deformed band contains elongated and broken

ig. 5. An SEM image of a deformed shear band (cutting speed v = 240.3 m/min).
Fig. 6. An SEM image of a transformed shear band (cutting speed v = 432.6 m/min).

microstructures, but without a phase change because at a low cut-
ting speed the local adiabatic temperature rise is insufficient.

However, a transformed shear band (Fig. 6) has a well-defined
width of distinct boundaries, indicating a different formation mech-
anism from that of a deformed band. An important feature is that
the microstructure change from the band center to the surround-
ing chip material can be divided into three obvious zones, say A,
B and C, as denoted in Fig. 6, where A represents the central zone
of the band, C is the surrounding chip material, and B is the tran-
sitional zone from A to C. It is clear that the chip material (i.e.,
the material in zone C) experienced very little deformation and
keeps almost its original structure. In the transitional zone B, the
grains were elongated along the shear direction, which is similar
to the characteristic in the deformed band mentioned above, and
imply that the microstructure in the transitional zone can be an
intermediate stage during the sequence of microstructural rear-
rangements leading to the transformed band. In the central zone A,
the microstructure of the material becomes very different, showing
very fine non-deformed structures as the result of localized sever
shear and grain refinement.

To further explore the details of the microstructures, we  car-
ried out a series of TEM analysis. Fig. 7(a) shows the more detailed
microstructure at the center of the deformed band. It can be seen
that the martensite laths were elongated along the shear direction
and were broken. There are dense dislocations between the laths.
Fig. 7(b) shows the regular diffraction pattern of [1 1 1] zone axis of
martensite, without any austenite diffraction spots. These indicate
that the deformed shear band contains broken, tempered marten-
site due to large plastic shear. The temperature rise in the band
had not exceeded the recrystallization or austenitization temper-
ature; thus no recovery, recrystallization or phase transformation
took place.

Fig. 8 shows the TEM images of the materials in zone C of Fig. 6.
The original martensite laths are confirmed by the bright field
image as seen in Fig. 8(a). The corresponding diffraction pattern
in Fig. 8(b) shows a regular diffraction lattice of [1 1 1] zone axis
of the martensite. Dislocations distribute inside and between the
laths. A few twins also appear within the laths. These demonstrate
that dislocation slipping was the main mechanism of plastic defor-
mation because of the relatively lower strain and strain rate levels
that the materials in this zone had experienced. Hence, the original
morphology of the martensite lath in this zone was retained.
Figs. 9 and 10 show the microstructures of the materials in the
transitional zone B in a transformed shear band. Fig. 9(a) displays
the lath structure of the material at a point away from the band cen-
ter. It can be seen that these laths are intensely elongated along the
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Fig. 7. TEM images of a deformed shear band. (a) The bright field image showing the broken and elongated martensite laths, and (b) the corresponding SAED pattern.

Fig. 8. TEM images of surrounding chip material C near the transformed shear band. (a) The bright field image showing the common martensite laths, and (b) the corresponding
SAED  pattern.

Fig. 9. TEM images of the material in the transitional zone B in a transformed shear band. (a) The bright field image showing the severely elongated martensite laths along
the  shear direction, and (b) the corresponding SAED pattern.
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ig. 10. TEM images of the material in the transitional zone B but near the center of
y  dislocations, and (b) the corresponding SAED pattern.

hear direction. The dislocations are mostly at the lath boundaries.
nside the laths the dislocation density is relatively low and the slip
races are distributed homogeneously. The deformation in this zone
s clearly not severe, and hence the dislocation density is not high.
he diffraction pattern in Fig. 9(b) shows that the microstructure
f the material in this zone is a tempered martensite structure.

On the other hand, the materials in the transitional zone adja-
ent to the band center of the transformed shear band contain
roken and elongated martensite laths in the shear direction, as
hown in Fig. 10(a). A large number of dislocation tangles exist
etween and inside the laths. The areas which have high dislocation
ensities divide the elongated laths into many smaller sub-regions.
he diffraction spots are slightly elongated, as shown by Fig. 10(b),
ndicating that the material was subjected to a larger plastic defor-

ation, but its crystallography structure was retained and no phase
hange took place because the recrystallization temperature in this
one had not been reached.

Figs. 11 and 12 display the microstructure of the material in
he central zone A in a transformed band. The material in the area
lose to the transitional zone B contains many subgrains with a high
ensity of dislocations. The lath morphology disappears, which

s similar to the recovery structure under thermal deformation,
ig. 11(a). The diffraction pattern changes from the regular lattice
o discontinuous rings, Fig. 11(b). Fig. 12 shows that the material at
he center of the transformed shear band contains many equiaxed
rains of 0.4–0.6 �m in diameter. The dislocation density in such
rains is relatively low. These grains, however, have a high angle
f misorientation, and are similar to a structure from recrystal-
ization, although their size is smaller than that of the statically
ecrystallized grains, as shown in Fig. 12(a). The ring-like electron
iffraction pattern with intermittent spots, Fig. 12(b), demonstrates
hat these grains are of polycrystalline with random orientations.
he indexing of the polycrystalline diffraction rings shows that
hese equiaxed grains are composed of martensite and cementite
ithout residual austenite, indicating that a phase transformation

hould not have occurred there.
In summary, the above observation and analysis show that

here are significant differences between the microstructures in the
aterials in a deformed shear band and a transformed shear band,
lthough both types of ASBs are the manifestations after localized
hear. This is because their formation mechanisms are essentially
ifferent. Since the mechanism to form a deformed shear band is
traightforward, i.e., via a severely localized shear, our discussion
formed shear band. (a) The bright field image showing the martensite laths divided

below will focus on that of the transformed shear band. A trans-
formed ASB consists of three zones, the central zone A containing
very fine, equiaxed grains with dislocation substructures, the tran-
sitional zone B composed of broken subgrains and elongated laths
along the shear direction, and the slightly deformed zone C. In both
B and C, the materials retain the original regular martensite struc-
ture.

For convenience, in the following discussion, we will call the
transformed shear band a shear band or an ASB without further
distinction.

3.2. Microstructural evolution

The above findings provide a good understanding of the mech-
anism of microstructural evolution during the formation of an ASB.
From the external of an ASB to its center, the material experiences
a variation of strain and strain rate. The microstructures observed
in different zones indirectly reflect the microstructural evolution
stages in an ASB. We  can therefore propose an evolution picture,
as illustrated in Fig. 13,  to interpret what could have happened
within an ASB during the HSM of the steel. First, when the cut-
ting operation just begins, the tempered martensite in an originally
heat treated workpiece is subjected to a high strain rate deforma-
tion. A large number of dislocations start to emit. However, due to
the relative low plastic straining at this stage, the morphology of
the martensite laths remains, as shown in Figs. 8 and 13(a). As the
deformation proceeds, adiabatic shear is triggered and the disloca-
tion density increases sharply. The serious plastic slips cause the
reorientation and elongation of the lath structure along the shear
direction, as shown in Figs. 9 and 13(b). With the enhancement
of the deformation localization, the dislocations begin to climb to
form the dislocation cells. In the area under a high strain rate, even
at a very low temperature, the cell structure formation by dislo-
cation climbing is very strong. The local temperature also rises
rapidly. Because of this, the concentration and tangle of dislocations
begin to form some areas of high and low dislocation densities and
eventually give rise to sub-boundaries. These subgrain cell walls
are then segmented and the elongated laths refined, as shown in
Figs. 10 and 13(c). As the deformation continues, many disloca-

tions disappear due to their climbing and merging under adiabatic
temperature rise, which is a process of dynamic recovery lead-
ing to subgrains with high dislocation densities as seen in Fig. 11
and illustrated in Fig. 13(d). To coordinate further deformation
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ig. 11. TEM images of the central zone A close to transitional zone B in a transfor
orresponding SAED pattern.

ith the increase of strain and strain rate, these refined subgrains
ssisted with the adiabatic temperature rise polygonally to form the
quiaxed and randomly oriented recrystallized grains, as shown in
ig. 13(e). Finally, the recrystallization-induced residual stresses
ay  introduce further dislocations to form the substructures in

he equiaxed grains, as illustrated in Fig. 13(f), but the dislocation
ensity is relatively low as revealed by Fig. 12.

In the microstructural evolution process described above, both
ecovery and recrystallization take place, which produces the spe-
ific microstructure of an ASB and is also the reason of material’s
oftening leading to serrated chipping. Throughout the microstruc-
ural evolution process, the adiabatic temperature rise certainly
lays an important role; but, due to the so short duration of
he deformation in an HSM process, it is hard to figure out
irectly whether the adiabatic temperature rise has a decisive
ffect on the microstructural evolution, especially on the forma-
ion of equiaxed grain structure at the center of the ASBs. If the

quiaxed grains are the result of recrystallization, the recrystalliza-
ion mechanism is a key issue in order to clarify the microstructural
ormation of the ASBs. This will be discussed in the following
ection.

ig. 12. TEM images of the material at the center of a transformed shear band. (a) The brig
howing the polycrystalline diffraction rings.
shear band. (a) The bright field image showing the subgrain structure, and (b) the

3.3. Recrystallization mechanism in ASBs

Based on the analysis above, it is reasonable to infer that the fine
equiaxed grains obtained in the center of an ASB within a serrated
chip are the result of recrystallization.

Temperature is one of the main factors that determine the pos-
sibility of recrystallization. In general, for a metallic material, the
recrystallization temperature ranges from 0.4Tm to 0.5Tm, where
Tm is the melting point of the material. In the case of the work-
piece material used in this study, AISI 1045 steel, Tm = 1350 ◦C,
which means that the recrystallization temperature of the material
is between 540 ◦C and 675 ◦C. In order to see if this recrystalliza-
tion temperature was reached or not in the ASBs of our workpiece
material, let us estimate the temperature rise below.

The adiabatic temperature rise �T  within an ASB during defor-
mation localization can be calculated by [30]:

k��

�T =

�c
(1)

where � is the average shear stress, � is the shear strain, k is a con-
stant (k ∼= 0.9, i.e., about 90% of the deformation energy converted

ht field image showing the equiaxed grains, and (b) the corresponding SAED pattern
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f  the equiaxed grain structure, and (f) formation of the substructure in equiaxed g

nto heat), � and c are the material density and the heat capac-
ty, respectively. The average shear stress in an ASB for orthogonal
utting is given by [25]:

 = sin  ̌ · [Fc · sin(  ̌ − �0) − FT · cos(  ̌ − �0)]
(H − (h/2)) · aw

(2)

here FC and FT are the cutting and thrust forces,  ̌ is the included
ngle between the shear band and the bottom of the chip, �0 is the
ool rake angle, H is the height of the chip, h is the height of the
awtooth, and aw is the cutting width. The average shear strain in
he ASB in orthogonal cutting is [25]:

 = h ·
√

H2 + a2
c − 2H · ac sin �0

H · w · cos �0
(3)

here ac is the cutting thickness and w is the shear band width.
ll parameters are known or can be obtained by measurement,
s shown in Fig. 14,  as listed in Table 1. For the AISI 1045
teel, � = 7.8 × 103 kg/m3, c = 474 J/kg ◦C. When the cutting speed
s v = 240.3 m/min, the calculated temperature rise within the

eformed shear band is about 360 ◦C, which is not in the recrys-
allization temperature range, showing that recrystallization could
ot occur. This explains the reason of the formation of the deformed
hear bands under this cutting speed as revealed in the previous
an ASB during the HSM  of steel. (a) Initial microstructure, (b) reorientation and
grains, (d) formation of subgrains with a high density of dislocations, (e) formation
A  A/

v
F 

Fig. 14. A schematic diagram of serrated chip formation during orthogonal cutting.
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Table  1
The measured data of a serrated chip of AISI 1045 steel.

v (m/min) aw (mm)  ac (mm)  �0 (◦) H (mm)  h (mm)  w (mm)   ̌ (◦)  ̨ (◦) L (mm)  FT (N) FT (N)
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432.6 2.5 0.15 −10 0.2 0.0
240.3  2.5 0.15 −10 0.18 0.0

which is 727 ◦C for AISI 1045 steel in the equilibrium Fe–C phase
iagram). However, because of the extremely short time in HSM,
ustenitization cannot take place. This is consistent with what we
ave observed above in the experiment, i.e., only recrystallization
akes place.

To further confirm the accuracy of the calculated recrystalliza-
ion temperature, the serrated chips with the transformed shear
ands were aged at 540 ◦C and 560 ◦C for 30 min. Fig. 15 shows the
hange in microstructure of the transformed band at different aging
emperatures. It can be seen that compared with the ASB without
ging in Fig. 15(a), after the aging at 540 ◦C, the light-white band
n the center zone became very blurred, as shown in Fig. 15(b). The
SB was widened, and the equiaxed grains could be vaguely seen
ut the grain size increased. This indicates that before the aging
reatment, the very fine grains in the ASB were produced due to
ecrystallization. During the aging, these small recrystallized grains
rew as the core of the secondary recrystallization, and lastly, larger
ecrystallized grains formed. If the recrystallization temperature of
ISI 1045 steel under high strain rate loading is higher than 540 ◦C,

he recrystallization would not occur in the deformed materials
ear ASB because the aging temperature did not exceed the recrys-
allization temperature. Only appeared the recrystallization grain
rowth within the center of the ASB. Therefore, in this case the
SB did not completely disappear after aging. However, after the
ging treatment at 560 ◦C, as shown in Fig. 15(c), the recrystallized
rain growth in the ASB was accompanied by nucleation. This was
wing to the effect that the aging temperature was above the initial
ecrystallization temperature. The grains in the ASB grew and the
SB disappeared.

The above aging experiments verify that recrystallization
ccurred during the formation of the transformed shear bands,
nd that the recrystallization temperature would be in the range
f 540–560 ◦C under the cutting speed of 432.6 m/min.

Time is another crucial factor that influences recrystallization.
ecrystallization can be divided into two categories: static recrys-
allization and dynamic recrystallization, of which the former often
ccurs after deformation while latter takes place almost simul-
aneously with the deformation process. If the cooling rate in an
SB does not exceed the formation speed of the ASB, the recrystal-

ization inside the ASB should be a dynamic recrystallization. The
ooling rate of ASB in medium carbon steel estimated by Wittman
nd Meyers [31] is 106 kg. According to this, when the temperature
ise in the ASB was 1290 ◦C under the cutting speed of 432.6 m/min,
he time required to cool it to room temperature should be about
.7 ms.  The strain rate in the ASB during the serrated chip formation

s [32]

˙  = � · v · cos �0 · cos(  ̨ − �0)
(L cos �0 + ac) · sin  ̨ − H · cos(  ̨ − �0)

(4)

Thus, the formation time of the ASB is:

ASB = (L cos �0 + ac) sin  ̨ − H · cos(  ̨ − �0)
v cos �0 · cos(  ̨ − �0)

(5)

here L is the spacing of the sawteeth,  ̨ is the included angle
etween rake tool face and free face of chip, as shown in Fig. 14.

hen v = 432.6 m/min, the calculated formation time of the ASB

s approximately 0.09 ms,  which is far less than the cooling time of
he ASB. We  can therefore conclude that the recrystallization in the
ransformed bands during HSM is a dynamic recrystallization.
0.005 43 43 0.08 1020 1150
0.030 45 44 0.15 1125 1210

Derby [33] divided the dynamic recrystallization mechanism
into two types: grain boundary migration and grain rotation. The
migrational dynamic recrystallization is governed by diffusion and
develops by the way  of nucleation and growth of recrystallization
grains. This type of recrystallization is more common in metals.
The rotational recrystallization does not experience the nucleation
and growth processes, but is completed through the self-rotation
of subgrains. This is more common in quartz, marble, salt and other
geological materials. The investigation from Hine and Vecchio [17]
on recrystallization kinetics in ASB of titanium and copper indicated
that because the formation time of ASB is extremely short, on the
order of tens of microseconds based on the strain rate of the cut-
ting tests in this study, the migration of grain boundary is unlikely
to occur in such a short period of time. Therefore, the grains of
0.6 �m observed in our experiments above should not be the result
of migration of the boundaries. In other words, the recrystallization
mechanism via grain boundary migration based on atomic diffusion
should not be the case for the formation of the fine equiaxed grains
in the ASBs here.

Meyers and Pak [34] proposed that equiaxed grains in the cen-
ter of an ASB could be due to rotational dynamic recrystallization.
Unfortunately, they were not able to give a good explanation.
Some other researchers suggested that the grain rotation based on
mechanical mechanism can well explain the formation of equiaxed
grain structure within an ASB. For example, Hines et al. [17] pro-
posed a mechanical model of subgrain rotation using the theory of
crystal plasticity (see Fig. 15 of [17]), where the shear deformation
starts from a single crystal. The elongated dislocation cells along the
shear direction appear when the shear band has just been formed.
To coordinate the deformation, the original grain is broken into
subgrains. As the deformation continues, these elongated subgrains
become narrower and then are refined into many equiaxed grain
cells to further keep deformation balance. After this, since further
deformation can no longer make grain refinement, to reach a new
equilibrium the subgrains are forced to rotate, eventually leading
to the formation of equiaxed grains with high angle misorientation.
In this process, to help subgrain rotation, a large number of disloca-
tions go into the sub-cell wall to avoid the grain boundary cracking.
After the deformation completes, no more dislocations will move
to the grain boundaries which begin to refine during cooling, lead-
ing to the final formation of the equiaxed recrystallized grains with
a large number of dislocation climbing and annihilation. The above
analysis shows that the rotary recrystallization is not controlled by
the diffusion mechanism of nucleation and growth, but is based on
a mechanical mechanism through subgrain rotation. Therefore, it
is possible that the equiaxed grains with high misorientation in our
HSM process were produced in a very short period of time.

Since the traditional mechanism of grain boundary migration is
not able to explain the recrystallization process within an ASB, the
recrystallized grain size cannot be obtained using a recrystalliza-
tion kinetics equation in the form of atomic heat transfer. Under
high strain rate loading, the grain size of rotational recrystalliza-
tion is inversely proportional to stress level and is in line with the
following relation [33]:

�ı
�b
= K (6)

where � is the external stress, ı is the recrystallized grain size, � is
the elastic shear modulus, b is the burgers vector, and K is a material
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ig. 15. Microphotographs of the adiabatic shear bands before and after aging trea
60 ◦C.

onstant (for metals K ∼ 10). This equation may  be used to predict
he recrystallized grain size in our ASBs induced by HSM. In the
ase of orthogonal cutting, � is the average shear stress in shear
one �. The calculated results using Eq. (2) show that for the hard-
ned AISI 1045 steel under the cutting speed of v = 432.6 m/min  and
ool rake angle �0 = −10◦, � = 215.6 MPa. For �-Fe, the burgers vec-
or b = 2.48 × 10−10 m,  the elastic shear modulus of AISI 1045 steel

 = 63 GPa. Then using Eq. (6),  the recrystallized grain size ı is cal-
ulated to be about 0.7 �m,  which is close to 0.6 �m of the equiaxed
rains observed by TEM shown in Fig. 12.  This further verifies that
he equiaxed grains in the center of the ASBs within the serrated
hips were the products of the rotational dynamic recrystallization.

However, at a further higher or lower strain rate, a single rotary
echanism of dynamic recrystallization may  be unable to fully

xplain the recrystallization process in ASBs. In some cases, a
ixed-mode dynamic recrystallization combining rotation with
igration [35] may  take place.

. Conclusions

This paper has carried out an in-depth and detailed investiga-
ion into the microstructural evolution mechanisms in the ASBs in
errated chips of hardened AISI 1045 steel produced by high speed
achining. The analysis brings about the following conclusions:

1) The HSM produced two types of ASBs, the deformed and trans-
formed shear bands. A lower cutting speed (thus a low strain
rate) leads to deformed shear bands, and a higher cutting speed
(thus a high strain rate) results in transformed shear bands. The
formation mechanisms of the two types of ASBs are fundamen-
tally different. A deformed ASB is due to severe plastic shear but
a transformed ASB is generated by a process of recrystallization,
reorientation and elongation of the martensite laths, including
partitioning of elongated subgrains, formation of subgrains and
equiaxed grains by recrystallization.

2) The dynamic rotational recrystallization is the origin of the
equiaxed grains in the center of the ASBs.

3) The martensite laths in the deformed bands were elongated
along the shear direction and were broken with dense disloca-
tions within and between the laths. The laths experienced large
plastic deformation only.

4) The microstructure inside a transformed shear band varies from

the band center to the normal chip material. The transitional
zone has severely elongated martensite laths with a low den-
sity of dislocations along the shear direction and with broken
laths divided by the areas of high dislocation densities. The

[

[
[
[

s (v = 432.6 m/min). (a) Before aging, (b) after aging at 540 ◦C, and (c) after aging at

central zone consists of many subgrains with a high density of
dislocations and fine equiaxed grains of 0.4–0.6 �m in diameter.
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