
T
t

Z
a

b

a

A
R
R
A
A

K
M
T
T
R
T

1

i
p
s

l
l
(
t
T
m
a
i
w
[
t
k
s
h

S
f

0
d

Journal of Alloys and Compounds 509 (2011) 5571–5580

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

winning, dynamic recovery and recrystallization in the hot rolling process of
win-roll cast AZ31B alloy

hen Zhanga,b,∗, Ming-pu Wanga, Zhou Lia, Nian Jianga, Shimeng Haoa, Jing Gonga, Hailong Hua

School of Materials Science and Engineering, Central South University, Changsha, 410083,China
Centre for Material and Fibre Innovation, ITRI, Deakin University, Geelong, VIC 3216, Australia

r t i c l e i n f o

rticle history:
eceived 13 December 2010
eceived in revised form 6 February 2011
ccepted 7 February 2011

a b s t r a c t

Hot-rolling experiments with a reduction from 10% to 60% in single pass were conducted on AZ31B twin-
roll cast sheets. Optical microscope (OM), electron backscattered diffraction (EBSD) tests and transmission
electron microscope (TEM) were used to investigate twinning and DRV/DRX behaviors at different stage
in the hot-rolling process. Two types of twinning occurred in the initial stage of hot-rolling process.
vailable online 12 February 2011
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DRV and discontinuous recrystallization dominated at moderate strain while continuous DRX took place
homogeneously throughout original grains at the largest strains.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
ransmission electron microscopy

. Introduction

In recent years, magnesium alloys have attracted increasing
nterests in the field of automotive, aerospace due to their excellent
roperties such as low densities, heat dissipation, electro-magnetic
hielding, etc.

However, magnesium alloys show poor plasticity due to their
imited slip systems in the less symmetric hcp structure particu-
arly at room temperature [1–3]. The most preferred slip system
0 0 0 2) 〈 1 1 2 0〉 could only provide two independent slip direc-
ions, with no capability of accommodating strain along C-axes.
winning would thus readily participate as an effective defor-
ation mechanism. Two types of twins, {1 0 1 2} tension twins

nd {1 0 1 1} compression twins, have been frequently reported
n magnesium alloys [4–8], but most studies were concerned

ith twinning orientation at small strains or low temperature
9–15]. How twinning behaviors and its influence on microstruc-

ure evolution at large strain is still unclear today. Also as we
now, for the successful application of wrought magnesium alloy
heet products, thermo-mechanical processing technology, such as
ot/warm rolling, is usually adopted to obtain excellent forma-

∗ Corresponding author at: School of Materials Science and Engineering, Central
outh University, Changsha, 410083, China. Tel.: +86 13874963491;
ax: +86 731 88876692.

E-mail address: turkeyzz1984@gmail.com (Z. Zhang).

925-8388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2011.02.040
bility and mechanical properties. Two typical characteristics in
warm/thermal processing of magnesium alloys are dynamic recov-
ery (DRV) and recrystallization (DRX) [16–20]. They were invariably
represented as an occurrence of peak stress or steady flow stage in
stress–strain curves, which were frequently observed in isother-
mal compression and tensile test of magnesium alloys [21–23].
Although a number of DRX mechanisms, such as twin dynamic
recrystallization (TDRX) [24–26], low temperature DRX (LTDRX)
[27], continuous dynamic recrystallization (CDRX) [28], discontin-
uous dynamic recrystallization (DDRX) [23], rotational dynamic
recrysallization (RRX) [29], etc, have been introduced in magne-
sium alloys, their kinetic processes were rarely discussed. Dynamic
recovery is generally considered to take place in materials with high
stacking fault energy (SFE) meanwhile dynamic recrystallization is
thought to be dominative in materials with low SFE [30]. However,
it is really difficult to strictly distinguish these two processes and
actually they would have mutual effect on each other, as suggested
by Al-Samman and Gottstein in [31]. The present work aimed to
demonstrate the kinetic processes of DRV/DRX and their relation,
as well as to give a brief description on twinning behaviors and
their influence on microstructure evolution in thermo-mechanical
process.
In the present study, single pass hot-rolling experiments with
a thickness reduction from 10% to 60% were performed on
AZ31B twin-roll cast (TRC) sheet. OM, EBSD tests and TEM were
used to investigate twinning and DRV/DRX behaviors at different
stages.

ghts reserved.
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ig. 1. Optical micrograph showing the microstructure of (a) homogenized TRC sh
espectively.

. Experimental

The material used in this study was AZ31B sheets fabricated by twin-roll cast
TRC) method. The nominal composition is 3 wt% Al, 1 wt% Zn and balance Mg.
he TRC sheets were initially homogenization annealed at 430 ◦C for 2 h. Samples
ith dimensions of 3 cm × 10 cm × 6.4 mm were cut from the homogenized sheet

nd subsequently hot-rolled in single pass with a thickness reduction from 10% to
0% at 375 ◦C. Larger rolling reduction would cause extensive side crack and 375 ◦C
as chosen as working temperature in order to avoid the precipitation of �-phase

Mg17Al12) [19,31,32].
Metallographic observation was conducted on the RD-ND plane using Leica

C3 optical microscopy. The samples were mechanical polished and etched using a
olution of picric–acetic. EBSD measurements were carried out for 10% and 20% hot-
olled samples on the RD-ND plane using FEI Sirion200 FEG SEM operated at 15 kV.
ample preparation for EBSD tests consisted of grinding on SiC papers with grid
izes of 600, 800, 1200, followed by mechanical polishing and final electrolytic pol-
shing with commercial AC-2 electrolyte conducted under 35.4 V at −30 ◦C. Statistic

rientation analyses were processed using OIM TSL software provided by EDAX.
EM observation was carried out for 20%, 30%, 60% hot-rolled samples on FEI Tecnai
2 operated at 200 kV. The specimens were firstly sectioned parallel to the RD-ND
lane, grounded to 100 �m, then punched into Ø 3 mm discs and finally double-jet
lectrolytically polished to make a thin area with commercial AC-2 electrolyte under
he same condition as EBSD samples preparation.
d hot-rolled sheet with a reduction of (b) 10%, (c) 20%, (d) 30%, (e) 50% and (f) 60%

3. Results

3.1. Optical microstructure observation

Fig. 1 shows the microstructure evolution of AZ31B TRC sheets
during hot-rolling process. The original microstructure of homoge-
nized TRC sheets was equiaxed grains with a mean size of about
25 �m. After 10% rolling reduction, extensive lenticular twins
formed in original grains, as indicated by arrows in Fig. 1(b). No
evident recrystallization was found within these twins or matrices.
Compared with those lenticular twins found in 10% rolled sheets,
thin twins with totally different morphology were produced in
20% rolling process, as indicated by arrows in Fig. 1(c). Moreover,
some fine recrystallized grains appeared at original grain bound-

aries and within twinned regions. As rolling reduction increased to
30%, the microstructure got inhomogeneous, and grain fragmen-
tation became the most typical morphology in the 50% and 60%
hot-rolled samples. In the present work, rolling reduction could
reach as high as 60% without evident crack. So a reduction between
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ig. 2. (a) OIM maps of 10% and (b) an IQ map of 20% hot-rolled samples, the orienta
0% (matrix in blue, twinned region in red) and (d) 20% samples. (For interpretation
f the article.)

0% and 60% would be a good choice for industrial rolling process
f this TRC alloy, considering the production efficiency.

.2. EBSD measurement

As described above, two kinds of twins were found at initial
train stage of rolling process. To investigate these twinning char-
cteristics, EBSD measurements were conducted for the 10% and
0% hot-rolled samples. Fig. 2(a) shows the OIM maps of 10% rolled
amples. Boundaries with misorientation of 87 ± 2◦ along 〈1 1 2 0〉,
hich were expected for {1 0 1 2} twins, were highlighted in yellow.

t could be seen that all the lenticular twins produced in 10% rolling
rocess belonged to {1 0 1 2} type. Fig. 2(b) shows an IQ map of a 20%
ot-rolled sample, which bases on the contrast of Kikuchi bands.
hin twins were found prevalent across the image and recrystal-
ization has already occurred in some of these twins. These were in
ccord with the results obtained from metallographic observation.
robably due to the high strain location inside these thin twins,
ontrast of Kikuchi bands was usually poor in these regions. So
nly a few fragments of boundaries with misorientation of 56 ± 2◦,
hich was expected for {1 0 1 1} twins, were found at some twin

oundaries.
In addition, the matrix orientations of grains, which contained

wins inside were represented in (0 0 0 2) discrete pole figures

DPF), as shown in Fig. 2(c) and (d). It could be revealed that all
he thick lenticular {1 0 1 2} twins in 10% rolled samples were pro-
uced in grains with their C-axes located close to the edge of the
PF while all the thin twins formed in grains with their C-axes close

o the center of the DPF.
f grains which have twinned were presented in (0 0 0 2) discrete pole figures for (c)
e references to color in this figure legend, the reader is referred to the web version

3.3. TEM observation

3.3.1. 20% hot-rolled samples
The most distinctive feature in 20% rolled samples was the thin

twins, which tended to be preferred sites for local recrystallization
nucleation. However, the contrast of Kikuchi bands within these
twinned regions was usually too poor to index in EBSD tests as
described in Section 3.2. TEM analyses were thus conducted.

The selected area electron diffraction (SAED) pattern taken from
the twinned area in Fig. 3(a) indicated a {1 0 1 1} twinning type, as
shown in Fig. 3(b). In addition, the dislocations coincided well with
the trace of (1 0 1 0) plane both in the twin and matrix. As we know,
only three types of dislocations −→a , −→c , �a + �c, have been reported in
magnesium alloys. Double-beam condition was set up to measure
the Burges vectors of these dislocations in matrix. These disloca-
tions were thus expected to have a non-basal component since they
were in contrast when −→g = (0 0 0 2) in Fig. 3(c), while keeping in
contrast when −→g = (1 0 1 0) in Fig. 3(d), excluded their possibility
of being −→c dislocations. Furthermore, the extinction of these dis-
locations when −→g = (1 0 1 1), as shown in Fig. 3(e), would finally
confirm that these dislocations were lying on (1 0 1 0) plane with a
Burges vector of �a + �c. As could be seen clearly in Fig. 3(f) and (g),
these dislocations in the parent grain usually accumulated at these
twin boundaries and some dislocation substructures were formed
at boundaries or inside the twins, where dynamic recrystallization

tended to nucleate.

3.3.2. 30% hot-rolled samples
Fig. 4(a) shows a panorama of a grain of a size about 25 �m in

a 30% rolled sample. A bundle of slip bands traversed the grain,
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ig. 3. (a) A thin twin in 20% hot-rolled sample and (b) its SAED pattern, dislocation
ontrast when (e) g = {1 0 1 1}, simultaneously DRX grains began to initiate at the tw

ividing it into two parts. These band boundaries were found to
onsist of regular arrays of dislocation lying on the (0 0 0 2) plane.
t was reasonable to think that the directions of these dislocations

ere nearly parallel to 〈1 1 2 0〉 since they looked rather short in the
EM image taken along 〈1 1 2 0〉 zone axis. As the most easily acti-
ated slip system in magnesium is (0 0 0 2) 〈1120〉, the high density
f dislocations on these slip bands suggested that extensive basal

lip has proceeded on certain (0 0 0 2) planes and finally congre-
ated to form such bands. As there is only one equivalent (0 0 0 2)
lane in the less symmetrical hcp structure, slip bands formed in
agnesium alloys were supposed to walk along only one direc-

ion within individual grains unlike the rhombic slip bands formed
e parent grain were in contrast when with (c) g = (0 0 0 2), (d) g = {1 0 1 0}, and lost
d region (f) and (g).

in fcc metals [33]. Simultaneously, SAED pattern taken across a
slip band revealed a small misorientation of about 3◦, as shown
in Fig. 4(b) and (c). It was thought that small orientation variation
has been already generated at this strain within original grains via
the formation of slip bands.

At the same time, DRX began to initiate along original grain
boundaries, indicated by arrows in Fig. 4(a). The region of the blue

rectangle at lower right corner was magnified for details as shown
in Fig. 5(a) and (b). It showed that dislocations began to accumulate
at the triple joint of grain boundary and some of them have been
rearranged into a dislocation wall. Nucleation of the recrystallized
grain, denoted as ‘A’ in Fig. 5(b), was accompanied by local migra-
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Fig. 4. (a) A panorama for a grain of a size about 25 �m in a 30

ion of original grain boundary, behind which dislocations tangled
nd had a tendency to cut off the expanding protrusion from the
arent grain. No dislocation could be found in the swept volume of
riginal grain boundary, however. It was supposed to be the charac-
eristic of typical discontinuous recrystallization, which has been
egularly found in a wide variety of metals particularly after low
trains [30] (also called Strain Induced Grain Boundary Migration
SIBM) in some literatures). Some serrated boundaries caused by
rain boundary migration have also been found elsewhere in the
ame sample as indicated by arrows in Fig. 5(c).

Fig. 6(a) shows a subgrain formed at the boundary of an orig-
nal grain. SAED pattern taken at this region indicated a single
rystal characteristic. Grain boundary migration was not involved
nd dislocations were rarely found in the subgrain or parent
rain. Such substructure formation was expected to be a recov-
ry dominated process since the boundary was made up of regular
rrays of dislocations, as shown in Fig. 6(b) and (d). AB seg-
ent of the boundary in Fig. 6(b) coincided well with the (1 0 1 1)

lane, and these dislocation directions were thought to be close

o 〈1 1 2 0〉, as they looked rather short in the TEM image along
1 1 2 0〉 zone axis, which lies on the basal plane. Dislocations on
C segment were lying exactly on (0 0 0 2) plane while the dis-

ocations on DE segment were presented as almost dots shape
rom 〈1 1 2 0〉 zone axis as shown in Fig. 6(c) and (d). It was sup-
d sample and (c) SAED pattern taken across a slip band in (b).

posed that all these dislocations constructing subboundaries were
lying exactly on or close to the basal plane, which may imply that
basal slip would play an important role in such DRV dominated
process.

At the same time, a dislocation wall, which has a rather irreg-
ular shape formed at original grain boundary. SAED pattern taken
along [1 0 1 0] zone axis defined the trace of (0 0 0 2) and (1 1 2 0)
plane in the image, which is shown in Fig. 7(a). Although showing
different length in the image, the dislocations constructing the wall
all invariably coincided with the basal trace. It simply stated that
these dislocations were lying on the basal plane and the closer they
inclined to [1 0 1 0], the shorter they projected to the image. AB seg-
ment of this wall was parallel to (1 1 2 2) trace and the dislocations
lying on this segment looked rather short, which may imply that
they were close to the [1 0 1 0] zone axis. However, other parts of
this wall showed irregular arranging plane and revealed a gradually
rotation of dislocation direction towards 〈1 1 2 0〉 as they spanned
the grain, approaching the other side of this grain. A reasonable
scheme of such dislocation arrangement is presented in Fig. 7(c).

Double-beam condition was performed to measure the Burges vec-
tor of these dislocations. All the dislocations lost their contrast
when the diffraction vector �g was (0 0 0 2), as shown in Fig. 7(b),
which would completely confirm that all these dislocations owned
a Burges vector of �a.
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ig. 5. (a) A substructure formed at triple joint of grain boundaries, (b) a recrystal
aused by migration of grain boundary found elsewhere in 20% rolled sample.

Also it could be seen that non-basal dislocations have been
ctivated and started cross-slipping near the grain boundary, as
ndicated by arrows in Fig. 7(a), and the major parts of these non-
asal dislocations were lying on the (1 1 2 0) plane. A substructure
as found to initiate at the grain boundary where non-basal slip
as extensively activated as shown in Fig. 7(d), which could be

hought as a prerequisite stage in the formation of a substructure.

.3.3. 60% rolled samples
Fig. 8(a) shows the substructures within a grain in a 60% rolled

ample. Dislocation slip was more homogeneously activated across
he whole grain, producing widespread cellular structures inside
he original grain, indicated by white arrows. In addition, a number
f dislocation walls were found near the original grain boundary,
arked with yellow arrows in the image. SAED pattern taken across

he whole grain revealed split-ups of diffraction spots, as shown
n Fig. 8(b). It thus manifested some orientation spread across the
rain, which may be attributed to the formation of cellular struc-
ures. Furthermore, dynamic recrystallization began to nucleate on
he basis of previously formed cellular structures in the vicinity of
riginal grain boundary, as shown in Fig. 8(c).

. Discussion

.1. Microstructure evolution in hot-rolling process
Similar to the results obtained in uniaxial compression exper-
ments, twining also played an important role in the initial
train stage of rolling process [31]. After rolling with 10% reduc-
ion, {1 0 1 2} twinning took place in grains whose C-axes were
rain formed via migration of original grain boundary, (c) serrated grain boundary

nearly perpendicular to ND, and the twinned region changed to
new orientations with C-axes more aligned with ND, as indi-
cated in Fig. 2(c). In addition, {1012} twins had a tendency to
consume the entire volume of parent grains probably due to
the high mobility of {1 0 1 2} twin boundary [5] and the low-
est shear among all possible twinning systems in magnesium
alloys [35]. There would be little doubt that these were impor-
tant reasons for the universal observation of this twinning mode
[5,8,10,11,29]. It simply indicates that after initial 10% rolling
reduction {1 0 1 2} twinning occurred in such a way that made
most grains to ‘basal orientations’ [34]. After completely ori-
entation change via {1 0 1 2} twinning, thin {1 0 1 1} twins were
produced in these grains with ‘basal orientation’, as observed in
20% rolled samples. Recrystallization was apt to nucleate at these
{1 0 1 1} twinned regions rather than in the thick {1 0 1 2} twins.
This twinning-related recrystallization will be discussed separately
below. With the increase of rolling reduction, dislocations con-
gregated on certain basal planes, producing simple slipping bands
inside original grains. Consequently, orientation variation was gen-
erated across original grains, and recovery related substructures
formed inhomogeneously at grain boundaries. Basal dislocation
seemed to play a most important role in recovery process. At
the same time, discontinuous recrystallization took place, accom-
panied by the migration of original grain boundaries, producing
serrated grain boundaries. At even larger strains, dislocation slip

occurred extensively and more homogeneously, and widespread
cellular structures were formed across whole grain volume, which
indicated the incubation of continuous dynamic recystallization.
Cellular structures may provide preferred sites for this recrystal-
lizaiton nucleation.
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Fig. 6. A TEM image of (a) a subgrain formed adjacent to an original grain

.2. Twinning and twinning-induced recrystallization

Two types of twins were produced in the rolling process, as
escribed in Section 3.2. During the first 10% rolling reduction,
1 0 1 2} twinning occurred in grains about 90◦ from basal orien-
ation, as indicated in Fig. 2(c). These twins usually owned a stable

isorientation 87◦ 〈1 1 2 0〉 with matrix and had a tendency to
onsume whole grains. Unlike the {1 0 1 2} twins produced in 10%
olling process, the {1 0 1 1} twins in 20% rolled samples looked
uch thinner in optical microstructure and tended to be pre-

erred sites for recrystallization nucleation. It has been frequently
eported that lattice rotation always took place within thin com-
ression twins in magnesium single crystals orientated with C-axes

n compression [8,10,11]. Hartt and Reed-Hill [11] attributed this
o kinking occurring by slip on {1 0 1 1} 〈1123〉, which would have
een activated under concentrated shear directed with the help of
roximity of the twin boundaries to each other. This could be also
xpected in our experiment. As in the present study, thin {1 0 1 1}
wins were always initiating in grains with C-axes in compression,
here �a + �c slip system acquired much higher resolved stress. Non-

asal slip thus occurred extensively in matrix and accumulated
t twin boundaries, producing high stress concentration in these

reas, as shown in Fig. 3. Simultaneously due to the minute width
f these twins, the plastic compatibility stress of twin boundaries
ould readily influence the whole volume of such twins, non-

asal slip could thus be easily activated and develop throughout
he whole twinned region immediately. Abound dislocation slip
dary and magnification of boundary segment of (b) AB, (c) BC and (d) DE.

occurring within twined region would act as kinetic process for sub-
structure formation and provide preferred sites for DRX nucleation,
as shown in Fig. 3(f) and (g).

4.3. Dynamic recovery and recrystallization

Dynamic recovery may readily take place at moderate strain,
which was 30% in the present work, as so many dislocation walls
and subgrains were observed. Similar results have been reported
in the cross-rolling of AZ31 TRC sheet in [31]. This could be
expected considering the high working temperature and the some-
what higher stack fault energy (SFE) of magnesium alloy compared
with Au, Ag, Cu alloys [36,37]. Basal dislocations played an active
role in constructing dislocation walls, rearranging along certain
planes or irregularly inside original grains, as shown in Figs. 5–7.
This is similar to the phenomenon observed in single crystals,
which were deformed on a single slip system [30]. At the same
time, three dimensional (3D) substructures were usually found
near grain boundaries where non-basal slip was activated read-
ily. As we know, basal slip could only provide two independent
slip directions in hcp structure, much less than the ordinary slip
system (1 1 1) 〈1 1 0〉 in more symmetrical fcc metals. It is thus

reasonable to think that the activation of non-basal slip meets
the requirement for the formation of 3D substructures in mag-
nesium alloys. And such non-basal slip was expected to occur in
the neighborhood of grain boundaries where stress concentration
arose due to continuous slip of basal dislocations and their pile-
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ig. 7. (a) TEM image of a dislocation wall formed across an original grain, (b) the c
rrangement on this dislocation wall (d) a substructure initiated at the grain bound

ps in these areas. Simultaneously, the plastic compatibility stress
f grain boundaries may also contribute to the easy activation
f non-basal slip in these areas [38]. Furthermore, some serrated
rain boundaries and concomitant subgrains adjacent to them were
lso observed at moderate strain, seen in Fig. 5, which indicated

he process of grain migration—the characteristic of discontinuous
ecrystallization. Valiev et al. [39] explained that serrated bound-
ries formed when the proceeding dislocations entering grain
oundaries exceeded their absorption capacity or when the pro-
ess of lattice dislocation absorption requires an incubation time.
cting dislocations loose their contrast when g = (0 0 0 2), (c) a scheme of dislocation
here non-basal slip was activated.

These excessive dislocations then piled up and subsequently gen-
erated a local stress concentration at grain boundaries, resulting in
their migration. The pile-up dislocations would finally cut off the
new formed grains from matrix behind the swept volume.

As rolling reduction increased to 60%, non-basal slip occurred

more homogeneously throughout original grains, where cellular
structures became prevalent over the whole volume, as shown in
Fig. 8. Consequently, continuous recrystallization began to nucleate
on the basis of 3D substructures in the vicinity of grain boundaries.
With the development of deformation, recrystallization expanded
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ig. 8. (a) Cellular structures formed in an original grain after 60% rolling process a
ear the previous formed cellular structures.

o grain interior gradually. It was generally considered as a recovery
elated process, which induced gradual increase in the misorienta-
ion of substructure and conversion of low-angle grain boundaries
nto high-angle boundaries. Previous studies on the DRX of alu-

inum alloys emphasized the importance of stable particles such
l3Zr and Al3Sc in stabilizing the substructure during continuous
ynamic recrystallizaiton [40,41]. However, it was not the case
or magnesium alloys, as Tan and Tan [17] found in uniaxial com-
ression of AZ31B alloys. They attributed this to the lack of easily
ctivated slip system and the high rate of grain boundary migra-
ion in magnesium alloys. In our present study, the formation of
D substructure was frequently found to be accompanied by non-
asal dislocations, which usually showed features of cross-slipping.

t was probably that the jog segments of these dislocations lying on
ntermediate plane of cross-slipping were more sessile than the

ajor segments. They would thus play a key role in stabilizing the
ubstructures, which may provide a microstructure foundation for
ubsequent recrystallization nucleation.

. Conclusions
Twinning played the most important role in the initial stage of
ot-rolling process, which is less than 20% reduction in the present
ork. {1 0 1 2} twins formed in grains whose C-axes were nearly
erpendicular to ND and this twinning occurred in such a way that
) SAED pattern taken from this region, (c) dynamic recrystallized grains nucleated

made whole matrix close to ‘basal orientation’. Thin {1 0 1 1} twins
were produced in grains close to ‘basal orientation’ and became
most preferred sites for recrystallization.

DRV and discontinuous recrystallization dominated in the
deformation when the reduction reached 30%. Basal slip played a
key role in DRV process while the activation of non-basal slip is an
essential step in forming 3D substructure, which would be potential
structure basis for DRX nucleation.

Non-basal slip was homogeneously activated at even larger
strains of 60%, producing widespread cellular structures through-
out the whole volumes of original grains. Consequently continuous
DRX readily take place on the basis of these substructures.
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