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Formation and Expansion Behavior of Necklace Structure
in Al-10Mg Alloy During Hot Uniaxial Compression
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Abstract: The formation and expansion of necklace structure in an Al-10Mg alloy were studied. The alloy was produced by
centrifugal casting, followed by 673 K/24 h solid solution treatment and hot uniaxial compression. The different effects of
temperature and strain rate on expansion of necklace structure were particularly clarified. The results show that bulging is the
nucleation type of first layer in necklace structure, and three different types of subboundary are found in the deformation
microstructure. When the temperature increases, microband and recovered subboundary are gradually eliminated;
strain-induced subboundary nucleation and recrystallized grain coarsening become the main way of necklace expansion. When
the strain rate decreases, low angle grain boundary is accumulated. Three regions denoted by low misorientation region in
interior, new grains in out layer and net structure of subboundary concentration in middle are observed in parent grains. The
proportion of recrystallized grain area decreases when the strain rate changes from 6.94×10-1 s-1 to 6.94×10-2 s-1, and then
significantly increases as strain rate further decreases from 6.94×10-2 s-1 to 6.94×10-3 s-1.
Key words: Al-10Mg alloy; uniaxial compression; dynamic recrystallization; necklace structure; formation and expansion

Al-Mg alloy plays an important role in offshore manufacturing, transportation and aerospace industries for its high
strength-to-weight ratio, high corrosion resistance and good
welding performance. Microbands in Al-Mg alloys deformed
at room temperature are analogous to that in cell forming metals[1-4]. Microband is a dislocation substructure including long
straight dislocation boundaries that are nearly parallel to {111}
slip planes[5, 6]. To achieve higher strength for better application, increasing Mg content is an effective way of solid solution strengthening with 13% diameter deviation between Mg
and Al atoms. However, solute effect increases the friction
stress, causing cracks in early strain, especially in severe deformation[7-10], which needs to increase deformation temperature.
An empirical formula was proposed to describe the parameter of dynamic recrystallization (DRX) occurring in hot
deformation[11], which is as follows:
(1)
lnZ ≤ (1/b) [1/D0 (ˉε)-a]
where Z is a parameter related to strain rate, temperature and

deformation activity energy Q, D0 is the initial grain size, ε is
the deformation strain, and a and b are constants. Traditionally,
DRX is divided into two thermodynamic processes: nucleation
with high angle grain boundary (HAGB) formation, and new
grain coarsening with HAGB migration. Generally, there are
two types of DRX. The first is continuous dynamic recrystallization (CDRX)[12-15], during which subgrain forms by dislocation recovery in interior of parent grain. The second is discontinuous dynamic recrystallization (DDRX)[16, 17], during
which necklace new grain structure forms for the bulging of
prior grain boundaries (GBs) followed by necklace structure
expansion. But only geometric dynamic recrystallization
(GDRX) was observed in pure aluminum and low magnesium
Al-Mg alloys[18]. DDRX was found in Al-6Mg alloys, while
CDRX was found in Al-Mg-Mn-Sc-Zr alloys[19-28]. For higher
Mg level, more details, especially the different effects of temperature and strain rate on DRX, are still unclear.
In the present work, solid solution treated Al-10Mg alloy
was subjected to uniaxial compression at different tempera-
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tures and strain rates. The flow stress behavior was tested by
Gleeble 1500, and the microstructure evolution, especially the
formation and expansion of the necklace structure, was characterized by electron backscattered diffraction (EBSD).

True Stress/MPa

a

1 Experiment

True Stress/MPa

True Stress/MPa

For its high Mg content, Al-10Mg binary alloy was selected
in this study. Commercially pure aluminum and pure magnesium were melted in a medium-frequency induction furnace,
and 0.2 wt% Al-5Ti-1B was added for grain refinement. Then,
the metallic fluid was cast in a vertical centrifugal casting machine that rotates at G=100, where G is the gravity in centrifuge
field. To eliminate magnesium segregation, casting ingots were
homogenized at 673 K for 24 h before plastic deformation.
Composition of the Al-10Mg alloy is listed in Table 1.
Φ8 mm×12 mm cylindrical specimens were machined from
ingots. Uniaxial compression test was carried out on Gleeble
1500 with true strain of ε=−1.1 at 573, 623 and 673 K, under
strain rate of 6.94×10-3, 6.94×10-2 and 6.94×10-1 s-1. Graphite
paper was placed on both sides of indenter end plane to
eliminate the friction effect. Immediate water quenching was
performed after compression. Each test was performed three
times for the accuracy of results. Longitudinal section of
compressed specimen was electrochemically polished, and the
corresponding specimen coordinate system is schematically
shown in Fig.1. The microstructure was characterized by
EBSD with accelerating voltages of 15 and 20 kV and a scan
step size of 0.06~0.3 µm.
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2 Results and Discussion
2.1 Flow stress behavior of Al-10Mg alloy
The sensitivity of stress to temperature and strain rate is
shown in Fig.2a~2c. Compressive stress decreases with increasing the temperature. Notable softening effect after peak
stress is found when compressed at 623 and 673 K, while
curve has a steady stage after rapid growth without stress drop
when compressed at 573 K and 6.94×10-1 s-1. Al-10Mg
Table 1

Chemical composition of Al-10Mg alloy (wt%)

Mg

Fe

Si

Al

9.67

0.094

0.058

Bal.

Compression
direction

by

True strain

Fig.2

623 K (b) and 673 K (c) under different strain rates

alloy is sensitive to strain rate, and a positive correlation between stress and strain rate was found. In addition, notable
stress drop in stress-strain curve occurs only at 6.94×10-3 s-1.
On the one hand, critical stress of dislocation slipping decreases with increasing the temperature, because the amplitude of atomic thermal vibration increases[29-31]. On the other
hand, the multiplication and entanglement of dislocation are
intensified when deformation strain rate increases.
Stress-strain curve is a macroscopic competition performance between work hardening and dynamic recovery as well
as recrystallization softening. The different influences of temperature and strain rate need to be further studied by further
microstructure characterization.

2.2

Fig.1

Compression direction, specimen coordinate system, and area
characterized by EBSD

True stress-true strain curves of Al-10Mg alloy at 573 K (a),

Necklace structure formation behavior in Al-10Mg
alloy
Inverse pole figure (IPF) of specimen compressed at 573 K
and 6.94×10-1 s-1 is shown in Fig.3a. Misorientation profiles
parallel and vertical to microband in a violent grain were calcu-
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lated. Point-to-point misorientation along L1 is less than 1.5°
(Fig.3b), and accumulative misorientation is up to 14°. Microbands’ angle along L2 was in the range of 2°~5°. However,
grains with bigger Schmid factor have almost no microband.
These grains are oriented favorably to accommodate strains, and
thus can undergo larger deformation without subdivision.
Although there is no obvious stress drop in stress-strain
curve, dynamic recrystallized grains do exist at GBs (hereinafter referred to “boundary grains”) and microband (referred
as “microband grains”). Only single or double layers of necklace structure exist. Three rows of “microband grains” in a
blue parent grain (labeled by dash frame) were observed.
Magnified IPF maps are shown in Fig.4 to reveal the DRX
behavior occurring in Al-10Mg compressed at 573 K and
6.94×10-1 s-1. Bulging nucleation mechanism[32,33] that causes
the formation of first layer of necklace structure[34] was observed, as shown in Fig.4a. Serrated boundary between two
parent grains traverses the whole figure, and there are six new
grains numbered 1 to 6 sequentially on it. Subgrains 2 and 3
have the same color with parent grains. Grains 1, 4, 5, and 6
are new grains with a full set of HAGB. Miura et al[32] found
that grain boundary shearing, which takes place in early stage,
leads to serrated boundaries and inhomogeneous local strain
gradients. Serrated boundary then turned into bulging when
strain increased, and inhomogeneous local strain gradients
were added up to LAGB at bulging shoulders. It is called
“strain-induced subboundary”[35]. Then, subgrain would form
as if it was cut off from parent grains, such as subgrains 2 and
3. LAGBs caused by dynamic recovery would also interact
with strain-induced subboundary, and assist forming subgrains.
With the increase of strain, grain rotation would produce bigger misorientation, and subboundaries turn into HAGBs. Then,
the first layer of necklace structure is formed.
After the formation of first layer, the necklace structure expansion was analyzed (Fig.4b). The new grains of the first layer
are embedded in parent grains, which surges the bulging of
parent grain boundaries. Compared with the formation of the
first layer, the necklace structure expansion is much easier because of the severer bugling. Strain-induced subboundaries at
embedded tips are marked with several red arrows. Misorientation profile along L3 that crosses two strain-induced subboundaries was calculated (Fig.4d). One angle peak is 7.5°, and
the other is 3.5°. Two adjacent strain-induced subboundaries are
linked together to form a new subgrain, and this is the ordinary
method for necklace structure expansion. Sometimes long
strain-induced subboundary linked with microband produces
subgrain in unstable shape. The initial stage of abnormal subgrain is marked with black dashed frame (Fig.4b), and several
strain-induced subboundaries form in it. The reason for abnormal subgrain division is that hexagon shape and interfacial tension equilibrium condition are not satisfied. There is a transition
stage before reaching the final DRX structure. It is called “subgrain fission mechanism” in this paper.
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Fig.3

IPF map at 573 K and 6.94×10-1 s-1 (a); misorientation profiles measured along L1 (b) and L2 (c)

Four deformation bands and three layers of “microband
grains” are marked in Fig.4c. Layers fenced by dashed lines
are the initial stage of DRX, in which bulging boundaries in
subgrains were observed. There are two types of microband in
Al-Mg alloy[1]. At early stage, single dislocation boundary,
called domain boundary, formed. When strain increased, more
complex dislocation boundaries composed of several DBs
formed, called microband. Plate-like regions formed inside the
microband, which are front status for nucleation of “microband grains”. Region fenced by red wireframe shows the expansion of “microband grains”. HAGBs and LAGBs formed
in deformation band 3 on the right side. The orientation of
those boundaries is nearly perpendicular to layers’ tangents. It
is known that a grain would be divided into several strip regions, called deformation band, by microbands, in which
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Bulging nucleation magnified map (a); first layer of necklace
structure expansion (b); grain’s nucleation and expansion (c);
misorientation profiles measured along L3 in Fig.4b (d)

strain-induced subboundary formed inside. Dislocation slip and
cross slip occurred to minimize subboundaries’ length. Then,
subgrain formed, causing “microband grain” expansion.

2.3 Expansion behavior when temperature increases
Fig.5 shows IPF maps of specimen compressed at 623 and
673 K at 6.94×10-1 s-1. Parent grains still exist, but no microband is found (Fig.5c and 5d). Two types of LAGB exist inside the parent grains, some of them are linked with HAGBs,
while others randomly float inside. The former is
strain-induced subboundaries, and the latter are originated due

Distance/µm

Fig.5

IPF maps of specimen compressed at 623 K (a) and 673 K (b)
under 6.94×10-1 s-1; misorientation profiles measured along
L4 (c) and L5 (d)

to dislocation recovery. At high temperature, dynamic recovery is mainly controlled by dislocation climb, which results in
floating subboundary emission.
New grains apparently grew when temperature increased
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Number fraction of LAGBs and HAGBs as temperature increases
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Size genetic effect (a); formation of irregular subgrain (b);
subboundary of the second generation of strain-induced subboundary (c); ideal fission mechanism among new grains (d)
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(Fig.5b). Bulging of HAGB and plate-like region in microband are two types of nucleation. The interaction of
strain-induced subboundary and microband is the main way
for necklace structure expansion. However, with increasing
the temperature, the percentage of LAGBs mentioned above
gradually decreases (Fig.6). The effect of new grain coarsening on expansion becomes more important. Increasing temperature can make it much easier for grain boundary migration.
A size genetic effect when temperature increases is proposed, as schematically shown in Fig.7a. It assumes that three
new grains are stable in standard hexagon shape, and a is the
side-length of hexagonal new grain. Parent grain boundary
adjacent to them is serrated by shearing stress. Strain-induced
subboundaries are produced at tips of interface, causing the
development of subgrain whose size has a positive correlation
with a. Therefore, the size of subgrain increases when temperature increases, and the size of new grains increases.
Subgrain fission mechanism mentioned above was also observed when temperature increased. The initial stage and ideal
latter stage are shown in Fig.7b~7d. Double parallel
strain-induced subboundaries exist (Fig.7b), and two end
points of them inside the parent grain are linked together by
recovered subboundary. Subgrain formed with irregular polygons shape. Then the second generation of strain-induced
subboundary was produced by adjacent new grain (Fig.7c).
Fig.7d shows the ideal fission mechanism among new grains.
Unstable new grain, especially in concave polygon shape,
would be divided into several subgrains. To some extent, subgrain fission mechanism leads to further grain refinement
during DRX, which would be effective against grain coarsening. It is assumed that the number of new grains remains unchanged and abnormal grain growth is not considered. The
tendency of new grain size is schematically shown in Fig.8. Ti
(i=1, 2, 3) is the deformation temperature, and “ai” is the
equivalent side-length of hexagon. For subgrain fission
mechanism, dynamic recrystallized grain size becomes much
more concentrated with lower standard deviation.
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Change of new grain size when temperature increases under
several assumptions

2.4 Expansion behavior when strain rate decreases
Fig.9 shows IPF maps of specimen compressed at 6.94×10-2
s-1 and 6.94×10-3 s-1 at 573 K. Misorientation profiles in a violent grain along L6 and L7 in Fig.9a were calculated, and no
microband was observed. New grain area fraction decreases
compared with that at higher strain rate. It is because enough
time is given for dislocation cross slipping, and strain spreads
more uniformly. When strain rate decreases, there is no
enough activation energy for more DRX. However, sensible
increase of new grain area fraction occurred when strain rate
dropped to 6.94×10-3 s-1. The number fraction of LAGBs and
HAGBs with decreasing the strain rate is shown in Fig.10.
The fraction of HAGBs decreases when strain rate decreases
from 6.94×10-1 s-1 to 6.94×10-2 s-1, and then increases when
strain rate decreases to 6.94×10-3 s-1. Region 2 and region 3 are
two parent grains, which were separated into three areas: low
misorientation in center, new grains in outer layer, and subboundaries concentration in medium area. Misorientation profiles of region 3 are listed in Fig.9f and 9g. Floating HAGBs in
region 2 was caused by dislocation recovery, which was linked
with strain-induced subboundaries and other recovered sub-
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IPF maps at 6.94×10-2 s-1 (a) and 6.94×10-3 s-1 (b) at 573 K; (c) plot of new grain area fraction at 573 K; (d~g) misorientation profiles
measured along L6~L9

boundary segments, causing a net structure of subboundaries.
Subgrain is the prior state of new grain formation, so there is a
sensible increase in new grain area fraction at 6.94×10-3 s-1.
Regions 4 and 5 are grains with long single walls in the middle. Wall in region 4 is marked with a row of black arrows,

and net structure forms on both sides of walls. Region 1 contains the initial stage of long single wall formation. Long
strain-induced subboundaries spread into grain, and recovered
subboundaries are linked with them, which are marked with a
row of colored arrows. In this row of colored arrows, red one
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corresponds to LAGB in the range of 5°~15°, blue corresponds to 2°~5°, and black corresponds to HAGB.
The above discussion in this section is schematically shown
in Fig.11. Fig.11a contains the “three area division”, and
Fig.11b contains the “long single wall”. As shown in Fig.9b,
decreasing strain rate accelerates the spread of strain-induced
subboundary in longitudinal orientation. At high strain rate,
dynamic recovery and DRX compete for active energy. However, at low strain rate, dynamic recovery becomes the initial
stage of recrystallization, providing subgrain nucleation in the
interior of parent grain, which mainly transforms into CDRX.

-3

Number Fraction/%

forms through bulging mechanism.
2) When temperature increases, low angle grain boundary
gradually disappears. Necklace structure expansion is mainly
caused by high angle grain boundary migration.
3) The proportion of recrystallized grain area decreases
when strain rate changes from 6.94×10-1 s-1 to 6.94×10-2 s-1,
subboundary is accumulated, and then improved when strain
rate changes from 6.94×10-2 s-1 to 6.94×10-3 s-1. The accumulated low angle grain boundary gradually turns into high angle
grain boundary.
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