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This study investigated the texture, mechanical properties, and fracture behavior during cold working of
cryorolled (CR) Al-Mg-Si alloys. An x-ray texture goniometer was used to examine the crystallographic
texture, and tensile tests were performed to understand the deformation behavior in more detail. SEM/
EBSD/TEM was used to observe the microstructures and fracture morphology of the alloy during cry-
orolling. The microstructures indicated that a large number of ultrafine grains and dislocations formed
after cryorolled. The recrystallization was prohibited due to low temperature during deformation. The
ultrafine grains and dislocation strength improved the tensile strength from 279.38 MPa for the room-rolled
alloy to 313.98 MPa for the cryorolled alloy; better plasticity (4.6%) was observed in the CR sheet. Ductile
and intergranular fractures were observed in the CR sheet deformation from 20 to 90%.
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1. Introduction

Heat-treatable Al-Mg-Si alloys are widely used in the
automobile industry because of their excellent comprehensive
properties (Ref 1-4). With stricter regulations imposed on
automobile industry, achieving the desired strength and plasticity
of the consistent materials has become increasingly important
(Ref 5). However, conventional processing methods cannot meet
these requirements. A few studies have been performed on the
mechanism underlying the simultaneous improvement in
strength and plasticity. Ultrafine grains (UFG) play a key role
(Ref 6-9). Ultrafine grains (UFGs) play a key role. UFG crystals
are prepared using various methods, but current research has
primarily focused on mechanical alloying, gas-phase condensa-
tion of particulates and consolidation, electro-deposition, and
severe plastic deformation (SPD). In this study, UFGs of Al-Mg-
Si alloy sheets were studied after cryorolling, wherein a sheet
was rolled at cryogenic temperature.

Recently, many researchers have given considerable attention
to cryorolled (CR) alloys of the 6xxx series. Yadollahpour et al.
(Ref 10) and Sushanta et al. (Ref 11) studied the mechanical
properties of CRAl-Mg-Si alloy sheets and found that cryorolling
deformation simultaneously improved the sheet strength and
ductility of the aged ultrafine-grained alloy. Yu et al. (Ref 12, 13)
studied how grain size and precipitation affected the strength and
ductility of 6061 alloy sheets through asymmetric cryorolling.

Nageswara rao et al. (Ref 14) investigated the effect of post-
cryorolling treatment on the microstructural and mechanical
behavior of ultrafine-grained Al-Mg-Si alloys. Huang et al. (Ref
15, 16) investigated themicrostructural andmechanical properties
of age-hardened CR AA6061 alloy. They are all agreed with the
theory of UFG strengthening (Ref 17).

However, there have been only a few studies regarding
severe plastic deformation at cryogenic (liquid nitrogen)
temperatures and its effect on the microstructures of Al-Mg-
Si alloys before heat treatment. In particular, the texture,
mechanical properties, and fracture behavior of CR Al-Mg-Si
alloys (20-90% rolling) have not been widely investigated. It is
important to understand the differences between cryorolling
and conventional rolling during deformation. According to
Niranjani et al. (Ref 18), no secondary phases were observed in
the XRD patterns after cryorolling and conventional rolling.
Murayama (Ref 19) and Venkateswarlu (Ref 20) also found that
the secondary phases dissolve after large plastic deformation
(ECAP and severe extrusion). Hence, the effect of secondary
phases was ignored in this study. In many previous studies,
cryorolling was shown to improve the alloy strength through
impeded dynamic recovery and facilitate higher dislocation
density at low temperatures during rolling.

This study was performed to understand in detail the
cryorolling mechanism during 20-90% rolling in Al-Mg-Si
alloys. The effect of cryorolling and conventional rolling on the
texture, mechanical properties, and fracture behavior of the
alloy was investigated for four reductions (20, 60, 80, and
90%). The UFG structure was observed in the CR sheet. The
recrystallization texture and deformation grains were found in
the sheet subjects to conventional rolling. These factors are
essential for the performance and fracture behavior of CR and
conventionally rolled (room temperature rolled, RTR) sheets.

2. Experimental

The exact chemical composition of the investigated Al-Mg-
Si alloy is given in Table 1. The ingot was homogenized, cut
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and milled, followed by hot rolling to 10 mm in a ‘‘1550’’
rolling mill. The sheet was rolled from 10 to 1 mm, and the
reduction in each pass was controlled to about 10%. The CR
sheet was soaked in liquid nitrogen for 20 min and then rolled.
At the middle of each pass, the sheet was soaked in liquid
nitrogen for 5 min. The RTR sheet was deformed at room
temperature.

The crystallographic texture was determined through three
incomplete pole figures {111}, {200}, and {220} measured by
an x-ray texture goniometer. The different volume fractions of
the texture components were calculated.

The crystallographic texture of the sample was analyzed by
electron back-scattered diffraction (EBSD) using a Sirion 200
field emission gun scanning electron microscope (SEM) at an
accelerating voltage of 20 kV. Samples for electron back-
scattered diffraction (EBSD) were prepared by mechanical
grinding and electropolishing. The TEM specimens were
prepared by an electrolyte of 30% HNO3 in methanol.

The tensile properties of the materials were measured, and
each value was obtained by averaging the results of three
measurements. Tensile tests were carried out according to the
international standard ISO 6892-1 (Fig. 1). The test strain-rate
was 2 mm/min.

3. Results

3.1 Evaluation of Texture

The primary texture components of the Al-Mg-Si alloy are
copper (C) {112} Æ111æ, brass (B) {011} Æ211æ, S {123} Æ634æ,
goss (G) {011} Æ100æ and cube (Cu) {001} Æ100æ after hot
rolling as shown in Fig. 2. The volume fractions of these
textures are listed in Table 2. The distribution of the a-fibers
and b-fibers of the RTR and CR sheets under different
deformation conditions is shown in Fig. 3. In both RTR and
CR sheets, goss along the a-fiber flowed to the brass orientation
with increasing deformation. Goss is a metastable orientation
and the fcc rolled textures adopted a typical b-fiber extending
from the copper orientation through the S orientation to the
brass orientation during rolling deformation (Ref 21). In this
study, the volume fractions of the RTR deformation texture
increased, whereas the recrystallization texture decreased
before being rolled to 90% reduction. The volume fraction of
the cube orientation decreased from 32.62 to 8.33% when the
deformation was increased to 80%, but an inflection point
appeared at 90% deformation and the cube orientation
increased from 8.33 to 14.97%. For the CR sheet, the rolling
textures components grew, whereas the recrystallization texture
was reduced under 20-90% rolling. The recovery and recrys-
tallization were inhibited at low temperatures during the
cryorolling process. The volume fraction of the cube orientation
decreased from 32.62 to 3.35% during deformation.

Furthermore, the density of the S-{123} Æ634æ sharpness
was high under both rolling conditions, which introduced
higher stacking fault energy. Niranjani et al. found that the

predominant orientation under both rolling conditions is S
{123} Æ634æ (Ref 18). Under 90% reduction, a portion of the S
orientation was transformed to cube orientation through 40�
rotation along the Æ111æ axis during recrystallization in the RTR
sheet. In contrast, the CR sheet preserved the high density of
the metastable S orientation.

3.2 Evaluation of Properties

The mechanical properties of the RTR and CR sheets under
different deformation conditions are shown in Fig. 4. The
tensile strength rb and yield strength rs of the RTR and CR
sheets were enhanced with increasing deformation, whereas the
elongation exhibited the opposite trend. A large deformation
also reduced the difference between the rb and rs values. The
strength of the CR sheet increased to a greater extent than that
of the RTR sheet, and the elongation was preserved at 4.03%.

3.3 Evaluation of Fracture Mechanism

The fracture morphology of the RTR and CR sheets with
different deformations is shown in Fig. 5 and 6, respectively. In
the RTR sheet with 20% reduction, the characteristic dimples
with diameter of 10-20 lm were evenly distributed. The largest
area of these dimples is shown in Fig. 5(a). Figure 5(b) shows
that the dimples in the samples are unevenly distributed.
Figure 5(c) shows that the major components of the fracture
mechanism are ductile and intergranular fracturing. Intergran-
ular fracturing was the major fracture mechanism when at 90%
reduction, as seen in Fig. 5(d). The fracture mechanisms of the
RTR sheet changed from only ductile fracture to both ductile
and intergranular fracture when the reduction was increased
from 20 to 90%.

The dimple features of the CR sheet with a 20% reduction
were similar to the RTR sheet with a 60% reduction, but the
size and diameter of the dimples were smaller than in the RTR,
as shown in Fig. 6(a). Figure 6(b), (c) and (d) shows two types
of fracture morphology, small dimples and tearing edges. The
fracture mechanism can be classified as ductile fracture
associated with intergranular fracture during cold rolling from
20 to 90%. With increasing deformation, the dimples decreased
in size and the tearing edges became more prominent.

Table 1 Chemical compositions of Al-Mg-Si alloy (wt.%)

Alloy Si Fe Cu Mn Mg Cr Ti Al

Al-Mg-Si 0.92 0.395 0.263 0.0098 1.01 0.218 0.015 Bal.

Fig. 1 Schematic diagram of the tensile specimen (unit: mm)
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4. Discussion

4.1 Texture and Microstructure After Cryorolled

For the CR sheet with 90% reduction, the deformation
texture was preserved as shown in Fig. 3(c), and (d). The
matrix formed an UFG structure after large deformation, as
shown in Fig. 7(a). A finer grain structure would be observed if
the dynamic recovery is suppressed and the defect density is
increased during cryogenic deformation (Ref 22). Many
ultrafine-grained structures were distributed along the rolling
direction and the size of these metastable structures was
approximately 0.8-0.9 lm. EBSD characterization confirmed
the texture detection results shown in Fig. 3 and 7(a).
Recrystallization was effectively prevented by cryogenic defor-
mation, as shown in Table 2.

For comparison, the grains in the RTR sheet were elongated
and crushed along the rolling direction, as shown in Fig. 7(b).
At 90% reduction, the volume fraction of cube orientation
rebounded, as shown in Table 2. The plastic deformation heat
and frictional heat may cause dynamic recovery and recrystal-
lization during rolling to 90% reduction. Engler studied the
relationship between the cube orientation and grain size and
found that the large grains primarily adopt a cube orientation
after recrystallization (Ref 23). However, in this research, the
relationship between large grains and Cu orientation was
unclear. Recrystallization occurring during the rolling process
consumed the dislocations and decreased the UFG structures.
This had a significant influence on the mechanical properties
and fracture mechanisms, as shown in Fig. 4(a) and 5. In the
CR sheet, a small cube texture intensity was observed after
cryogenic deformation and a large number of ultrafine-grained
structures were preserved. Thus, the ultrafine-grained structures
significantly impacted the mechanical properties and fracture
mechanism (Ref 24-30), as shown in Fig. 4(b) and 6.

Figure 8 shows the TEM images of the deformed samples
(80, 90%) along the {100} crystal axis. For the CR sheet, the
dislocation density increased from 80 to 90% rolling (Fig. 8a,
c). Dislocations were scattered within the matrix, and disloca-
tion nucleation was observed at the entanglement, as shown in
Fig. 8(c). The characteristic dislocation distribution corre-
sponded with the ultrafine structure revealed by EBSD
(Fig. 7a). In the RTR sheet, the dislocations mainly accumu-
lated at the grain boundaries and distributed along these
boundaries with increasing deformation, as shown in Fig. 8(b),
(d). The mechanical properties and fracture mechanism of the

RTR and CR sheets differed primarily because of the low
temperature effect. Lack of the heat effects in the CR sheet led
to high deformation energy storage.

4.2 Cryorolled Influence on the Mechanical Properties

In the CR sheet, the defect density notably increased
promoted from 80 to 90% rolling. At a low deformation
temperature, the heat source had been offseted and dislocation
was observed. In the RTR sheet, the dislocations showed
minimal change because of the plastic deformation heat and
frictional heat. These heat effects may cause dynamic recovery
and recrystallization, and the dislocation was consumed during
the last deformation. Thus, the effect of dislocation enhance-
ment was nullified for the RTR sheet. CR sheet showed
excellent strength and ductility after deformation.

Previous studies have shown that the grain boundaries block
dislocation slips. The number of grain boundaries increased
with grain refinement, thereby strongly obstructing dislocation
movement. The effect of dislocation enhancement improved the
strength of the sheet (Ref 5, 31). The fine grain characteristics
and dislocation strengthening are shown in Fig. 7(a) and 8(a).
The improved mechanical properties of the CR sheet are clearly
shown in Fig. 4(b). Panigrahi et al. found that grain refinement
has a more pronounced effect on the yield strength (rs) as
compared to tensile strength (rb) (Ref 11). Thus, the yield
strength (rs) closed to tensile strength (rb) after deformation.

The refined grains improved the strength of the material as
well as its plasticity. The grain orientations on both sides of the
grain boundary differed, leading to a disordered atomic
arrangement in the grain boundary. The discrete distribution
of atoms made the dislocation structure more complex, as
shown in Fig. 8(a). The grains must cross the grain boundary to
the adjacent grain during deformation, but the resistance to this
movement increased because of the complicated dislocation
structure, thus consuming a significant amount of energy. The
plasticity of the sheet was also improved. Generally, an
ultrafine structure corresponds to the proportion of large grain
boundaries (Ref 18, 32). In this study, the large grain boundary
content enhanced the matrix dislocation strength. The strength
was improved and plasticity was maintained through the
combination of fine grains and dislocation strengthening.

4.3 Cryorolled Influence on the Fracture Behavior

With increasing deformation, the dislocations gathered at the
grain boundaries. Micropores formed and expanded by dislo-

Table 2 The volume fractions of the main texture for SR and CR sheet (%)

State

Rolling texture, % Recrystallization texture, %
Others

Copper Brass S C + B + S Goss Cube G + Cu …

Hot-rolled 14.36 19.58 22.17 56.11 3.2 28.13 31.33 12.56
SR
20% 7.01 21.26 24.62 52.89 13.31 23.38 39.26 10.42
60% 12.85 21.88 26.03 69.76 18.78 9.48 28.26 1.98
80% 31.59 22.20 18.49 72.28 13.14 8.33 21.47 6.25
90% 11.79 25.24 26.91 63.94 16.06 14.97 31.03 5.03

CR
20% 14.79 17.35 22.13 54.27 14.25 24.15 38.40 7.33
60% 17.88 17.22 27.45 62.55 10.03 26.11 36.14 1.31
80% 22.54 16.80 28.42 67.76 15.06 15.46 30.52 1.72
90% 26.26 18.24 29.91 74.41 17.65 3.35 21.00 4.59
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cation aggregation when the external stress was further
increased. Subsequently, a crack source was produced and
small breakouts appeared at the center of the dimples, as shown
in Fig. 5 and 6. Some scholars have suggested that the
dislocations may accumulate in the supersaturated GP zone
(Ref 5). The ductile fracture was caused by the aggregation of
micropores in the GP zone. Owing to grain refinement, the
dimple size continuously decreased in the CR samples.

After severe deformation, the grains were stretched and
crushed, and the UFGs were widely distributed in the grain
boundaries. Intergranular fracture was caused by tiny grains

and the fine grains on the fracture surface coincided with the
grain boundary formed during rolling. When ductile fracture
extended near these grains, the crack immediately spread along
the tiny grains. Finally, tear marks formed on the surface of the
fracture and the different orientations between the broken
grains and the substrate led to poor bonding forces with the
substrate, resulting in intergranular fracture.

The sizes of the grains were approximately 1 lm in the
RTR sheet, whereas for the CR sheet, a large number of
ultrafine-grained structures formed. The degree of intergran-
ular fracture intensified upon grain refinement from 20 to 90%

Fig. 2 The ODF with constant u2 of AA6061 alloy hot-rolled sheet
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reduction. Thus, only ductile fracture occurred in the RTR
sheet but ductile and intergranular fracture could be observed

in the CR sheet after 20% rolling reduction. With increased
degree of rolling, intergranular fracture became more obvious

Fig. 3 The a-fiber (a, c) and b-fiber (b, d) of the RTR and CR sheet with different deformations

Fig. 4 The mechanical properties of the RTR (a) and CR (b) sheet with the different deformations
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Fig. 5 The fracture morphology of the RTR sheet with the different deformation 20% (a), 60% (b), 80% (c), and 90% (d)

Fig. 6 The fracture morphology of the CR sheet with the different deformations 20% (a), 60% (b), 80% (c), and 90% (d)
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for the CR and RTR sheets. Furthermore, fracture of the
ultrafine-grained structures caused the formation of small
dimples. Because more energy was absorbed by the small
dimples during the fracture process, the CR sheet exhibited
higher strength than the RTR sheet, and similar results agreed
with the literature (Ref 33).

5. Conclusions

1. Cryorolled suppressed the recovery and recrystallization
of the rolled alloy sheet, preserving high dislocation den-
sity. A large number of ultrafine grains structures formed
after 90% cryorolled.

Fig. 7 The EBSD-micrographs of the 90% deformed sample. (a) CR sheet; (b) RTR sheet

Fig. 8 The TEM-micrographs of the deformed sample. (a) CR sheet-80%; (b) RTR sheet-80%; (c) CR sheet-90%; (d) RTR sheet-90%
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2. Dislocations were impeded by the ultrafine-grained struc-
ture during deformation in the CR sheet. The strength of
the CR sheet was improved through the combination of
the ultrafine-grained structure and dislocation strengthen-
ing. The strength was improved by 10% and the plastic-
ity was maintained for the CR sheet, as compared to the
case of the RTR sheet.

3. Dimples and intergranular fracture were observed in the
CR sheet during 20-90% rolling reduction. The strength
was improved through the absorption of deformation en-
ergy by the fine dimples.
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