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Abstract. Recent investigations have demonstrated that ultra-fine grained (UFG) Al 5xxx alloys
have a significant potential for industrial applications due to their enhanced mechanical and
functional properties. The Al 5xxx alloys often have to undergo hot/cold rolling metalforming
operations for fabrication of near-net shape products since they are widely used in form of sheets
in marine, transport, and chemical engineering. The development of hot/cold rolling routes for
the UFG metallic materials are very expensive due to much higher cost of the UFG metallic
materials and time consuming due to numerous experimental trials. The objective of this work is
to perform physical simulation of cold rolling of the UFG Al 5083 alloy obtained via equal channel
angular pressing with parallel channels and to analyze the effect of cold rolling on the microstucture
and microhardness of the material. It is demonstrated that physical simulation of metalforming
processes for the UFG metallic materials can significantly reduce the amount of material required

for development of processing routes and increase the efficiency of experimental work.

1. INTRODUCTION

Aluminium alloys play a very important role in modern
engineering since they are the most used non-
ferrous material. They have been widely used in
various sectors of engineering due to their good
corrosion resistance, good mechanical properties
along with good machinability, weldability, and
relatively low cost [1,2]. In recent years, much
progress has been made in the studies on the ultra-
fine grained (UFG) Al alloys for advanced structural
and functional use associated both with the
development of novel routes for the fabrication of
bulk UFG and NS Al alloys using severe plastic
deformation (SPD) techniques and with investigation

of fundamental mechanisms leading to improved
properties [3-5].

Among all Al alloys, the non-heat treatable Al-
Mg-Mn alloys (Al alloys of the 5xxx series) are one
of the most attractive Al alloys for marine and
transport engineering as well as for the chemical
industry [1]. A significant body of research on grain
refinement in these Al alloys using ‘bottom-up’
approach, namely, (cryo)milling of powders followed
by powder consolidation exists in the literature [6-
15]. The ‘top-down’ approach to refine the
microstructure of the Al-Mg-Mn alloys using SPD
techniques is a more efficient way to fabricate high
strength alloys, but less research on SPD
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processing of the Al alloys of 5xxx series has been
done [16 17]. It was demonstrated that equal channel
angular pressing (ECAP) [18] is an efficient
technique for grain refinement in the Al-Mg-Mn alloys
in order to significantly improve their mechanical
strength, though it results in degradation of their
ductility [16,17]. Billets having a square or cylindrical
cross section can be processed via ECAP. The Al-
Mg-Mn alloys often have to undergo hot/cold rolling
metalforming operations for fabrication of near-net
shape products since they are often used in form of
sheets. Thus, the hot/cold rolling routes need to be
developed for the final metalforming operations on
the UFG AI-Mg-Mn alloys. However, these
metalforming operations can significantly affect the
microstructure of the UFG Al-Mg-Mn alloys and,
thus, change their properties. It should be also noted
that the development of hot/cold rolling routes for
the UFG metallic materials are very expensive due
to their much higher cost, compared to the coarse-
grained counterparts, and time consuming due to
the numerous experimental trials to be carried out
in order to find the optimal processing parameters.
Physical simulation of metalforming processes can
be utilized to minimize the amount of material for
such experimental work as well as to increase the
efficiency of experimental work and to reduce its
cost. In physical simulation, a small amount of
materials is subjected to the same thermo-
mechanical profile that the real material undergoes
during processing at industrial scale [19,20]. For
example, the hot/cold rolling of large metal chalks
at the industrial scale can be reproduced by plane
strain compression testing of very small specimens
at the lab scale since the material is deformed with
the similar stress constraint [20]. If the simulation
is accurate, the outcomes of physical simulation
can be readily transferred from the laboratory to the
full size production process. Thus, the major
objective of the present work is to demonstrate that
physical simulation of cold rolling of the UFG Al 5083
alloy can be a useful tool in order to analyze the
effect of cold rolling on the microstructure and
mechanical properties of the material in a very
efficient manner and at low cost.

2. MATERIAL AND PROCESSING

An Al 5083 alloy (Al-4.4Mg-0.7Mn-0.15Cr wt.%) was
chosen as a material for this investigation. The
material was supplied in form of a hot rolled plate
having a thickness of 100 mm. The as-received
material was annealed at 350 °C for 2 h. The rods
having a diameter of 18 mm and a length of 100 mm

were machined and subjected to equal channel
angular pressing with parallel channels (ECAP-PC).
This method has been successfully applied for grain
refinement in various Al alloys [21,22]. Schematic
presentation of this processing technique is given
in Fig. 1a and a detailed description of the technique
can be found in [21,23]. The intersection angle
between the parallel channels and the channel
connecting them ® was 110° and the distance K
was 20 mm (Fig. 1a). The bar was heated up to 180
°Cinthe furnace and soaked for 15 min followed by
its lubrication and a processing pass in the ECAP-
PC die heated to the same temperature. The punch
speed was 6 mm/s. The bars were subjected to 7
ECAP-PC passes. The strain produced in each
ECAP-PC pass was ~ 1.6, so the total cumulative
strain induced into each sample was ~ 11.2.

3. EXPERIMENTAL PROCEDURES

Physical simulation of cold rolling was performed
via plane strain compression testing in a thermo-
mechanical simulator GLEEBLE 3800. Plane strain
compression testing is a laboratory testing method
which allows the measurement of the stress-strain
behavior of metals and alloys to be carried out under
controlled conditions of strain rate and temperature
with constraint which are similar to those of industrial
plate rolling [24,25]. The schematic representation
of plane strain compression testing is given in Fig.
1b. Specimens in form of plates having dimensions
of 20x15x5 mm? were machined from the processed
rods. The ‘rolling direction’ (RD) in the specimens
for physical simulation coincided with the pressing
direction in the ECAP-PC processed samples as
shown on Fig. 1c. Plane strain compression testing
was carried out at room temperature with strain rate
of 10 s* at room temperature. The plates from
ECAP-PC processed sample were subjected to
plane strain compression testing to reduction ratios
of 10%, 20%, 30%, and 40% with 10% reduction
ratio per each step. The plates from the coarse-
grained material were additionally deformed to the
total reduction ratio of 50% with 10% reduction ratio
per step. The break time between plane strain
compression steps was 30 s which is relevant to
that between rolling passes during real cold rolling
of the material. It should be noted that no any
formation of cracks was observed in the coarse-
grained material after compression with the total
reduction ratio of 50%, whereas some micro-cracks
were present at the edges of the ECAP-PC
processed samples after compression with the total
reduction ratio of 40%. The flow stress ¢ during
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b)

Fig. 1. a) Schematic presentation of the ECAP-PC processing technique; b) schematic presentation of
plane strain compression test; b) schematic presentation of a sample after plane strain compression test.

plane strain compression testing was calculated as
[26]

c=——", (1)

where F is the load, w the width of the anvils, and L
the specimen width. True compressive strain was
estimated as [26]

()
e=Inf — |,
" 2)

where h_is the initial thickness of the plate and h
the thickness of the plate during plane strain
compression testing.

The microstructure of the as-received coarse-
grained material was analyzed using optical
microscope Olympus GX41. Samples for optical

microscopy studies were prepared using standard
metallographic technique. The samples were
polished to the mirror-like surface using colloidal
silica at the final stage. To reveal the grain structure,
the samples were etched using the Keller reagent.

To study the microstructure evolution in the ma-
terial during plane strain compression testing,
transmission electron microscopy (TEM) analysis
was carried out using a JEOL-2100 microscope
operating at 200 kV. The microscope is equipped
with a digital camera OLYMPUS D71. Samples for
TEM study were cut out from the longitudinal section
of the ECAP-PC processed samples and
specimens after physical simulation of rolling and
thinned down to ~ 100 um. TEM foils were prepared
by twin jet electro-polishing with 30% of Nitric acid
in methanol at -25 °C at an operating voltage of 12
V. Observations were made in both the bright and
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Fig. 2. Microstructure of the coarse-grained Al 5083 alloy: a) optical microscopy image, b) bright field TEM
image illustrating dispersoids, c) bright field TEM image illustrating cell structure and dislocations, d) dark
field TEM image illustrating cell structure and dislocations.

the dark field imaging modes, and selected area
electron diffraction (SAED) patterns were recorded
from the areas of interest using an aperture of 1 mm
nominal diameter. The linear intercept method was
used to estimate the size of grains/subgrains and
the size of least 200 grains/subgrains was
measured.

The XRD measurements were conducted using
Rigaku Ultima IV diffractometer using CuK_ radiation
(30 kV and 20 mA). Values of lattice parameter a,
coherent domain size d,  and elastic
microdistortion level <¢2>'2 for the initial and tested
plates were calculated via Rietveld refinement
method using the MAUD software [27]. Dislocation
density p was estimated using Eq. (3) [28]

p=2v3(s")""/(Dxb), (3)

where b is the Burgers vector (b = a\/§/2 for fcc
metals) and D the size of the coherent scattering
domain (CSD).

Microhardness of the material was measured
using SHIMADZU HMV-2 microhardness tester
equipped with Vickers diamond indenter. The load
of 1 N was applied for 10 s. Ten measurements were
carried out in the midsection of each sample, the
average values of microhardness and their standard
deviation were calculated.

4. RESULTS AND DISCUSSIONS

4.1. The effect of equal channel
angular pressing on the
microstructure of the Al 5083
alloys

Fig. 2 illustrates microstructure of the as-received
hot rolled Al 5083 alloy after annealing. A
homogeneous microstructure consisting of
elongated grains having a length of 300...400 um
and a width of 100...200 um is observed. The grains
are elongated in the rolling direction (Fig. 2a). TEM
analysis revealed that coarse grains subdivided into
smaller cells with thin dislocation walls as boundaries
(marked by white arrows on Fig. 2c). The cells have
an equiaxed shape and their size is in the range of
0.5...1 um. The interior of cells is free of dislocations.
Misorientation across these cells appears to be
small since many of the subgrains show a similar
contrast under a certain diffraction condition (Fig.
2d) though a few individual cells demonstrating
different contrast are also visible (marked by black
arrow on Fig. 2d). Such microstructure was developed
during hot rolling of the material and its further
annealing: A great number of dislocations generated
during hot rolling was able to rearrange so as to
form such stable configurations because of the



Physical simulation of cold rolling of ultra-fine grained Al 5083 alloy to study microstructure evolution 79

F@

T

Fig. 3. Bright field TEM images of the Al 5083 alloy after ECAP-PC processing at 180 °C for 7 passes: a,

b) transversal section, ¢, d) longitudinal section.

enhanced frequency of cross-slip and climb, and
further annealing led to annihilation of the
statistically stored dislocation in the interior of cells
via their climb [36]. It should be noted that the rod
type second phase precipitates having a length of
400...600 nm and a width of 80...120 nm are also
present in the microstructure and can be identified
as AIMnCr dispersoids typically present in the Al-
Mg-Mn alloys (Fig. 2b) [1].

ECAP-PC processing of the material led to for-
mation of a very homogeneous UFG microstructure
(Fig. 3). Majority of ultra-fine grains have an equiaxed
shape and their size is in the range of 250...600 nm

with the average size of 480 nm (Fig. 3). Lattice
dislocations are present in the interior of most of
the ultra-fine grains. The X-Ray measurements have
clearly demonstrated that dislocation density after
ECAP-PC processing has increased by two orders
of magnitude (Table 1). Finer spherical dispersoids
having a size of 50...100 nm are observed in the
microstructure. As well known, ECAP processing
of the Al alloys can lead to fragmentation of second
phase particles and dispersoids if they have a rod
shape as a result of shearing processes [29-31]. It
should be also noted that the ECAP-PC process-
ing reduced the CSD size by a factor of 3 (Table 1)

Table 1. Results of the X-Ray studies of the coarse-grained and UFG Al 5083 alloy before and after plane

strain compression testing.

Reduction ratio CSD[nm] <e2>12[%)] Lattice parameter [a] p [m?]

CG Non rolled 480+34  0.0004 +0.00002 4.0716+0.0005 1.01 x 101
10% 244+12  0.0820+0.0018 4.0701+0.0008 4.09 x 10*®
30% 240+35 0.1100+0.0048 4.0689+0.0010 5.59 x 10*®
50% 239+28 0.1100+0.0064 4.0689+ 0.0009 5.62 x 10*®

UFG Non rolled 157+10  0.0520+0.0007 4.0711+0.0001 4.04 x 10%3
10% 109+12  0.0880+0.0024 4.0724+0.0002 9.85 x 10%®
30% 100+17  0.0110+0.0070 4.0709 +0.0009 1.34 x 10
40% 96 + 10 0,0130+0,0029 4,0701+0,0007 1,65 x 10%
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Fig. 4. TEM images of the coarse-grained Al 5083 alloy after plane strain compression testing with reduction

ratio of: a, b) 10%, c,d) 30%, e,f) 50%.

due to formation of much finer microstructure as
well as due to the significant increase of lattice dis-
location density (Table 1).

4.2. Evolution of microstructure in the
Al 5083 alloy during plane strain
compression testing

4.2.1. Evolution of microstructurein
the coarse-grained material

Fig. 4 illustrates evolution of microstructure in the
coarse-grained Al 5083 alloy during plane strain
compression testing at room temperature.
Formation of equiaxed cells having a size of 0.5...1
um is observed after deformation to true compressive
strain of ~ 0.11 (reduction ratio of 10 %). The
individual cells are separated by relatively diffuse

single dense dislocation walls (DDWs) marked by
white arrows on Fig. 4a. The width of DDWSs is in
the range of 100...120 nm (Fig. 4a). Areas of micro
banding (MB) consisting of very elongated cells are
also observed (marked on Fig. 4b). They have a width
of 100...150 nm. An increase of true compressive
strain to ~ 0.36 (reduction ratio of 30%) leads to
formation of a more complex microstructure
consisting of lamellae having a length of 0.5...2 um
and a width of 150...200 nm (marked as ‘L’ on Fig.
4c) and elongated cells. The lamellae boundaries
are parallel to the rolling plane (Fig. 4c). With
increasing true compressive strain to ~0.69
(reduction ratio of 50%), a great number of MBs
developed in the material and some of them formed
clusters consisting of a 2-3 layers (Figs. 4e and 4f).
Some of the MBs in these clusters have different



Physical simulation of cold rolling of ultra-fine grained Al 5083 alloy to study microstructure evolution 81

¢)

contrast suggesting the presence of large
misorientation between them (Fig. 4f). These MBs
have a width of 100...200 nm, they are spaced at
0.6...1 um (Figs. 4e and 4f) and intersected at angles
of 60...75° (Fig. 4f). No significant effect of disper-
soids on the microstructure evolution during plane
strain compression testing of the coarse-grained Al
5083 alloy at room temperature was observed.

It should be noted that the size and shape of the
cells formed after plane strain compression testing
to low strains (Figs. 2a and 2b) is very similar to
those observed in the coarse-grained material
though the latter had much thinner cell walls (Fig.
2b). The X-Ray measurements of the coarse-grained
specimens also confirm that the CSD size is not
significantly affected by the true compressive strain
(reduction ratio) (Table 1). So, it can be assumed
that the initial microstructure can play an important

f)
Fig. 5. Bright field TEM images of the UFG Al 5083 alloy after plane strain compression testing with
reduction ratio of: a,b) 10%, c,d) 30%, e,f) 40%.

role in the formation of the microstructure during
cold rolling. An increase of dislocation density in
the cell interior with increasing true compressive
strain is clearly observed on the TEM images (Fig.
4), and it is also confirmed by the results of the X-
Ray analysis (Table 1). It should be noted that there
is a significant body of experimental and theoretical
research on microstructure evolution in the Al alloys
during their cold rolling, and the nearly complete
theory of this process has already been developed
[32-40]. Our observations of the microstructure
evolution during cold plane strain compression
testing of the AI5083 alloy are in a very good
accordance with the literature data, thus, indicating
the correctness of application of physical simulation
to study the microstructure evolution during cold
rolling of the Al alloys.
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Fig. 6. Experimental flow stress - true compressive
strain from plane strain compression testing of the
Al 5083 alloy in: a) coarse-grained condition, b) UFG
condition.

4.2.2. Evolution of microstructurein
the ultra-fine grained material

Microstructure evolution during plane strain
compression testing of the UFG Al 5083 at room
temperature (Fig. 5) significantly differs from that
observed in its coarse-grained counterpart (Fig. 4).
First, no formation of cell microstructure in the grain
interior is observed during plane strain compression
testing. After deformation to compressive strain of
~0.11 (reduction ratio of 10%), some ultra-fine grains
tend to elongate along the ‘rolling direction” (Fig.
5b), but most of the grains retain their equi-axed
shape (Fig. 5a). With increasing compressive strain
to ~ 0.36 (reduction ratio of 30%), formation of
individual MBs is observed in the microstructure (Fig.
5c¢) and most of the ultra-fine grains are elongated
along the rolling direction (Fig. 5d). No lamellae-
type microstructure is seen. Higher dislocation
density is observed in the interior of ultra-fine grains
(Fig. 5d), itincreases by order of magnitude (Table
1). Further increase of true compressive strain to ~
0.51 (reduction ratio of 40%) results in bi-modal
microstructure consisting of areas containing
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Fig. 7. Effect of plane strain compression testing
on the Vickers microhardness of coarse-grained and
UFG AI5083 alloy (measurements are taken from
the midsection of the tested specimens).

significant amount of MBs (Fig. 5e) and areas where
elongated ultra-fine grains prevail (Fig. 5f). Unlike in
the coarse-grained material, formation of equiaxed
cells with very diffuse cell boundaries can be observed
within come MBs in the UFG Al 5083 alloy (Fig.
5e). Qualitative analysis of the microstructure shows
much lower density of MBs in the UFG material
(Figs. 5e and 5f) compared to that in the coarse-
grained material (Fig. 4e and 4f). No significant effect
of fine dispersoids on the microstructure evolution
in the UFG Al 5083 can be noted: No any specific
microstructural features are seen in vicinity of the
dispersoids.

4.3. The effect of ECAP-PC
processing and plane strain
compression testing on the flow
stress and microhardness of the
coarse-grained and UFG Al 5083
alloy

Fig. 6 demonstrates the experimental flow stress -
true strain curves from plane strain compression
testing of both coarse-grained and UFG material. It
is seen from the curves that grain refinement in the
Al 5083 leads to increased flow stress during plane
strain compression testing. For example, the UFG
material in the 4th ‘rolling pass’ shows flow stress
of 421 MPa (Fig. 6b), whereas the CG material in
the same rolling pass is deformed under 368 MPa
(Fig. 6a). Flow stress tends to increase with true
compressive strain (reduction ratio) in both CG and
UFG material (Fig. 6). Analysis of the X-Ray results
(Table 1) along with TEM data (Sections 3.2.1 and
3.2.2) leads to conclusion that different hardenings
mechanisms are responsible for the strengthening
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of the CG and UFG materials. Formation of lamel-
lar-type microstructure with ultra-fine lamellae and
high fraction of micro-shear bands (Section 3.2.1)
seems to be the main mechanism for hardening of
the CG material, since dislocation density does not
increase significantly with reduction ratio as seen
from  Table 1. The can be related to rearrange-
ment of dislocations generated during plane strain
compression testing and their significant contribution
to formation cells boundaries, MBs, etc. On the
contrary, dislocation density increases by one order
of magnitude during plane strain compression
testing (Table 1), thus, providing significant
dislocation strengthening [41]. Dislocations
generated during plane strain compression testing
of the UFG material to low true compressive strains
(<0.36) mainly provided plastic deformation of
individual ultra-fine grains. The results of
microhardness measurements (Fig. 7) are in a good
agreement with the stress-strain curves (Fig. 6). It
is clearly seen that the Vickers microhardness
tends to increase with reduction ratio in both CG
and UFG materials. No tendency to saturation of
the Vickers microhardness is observed in both
conditions. Thus, it can be concluded that cold
rolling of the Al 5083 alloy in both conditions to
higher reduction ratios can lead to further material
hardening.

4.4. Advantages of application of
physical simulation for
development of thermo-
mechanical processing routes for
the UFG metallic materials

Significant amount of large-scale trials is usually
required for development of advanced thermo-
mechanical processing routes for fabrication of the
UFG metallic materials. For example, this is clearly
seen from [42], where whole ECAP processed UFG
CP Tispecimens were subjected to cold rolling route
in order to analyze its effect on the microstructure,
thermal stability, and mechanical properties of the
UFG material. Recently, it was also shown that many
UFG metallic materials such as IF steel [43],
commercially pure CP Cu [44], CP Al [45]
demonstrate high bi-axial stretch formability similar
to that of their coarse-grained counterparts. So these
UFG metallic materials can undergo additional
metalforming operations for fabrication of complex
shape tools and have a potential for application in
various engineering sectors [46]. Since these
metalforming operations might significantly affect
their microstructure and mechanical properties,

development of processing path will take significant
amount of experimental trials and research using
significant amount of expensive UFG material.

This work clearly shows that physical simulation
of the metalforming operation can significantly
reduce the amount of material required for
experimental trials as well as to increase efficiency
of experimental work. First, precise data on stress
strain behavior of the material during cold rolling can
be recorded and the load on the rolling mills can be
predicted. This is very important in order to avoid
the damage of the rolling mills since some UFG
metallic materials can demonstrate superior
mechanical strength and enhanced strain rate
sensitivity resulting in extremely high flow stresses
if they are deformed at high strain rates [5]. Second,
the processing parameters (temperature, reduction
ratio, strain rate) can be perfectly controlled in the
thermo-mechanical simulator. So the effect of the
rolling parameters on the microstructure, texture,
mechanical strength and any other functional
properties can be easily determined via analysis of
small specimens subjected to plane strain
compression testing. The results thus obtained from
physical simulation can be readily transferred into
larger fabrication scale.

5. CONCLUSIONS

Acoarse-grained Al 5083 alloys is subjected to equal
channel angular pressing with parallel channels
(ECAP-PC) at 180 °C for 7 passes resulting in
formation of a homogeneous microstructure
consisting mainly of equiaxed ultra-fine grains having
the average size of 480 nm. Physical simulation of
cold rolling of both coarse-grained and ultra-fine
grained (UFG) Al 5083 alloy is performed via plane
strain compression testing at room temperature in
a thermo-mechanical simulator. Evolution of
microstructure and hardness of both material’'s
conditions during plane strain compression testing
is performed. It is demonstrated that:

1) Evolution of microstructure during plane strain
compression testing of the coarse-grained Al 5083
alloy is very similar to that reported earlier for various
coarse-grained Al-Mg alloys during their cold rolling.
2) Evolution of microstructure in the UFG Al 5083
alloy during plane strain compression testing is very
different from that observed in its coarse-grained
counterpart.

3) Cold rolling of both coarse-grained and UFG
material leads to increase of their mechanical
strength with true strain induced into specimens.
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4) Physical simulation of cold rolling of UFG metal-
lic materials is a very convenient tool that allows to
predict microstructure and properties of the mate-
rial after its rolling in efficient manner at lower cost.
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