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Deformation Microstructures in Metallic Materials
after Severe Plastic Deformation

by Rolling with Cyclic Movement of Rolls
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Z. Krasińskiego 8, 40-019 Katowice, Poland

The results of the microstructure investigations of the pure Al and AlMg5 alloy and pure Cu and CuFe2
alloy after the application of severe plastic deformation implemented by rolling with the cyclic movement of the
rolls are presented in this paper. The rolling with the cyclic movement of the rolls was carried out at values: the
rolling rate v = 1 rpm, the frequency of rolls movement f = 1 Hz, the amplitude of rolls movement A = 1.6 mm.
Maximal values of rolling reduction at 6 passes was εh = 80%. The structure of the these materials was analyzed
using scanning transmission electron microscope. The quantitative studies of the substructure was performed with
MET-ILO software, on the basis of images acquired on scanning transmission electron microscope. Performed
substructure investigations showed that using the rolling with the cyclic movement of the rolls method can refine
the microstructure of these materials to the ultrafine scale.
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1. Introduction

A lot of the scientific investigations are focused on the
research of new materials with a high efficiency and new
technologies for their production [1–6]. Over the last two
decades, a number of techniques were adopted to pro-
cessing metals and alloys to grain refinement to nano-
and sub-micrometer scale. Nanograined and ultrafine-
grained materials are interesting because they have bet-
ter mechanical and physical properties than the materials
with micrometer grained structure [5–10]. In the group
of materials which are often processed by using severe
plastic deformation (SPD) are pure aluminium and alu-
minium alloys, which play important role in automotive
and aerospace engineering due to their good corrosion re-
sistance, good machinability and weldability. The second
group of non-ferrous materials, which play a key role in
electric engineering are copper and copper alloys. In lit-
erature the effectiveness of SPD methods has been re-
vealed for a pure Al [7–13], Al–Mg alloys [13, 14], pure
Cu [11, 13–19] and Cu–Fe [20] alloys. Recent works have
demonstrated [21, 22] that one of the method which can
be used for SPD processing is rolling with cyclic move-
ments of rolls (RCMR). This original method of defor-
mation has been patented in Silesian University of Tech-
nology, Faculty of Materials Engineering and Metallurgy
in Poland [ . In RCMR technique, the rolled strip is
deformed by reducing the height and additionally the
material is affected by movement in a direction perpen-
dicular to the main direction of rolling. By repeating
this procedure, very high strains have been introduced
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into material and significant structural refinements has
been achieved. In literature, there is lack of information
about how the RCMR processing influence on refinement
structure of mentioned materials and what is the effec-
tiveness of the method in refinement structure compared
with another SPD method. The Al, Al–Mg and Cu, Cu–
Fe systems were chosen for the study for two reasons: Al
and Cu — representative face-centred cubic metals with
different value of stacking fault energy and can be read-
ily produced by SPD method, whereas alloys are much
more stable thermally and mechanically in comparison
with pure metals. For this reason the alloys are most
promising for manufacturing nanostructured material for
various applications.

2. Experimental

Investigations were performed on: pure 99.7% alu-
minium, AlMg5 alloy containing 5 wt% Mg, pure copper
(M1E) and CuFe2 alloy containing 2 wt% Fe. The sam-
ples after heat treatment (annealing for metals and so-
lutioning for alloys) were processed by using RCMR
method. Scheme of RCMR method is shown in Fig. 1a.
All tests using the RCMR method were conducted at
room temperature. In our experiments, deformation by
RCMR method was realized at parameters: rolling re-
duction (εh) = 80%, rolling rate v = 1 rpm, amplitude of
rolls movement A = 1.6 mm, and the frequency of rolls
movement f = 1 Hz. Process was realized in 6 passes.
The total effective strain (εft) was 6.7. Microstructural
analysis were performed using a Hitachi scanning trans-
mission electron microscopy (STEM) according with pro-
cedure presented in Fig. 1b. The detailed quantitative in-
vestigations of the ultrafine-grained structures were per-
formed using MET-ILO software.
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Fig. 1. Scheme of RCMR process (a) and the place of cutting and microstructure observation (b).

3. Results and discussion
3.1. Pure Al and AlMg5 alloy

Figure 2a and b shows the microstructure of pure
Al and AlMg5 alloy after rolling with the cyclic move-
ment of rolls. In Al microstructure there were ob-
served well formed grains/subgrains with low dislocations
density in the interior (Fig. 2a). Furthermore in the

Fig. 2. Microstructure of pure Al after RCMR process-
ing (a), microstructure of AlMg5 alloy after RCMR pro-
cessing (b), distribution of grain/subgrain diameter (c),
distribution of shape index (d).

microstructure are visible polygonal dislocation bound-
aries. Some boundaries are curved and strong spreading
of thickness extinction contours in Fig. 2a indicates high
elastic stress near the non-equilibrium boundaries. In Al–
Mg alloy processed by RCMR there are observed tangles
of dislocations in matrix. Microstructure revealed irreg-
ular grains and poorly defined grain boundaries. This
means that many of the boundaries are in high-energy
non-equilibrium configurations (Fig. 2b). It should be
noted that in AlMg5 alloy the development of ultrafine
grained structures is accompanied by increase in disloca-
tion density and the microstructure refinement process is
mainly characterized by subgrains with small misorien-
tation angles. According with MET-ILO measurement,
the average grains/subgrains size for pure Al and AlMg5
alloy were 0.8 µm and 0.3 µm, respectively (Fig. 2c), and
average value of shape index were 0.7 and 0.5 for pure Al
and AlMg5 alloy (Fig. 2d). Grain/subgrain size distribu-
tions for Al and AlMg5 alloy are significantly different.
Many of grains with the dimensions of 0.6–0.9 µm exist

in Al but in AlMg5 alloy the fraction of grains with di-
mensions of 0.2–0.4 µm is high and reaches about 75%
(Fig. 2c). The fraction of shape index in range of 0.9–1
(most equiaxed grains/subgrains) for Al was about 30%
but for AlMg5 alloy the fraction was only 8% (Fig. 2d).

Results of Al processing by RCMR showed that dy-
namic processes take place during deformation which in-
clude annihilation of dislocation within subgrains and
rearrangement of dislocations to form grain boundaries.
This process may also include absorption of dislocation
into grain boundaries. Finally, it was shown that the
grain size was reduced to about 0.8 µm. The addition
of 5 wt% Mg to Al is effective to refine the grain size.
The grain size reduction was attained up to 0.3 µm.
The solute atoms has a very strong effect on inhibit-
ing recovery, for this reason less dynamic boundary mi-
gration occur and the lamellar (elongated) structure of
grains/subgrains are dominating in microstructure.

3.2. Pure Cu and CuFe2 alloy
Figure 3a and b shows the microstructure of pure Cu

and CuFe2 alloy after rolling with the cyclic movement
of rolls. The observations indicate that grains interiors
can be free from dislocations or have numerous disloca-
tions stored (Fig. 3a). Many grains about ≈100 nm in
size are completely free of dislocations and boundaries are
curved. Finally, the grain size of Cu produced in these ex-
periments by RCMR was 0.5 µm (Fig. 3c). The processed
sample of CuFe2 alloy exhibits elongated subgrain/grain
structure with high dislocation density in the interior
(Fig. 3b). The boundaries are often mixtures of low an-
gle and high angle boundaries. STEM/nano diffraction
observations revealed that locally now ultrafine-grain
(UFG) grains with high angle boundary were created
(Fig. 3b). The grain/subgrain size of the CuFe2 alloy is
much smaller than that of the Cu. According with MET-
ILO measurement, the average grains/subgrains size for
CuFe2 alloy was 0.3 µm. In CuFe2 alloy more than 70% of
analyzed grains/subgrains have size in the range of 0.1–
0.2 µm. For Cu the grain size distribution is different and
in the microstructure dominate grains/subgrains with di-
ameter in the range of 0.2–0.5 µm. Cyclic deformation
causes formation of dislocation boundaries which propa-
gate in different direction due to activity of a number of
slip system. The STEM images revealed that ultrafine
grained structure with near equiaxed grains/subgrains
were easy created in Cu during RCMR method. The
average value of shape index was 0.7 and the fraction
of shape index in the range of 0.9–1 was about 30%
(Fig. 3d). But the reduced rate of dynamic boundary
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migration observed especially in CuFe2 alloy results in
a far more elongated grain/subgrain structure (Fig. 3d)

and the average value of shape index was 0.5 and the frac-
tion of shape index in the range of 0.9–1 was about 5%.

Fig. 3. Microstructure of pure Cu after RCMR processing (a), microstructure of CuFe2 alloy after RCMR process-
ing (b), distribution of grain/subgrain diameter (c), distribution of shape index (d).

Fig. 4. The grain/subgrain size of Al and AlMg5 alloy (a) and Cu and CuFe2 alloy (b) measured by TEM vs. strains
of different SPD method.

A comparison of the present result of RCMR with the
other results were presented in Fig. 4. The RCMR pro-
cess is just as effective in creating refinement structures
as the another SPD techniques. RCMR with a strain
(εft) of about ≈7 shows similar results as the CEC with
a strain of ≈5 in Al refinement. In AlMg5 alloy after de-
formation about ≈14, the mean width of the microbands
was 156 nm [13]. In our experiment the average value
of grains/subgrain size in AlMg5 alloy were about twice
lower but the strain was twice smaller, too (Fig. 4a).
The result obtained for Cu is quite close to that of Cu

processed by groove pressing (GP) method to a strain
of about ≈4. Equal-channel angular pressing (ECAP)
process with strain about ≈8 is more effective than the
RCMR process with strain ≈7 in refinement structure of
CuFe2 (Fig. 4b).

Based on our experiment should be noted that addi-
tion of alloying elements to Al and Cu matrix very effec-
tively decreases the rate of recovery and, in the result,
this situation leads to decrease in grain/subgrain size.
Obtained results are in accordance with literature [7–20].
Enhanced mobility of dislocations in Al and Cu due to
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the lack of alloying elements to hinder the dislocation
movement results in weakening of grain refinement. Ad-
ditionally in case of Al for which the stacking fault energy
(SFE) is large (200 mJ/mm2) [6], the mobility including
cross slip and climb of dislocation occurs more easy than
the metals with medium stacking fault energy (SFE for
Cu =50 mJ/mm2) [6], in the result the level of structure
refinement in Al by RCMR is a little smaller than 1 µm.

4. Summary

The aspects of microstructure refinement of the metal-
lic materials as: Al, AlMg5, Cu and CuFe2 with using
rolling with the cyclic movement of rolls method was dis-
cussed. The main results are as follows:

1. RCMR method allows to produce UFG materials.
The RCMR process is just as effective in creating
refinement structures as the another SPD process.

2. Grain refinement was more significant for alloys
than for pure metals. The average grain/subgrain
size was: 0.8 µm and 0.3 µm for Al and AlMg5
respectively and 0.5 µm and 0.3 µm for Cu and
CuFe2, respectively.

3. In pure Al and Cu enhanced recovery reduces the
accumulation of dislocations during the process but
instead increases the fraction of high angle bound-
ary in microstructure, while recovery is significantly
inhibited by the dilute addition of Mg in Al and Fe
in Cu.
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