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Abstract. In this paper the effect of asymmetric rolling on the possibility of increasing the 
technological plasticity of aluminum alloys was investigated. The experimental research was 
carried out on a laboratory asymmetric rolling mill with an individual drive of the work rolls with 
the possibility of creating a speed ratio from 1.0 to 5.0. It was shown that the increase of speed 
ratio of the work rolls from 1.0 to 5.0 significantly reduce the rolling force in comparison with 
symmetric rolling. Rolling force decreased in 1.9 times for alloy AD33 (AA6061), in 2.3 times for 
alloy AMg6, in 3.2 times for alloy D16 (AA2024). At the same time the technological plasticity 
was increased. Technological plasticity characterizes the ability of a material to undergo higher 
thickness reductions without fracture under certain conditions of stress, temperature, and strain 
rate. In asymmetric rolling the thickness reduction was increased from 48 to 87% for alloy D16, 
from 50 to 59% for alloy AMg6, and from 40 to 75% for alloy AD33 in comparison with 
symmetric rolling. In all cases the samples had initially room temperature and were subjected only 
to deformation heating and friction heating. Extremely high thickness reduction (87%) was 
achieved by a single pass asymmetric rolling (at speed ratio 5.0) for alloy D16. It was found that 
the ductility of the alloy D16 was 12.3% after asymmetric rolling with a thickness reduction of 
87% and without the use of annealing. This was approximately 2 times higher than the initial 
ductility (6.2%) of the same alloy in the initial annealed state and much higher than ductility (0.3%) 
after symmetric rolling. New technological schemes of sheet rolling of aluminum alloys with high 
ductility and increased technological plasticity have been developed. 
Introduction 
Aluminum is one of main structural materials in the world, being second to only ferrous metals in 
production and consumption volumes. Now, Russia ranks as the world’s second largest aluminum 
producer (after China) and the leading exporter of this metal [1]. 

One of main requirements for aluminum alloy sheets is technological plasticity or formability. 
Usually during rolling metals and alloys are hardened and, consequently, they show lower 
technological ductility [2]. Upon achievement of a definite level of deformation, technological 
plasticity is almost fully lost, and further deformation is not possible without additional heat 
treatment, followed, in turn, by complicating the process and reducing productivity, and 
introducing additional constraints of the process. 
  



Superplasticity in Advanced Materials - ICSAM 2023  Materials Research Forum LLC 
Materials Research Proceedings 32 (2023) 309-316  https://doi.org/10.21741/9781644902615-36 

 

 
310 

 
Since the 2010s, asymmetric rolling is seen in terms of forming the required properties of rolled 

products. Studies of Russian and foreign scientists [3-11] show that one of the most promising 
methods of obtaining the required properties of rolled products is an asymmetric thin sheet rolling 
process based on intentionally formed asymmetry due to the difference between peripheral speeds 
of work rolls. 

However, the issues of increasing technological plasticity have not been properly studied; 
therefore, developing methods of improving technological plasticity of aluminum narrow strips 
during asymmetric rolling is still relevant. 

The study is aimed at increasing technological plasticity of aluminum narrow strips by 
mismatching speeds of work rolls during asymmetric rolling. 
Research methods and materials used. To carry out the studies, we selected aluminum alloys 
AMg6 and AD33, mostly used in the automotive industry, and alloy D16, highly used in all the 
industrial sectors, including aeronautical and transport engineering. 

The experiments were conducted using asymmetric rolling of aluminum alloys, whose chemical 
composition is confirmed by the energy dispersive analysis: 

- D16 (Si –0.26 %; Fe – 0.39 %; Cu – 4.00 %; Mn – 0.55 %; Mg – 1.48 %;  Cr – 0.018 %; Zn 
– 0.16 %; Ti – 0.043 %; Ni – 0.030 %; B – 0.0018 %; Al – 93.09 %), 

- AMg6 (Si – 0.17 %; Fe – 0.27 %; Cu – 0.045 %; Mn – 0.64 %; Mg – 6.15 %; Cr – 0.011 %; 
Zn – 0.027 %; Ti – 0.035 %; Ni – 0.008 %; Bе – 0.0018 %; Al – 92.7 %), 

- AS33 (Si – 0.58 %; Fe – 0.48 %; Cu – 0.22 %; Mn – 0.11 %; Mg – 0.80 %; Cr – 0.15 %; Zn 
– 0.080 %; Ti – 0.035 %; Bе – 0.0014 %; Al – 97.45 %). 
Research results. Basic data for simulating the process in DEFORM 2D/3D software: entry strip 
thickness h0 = 1.0-8.0 mm; initial temperature of the workpiece: 20 ℃; work roll diameter R = 
100-500 mm; friction is according to Coulomb’s law; friction coefficient μ = 0.05-0.4; deformation 
ratio (reduction) ɛ = 10-90 %; bottom roll peripheral speed V1 = 100 mm/s; roll speed ratio is from 
1 to 5. 

It has been found that during asymmetric rolling (V1/V2=5) of specimens of aluminum alloy 
AMg6 at reduction ɛ = 66 %, rolling force decreases from 610.0 to 192.2 kN as compared with 
symmetric rolling; torque on the bottom roll increases by 1.4 times, from 3.8 to 5.6 kN·m, and 
torque on the top roll decreases by 1.3 times, to 2.9 kN·m. Rolling force during asymmetric rolling 
decreases by 2.9 (reduction is 64 %, V1/V2=5) and 3.5 times (reduction is 87 %, V1/V2=5) for 
alloys AD33 and D16, respectively. 

To carry out the experimental study, we used laboratory and industrial rolling mill 400 at the 
Zhilyaev Laboratory of Mechanics of Gradient Nanomaterials. Key specifications of the mill are 
given in Table 1 [12,13]. 
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Table 1 – Specifications of the pilot and experimental laboratory two-high rolling mill 

Parameter Value 
Type Reversing two-high rolling mill with individually-driven work 

rolls 
Screw-down mechanism Hydraulic 
Work roll diameter 340 [mm] 
Work roll body length 400 [mm] 
Rolling force (max) 2500 [kN] (250 [tf]) 
Torque (max) 2‧65 [kN·m] 
Main drive power 2‧75 [kW] 
Thickness of rolled sheet 
workpieces 

50 [mm] – 0.5 [mm] 

Materials to be rolled Al, Fe, Ti, and other metals and alloys, having σт up to 1500 
[MPa] 

Applied technologies − symmetric rolling, 
− asymmetric rolling, 
− cryogenic rolling, 
− accumulative roll bonding. 

Total equipment weight 20 [t] 
 

The experiments on mill 400 proved validity of the designed computer models in terms of force 
values. The calculated rolling torques on every work roll deviated from the measured values by 15 
% or less. 

The experimental results of rolling narrow strips from D16 with various work roll speed ratios 
are given in Table 2. 

 
Table 2 – Rolling parameters of narrow strips from aluminum alloy D16 

Sample No. 
Thickness, mm Relative 

reduction, 
[%] 

Force, 
[kN] 

Roll speed 
ratio 

Hardness, 
[HB 

5/125] 
Note Entry 

thickness 
Exit 

thickness 
23.09.2021

–9 6.00 3.10 48 463.80  5.0/5.0 104 Fracture of 
the sample 

23.09.2021
–19 (3) 6.00 2.60 58 181.40 8.0/4.0 118 Fracture of 

the sample 
23.09.2021

–41 6.00 2.00 67 215.10 9.0/3.0 86 Fracture of 
the sample 

23.09.2021
–61 6.00 1.90 68 188.60 8.0/2.0 88 Fracture of 

the sample 

23.09.2021
–92 6.00 0.90 85 243.00 10.0/2.0 73 

No fracture 
of the 

sample 

23.09.2021
–94 6.00 0.65 89 230.00 10.0/1.5 68 

No fracture 
of the 

sample 
23.09.2021

–95 6.00 - - - 10.0/1.3 - The sample 
melted 
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The conducted experiments showed an increase in technological plasticity of aluminum narrow 
strips during asymmetric rolling. So, during conventional symmetric rolling (V1/V2 = 5.0/5.0) of 
aluminum alloy D16, in a single pass the sample was broken, when we tried to roll it to a thickness 
of 3.1 mm (reduction was 48 %). By increasing the work roll speed ratio up to V1/V2 = 10.0/2.0, 
we produced the aluminum narrow strip with a final thickness of 0.8 mm, relative reduction per 
pass was 87 %. A further increase in the work roll speed ratio up to V1/V2 = 10.0/1.5 contributed 
to producing the aluminum narrow strip with a final thickness of 0.65 mm (reduction was 89 %). 
The sample melted at a roll speed ratio of ≈ 7.7 (V1/V2=10.0/1.3). 

Increased technological plasticity, when introducing asymmetry, was also experimentally 
confirmed for the samples of aluminum alloys AMg6, from 50 to 59%, and for AD33, from 40 to 
75%. 

The studies performed showed a decrease in rolling force with an increase in the work roll speed 
ratio. So, when rolling the samples of aluminum alloy D16 at work roll speed ratio V1/V2 = 
10.0/2.0, force decreased by over 3.2 times (from 463.8 kN to 144.7 kN) at the degree of reduction 
corresponding to the degree of reduction in the symmetric mode. 

A similar character of force reduction during asymmetric rolling was found for the samples of 
aluminum alloys AMg6 and AD33. So, when rolling the samples of aluminum alloy AD33, force 
decreased by 1.9 times (from 353.9 kN to 184.8 kN) at a reduction of 40%; when rolling the 
samples of aluminum alloy AMg6, force decreased by 2.3 times (from 290.0 kN to 125.5 kN) at a 
reduction of 50%. 

For the first time, as a result of the experiments on rolling the samples from aluminum alloy 
D16, it was found that an increase in the work roll speed ratio by 1 – 5 times entailed an increase 
in the relative elongation of the samples after fracture. So, after asymmetric rolling, relative 
elongation after fracture increased from 6.2 to 12.3% (Table 3), while, in the symmetric case, it 
decreased from 6.2 to 0.3. 

 
Table 3 – Mechanical properties of the narrow strips from alloy D16 after rolling 

Sample Ultimate tensile 
strength σв, 

[MPa] 

Yield stress 
σ0.2, [MPa] 

σ0.2 /σв Relative 
elongation, δ [%] 

The sample after 
asymmetric rolling 
without lubrication (V1/V2 
= 10.0/2.0; relative 
reduction per pass is 87 
%) 

283.6±1.3 234.4±1.1 0.83 12.3±0.13 

The sample after 
asymmetric rolling with 
lubrication (V1/V2 = 
10.0/2.0; relative 
reduction per pass is 85 
%)  

295.9±1.1 255.7±1.2 0.86 10.3±0.10 

The sample after 
symmetric rolling 

262.9±1.0 249.8±1.2 0.95 0.3±0.04 

Original sample 191.7±0.9 141.4±0.8 0.74 6.2±0.08 
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It should be noted that during asymmetric rolling σ0.2/σв decreases by 13 % (from 0.95 to 0.83) 
as compared with symmetric rolling. 

Developing process flow charts to increase technological plasticity of aluminum alloys 
D16, AMg6 and AD33 during asymmetric rolling. 

The experiments conducted with symmetric rolling of aluminum alloy D16 showed a relative 
reduction of up to 45 %, keeping the produced narrow strip unbroken. In view of this, producing 
narrow strips from aluminum alloy D16, 0.65 mm thick, in compliance with GOST 13726-97, by 
conventional symmetric rolling, required four stages of rolling and four stages of annealing (Fig. 
1) [14]. 

 
Fig. 1 – Process flow chart of symmetric rolling of the narrow strip from aluminum alloy D16 

 
The above stated experimental data of rolling of the samples from aluminum alloy D16 with 

work roll speed ratio V1/V2 = 10.0/2.0 showed a potential increase in a single relative reduction 
up to 87 %, while keeping the narrow strip unbroken. 

In this case, the conventional rolling process flow chart may be adjusted as stated in Fig.2. 

 
Fig. 2 – Process flow chart of asymmetric rolling of the narrow strip from aluminum alloy D16 

with work roll speed ratio V1/V2 = 10.0/2.0 
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A further increase in the work roll speed ratio by 6.7 times (V1/V2 = 10.0/1.5) entail an increase 

in relative reduction per pass to 89 % (final thickness is 0.65 mm). 
In this case, a process flow chart of asymmetric rolling of narrow strips from aluminum alloy 

D16 may be presented as in Fig. 3. 

 
Fig. 3 – Process flow chart of asymmetric rolling of the narrow strip from aluminum alloy D16 

with work roll speed ratio V1/V2 = 10.0/1.5 
 

Similar process flow charts were developed for producing aluminum narrow strips from alloys 
AMg6 and AD33. The asymmetric rolling process flow chart for aluminum alloy AMg6 with work 
roll speed ratio V1/V2 = 10.0/2.0 contributes to excluding one rolling stage and annealing stage as 
compared with the conventional rolling sequence. Thus, by introducing asymmetry as a result of 
an increase in the work roll speed ratio up to 5, we can produce aluminum narrow strips from alloy 
AMg6, 0.78 mm thick, in a single pass. 

The proposed process flow chart of rolling narrow strips from aluminum alloy AD33 at roll 
speed ratio V1/V2 = 8.0/2.0 shows that we can exclude three stages of rolling and three stages of 
annealing. Thus, the asymmetric rolling process flow chart for narrow strips from aluminum alloy 
AD33 at roll speed ratio V1/V2 = 8.0/2.0 can be used to produce aluminum narrow strips from 
alloy AD33, 0.50 mm thick, in a single pass. 
Conclusion 
The paper describes the approach developed at the Department of Materials Treatment 
Technologies at Nosov Magnitogorsk State Technical University and aimed at applying 
asymmetric rolling of metal narrow strips. In particular: 

1) For the first time, it has been shown that an increase in the work roll speed ratio from 1.0 to 
6.7 contributes to [15]: 

- a significant decrease in rolling force as compared with symmetric rolling: by 1.9 times (for 
alloy AD33), by 2.3 times (for alloy AMg6), by 3.2 times (for alloy D16), 

- higher technological plasticity (relative reduction increases without fracture of the samples) 
for D16 from 48 to 89 %, for AMg6 from 50 to 59 %, for AD33 from 40 to 75 %, 

- increase in relative elongation of the samples to 12.3 % after asymmetric rolling of the narrow 
strip from alloy D16 as compared with 6.2 % in an annealed state. 

workpiece of 
aluminum alloy D16,  

6.00 mm thick 

rolling to a thickness 
of 0.65 mm 

annealing 
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2) The paper proposes new process flow charts for aluminum narrow strips of higher 
technological plasticity, excluding from one to three rolling stages and from one to three annealing 
stages. 
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