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In this research, 13 passes of ARB process are performed on AA1050 sheets. The microstructural im-
provement to achieve nanometer-sized grains during ARB process is studied. In this process, the sheets 
are rotated 180o about the normal direction (ND) axis after each rolling pass and preheated before each 
one. The changing of strength and elongation of the ARBed sheets during the process are investigated 
by uniaxial tensile test in three directions (roll direction (RD), transverse direction (TD) and angle of 
45o toward RD); and then the inhomogeneity of mechanical properties in these is was measured. The 
least of inhomogeneity occurred in three, four and thirteenth passes of process. Finally, micro-Vickers 
hardness is investigated throughout thickness of the sheets in this process. The strength and hardness of 
sheets increased at the early passes and then did not changed apparently at the middle passes of process; 
and subsequently they decreased gently. The elongation of sheets decreased swiftly at the first pass of 
process; and then it increased slowly. 
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1- Introduction 
Recent developments in fabrication of UFG 

materials have focused on using large strain or  
severe plastic deformation (SPD). Ultra-fine grain 
(UFG) materials  having  grain  sizes smaller  than  1  
µm,  are  expected  to  exhibit  superior mechanical   
properties,   such   as   high   strength, high corrosion 
resistance,  high  fatigue  strength,  and  excellent  
super-plasticity[1,2]. The accumulative roll bonding 
(ARB) process imposes severe plastic strain on 
materials without changing the specimen dimensions, 
and UFG structure then after high strengthening 
is obtained [3,4]. In the ARB process, 50% rolled 
sheet is cut into two, then stacked to be the initial 
dimension, and then rolled [2,4]. Since the above 
mentioned procedures can be repeated limitlessly, it 
is possible to impose very large plastic strain on the 
materials in the ARB process [2,5].

2- Methodology
AA1050 Alloy (99.54 wt.% Al– 0.172Si– 

0.157Fe– 0.01Mn) is used for this study. A sheet with 
5 mm thickness is cold-rolled to 1 mm thickness and 
annealed at 430oC for 1 h to obtain a fully recrystallized 
material with an average grain size of 34 µm, which 
was the starting material. Two pieces of this sheet 
with dimensions of 1×40×200 mm3 are stacked after 
degreasing surface with acetone and wire-brushing. 
The stacked sheets are inter-pass annealed at 200oC 
for 5 minutes and then immediately roll-bonded by 
50% reduction in thickness (von Mises equivalent 
rolling strain of 0.8) by the use of a two-high mill 
with roll diameter of 110 mm. The roll peripheral 
speed was 6.9 m.min−1, so that the mean strain rate 
was 12.4 s−1. The roll-bonded sheet is cut into two, 
and the procedures described above are repeated. A 
procedure of cutting, stacking, inter-pass annealing 
and roll-bonding is referred to as one pass of ARB, 
and this process is repeated up to 13 passes, giving a 
total thickness reduction of 99.988% or an equivalent 
strain of 10.4. In this process, the sheets were rotated 
180o about the normal direction (ND) axis after each 
rolling passes. The roll-bonding is carried out under 
dry conditions, i.e. without lubrication, introducing a 
very large shear deformation in the sample.

Microstructures of the deformed samples were 
characterized by scanning electron microscope 
(SEM). Thin foils parallel to the longitudinal planes 
(perpendicular to the transverse direction (TD)) were 
prepared by mechanical polishing and then etched in 

50 ml Poultons reagent (12 ml HCl + 6 ml HNO3 + 1 
ml HF + 1 ml H2O) + 25 ml HNO3 + 40 ml of solution 
of 3 gr Chromic acid per 10 ml of H2O. SEM operating 
at 20 kV was used for the structural observations for 
coarse-grained samples. The changing of strength 
and elongation of the ARBed sheets during the 
process was investigated by uniaxial tensile test 
in three directions (roll direction (RD), transverse 
direction (TD) and angle of 45o toward RD). Micro-
Vickers hardness measurement was also carried out 
throughout thickness on the longitudinal planes of 
the ARB processed sheets at an interval of 100 µm 
along the ND, in order to show the distribution of 
local strength through the specimen thickness. 

3- Discussion and Results 
In the ARB processed sheet, the grains are 

elongated along RD and the thickness of the 
elongated grains gradually decreased with increasing 
the number of ARB passes. The grain thickness (dt), 
length (dl) and mean grain size (dg) are shown in Table 
1. The specimen, after 13 passes, filled with the UFGs 
with dt of 486 nm and dg of 938 nm, homogenously 
distributed.

The stress–strain curves of the ARB processed 
sheets at different ARB passes in RD, TD and angle 
of 45o toward RD are shown in Figure 1. The shape 
of the stress–strain curves at different ARB passes 
was similar to each other. The flow stress rapidly 
reached the maximum value, necking occurred, and 
then tensile fracture happened below 18% of total 
elongation. The yield strength, tensile strength and 
elongation (uniform elongation and total elongation) 
as a function of ARB passes are presented in Figure 2. 

In order to investigate mechanical properties 
inhomogeneity in RD, TD and angle of 45o toward 
RD, uniaxial tensile test was done in these directions. 
The inhomogeneity percent of yield strength, tensile 
strength, uniform elongation and total elongation are 
displayed in Figure 3.

In order to clarify the distribution of the local 
strength, micro-Vickers hardness measurement 
is carried out throughout thickness of the ARB 
processed sheets.

Table 1. The grain thickness (dt), length (dl) and mean 
grain size (dg) of ARB processed sheets
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4- Conclusions
1. In the Reversed ARB processed sheet, the grains 

are elongated along RD and the thickness of the 
grains gradually decreased. UFG in nanometer 
range could be successfully attained by the 
reversed ARB process.

2. The strength and micro-Vickers hardness greatly 
increased by early ARB passes, and then increased 
slightly with increasing strain; and subsequently 
decreased gradually. The elongation decreased 
quickly by one ARB pass; and then it increased 
slightly.

3. The variation of mechanical properties 
inhomogeneity in reversed ARB process is 
sinusoidal. The least and most optimal of 
inhomogeneity occurred in third, fourth and 
thirteenth passes of process.

4. The distribution of micro-Vickers hardness 
through the sheet thickness is uniform.
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Figure 1. Engineering stress–strain curve of the 
ARBed sheet at different ARB passes in (a) RD, (b) TD 

and (c) angle of 45o toward RD 

Figure 2. Variation of (a) strength and (b) elongation 
with respect to number of ARB passes

Figure 3. The inhomogeneity percent of mechanical 
properties in RD, TD and angle of 45o toward RD


