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ABSTRACT

Purpose: Severe plastic deformation techniques are known to produce materials with 
ultrafine-grained structures and enhanced mechanical properties. In magnesium alloys, 
these techniques improve both strength and ductility, as the latter is normally low at room 
temperature. In the present experiment, properties of rolled products after two rolling passes 
were examined. Rolling was carried out at 350°C and 400°C. At 350°C, the rolled sheets 
did not bond. Mechanical properties of the rolled products were determined. Microhardness 
profiles were measured to map the deformation distribution. The impact of the number of 
passes on mechanical properties was evaluated. It was found that with increasing number 
of passes, ultimate strength yield strength improve, and elongation does not decrease. 
Metallographic examination of the rolled products was carried out to assess the quality of 
the resulting joint. In certain locations, the joint was not distinctly visible, which proves its 
high quality.
Design/methodology/approach: The evaluation was performed by simple tensile testing 
and light microscopy. The first conclusions were derived from the determined mechanical 
properties and based on analogies in available publications on a similar topic.
Findings: This study confirmed that the SPD process improves mechanical properties 
and does not impair the ductility of the material. With increasing number of passes, the 
mechanical properties of the sample become more uniform.
Keywords: Magnesium alloys; Accumulative roll bonding; ARB; SPD; Grain refining
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PROPERTIES

1. Introduction 
Severe plastic deformation techniques (SPD) belong to 

the so-called top-down methods of preparing bulk UFG and 
NC materials. Using these methods, bulk materials which 
have an initial microstructure of large grains are processed 

in order to achieve various effects, most notably 
exceptional grain refinement. Materials prepared by SPD 
methods typically contain grains with a size between 
100nm and 1000nm. With severe plastic deformation under 
way, dislocation density increases substantially, which 
produces a number of sub-structural features, such as sub-
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grains, dislocation cells and coherent crystallites which are 
smaller than 100nm [1, 2]. 

SPD profoundly alters mechanical properties of 
materials, most notably strength and ductility. Whereas 
conventional cold forming processes cause low-angle 
boundaries to form in the microstructure, SPD leads to new 
microstructures with very fine grains and high-angle 
boundaries. As a result, mechanical properties are 
improved and the material’s ability to undergo plastic 
deformation does not diminish [3]. 

Magnesium alloys are very attractive materials. The 
main reasons are their low specific weight, good 
machinability and vibration damping. On the other hand, 
their formability at ambient temperature is rather limited. 
This is due to their primary hexagonal close-packed (HCP) 
crystal structure, which offers a low number of slip 
systems. As the ARB process refines the microstructure, it 
improves the material’s ductility. Upon this processing, the 
alloy could be more widely used [4, 5, 8]. 

The ARB method was developed by the team of prof. 
Saito in Japan in 1999. It essentially involves stacking and 
bonding the stacked metal sheets by repeated cold or warm 
rolling (Fig. 1). 

Fig. 1. Schematic illustration showing the principle of the 
Accumulative Roll-Bonding (ARB) process [5] 

In theory, the material can undergo the bonding, 
splitting and stacking sequence numerous times, as the 
material's final thickness does not change in the process. 
However, the achievable number of passes is limited by 
work-hardening processes and by surface quality 
deterioration. A majority of literature sources mention the 
maximum number of 5-10 passes. Rolling is typically 
carried out at elevated temperatures below the 
recrystallization temperature of the material, in order to 

prevent the accumulated strain energy from being released 
by recrystallization. On the other hand, low temperatures 
lead to inadequate joint quality and to cracking due to 
impaired formability [6]. 

The strength of the ARB lies in that it can produce 
relatively large quantities of ultrafine-grained sheet without a 
need for constructing new types of production machines [7]. 

2. Experimental 

The experiment was carried out on the AZ31 
magnesium alloy whose chemical composition is shown in 
Table 1. 

Table 1. 
Chemical composition of AZ31 alloy 

Element Al Zn Mn Si Cu 
Max 3.5 1.3 – 0.05 0.05 
Min 2.5 0.7 0.20 
Element Ca Fe Ni Others Mg 
Max 0.04 0.005 0.10 0.40 Balance 

The material was rolled in a two-high rolling mill. The 
rolling speed was vS=0.4m/s. Prior to rolling, the sheets 
were ground and cleaned with industrial alcohol. The 
resulting surfaces were thus free from oxides and had 
sufficient roughness which is essential to making a high-
quality joint. In addition, the sheets were riveted together 
along one side. The initial sheet thickness was 2 mm and 
the rolling reduction was 50% in each pass. The rolling 
process took place at an elevated temperature which is 
necessary for the rolled stock to bond. The materials failed 
to bond in only one case, at 350°C. Two passes through the 
rolling mill were achieved at 400°C. The specification of 
the experiment is given in Table 2. 

Table 2. 
Processing conditions 

Sample Pass Reduction 
[%] 

Processing 
temperature 
[°C] 

Bonded 

1 1 50 350 No 
2 1 50 400 Yes 
3 2 50 400 Yes 

2.  Experimental
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The primary aspects of evaluation were the mechanical 
properties of products, which were measured in 
longitudinal (rolling direction) and transverse directions. 
Microhardness profiles (HV0.05) were measured to find 
how uniform the deformation was within the products. 

Metallographic observation was carried out using 
optical microscopy under polarized light illumination. 

3. Results and discussion 

3.1. Mechanical properties 

Hardness 

In addition, a microhardness profile was measured to 
find how uniform the deformation in the rolled products 
was. In all samples, the hardness fluctuated about one 
value. No larger variation was found, even around the joint. 
The resulting joint may thus be said to be uniform, 
possessing properties which do not substantially differ 
from the rest of the product.  

Figure 2 show that the sample upon two passes exhibits 
more uniform hardness in transverse direction. This 
suggests that with increasing number of passes, the 
deformation throughout the samples becomes more 
uniform. 

Fig. 2. Hardness profile 

Tensile testing 

Tensile testing revealed that the properties of the initial 
material were not isotropic. The evolution of mechanical 
properties can be seen in the graphs below. ARB process 
increases mechanical properties of materials. Figure 3 show 

that yield strength and ultimate strength increased. In 
addition, with increasing number of passes, the properties 
became more uniform. 

Substantial changes in elongation occurred 
predominantly in the transverse direction, as it increased 
from 13% to 24%. By contrast, the value in the longitudinal 
direction slightly decreased. The results lead to  
a conclusion that grain refinement has taken place and 
high-angle boundaries have formed, which led to 
improvements in yield strength and ultimate strength, 
whereas the elongation level was not decreased.  

Fig. 3. Influence of number of passes on yield strength 

Fig. 4. Influence of number of passes on ultimate strength

3.1.  Mechanical properties

3.  Results and discussion
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Fig. 5. Influence of number of passes on total elongation 

3.2. Metallographic analysis 

Figure 6 shows a longitudinal cross section through the 
rolled product in the rolling direction after the first pass at 
400°C. The rolling direction is indicated by the lines within 
the formed material.  

Fig. 6. Longitudinal cross section through the rolled 
product after one pass at 400°C 

Figure 7 shows the joint between the rolled pieces of 
stock which is very uniform. In some locations, it becomes 
completely indistinct (Fig. 8). 

The image shows areas of macroscopic deformation 
(the red rectangle).  

Fig. 7. Joint between rolled pieces of stock. First pass at 
400°C. Magnification 200×. Micrograph of a longitudinal 
cross section through the rolled product 

Fig. 8. Joint between the rolled pieces of stock after one 
pass at 400°C. Magnification 200× 

4. Conclusions 

A magnesium alloy was processed using the SPD 
process known as Accumulative Roll Bonding. The 
processing took place at 350°C and 450°C. At the latter 
temperature, the rolled pieces of stock did not bond. It was 
found that deformation within the rolled products becomes 
more uniform with increasing number of passes. That was 
reflected in the hardness profile which showed only slight 
fluctuations. Tension testing led to the following findings: 

3.2.  Metallographic analysis

4.  Conclusions
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• The initial material showed considerable anisotropy in 
two perpendicular directions. After the ARB process, 
mechanical properties became more uniform. The 
ultimate strength and the yield strength were almost 
identical in individual directions; 

• An analysis of the results of measurement of the hardness 
profile led to the conclusion that deformation becomes 
more uniform with increasing number of passes; 

• The rolling passes caused the ultimate strength and the 
yield strength of the material to increase. After two 
passes, the yield strength was 240MPa. Its increase was 
larger in the transverse direction; 

• The increase in ultimate strength was less notable than 
that in yield strength. The initial value was 250MPa and 
the value after processing reached almost 300MPa; 

• The ARB process led to a considerable increase in 
elongation in the transverse direction: from 12% to 
23%. Hence, it appears that the ability of the material to 
undergo plastic deformation does not diminish. The 
elongation in the longitudinal direction decreased from 
17% to 15%; 

• It was found by means of optical microscopy that the 
joint becomes completely indistinct in some locations. 
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