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Introduction
The increase in fuel costs and the growing pollution problem in big cities worldwide 

have led the production towards using lightweight metals. Recently, the use of metals with 
a high strength-to-weight ratio has risen in various industries. Aluminum and Mg are widely 
used metals in today’s industries. One of the advantages of composite mg with Al is that 
while maintaining the low density of Mg, its ductility and corrosion resistance increase. The 
applications of lightweight alloys can be mentioned in the military and aerospace industries 
[1]. It is predicted that in the future, about 40 to 100kg of Mg will be used in the construction 
of most cars [2]. Considering that there are different methods for producing composites with 
ultra-fine grain structure, the ARB method, one of the Severe Plastic Deformations (SPD) 
methods, is of interest due to its economic advantages [3]. One of the benefits of producing 
multilayered sheets with the ARB method is the production of high-strength samples [4-6]. 
Sarvi et al. [7] evaluated three different routes: normal, reverse, and cross-on mechanical 
properties of the Al ARB sample. They showed that the mechanical properties will improve 
in the expected direction. Cheepu et al. [8] investigated the effects of the microstructure 
of the ARBed Al/Mg/Al sample. They showed that the intermetallic phase is formed at the 
Intersection. Habila et al. [9] showed that the mechanical properties of Al/Mg/Al sheets 
produced by the ARB process decrease after the third pass. Chen et al. [10] used the ARB 
process to fabricate the Al/Mg sample to pass 3. They reported that the hardness of the 
samples increases with the increase in the number of ARB passes.
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Wu et al. [11] fabricated ARBed Al/Mg up to the third pass and 
then checked the metallurgical and mechanical properties of the 
specimens. Chang et al. [12] studied the influence of the strain on 
the penetration depth and found that the layers’ penetration depth 
increases with the increase of applied rolling strains. Liu et al. 
[13] examined the mechanical and metallurgical properties of the 
3-layer AL/Mg/AL samples produced by the ARB process up to the 
third pass. They showed that the grain size becomes refined with 
the increase in the rolling pass number. Weiying et al. [14] studied 
the influence of the number of passes of the ARB process for the 
Al-Mg sheet and found that an increase in the pass number of the 
rolling process leads to a better penetration of the layers. Zhang et 
al. [15] investigated ARB with two common methods using a hard 
plate. The results showed that when a hard plate is used in ARB, the 
connection conditions will improve. Alizadeh et al. [16] investigated 
the effect of the number of ARB passes on the tensile strength of the 
ARBed samples and showed that by increasing the number of ARB 
passes from one to seven passes, the strength will increase.

Taherian et al. [17] investigated the corrosion of Al 1100 and 
Al 6061 produced by the ARB process and showed that the rolled 
6061 sample has higher corrosion resistance. Esmaeilzadeh et al. 
[18] studied the effect of the ARB number passes for Al/Cu/Br 
and investigated the corrosion behavior and microstructure. They 
found that the Cu layer fractured after the second ARB passed 
in the Al matrix. They showed that the wear rate will decrease 
significantly with the increase in the ARB number of passes. Sun 
et al. [19] investigated the effect of the ARB number passes and 
annealing temperature on the mechanical properties of Zn/Cu. 

The results showed that by increasing the rolling pass up to the 
14th pass, the strength increases and by performing the annealing 
process at 150 °C for 10 minutes, the final strength will decrease. 
This article investigated fracture toughness and strength in 
three-point bending for ARBed sheets up to the third pass. Then, 
considering the annealing temperature effect, the mechanical and 
microstructural properties of the ARBed samples were evaluated. 
The effect of the ARB pass number on crack growth resistance in 
the fracture toughness test and quantitative studies related to XRD 
by MAUD software for ARB samples was investigated for the first 
time.

Experimental Procedure
Materials and ARB procedure

This research used AA1050 with 1mm thickness and AZ31B 
with 1mm thickness to produce an Al/Mg composite. The samples 
were prepared with AA 1050/ AZ31B/ AA 1050 arrangement 
according to Figure 1 with dimensions of 130x70mm to carry out 
the ARB process. Due to the brittleness of the Mg structure, to 
prevent cracking and breaking of the rolled sample, the prepared 
sample is preheated for 10 minutes at 400 °C after the etch pass, 
and then the rolling process is carried out. After the preparation 
of the samples in the first ARB pass, rolling was done with an AA 
1050/AZ31B/AA 1050 arrangement. Then, by cutting the samples 
in the first pass and re-preparing them, the rolling process was 
done until the third pass. The layers’ total number was calculated 
by 2n+1+1, where n is the number of ARB cycles. The percentage 
of thickness reduction in each rolling pass is considered to be 50% 
[20].

Figure 1: Schematic illustration of the ARB process.

Annealing and microstructure process
In order to remove the effect of residual stresses caused by 

the rolling process, annealing is done. The effect of the annealing 
process on the mechanical and metallurgical properties of the ARB 
samples was investigated. The annealing process was carried out 
at three temperatures of 200, 300, and 400 °C for 1.5 hours in the 
furnace [21]. For the Al/Mg composite, if the annealing temperature 
is below 200 °C, no intermetallic phase will be formed in the 
infiltration layer. If the annealing temperature exceeds 400 °C, the 

infiltration layer can melt at the interface. During the annealing 
process, after the ARB process, three different phenomena will 
occur, and the effect of each of these phenomena on layers bond 
strength will be investigated [22]:

A.	 The annealing operation will reduce the hardness of the 
sheet, and as a result, the toughness of the bond will increase. In 
this case, the force required for crack growth increases, and bond 
strength increases.
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B.	 The annealing process, the residual stress in the 
penetrating layer decreases or disappears, in which case the 
bonding strength will increase.

C.	 The phenomenon of the brittle intermetallic phase 
formation in the penetration zone will decrease the bonding 
strength

According to the explanations mentioned above, if the effect of 
the intermetallic phase formation is more significant than in the 
other two cases, it causes the bond strength and, consequently, the 
tensile strength of the multilayer samples to decrease. As a result, 
the effort is to create conditions at different annealing temperatures 
that increase the depth of penetration and bond strength, and the 
tensile strength does not decrease. The EDS-Line and map test was 
performed to investigate the effects of annealing temperature on 
the penetration depth of Al-Mg layers. X-Ray Powder Diffraction 
(XRD) with grazing method and 20° to 80° was also performed to 
check the intermetallic phases formed in the ARB samples. FESEM 
images were used to evaluate the fracture morphology from tensile 

fractured surfaces.

Mechanical properties
Because after the ARB process, a new combination of multilayer 

Al-Mg sheets is formed, it is necessary to check the mechanical 
properties of the ARB in 4 temperature conditions: ambient, 200 °C, 
300 °C and 400 °C. The tensile test was prepared by the ASTM-E8M 
standard by a single-axis tensile machine with a speed of 2mm/
min (Figure 2(a)). Vickers hardness test was performed for ARBed 
samples in 3 zones A, B and C. Micro-hardness test was done with 
the applied load of 100gr for 15s (Figure 2(b&c)) [23]. However, 
the three-point bending and fracture toughness test was conducted 
only at ambient temperature to investigate the effect of the ARB 
process compared to the base sheets. The fracture toughness test 
was done according to the standard ASTM-E 647 [24] and with 
a 0.5mm/min test rate. The equipment and sample size used are 
shown in Figure 3(a&b). A three-point bending test was performed 
by applying pressure force and a 0.5mm/min displacement rate 
(Figure 3(c)).

Figure 2: (a) Prepare tensile test, (b) Mount sample preparation for hardness testing, (c) Hardness measurement 
points.
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Figure 3: (a) The setup of fracture toughness test, (b) Sample size prepared for fracture toughness test, (c) three-
point bending.

Result and Discussion
This section will investigate the effect of annealing temperature 

on the tensile test samples’ mechanical and metallurgical properties 
of the ARB samples. Considering that after each rolling pass, the 
mechanical and metallurgical properties of the multilayer sample 
were changed, and considering the industrial applications foreseen 
for this method, according to analyses carried out in this part, 
the best conditions for annealing temperature will be reviewed 
and reported. The mechanical properties and Microstructural 
examination of the ARBed samples in pass 1-3 in 4 different 
temperature conditions and the Al and Mg base sheets at ambient 
temperature were performed by uniaxial tensile test, micro-
hardness, fracture toughness and 3-point bending.

Uniaxial tensile study
The results of the tensile test can be seen in Figure 4. Tensile test 

results show an increase in strength with an increase in the number 
of passes in the Al/Mg composite. This shows that in both metals, 
due to the crystal structure of Al (FCC) and Mg (HCP), increasing the 
dislocations density results in a composite with a higher strength. 
On the other hand, by examining the effect of annealing temperature, 
it is observed that increasing the annealing temperature causes 
a decrease in the strength of the composite structure. The most 
significant reduction of the strength of the Al/Mg composite occurs 
at a temperature of 300 °C and above. Among the reasons for this 
decrease in strength are the recrystallization and growth of new 
grains and the decrease in the density of dislocations due to the 
annealing process [25]. The amount of strain at the temperature 
of 200 °C increases compared to the ambient temperature. This 
indicates that up to a temperature of 200 °C, due to the increase 
in the grain size and, as a result, the hardness decreases, as well as 
decreases of the dislocations density, the sample will decrease in 
strength and increase in formability.

(a)  (b)
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(c)  (d)
Figure 4: Uniaxial tensile test results in four different temperature conditions: (a) Base sheets, (b) ARB pass 1, (c) 

ARB pass 2, (d) ARB pass 3.

On the other hand, the more the annealing temperature goes up, 
the lower the amount of strain becomes, which can be attributed to 
the creation of intermetallic phases. One of the factors that affect 
the strain of the multilayer sample is the residual stress. Due to the 
different thermal expansion coefficients of these phases, during 
cooling and even heating, in the Intersection of different phases, 
residual stress is created, which hurts the amount of strain. Among 
the other reasons for the reduction of bond strength with increasing 
temperature, we can mention an important penetration mechanism 
called the Kirkendall effect. In this case, the voids move against the 
direction of movement of atoms and accumulate in the form of tiny 
holes, which causes that during the tensile test, these defects act 

as areas of stress concentration and cause crack propagation and 
failure [26].

Micro-hardness study
Vickers micro-hardness test was performed in 4 different 

temperature conditions for base sheet samples and ARBed sheets 
for passes 1 to 3. The results are shown in Figure 5. By comparing 
the micro-hardness test results, it can be seen that increasing the 
number of rolling passes increases the hardness, and increasing 
the annealing temperature decreases the hardness. By carefully 
studying the obtained results, in general, the following results can 
be obtained:

(a)  (b)

(c)  (d)
Figure 5: Micro-hardness test results in 4 different temperature conditions: (a) Base sheets, (b) ARB pass 1, (c) ARB 

pass 2, (d) ARB pass3.
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a)	 As the annealing temperature increases due to the reduction 
of the work hardening effect, the reduction of the dislocation 
density, and the growth of grain size in the microstructure, the 
hardness will decrease.

b)	 By increasing the annealing temperature, there is a possibility 
of intermetallic phase formation in the infiltration zone of Al 
and Mg.

From the above results, it can be seen that if the annealing 
temperature increases in the non-permeable layers, the hardness 
decreases due to the decrease in the density of dislocations and the 
increase in the grain size. However, for the penetration zone, if the 
secondary phase formed is higher than the hardness of the base 
metals, then the annealing process will increase the hardness in 
the penetration zone. An increase in hardness was achieved at the 
annealing temperature of 400 °C. One of the main reasons for this 
increase in hardness is the presence of hard secondary phases in 
this temperature range.

Fracture toughness study
One of the critical parameters that need to be checked in the 

ARBed samples is fracture toughness. Fracture toughness, like 
yield stress, is one of the inherent material properties. The fracture 
toughness test sample was prepared according to the E561-10 

standard. This test shows that the energy required until the moment 
of failure for the ARBed sheets increased or decreased compared 
to the base sheet. The fracture toughness test results for base and 
ARBed samples are shown in Figure 6&7, respectively. The results 
of the fracture toughness are shown in Table 1. By checking Table 
1, it can be seen that the increase in ARB passes results in higher 
toughness. The fracture toughness for the 3-pass ARBed sample 
compared to the Al and Mg base sheet increased by 50 and 111 
percent, respectively. Usually, in mechanical structures, fracture 
toughness has the opposite relationship with strength. However, 
the fracture toughness will increase with increasing temperature 
and strain rate for the metallurgical structure. In order to be able 
to simultaneously have high fracture toughness in addition to high 
strength in the sample, it is necessary to strengthen it through 
microstructure and secondary fine particles. Therefore, in the ARB 
process, by increasing the number of ARB passes, in addition to 
obtaining high strength, the fracture toughness will also increase. 
As stated, the reason for the direct relationship between fracture 
toughness and strength in the ARBed sample is the fineness of 
grain structure and the formation of secondary phase particles. 
The presence of secondary particle phases reduces the chance of 
accumulating sliding bands, which are places of local stress, which 
will delay the failure of the sample.

(a)  (b)
Figure 6: Fracture toughness for base samples, (a) AA 1050, (b) AZ31B.

(a)  (b)
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(c)
Figure 7: Fracture toughness for ARB samples, (a) ARB P1, (b) ARB P2, (c) ARB P3.

Table 1: Summary of the fracture toughness test results.

Sample Fracture Toughness (MPa.M1/2)

ARB P1 20.4

ARB P2 24.1

ARB P3 26.95

Al base 17.85

Mg base 12.75

Three-point bending investigation
The three-point bending test was performed to check the layer 

strength and separation of layers in the ARBed samples, and the 
results were compared with those of the base sheet. The samples 
were prepared with a width of 10mm and a length of 100mm. The 
force-displacement diagram is presented in Figure 8. The results 
of the bending test show that in the ARBed samples, the bending 
strength of the sample will grow with the increase in the ARB pass. 

Also, the 3-point bending test results show that the ARBed samples 
have good bonding strength between their layers.

Figure 8: The results of the three-point bending test.

Penetration depth study

Figure 9: OM and backscatter result for ARB samples, (a) pass 1, (b) pass 2, (c) pass 3.
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In Figure 9(c), it is clear that in the third pass, Mg is wholly 
consumed. One of the essential parameters in producing multilayer 
composites is the excellent penetration of the layers into each other 
and good interlayer strength [27]. For this purpose, SEM imaging, 
EDS-line, and map reports were done for the ARBed samples of 
passes 1 to 3 in 4 different annealing temperature conditions. In 
addition to the penetration depth results, the percentage of metals 
on the composite surface in the three Al regions (A), the penetration 
region (B) and the Mg region (C) are shown separately in Figures 
10-12. Kirkendall’s experiments show that the penetration speed 
of two atoms in a two-component solution is not the same and 
that the element with a lower melting point penetrates faster 
[28]. Therefore, due to the proximity of the melting point of Al/

Mg, the penetration speed of both is the same. Because one of the 
most influential parameters in increasing the penetration rate 
is temperature. With the increase in annealing temperature, the 
penetration of layers increases [19,20]. As a result, intermetallic 
phases will be formed in the penetration region. One of the reasons 
for the increase in penetration depth at higher temperatures can 
be the surface tension of grain boundaries and the dynamics of 
grain boundaries at high temperatures. It can be seen that with 
the increase of temperature in the ARB samples of pass 1 to 3, 
the gradient of Mg infiltration in Al decreases, which indicates 
the infiltration of Mg in Al. The reason for this is the decrease in 
the hardness of Mg and Al and the increase in the contact surface 
between the surfaces of the base metals [29].
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Figure 10: Penetration depth and percentage of elements in areas A, B, and C for the ARBed pass 1, (a) environment 
temperature,(b) 200°C, (c) 300°C, (d) 400°C, (e) Graph of penetration depth at different annealing temperatures.
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Figure 11: Penetration depth and percentage of elements in areas A, B, and C for the ARBed pass 2, (a) 
Environment temperature, (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) Graph of penetration depth at different annealing 

temperatures.
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Figure 12: Penetration depth and percentage of elements in areas A, B, and C for the ARBed pass 3, (a) environment 
temperature, (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) Graph of penetration depth at different annealing temperatures.
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XRD result
When the condensation of atoms reaches the level necessary 

to carry out a chemical reaction, a new composite phase will be 
formed. The intermetallic phases for the samples ARBed in pass 1 
to 3 in 4 different temperature conditions are shown in Figures 13-
15. Although the existence of secondary phases has been confirmed 
by examining Figures 10-12, an XRD test was performed for more 
detailed investigations [30,31]. In this pattern, several peaks can 
be seen, some of which are due to the formation of intermetallic 
compounds, and the others are related to the peaks of Al and Mg 
base metals. According to the XRD results, four intermetallic phases 
Al0.58 Mg0.42, Al12Mg17(γ) [20-25], Al3Mg2(β) [32] and Al-mg for 
different temperature conditions can be seen. γ phase has a (Body 
Center Cubic) Bcc crystal structure and the β phase has an FCC 
(Face Center Cubic) crystal structure. The possibility of new phase 
precipitation will depend on factors such as atom penetration 
state, thermodynamic force, and reaction temperature. New phases 
nucleate at defects, where the concentration of the infiltrated 
element is high, and are created along the interface [33]. Because 
the γ phase is harder than the β phase and the formation of the 
γ phase at 400° has a higher percentage, the increase in hardness 
in the penetration zone of the Al/Mg sample can be attributed to 
the formation of γ phase [34]. Due to the interatomic bonds, the 
compounds are mainly brittle and, therefore, cause better and 
more crack propagation. As a result, these compounds can reduce 
the bond strength of the sheets. In the following, the results 
obtained from the XRD analysis were analyzed for optimization 
and microstructural quantitative studies by MAUD software using 
the Rietveld method. Quantitative results obtained from MAUD 

software for Crystallite Size and internal micro-strains are shown in 
Figure 16(a&b), respectively. The results show that with increasing 
annealing temperature, the crystallite size will increase and the 
micro-strain will decrease. Considering that in the process of 
recrystallization, the energy required for grain growth is obtained 
from the strain energy stored during deformation, therefore, as 
stated, with increasing annealing temperature, grain growth can 
be expected in exchange for reducing the internal micro-strain 
[28]. But the results show that by increasing the ARB pass and 
increasing the cold work, the grain size and strains will be decrease. 
Theoretically, it can be observed that with the increase of annealing 
temperature and recrystallization process, the dislocation density 
will decrease and as a result, ductility will increase and strength 
will decrease [33,34]. Using the Eq.1, the dislocation density has 
been obtained at different annealing temperatures. In Eq.1, Ɛ is 
the internal micro-strain, d is the crystallite size, and b called the 
Burgers vector. The results obtained of dislocation density in the 
Figure 16(c) has been shown [35]. By examining the graph, it is 
clear that the dislocation density in the ARB sample decreases with 
the increase of the annealing temperature and it increases with 
the increase of the ARB pass. Among the reasons for the decrease 
in the density of dislocations with the increase in the annealing 
temperature, are the increase in the grain size and the decrease in 
internal strains and the decrease in residual stresses. The obtained 
results of the grain size and density of dislocations can validate 
the results of tensile and hardness tests regarding the decrease in 
strength with increasing annealing temperature [36].

2 3
db
ερ =                      (1)

Figure 13: XRD patterns for ARBed sample of first pass, (a) room temperature, (b) 200 °C, (c) 300 °C, (d) 400 °C.
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Figure 14: XRD patterns for ARBed sample of second pass, (a) Environment temperature, (b) 200 °C, (c) 300 °C, (d) 400 
°C.

Figure 15: XRD patterns for ARBed sample pass 3, (a) environment temperature, (b) 200 °C, (c) 300 °C, (d) 400 °C.
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Figure 16: Effect of annealing temperature ARB pass on microstructural properties, (a) Crystallite Size, (b) Micro-
Strain, (c) Dislocation density.

Fracture surfaces investigation
Considering that the tensile test was performed for different 

temperature conditions, it is necessary to check the type of 
failure in the ARBed samples and the base sheets (Figures 17-
20). Different types of failure occur in metals depending on the 
material, temperature, stress state, and strain rate [37]. In general, 
there are two types of ductile and brittle fracture mechanisms 
for metals according to the crystal structure of metals. Brittle 
fracture is observed more in BCC and HCP metals, but in FCC 
metals, except for the cases where the factors contributing to grain 

boundary brittleness, the fracture will be ductile [38]. In brittle 
metals, the type of fracture is strongly dependent on temperature. 
At low temperatures, the fracture is brittle; at high temperatures, 
the fracture will occur in a soft mode. Therefore, with increasing 
temperature, the transition from brittle to soft behavior will occur. 
Brittle fracture is more possible at low temperatures because the 
critical shear stress component for the sliding of shear plates will 
occur at higher stresses [39]. One of the causes of brittle failure is 
the presence of secondary phases. By examining Figures 13-15 the 
presence of secondary particles was proved for samples rolled at 
different temperatures.

Figure 17: SEM images fracture surfaces after tensile test, (a) Al base sheet, (b) Mg base sheet.
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Figure 18: SEM images of the ARB pass one fracture surfaces after tensile test, (a) Al at an environment 
temperature, (b) Mg at an environment temperature, (c) Al at a 200 °C, (d) Mg at a 200 °C, (e) Al at a 300 °C, (f) Mg at 

a 300 °C, (g) Al at a 400 °C, (h) Mg at a 400 °C.
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Figure 19: SEM images of the ARB pass one fracture surfaces after tensile test, (a) Al at an environment 
temperature, (b) Mg at an environment temperature, (c) Al at a 200 °C, (d) Mg at a 200 °C, (e) Al at a 300 °C, (f) Mg at 

a 300 °C, (g) Al at a 400 °C, (h) Mg at a 400 °C.



20

Evolutions Mech Eng       Copyright © Ramin Hashemi

EME.000616. 5(4).2024

Figure 20: SEM images of the ARB pass three fracture surfaces after tensile test, (a) Al at an environment 
temperature, (b) Mg at an environment temperature, (c) Al at a 200 °C, (d) Mg at a 200 °C, (e) Al at a 300 °C, (f) Mg at 

a 300 °C, (g) Al at a 400 °C, (h) Mg at a 400 °C.
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On the other hand, the presence and nature of secondary phase 
particles significantly affect the initiation of micro-cracks. Analyses 
related to the fracture in the ARB first pass in Figure 18 have been 
shown. Fracture analysis at ambient temperature indicates brittle 
and ductile fracture for Mg and Al regions, respectively. Nevertheless, 
different conditions have happened for annealing temperatures of 
200, 300, and 400 °C and in the annealing temperature of 200 °C, 
brittle fracture occurred in the Mg region. Nevertheless, in the Al 
area, the fracture happened in a combination of brittle and ductile, 
which indicates the dominance of the intermetallic effect phases on 
the annealing temperature. This incident has also been repeated 
at an annealing temperature of 300 °C. However, at the annealing 
temperature of 400 °C, the effect of the annealing temperature 
overcame the intermetallic phases, and the fracture mechanism in 
the Mg region is ductile and brittle. In the Al region, it occurred in a 
ductile form with shallow dimples. Analyses related to the fracture 
in the ARB second pass in Figure 19 have been shown. In the ARB 
from the second pass onwards, due to the break of the Mg layer 
structure, it is difficult to distinguish the fracture surface for the Mg 
and Al layers. For the ARB Mg layer in the second pass at ambient 
temperature, the Mg layer is broken, but its surface shows a brittle 
fracture. For the Al layer, the failure occurred as a combination of 
ductile and brittle. For other annealing temperatures, the fracture 
mechanism for Mg and Al regions is a combination of brittle and 
ductile. However, it can be seen that for the Mg region, the primary 
phenomenon of fracture is the brittle mechanism. For the Al 
region, the primary phenomenon of fracture is ductile fracture. 
The results of the fracture surface for the ARB samples of the 
third pass in Figure 20 have been shown. The results for ambient 
temperature indicate that the fracture is brittle for the Mg layer 
and ductile for the Al layer. For the annealing temperature of 200 
°C in the Mg layer, the fracture mechanism combines brittle and 
ductile, and most of the fracture mechanism is brittle. The change 
in the fracture mechanism at this temperature for the Mg layer 
indicates that the annealing temperature is more effective than the 
intermetallic phases. However, for the annealing temperature of 
300 and 400 °C, there was no mechanical change in the fracture of 
the Mg layer, but at the annealing temperature of 300 and 400 °C 
of the Al layer, the fracture mechanism is a combination of ductile 
and brittle, which is the dominant mechanism of ductile fracture. 
The presence of a brittle composition in the grain boundary will 
accelerate the formation of micro-cracks; as a result, the cause of 
simultaneous brittle and ductile fracture in the Al layer structure at 
300 °C and 400 °C in the first and second pass of the ARB process 
can be considered to be the presence of a secondary phase in the 
grain boundary.

Conclusion
The ARB process was used to fabricate the AA 1050/Mg AZ31B 

sheets until the third pass. The effect of the ARB process on the 
composite was investigated by examining the mechanical and 
metallurgical properties of the produced samples. The obtained 
results can be summarized as follows:

A.	 EDS-Line and map analysis showed that with the increase in 
annealing temperature, the depth of the penetration layer will 
also increase for ARB samples.

B.	 The tensile test showed that the strength of the ARB sample 
in the third pass increased by about 250% compared to 
the aluminum base metal, and it decreased by about 10% 
compared to the Mg base metal. Also, increasing the annealing 
temperature will decrease the strength and increase the 
ductility in the ARB samples.

C.	 The hardness test results show an increase in the hardness of 
the ARB sample compared to the base sheet. However, due to 
a hard secondary phase at an annealing temperature of 400 
degrees, the hardness has increased in the penetration zone.

D.	 The fracture toughness for the ARBed samples was performed 
up to the third pass and compared with the base sheet results. 
The results showed that with the increase in the ARB passes, 
the fracture toughness also increases.

E.	 The analysis of the results of the fracture test showed that 
the ARB samples in the Al region, at 300° and 400° annealing 
temperatures, due to the formation of intermetallic phases, a 
change in fracture mode occurred for them from a soft fracture 
state to a brittle-soft mode.
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