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Abstract 

This study presents the manufacturing of Al 1050/Mg AZ31B bimetallic sheets using the roll 

bonding process, followed by an investigation of the effect of annealing temperature on 

mechanical properties and microstructural features. Annealing treatment was performed at 200, 

300, and 400 degrees Celsius. Mechanical testing includes tension, micro-hardness, three-point 

bending, and fracture toughness. Scanning electron microscopy equipped with energy-

dispersive X-ray spectroscopy (SEM-EDX) and X-ray diffraction (XRD) were used to 

investigate the microstructure in the infiltration zone. Mechanical testing shows that increasing 

the annealing temperature decreases the tensile strength of the two-layer specimens. Micro-

hardness, XRD, and SEM-EDX investigations confirm the presence of intermetallic particles 

in the penetration zone. The micro-hardness test showed that with the increase of the annealing 

temperature, the hardness in the penetration zone of Al 1050/Mg AZ31B increases. The results 

show an increase of 185% compared to the Mg base sheet and 200% to the Al base sheet. This 

increase in micro-hardness result confirms the presence of harder intermetallic phases with 

increasing annealing temperature in the penetration zone. Also, fracture toughness test results 

show an increase of 160 percent compared to the Al base sheet and 225 percent compared to 

the Mg base sheet. 

Keywords: Fracture toughness, Mechanical properties, Al 1050/Mg AZ31B sheets, Roll bonding 

process, Annealing. 

 

1. Introduction 

 

Metals with a low strength-to-weight ratio are widely used in aerospace, automobile, and 

electronics industries. The lightest structural material is Mg, with desirable properties for 

transportation applications. However, Mg alloys are limited compared to Al ones due to their 

poor formability and corrosion resistance. One approach to increase the formability of Mg sheet 

alloys is by increasing their forming temperature, which activates hard slip modes and results 

in dynamic recrystallization. Studies have shown that using an Al layer on the surface of Mg 

as an Al-Mg two-layer can improve the corrosion resistance of Mg alloys [1,2]. Various 

methods, such as accumulative roll bonding (ARB) [3], explosive welding [4], and rolling 

processes, have been used to produce Al/Mg multilayer sheets. Nie et al. [5] investigated 
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microstructure properties for Al/Mg/Al composite fabricated by ARB process up to four cycles. 

Strength increases in the third cycle, and after the third pass, they decrease again. 

Cheepu et al. [6]Investigated the effect of preheating temperature parameters on mechanical 

and metallurgical properties of 3-layer Al and Mg sheets. They found that the bond strength of 

the layers depended on the annealing temperature, time, and number of rolling passes. Habila 

et al. [3] Investigated the mechanical and microstructural behaviors of a 3-layer Al/Mg/Al sheet 

fabricated by ARB up to 5 cycles. They found that the mechanical properties increased up to 3 

cycles, but from 3 to 5 cycles, decreased in strength. Yang et al. [7] reported that the 

intermetallic between Al and Mg layers were Al3Mg2 and Al12Mg17. Rouzbeh et al. [8] 

produced a two-layer sheet by explosive welding and rolling. They found that the penetration 

depth in the rolling process is more significant than in the explosive welding process. Nie et 

al.[5] The 3-layer Al/Mg/Al sheet by ARB process in 4 states was preheated at 400 ° C for 5 

minutes. They showed that Al/Mg multilayer samples have good formability under preheated 

conditions. Nie et al. [9] produced the Al/Mg/Al sheet by the hot rolling process at 400 degrees. 

The samples were then annealed at temperatures between 200 and 400 ° C for 1 to 4 hours. 

They then investigated the mechanical properties and failure surface for different annealing 

conditions. Macwan et al. [10] studied the annealing temperature effect on the interface 

intermetallic compounds of the Al/Mg layer and intermetallic phases. They found that 

enhanced annealing temperature increases the intermetallic layer's thickness.  Jalali et al. [11] 

investigated the mechanical properties of the two-layer Al/Br sheet and found that the strength 

of the two-layer sheet is between the base sheet of Br and Al.  

Nie et al.[12]  investigated the effect of the annealing process on the formability of the Al/Mg/Al 

sheet by the deep drawing method. They showed that increasing the annealing temperature will 

increase the ductility. Rahmatabadi et al. [13]  used Nakajima and Erickson's test to study the 

FLD of Al/Mg bimetal. They showed that the ultrasonic vibration FLD diagram has a higher 

strain than standard forming methods. Delshad et al. [14] studied the influence of the annealing 

process on the formability of the 3-layer sheet. They found that strength and hardness will 

decrease with increasing annealing temperature. Rahmatabadi et al. [15]   produced an Al and 

Mg alloy composite with the ARB process. They studied the mechanical and microstructural 

properties of the composite at different rolling cycles. Han et al. [16]  studied the result of 

annealing temperature and time on the intermetallic compound. They found that the 

intermetallic compound increases in the two-layer sheet with the annealing time and 

temperature increase. 
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As shown in the above studies, most of the studies conducted in the past have examined the 

effect of annealing temperature on intermetallic phases. However, in this study, in addition to 

investigating the effect of annealing temperature on the strength of the infiltration layer and 

intermetallic phases, mechanical effects, including fracture toughness and three-point bending 

test, were also investigated. Also, quantitative studies related to XRD by MAUD software for 

a two-layer Al 1050/Mg AZ31B sheet were carried out for the first time.  This study 

investigated the effect of annealing temperature on dislocation density and grain size. 

 

 

2. Materials and methods  

 
2.1. Material 

 
In this study, the sheet plates used are AZ31B (thickness = 1 mm) and Al 1050 (thickness = 2 

mm), respectively, in their as-received condition. The base sheets' chemical compositions are 

shown in Table 1. The craniometric test was used to analyze the chemical composition of the 

Al and Mg samples. Samples were cut to 135 mm and 75 mm in length and width, respectively. 

 

2.2. Roll bonding process 

 

Before the roll bonding, samples were cleaned with acetone to remove grease. Next, a wire 

brush was used to remove the oxide layer. Then, the samples were fastened in 2 layers on each 

other. Next, the fixed plates were heated for 10 min at 400°C in a furnace before the roll 

bonding process. The Roller diameter was 40 cm, and the speed was 6 rpm.  

 
Table 1. The chemical composition for base sheets (wt.%) 

                        Al          Sb         Ni          Mg         Zn          Fe        Cu         Si          Mn 

Al1050           99/8       0/02       0/003      0/005    0/196     0/472    0/095    0/096     0 

Mg Az31B         2.45       0            0           97/36       0/294      0/004    0         0/049    0/186 

 

 

2.3.  Annealing process and metallurgical study 

 

An annealing treatment was carried out to eliminate the effect of residual stresses caused by 

the rolling process and work hardening; temperature and holding time significantly influence 

the diffusion rate at the Mg/Al interface [17]. For the two-layer sheet, if the annealing 

temperature is below 200°C, in the infiltration layer the intermetallic phase not be formed. If 

the annealing temperature exceeds 400°C, the infiltration layer can melt at the interface[18].  
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To determine the appropriate annealing temperature, samples were subjected to various 

annealing temperatures, 200 °C, 300 °C, and 400 °C, for 1.5 hours. Then, after the annealing 

process, the mechanical properties of two-layer samples were determined in 4 samples: 1- 

ambient temperature, 2- 200°c, 3- 300°c, and 4- 400°c. Also, Field emission scanning electron 

microscopy (FESEM) and Energy Dispersive Spectroscopy (EDS)-LINE-Map were utilized to 

investigate the effect of annealing temperature on the penetration depth and fracture type of the 

two-layer samples. The cross-sectional sample prepared from the 2-layer samples for SEM was 

first prepared by cold mounting, and then the samples were prepared for imaging by sanding 

up to 3000 grit and final polishing. Considering the possibility of forming intermetallic phases 

at high temperatures for Al and Mg alloys, investigations were carried out by X-ray powder 

diffraction (XRD) with grazing method and 20° to 80 °. For the X-ray test, the cross-sectional 

area of the 2-layer samples was examined. 

 

 

2.4. Mechanical testing 

To investigate the effect of rolling and cold working on the mechanical properties of two-

layer composites, they were evaluated using tensile testing, hardness measurement, and 3-

point bending test for specimens annealed at various temperatures and fracture toughness at 

ambient temperature.  

 

- Tensile test 

To compare the mechanical properties in different annealing temperatures, tensile tests 

according to the ASTM-E8M standard were done [19]. A sub-size sample was used to 

prepare the tensile test sample. Fig 1 shows the dimension of sample size and examples of the 

prepared tensile test specimens. A 5-ton tensile device did the tensile test, and with 2 mm/min 

speed test was done.  
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Fig.1. (a) Tensile test specimen design according to ASTM-E8M, (b) prepared tensile test sample 

- Vickers hardness and Three-point bending test 

 

To characterize the interface of the AA1050/Mg-AZ31B two-layer (Fig.2), Vickers micro-

hardness was performed across the specimen thickness. Micro-hardness testing was 

performed for two-layer samples in different annealing temperatures. The indentation load 

applied to the specimens was 100 gr for 15 s.  

 

 
Fig. 2 Micro-hardness direction 

A three-point bending test was performed to determine the bending properties of two-layer 

samples. Testing was done at room temperature using a tensile tester with a 0.5 mm/min 

displacement rate. Samples for the three-point bending test were 10 and 100 mm wide and 

length, respectively.  
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- Fracture toughness 

 

The fracture tests were  performed to evaluate stiffness characterizations of as-rolled two-layer 

composite and base metal at room temperature. To do this, compact tension (CT) samples were 

prepared according to ASTM-E 647 [20]. The sample size used is shown in Fig. 3. To check 

the crack growth in the sample, a camera with one frame per second imaging was used (Fig. 

4). The test rate was 0.5 mm/min. The crack growth rate was obtained using Image-j software. 

 
Fig. 3. (a) Sample size, (b) fracture toughness sample  
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Fig. 4. (a).Setup of the fracture toughness, (b) before start test, (C) end test 

 

3. Results and discussions 

 

In this article, two-layer Al/ Mg sheets were produced using the rolling bond process. Next, 

relevant mechanical and metallurgical tests were carried out to investigate the effects of work 

hardening and annealing temperature on the mechanical and metallurgical properties. During 

the annealing process, after the rolling process, three different occurrence will occur, and the 

effect of each of these occurrence on strength of layer bond will be studied [21]: 

- 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 

-  The annealing process causes the residual stress in the penetrating layer to decrease or 

disappear, in which case the bonding strength will increase 

- The phenomenon of the brittle intermetallic phase formation in the penetration zone will 

decrease the bonding strength 

If the percentage of brittle intermetallic phases in the microstructure increases with increasing 

annealing temperature, the interlayer strength will decrease. In summary, increasing the 

annealing temperature will increase the layer bond strength to some extent, and from a higher 

temperature (the temperature at which brittle intermetallic phases are formed), it will decrease 

the bond strength. 
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Considering the above, the following sections present an analysis of the effect of annealing 

temperature on metallurgical and mechanical properties. 

3.1. Penetration depth study 

  

 Microstructural investigations were carried out for two-layer samples to investigate the effect 

of annealing temperature. SEM and ESD-Line scans were performed to measure the diffusion 

of Al and Mg alloys into each other. In Fig.5, the composition percentage of Al and Mg 

elements in the EDX map was measured in addition to the penetration depth. The penetration 

speed of two atoms in a two-component solution is not the same, and the element with a lower 

melting point penetrates faster [22]. In general, atoms move in the crystal lattice due to the 

movement of vacancies. The diffusion coefficient is a function of chemical composition and 

temperature. Diffusion in metals In addition to intercrystalline diffusion, diffusion occurs along 

grain boundaries between crystals. The diffusion rate along the grain boundary will occur faster 

than within the crystal. One of the things that prevents penetration into metals is impurities. If 

the temperature increases, dislocations will be eliminated. Their density at the grain boundaries 

will decrease due to the increase in grain size, and as a result, the penetration at the grain 

boundary will increase. By examining the ESD-Line results, it was found that the penetration 

depth increases with the increase in annealing temperature [23]. This increase in penetration 

depth can be considered due to an increased penetration rate at high temperatures [20,21]. One 

of the reasons for the increase in penetration depth at higher temperatures is the surface tension 

of grain boundaries and the dynamics of grain boundaries at high temperatures [24]. It can be 

seen (Fig.5) that with the increase of temperature in the two-layer samples, the slope of the 

graph for Mg metal relative to Al metal decreases, which indicates the infiltration of Mg in Al.  
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Fig. 5. EDS-Line and Map analysis for Al /Mg Samples,(a) environment temperature,(b) 200°c 

annealing,(c) 300°c annealing, (d) 400°c annealing  

 

3.2. Intermetallic phase analysis 

 

As shown in Fig.6, the EXPERT High Score Plus software result analysis, XRD patterns of 

intermetallic phases were detected, and the effect of annealing temperature on the intermetallic 

phase formation for the two-layer sample. By examining the researchers' studies, it was found 

that at different annealing temperatures, it is possible to make an intermetallic phase in the 

infiltration layer of Al and Mg [13,17]. According to the XRD results, it can be seen that three 

intermetallic phases Al 0.58Mg 0.42 [26], Al12Mg17 [13,25,26], and Al-Mg are formed in two-
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layer samples for annealing temperatures of 200°c, 300°c, and 400°c. Al 0.58Mg 0.42 phase forms 

at a lower temperature than compared to Al12Mg17 phase [29]. The XRD results have been 

validated by comparing the reference results with the pick list title. Studies show that increasing 

annealing temperature and holding time will form more intermetallic phases [30], detrimental 

to the mechanical properties. According to [22,23], intermetallic compounds with a diameter 

of fewer than 10 μm for the joining area of dissimilar metals do not harm the joint's quality. 

Given that the formation of intermetallic phases occurs due to the phenomenon of intermetallic 

diffusion or the phenomenon of intercalation or substitution of atoms, annealing temperature 

and time are effective parameters in the formation of the type and size of intermetallic phases 

(according to the aluminum-magnesium equilibrium diagram). The strength increase due to 

intermetallic phases depends on the size of the secondary phases and the distribution of the 

secondary phases in the matrix phase. In the microstructure, intermetallic phases act as a barrier 

against the movement of dislocations. As a result, the formation of intermetallic phases with a 

larger diameter can delay the movement of dislocations and increase the strength of the metal. 

Moreover, it can contribute to precipitation hardening and result in improved strength. In the 

following, The XRD results were analyzed by numerical software MAUD with approach of 

using the Rietveld method. Quantitative results obtained from MAUD software for Crystallite 

Size and internal micro-strains are shown in Fig.7-a and 7-b, respectively. The results show 

that the crystallite size will increase with increasing annealing temperature, 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, as stated, with 

increasing annealing temperature, grain growth can be expected in exchange for reducing the 

internal micro-strain [22]. Theoretically, it can be observed that the dislocation density will 

decrease with the increase of the annealing temperature and recrystallization process. As a 

result, ductility will increase and strength will decrease [33,34]. In Eq.1, Ɛ is the internal micro-

strain, d is the crystallite size, and b is the Burgers vector. Fig.7-c shows the results for 

dislocation density. With the increase of the annealing temperature it is clear that the dislocation 

density in the two-layer sample decreases. 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, 

the decrease in internal strains, and the decrease in residual stresses. 

 

𝜌 =
2√3𝜀

𝑑𝑏
                                                                                     (1) 
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Fig. 6. XRD results and reference results for the two-layer sample,(a) environment temperature,(b) 200°c 

annealing,(c) 300°c annealing, (d) 400°c annealing  
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Fig. 7. Effect of annealing temperature on microstructural properties, (a) Crystallite Size, (b) 

Micro-Strain, (c) Dislocation density 

 

3.3. Tensile and micro-hardness test result 

 

Uniaxial tensile and hardness tests were investigated to study the mechanical properties of the 

base sheet and the  two-layer samples. Figures 8 and 9 show the stress-strain curves for base 

sheets and two-layer samples . The tensile test results show that the tensile strength of the two-

layer sample (193.69 MPa) has increased by 120% compared to the Al base sample (88.64 

MPa), and it has decreased by 5% compared to the Mg base sample (203.43 MPa). As in Fig 

11-b, it was found that increasing the annealing temperature will decrease the strength of the 

two-layer samples. The most significant reduction of the strength of the Al/Mg composite 

occurs at a temperature of 400°c. The reasons for this decrease in strength can include the 
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recrystallization and growth of new grains and the decrease of the dislocation density due to 

the annealing process [35] (according to Fig.9-c). 

On the other hand, it can be seen that at the 200°c annealing temperature, the strain has 

increased compared to the ambient temperature,  but as the annealing temperature increases 

from 200°c, the strain will start to decrease. One of the reasons for reducing the strain at higher 

annealing temperatures is the decrease in the bonding strength area with increasing 

temperature. The Kirkendall effect can explain the cause of the strain reduction. In this case, 

the voids move against the direction of movement of atoms and accumulate in the form of very 

small holes, which causes that during the tensile test, these defects act as areas of stress 

concentration and cause crack propagation and failure [36]. 

The results of the micro-hardness for the base sheet sample and the two-layer sample are shown 

in Fig.10. By examining Fig.10; it can be seen that the hardness obtained from the two-layer 

samples due to the hard work performed on the rolled samples increased the hardness values 

in the Mg and Al areas compared to the base sheets. This increase has correspondingly 

increased by 185% for the Mg area of the two-layer sample compared to the Mg base sheet and 

by 200% for the Al area of the two-layer sample compared to the Al base sheet. This increase 

in hardness occurs due to the increased density of dislocations and cold working [37]. However, 

the hardness of the penetration zone at room temperature has decreased by about 64% 

compared to the Mg base sheet and increased by about 240% compared to the Al base sheet. 

In Fig. 10-b, in the penetration zone, it is clear that the hardness at the annealing temperature 

of 400°c suddenly increases to about 187.55 due to the presence of harder intermetallic phases 

[10], which are mentioned in the XRD results [16]. As mentioned above, increasing the 

annealing temperature usually will decrease the dislocation density and grain size, decreasing 

the hardness. However, if increasing the annealing temperature causes the formation of hard 

intermetallic phases, increasing the annealing temperature cannot decrease the hardness, which 

happened for the annealing temperature of 400°c in the penetration zone. 

Strength and hardness in metals are directly related and inversely related to formability. Several 

factors can increase the solid-state strength in the microstructure.  These factors include 

strengthening by 1- grain size reduction, 2- solid solution, 3- work hardening, 4- secondary 

phases, 5- precipitation hardening, and 6- crystal lattice defects. Due to the cold working 

process performed during the rolling process to produce two-layer samples, the strength of the 

two-layer samples has increased [38]. The samples were then annealed, allowing intermetallic 
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phases to form in the microstructure. The presence of intermetallic phases in the microstructure 

will increase the strength. 
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Fig. 8. Engineering Stress-Strain curves of Base sheet  

 

Fig. 9. (a) Engineering Stress-Strain curves of two-layer sheets in environment temperatures, 200°c,300°c and 

400°c, (b) Investigating the effect of different annealing temperature conditions on strain and stress     
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Fig. 10. (a) Micro-hardness result for base sheets (b) Micro-hardness result for two-layer sheets in environment 

temperature, 200,300 and 400 degree   

 

3.4. Three-point and fracture toughness analysis 

 

 This section checks the properties of fracture toughness and three-point bending for the base 

and two-layer sheet samples, which were done only for room temperature conditions. Fig.11 

presents load-deflection curves of the Al/mg multilayered composites after the CRB process 

and Al and Mg base sheets. By examining the graph obtained from the three-point bending test, 

it is clear that the bending force for the two-layer sample is equal to the force of the base sheets. 

The three-point bending results show that the strength of the interlayer bond in the two-layer 

sample is optimal compared to the base metal. Nevertheless, due to cold work and reduced 

formability in the two-layer sample, the sample failed at a lower depth than the base sheets. 

This indicates the crispness of the two-layer sample. 
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Fig. 11. Force-deflection curves of the Al/Mg multilayered Sheet tested by three-point bending load  

To investigate the effect of the rolling process, the fracture toughness test was performed for 

the two-layer AL/Mg samples and the Al and Mg base sheet samples and considering the plane 

stress conditions. According to the sample preparation for the fracture toughness test (Fig. 5), 

the fracture toughness test was performed, and the test results are in the form of a force-

displacement diagram in Fig.12 has been shown. In order to determine the fracture toughness, 

the critical load of the sample must be determined first. Critical load refers to the load at which 

the crack grows [39]. After obtaining the fracture toughness test forces and with the help of 

images prepared during the test from the crack growth rate, corresponding to the crack growth 

rate at different times and the corresponding force, the fracture toughness will be calculated. 

According to the standard ASTM-E 647 and Eq.2 and 3, calculations related to fracture 

toughness were performed . 

 

Fig. 12. Force-extension curves of the Al/Mg multilayered Sheet  

 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

74
9 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 ir
is

t.i
us

t.a
c.

ir
 o

n 
20

25
-0

2-
12

 ]
 

                            18 / 26

http://dx.doi.org/10.22068/ijmse.3749
http://irist.iust.ac.ir/ijmse/article-1-3749-en.html


 

 

)2(                                                    = (
𝑃𝑄

𝐵×𝑊0.5) × 𝑓(
𝑎

𝑊
)QK   

The value of the correction factor F (
a

W
 ) is calculated from Eq. 2 

 

𝑓 (
𝑎

𝑊
) = [

2+
𝑎

𝑤

(1−
𝑎

𝑤
)
3
2

] [0.866 + 4.64 (
𝑎

𝑤
) − 13.32(

𝑎

𝑤
)2 + 14.72(

𝑎

𝑤
)3 − 5.6(

𝑎

𝑤
)4]                     (3) 

In Eq. 2 and 3: 

PQ: Critical load value (KN) 

B: Sample Thickness 

W: Sample Width 

a: crack length 

Fig. 13 shows the results of the fracture toughness test. By examining the charts obtained from 

the fracture toughness, the amount of fracture toughness for the 2 -2-layer sheet increased by 

about 160 % compared to the Al base sheet and about 225 % compared to the Mg base sheet. 

This is a sign of improved fracture toughness in two-layer samples. Applying cold work and 

increasing the strength and hardness can be one of the reasons for increasing the fracture 

toughness of the two-layer sample [35, 36]. The results of the fracture toughness test are briefly 

shown in Table 2. 
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Fig. 13. R-curve graphs of the two-layer sample resulted from fracture toughness tests,(a) Mg base sheet, (b) Al 

base sheet, and (c) two-layer sample. 

 

Table 2- Compression Fracture toughness and force result for the base and 2 Layer sample 

Sample Force (N) Fracture toughness (MPa.M1/2) 

2 Layer 757 27.87 

Al base 474 17.85 

Mg base 355 12.75 
 

3.5. Fractography 

 

In order to investigate the effect of the rolling process and the effect of different annealing 

temperatures on the fracture mode of the two-layer sample and compare it with the base sheet, 

SEM imaging was performed on the tensile test sample[40]. According to Al (FCC) and Mg 

(HCP) crystal structure, ductile and brittle fractures can be expected for them, respectively. 

One of the effective parameters in determining the fracture mechanism in brittle metals is 

temperature. In metals with brittle behavior, the fracture mechanism will change from brittle 

to ductile with increasing temperature. Among the reasons for the change in the failure 

mechanism, one can point out the decrease in the density of dislocations and, as a result, the 

need for less shear stress for the movement of slip plates. Among other reasons for brittle failure 

is secondary phase particles in the microstructure [41]. In Fig.14, the SEM images related to 

the fracture surfaces of the two-layer sheet at ambient temperatures of 200°c, 300°c and 400°c 

can be seen. In Fig.15, the results for the base sheets are given. Fig.14 a-b respectively show 

the fracture surfaces in the Al and Mg regions for the two-layer sheet at room temperature. 

Investigations show that the fracture mechanism is similar to the base sheets, and the change 

in the fracture type did not occur after the rolling process. Only in the two-layer sample in the 

ductile fracture, the depth of the dimples decreased compared to the base sample, which 

indicates its lower formability. In Fig.14-d, it can be seen that at the annealing temperature of 

200°c, the fracture mechanism in the two-layer sample on the Mg side is mixed, brittle, and 
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ductile. At this temperature, grain growth occurs, and the intermetallic phases formed are not 

large enough in diameter to prevent dislocation movement. As a result, deformation and 

fracture occurred by slip and twinning mechanisms, leading to a combination of brittle and 

ductile fracture in the magnesium region. In the following, for the annealing temperatures of 

300°c and 400°c, due to the formation of brittle secondary phases, the fracture mechanism has 

occurred in a brittle manner in the Mg region, and in the Al region, the fracture has still occurred 

with a ductile mechanism.  
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Fig. 14. SEM images from the fracture surfaces,(a) 2 -layer Al section- room temperature, (b) 2- layer Mg 

section- room temperature, (c) 2- layer Al section-200°c (d) 2- layer Mg section-200°c,(e) 2- layer Al section-

300°c, (f) 2- layer Mg section-300°c,(g) 2- layer Al section-400°c, (h) 2- layer Mg section-400°c 

 

Fig. 15. SEM images from the fracture surfaces, (a) Al Base sheet, (b) Mg Base sheet  
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Conclusions 
 
This research was conducted to investigate the effect of the rolling process on the strength of a 2-

layer Al/Mg sample and the effect of mechanical and metallurgical properties and effective 

parameters on interlayer strength conditions. Below is a summary of the results obtained from this 

research. 

 

(1) For two-layer samples, EDS-Line analysis showed that the penetration depth would also 

increase with the increase of annealing temperature. 

(2) The uniaxial tensile test showed that the strength of the two-layer sample increased by about 

120% compared to the Al base metal. On the other hand, it decreased by about 5% compared 

to the Mg base metal. Also, strength decreases with increasing temperature, increasing the 

ductility in the two-layer samples. 

(3) The most optimal annealing temperature for a two-layer sample in terms of strength and 

ductility is the 200°C annealing temperature, which increases the annealing temperature; in 

addition to reducing the formability, the strength will also decrease. 

(4) The micro-hardness test results show the micro-hardness result for the two-layer sample 

increase compared to the base sheets. 

(5) The three-point bending results show that the bonding strength created in the two-layer 

samples is good and at the level of base metals. 

(6) The fracture toughness test performed on the base and two-layer sheet samples shows that the 

fracture toughness of the two-layer sheet has increased by 225% and 160%, respectively, 

compared to Mg and Al base sheets. 

(7) Examining the fracture results shows that at the annealing temperature of 200 degrees, the 

fracture mechanism in the Mg region of the two-layer sheet will change from brittle to brittle-

ductile fracture. However, as the annealing temperature increases from 200°c to 400°c, brittle 

secondary phases will form, and the fracture in the Mg region will be brittle. 
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