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ABSTRACT: 

To fabricate ultra-fine grain structures containing high strength, accumulative roll bonding is a kind of severe plastic 

deformation (SPD). In the present study, magnetic Al/ Fe2O3 composites reinforced with 0, 2.5% and 5Wt.% of Fe2O3 

particles have been manufactured via ARB. A uniform distribution of Iron oxide particles was achieved after the 8th 

cycles of ARB. Mechanical properties include (hardness, elongation, toughness) and also, magnetic and electrical 

properties such as magnetic saturation, magnetic permeability and magnetic residuals were studied. The presence of 

Fe2O3 particles improved the mechanical, electrical and magnetic properties of this kind of laminated composites. 

Vibrating sample magnetometer was utilized to study the magnetic properties of samples vs No. of steps. 
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1.  INTRODUCTION 

In recent years, there are many advances in 

electrical engineering, electrical devices in many fields 

such as military, aerospace, vessels, machines and etc. 

which needs high values of magnetic fields. All of 

these needs utilizing of materials including high 

capacities of materials with high electrical 

conductivity, low electrical resistivity with propeller 

magnetic properties and suitable costs [1-5]. To this 

purpose, many investigations have been done on the 

metal matrix composites (MMCs) [6-13]. Generation of 

ultra-fine grain materials is a new novel technique to 

improve the mechanical properties of MMCs. Vice 

versa other forming process to generate UFG material 

structure by means of this process, having of good 

mechanical and ductility of a MMCs is available. Hall 

petch relation explains the relation between the grain 

size of the crystalline lattice and the strength of 

materials and is as: 

 +                                                         (1) 

 

Where σY, σ0, d and k are yield strength, ultimate 

tensile strength and a constant relates to the kind of 

materials, respectively. Based on Eq.1, the strength of 

materials increases by decreasing the grain size of 

crystalline structure. SPD deformation techniques 

usually decrease the grain size of structure and is done 

by applying very high values of plastic strain on 

materials [14-20]. Usually, structure change due to 

SPD techniques can leads to generation of Nano 

structure with different electrical and chemical 

properties. ARB process is a new novel technique to 

fabricate MMCs which is proposed by Saito et al. at 

1998 for the first time [21-25]. Based on this process, 

rolling is conducted on strips with unchangeable width 

and length with a 50% reduction thickness in each pass. 

The benefit of this process is the ability to create UFG 

structure in comparison with other industrial processes. 

So, this process is used recently to fabricate MMCs 

with desirable electrical and magnetic properties [26-

32]. In many investigations usually a metal or ally is 
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used to fabricate multilayered laminates and in this 

study Fe2O3 particles are used as reinforcement to 

improve the mechanical, electrical and magnetic 

properties in this kind of composites. It is necessary to 

highlight the use of Fe3O4-based NPs in emerging 

applications, such as biomedical applications 

(hyperthermia, MRI contrast agents, and drug 

delivery), biosensing, environmental applications for 

the removal of heavy metals and organic pollutants, 

and applications in energy storage devices. During 

recent years, it is tried to improve the magnetic 

properties of composites. Usually, a metal has a 

definite property and by fabrication of composites, it is 

available to get various properties together [30-33]. So, 

in this approach, fabrication of a MMC with high 

prominent magnetic properties is needed. Aluminum 

has good electrical conductivity, heat conductivity and 

is a diamagnetic metal. Iron oxide is a ferromagnetic 

and shows a super paramagnetic reaction. By inserting 

iron oxides (Fe2O3) between Al layers in this kind of 

multilayered composites, a UFG composite with high 

magnetic properties is achieved. The main goal of this 

research is to fabricate the Al/ Fe2O3 composite vs ARB 

process and study of their mechanical, electrical and 

magnetic properties which is done for the first time as 

its novelty. The results showed that by using ARB 

process, all of mechanical, electrical and magnetic 

properties of these composites improved and this is the 

novelty in this investigation.  

 

2.  TECHNICAL WORK PREPARATION 

The raw materials used in this study are aluminum 

alloys 1060 with primary dimensions of 80×300 mm. A 

schematic diagram of the ARB process is illustrated in 

Fig. 1. Before beginning of ARB process, surface 

cleaning is vital to obtain an acceptable solid welding 

between layers. The composite samples were prepared 

in equivalent dimensions with acetone and dried at the 

ambient temperature. This is necessary to clean the 

contaminations from the metallic surfaces and generate 

a better metallic bonding. The uniform brushing of foils 

is necessary. Next, the two sheets were fastened at both 

ends with steel wires and were aligned and banned the 

samples from sliding under the rolling. They were then 

rolled with 50% of reduction in thickness ratio. The bi-

layers sample was halved in the longitudinal direction, 

and the roll bonding was frequented. For next 

cumulative rolling steps, the reduction in thickness was 

again 50%. Thus, thin reinforced aluminum composite 

samples were produced by up to 6 rolling steps. With a 

thickness reduction of 50% and for each ARB step, the 

effective strain rate is 0.8 as: 

 

                                          (2)  

 

In Eq. 1, R, εeq, t0, N and t are reduction thickness, 

equivalent strain, No. of ARB pass, and thickness 

before and after ARB. 

 
Fig. 1. Chart of ARB trial steps. 

 

Sheets of annealed AA1050 with primary 

dimensions of 95 × 28 × 1 mm were primary strip 

samples. The contamination removal from the surfaces 

to be bonded is vital to generate a desirable bonding, 

Fig 2. As can be illustrated in Fig 2, these layers of 

composed of illuminations are dames against the 

creation of a successful metallic bonding. So, the 

surface preparation prior the rolling is necessary.  

 

 
Fig. 2. The presence of illumination on the surface of 

samples before the bonding. 

 

One Al strip and again the other of Al were 

slanted to get 2 mm thickness. Correct position of 

layers during the rolling is important. So, after stacking 

the composite samples with wires at ends, the samples 

were rolled under a 50% of thickness reduction for 

each cycle, respectively, Fig. 1. The ARB was 

continued up to eight cycles to generate a desirable 

scattering of Fe2O3 subdivisions in the Al matrix to 

study the effect of Fe2O3 Wt.% on the electro/magnetic 

and mechanical properties. So, the ARB cycles of the 

process are summarized in table 1. Fig. 3 shows the 

morphology of Fe2O3 particles which are used as a 

reinforcement through the Al matrix and effective 

parameter on the electro/ magnetic properties. 
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Fig. 3. Fe2O3 particles. 

The magnetic saturation and magnetic residual 

tests and electrical conductivity were measured by 

using vibrating sample magnetometer. Fig. 4 shows the 

effective parameters on the hysteresis loop.  

 

 
Fig. 4. Effective parameters on the hysteresis loop. 

Table 1. Specifications of manufacturing process. 

No. of cycles No. of layers No. of Fe2O3 layers 

1 8 2 

2 16 4 

3 32 8 

4 64 16 

5 128 32 

6 256 64 

7 512 128 

8 1024 256 

 

A laboratory rolling machine with a capacity of 

40 tones with a rotary speed of 60 rpm and roll 

diameter of 170 mm, is used in this study. ASTM 

standards E8M has been used to prepare composite 

samples for tensile test and also, ASTM-E384 for the 

Vickers hardness testing condition. The samples for 

wear test were in dimensions of 60×30×1mm with a 

rotary mechanism of ‘‘pin on disc’’ wear testing 

machine.  

 

3. RESULTS  

3.1. TENSILE STRENGTH 

The strength of samples vs No. of passes is 

brought in Fig. 5 which is 76 and 158 for annealed Al 

and two passed sample, respectively. So, there is a 

rapid growth for the strength in this state. Then, this 

trend is approximately constant up to the final pass 

which gain the value of 160.1 MPa, Fig. 5.  So, there 

are two increasing zones in Fig. 5 and the reason for 

both of them can be attributed to severe work 

hardening effect and creation of a UFG structure for 

zone (I) and then, local strain hardening of Al matrix 

around the Fe2O3 particles which is able to initiate slip 

systems [7, 23-26]. 

 

 
Fig. 5. Mechanical properties of the Al/Fe2O3 

composites. 

This trend for the elongation value is vice versa 

and is shown in Fig. 5. As can be seen in Fig. 5, there 

are also two same zones to explain the behavior of 

composites for elongation with mentioned 

explanations. The elongation value for annealed Al and 

samples with two and eight passes are 26.3%, 2.4% and 

8.8%, respectively. It can be concluded that all the 

parameters that are effective on the strength behavior of 

composites are so valid here. 

 

3. 2. HARDNESS TEST 

Fig. 6. shows the variations of hardness value vs 

the No. of passes. According to Fig. 6, the average 

micro hardness improves up to pass#4 and then remains 

almost constant up to the final pass. Strain hardening 

and cumulating the dislocations density inside the 

crystalline lattice are two main factors for increasing of 

hardness at primary passes (less than the 4th pass) and 

the other increasing in the second zone (between pass 

iously4 ad 8) is due to the local strain hardening around 

the iron oxide particles which is explained previously 

about the enhancement mechanism for strength. 
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Fig. 6. The average Vickers micro-hardness and tensile 

toughness. 

 

3.3. ELECTRICAL RESISTANCE 

Fig. 7 shows the electrical resistivity of composite 

samples measured using four points probe method vs 

the number of cycles. The special resistivity constant of 

samples can be derived from Eq. 1. 

 

                                                             (3) 

 

       In Eq. 1, ρ and R, are specific resistance and 

measured resistance of samples, respectively. Also, G 

is the corrective coefficient in the four-point probe 

method and can be derived as: 

 

                                                        (4) 

 

Where, , t and c are geometric factor, sample 

thickness and correction factor due to the rectangular 

shape of samples with length of a  and width of b with 

a distance of s between the probes, respectively. 

Moreover, the electrical resistivity is the inverse of 

specific resistivity. The grain size has an essential 

effect on the resistivity due to the sub grain structure of 

the electricity flow surface of composite samples. Due 

to the flowing of electricity charge through a very thin 

surface of samples, there is a rapid increasing rate for 

the resistivity of composite samples from the annealed 

up to sample fabricated after the 8th steps. By 

increasing the number of steps up to eight, there is a 

slowing growth for the resistivity of samples due to the 

dynamic recrystallization of sample fabricated at 300 

ºC. Then, there is a rapid increasing rate for the 

resistivity after conducting a cold rolling step on the 

composite fabricated via eight ARB steps. This 

increasing rate is due to the generation of UFG 

structure in the Al matrix. 

 

 
Fig. 7. Variations of conductivity and resistivity of 

composite samples vs the number of cycles. 

The scattering of iron oxide particles through 

the Al matrix is shown in Fig. 8, which illustrates 

unvarying dispersal of iron oxides particles and small 

cluster. So, the porosities in the clusters are eliminated 

at higher amounts of plastic strain. 

 

 
Fig. 8. The SEM microphotographs of as stir casted 

Al/TiO2 composite. 

 

For each cumulative rolling pass, if the reduction in 

thickness ratio was less than the threshold thickness 

reduction, metallic surfaces cannot bond together. The 

presence of iron oxide particles can improve this 

threshold value which is based on the energy barrier 

theory. For reductions more than this value, generation 

of a successful bonding is easy and that is impossible 

for values less than the threshold thickness reduction 

ratio. 

 

3.4. MAGNETIC PROPERTIES 

Figs. 9 and 10 show the hysteresis of composite 

samples fabricated via 2.5 and 5% of iron oxides vs 

different ARB passes. As can be seen in Fig. 9, the 
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residual magnetic values (MR) are less than coercivity 

hc charge values. Also, the iron oxide articles create a 

wider magnetic loop. This hard magnetic material has a 

wide magnetic loop and has high amounts of coercivity 

hc charge. Also, this material resists to become a 

permanent magnet containing a low capacity of 

primary penetration. The penetration ability of a 

material means the ability to become a magnet through 

an external magnetic field. In these materials, 

orientation of the magnetic field zones does not change 

easily with the omission of the external magnetic field. 

On the other words, after omission of the external 

magnetic field, the hard magnetic materials keep their 

magnetic property. So, these materials are preferable to 

fabricate permanent magnets.  

 

 
Fig. 9. Hysteresis curve of composite samples 

fabricated with 2.5% of Fe2O3 and after pass (a) one 

and (b) six. 

 

 
Fig. 10. Hysteresis curve of composite samples 

fabricated with (a) 2.5% and (b) 5% of Fe2O3 after 

eight pass of ARB. 

 

According to Figs. 9 and 10, at higher passes of 

ARB, MR and hc improve with all of Al/ Fe2O3 

composite samples. Increasing the both of these 

parameters has an essential effect on the improvement 

of magnetic property of composite samples. 

  

 
Fig. 9. Magnetic residual curve of composite samples 

vs ARB passes. 

 

 
Fig. 10. Coercivity hc curve of composite samples vs 

ARB passes. 

 

As can be seen in Figs. 7-11, Fe2O3 particles can 

effectively enhance the magnetic properties of 

composite samples with Al matrix. In all samples, there 

are two states for magnetic saturation which is due to 

the poles positioning in unidirectional in opposite 

direction of the magnetic field which has its maximum 

value when magnetic dipoles are in the same direction 

with the external field.  

As can be seen in Fig. 11, at higher number of ARB 

process, the magnetic saturation decreases due to the 

generation of force couple between adjacent atomic 

dipoles which deviates dipoles which position them in a 

reverse direction. This is due to the generation of ultra-

fine grain (UFG) structure and increasing the number 

of grain boundaries through the Al matrix when 

decreases the magnetic saturation. 
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Fig. 11. Effect of particles content on the magnetic 

saturation of composites fabricated after the 8th pass. 

 

4. CONCLUSION 

 At higher number of ARB passes the 

uniformity of Fe2O3 particles through the Al 

matrix increases which has an essential effect 

on the uniformity of the magnetic saturation.  

 Increasing the ARB passes improves the 

mechanical properties of composite samples 

by means of the enhancement of strength and 

elongation due to the dynamic crystallization.  

 Hysteresis curves for all of composite samples 

show an increasing rate for Magnetic residual 

and coercivity hc with increasing the Fe2O3 

particles value at higher number of ARB 

passes.  

 The magnetic saturation value increases by 

increasing the number of layers at higher 

number of ARB process.  
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