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This research developed new nanostructured Al–Fe3O4 composites via accumulative roll bonding 

(ARB). X-ray diffraction (XRD) analysis and field emission scanning electron microscopy were 

conducted to examine microstructural characteristics and particle distribution in the nanocom-

posites. Hardness and tensile strength tests were employed to examine their mechanical prop-

erties. After eight cycles of XRD analysis, the size of the Al crystals in the nanocomposites reached 

198 nm. After eight cycles of tests on mechanical properties, the Al crystals exhibited a tensile 

strength and a hardness of 204 MPa and 63 HV, respectively. These values are higher than those 

achieved by pure Al. The depth of nanocomposite rupture observed in fractographic analysis re-

vealed that a ductile fracture occurred in the materials because of the formation and growth of 

cavities. 
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1. Introduction 

Metal matrix composites reinforced with nano-
particles have become one of the materials of interest 
to many researchers in recent decades [1–3]. These 
materials are used in industries, such as the aero-
space, automotive, and electrical sectors. For these 
composites, designers and engineers have consid-
ered the use of Al alloy as a constituent because of its 
attractive characteristics, including low weight and 
affordable price. However, the application of Al in 
this regard has been restricted by the metal’s poor 
strength and low elastic modulus. This problem 
prompted researchers to use a variety of composite 
fabrication methods to develop Al matrix composites 
reinforced with nanoparticles of high specific 
strength and stiffness [4, 5]. Metal matrix composites 
are produced through different approaches. One 
such approach is severe plastic deformation (SPD), 

which involves the application of high strain to pro-
duce nanoparticle-reinforced metal matrix compo-
sites without thermal operation, thus resulting in the 
formation of ultrafine-grained (UFG) structures. A 
type of SPD is accumulative roll bonding (ARB), 
which enables the accumulation of a very large strain 
in a material without changing the material’s initial 
dimensions [6, 7]. This method requires the use of 
metal plates that are stacked after surface prepara-
tion and rolled under a strain of about 50%. The 
rolled product is split and stacked repeatedly in al-
ternating cycles [8]. Using ARB to fabricate an Al ma-
trix reinforced with various substances creates high-
strength composites, including Al/Sc [6, 7], Al–ZrO2 
[9], Al–Al2O3 [10], and Al–SiC [11]. 

Depending on the type, size, shape, and distribu-
tion of reinforcement particles, different physical and 
mechanical properties are observed in composites. 
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For example, iron oxide Fe3O4 nanoparticles improve 
the magnetic properties of a composite and simulta-
neously increase its magnetic permeability, electrical 
conductivity, and thermal conductivity [12, 13]. Stud-
ies have explored Al–Fe3O4 nanocomposites manu-
factured via powder metallurgy and examined their 
magnetic permeability and hardness [14, 15]. In the 
current work, Al matrix nanocomposites reinforced 
with iron oxide Fe3O4 nanoparticles were produced 
through ARB, and the structural, microstructural, 
and mechanical properties of the nanocomposites 
were investigated. 

2. Experimental procedure 

The chemical composition and some of the me-
chanical properties of the annealed pure Al sheets 
used in this work are shown in Table 1. The Al sheets 
were cut into 250 mm × 50 mm × 1 mm panels to 
serve as the matrix of the nanocomposites. The pan-
els were then annealed at 350○C for 1 h. Spherical 
Fe3O4 particles with an average size of 90 nm were 
used as reinforcement additives (Fig. 1). To fabricate 
the composites via the ARB process, the specimens 
were degreased in an acetone bath and scratch-
brushed using a circular stainless steel brush. The 
Fe3O4 nanoparticles were suspended in acetone, and 
the resultant mixture was sprayed onto the alumi-
num strips with an atomizer. The strips were rolled 
to reduce their size by 50%. Subsequently, the rolled 
sheets were cut in half, degreased, stacked, and rolled 
without the addition of more particles. The final step 
was repeated up to eight ARB cycles at room temper-
ature to achieve a mostly uniform distribution of re-
inforcement particles. 

To examine the microstructure and distribution 
of nanoparticles, field emission scanning electron mi-
croscopy (FESEM) and X-ray diffraction (XRD) analy-
sis were performed. The XRD analysis was carried 
out at a scanning mode of 25° to 90° and a step size 
of 0.05° at room temperature using Cu Kα radiation 
(λ=0.1542nm). With an Instron 550, tensile strength 
tests were conducted at various ARB cycles at a nom-
inal strain rate of 8.3×10–4 S–1 under ambient tem-
perature. Specimens with a gauge length and a width 
equal to 25 and 6 mm, respectively, were prepared in 
accordance with ASTM E8. The total elongation of the 
specimens was measured on the basis of the differ-
ence in gauge length before and after the tests. Three 
samples were tested in each cycle. A Buehler MMT-7 
was used to test Vickers hardness under a load of 25g 
for 10 s at ambient temperature. 

3. Results and discussion 

Figure 2 shows the microstructure of the Al–0.1% 
(vol) Fe3O4 nanocomposites after one ARB cycle. The 

figure indicates that nanoparticles accumulated in 
the form of agglomerates and that many free spaces 
formed between the particles. In the first ARB cycle, 
the particles were elongated agglomerates that were 
oriented along the rolling direction (RD) given that 
the specimens were subjected to rolling. This particle 
accumulation may be attributed to the distribution of 
the particles on the surface at the early stage of roll-
ing and the shear stress exerted on the particles. The 
agglomeration and aggregation of particles in an Al 
matrix reflect cracks in the matrix and extruded par-
ticles. At this stage, agglomeration and aggregation 
reduce strength because of the three-dimensional 
tensions occurring in the accumulation of agglomer-
ates. The upshot of this process is the more rapid oc-
currence of fractures. 

Table 1. Specifications of commercial annealed pure Al (Al 1100) 

Chemical 

composition 

(Wt. %) 

Tensile 
strength 

(MPa) 

Yield 
strength 

(MPa) 

Elongation 
(%) 

99.9 Al, 0.17 Si, 0.49 
Fe, 0.12 Cu, 0.02 
Mn, 0.09 others 

84.5 39.3 37.8 

 

 
Figure 1. TEM micrograph of spherical Fe3O4 particles 

 

Figure 2. FESEM micrograph of Al–0.1% Fe3O4 after the first 

ARB cycle 
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Figure 3 shows the FESEM micrographs and re-
lated XRD patterns of the Al–0.1% Fe3O4 nanocompo-
sites; these images were taken from the cross-section 
of the precursor strips after four, six, and eight cycles. 

Figure 3(a) indicates the connection between Al and 
iron oxide particles (green arrows), porosity (red cir-
cle), and oxide layers that ruptured during rolling 
(red arrows). 

  

  

  

Figure 3. FESEM micrographs and XRD patterns of Al–0.1% Fe3O4 in (a, d) 4, (b, e) 6, and (c, f) 8 cycles of ARB 

a) 

b) 

c) 
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During rolling and the loading of vertical force, 
the two oxide layers that formed on surface sheets 
were broken, and the matrix materials were ex-
truded in the bottom layer. These phenomena caused 
the clusters and agglomerates to penetrate into the 
metal matrix, thereby leading to the dispersion of the 
particles in the matrix, the loss of reinforcement clus-
ters, and increased particle spacing in the clusters 
[16–18]. However, because of the increase in accu-
mulated particles in the matrix, the aggregation of 
particles prevented metal–metal extrusion and re-
duced the adhesion of the two metals. After the sixth 
cycle (Fig. 3(b)), the particles were randomly distrib-
uted in the metal matrix, and the free spaces between 
the particles decreased and were replaced by clus-
ters. During rolling, increasing elongation along the 
RD is a function of the extent of reduction of a cross-
section, which causes clusters to orient toward the 
RD and expansion particles to form into clusters. 
These effects cause clusters to scatter and disperse 
and then produce a more homogeneous structure. 

At a high number of cycles (eight cycles), fewer 
clusters appeared but more particles dispersed, 
thereby resulting in more uniform particle distribu-
tion. The black areas in the images in Fig. 3 stemmed 
from particle isolation from the matrix during sample 
preparation and polishing. Creating a composite with 
ideal properties requires a high volume fraction of 
fine particles, and this requirement is associated with 
difficulties because ultrafine particles tend to cluster 
and agglomerate. Clustering and agglomeration cre-
ate a non-uniform structure, and a high volume frac-
tion increases non-uniformity, thus causing a sharp 
drop in the plasticity and ductility of a composite. The 
volume fractions of particles and the formation of 
material defects are directly correlated; defects and 
cracks form and spread in reinforcement clusters 
[19, 20]. Thus, a lower volume fraction, a greater 
number of cycles, and a reinforcement particle size 
below 100 nm should be adopted to ensure the fabri-
cation of a homogeneous structure in the ARB pro-
cess [20]. 

The XRD analysis showed that the main phase 
present in the nanocomposites was Al, which had a 
high peak height, and that the partial phases were 
iron oxide nanoparticles (Fig. 3). No intermetallic 
phase was produced during the ARB process—a 
phase stability that is due to a low process tempera-
ture. Patterns of Al peaks appeared with varying in-
tensities at different cycles. At four cycles, the peak 
on plane (111) was the most intense because the slip 
system of Al with a face centered cubic structure is 
activated on this plane. In the ARB process, therefore, 
increased peak intensity can be associated with an 
increasing number of dislocations on plane (111) and 

the presence of Fe3O4 reinforcement particles as ob-
stacles to movement dislocation. As the number of 
ARB cycles rises, dislocations develop on the (311) 
plane, and peak intensity on the (111) plane de-
creases. This reduction in peak intensity can be 
caused by the recrystallization that occurs during 
ARB. As shown in Fig. 3(e), the peak intensity in-
creased on plane (311). Consequently, in the ARB 
process, which produces UFG structures at a high 
number of cycles, continuous recrystallization in-
creases the number of misorientation grains [11, 12]. 

Crystallite size was measured using the William-
son–Hall method on the basis of the XRD data [21]. 
The peak width indicated a high strain, and a small 
crystallite size of 198 nm was determined for the Al 
crystals. In cases wherein plastic deformation oc-
curred in the materials, therefore, the crystallite size 
obtained from the XRD analysis reflects a dislocation 
cell or sub-grain [21]. The stress–strain curves of an-
nealed pure Al, ARBed Al, and the Al–0.1% Fe3O4 

nanocomposites after eight cycles of ARB are illus-
trated in Fig. 4. The tensile strength of the Al–0.1% 
Fe3O4 nanocomposites increased to as much as 204 
MPa, which is 2.4 and 1.14 times the tensile strengths 
of annealed pure Al and ARBed Al, respectively. This 
increased strength is ascribed to the uniform disper-
sion of the reinforcement iron oxide nanoparticles in 
the matrix, with the particles acting as obstacles to 
the movement of dislocations. 

 

 
Figure 4. Mechanical properties: (a) Stress–strain curves of an-

nealed Al, ARBed Al, and Al–0.1% Fe3O4 produced via ARB after 8 
cycles; (b) tensile strength, yield strength, and elongation of the 

nanocomposite particles as a function of ARB cycle 
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According to previous studies, parameters such 
as reinforcement particle size, uniform distribution, 
and strong connections between reinforcement par-
ticles and a metal matrix contribute to dramatic im-
provements in the physical and mechanical proper-
ties of composites [22]. This observation is con-
firmed in Fig. 4(a). The tensile tension, yield stress, 
and elongation of the nanocomposites are shown as 
a function of ARB cycle in Fig. 4(b). Increasing the 
number of ARB cycles generated a yield strength that 
was about 300 times higher (i.e., 118 MPa after eight 
cycles) than that of annealed Al, although the level of 
strain declined to 8.4%, 7.3%, and 6.1% after four, 
six, and eight ARB cycles, respectively. The evolution 
of increasing cycles continued through the increase 
in work hardening and strength at subsequent cycles, 
so that the conditions of plastic instability caused by 
the fine grains that formed during ARB strongly re-
duced the strain level. This phenomenon continued 
with a further increase in the number of cycles. The 
extent of elongation decreased very slightly and re-
mained approximately constant in the final cycles. 

Tensile strength also increased as the number of 
ARB cycles rose, with such strength reaching 160 and 
172 MPa in the fourth and sixth cycles, respectively. 
This increase is due to two factors, as indicated by the 
Hall–Petch mechanism: the dislocation movement-
induced increase in work hardening at early ARB cy-
cles and the formation of fine grains at later ARB cy-
cles [22]. Two mechanisms, namely, the Hall–Petch 
and Orowan [23] strengthening mechanisms in com-
posites produced via ARB, play an important role in 
increasing the strength of composites containing re-
inforcement particles with grain sizes below 1 μm. In 
the Hall–Petch mechanism, increased strength is as-
sociated with grain size, and this relationship is ex-
pressed as follows: 

𝜎𝑦 = 𝜎0 + 𝐾𝑦 𝑑−1/2 (1) 

where yield strength, material constant, and d (grain 
size) are linked with the volumetric fractions and 
sizes of reinforcement particles defined by the Zen-
ner equation [24]: 

𝑑𝑚 = 4𝛼𝑑𝑝 3𝑉𝑝⁄  (2) 

in which d is constant, dp denotes reinforcement par-
ticle size, and Vp represents the volume fraction of 
particles. 

The Orowan mechanism is defined by the move-
ment of dislocations and their pinning with particles. 
The movement and pinning of dislocations augment 
the stress imposed on a workpiece. If interparticle 
spaces decrease and dislocation movement increases 
in difficulty, more stress is required. The Orowan 
mechanism is defined according to the following 
equation [23]: 

𝜎𝑂𝑟𝑜𝑤𝑎𝑛 = 𝑀 0.4𝐺𝑏 𝜋(1 − 𝜗)1/2⁄ ln(𝑑 𝑏⁄ ) 𝜆⁄  (3) 

where M is the orientation factor; G denotes the ma-
trix shear modulus Pa; b is Burgers’ vector, which in-
dicates the Poisson’s coefficient; λ represents the 
spaces between particles; and d stands for the grain 
diameter. With Eqs. (1) and (3), strength ratio was 
1.1 and 0.26 times higher in eight cycles, which were 
obtained with the Hall–Petch and Orowan mecha-
nisms, respectively. Strength is calculated using the 
Clyne equation [25] as follows: 

∆𝜎𝑡𝑜𝑡𝑎𝑙 = √∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ
2 + ∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛

2 (4) 

The strengthening rate is estimated using the fol-
lowing formula: 

∆𝜎2 = 1.13 ∆𝜎1 (5) 

The strengthening value derived in the experi-
ments conducted in this work was 1.22. A compari-
son of this result with the values obtained on the ba-
sis of the Hall–Petch and Orowan mechanisms indi-
cated that the latter mechanism more effectively in-
creased strength. Although there was a slight differ-
ence concerning other mechanisms of strengthening, 
this was negligible and was therefore excluded from 
the discussion. 

Fig. 5(a) displays changes in the microhardness of 
the Al–0.1% Fe3O4 nanocomposites along the RD and 
normal direction. The microhardness changes were 
almost uniform in the longitudinal direction but 
slightly more uniform below the surface layers. The 
increased microhardness resulted from the shear 
strain imposed on the surface sheets. Given that ARB 
is performed without lubrication, friction between 
rollers and residual shear strain increase on the 
outer region of a surface, thereby increasing hard-
ness on the surface to a level higher than that ob-
served in other areas of a workpiece [26]. The micro-
hardness of the materials in this work rapidly rose in 
the first two ARB cycles, reaching 51.5 HV, which is 
2.7 times higher than the microhardness of annealed 
Al. This increase can be attributed to work hardening 
and the high density of dislocations. The microhard-
ness further increased to 63 HV, which indicates an 
augmentation of approximately 330% after eight cy-
cles. The sharp rise in microhardness diminished in 
the middle cycles as a result of inter-reactions among 
dislocations, dynamic recovery, and recrystallization 
[27]. Figures 5(b) and 5(c) show the indentation of 
hardness after two and six cycles, respectively. Be-
cause of the movement of dislocations and slip bands, 
the impact point of hardness penetrated into the 
samples, creating a sunken-in appearance. With in-
creasing number of cycles, the density of dislocations 

a) 
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decreased, and plastic deformation occurred, thus 
forming a pile-up point of hardness. 

In relevant studies [28], an approximate equation 
was obtained to calculate the relationship between 
the ultimate tensile stress (UTS) and hardness as fol-
lows [29]: 

𝐻𝑉 ≈ 3𝜎𝑈𝑇𝑆 (6) 

where Hv is the Vickers hardness equal to the UTS. 
The theoretical and experimental hardness val-

ues of the Al–Fe3O4 nanocomposites as a function of 
the number of ARB cycles are presented in Fig. 6. The 
curve reflects three outcomes: the hardness was less 
than the UTS (type I); the hardness was greater than 
the UTS (type II); and the hardness was equal to the 
value of the UTS. Naturally, the hardness of annealed 
materials falls between yield strength and the UTS 
[29]. During the first cycle (type I), the hardness rap-
idly increased which, as mentioned earlier, was 
caused by rising dislocation movement and slip 
bands. Furthermore, the grains were coarse, and the 
point of impact easily penetrated into the sample, 
consequently reducing the practical hardness to a 
level lower than the theoretical one. The hardness 
then dramatically increased (type II). In cycles two to 
five, the effects of the reinforcement nanoparticles 
with a high strength and hardness were thoroughly 
visible. The particles acted as a pin against disloca-
tions and increased work hardening. The particle ef-
fect gradually diminished in the third zone (type III), 
and the practical hardness approached the theoreti-
cal value. This was caused by the continuous grain re-
crystallization in the final cycles of ARB. 

 

 

Figure 5. Hardness values of Al–0.1% Fe3O4 at various ARB cy-
cles (a) and indentation of hardness after (b) 2 and (c) 6 cycles 

 

Figure 6. Curves of theoretical hardness and experimental hard-
ness as a function of the number of ARB cycles 

Figure 7 depicts the fracture surfaces of the Al–
0.1% Fe3O4 nanocomposites after four ARB cycles. As 
presented in Fig. 7(b), voids were created in a direc-
tion perpendicular to the rolled plane (slightly to-
ward the transverse direction), and the fracture in 
the metal matrix occurred because of the ductile rup-
ture mechanism. Around the Fe3O4 agglomerates, 
dimples were less elongated than those observed in 
another of the specimens (denoted by red circles in 
Fig. 7(b)), but in another area, the accumulated par-
ticles increased and were fully elongated in the RD; 
ductile rupture also occurred. Figure 7(c) illustrates 
slip bands, which caused locking between a plate and 
a slip; this behavior then stopped (green arrow), as 
can be seen in the interface between the layers of the 
Al matrix, and then the slip continued in other direc-
tions. Microvoids likewise formed because of the par-
ticles. 

Another ruptured surface is shown in Fig. 7(d), 
which indicates that slip bands formed on a large 
scale in the direction of fractures. The rings in the im-
age indicate that the fracture occurred because of the 
formation of slip bands. Clearly visible in the image 
are discontinuities at the interface, which are an in-
fluencing factor for crack formation and growth and 
eventual fracture occurrence. The ruptured surfaces 
of Al–0.1% Fe3O4 after six and eight ARB cycles are 
shown in Fig. 8. The fracture surfaces depict a ductile 
fracture and ruptured layer with many fine dimples. 
The rupture occurred because of a crack and its 
growth in the second phase (reinforcement parti-
cles), generating primary microvoids. This microvoid 
formation was caused by the fact that cohesive trac-
tion pulled few particles into the matrix around the 
microvoids, which expanded with increasing stress 
and eventually joined. The joining of initial ruptures 
is associated with two mechanisms, depending on in-
cerement size and interparticle spaces; these mecha-
nisms are initial crack growth, because of the growth 
and interlocking of voids, and the deformation of slip 
bands and the relationship between voids [30].
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Figure 7. Fractography (different magnifications) of Al–0.1% Fe3O4 nanocomposites at 4 ARB cycles after tensile testing 

In the ARB process, particle size decreased with 
increasing number of cycles, thereby leading to in-
creased initial cracks and a greater number of voids 
in cycle eight than in cycle. The differences in mi-
crovoids can be clearly seen in Figs. 8(a) and 8(b).  

The presence of agglomerates and clusters in 
some areas induced the early formation of cracks 
with shallow dimples after six cycles [31]. Overall, 
shallow dimples formed because of more uniform 
particle distributions and reduced the spaces be-
tween the particles (Figs. 8(b) and 8(d)). 

 

Figure 8. Fractography (different magnifications) of Al–0.1% Fe3O4 nanocomposites: (a, b) 6 ARB cycles, (c, d) 8 ARB cycles after tensile 

testing 
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4. Conclusion 

In this work, ARB was implemented as a new 
technique of ensuring the uniform distribution of 
Fe3O4 particles in an Al matrix. The results are sum-
marized as follows: 

1. After four cycles, particles randomly dis-
persed and generated particle-free zones in the spec-
imens. Increasing the number of ARB cycles to eight 
reduced agglomerations and created a more uniform 
distribution of particles.  

2. Increasing the number of ARB cycles im-
proved the tensile strength of the Al–0.1% Fe3O4 by 
2.4 times that of annealed Al. It reached 204 MPa af-
ter eight cycles, during which yield strength also in-
crease to 118 MPa. The Hall–Petch and Orowan 
mechanisms played an important role in the 
strengthening of the nanocomposites. 

3. The hardness of the Al–0.1% Fe3O4 nano-
composites increased to 63 HV after eight cycles—a 
value that reflects an almost 330% increase. The ex-
perimental and theoretical hardness values were 
close after eight cycles, indicating that the inherent 
properties of the nanocomposites improved.   

4. Surface fractures showed that the fracture 
mechanism acting on the nanocomposites was a duc-
tile rupture. Increasing the number of ARB cycles 
caused particles to disperse in a uniform manner and 
augmented the number of shallow voids. 
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