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Abstract: Al composites are of interest due to their appropriate ratio of strength to weight. In our research, an Al/Co3O4 nanocomposite was gen-
erated using a sintering technique. The powders of Al with various Co3O4 nanoparticle contents (0wt%, 0.5wt%, 1.0wt%, 1.5wt%, 2.0wt%, and
2.5wt%) were first blended using planetary milling for 30 min, and compressed in a cylindrical steel mold with a diameter of 1 cm and a height of
5 cm at a pressure of 80 MPa. The samples were evaluated with X-ray diffractometry (XRD), scanning electron microscopy (SEM), Vickers hard-
ness, and a vibrating sample magnetometer (VSM). Although the crystallite size of the Al particles remained constant at 7–10 nm, the accumula-
tion of nanoparticles in the Al particle interspace increased the structural tensile strain from 0.0045 to 0.0063, the hardness from HV 28 to HV 52
and the magnetic saturation from 0.044 to 0.404 emu/g with an increase in Co3O4 nanoparticle content from 0wt% to 2.5wt%.
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1. Introduction

A composite  material  is  a  macroscopic  physical  admix-
ture of two or more different compounds [1–2]. Nevertheless,
each of  the  compounds  maintain  their  specifically  physico-
chemical  features,  which  concurrently  enhance  the  whole
composite  [3].  A  composite  generally  comprises  two  key
compounds,  namely  a  reinforcement  (e.g.,  fibers,  particles,
laminates, or fillers) and a matrix (e.g., a polymer, metal, or
ceramic) [4–5].  The matrix retains the outline of a designed
sample, and the reinforcement enhances the mechanical fea-
tures  of  the  composite  [6–7].  With  the  correct  design,  the
composite  features  can  improve  on  those  of  the  individual
initial raw compounds [8–9].

A nanocomposite  is  a  type  of  composite  that  minimally
consists  of  a  compound  with  nanometer  dimension  (1–100
nm)  [10–11].  Additionally,  a  nanocomposite  powder  is
defined as a composite of different powders with a nanomet-
er dimension [12–13]. Major physical features of a compos-
ite are enhanced by reducing the size of particles to the nano-

meter scale.  A prime goal  of  researchers  is  to  obtain an ad-
mixture at molecular dimensions [14–15].

Among  metal-based  composites,  Al-based  composites
have been the focus of  engineers  owing to their  lightweight
and remarkable mechanical and tribological features [16–17].
Al-based composites have wide application in a variety of in-
dustries  including  automobile  manufacture  and  aerospace
[18]. The  composite  features  are  dependent  upon  the  rein-
forcement selection and manufacturing technique. The com-
posite  can  be  produced  using  several  procedures,  including
powder  metallurgy.  Owing  to  the  low  manufacturing  cost,
ease of use and accuracy in the manufacture of complex geo-
metrical  fragments,  powder metallurgy has wide application
in the fabrication of Al-based composites [19–20]. Important
aspects of this  technique include mixing,  compacting,  form-
ing, and curing the fabricated powders of the composite. To
generate  Al-based  composites,  a  variety  of  reinforcements
are applied to enhance their features. In the current research,
Co3O4 nanoparticles were embedded in an Al matrix.

Cobalt  oxide  II  and  III,  Co3O4,  are  black  powders  that 
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have gained interest because of their magnetic features. This
spinel oxide  has  easy  accessibility  and  thermodynamic  sta-
bility at ambient temperatures and minimal pressure of oxy-
gen [21–22].

Application of novel durable magnetic materials and im-
provements in their characteristics have received attention for
industrial  and  scientific  investigation.  The  use  of  magnetic
nanomaterials  has  been  extensively  examined  in  different
fields including data storing, sensors, catalysts, magnetic res-
onance  imaging,  and  biomedical  applications  [23–24].
Among  these  materials,  the  use  of  magnetic  Co3O4 nano-
particles  is  highlighted  in  hypothermia  and  as  a  contrast
agent  applied  in  magnetic  resonance  imaging  [25]. The  in-
clusion of a reinforcement agent (e.g., Co3O4) in a composite
can create residual stress and strain in the crystal construct of
the matrix [26].

Residual stress is the stress remaining from the construc-
tion of materials in the absence of exterior loads. The resid-
ual stress  stems  from  the  plastic  deformation  gradient  cre-
ated  by  processing  mechanically  or  a  thermal  gradient
ascribed to the sample cooling method. As a result, the resid-
ual stress and strain can influence the magnetic action of the
composite material [27].

The  current  research  aimed  to  assess  the  impact  of
adding  magnetic  Co3O4 nanoparticles to  an  Al-based  com-
posite  and,  consequently,  the  influence  of  residual  strain  on
the Al crystal structure.

2. Experimental

2.1. Materials and method

To  generate  an  Al/Co3O4 composite,  Al  powder  were
used  with  99.999% purity,  a  melting  point  of  660ºC,  and  a
quasi-spherical  grain  size  of  1–2  μm,  and  Co3O4 nano-
particle  with  a  melting  point  of  895ºC  and  a  mean  particle
size  of  less  than  50  nm were  used.  Mixtures  were  prepared
by  weight  to  produce  nanocomposites  with  different  Co3O4

nanoparticle content (Table 1).
The particles  were  blended  according  to  the  predeter-

mined weights and subjected to homogenization in a planet-

ary  ball  mill  with  a  ball  to  powder  weight  ratio  of  10  to  1.
The total weight of each sample was 11.5 g, and the samples
were  milled  at  250  r/min  for  30  min.  Finally,  composite
samples with a diameter of 1 cm and a height of 5 cm with
various  Co3O4 nanoparticle  contents  (0,  0.5wt%,  1.0wt%,
1.5wt%,  2.0wt%,  and  2.5wt%)  were  compressed  in  a  steel
mold at 80 MPa.

To  improve  the  sample  strength,  all  samples  were
sintered by heating to  500ºC for  30 min under  an Ar atmo-
sphere. The samples were then cooled to 400ºC, and loaded
under  10  MPa  while  cooling  to  200ºC  to  enhance  their
strength and densification.

2.2. Procedures

The crystal structure of the composite samples was stud-
ied  via  X-ray  diffractometry  (XRD)  at  2θ =  20º–80º,  and
their crystallite size and residual structural strain were meas-
ured using the Williamson-Hall method.

To evaluate the distribution of Co3O4 nanoparticles in the
Al matrix,  micrographs of the samples at  20k magnification
were prepared by scanning electron microscopy (SEM). The
hardness  of  the  samples  was measured by Vickers  hardness
at 5 points and under s force of 29.4 N that was held for 10 s.
The  Vickers  hardness  number  was  determined  according  to
Eq. (1).

HV =
1000P

A
(1)

where P is the applied force based on kg and A is the contact
area of the indent based on mm2.

The magnetic behavior of the manufactured samples was
specified by a vibrating sample magnetometer (VSM). In this
technique,  vibrating  samples  were  exposed  to  a  magnetic
field with constant frequency, and their magnetic parameters
were estimated by a coil sense. The hysteresis magnetization
was graphed against the magnetic field to determine various
parameters  including  magnetic  saturation  (Ms),  coercivity
(Hc), and remanence magnetization (Mr).

2.3. Statistical analysis

To calculate the average value of the examined samples,
the acquired data were evaluated with one-way variance ana-
lysis (ANOVA). Significant differences between attained av-
erages were determined by Tukey's multiple comparison test
at a probability of 95% (p < 0.05).

3. Results and discussion

3.1. XRD analysis

Fig. 1 depicts the XRD scans of the Al/Co3O4 composite

Table  1.      Weight  composition  of  each  material  in  Al-based
composites reinforced by Co3O4 nanoparticles

Sample Al / g Co3O4 / g
Al 11.5000 —

Al/0.5wt%Co3O4 11.4425 0.0575
Al/1.0wt%Co3O4 11.3850 0.1150
Al/1.5wt%Co3O4 11.3275 0.1725
Al/2.0wt%Co3O4 11.2700 0.2300
Al/2.5wt%Co3O4 11.2125 0.2875
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samples. The peaks belonging to the crystal plane were spe-
cified according to PDF2: 00-001-1176 standards.

Based  on  the  XRD  observation,  the  crystallite  size  and
residual strain of the samples were computed with Eq. (2) us-
ing  the  Williamson-Hall  approach  [28–31].  This  procedure
was  used  to  determine  the  Bragg  diffraction  angle  (θ)  and
full width at half maximum of each peak (FWHM). Based on
the  X-ray  wavelength  of  the  Cu  Kα  cathode  (λ =  0.15406
nm),  the  graph  of  (2cosθ×FWHM/2)2 vs.  16(sinθ/λ)2 was
plotted  to  determine  the  linear  regression  of  the  graph.  The
crystallite size (D) and structural micro-strain (e) were calcu-
lated from the y-intercept and slope of the equation, respect-
ively.(

2cosθ×FWHM
2

)2

=

(
0.9
D

)2

+16e2
(

sinθ
λ

)2

(2)

Fig. 2 represents the results of the Williamson-Hall equa-
tion. Based on the y-intercept obtained from the linear equa-
tion between 0.0074 and 0.0186, the Al crystallite size of all
samples was approximately 7–10 nm with no substantial dif-

ferences. This occurrence suggests that the addition of Co3O4

and  the  sintering  procedure  had  no  considerable  impact  on
the  Al  crystallinity.  In  fact,  the  incorporated  Co3O4 nano-
particles filled the interspace of the Al particles.

Fig. 3(a) displays the slopes of the lines fitted according
to  the  Williamson-Hall  method.  The  micro-strain  of  the  Al
crystal  structure  in  the  absence  of  Co3O4 was  in  the  tensile
mode with  a  value  of  0.0045,  which  changed  to  the  com-
pressive mode with the addition of Co3O4.  This occurred by
accumulation of  incorporated  particles  into  the  free  inter-
space of Al particles that affected their Al particles and their
crystal structure by compressive strain, as shown in the Fig.
3(b). The compressive strain increased with increasing Co3O4

(Fig.  3(a)),  such that  at  2.5wt%, the compressive strain  was
0.0063.

3.2. Assessment of the composites using SEM

Fig.  4 shows  the  results  of  the  assessment  of  Al/Co3O4
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composites using SEM. Agglomeration occurred at low con-
centration  of  Co3O4 nanoparticles.  As  shown  in Figs.  4(a)
and 4(b),  Co3O4 particles became  agglomerated  and  distrib-
uted  on  the  particles  of  the  Al  matrix  at  0.5wt% and  1wt%
Co3O4. With 1.5wt% Co3O4 and more, Co3O4 particles accu-
mulated in the interspace of the Al particles,  along with ag-
glomeration.  The accumulation of  Co3O4 particles in  the  in-

terspace  of  Al  particles  (Fig.  4(e)) indicates  that  this  place-
ment imparted compressive stress on Al crystals. The quasi-
spherical  shape  of  the  Al  particles  was  maintained  for  all
samples.

3.3. Vickers hardness analysis

The  hardness  of  the  samples  is  shown  in Fig.  5.  The
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Fig. 4.    SEM micrographs of Co3O4 nanoparticles distributed in the Al matrix attributed to Al/Co3O4 composites with different Co3O4

content: (a) 0.5wt%, (b) 1.0wt%, (c) 1.5wt%, (d) 2.0wt%, and (e) 2.5wt%.
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hardness  of  a  compound  is  an  indicator  of  its  resistance
against  plastic  deformation,  which  can  vary  by  altering  the
mode  and  extent  of  stress  and  strain  exerted  on  its  crystal
structure.  In  this  experiment,  an  increase  in  the  amount  of
Co3O4 and compressive  strain  of  the  crystal  structure  sub-
stantially influenced the hardness, increasing from HV 28 to
HV 52 with the addition of  2.5wt% Co3O4.  The addition of
Co3O4 had two impacts. First, the particles occupied the free
interspace of Al particles and consequently resulted in homo-
genous  sintering.  Secondly,  the  creation  of  a  compressive
stress  on coarser  Al  particles  improved composite  hardness.
Fathy et al. [32] evaluated the influence of the addition of Fe
to a Al matrix and reported that the formation of intermetal-
lic phases could also enhance the composite hardness. Since
the presence of intermetallic phases in the XRD patterns was
not detected in our research, the impact of the phases on the
sample hardness is not clear.

3.4. Magnetic behavior of the composites

The VSM results of Al/Co3O4 composites are depicted in

Fig.  6,  and Table  2 summarizes  the  analysis  of  the  results.
Accordingly, the magnetic behavior of the composites as the
soft  magnetic  mode, Hc,  was  identical  for  all  samples,  and
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the  addition of  Co3O4 did  not  result  in  a  significant  change,
which confirms that the magnetic behavior of the samples is
due  to  the  Al  particles  and  are  not  affected  the  addition  of
Co3O4.

Ms increased  with  the  incorporation  of  Co3O4 nano-
particles into the Al matrix and increased the structural strain
because of the stress imposed by the accumulation of Co3O4

particles into the interspace of the Al particles. Compressive
structural  strains  developed  in  Al  particles  influenced  the
magnetic regions and, as a result, increased the magnetic sat-
uration under the predetermined magnetic field. According to
Brown’s theory [33], an increase in the stress raises magnet-
ization in small  level of stress.  With increasing stress of the
crystal  structure,  plans  and  directions  of  the  crystals  can  be
organized in an appropriate orientation thereby enhancing the
magnetic behavior [33]. Roskosz et al. [27] examined the as-
sociation  between  residual  stress  and  the  residual  magnetic
field  and  found  that  by  exerting  uniaxial  stress  (σ)  on  the
magnetic  regions,  the  magnetic  field  (Hσ)  could  impact  the
residual stress of the evaluated material based on Eq. 3:

Hσ (φ) =
3σ
2µ0

(
dλ
dM

)
T

(
cos2φ− νsin2φ

)
(3)

where σ =  stress, λ =  magnetostriction, μ0 = magnetic  per-
meability  of  free  space, M =  magnetization, φ =  the  angle
between  the  stress  axis  and  the  direction  of  magnetic  field
Hσ, and ν = Poisson’s ratio.

This feature can also affect the remanence magnetic (Mr).
Mr increased with increasing Co3O4 content, which can be at-
tributed  to  differences  in  the  magnetic  regions  caused  by
structural strain and the stability of the regions by the remov-
al of the magnetic field.

In general, the pure Al sample exhibits anti-ferromagnet-
ic behavior but its magnetic behavior turns into ferromagnet-
ic with the addition of Co3O4.  M. Galini et al.  [34] reported
that bulk Co3O4 had an anti-ferromagnetic behavior but nano-
Co3O4 had  weak  ferromagnetic  features.  This  alteration  can
be ascribed to the uncompensated surface spins or finite size
impact  of  the  Co3O4 nanoparticles.  Thus, Mr can be  reason-

ably reduced via the addition of Co3O4 to Al.

4. Conclusions

Our  observations  of  the  fabrication  and  evaluation  of
Al/Co3O4 features  demonstrate  that,  although  adding  Co3O4

nanoparticles  had  no  effect  on  the  crystallite  size  of  Al,  the
accumulation of Co3O4 particles into the free interspace of Al
particles created compressive strain in their crystalline struc-
ture. The compressive strain increased with increasing Co3O4

content such that it  influenced the composite characteristics.
The increased residual  compressive  strain  and accumulation
of  Co3O4 particles in  the  free  interspace  of  Al  particles  im-
proved the composite hardness. Although the magnetic beha-
vior  of  the  fabricated  composites  was  only  dependent  upon
the  Al  particles,  the  inclusion  of  Co3O4 nanoparticles im-
proved the  magnetic  saturation  and  remanence  magnetiza-
tion  of  the  composite.  Therefore,  the  nanoparticles  can  be
used to alter magnetic regions.
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