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Abstract. Coated steel substrate by FeCo/Al2 O3 nanoparticle with various Co concentrations realized by a thermal spraying
process, preliminary powder alloy was elaborated by mechanical alloying technique for 20 h of milling time. The aims of
this work are to study the effect of thermal spraying process and mechanical alloying on chemical composition, magnetic
behaviour, structure and mechanical properties of coating. After mechanical alloying, the crystallite sizes of the powder were
decreased from 18 to 7 nm and the lattice strains increased from 0.36 to 0.56%. This is due to the phenomenon of diffusion of
cobalt in the iron lattice and the milling effect. After thermal spraying, many different phases appeared in the coating, such as
Al2 FeO4 , CoAl2 O4 , CoFe and CoFe2 O4 . Magnetic behaviour was influenced by this change in the chemical composition of
coating. The maximum saturation magnetization was found in Fe40 Co20 (Al2 O3 )40 sprayed powder, however, the minimum
coercivity was found in Fe50 Co10 (Al2 O3 )40 sprayed powder. Mechanical properties’ parameters such as microhardeness and
Young’s modulus were enhanced by the change in chemical composition during mechanical alloying and thermal spraying
process.
Keywords. FeCo/Al2 O3 nanoparticle coating; mechanical alloying; thermal spraying; magnetic behaviour; structural and
mechanical parameters.

1. Introduction
Metal oxide nanocomposite has newly attracted special
attention because of their significant property and prospective applications. Nanostructured metal oxide has been found
to exhibit interesting morphological and functional properties [1,2]. Alumina is one of the best known ceramic
materials used in various applications, such as electrical
insulators, mechanical components, etc. This material has
suitable chemical and mechanical properties, such as high
mechanical hardness, high elasticity module and excellent
resistance to thermal and chemical environments [3–5]. FeCo
alloys exhibit a high magnetic permeability, high magnetization saturation and low coercivity. The addition of Al2 O3
as an insulating phase to form a FeCo/Al2 O3 nanocomposite can enhance their properties by preventing the diffusion
or agglomeration of magnetic particles and their growth
[1,6,7]. Comparing with other elaboration techniques, powder metallurgy is a simple and effective method. It offers
many advantages in the production of nanostructured materials because it allows a good distribution and homogeneity of
the particles with an excellent control [8,9]. Thermal spraying is an easy process of deposition of a nanocomposite
coating, this technique consists to accelerate melted or
semi-melted droplets on a substrate previously prepared,
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the nanocomposite coating properties onto a substrate are
studied by many researchers [10,11]. Structural, morphological, mechanical and magnetic properties of the milled powder
coating was characterized by means of scanning electron
microscopy (SEM), X-ray diffraction (XRD), atomic force
microscopy (AFM), nanoindentation testing and vibrating
sample magnetometer (VSM). This work aims to improve the
quality of the coating, by studying the variation of chemical
composition of the bulk powder through mechanical alloying technique at room temperature and then to study all the
changes in the chemical composition of the milled powder in
the coating during the thermal spraying process.

2. Materials and experimental procedures
The mean particle size and purity of preliminary powder are
80, 80 and 100 μm and 99.5, 99.95 and 99.9% for Fe, Al2 O3
and Co, respectively. The elementary Fe, Co and Al2 O3 powders were milled in a high energy planetary ball mill PM400
using WC balls to obtain Fe60-x Cox (Al2 O3 )40 nanocomposite. The ball to powder weight ratio (BPR) was about 10:1 and
powder mixture was milled up to 20 h using succession of 20
min milling and 10 min resting with a speed of 320 rpm. The
thermal projection was realized on ordinary steel substrate
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(E24) with 0.49% of C, the substrate were grit-blasted using
alumina particle before thermal projection of powder- milled,
the operation was done under preheating with torch at 400◦ C
and was deposited using a Superjet-S-Eutalloy type, produced
by Castolin Eutectic, Switzerland. The morphology and crystalline structure of the samples have been examined by SEM
(SEM model JEOL JSM 6830) attached with energy dispersive X-ray analyses (EDX unit) and XRD by XPERT PRO
using Co Kα radiation. Magnetic properties were determined
by VSM. Topography and magnetic phase distribution were
identified by AFM and mechanical properties like microhardness and modulus of elasticity were determined by Anton
Paar nanoindentation testing with a maximum charge of
50 mN and a speed of 40 mN min−1 .
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the Al2 O3 phase [12]. Additionally, the Co peaks disappeared
completely and diffused into the Fe lattice by substitution to
form a supersaturated solid solution; the increase in the peak
widths due to reduced crystallite size upon ball milling.
Table 1 shows the variation in crystallite size and lattice
strain of Fe60-x Cox (Al2 O3 )40 mixture powder as a function
of Co concentration, the reduction of crystallite size from 18
to 3 nm is due to the increase in crystal defects and dislocations density during severe plastic deformation [13,14]. The
increase in lattice strain from 0.36 to 0.56% is due to the diffusion of Co atoms in the Fe lattice, which lead to an increase
in the dislocation density and, consequently, in strain accumulation (table 1).
3.2 Morphology of powder

3. Results and discussion
3.1 Structural characterization of powder
Figure 1 shows the XRD patterns of Fe60-x Cox (Al2 O3 )40 mixture powder in the function of Co concentration. The increase
in milling time up to 20 h of milling reduces the intensity
of Al2 O3 peak; this is caused by the reduction of Al2 O3 particles to submicron sizes and/or the low volume fraction of

Figure 2 shows the SEM images and mapping of Fe60-x Cox
(Al2 O3 )40 mixture powder-milled for 20 h for different chemical compositions. The particle size has become smaller
because of fracture and welding processes during severe plastic deformation. The presence of diverse particle size might
be attributed to the aggregation of smaller particles [15,16].
The analyses by EDS was conducted on the following samples: Fe60 (Al2 O3 )40 , Fe55 Co5 (Al2 O3 )40 , Fe50 Co10 (Al2 O3 )40
and Fe40 Co20 (Al2 O3 )40 to see the distribution of different
elements Fe, Co and O in the powder mixture. Figure 2b,
d, f and h shows the presence of all chemical elements in
Fe60-x Cox (Al2 O3 )40 . The elementary mapping that was carried out on the samples shows a homogeneous distribution of
different elements.

4. Study of coatings
4.1 Morphological investigations of coatings

Figure 1. XRD patterns of Fe60-x Cox (Al2 O3 )40 mixture powder
with different Co concentrations.

The coating based on the milled Fe, Co and Al2 O3 powder in
substrate steel were examined by SEM micrograph. Figure 3
shows the EDS line scan mode–SEM analysis of FeCo/Al2 O3
mixture powder sprayed on substrate steel. Clearly, the morphology of coating was strongly influenced by the chemical
composition. The substitution of cobalt on the coating shows
changes in the microstructure, and shows lower porosity
with small grain size. The strong bond between particles,

Table 1. Evolution of crystallite size and lattice strain of Fe60-x Cox (Al2 O3 )40 mixture
powder as a function of Co concentration milled for 20 h.
Co concentration (%)
0
0
5
10
20

Milling time (h)
0
20
20
20
20

Crystallite size (nm)
18
7
6
4
3

Lattice strain (%)
0.36
0.51429
0.52094
0.53063
0.56572
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Figure 2. SEM micrographs and element distribution maps of (a, b) Fe60 (Al2 O3 )40 , (c, d)
Fe55 Co5 (Al2 O3 )40 , (e, f) Fe50 Co10 (Al2 O3 )40 and (g, h) Fe40 Co20 (Al2 O3 )40 .
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Figure 3. EDS line scan mode–SEM analysis of FeCo/Al2 O3 powder deposition; (a) 0, (b) 5, (c) 10 and (d) 20%
of Co.

which exhibit a homogeneous particle distribution with a
reduction in the number of defects and intrinsic pores. In
fact, FeCo binding, lead to interact with the substrate by
inter-diffusion. The results by EDS technique (SEM–EDS)
show many contrasts in the microstructure of the coating. The
dark grey regions are the Fe/Al2 O3 particles, while the light
grey zones are regions where oxide grains dissolved into the
Co binder. The coating property formed by thermal spraying process was dense, with limited evidence of the grain
boundary structure, and their respective variations in chemical composition. The concentrations of iron in the three zones
(steel, interface and coating) are different (≈98% of Fe in the
steel, ≈60% of Fe in the coating). The interface has a slight
diffusion of Fe (high concentration of Fe in steel (≈98%)
towards the coating area (≈60%) according to the first Fick’s
law.

relatively different compared to the surface coating with
cobalt. The surface became more homogenate and denser
when it is sprayed with 10% of cobalt. The 3D approach provides better observation of the irregularity and roughness of
surface coating. It is clear that the coating with small particles size having a rougher surface, with differences in height
between the troughs and the peaks of tens of nanometres. The
variation in the contrast of the AFM image is explained by the
change in dissipated energy between metal particles and oxide
particles, which is substantially independent of the topography. The topographic image shows some corresponding features, the surface roughness that prevents the identification of
areas.

4.2 Analysis by AFM

The XRD patterns of FeCo/Al2 O3 powder-milled coating
with different concentrations of cobalt (0, 5, 10 and 20 wt%)
obtained by thermal spraying process at ambient temperatures
are shown in figure 5.
The appearance of different phases, such as Al2 O3 , Fe2 O3
and Al2 FeO4 in coatings without Co were observed.

The surface features are determined by the AFM examination.
Figure 4 shows the AFM micrograph of FeCo/Al2 O3 thermalsprayed coatings with different concentrations of Co%. It
can be seen that the surface coating without cobalt were

4.3 Structural analysis

Bull. Mater. Sci.

(2020) 43:68

Page 5 of 7

68

Figure 4. AFM micrograph of FeCo/Al2 O3 powder-milled coating for different Co wt%: (a) 0, (b) 10 and (c) 20%.

For the coating containing cobalt, new diffraction peaks
corresponding to CoAl2 O4 appeared at 5 wt% of Co, but
in 10 and 20 wt% of Co, other new peaks of CoFe2 O4
and CoFe were observed. This change is due to the thermal
effect, the inhomogeneous distribution of different chemical elements and different defects generated during thermal
process.

4.4 Magnetic characterization
To study the effect of microstructural and morphological
variations in chemical composition of the powder-milled
coating on the magnetic behaviour of different samples,
magnetization vs. the external field of FeCo/Al2 O3 powdermilled coating with different chemical compositions was
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Figure 7. Variations in Hc and Ms of FeCo/Al2 O3 powder-milled
coating with different chemical compositions.
Figure 5. XRD of FeCo/Al2 O3 powder-milled coating after
thermal spraying for different chemical compositions.

Figure 6. Magnetization vs. external field of FeCo/Al2 O3 powdermilled coating with different chemical compositions.

obtained using a VSM at room temperature (figure 6);
magnetic measurements were carried out after each thermalsprayed coating sample. Magnetic behaviour of FeCo/Al2 O3
coating show that their magnetic properties vary with the
change in chemical composition. The increase of saturation
magnetization and coercivity are due to the change in chemical composition by the appearance of new spinel phases.
Figure 7 shows the variation in low coercivity (Hc ) and
magnetic saturation (Ms ) as a function of variation in chemical composition of coating. Rapidly increasing Ms from 0.62
to 58.68 emu g−1 with increase in the Co content is due to the
appearance of CoFe2 O4 , CoFe and, CoAl2 O4 and Al2 FeO4
phases formed in the coatings. The maximum value of Ms is
found at 20% of Co because of the high magneto-crystalline
anisotropy of CoFe2 O4 [17–19].

Figure 8. Load–depth curve of FeCo/Al2 O3 coating at 50 mN peak
load with different Co wt%.

The Hc of coatings demonstrates that the coatings are soft
magnets and become superparamagnets with enhanced magnetization, this result is common for all magnetic nanoparticles. In fact, these coatings with enhanced saturation magnetization values are more stable against thermal fluctuations
than the superparamagnetics.
4.5 Nanoidentation characterization
Mechanical properties like microhardness and Young’s modulus were examined by nanoindentation technique with a
maximum depth of 1500 nm. Figure 8 shows that the depth of
penetration decreases with an increase in Co concentration.
This is due to new hard phases appeared with the introduction
of cobalt in Fe/Al2 O3 powder mixture, such as CoFe2 O4 and
CoAl2 O4 .
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properties. The coatings are soft magnets and become
superparamagnets with enhanced magnetization; this result
is common for all magnetic nanoparticles. The change in the
mechanical behaviour reflects the difference in the morphology, particle size and chemical composition, heterogeneous
distribution of phases, defects, and incompletely melted
particles in the coatings.
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