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Microstructure and magnetic properties of atmospheric plasma

sprayed Fe–40Al coating obtained from nanostructured powders
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Eric Aubry · Thierry Grosdidier · Hanlin Liao ·

Christian Coddet

Abstract Amorphous and nanocrystalline materials have
attracted much interest in the field of new materials design
because of their excellent mechanical and physical proper-
ties as well as their magnetic properties. In this work, Fe–
40Al coatings were prepared from nanostructured feedstock
with a very low degree of order using atmospheric plasma
spraying. Scanning electron microscopy, X-ray diffraction,
and magnetic measurements were used to investigate mi-
crostructure, phase structure, and magnetic properties of the
coatings. The results showed that Fe–40Al coating presented
a ferromagnetic character due to partial structure with a
low degree of order and unmelted nanostructured particles
retained from the feedstock. Moreover, the heterogeneous
magnetic properties were found in the parallel and vertical
direction of the coating.

1 Introduction

Iron aluminide intermetallic compounds have been widely
studied because of their low cost, high ratio of strength to
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weight, and excellent resistance to oxidation, wear and cor-
rosion [1, 2]. However, commercial application of these ma-
terials has been limited by their low ductility at room tem-
perature and low mechanical strength above about 600 °C.
Reducing the crystallite size to the nanometer range has
been acknowledged as one efficient approach for improv-
ing the ductility of iron aluminide intermetallic compounds
[3–5].

Iron aluminide alloy is also one of the typical magnetic
materials [6–8]. It is recognized that the microstructure,
as well as the grain size, essentially determines the mag-
netic properties. The deformed or disordered Fe–Al pow-
der could show ferromagnetic properties at room temper-
ature, even for the powder, the Al concentration of which
is over 50 at.% [9]. In particular, the development of the
nanocrystalline material provided an application prospect of
soft ferromagnetic materials in magnetic devices such as
transformers, inductive devices, etc. [10]. Due to the ex-
tremely small size of the grains, a large fraction of the atoms
in these materials is located at the grain boundaries and
thus the material might exhibit unusual physical properties,
compared to those of conventional materials with micro-
crystalline grain size [11]. Mechanical milling (MA) tech-
nique is widely employed to produce nanostructured materi-
als with non-equilibrium microstructures by bringing about
significant disordering and internal lattice strain while re-
ducing the size of the coherently diffracting domains down
to the nanometer range, as described for FeAl material in
several papers [3–5].

Considering that the nanostructured iron aluminide al-
loys have so many advantages for their applications, in this
work, the nanostructured Fe–40Al powders with a very low
degree of order were used as feedstock to deposit coatings
by atmospheric plasma spray (APS), since APS is attractive
in industry for its relatively high deposition efficiency and
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Fig. 1 (a) SEM observation and (b) size distribution of FeAl powder

low cost and high flexibility [12, 13]. The microstructure,
phase structure, and magnetic properties of plasma-sprayed
Fe–40Al coatings were studied in detail.

2 Materials and experimental procedures

The microstructure and the size distribution of the powder
used as feedstock were shown in Fig. 1. The composition
is Fe–40Al–0.05Zr (at.%) with 50 ppm B. These powders
were fabricated by the atomization process under argon at-
mosphere and the milling process for 50 hours in a semi-
industrial planetary ball mill (Retsch PM 400) developed by
CEA-CEREM (Commissariat à l’énergie atomique-Centre
d’étude et de recherches sur les matériaux) [14]. A capa-
bility of 10 kg of powder per batch was realized under a
charge of 100 kg of carbon steel balls (diameter: 30 mm).
With the rotation of the disc, the mounted vials on the planar
disc moved in a circular and opposite direction compared to
the disc rotation. All these operations are carried out under
very specific conditions to limit contamination by the atmo-
sphere or exogenous inclusions [14]. Hellstern et al. [15]
and Suryanarayana [16] have in detail described the mech-
anism of formation of nanostructures by mechanical alloy-
ing, where nanocrystalline grains could be formed. In our
work, resulting powders had granulometry sizes of 16 µm as
the feedstock. Their gain sizes were estimated using X-ray
diffraction as will be described.

Atmospheric plasma spraying using a Sulzer-Metco F4
plasma gun was employed to deposit FeAl coatings on Al
substrates. Argon was used as both plasma-operating and
powder carrier gas. Spraying parameters were set up as
follows: arc current (600 A), arc voltage (65 V), primary
plasma gas (Ar, 50 SLPM), secondary plasma gas (H2,
10 SLPM), powder carrier gas (Ar, 3.8 SLPM). The plasma
spray distance was fixed at 100 mm. The spraying torch was

mounted on the flange of a robot and vertically moved in
front of samples.

The microstructure of as-sprayed coatings was observed
using optical microscopy (OM) and scanning electron mi-
croscope (SEM) equipped with energy dispersive X-ray
spectroscopy (EDS, JEOL, JSM-5800LV, Japan) on cross-
sections prepared using standard cutting and polishing tech-
niques. The porosities and oxide contents of the as-sprayed
coatings were estimated using an image analysis (IM) of the
OM micrographs. More than five photographs randomly ob-
served in the polished cross-section were averaged to evalu-
ate the porosity and oxide content.

Magnetic properties such as coercivity (Hc) and satura-
tion magnetization (Ms ) were determined from M–H loops
measured using a LakeShore (model 7300) vibrating sam-
ple magnetometer at room temperature. The measurements
were realized with a magnetic field applied in the specimen
plane and the normal direction of the samples. Specimen
area was 0.125 cm2. The maximum magnetic field was fixed
at 10 kG.

XRD measurements were conducted on a Siemens dif-
fractometer, operating with a cobalt anticathode (λ =

1.78897 Å) at 35 kV and 40 mA and employing a scan
rate of 10◦ min−1 in a scattering angular range (2θ ) of
20–110°. The Williamson–Hall method is used to calculate
some structural parameters from the XRD data, taking into
account Co Kα1 radiation, after Kα2 stripping using the
Rachinger method. The grain size and the average micro
strain in the feedstock powders and coatings were estimated
based on the modified Williamson–Hall method [17, 18].
The line broadening of a Bragg reflection (hkl) − βhkl is
obtained by

βhkl =
[

(βhkl)
2
measured − (βhkl)

2
instrumental

]1/2
, (1)

βhkl cos θhkl = Kλ/D + 4ε sin θhkl . (2)
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Fig. 2 OM observation of Fe–40Al coatings at (a) low magnification, (b) high magnification, (c) SEM observation and (d) the corresponding
EDS analysis on the position marked with blue arrows in Fig. 2c

The Williamson–Hall equation is expressed in the above for-
mula (2). Here, the shape factor K is constant 0.89, λ the
X-ray wavelength, θhkl the Bragg angle with miller indices
(h, k, l), and D the effective crystallite size normal to the
reflection planes. Through plotting the value of βhkl cos θhkl

as a function of 4 sin θhkl , the micro strain ε was estimated
from the slope of the linear relation and the crystallite size
from the intersection of the line with the vertical axis.

3 Results and discussion

3.1 Microstructure and phase analysis

Figure 2 displays typical cross-sectional images of plasma-
sprayed Fe–40Al coatings. The coating thickness is about
150 µm as shown in Fig. 2a. It can be noted from the mi-
crostructure in Fig. 2b that the Fe–40Al coating was com-
posed of pores, the fundamental FeAl phase, Fe3Al phase
and oxides which were confirmed by the SEM-EDS method
as shown in Fig. 2c–d. Two of main contrasts correspond to

FeAl phase and Fe3Al phase. The statistic analysis of the
porosity, Fe3Al and oxide using image J free software yield
10.2 %, 2.8 %, and 2.4 %, respectively. The percentage of
each component in the coating was consistent with that re-
ported in another publication about FeAl coating [19]. Fur-
thermore, it can be clearly observed that there exist many
unmelted nanostructured Fe–40Al particles in the coating as
marked with yellow arrows in Fig. 2c, which would affect
the magnetic property.

Figure 3 presents the X-ray diffraction results of the ball
milled powders and the as-sprayed coating. Indeed, only the
fundamental peaks (110), (200) and (211) are visible in the
X-ray diagram for both the powders and coatings. For com-
pletely ordered Fe40Al intermetallic, the fundamental peaks
as well as superlattice peaks (100), (111) and (210) could be
detected by XRD method. However, the superlattice peaks
have almost completely disappeared. This implies that the
significantly disordered state exists in the milled powders
and coatings. Moreover, the fundamental peaks of Fe40Al
phase in the coating present the asymmetric Bragg peaks,
also suggesting its partially ordered structure [20]. This phe-
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Fig. 3 (a) XRD patterns of the
feedstock and the as-sprayed
Fe–40Al coating, (b) the
detailed profile of (110) peak of
Fe–40Al powder, (c)–(d) the
detailed profiles of (110) and
(211) peaks of Fe–40Al coating,
respectively. The blue and red

dash lines indicate the fully
ordered and the fully disordered
Fe–40Al, respectively

nomenon is more obvious in Figs. 3c–d, which show the de-
tails of the fundamental (110) and (211) peaks of Fe40Al
phase in the coating. In these three diagrams, the fundamen-
tal Bragg peaks of Fe40Al in the coating were fitted by the
superposition of the ordered B2 curve and the disordered bcc
(solid solution) curve as indicated by the blue and red dash
lines, respectively. This fitting process is based on the fact
that the fully disordered Fe40Al phase and the fully ordered
one have the lattice parameters of 0.2925 nm and 0.2897 nm,
respectively [21].

The resolution of the Bragg peaks for the disordered and
ordered phases allows an estimation of the ordered volume
fraction (Vordered/V ) from XRD profile analysis. The or-
dered fraction can be estimated from the fundamental Bragg
peak intensities following the formula [20]:

Vordered/V = IB2−hkl/(Ibcc−hkl+ + IB2−hkl). (3)

By calculating Vordered/V estimated from (110) and (210)
fundamental Bragg peaks, the result can be obtained that
the Fe40Al coating consists of about 86 vol.% bcc (body-
centered cubic) Fe (Al) solid solution phase. And only about
14 vol.% B2 phase was produced during the APS process. In
other words, the degree of order is about 0.14.

On the other hand, the bcc lattice parameters of the
powders and coatings could be calculated according to the
formula (4) known as Bragg’s law and formula (5) com-
bined with the XRD data. The calculation results of the lat-

tice parameters are 0.2916 and 0.2908 nm for the powders
and coatings, respectively. These results are consistent with
those about the degree of order estimated by the formula (3),
because the degree of order increases with the increase in the
lattice parameter [20].

2dhkl sin θ = nλ, (4)

dhkl = a/
√

h2 + k2 + l2. (5)

Compared with the XRD peaks of the atomized powders
[21, 22], the XRD peaks of the milled powders exhibit a
broadening phenomenon and some decrease in the intensity,
which are related with the development of both nanocrys-
talline structure and lattice strain in the powder particles.
Moreover, the peaks of the coating are narrower than those
of powders, implying that grain growth occurred in the par-
ticle melting process during plasma spraying. The grain
size and the average micro strain in the powders and coat-
ings were estimated based on the modified Williamson–Hall
method as described in Sect. 2.

From the analysis results in Fig. 4, the result can be
obtained that the size of coherent diffraction domains and
the lattice strain of the feedstock are about 15 nm and
5.8 × 10−3, respectively. These results agree with the re-
ported data of the milled FeAl in other literature [4, 22].
For the coating, the coherent diffraction domain size and the
lattice strain correspond to about 53 nm and 3.8 × 10−3,
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respectively. The increase in coherent diffraction domains
and the decrease in lattice strain were attributed to the par-
ticle melting process during the coating deposition process.
Some structural defects, such as quenched-in vacancies and
dislocation loops or anti-site atom pairs, could be eliminated
by this heating process.

3.2 Magnetic characterization

The magnetic measurements were carried out from the par-
allel and vertical direction of the coating, as illustrated in
Fig. 5.

Figure 6 shows the hysteresis loops of Fe–40Al coatings
corresponding to the parallel and vertical direction. It can
be found that the magnetic properties are sensitive to the di-
rection of the coating, although Fe–40Al coating presents a
ferromagnetic character in the two directions. In the parallel

Fig. 4 Mean grain size of Fe–40Al powders and coatings. The inset

window shows the corresponding Williamson–Hall plots

direction (Fig. 6a), a low coercivity (Hc) and a high satu-
ration magnetization (Ms ) were obtained, which confirmed
that the anisotropy is in-plane of the coating. The satura-
tion magnetization value is 16 emu/cm2. The inset window
shows the enlargement part of magnetization curves in the
low magnetic field from −50 G to 50 G. The coercivity value
is about 53 G. The low Hc and the high Ms values could be
explained by the degree of order (0.14) and grain size (53
nm) of Fe–40Al coating. According to Besnus’s results [9],
the magnetic properties of the Fe–Al system strongly de-
pend on the order state. And Apinaniz’s results [24] con-
firmed the fact that the disorder degree increases the mag-
netism of the alloy compared with the ordered structures.
The ordered Fe–Al alloys are known to be paramagnetic at
room temperature when Al concentration is over 33 at.%.
However, they become ferromagnetic at room temperature
if the local atomic environment in these paramagnetic alloys
is altered by deforming or disordering them, even though Al
concentration is over 50 at.%.

In the vertical direction of the coating (Fig. 6b), the
magnetic saturation is not achieved within the measurement
range of magnetic field. Relatively speaking, it is more diffi-
cult to be magnetized. The inset window shows the enlarge-
ment part of magnetization curves in the magnetic field from
−100 G to 100 G. Compared with the Hc (53 G) value in
the parallel direction, it changes into about 125 G in the
vertical direction. Moreover, it can be noted from the de-
magnetization curves that different remanence (Mr ) values
are recorded. The Mr value in the parallel direction is about
2.3 emu/cm2, while it is about 0.3 emu/cm2 in the vertical
direction.

Fig. 5 (a) Diagram of the
principles of atmospheric
plasma spray technology [23]
and (b) the detailed information
of the coating

Fig. 6 Hysteresis loops
corresponding to the (a) parallel
and (b) vertical direction of
Fe40Al coating
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Fig. 7 Comparison of coercivity Hc and remanence Mr in two direc-
tions of the coating

From the comparison results of Hc and Mr values in
Fig. 7, it is clear that although the remanence in the ver-
tical direction is smaller than that in the parallel direction,
it still needs the greater coercivity to demagnetize in the
vertical direction of Fe40Al coating. Accordingly, the coat-
ings in the parallel direction are suitable for soft magnetic
applications than that in vertical direction. This heteroge-
neous magnetism is related to the structural features in the
coating as illustrated in Fig. 5. Indeed, during the APS pro-
cess, the molten and semi-molten droplets with a high speed
impact into the substrate and flatten, rapidly solidify, and
form one layer. Many layers accumulate to form a coat-
ing. In the parallel direction, each layer composed of indi-
vidual splats could be like “sheet metal”, which minimizes
the magnetic exchange energy. In the vertical direction, the
coating is composed of many layers. According to Li’s work
[25], the coating plasma-sprayed by the conventional route
has a porous lamellar structure with limited interface bond-
ing between the layers, and the maximum mean bonding ra-
tio is about 32 %. This lower bonding ratio would lead to
a different magnetic behavior in the vertical direction. This
effect can be proved by the results of the previous study [26]
about the effect of porosity in the coating on the coerciv-
ity. The predicted magnetic properties correlated with the
coating porosity were obtained using artificial neural net-
work. The increase of coercivity versus porosity level is ex-
plained by the fact that the porosity acts against the conti-
nuity of magnetic properties through the coating structure.
These porosities are considered as defects anchoring Bloch
walls and involving consequently an increase of coercivity
[26]. Therefore, the limited interface bonding in the vertical
direction can mainly be responsible for the larger coercivity,
which is not very suitable for soft magnetic materials.

4 Conclusions

Atmospheric plasma spraying was employed to deposit Fe–
40Al coating from the nanostructured feedstock with a very

low degree of order. The as-sprayed coating is composed of
the pores, the fundamental FeAl phase, Fe3Al phase and the
oxides. The coating has a degree of order of 0.14 and grain
size of 53 nm. The coherent diffraction domains increase
and the lattice strain decreases after the deposition process.
A low coercivity and a high saturation magnetization were
obtained due to the low degree of order. The heterogeneous
magnetism in the parallel and vertical direction corresponds
to the lamellar structure of the coating.
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