Available online at www.sciencedirect.com

IENCE DIRECT® MATERIALS
sornes @ornee CHEMISTRY AND

L islles PHYSICS
ELSEVIER Materials Chemistry and Physics 85 (2004) 113-119

www.elsevier.com/locate/matchemphys

Structure of amorphous iron-based coatings processed by
HVOF and APS thermally spraying
M. Cherigui, H.l. Feraoun, N.E. Feninehéd. Aourag, C. Coddet

LERMPS, UTBM, 90010 Belfort Cedex, France
Received 14 July 2003; received in revised form 7 December 2003; accepted 17 December 2003

Abstract

High-velocity oxy-fuel (HVOF) and air-plasma spraying (APS) were used to produs®i Bed FeNb alloy coatings. Adjusting the
spraying conditions, amorphous coatings were obtained from the FeNb powder. However, faShedaler, crystalline deposits were
produced in all cases. Boron additives were used to improve the aptitude ofielfey to form an amorphous phase. In this perspective,
first-principle calculations were elaborated to investigate the electronic structure of crystalline FeNky&ndtkeas shown that the
introduction of boron impurities into the alloy matrix lead to the lowering of the structural stability, and made its electronic density of state
more comparable to the corresponding FeNb structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction limitations in thickness caused by rapid quenching methods
such as melt spinninfR]. There exists a large number of
The development of amorphous and nanocrystalline ma-techniques to produce amorphous alloys other than rapid
terials has attracted significant interest in the field of new quenching, namely vapor condensation on cold substrate,
materials design. Indeed, the magnetic, chemical and me-cathode sputtering, ion bombardments, electrolysis, and
chanical properties of materials are largely enhanced whenamorphization methods in solid st4&. Thermal spraying
the size of crystallites becomes nanometric. In addition, has become a very advantageous method owing to the high
the absence of crystal structure implicates a macroscopicdeposition rates and low operation costs invol{#&8]. The
behavior fairly different from that of corresponding to the thermal spraying process permits the use of complex geome-
polycrystalline state, especially, mechanical and magnetictry substrates. Then its use is extended to a wide range of ap-
properties. plications. Furthermore, free standing near net shape forms
Amorphous metallic materials can be obtained by rapid can also be produced by this droplet consolidation technique
guenching[1] in order to prevent traditional solidification [6,7].
phenomena from occurring. Thus, one can obtain materi- The interest found in FSi alloys was derived by the
als with a disordered structure beyond some interatomic intriguing magnetic properties of this compound, specifi-
distances. As a consequence, the microstructure does nogally its magnetic susceptibility(T) which is small at low
contain grains as in polycrystals, and so no grain bound- temperatured, but grows rapidly until it peaks near 500 K
aries, elements that control to a large extent the macroscopicand starts decreasing slowly above this value following the
behavior. Accordingly, some amorphous metallic alloys ex- Curie-Weiss law. Benoi8] proposed that the broad maxi-
hibit exceptional mechanical, chemical and magnetic prop- mum susceptibility is due to an antiferromagnetic transition,
erties due to the lack of long-range order in their atomic but the results of subsequent neutron scattef@jgshow
arrangemenf2]. However, industrial applications of these that the lack of crystalline structure plays a key role in this
amorphous alloys have been restricted due to the difficulties special magnetic behavior.
encountered in the production of bulk quantities and the In order to take advantage of these properties, amorphous
FesSi coatings were produced using thermal spraying.
"+ Corresponding author. Tek+33-3-84-58-31-16: Subsequent trial tests Wi_th different spraying conditions
fax: +33-3-84-58-32-86. were not successful for this alloy, whereas it has been easy
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0254-0584/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2003.12.017



114 M. Cherigui et al./Materials Chemistry and Physics 85 (2004) 113-119

Table 1 suggestiong1], some additive elements within the #5
Spraying parameters matrix can lead to an easier amorphization. Looking into
Parameters Tube Plate the literature, it was found that E8i—B amorphous ribbons
Oxygen flow (Imin®) 420 420 have been widely used as a magnetic core material a}nd
Methane flow (Imirrd) 140 140 there are also many reports on their crystallization behavior
Carrying N (Imin—2) 20 20 [10,11] Consequently, a structural and electronic study of
Feed rate (gmint) 35 35 crystalline Fg_,SiB, and FeNb alloys were initiated via
Spray distance (mm) 300 300 first-principle total-energy simulation method. The supper-
Plate speed (m$) ~

cell approach was used to examine the local effect of boron
atoms in the Fg5i structure, and compare the appropriate
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Fig. 1. Morphology and structure of FeNb coatings. (a) SEM image and EDS analysis of the white zone (b), the non-molten particles (c) and the gray
zone (d).
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properties to those of FeNb alloy. In this study, a FeNb Fe
alloy is used as a reference material since its amorphization
was relatively easy as well as it was stated elsewfiE ")
5
g Si
2. Materials and experiments P
“C_" 0 Au
High-velocity oxy-fuel (HVOF) and air-plasma spraying ﬁ ATy & Au

(APS) were used to spray Fe-50wt.% Nb (Op4d) and
Fe—6.5wt.% Si (0-15Qm) particle powders. The copper
substrate used is a 70 mm25 mm and 0.8 mm thick sheet
fixed on a port sample moved at a velocity of 200 rpm. The
spraying experimental conditions are givenTiable 1 To
avoid significant heating during the progress of the process,
the substrate was cooled on its backside using compressed
air. Several passes (15-25) of the torch were necessary to
produce 200-30@m thick coatings.

The as-sprayed coatings were cut and polished using stan-
dard procedures for thermal sprayed metal coatings. Optical
microscopy was used to obtain low magnification images
using a Nikon Epiphot 200 microscope. Scanning electron
microscopy (SEM) was used to obtain clear images. The
procedure adopted for image acquisition entailed a backscat-
tered electron imaging mode for higher contrast between (a)
pores, oxide areas and metal matrix. Energy-dispersive spec-
trometry (EDS) analysis was employed while imaging on
SEM to obtain the elemental composition at different areas
of the coating cross-section. Starting powders were also in-
vestigated using X-ray diffraction (XRD). It was conducted
using a PHILIPS X'PERT diffractometer at a scanning rate
of 3° min~! and with copper radiation (Cudj.
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Figs. 1la and 2are SEM images of FeNb and +=3 ©)

coatings ShOW|n.g the typlqal aspect of the as-sprayed Struc_Fig. 2. Morphology and structure of g8i coatings. (a) SEM image and
ture. The deposits were fairly dense and well-bonded on thegps analysis of the gray zone (b) and the white zone (c).
copper substrate. The individual splats were clearly visible
within the coatings. For a given coating, the morphology of  Image analysis was applied to these coatings produced by
these splats is well different from one area to the other, andthe APS process in order to quantify the content of porosity
this is true for both types of coatings. Some of them have and oxides. For the B8i coatingsFig. 2shows a less dense
melted and flowed extensively on impact whereas, for oth- deposit than the FeNb one. The porosity of theFieoating
ers, the particulate nature of the starting material was still is superior than that of FeNb: we have about#12.5 and
clearly apparent. 9.5+ 2% of porosity ratios, respectively. The presence of
In metallic coatings, it is difficult to identify whether these various zones in the FeNb coatings suggests that the
the dark areas observed in the microstructure represent gastructure is completely different from a simple crystalline
porosity, interlamellar pores or oxides. EDS analysis can be structure and XRD results confirmed these conclusions.
used to obtain the elemental composition from different ar-  Fig. 3illustrates XRD patterns for FeNb alloy. Regarding
eas. This analysis made it possible to detect the presence ofo the peak intensities and their broadening, we noticed a
two phases for the FeNb coating, one in white color (36.3% mixture of amorphous and extremely fine crystalline phase
Fe and 63.2% Nb) and other in gray color (20.2% Fe and (nanocrystalline). This partially amorphous structure of
78.8% Nb). For FgSi coatings, the presence of Si with al- FeNb type with the presence of Nb@nd N»Os oxides
most the same percentage as in the powder (78.3% Fe andesults from the use of the HVOF technique where the
5.9% Si) can be noted. The presence of other elements likeoxidation phenomena are significant. However, fogSie
S, Cr, Pd and C in poor amounts was also observed. alloy, the X-ray characterization shows that the structure is
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Fig. 3. X-ray diffraction patterns for (a) FeNb powder, (b) HVOF coatings

and (c) APS coatings.

perfectly crystalline: the

(DO3), which is characteristic for the low-silicon content
FesSi alloys is predominantHig. 4). These results agree
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basically cubic structure-FesSi

with those obtained by rapidly quenched; e, Si, alloy
[13,14] and mechanically alloyed E8i [15].

Fig. 5shows standard

hysteresis loops for theSteoat-
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Fig. 4. X-ray diffraction patterns for (a) E8i powder, (b) HVOF coatings

and (c) APS coatings.
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Fig. 5. Hysteresis loops for (a) g®i powder, (b) HVOF coatings and (c)
APS coatings.

APS and HVOF coatings, respectively. On the other hand,
the magnetic characterization shows the super paramagnetic
state of the FeNb alloy coating.

4. Calculation details
4.1. Method

Our calculations were carried using the full potential lin-
ear augmented plane wave (FPLAPW), a first-principle total
energy density functional theory (DFT)-based method. We
used the scalar relativistic version without spin orbit cou-
pling [16] as embodied in the WIEN2k cod&7] which
is thought to be from the most accurate implementations
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of the FPLAPW methods for the computation of the elec- set used to describe electronic states employs atomic like

tronic structure of solids within density functional theory.

functions, while in the interstitial region plane waves are

In the FPLAPW method, the crystal unit cell is divided into used. Exchange and correlation effects were treated using
two parts: atomic spheres centered on the atomic sites andhe generalized gradient approximation (GGA) as described
an interstitial region. Inside the atomic spheres, the basisby Perdew and coworkef48,19].
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Fig. 6. Total energy vs. volume change for (a) cubicz&ieand (b)
rhombohedral FeNb fitted to the Murnaghan equation of state.
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4.2. Sructure optimization

Following the XRD results, FSi forms a cubic structure
in the Im3m (2 2 9) space group, whereas FeNb crystallizes
in the rhombohedrdR-3m (1 6 6) structure. Accordingly, we
first undertake the structural optimization of both materials.
The total energy was calculated self-consistently for differ-
ent volumes, leading to the energy versus volume plot that
we fit to the Murnaghan equation of stg&9] to obtain the
equilibrium volume, total energy and bulk modulus. In all
calculations a set of 200-30,000 points where used in the
irreducible Brillouin zone (IBZ), and the self-consistent cy-
cles where terminated when both the energy and the charge
density reaches an accuracy of 20In the case of FeNb,
thec/a ratio was first optimized following the same method,
but fitting the energy versue/a ratio-resulting curves to
a second-order polynomial equatidrig. 6a and b shows
the total energy versus volume change for cubigSrend
rhombohedral FeNbrable 2reports the equilibrium calcu-
lated lattice parameters, total energies and bulk modulus for
both materials.

Our interest being on the influence of boron impurities in
the FgSi lattice on its electronic properties, first we have
to find the new lattice parameters after the introduction of
boron atoms in the structure. For that we have used the
suppercell method: we reduced the symmetry of the lat-
tice by making equivalent positions nonequivalent, we cre-
ated a translational reproductions of the unit cell, then we
removed at each time an iron atom and replaced it by a
boron one. Hence, we created doped structures with 8, 16
and 25 at.% of boron. For the Brillouin zone sampling we
followed the rule of thumb that stipulates that the size of
the k-mesh for the suppercell must be that of the unit cell
(original one) multiplied by the ratio of the volumes of sim-
ulation cells. This, with the fact that the computational time
grow rapidly with growingk-mesh, we were not able to sim-
ulate smaller amounts of boron. As before, we plotted the
energy versus volume and fitted to the Murnaghan equation
of state. The resultant structural properties are presented in
Table 2

Table 2
Calculated equilibrium volume and bulk modulus for FeNbgz%ieand
B-doped FeSi compounds

Material Equilibrium volume (&) Bulk modulus (Gpa)
FeNb 28.63 177.97
FesSi 175.32 183.61
Fe;Si—-8 at.% B 167.42 195.21
FesSi-16at.% B 160.61 235.40
FesSi—25at.% B 154.81 252.25
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4.3. Electronic structure
)
Once the crystal structures optimized, we focus on the 5
electronic properties. We run the self-consistent cycle for £

each structure, then the electronic density of state (DOS) 2
was calculated using the modified tetrahedron method of &
Blochl et al.[21]. Fig. 7 shows the electronic density of
state of both alloys (zero represents the Fermi level). The
DOS histograms show the bonding state orbitals near the , , , , , , , ,
Fermi level and the top of the density curve with the an- 12 40 -8 -6 4 2 0 2 4
tibonding states. The major difference that we can assert E-E, (eV)

is the presence in the g®i histogram of a minimum of
density just beyond the Fermi level, separating the peak of
the antibonding states, whereas for FeNb the Fermi level
is directly followed by a pronounced peak. In both com- level separating the bonding from the antibonding states in
pounds, the antibonding states are the localized d statesthe iron silicon alloy denotes its structural stability.
4d-states from iron atoms in both cases, and 3d-states from The density of state of B-doped #& is shown in
niobium atoms in the second. Another difference is that the Fig. 8a—c. We notice that the shape of DOS histogram is dif-
peak of the lower energy part of the DOS present fggSte  ferent: the addition of boron atoms annihilate gradually the
and which is due mainly to the tightly bounded s states, is minimum present near the Fermi level. In fact, we see that
not visibly separated from the remaining parts of the DOS this minimum is slightly reduced when the boron concen-
for the FeNb alloy. Accordingly, at finite temperatures, the tration is of 4at.%, and is less pronounced for 16 at.% and
antibonding states are much more populated in the casedisappears for 25 at.% of boron. At the same time, we note
of FeNb alloy. The minimum of density beyond the Fermi that the peak present in the bonding state is progressively

Fig. 8. (a)—(c) Electronic density of state of boron-dopedStelloy.
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260 Fe&sSi. It has been shown that the introduction of boron
impurities into the alloy matrix leads to the lowering of
the structural stability, and makes its electronic density
240+ of state more comparable to the one corresponding to the
niobium-iron structure.
3. Experimental results have shown clearly that FeNb alloys
220+ can be easily obtained in an amorphous state. According
to the results obtained, and since the crystalline structure
stability is intimately bound to the electronic structure
properties, the addition of boron in thed=é alloy matrix

- / will improve its amorphization ability.
O
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