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Neural computation to correlate HVOF thermal spraying parameters
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Abstract

The effect of the HVOF process parameters on coating porosity and magnetic properties of FeNb deposits was studied using artificial
neural network methodology. A first artificial neural network was used and optimized to relate process parameters to the magnetic properties
of the coating. The effect of process parameters on magnetic properties was quantified by a second network. Predicted magnetic properties
correlated with coating porosity were obtained using these optimized network structures. It was then possible to identify the role of porosity
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1. Introduction

Amorphous metallic alloys (often termed metallic glasses)
can be produced by rapid quenching from the metallic liq-
uid at sufficient cooling rates to suppress the nucleation and
growth of crystalline phases[1,2].

A significant number of alloys are likely to have a
non-crystalline structure (amorphous or pseudo-amorphous)
when they are solidified at a cooling rate higher than
105 K s−1. There has been considerable interest in the man-
ufacture of Fe-based metallic glasses because they permit
to obtain attractive combinations of properties such as high
hardness and good abrasive wear resistance together with
enhanced corrosion resistance and good magnetic properties
[1–4].

However, in order to achieve high cooling rates in metal-
lic alloy melts, samples less than 50�m thick must be sud-
denly brought into good thermal contact with an efficient heat

sink[1–5]. Hence, these amorphous alloys are frequently p
duced in the form of ribbon or powder.

Thermal spraying has become a very advantage
method that can be used as an alternative approach to
position of powder material at high deposition rates. Pow
particles are injected into a plasma jet, where they are me
and accelerated towards a substrate[6].

In the present study, we have used the high-velocity o
fuel (HVOF) thermal spray technique. This process is a
quate for spraying low and intermediate melting temperat
materials (e.g., polymers and metals). It facilitates high p
ticle velocities needed for amorphization compared to ot
spray techniques.

In this study, FeNb alloy was chosen as feedstock mate
for its good tendency for amorphization[7–9]. The literature
indicates rather little previous work on the use of such ma
rial as a feedstock for thermal spraying.

It is well known that the microstructure, especially gra
size, determines the hysteresis loop of a ferromagnetic
∗ Corresponding author. Tel.: +33 3 84 58 32 43; fax: +33 3 84 58 32 86.
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terial [10]. However, other factors can be associated with
the degree of softness when using thermal spray technology.
Among these factors, coating porosity is regarded as an im-
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portant parameter. The role of this microstructural feature is
investigated in this study.

2. Experimental procedure

2.1. Coating preparation

Fe50 wt.% Nb alloy was deposited using HVOF thermal
spray under several spray conditions. In the present study,
methane was used as a fuel gas with nitrogen. The latter
was used as a powder carrier gas. Flat and tube substrates
of approximate dimensions 70 mm× 25 mm× 0.8 mm thick
and 22 mm× 1 mm, respectively, were coated using the
following procedure. Substrate sheets were mounted on a
cylindrical holder rotated at 245 rpm. The HVOF gun was
placed in front of the substrates at a stand-off distance of
200 and 300 mm, to give a horizontal spray jet, and tra-
versed vertically with a speed of 0.05 m s−1. Spray pa-
rameters are shown inTable 1. A deposit thickness of
about 200�m was achieved after 20 passes of the gun.
After spraying, an annealing treatment at 1073 K was car-
ried out on samples in order to improve their magnetic
properties.
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2.3. Statistical analysis

An artificial neural network (ANN) methodology was cho-
sen to relate each of the process parameters to the microstruc-
tural features and magnetic properties. The calculation proce-
dure was detailed in a previous study[11]. It consists of relat-
ing input and output parameters with the aid of a complex net-
work of mathematical processors. Optimization is performed
based on ANN training with experimental sets[12]. The ad-
vantage of such structure is related to the possibility of quan-
tifying and predicting relationships between input and output
variables, taking into account their interdependencies. Thus,
a first structure was optimized to relate process parameters to
microstructural features. A second structure was considered
to relate the same process parameters to magnetic proper-
ties. When varying process parameters in the input of each
structure, it was possible to express relationships between
microstructural features and magnetic properties.

3. Results and discussion

The cross-sectional microstructure of an FeNb coating an-
alyzed via optical microscopy is seen inFig. 1. It can be seen
that the coatings are dense, but with the presence of some
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.2. Deposit characterization

In order to determine the structural state of the p
resent, X-ray diffraction was performed at a scanning
f 3◦ min−1 on samples of the as-received powder and
prayed coatings, using monochromatic Cu K� radiation with
Philips X’Pert diffractometer. Samples were sectioned,

shed and characterized using optical microscopy. The p
ty content of freestanding coatings (3–4 mm wide and 10
ong) was calculated using image analysis with NIH im
ree software. The resulting data were average of six
urements.

Magnetic measurements were performed using a hys
ismeter Bull M2000 SIIS, which enabled the hysteresis l
f the samples to be plotted and permitted the determin
f coercivity and saturation magnetization.

able 1
VOF spray parameters

arameter Value

pray gun CDS 8944 3 psi
xygen gas flow rate (SLPM) 420
ethane fuel flow rate (SLPM) 145, 200
itrogen carrier gas flow rate (SLPM) 20
owder feed rate (g min−1) 35
pray distance (mm) 200, 300
ubstrate type Cu sheet used with air

cooling system, Cu tube use
with water cooling system

oating thickness (�m) 200

eference conditions are labelled in bold.
orosity. The coating–substrate interface shows no ga
racks, which is a characteristic feature of good adhe
etween the coating and the substrate.

The optical micrograph shows that the substrate surfa
ery irregular, and exhibits valley and reentrant features
oating totally fills the reentrant features and follows exa
his extremely irregular surface. This is probably assoc
ith the supersonic velocities of impact of the sprayed p
les[13,14].

Moreover, it is clearly observed that the FeNb struc
ontains many pores, which are favorable paths for ent
xygen and thus form oxides. In addition, the presenc
everal non-molten particles in the FeNb deposit is evid

Fig. 2shows the X-ray diffraction patterns for FeNb po
er and coatings for two different cooling system. It can

Fig. 1. Morphology of FeNb coatings.
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Fig. 2. X-ray diffraction patterns of FeNb samples: (a) powder, (b) coat-
ing obtained using water cooling system and (c) coating obtained using air
cooling system.

seen that the structure of the coatings is partially amorphous;
this amorphous phase was observed for the two modes of
cooling used. The crystalline phase in the coatings has the
FeNb structure, with the presence of some oxides of NbO2.
These oxides result from the use of the HVOF process though
the incidence of oxidation is less marked than for the APS
process[7–9].

Fig. 3shows the predicted evolution of the porosity content
with spray distance and fuel flow rate. It decreases with the in-
crease of spray distance increases between 150 and 270 mm.
However, for distances beyond 270 mm the porosity level
exhibits a rapid increase. This parabolic dependence can be
explained by considering particle temperature variation with

F flow
r

Fig. 4. Predicted evolution of coercivity and saturation magnetisation vs.
porosity level.

Fig. 5. Predicted evolution of coercivity and saturation magnetisation vs.
spray distance (fuel flow volume = 145 SLPM, air cooling system).

respect to spray distance. For short spray distances, particle
residence time is short in the flame. Consequently, they are
less heated when they strike the substrate and thus cannot
flatten adequately. This leads to a high porosity level in the
coating[15,16]. In contrast, for large spray distances, parti-
cles leave the flame and begin to solidify before they impinge

Fig. 6. Predicted evolution of coercivity and saturation magnetisation vs.
fuel flow rate (spray distance = 200 mm, air cooling system).
ig. 3. Porosity level predicted evolution vs. spray distance and fuel
ate (air cooling system).
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Table 2
Measured coating porosity and magnetic properties associated to HVOF process parameters used in this study

Parameters Characteristics

Spray distance (mm) Fuel flow rate (SLPM) Cooling mode (–) Porosity (%) HC (Oe) MS (A m2 kg−1)

200 145 Air 4.2± 1.54 137± 21.02 75.5± 7.54
300 145 Air 4± 1.36 136± 20.30 76± 7.81
300 200 Air 4.5± 1.07 136± 20.62 75.5± 7.45
200 145 Water 4± 1.30 137± 20.51 75.5± 7.44
300 145 Water 5± 1.50 138± 19.77 75± 7.6
300 200 Water 4.3± 1.25 138± 19.99 75.5± 7.53

on the substrate. The porosity level increases consequently
for the same conditions.

The variation of porosity level in the coating as a func-
tion of fuel flow is also shown inFig. 3. This figure indicates
that the porosity level shows a linear evolution with fuel flow
increase. This evolution is due to the reduction of the flame
temperature with increasing fuel flow rate[17]. This reduc-
tion favours the presence of the unmolten particles in the
coating. In addition, for those particles that do melt their vis-
cosity is increased such that they are unable to impact and
adhere to the substrate. Generally, for low fuel flow rates, the

particle velocity and temperature are associated with a low
spray efficiency and consequently with degradation of mag-
netic properties. For high fuel flow rates, increase of particle
velocity and evaporation could be related to the lowering of
magnetic property values. These effects are associated with
a high porosity level.

In such a way,Fig. 4shows the coercivity and saturation
magnetisation responses as a function of porosity level re-
sponse. The linear increase of coercivity is explained by the
fact that the porosity acts against the continuity of magnetic
properties through the coating structure. These are consid-

F
(

ig. 7. Predicted network response as function of the combinations identified
air cooling system).
in the parameter space: (a) porosity, (b) coercivity and (c) magnetization saturation
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Fig. 8. Analysis of the parameter combinations by varying one parameter and selecting the possible combinations with the other studied parameters: (a) porosity,
(b) coercivity and (c) saturation magnetisation (air cooling system).

ered as defects anchoring Bloch walls and involving conse-
quently an increase of coercivity[18]. One can conclude that
an improvement in coercivity can be related to low porosity
content and this is obtained when spray distance is around
275 mm. This figure shows also the predicted variation of sat-
uration magnetization as a function of porosity level. A small
decrease of saturation magnetization occurs with increased
porosity. Generally, in magnetism studies, the decrease of this
parameter is related to coercivity increase[19].

Figs. 5 and 6illustrate an example of predicted curves
when varying the spray distance and the fuel flow at the input
pattern of the second ANN. These curves show the varia-
tion of coating coercivity and saturation magnetisation with
spray distance and with fuel flow rate, respectively. The same
trend as for the porosity level is seen when the spray distance
increases (Fig. 5). However, when the fuel flow increases,
the coercivity shows a parabolic variation (Fig. 6). To ex-
plain such a correlation, one has to consider the effect of the
coating porosity level as intermediate variable between the
process parameters and the magnetic properties. Thus, for
the same process parameter variation, the responses are cal-
culated from the optimized ANN structures. The saturation

magnetization exhibited parabolic relationships with spray
distance (Fig. 5) and with fuel flow rate (Fig. 6). This could
be related to particle velocity and temperature variations as
in the case of coercivity.

When changing the cooling mode from the air to the water
system, the magnetic properties exhibited linear variations.
Such evolutions are associated to the fact that this parame-
ter was considered as a classification variable. These results
obtained by calculated method are practically in accord with
our experiment results.Table 2measured coating porosity
and magnetic properties associated to HVOF process param-
eters were used in this study.

In order to go deeply in the statistical analysis, instead
of varying individually each parameter, parameter combi-
nations are considered. This permits to drag the parameter
space with a resolution of at least 11 points for each param-
eter. The total number of combinations is thus 121.Fig. 7
shows the histogram representing the frequency of parame-
ter combinations for a given value of porosity, coercivity and
saturation magnetization. Overlay, these responses are pre-
dicted to vary between 4.79 and 5.63%; 143 and 154 Oe; 75
and 80 A m2 kg−1.
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The analysis of the results of the parameter combinations
permits also to predict the average variation of the magnetic
properties and porosity with respect to each process param-
eter whatever are the values of the other parameters. To do
so, the predicted responses are averaged for a fixed value of
the process parameter. This analysis permits to confirm and
generalize the parameter effects identified by varying each
parameter individually and fixing the other parameters to an
arbitrary value.Fig. 8 shows the evolution of the predicted
responses as function of the studied parameters.

4. Summary and conclusions

The study examined the effect of HVOF thermal spraying
parameters on the microstructure and magnetic properties of
coatings using artificial neural network methodology:

(a) Our preliminary results showed that FeNb alloys are par-
tially amorphous with a paramagnetic structure. After
crystallization by heat treatment, the magnetic proper-
ties of the FeNb were weakly improved.

(b) Predicted results show that spray distance and fuel flow
modified the deposit porosity. A decrease resulted in im-
provement of coercivity and saturation magnetization.
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