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Air engulfment by the plasma jet in air plasma spraying (APS) causes in-flight oxidation of metallic particles.
This oxidation, often complex and difficult to explain by classic diffusion-controlled oxidation, is governed by
several mechanisms. This paper highlights the possible in-flight oxidation mechanisms in metallic particles
with a focus on the convective oxidation. Two different types of austenitic stainless steel particles were air
plasma sprayed using a direct current plasma gun and were collected in an argon atmosphere. Preliminary
experiments indicated that different mechanisms are likely to occur during the in-flight oxidation of par-
ticles. The mass transfer from surface to interior of particle occurred, forming oxide nodules within particles.
The mass transfer is governed by convective movements inside liquid particles within the plasma jet core due
to the plasma-particle kinematic viscosity ratio greater than 50 and particle Reynolds number (Re) higher
than 20. The nodules were composed of metastable phases consisting of mixed oxide of Fe and Cr. Convective
movements within particles ceased roughly outside of the plasma jet core, and classic surface oxidation was
found to be the dominant phenomenon forming the surface oxide layer. Moreover, the molten surface oxide
outside the jet core may become entrained toward the tail of the particle if plasma conditions promote a
higher particle Re number. The major oxide phase in collected particles was FeCr2O4, in a nonstoichiometric
form of Fe3−xCrxO4.

Keywords convective reactivity, in-flight oxidation, LECO,
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1. Introduction

When spraying fully melted metallic particles, in most cases
heated much over their melting temperature, fast chemical reac-
tions may occur even if their residence time in the reacting zone
is a few milliseconds at the maximum. In-flight oxidation of
metal particles occurs in atmospheric plasma spraying (APS)
(Ref 1) due to the entrainment of the surrounding air into the
plasma jet (Ref 2). It is, therefore, common to find oxide phases
in APS metal coatings (Ref 3). Air entrainment occurs both by
the engulfment process at plasma jet-air boundary and plasma jet
fluctuations (Ref 4, 5). The velocity distribution of the plasma jet
and its viscosity, through the composition of plasma forming
gases, influence the quantity of entrained surrounding atmo-
sphere (Ref 6, 7). In-flight oxidation of sprayed particles begins
due to gas-solid interaction during heating of particles to their
melting point in the plasma. In molten particles, oxidation rate
increases with a gas-liquid interaction through diffusion and
convection. A gas-solid interaction may occur if the particles
resolidify within the plasma jet (Ref 8, 9). The in-flight oxida-
tion, often resulting in metastable oxides, was initially suggested

to be diffusion-controlled phenomenon. Sobolev and Guile-
many (Ref 10) have proposed that intensive motion of liquid
phase can increase the coefficient of diffusion and a high per-
centage of oxygen can get dissolved in the particle. Other stud-
ies, however, found the oxide amount present within collected
particles too high to be explained by diffusion models (Ref 11, 12).

Oxides in coatings are considered to influence the structure
and properties of deposits (Ref 13, 14). Many authors have re-
ported detrimental effects of accompanied oxide in metallic de-
posits (Ref 15, 16). These oxides, however, can result in im-
proved properties such as higher wear resistance (Ref 17),
superior compressive strength (Ref 18), and better adhesion due
to the improved wettability of oxidized particles (Ref 19). Re-
cently, Syed et al. (Ref 20) have shown that in-flight oxidation is
a multistage phenomenon, and oxidation may be governed by
different mechanisms.

In the present work, the oxide formation during air plasma
spraying 316L austenitic stainless steel was studied, and the par-
ticle oxidation mechanisms in the plasma jet core and plasma
plume were investigated.

2. Experimental Technique

Two 316L austenitic stainless steel powders, one commer-
cially named 41C (−106 +45 µm) from Sulzer Metco, USA and
the other grade TY316L (−63 +50 µm) from Techphy Groupe
H.T.M., France, were sprayed using a direct current (dc) plasma
gun (PTF4 type) with a 7 mm internal diameter (ID) anode
nozzle. In some other experiments, an anode with 6 mm ID was
used. The former powder was produced by a water atomization
process and the latter by a gas atomization technique (see Fig. 1
showing their morphologies). The chemical compositions of
both powders are given in Table 1.
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In all experiments, the arc current was 550 A and the plasma
gas flow consisted of 45 slm (80.25 g/min) Ar and 15 slm
(1.34 g/min) H2, resulting in an electric power output of 33 kW

and a thermal efficiency of 56%. This plasma gas mixture was
probably too energetic with a high heat transfer coefficient for
the selected powder. However, this made it possible to enhance
the in-flight particle oxidation, thus allowing precise analysis of
the oxide content of collected particles and a better understand-
ing of their oxidation mechanisms.

Powders were sprayed and collected in a cylindrical collector
650 mm in height and 130 mm in diameter, with the standoff
distance of the collector varied between 50 and 100 mm. A
water-cooled double-disk pneumatic system was disposed at the
top of the cylinder. One of the two disks, with an aperture of
22 mm, was centered in the middle of the sprayed spot, whereas
the other disk was fabricated without any opening. The disks
were moved over the cylinder by a pneumatic system allowing
or blocking the powder passage into the collector. The particles
entering the collector were quenched by argon jets flowing
through four inlets, three fixed at the collector entrance and one
introduced at the bottom. The former favored rapid quenching of
the particles, whereas the latter helped in their deceleration be-
sides their continuous cooling. Argon flow rate was optimized
around at 60 slm. The measured quenching rate of particles in

Table 1 Composition of feedstock 316 austenitic stainless
steel powders

Composition, wt.%

Cr Ni Mo Mn Si C Fe

Metco 41C 17 12 2.5 … 1 0.1 bal
Techphy TY316L 19 11 2.4 1.2 0.4 0.01 bal

Table 2 Oxygen content in feedstock powders by LECO

Feedstock Techphy Feedstock Metco

Oxygen content, wt.% 0.030 ± 0.003 0.143 ± 0.008

Fig. 1 Micrographs of feedstock 316L stainless steel particles. Surface (a) and cross section (b) of Metco powder; and surface (c) and cross section
(d) of Techphy powder

Fig. 2 In-flight powder collection setup

Fig. 3 Image treatment analysis of (a) the polished cross sections of a
collected particle, (b) measurements of oxide nodules, and (c) oxide cap
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the collector approached 5 ×106 K/s, which was lower than that
estimated during initial stages of splat cooling (108 K/s) on sub-
strate surface (Ref 21, 22). A schematic illustration of the col-
lection setup is shown in Fig. 2.

Global oxygen content in feedstock and collected particles
was determined using an “extractive fusion” technique (LECO,
USA). A Philips XL 30 scanning electron microscope (SEM)
was used to obtain micrographs that were later used for statisti-
cal measurements of oxide nodules and total oxide surface area
percentages by image treatment analysis (Fig. 3). The elemental
analyses were performed by EDX 9100/60 energy dispersive
spectroscopy (EDS) and more precisely by electron microprobe
analysis (EMPA). Different techniques including x-ray diffrac-
tion (XRD), Fourier transform infrared (FTIR) spectroscopy,
and Mössbauer spectroscopy were used for phase analyses. A
Siemens D500 diffractometer using a copper anode was used for
XRD, and a Nicolet 710 equipped with a Michelson interferom-

eter was used to obtain FTIR spectra. 57Fe Mössbauer spectros-
copy of samples was conducted using a 57Co radioactive source
fixed in an Rh matrix.

3. Results and Discussion

The feedstock steel powders exhibited some residual oxygen
(Table 2) that could be due to the oxygen dissolved in the metal
and/or accumulated as thin oxide layer on particles surface. Ox-
ides were not observed within particles, as can be seen in Fig.
1(b) and (d). Spherical collected particles after spraying (Fig. 4a
and b) were composed of an outer layer rich in oxygen along
with Cr, Fe, and Si. The Si peak was particularly high in the
collected Metco particle (Fig. 4f), as Si content of feedstock
Metco powder was much higher than that of Techphy powder.
The outer layer can be considered the oxide formed on the sur-
face of particles within the plasma jet. A uniform surface can be

Fig. 4 Micrographs of collected oxidized particles: surface of (a) Metco and (b) Techphy particles and cross section of (c) Metco and (d) Techphy
particles. EDS analysis: (e) base metal, (f ) surface of collected Metco particle, (g) coarse-grained layer covering Techphy particle, (h) oxide cap in the
Techphy particle, and (i) island of oxide nodule in Techphy particle. The oxide nodule in Metco particle revealed EDS analysis similar to (i).

Fig. 5 Techphy 316L particles collected at (a) 50 mm and (b) and (c) 75 mm after air plasma spraying (I = 550 A, Ar-H2 = 45 to 15 slm, anode nozzle
ID = 7 mm)
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observed for collected Metco particles (Fig. 4a), contrary to col-
lected Techphy particles (Fig. 4b), where the outer layer can be
distinguished as a fine-grained cap covering a fraction of the

particle surface and a coarser-grained secondary layer covering
the rest of the particle.

The difference in the microstructure can be an indication of a
possible difference either in the type of oxide or in the formation
mechanism. EDS showed that the coarse layer had a composi-
tion closer to that of feedstock Techphy powder, though a
weaker oxygen peak was detected (Fig. 4g). The cap area was,
however, rich in chromium and oxygen. A weak Fe peak and an
absence of Ni were also indicated (Fig. 4h).

The cross sections of collected particles (Fig. 4c and d) pre-
sent two distinct phases: a brighter area and more or less spheri-
cal darker nodules. The oxide cap and the thin layer covering the
rest of the Techphy particle can also be observed in Fig. 4(d).
The EDS analysis illustrates that the brighter area is the base
metal (Fig. 4e), whereas nodules are composed of mainly oxy-
gen and Cr along with Si and Fe (Fig. 4i). The cap exhibits simi-
lar elemental analysis than that of the nodule (Fig. 4h). The fol-
lowing section gives an account of the phenomena resulting in
formation of oxide nodules and cap. Details of elemental and
phase analysis in collected particles are discussed toward the end
of the article.

Techphy particles were collected varying the standoff dis-
tance between 50 and 75 mm from the torch. No oxide cap were
observed in particles collected at 50 mm standoff distance as it
can be seen in Fig. 5(a),whereas at 75 mm, particles with only
thin caps were collected (Fig. 5b and c). After image treatment
analysis, it was found that the surface area percentage of oxide
nodule did not vary significantly after 50 mm, whereas the sur-
face area percentage of oxide cap and thus total oxide increased
with an increasing distance from 50 to 100 mm (Fig. 6a). Though
the oxide formed at surface starts segregating in the cap form
between 50 and 75 mm standoff distance in Techphy particles,
major oxide segregation occured between 75 and 100 mm stand-
off distance of plasma jet exit.

The oxygen content in collected Techphy particles increased
linearly between 50 and 100 mm standoff distance (Fig. 6b) with
major oxidation taking place within the first 50 mm. Oxygen
mass percentage of particles collected at 50 mm standoff dis-
tance corresponds to 67% of that present in particles at 100 mm
(Fig. 6c).

The difference between liquid drop and surrounding media
kinematic viscosities (� = µ/�; µ is dynamic viscosity; � is spe-
cific mass) and particle Reynolds number (Re) can result in con-
vective movements within the drop (Ref 23, 24) forming a
spherical hill vortex (Ref 25). These conditions are expected
within the plasma jet core where the plasma to particle kinematic
viscosities ratio (�i = �plasma/�particle) is often >50 and particle Re
is >20 (Ref 26). Surface structure in the micrographs of particles
collected at 50 mm standoff distance (Fig. 7) also gave evidence
of possible convective movements. The oxide formed and the
oxygen dissolved at the particle surface are likely to be swept
into the interior of the particle due to the generated vortex. Fresh
metal is always available on the particle surface, resulting in
enhanced particle reactivity.

Surface tension difference between formed liquid oxide and
liquid metal may promote isolated spherical nodules of oxides
within metal. Espie (Ref 19) has reported the formation of non-
equilibrium wüstite nodules in iron particles after direct current
(dc) plasma spraying (Ref 19). It was concluded that the nodules

Fig. 6 Oxide and oxygen content data in the collected Techphy par-
ticles. (a) Percentage of surface area (SA%) of oxides after image treat-
ment analysis. (b) Oxygen mass content after LECO. (c) Change in oxy-
gen mass fraction relative to the oxygen content of powder collected at
100 mm standoff distance
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were formed due to the difference in surface energies of liquid
metal and oxide.

Outside the plasma jet core, the velocities and temperatures
of the plasma and particles converge to same values reducing the
relative Re number. The kinematic viscosity of the plasma un-
dergoes a rapid decay causing convective movements and oxide
mass transfer from particle surface to cease. Convective oxida-
tion and formation of nodules can, therefore, occur only within
the first 40 to 50 mm downstream of the nozzle exit in standard

plasma conditions. Classic diffusion-based surface oxidation
becomes the dominant mechanism in the plasma plume at farther
distances.

Metco particles collected after spraying using a 6 mm inter-
nal diameter anode, exhibited oxide caps (Fig. 8). The accumu-
lation of oxide toward the tail of particles can be explained by
considering the density and surface tension differences between
molten metal and oxide that forms outside the plasma jet core
along with the drag force on particles. While spraying mechano-
fused 316L steel and alumina powder, Ageorges and Fauchais
(Ref 27) reported alumina entrainment in the tail of particles that
were sufficiently heated. These authors have suggested that the
density difference between steel and alumina could cause this
segregation.

Under the same plasma conditions, smaller particles would
attain a higher temperature and velocity and lower viscosity
(varying as µ0 exp [E/kT]) that can promote the entrainment of
the oxide toward the tail in a cap form. Compared with smaller
Techphy particles, Metco particles have much lower tempera-
ture (only a few hundred degree over their melting point) and
velocity in the plasma jet, according to calculations. Conse-

Table 3 Mössbauer parameters from the spectra of
collected Techphy particles shown in Fig. 12(b)

Phases

Isomer
shift (�),

mm/s

FWHM/2
(�/2),
mm/s

Quadrupole
splitting (�Eq),

mm/s

Magnetic
splitting (�EM),

Tesla

Austenite −0.187 0.108 0.111 0
Fe3−xCrxO4 0.867 0.110 1.640 0

FWHM, full width at half maximum

Fig. 7 Convective movement effect on the surface of the particle col-
lected at 50 mm standoff distance (I = 550 A, Ar-H2 = 45 to 15 slm,
anode nozzle ID = 7 mm)

Fig. 8 Collected Metco particles after spraying by a dc plasma torch
with a 6 mm ID anode nozzle (I = 550 A, Ar-H2 = 45 to 15 slm, z = 100 mm)
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quently, their viscosity is higher and Re is lower than those of
Techphy particles decreasing the �i = �plasma/�particle. Metco par-
ticles, therefore, exhibit entrained oxide caps only if they are

sprayed under conditions that would promote higher �i and par-
ticle Re as observed experimentally.

Microprobe analysis (Fig. 9) presents a precise elemental
analysis of a Techphy particle cross section. The central area
represents the oxide nodule, whereas the ends of the curve cor-
respond to the base metal. In the oxide nodule, a significantly
higher mass percentage of chromium, oxygen, silicon, and man-
ganese can be noticed, whereas Fe content decreases consider-
ably, and Ni and Mo are negligible.

Figure 10 shows XRD curves of feedstock and collected
Techphy and Metco particles. A new peak at 2� = 32° along with
a weak secondary peak at 37.5° appeared for collected powders.
Three oxide phases, including CrO, Cr2O3, and FeCr2O4, have
their major peaks corresponding closely to 2� values. Other
phase analysis techniques were, therefore, used to characterize
the formed oxides.

Fig. 9 Microprobe analysis along the black line of a Techphy particle collected after spraying

Fig. 10 XRD curves of feedstock and collected Techphy and Metco
powders

Fig. 11 FTIR spectrum of collected Techphy particles (Ref 18)
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The significant zone of a FTIR spectrum of collected Tech-
phy particles is shown in Fig. 11. Two bands in the spectrum,
located at 701 and 539 cm−1, correspond to the stretching modes
of Fe-O for iron situated in tetrahedral and octahedral sites
(Ref 28). Substituting Cr atoms for Fe in octahedral sites of inverse
spinel structure of Fe3O4, giving Fe3−xCrxO4, results in shifting of
these bands toward higher wave numbers and the shifting follows a

linear relationship with x value (Ref 29). For FeCr2O4 (x = 2), for
example, these bands are located at 714 and 548 cm−1, respectively.
In collected Techphy particles, a spinel-type Fe3−xCrxO4 can be
concluded as the major oxide phase by FTIR spectroscopy. Col-
lected Metco particles exhibited similar spectrum.

Besides XRD and FTIR, Mössbauer spectroscopy was used
to verify the results. Oxide phase analysis was not possible by
transmission-mode-Mössbauer-spectroscopy, probably due to
lower oxygen content in collected particles and only austenite
was detected (Fig. 12a). While employing this technique, Vole-
nik et al. (Ref 28) were able to characterize only the in-flight
formed oxide in high-Cr steel powder after dissolution of the
metallic phase. Conversion electron Mössbauer spectroscopy
(CEMS) was, therefore, later used in the current work. Besides
austenite, a doublet of a ferrous chromium oxide in the nonstoi-
chiometric form of Fe3−xCrxO4 (Fig. 12b) was measured. The
Mössbauer parameters of the presented spectrum are listed in
Table 3. Subtracting the CEMS spectra of feedstock powder
from the collected powder, the oxide phase doublet was math-
ematically extracted and is presented in Fig. 12(b). From FTIR
and Mössabuer spectroscopy, the value of x was determined to
be between 1.56 and 1.90.

4. Conclusions

Oxide formation and oxidation mechanisms of APS stainless
steel 316L particles were studied in this work and the following
conclusions can be drawn:

• The in-flight oxidation occurs in two distinct areas: in the
core of plasma jet and in its plume. Convective oxidation
and diffusion-controlled oxidation appeared to be the prin-
cipal mechanisms in the former and latter plasma zones
respectively.

• Convective movements in the liquid droplets may be in-
duced where plasma to particle kinematic viscosities ratio is
greater than 50 and the particle Re is higher than 20, condi-
tions likely to occur in the plasma jet core. The surface ox-
ide or oxygen dissolved at the particle surface formed in this
region can be entrained in the liquid core by convective
movements, and oxide nodules are formed. The fresh liquid
metal is continuously renewed at the surface promoting
higher particle reactivity.

• Convective movements in the particle end in the plasma
plume zone and classic diffusion-based surface oxidation
dominates. The formed oxide covers the surface of particles
and the reaction rate decreases. The oxide formed on the
surface of the particle in the plasma plume may become
segregated in a cap form if liquid metal and the oxide have
high Re and low viscosity.

• In-flight reactions give metastable oxides. Oxide nodules
with mixed oxide of Cr, Fe, Mn, and Si as cations were
detected. Spinel type Fe3−xCrxO4 (1.90 > x >1.56) was the
characterized major oxide phase.
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