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Abstract

Plasma spraying of cast iron powder (grit) containing 2.64 % C was investigated. A water-
-stabilized plasma torch was employed in spraying. Some characteristics of molten particles
flying in the plasma stream were measured at various distances from the powder injector, in
particular average surface temperature and average velocity. Oxidation and decarburization
accompanying the flight of molten cast iron particles in the plasma stream were studied by
determining the oxygen and carbon concentrations before and after the in-flight spraying
period. At the latter moment, the reactions were stopped by trapping the particles in liquid
nitrogen. Significant effects of the powder feed rate and the feeding distance on oxidation
and decarburization were observed. X-ray diffraction and Mössbauer spectroscopy yielded
some information on the structure changes of cast iron particles during the in-flight period of
plasma spraying.
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1. Introduction

Air plasma spraying of metals is accompanied by
reactions of molten metal powder with the ambient
gas. The whole plasma spraying process consists of
two stages. At the first of them (in-flight stage), the
particles are molten and carried by the plasma stream.
The second stage starts at the moment of particle im-
pact and solidification. This stage lasts till the form-
ation and cooling of a plasma deposit (coating) on a
substrate. The present paper describes some phenom-
ena occurring during the first (in-flight) stage.
Due to air entrainment into the plasma stream,

the most frequently observed reaction is oxidation of
metallic particles. Besides, the alloys containing higher
amounts of carbon may exhibit decarburization during
plasma spraying. In addition, selective vaporization of
some alloying elements may occur. In general, various
alloying elements are consumed at various rates during
plasma spraying, which results in alloy composition
changes.
The aim of this paper is to show how simultan-

eous oxidation and decarburization of cast iron powder
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are affected by the main plasma spraying paramet-
ers. Cast iron was chosen because it can serve as kind
of standard alloy containing relatively high amount
of carbon, which enables investigating both reactions
during spraying. These reactions were studied in the
present work preferably, whereas the metallurgical
properties of plasma sprayed cast iron were not of spe-
cial interest.
The two reactions, oxidation and decarburization,

presumably occur especially at very high temperat-
ures. That is why the first (in-flight) stage was only
studied, where all reactions are of the type gas – liquid
(i.e. melt).
Plasma spraying of cast iron has been reported

scarcely in the literature. Some properties of plasma
sprayed and flame sprayed cast iron have been com-
pared in [1, 2]. Other papers deal mainly with indi-
vidual splats obtained from cast iron powder particles
[3–6].
An attempt was made to determine some paramet-

ers of the flying molten particles such as their surface
temperature, velocity and size. These characteristics
of various materials sprayed by gas-stabilized plasma
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torches have been reported in a number of papers
during the last 15 years. Among them, [7–9] can be
mentioned. For spraying by a water-stabilized plasma
torch, the relevant data have only been obtained re-
cently for a few selected powder materials [10–12].

2. Experimental

2.1. M a t e r i a l

Cast iron grit delivered by Slezský Kámen Co.,
Jeseník, was employed as feedstock powder. The
particle size obtained by sieving was −140 + 100 µm.
Among elemental composition data, the concentra-
tions of carbon (2.64 % by mass), oxygen (0.31 %),
silicon (1.75 %), and also nitrogen (0.004 %) were of
interest. The order of magnitude of impurity levels was
0.1 % and less.

2.2. P l a s m a s p r a y i n g

The feedstock powder was plasma sprayed by a
160 kW water-stabilized plasma torch WS� 500. The
powder feeding gas was argon. The powder feed rate
was either 5 kg h−1 or 30 kg h−1. Two values of the
feeding distance FD (torch nozzle – powder injector)
were tested, namely 75 and 125mm. To stop all high-
-temperature reactions immediately after the in-flight
stage and to obtain the particles for analysis, the axis
of the torch was positioned vertically and the flying
molten particles were trapped and quenched in liquid
nitrogen. The average spraying distance SD (nozzle –
liquid nitrogen level) was 430 mm. The liquid nitro-
gen level fell rapidly during the spraying run lasting
≈ 25 s. The difference between the nitrogen levels at
the beginning and at the end of a spraying run de-
pended on the powder feed rate. For 5 kg h−1 it was
≈ 60mm. To maintain the required average spraying
distance, the spraying began at SD ≈ 400mm in this
case. For 30 kg h−1, the difference was ≈ 80mm and
it was necessary to start at SD ≈ 390mm.

2.3. M e a s u r e m e n t s

The main object of the study was cast iron powder
after the in-flight stage of plasma spraying. The
changes of powder composition occurring during this
stage were assessed by comparing with the unsprayed
feedstock powder.
To characterize the in-flight stage itself, some para-

meters of the flying particles were measured. For this
purpose, a plasma spray diagnostic system DPV-2000
(Tecnar Automation Ltd.) was employed to determ-
ine the particle velocity, surface temperature and size.
The device uses thermal radiation emitted from the
flying particles to measure their characteristics. The

system utilizes an automatic procedure, which scans
a plane perpendicular to the particle flow in a stepwise
manner to determine the distribution of mean particle
parameters in this plane and to find the point of the
highest particle flow (“centre point”). The scan plane
area of 60 × 60mm consisted of 4 × 4 steps separated
by 20mm. The measured volume size in each of these
fields was about 2 × 2 × 5 mm3. Each volume was
measured for 5 s. The measurement cannot be con-
ducted near the plasma torch nozzle because of strong
plasma radiation. The shortest acceptable flight dis-
tance (from the powder injector) was 225mm, i.e.
300 or 350mm from the nozzle. After the measure-
ment of the scan plane, these distances were increased
by 70 mm and another plane was scanned. This was
repeated several times to reach the final distance of
> 500mm from the nozzle.
Oxidation, decarburization and to some extent also

nitridation contributed to the changes during the in-
-flight stage. These were characterized by elemental
analysis conducted by “extractive fusion” (LECO
method). The concentrations of carbon, nitrogen and
oxygen were determined in this way.
A detailed investigation of phases present in the

samples after the in-flight stage of plasma spraying
was not the main object of this work. Nevertheless,
to obtain some qualitative information, X-ray diffrac-
tion (filtered Co radiation) as well as 57Fe Mössbauer
spectroscopy with detection of 14.4 keV gamma ra-
diation in scattering mode were applied. For the in-
terpretation of diffraction results, the peak positions
were compared with the data base PDF 2 – ICDD.
To analyse qualitatively the non-metallic species

present in the samples, the metallic phase was dis-
solved entirely in an iodine-methanol solution. The
procedure was described in [13]. To obtain a sufficient
amount of extracted non-metallic species, the powders
sprayed at 30 kg h−1 were only selected for this treat-
ment.

3. Results

The shapes of the feedstock powder particles were
highly irregular, which is typical of cast iron grit. Dur-
ing the in-flight stage of plasma spraying, significant
spheroidization took place.
The results of particle surface temperature and

velocity measurements are shown in Figs. 1, 2. The
reason for including the plots obtained at the feed
rate 16 kg h−1 is explained below. The size measure-
ment served for evaluating the mean diameter of de-
tected particles, i.e. melt drops flying in the plasma
stream. The resulting values at 5 kg h−1 were as fol-
lows: 92.5 µm for FD 75mm, 100.8µm for FD 125mm.
The mean diameters enable comparison of individual
spraying runs at varying parameters. However, with
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Fig. 1. Plot of average particle surface temperatures as
measured by DPV-2000 at different flight distances during
plasma spraying at three different conditions: A – feeding
distance 75 mm, feed rate 5 kg h−1; B – feeding distance
125 mm, feed rate 5 kg h−1; C – feeding distance 125 mm,
feed rate 16 kg h−1. Each column of a triad relates to the
same flight distance indicated below the graph. The er-
ror bars correspond to standard deviations averaged over
the 16 (4 × 4) fields of measurement for the given flight

distance.

Ta b l e 1. Typical average concentration values (% by
mass) of carbon, nitrogen and oxygen in cast iron powder

after the in-flight stage of spraying

FD (mm)

Feed rate 75 125
(kg h−1)

C N O C N O

5 0.28 0.35 3.54 1.00 0.15 1.35
30 0.96 0.05 1.06 2.05 0.03 0.78

respect to somewhat arbitrary calibration of the DPV
size measurements, no quantitative relationship to the
feedstock powder size can be derived from the results.
At high powder feed rate of 30 kg h−1, the DPV

cannot distinguish small particles from the high ra-
diation background produced by a large number of
particles in the stream. At this feeding rate, the device
registers preferably the larger particles. If the feed
rate was approximately a half (16 kg h−1) of this max-
imum value, the DPV measurement was applicable
and the mean particle diameter was 97.0 µm. This
case is presented in Figs. 1, 2 just to show the ex-
tent of particle velocity and temperature changes if
the feed rate is increased.
In Table 1, typical results of carbon, nitrogen and

oxygen determination in the powder after the in-flight
stage of plasma spraying are given. The results ob-
tained by the LECO method are average values of

Fig. 2. Plot of average particle velocities as measured
by DPV-2000 at different flight distances during plasma
spraying at three different conditions: A – feeding distance
75 mm, feed rate 5 kg h−1; B – feeding distance 125 mm,
feed rate 5 kg h−1; C – feeding distance 125 mm, feed rate
16 kg h−1. Each column of a triad relates to the same flight
distance indicated below the graph. The error bars corres-
pond to standard deviations averaged over the 16 (4 × 4)
fields of measurement for the given flight distance.

Fig. 3. X-ray diffraction (XRD) patterns of cast iron feed-
stock powder and selected powder samples sprayed into li-
quid nitrogen (feed rate 30 kg h−1): a – feedstock powder;
b – powder sprayed at feeding distance 75 mm; c – powder
sprayed at feeding distance 125 mm. Standard positions
of XRD peaks/lines of α- and γ-Fe phases are indicated.
Short strokes at the bottom of the graph denote the main

standard XRD lines of cementite (Fe3C).

4 independent measurements including independent
sampling.
In Fig. 3, X-ray diffraction patterns of unsprayed

cast iron (feedstock powder) and selected plasma
sprayed powder samples (powder feed rate 30 kg h−1)
are presented. Figure 4 shows X-ray diffraction pat-
terns of extracted non-metallic phases. The Mössbauer
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Ta b l e 2. Interpretation of Mössbauer spectra shown in Fig. 5. I – relative intensity (with respect to the total spectrum)
of the partial spectrum of a phase; Bhf – hyperfine induction; IS – isomer shift; QS – quadrupole splitting; Ip – relative
intensity of a spectral component with respect to the partial spectrum of the phase. The values of I are identical with
relative concentrations (atomic fractions) of phases in the samples on the assumption that the Lamb-Mössbauer factors

(f-factors) of all phases are the same

Phase I I I Component Bhf IS QS Ip Ip Ip
feed-stock FD 75 FD 125 (T) (mm s−1) (mm s−1) feed-stock FD 75 FD 125
powder powder

1st sextet 33.1±0.05 0.12±0.01 0.12±0.01 0.58±0.01 0.80±0.02 0.72±0.01
α-Fe 0.53±0.01 0.87±0.02 0.62±0.01 2nd sextet 30.2±0.12 0.12±0.01 0.12±0.01 0.28±0.01 0.14±0.02 0.18±0.02

3rd sextet 26.1±0.32 0.12±0.01 0.12±0.01 0.14±0.02 0.06±0.02 0.10±0.02

γ-Fe 0.19±0.01 0.08±0.01 0.24±0.01 singlet – 0.09±0.02 – 0.39±0.02 0.37±0.02 0.34±0.02
doublet – 0.11±0.02 0.64±0.06 0.61±0.02 0.63±0.02 0.66±0.02

Fe3C 0.28±0.01 0.05±0.01 0.14±0.01 sextet 20.4±0.10 0.19±0.01 0.02±0.01

Fig. 4. X-ray diffraction (XRD) patterns of non-metallic
phases extracted from feedstock powder and from selec-
ted powder samples sprayed into liquid nitrogen (feed
rate 30 kg h−1): a – extract from feedstock powder of cast
iron; b – extract from powder sprayed at feeding distance
75 mm; c – extract from powder sprayed at feeding dis-
tance 125 mm. Standard positions of XRD lines of wüstite
(“FeO”) are indicated at the top of the graph. At the bot-
tom, besides the position of the only significant standard
graphite XRD line, standard lines of cementite (Fe3C) are

denoted.

spectra of the same samples as in Fig. 3 are in Fig. 5.
Their interpretation is listed in Table 2. The res-
ults yielded by both methods are in good qualitative
agreement because both of them show the presence of
α-Fe, γ-Fe and Fe3C. The latter two species were pro-
nounced in the feedstock powder and in the powder
sprayed at FD 125mm, whereas the highly decarbur-
ized powder sprayed at FD 75mm (see Table 1) was
composed of almost pure α-Fe. It can be assumed that
this also holds for samples sprayed at 5 kg h−1.
In the mixture of non-metallic phases extrac-

ted from the samples, cementite and in more oxid-
ized samples also wüstite (“FeO”) were identified by
X-ray diffraction, whereas no graphite was found. The

sampling of non-metallic phases required a sufficient
amount of sprayed cast iron powder, which is difficult
to obtain at the low feed rate of 5 kg h−1. That is why
the X-ray diffraction patterns and Mössbauer spectra
of samples sprayed at 30 kg h−1 are only presented.
No significant structure difference due to the two feed
rate values is expected. The character of the X-ray
diffraction patterns, in particular a very broad diffrac-
tion maximum in the range of low diffraction angles
(Fig. 4) and the absence of the only characteristic in-
tense graphite line, suggest that carbon not bound in
cementite was amorphous even in the unsprayed feed-
stock powder. In plasma sprayed cast iron, this was
obviously due to very rapid quenching of the molten
particles in liquid nitrogen. The technique of the feed-
stock powder (grit) production is also characterized
by rapid cooling (in water).

4. Discussion

Oxidation and decarburization take place simul-
taneously during the in-flight stage of plasma spray-
ing. Both reactions are significant especially for low
powder feed rate (5 kg h−1).
In addition to these reactions, iron vaporization

occurs. If it is very rapid, an enrichment of the alloy
in carbon might be expected. However, the present
spraying conditions always resulted in carbon deple-
tion. Unfortunately, the absolute vaporization rate of
iron could not be determined experimentally.
The surface temperature of flying particles is of

primary importance. Not only the average surface
temperature but also the mean particle velocity and
diameter were determined. The high scatter of results
seen in Figs. 1 and 2 is due to strong variations of
particle trajectories in the plasma stream. As men-
tioned above, the measurement is not possible in the
region of flying distances up to ≈ 220mm. The point
at which the particles melt is not known either.
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The powder feed rate and the feeding distance
strongly affected oxidation and decarburization. At a
high powder feed rate (30 kg h−1), both reactions were
relatively slow. For oxidation this can be qualitatively
explained by a smaller amount of oxygen available for
the reaction with a surface area unit of flying drops.
For decarburization, the explanation may be similar.
It appears that oxidation and decarburization de-

pended significantly not only on the powder feed rate
but also on the feeding distance if the spraying dis-
tance defined above was kept constant. For low FD,
the feedstock powder was injected into a plasma re-
gion not far from the plasma gun nozzle where the
plasma temperature was very high. Both oxidation
and decarburization were rapid at these conditions.
For higher FD, both reactions were slower because
of the lower plasma temperature. Besides, the above-
mentioned definition of SD means that the particle
trajectories were shorter in this case.
A similar dependence of nitrogen concentration in-

crease on the powder feed rate and the feeding dis-
tance was observed. This increase is due to the reac-
tion not only with the entrained atmospheric nitrogen
but also with liquid nitrogen at the first moment of its
contact with hot (molten) particles. In [14], a model
is presented enabling calculation of the cooling rate of
particles sprayed into liquid nitrogen.
Though a detailed study of phases present in cast

iron powder before and after the in-flight stage of
spraying was not the object of this work, some qual-
itative conclusions can be drawn from the measure-
ments. All samples contained α-Fe, γ-Fe and non-
metallic phases.
In the Mössbauer spectrum, the α-Fe and γ-Fe

phases are represented by three and two components,
respectively. The 1st, 2nd and 3rd sextets in α-Fe rep-
resent iron atoms with 0, 1 and 2 atoms of alloying ele-
ments and impurities (AEI) in the nearest neighbour-
hood. The distribution of intensities Ip of the sextets
corresponds to the AEI concentrations. Carbon and
silicon are the dominant AEI atoms in the present
samples. A rough analysis shows that the higher the
concentration of AEI in a solid solution of α-Fe, the
lower the Ip ratio of the 1st and 2nd sextets. From
this point of view the present results are in agreement
with the changes of the carbon concentration in the
samples.
The γ-Fe phase is represented by one singlet and

one doublet, though due to their overlapping they are
not seen clearly in the γ-Fe spectrum. The singlet cor-
responds to the iron atoms with 0 or one carbon atom,
the doublet to iron atoms with 2 carbon atoms in the
nearest neighbourhood [15]. The feedstock powder has
the lowest carbon concentration in the γ-phase be-
cause its important part appears in cementite Fe3C.
Among the non-metallic phases, crystallographic-

ally defined graphite was found neither in the feed-

Fig. 5. Mössbauer spectra of feedstock powder and selec-
ted powder samples sprayed into liquid nitrogen (feed rate
30 kg h−1): a – feedstock powder; b – powder sprayed at
feeding distance 75 mm; c – powder sprayed at feeding dis-
tance 125 mm. The spectra are fitted so as to show spec-
tral components corresponding to α-Fe, γ-Fe and Fe3C.

For their parameters, see Table 2.

stock grit nor in the sprayed powder. Instead, a spe-
cies that can be denoted as “amorphous carbon” was
present in all samples, which is due to rapid cooling
both in the production of feedstock powder and in li-
quid nitrogen quenching of plasma sprayed particles.
Even if the total carbon content fell, amorphous car-
bon was still present (Fig. 4), whereas the Fe3C
amount decreased. Decarburization was very strong
and in most cases the sprayed material could not
be taken for cast iron any more. Though the surface
temperature of the flying particles at distances up to
≈ 220mm from the injector was not known, it could
hardly reach a value at which significant vaporization
of carbon occurs. Instead, carbon (or more likely ce-
mentite) would react with oxygen to produce gaseous
carbon oxides. Decomposition of cementite may con-
tribute to this reaction. If a smaller “specific” amount
of oxygen is available (in case of 30 kg h−1), the re-
action is slower than at 5 kg h−1. To verify the pos-
sible decarburizing mechanism based on a reaction of
cementite with oxygen, a separate study would be re-
quired.

5. Conclusions

1. Cast iron grit was sprayed using a water-
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stabilized plasma torch. To obtain samples for estim-
ating in-flight oxidation and decarburization, the mol-
ten particles flying in the plasma stream were trapped
and quenched in liquid nitrogen.
2. The parameters of the flying particles were char-

acterized by a device enabling analysis of particle size,
surface temperature and velocity. The measurements
were limited to low particle flow rate and to a re-
gion somewhat distant from the plasma gun nozzle
and powder injectors.
3. For a high powder feed rate, both oxidation and

decarburization reactions were slow. As a result, the
in-flight composition changes of the powder were less
significant than for low feed rate. The reason is obvi-
ously the amount of entrained oxygen per unit surface
area of the flying melt drops.
4. Both reactions were slow at a large feeding dis-

tance. This was due to the fact that the powder was
fed into relatively cold plasma. The reaction rates were
enhanced if decreasing the feeding distance at a con-
stant spraying distance.
5. Both the metallic and non-metallic phases

present after the in-flight period in the powder were
identified qualitatively.
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