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Oxides in Plasma-Sprayed Chromium Steel

K. Volenik, J. Leitner, F. Hanousek, J. Dubsky, and B. Kolman

Products of oxidation reactions accompanying plasma spraying of chromium steel by a water-stabilized
plasma gun were separated from the metallic matrix by a chemical method. This enabled gravimetric de-
termination of the oxide content in plasma-sprayed chromium steel and characterization of the composi-
tion and structure of oxides by diffraction and spectroscopic techniques. Both the random and inherent
errors of the gravimetric method were estimated. The phase composition of oxides was compared with the
results of thermodynamic calculations. It was shown that in spite of the highly nonequilibrium character
of plasma spraying, the thermodynamic approach can yield useful predictions for the overall phase com-
position and for the stoichiometry of the prevailing spinel oxide phase.

Keywords chromium steel, equilibrium calculations, gravimetry,
oxidation, phase analysis, plasma spraying

1. Introduction

Plasma spraying of metals is usually accompanied by oxida-
tion reactions, which result in formation of oxides in the coat-
ings (Ref 1-5). An analysis of metallic (iron) particle oxidation
in flight and after impact on the substrate was given (Ref 6).

The presence of oxides in metallic coatings is usually unde-
sirable because they deteriorate the coating properties. To assess
these effects and to eventually avoid or decrease the oxidation, it
is necessary to determine the quantity of oxides, their composi-
tion, and structure.

The present paper is mainly concerned with the following
problems: thermodynamic considerations (section 2), gravimet-
ric determination of oxide amounts (section 3.2), and the com-
position and structure of oxides (section 3.3).

A comparison of the results obtained in sections 2 and 3.3 in
this article indicates the probability of using the thermodynamic
approach to predict the oxide phases obtained during a highly
nonequilibrium process such as plasma spraying.

2. Thermodynamic Considerations

2.1 System Description

Though the plasma-spraying conditions differ from thermo-
dynamic equilibrium, calculation of the equilibrium composi-
tion of the systems being reviewed yields useful information.
Knowledge of which phases are thermodynamically stable un-
der the given conditions, that is, which phases can result from
chemical reactions accompanying plasma spraying, is particu-
larly useful. In addition, the dependence of individual phase
equilibrium amount on the initial conditions allows assessment
of the effect of spraying parameters on the presence of these
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phases in real systems. References 7-9 give published results of
equilibrium calculations for some plasma processes.

Though some minor elements, such as manganese and mo-
lybdenum, are present in chromium steel, preliminary analyses
of oxides resulting from plasma spraying (section 3.3.1) showed
that the only elements important in oxidation were iron, chro-
mium, and silicon. To simplify the problem, further considera-
tions are limited to the ternary Fe-Cr-Si metallic system.

Table 1 lists the substances involved in the calculations and
the references giving the initial thermodynamic data. Ideal be-
havior of the gaseous phase is suggested.

The model of a substitutional solution was applied to de-
scribe the ternary alloy Fe-Cr-Si in bec, fec, and liquid phases.

Table 1 Substances involved in equilibrium calculations.
List of relevant references

Input thermodynamic data
Phase Components  Pure substances Mixing properties
Gas Fe,FeO,Cr,CrO, Ref 10 Ideal solution
Cr0,,Cr0;,5i,Si0,
0,0,,HH,,H,0
Liquid metal Fe,Cr,Si Ref11 Fe-Cr,Ref 12
Fe-Si, Ref 13
Cr-Si, Ref 14
Liquid oxide FeO,Cr0, 5,510, Ref 10 Ideal solution
bee Fe,Cr,Si Ref 11 Fe-Cr,Ref 12
Fe-Si, Ref 15
Cr-Si,Ref 14
fce Fe,Cr,Si Ref 11 Fe-Cr,Ref 12
Fe-Si, Ref 15
Cr-Si ideal
solution
Spinel FeCr,04.Fe;0, Ref 10 Ideal solution
Corundum Cr,03,Fe,05 Ref 10 Ref16
Single component Feg g470 Ref 10
phases
Si Ref 11
SiO, Ref 10
FeSiO; Ref 10
Fe,Si0, Ref 10
FeSi Ref 10
FeSi, Ref 10
CrSi Ref 14
CrSi, Ref 14
Cr3Si Ref 14
CrsSiy Ref 14

bee, body-centered cubic; fec, face-centered cubic
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To express the dependence of the excess Gibbs energy on the so-
lution composition, the method suggested by Muggianu et al.
(Ref 17) for the calculation of binary contributions determined
by the Redlich-Kister equation (Ref 18) was used. The solubility
of oxygen in the alloy was not tested.

The description of the oxide melt and the solid (Fe,Cr)oxide
phases was based on the sublattice model (Ref 19). The corun-
dum-type Fe,_,Cr,O3 and the spinel-type Fe3_,Cr O, are further
referred to as “corundum” and “spinel,” respectively. For the
melt and spinel, ideal mixing conditions were assumed. The de-
scription of the deviations from ideal mixing for corundum was
based on the regular solution model.

Ferrous oxide Fe;_,O was considered stoichiometric in the
liquid phase (z=0); whereas, the average deviation from
stoichiometry z=0.053 was adopted for the solid phase
(wiistite).

2.2 Equilibrium Calculations

A method based on minimizing the total Gibbs energy of the
system for a set of points satisfying the material balance condi-
tions was used to calculate the equilibrium‘composition of the
systems Fe-Cr-Si-O-N-H. The method and the corresponding
computer program CHEMEQ have been previously described
(Ref 20).

Equilibrium composition was calculated for various initial
compositions of the systems under consideration in the tempera-
ture range of 1000 to 3000 K at the total pressure p/p0 =1 (p0 =
101.325 kPa). The suggested initial amount of the solid alloy
(no[s]) was 10 mol. The composition (Fe-13wt%Cr-0.8wt%Si)
was chosen in approximate agreement with the chromium and
silicon concentrations in the feedstock powder. The initial
amount of the gaseous phase (no[g]) was varied in the range of 1

Table2 Equilibrium amounts (mol) of condensed phases in the system Fe-Cr-Si-O

Temperature, no(g)/no(s)
K Phase 0.1 0.2 0.3 0.5 0.6
1000 bee 8.719 7.000 5.500 4.000 2.500 0.646
Spinel . 0.844 1.344 1.844 2.344 2.395
Corundum 0.563 e
Feo.9470 . 1.795
SiO2 0.156
Fe2SiO4 .. 0.156 0.156 0.156 0.156 0.156
1500 bce 8.719
fec 7.078 5.300 3.406 1.512
Spinel 0.922 1.069 1.069 1.069 1.554
Corundum 0.563 .. .
Feo.9470 1.412 3412 5412 5.472
SiO2 0.156 0.156 0.156 0.156 0.156 0.156
2000 Spinel . 0.347 1.650
Corundum 0.458
Lig-Me 8.684 6.826 4,831 2.838 0.841
Lig-Ox 0.401 2.133 5.169 7.162 9.159 5.051
2500 Lig-Me 8.501 6.724 4.796 2.824 0.838 o
Lig-Ox 1.499 3.276 5204 7.176 9.162 9.99%
3000 Lig-Me 8272 6.608 4.726 2.791 0.830
Lig-Ox 1.591 3.392 5274 7.209 9.170 9.976
Table3 Equilibrium amounts (mol) of condensed phases in the system Fe-Cr-Si-O-N (no(O»:no(Nz) =21:79)
Temperature, no(g)/no(s)
K Phase 0.1 0.2 0.3 0.4 0.5 0.6
1000 bee 9.772 9.492 9212 8.932 8.652 8.322
Spinel 0.151
Corundum 0.036 0.176 0.316 0.456 0.5%6 0.535
SiOz 0.156 0.156 0.156 0.156 0.156 0.156
1560 bee 9.771 9.491 9211 8.932 .. ...
fee 8.652 8.314
Spinel 0.175
Corundum 0039 0.178 0317 0.457 0.596 0.502
Si02 0.152 0.153 0.154 0.155 0.156 0.156
2000 Spinel 0.145
Corundum 0048 0.167 0.282 0.390 0.473 0337
Lig-Me 9.742 9.465 9.187 8.905 8.608 8.243
Lig-Ox 1.604 0.200 0.248 0.313 0.442 0.646
2500 Lig-Me 9.665 9.332 8.970 8.608 8.236 7.853
Lig-Ox 2.642 0.568 0.882 1.221 1.567 1.925
3000 Lig-Me 7.430 5.719 4.148 2.635 1.149
Lig-Ox . 0.249 0538 0.850 1.176 1.519

328-—Volume 6(3) September 1997

Journal of Thermal Spray Technology



to 6 mol. The ratio no(g)/no(s) < 1 was chosen to simulate the
situation where the oxidation reaction occurs on the metallic
particle surfaces only. Three different gaseous phase composi-
tions were considered: oxygen, air (21% O, 79% Nj), and a
mixture of oxygen with hydrogen (1:2). The latter gas mixture is
noted for spraying conditions, which use a water-stabilized
plasma gun, because plasma is generated by dissociation and
ionization of water in this particular case. The main focus of the
calculations was to determine the equilibrium phase composi-
tion of each particular system and the equilibrium partial pres-
sure of O in the gaseous phase.

Tables 2-4 and Fig. 1 summarize the results of the calcula-
tions. The tables present the equilibrium moles of the phases be-
ing studied and allow assessment of the significance of the
content of a phase at equilibrium conditions. The tables also
show cases where a phase is absent. Figure 1 gives the equilib-
rium partial pressure of oxygen as a function of temperature in
the system Fe-Cr-Si-O-H. Usually, the number of coexisting
phases is <5; that is, the corresponding number of degrees of
freedom is >0. It follows that the equilibrium oxygen partial
pressure depends on the initial gaseous phase amount.

3. Experimental

3.1 Samples

Chromium steel was plasma deposited on cylindrical rods
(30 mm diam) of plain steel (Czechoslovak standard CSN
11373) by a water-stabilized plasma gun PAL 160 (Institute of
Plasma Physics ASCR, Praha, Czech Republic). The following
concentrations (Wt%) of the main alloying elements in the chro-
mium steel feedstock powder (CSN 17021) were obtained by
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Fig. 1 Equilibrium partial pressure of oxygen in the system Fe-Cr-
Si-O-H as a function of temperature. The value of n”(g)/n"(s) is given
for each curve The composition of the gaseous phase corresponds to
6 7):n (H2) =12. The initial amount of the metallic phase is 10 mol
(Fe) = 8.472 mol, n%(Cr) = 1.372 mol, n%Si) = 0.156 mol].
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chemical analysis: Cr 13.2, Mn 1.5, Mo 1.3, Ni 0.2, and Si 0.8.
Particle dimensions were in the range of 0.10 to 0.14 mm. The
basic plasma-spraying parameters were spraying distance 300
mm, feeding distance 65 mm, feed rate 0.53 kg/min, shrouding
gas nitrogen at 30 L/min, and substrate cooling by argon. The
coating density was 6.81 g/cm3.

Figure 2 shows the distribution of oxides in the chromium
steel coating. White areas correspond to the metallic phase, gray
spots correspond to oxides, and black spots correspond to pores

0.1 mm

Fig.2 Optical micrograph of a cross section of plasma-sprayed chro-
mium steel coating

0.01 mm

Fig.3 Optical micrograph of a cross section of plasma-sprayed chro-
mium steel coating. Higher magnification than in Fig. 2
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Table4 Equilibrinm amounts (mol) of condensed phases in the system Fe-Cr-Si-O-H (no(Oﬁ:no(Hz) =1:2)

Temperature, no(g)/no(s)
K Phase 0.1 0.2 0.3 0.5 0.6
1000 bee 9.385 8719 7.847 7.400 6.962 6.525
Spinel .. 0.625 0742 0.856 1.002
Corundum 0.229 0.563 0061
SiO2 0.156 0.156 0.156 0.046
Fe2Si04 0.110 0.156 0.156
1500 bee 9.387 8.729
fee 7.941 7707 7.518 7.281
Spinel .. . 0.548 0.713 0.775 0.854
Corundum 0.230 0.558 0.130 . ..
SiO; 0.154 0.156 0.156 0.156 0.156 0.156
2000 Spinel .. ... 0.187 0.490 0.372 0.206
Corundum 0.196 0.424 0.295 . . ..
Lig-Me 9.395 8.805 8.200 7.563 6.936 6.227
Lig-Ox 0.212 0.347 0.647 0.966 1.946 3.151
2500 Lig-Me 9.345 8.681 8.011 7.335 6.652 5.963
Lig-Ox 0.582 1.206 1.843 2.487 3.139 3.796
3000 Lig-Me 6.553 4.183 1954
Lig-Ox 0.257 0.796 1.374 1.970 2.528 3.034

and voids. A higher magnification (Fig. 3) enables observation
of a large number of very fine oxide particles dispersed in the
metallic phase.

Itis not practical to study in detail the composition and struc-
ture of oxides dispersed in the metallic matrix (Fig. 2, 3). To ex-
tract the oxides from the metallic matrix, a chemical method
consisting of dissolving the metallic phase in an iodine-methyl
alcohol solution was used. This method had been frequently
used for separating surface oxide films from iron-base metals
where it dissolved a thin underlying metallic layer. For the pre-
sent study, however, it was necessary to dissolve the bulk metal-
lic matrix. This was achieved using machining to remove the
coating, except for a thin layer near the coating-substrate inter-
face, and by treating the machined turnings in a solution of io-
dine in methyl alcohol (100 g/L). The water content in methyl
alcohol p.a. was 0.06%. Desiccation of methyl alcohol by pro-
longed boiling with elemental magnesium did not produce any
significant effect on the reaction products. The kinetics of chro-
mium steel dissolution were very slow, although a number of so-
lution temperatures up to the boiling point of methyl alcohol
were tested. A rotating jar with a reflux condenser at 60 °C was
found to be the most efficient treatment method. The dissolution
of ~4 g of crushed turnings in ~700 mL of solution took approxi-
mately 9 h.

It was difficult to extract oxide particles from the suspension
as obtained by metallic matrix dissolution. Multiple dilution
with alcohol followed by sedimentation was ineffective. Cen-
trifugation was applicable; nevertheless, large losses could not
be avoided. The best results with minimum losses were obtained
by pressure filtering through a suitable membrane that was in-
soluble in methyl alcohol and contained pores 2 um in diameter
(obtained by DDS-RO Division, A/S de Danske Sukkerfabrik-
ker, Nakskov, Denmark). This was followed by drying at an ele-
vated temperature.

3.2 Gravimetric Determination of Oxide Amount

To determine the oxide content in thermally sprayed coat-
ings, a microscopic method based on the measurement of the ox-
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ide cross-section area sum is usually used. In the present paper,
an attempt was made to determine the oxide content by weigh-
ing the oxidation products separated from the plasma deposited
steel using the chemical method previously described.

For chromium steel, which was plasma sprayed using the
previously described method, five independent dissolution runs
gave the following oxide content in the coating (95% confidence
limits);

m,, = (13.6 £0.6) wi%

To assess the systematic errors, the following additional ex-
periments were conducted:

e Possible losses due to extremely small particles passing
through the membrane filter pores were checked by re-
peated filtering through a membrane filter with a pore di-
ameter of 0.5 pm. No traces of oxide powder on the filter
were observed.

e  Losses occurring during suspension handling and the re-
sulting oxide powder, due to adhesion of very fine oxide
particles to all solid surfaces, were determined by a re-
peated soaking and filtering procedure employing the ox-
ide powder previously separated from the metallic matrix.
The oxide losses were as great as 25 mg, a value that is al-
most independent of the batch. This means that fora 4 g
batch of turnings, the actual oxide amount will be up to
0.6% higher than the previously given mex value.

*  Mdssbauer spectroscopy enabled detection of the undis-
solved residual metallic aFe phase. The upper limit of this
amount can be estimated at =5% (section 3.3.4), X-ray dif-
fraction revealed the presence of the most intense diffrac-
tion line of aFe. Its intensity corresponded to the ferritic
phase concentration of 2.8 wt% (section 3.3.2). The larger
of these two values indicates that the corresponding inher-
ent error was up to 0.7 wt% of the batch.

e  The possible presence of by-products (iron or chromium io-
dides, or hydroxides) accompanying the dissolution of the
metallic phase was assessed by weighing the solid products
of the dissolution of unsprayed feedstock powder. The
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mean amount of this product was 0.5% of the baich, which
can be taken as the maximum possible value because it in-
cludes oxides present on the surface of feedstock powder
particles before spraying.

It can be concluded that the prevailing inherent error origi-
nates from the residual metallic phase present in separated ox-
ides. Additional milling and a repeated dissolution procedure
applied to oxides previously separated did not significantly
change the content of the residual metallic phase. Figure 3
shows that this phase is identical with bright particles embedded
in gray oxide matrix. The oxide envelope causes the metallic
particles to be inaccessible to the liquid and prevents dissolu-
tion,

The value obtained by the microscopic method based on the
measurement of the sum of the oxide cross-section areas was
myx = 9.0%. This is considerably lower than the value obtained
gravimetrically. The difference is probably due to the micro-
scopic method, which did not account for extremely fine oxide
particles embedded in the metallic matrix.

3.3 Composition and Structure of Oxides

The elemental composition of oxides obtained by the pre-
viously described separation procedure was determined by x-
ray fluorescence (XRF) analysis. The phases present in the
oxides were studied by x-ray diffraction, infrared spectroscopy,
and Mossbauer spectroscopy.

3.3.1 X-Ray Fluorescence Analysis

The elemental analysis of oxides was performed by an en-
ergy dispersive XRF analyzer LINK XR 200 (LINK Analytical
Ltd., High Wycombe, U.K.) with a rhodium anode tube at 25 kV,
with a current of 50 LA, and a preset analysis time of 100 s. The
energy dispersive spectra were calibrated using CuO.

The qualitative analysis determined that the predominant
elements (other than oxygen) present in the oxides were chro-
mium, iron, and silicon. The conventional method of calculating
the concentrations of elements from x-ray intensities resulted in
an improbably high concentration of silicon as the lightest ele-
ment. It was necessary to employ another method for the deter-
mination of element concentrations from x-ray intensity data, in
particular, a procedure using standard specimens.

The oxides separated from plasma-sprayed coatings con-
tained some minor elements, mainly manganese and molybde-
num. However, concentrations did not exceed those in the
metallic matrix. These elements were considered to have little
importance for oxidation compared to chromium and silicon,
which were more abundant in the oxides than in the metallic ma-
trix and with iron as a base element in the matrix alloy. Further
considerations were limited to the ternary Cr-Fe-Si system.

A number of techniques applicable for standard specimen
preparation were tested. To minimize the results scatter, pellets
(14 mm diam) prepared by pressing a mixture of oxide powder
(60 mg) with polymethylmethacrylate powder (240 mg) at 130
°C were used. Both standard specimens and those containing
oxides separated from plasma-sprayed coatings were prepared
using the same method.

Standard specimens were made of powders of pure Fe,0s,
Cr,03, and Si05. The particle size analysis of these powders in-
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dicated mean particle dimensions (50 wt% average) of 0.91,
1.73, and 1.63 pum, respectively. In the oxides separated from
plasma-sprayed coatings, the predominant phase was Fej_
yCryO4, where y = 1.9 (sections 3.2.3, 4). However, this oxide
was not available for the standard specimen preparation. It was
replaced by a mixture of Fe;O3 and Cr;03. Considering XRF
analysis, there is a difference between this mixture and the pre-
viously mentioned phase because of a slightly different oxygen
content. The resulting difference in x-ray absorption was not
tested in the present analyses.

The first step consisted of the determination of the Cr/Fe ratio
in separated oxides. For this purpose, a set of standard speci-
mens containing only CryO3 and Fe,Oj in the range (wt%) of
55:45 (Cr/Fe = 1.20) to 75:25 (2.94) was prepared. From a cali-
bration curve based on the x-ray intensity ratios, a Cr/Fe ratio
equal to 1.81 was determined in the separated oxides.

The second step considered the ternary Cr-Fe-Si system. The
assumption of a constant ratio of chromium and iron x-ray inten-
sities allowed this system to be treated as a pseudo-binary sys-
tem (Ref 21). For the previously mentioned ratio of chromium
and iron, a set of ternary standard specimens in the range of 2 to
8 wt% Si0, was prepared. From a calibration curve (ratio of x-
ray intensities Igi/(Ic; + Ige + Ig;) plotted against silicon concen-
tration), the value of 2.8 wit% was determined for silicon
concentration in the Cr-Fe-Si system for the separated oxides.

If oxygen is not taken into account, and the sum of all minor
element concentrations (predominantly manganese and molyb-
denum) is set at 4 wt%, then the concentrations of major ele-
ments in separated oxides are 60.1 wt% Cr, 33.2 wt% Fe, and 2.7
wt% Si.

3.3.2 X-Ray Diffraction Analysis

The x-ray diffraction qualitative phase analysis was per-
formed by adiffractometer Siemens D 500 (Siemens AG, Instru-
mentation and Control Division, Karlsruhe, Germany). Filtered
chromium radiation was used to suppress the secondary radia-
tion due to chromium present in the oxides.

The qualitative analysis indicated that the dominate phase
was a spinel-type oxide MesO4. A comparison with data ob-
tained from other structure sensitive methods indicated that this
oxide was Fe3_,Cr,0,. There were also minor phases present, in
particular a low concentration of wiistite and the residual ferritic
phase.

The composition of the dominate spinel-type oxide can be
characterized in more detail by an exact measurement of the lat-
tice constant. However, this measurement was not conducted
because the lattice constant in Fe3 ,Cr,O4 depends on y in a
complex manner (Ref 22, 23). To assess the value of y, M0ss-
bauer spectroscopy (section 3.3.4) and, in particular, infrared
spectroscopy (section 3.3.3) are more suitable.

To determine quantitatively the content of the residual fer-
ritic phase, the reference intensity ratio of aFe and FeCr,0, dif-
fraction lines was calculated using the computer program LAZY
PULVERIX (Ref 24). The differences between FeCr,O,4 and the
previously mentioned oxide, in which the actual value of y was
notequal t0 2 (sections 3.3.3, 3.3 .4, and 4), and between otFe and
chromium steel were not tested. The diffraction lines (110)aFe
and (311)FeCr,04 were used in the calculation. The result
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shows that the content of the ferritic phase in the separated ox-
ides was 2.8 wt%.

3.3.3 Infrared Spectroscopy

The infrared spectra were measured by a grating spectrome-
ter PYE-UNICAM 9512 (Cambridge, UK) in the range of 4000
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Fig. 4 Infrared spectrum of oxides separated from plasma-sprayed
chromium steel (upper curve) as compared with the infrared spectrum
of Fey 4Cr1 9604 (lower curve, Ref 25)
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Fig. 5 Wave numbers corresponding to infrared absorption bands A
and B (Fig. 4) plotted against y in Fe3_,CryOy4 (Ref 25)
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to 200 cm™'. The oxide powder separated from the plasma-
sprayed coating was measured in T1Br pellets. T1Br is more suit-
able for this purpose than conventional KBr, for which the
refractive index is too low.

In Fig. 4, the significant region of the infrared spectrum of
oxides separated from the plasma-sprayed coating (2000 to 200
cm™) is compared with the same spectral region of synthetic
spinel oxide Fe| g4Crj g¢04 (Ref 25). Both spectra are similar,
and their shape is characteristic of the normal spinel structure.
The band at 614 cm™" and the broader band at =496 cm™! corre-
spond to the stretching modes of Fe-O for iron situated in tetra-
hedral and octahedral sites. The bands strongly shift to higher
wave numbers with respect to the bands corresponding to the
same modes in the inverse spinel Fe30,. This is a result of chro-
mium atoms substituted for iron in octahedral sites. The wave
numbers corresponding to both bands depend linearly on y in
Fe3_,CryO4 (Fig. 5, Ref 25).

The sharp band at 366 cm ™! can be attributed to the stretching
vibration Cr-O for chromium in octahedral sites because it only
appearsify> 1.

Another band near 1100 cm_l, with a shoulder at 1198 cm_l,
is visible in the infrared spectrimm of separated oxides. This band
is characteristic of the stretching vibration Si-O in SiO,, prob-
ably in the tridymite modification. This can also explain the
broadening of the spinel band at =496 cm™! due to the Si-O band
superposition at 480 em L.

It can be concluded that two oxide phases were detected by
infrared spectroscopy. The predominant phase is spinel oxide
Fe; ,Cry0y4, where y equals 1.90 to 1.95. The.minor phase is
SiO; which is present as tridymite.

3.3.4 Missbauer Spectroscopy

The Mdssbauer spectra were measured in a constant velocity
mode by a KFKI spectrometer (Institute of Physics, Budapest,
Hungary) connected on line with a Canberra FMCA analyzer.
The activity of 3Co source in a palladium matrix was 2.5 mCi.
The velocity was calibrated by aFe (99.999%).

The Mossbauer spectrum (Fig. 6) of a typical specimen of
separated oxides consists of two intense doublets corresponding
to a paramagnetic phase and several weak sextets. One of the lat-

Table 5 Méssbauer parameters of superimposed spectral
components (Fig. 6)

Quadrupole Magnetic

Spectral Isomer shift, splitting, splitting,
Phase component mm/s mm/s Tesla
Spinel Doublet 0.896+0.003 1.953+0015
Spinel Doublet 0.880+0.003 0.793+0.018
oFe Sextet  -0.054 +0.008 32.938 +0.059
Table 6 Equilibrium values of y in Fe3_,Cr,0,4
Temperature, yin Fe3,CryO4
K n%(g/n’Gs) =04 n%g)/n’Gs) =0.5 n(g)/nls)=0.6
1000 1.85 1.60 1.37
1500 193 1.77 1.61
2000 1.98 1.97 1.94

Journal of Thermal Spray Technology



ter sextets can be attributed to metallic oFe, and the other two
weaker sextets are most probably due to Fe304. The Voight
(Lorentz-Gauss) shape of spectral lines was assumed. Compar-
ing the central region of the spectrum with Ref 26, it can be con-
cluded that the doublets correspond to the spinel oxide
Fe3 ,Cr, Oy, where the value of y is between 1.56 and 1.96. For y
=1.96 or 2.0, the doublets would be so narrow that their super-
position would produce an apparent singlet. Table 5 lists the
Mossbauer parameters of the previously mentioned spectral
components. Two poorly defined sextets of Fe30, are not given.
The line shape in Fig. 6 is a superposition of the spectral compo-
nents given in Table S; that is, both sextets attributed to Fe30,
are omitted.

The ratio of the Lamb-Mossbauer factors of aFe and
Fe;_,Cr 04 is not known; nevertheless, the upper limit of
oFe concentration in the mixture of all phases present can
be estimated at 5%.

4. Discussion

The separation of oxides from the plasma-sprayed chromium
steel by the described chemical method eliminated the interfer-
ence of a major part of the metallic matrix and allowed for ex-
amination of the oxide composition.

The presence of a spinel-type (Fe,Cr);04 as the dominate ox-
ide phase in the separated oxides was indicated unambiguously.
No traces of corundum-type (Fe,Cr),03 were detected. As for
the spinel-type oxide (Fe,Cr);Qy, it was possible to assess the
value of y in the formula Fe3_,Cr,O4. The results of infrared and
Mbossbauer measurements gave y = 1.9.

A somewhat different value was determined from the XRF
analysis, even with the assumption that the iron and chromium
in separated oxides were in the spinel-oxide phase, namely y =

——

1.98. It is obvious that the composition of the major oxide phase
was near FeCry0;.

In a previous paper (Ref 27), equilibria in a simplified Fe-Cr-
O-H system were calculated. In the present paper, systems con-
taining metallic elements as well as silicon in a proportion
corresponding to steel composition are considered. Among
them, the Fe-Cr-Si-O-H system is noted because it corresponds
closely to practical plasma-spraying conditions. The experi-
mental results are in good agreement with the thermodynamic
data obtained for this system with the assumption that the ratio
of the initial amounts of gaseous and solid phases is no(g)/no(s)
20.4.

The calculations indicate that for these conditions, the pre-
vailing oxide phase below 2000 K is solid spinel oxide
(Fe,Cr)304. From the thermodynamic data, the ratio of Cr/Fe
concentrations in this spinel oxide (or the value of y in the spinel
oxide formula) can be derived. Table 6 gives the values of y for
higher initial amounts of the gaseous phase and for the tempera-
ture range of 1000 to 2000 K. It shows good agreement with the
experiment for no(g)/no(s) = 0.4 in the entire temperature range
or for 2000 K in the entire no(g)/no(s) range.

The presence of traces of wiistite is due to oxidation at a cer-
tain stage occurring on a chromium-depleted alloy surface. If
wiistite is formed, Fe304 can result from its decomposition be-
low approximately 830 K during cooling.

The previously described gravimetric method appears to be
suitable for determining the oxide content in plasma-sprayed
steel. The random errors of the results appear to be acceptable.
Some inherent errors mentioned in section 3.2 of this article
have opposite signs. It can be assumed that for the plasma-
sprayed steel described in this paper, the superimposed inherent
errors of the oxide content determination would not exceed =1
wt% of the batch.
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Fig. 6 Mossbauer transmission spectrum of oxides separated from plasma-sprayed chromium steel
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5. Conclusions

Plasma-sprayed chromium steel containing high level of ox-
ides was chosen to reveal the advantages and disadvantages of
the chemical method of oxide separation. The goal of further in-
vestigation will be to decrease the oxide content as much as pos-
sible and, thereby, to optimize the plasma-spraying parameters.
To better understand the oxidation reactions during plasma
spraying, the phenomena occurring in flight and after the molten
droplet impingement on the substrate surface must be consid-
ered separately.

The oxide presence can be determined by the previously de-
scribed gravimetric method. The combined diffraction and spec-
troscopic methods are suitable for studying the composition and
structure of chemically separated oxides.
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