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LASER-INDUCED IRON OXIDATION
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Iron oxidation in air flux has been studied and the iron response to laser radiation has been evaluated. Effect of cooling rate
on the oxide formation has been demonstrated. The Mossbauer conversion electron spectra have shown that a larger amount
of oxides is formed in the surface layer. Any clearly expressed temperature dependence of the oxidation process has not been
observed. It has been experimentally determined that the oxide amount depends upon the sample collection site.
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1. Introduction

Iron is an active and easily oxidized element. As are-
sult of its corrosion about 20% of all metallurgy produc-
tion is lost yearly worldwide. This aspect calls for de-
tailed investigation of oxidation processes. Using some
materials in an aggressive environment requires special
coatings or special alloy compositions [1].

Iron oxides are usually regarded as products of a
harmful corrosion process. At present the oxides have
also found numerous practical applications and the in-
vestigation of oxidation processes is of utmost impor-
tance. One of promising methods to investigate oxi-
dation and to obtain new results is the iron and steel
interaction with laser radiation in air. Mdssbauer spec-
troscopy can provide useful information at an atomic
level. Nowadays non-traditional methods of producing
iron compounds are employed. These are the laser syn-
thesis from the mixture of various elements, the syn-
thesis of nanoparticles from plasma and solid-state re-
actions in ball mills [2-4]. These synthesis routes are
closely related to oxidation processes. The production
of magnetic nanocrystalline particles is widely investi-
gated at present [5,6]. It has been demonstrated that
material synthesis and its modification using laser radi-
ation offer some advantages [7, 8].

The main objective of the present work is to study
iron oxidation in the air flux employing laser pulses of
medium (milliseconds) duration.
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2. Experimental procedure

Samples for investigation were prepared using low
carbon (0.01-0.02 at. %) 0.3 mm-thick steel ribbon,
chemically pure iron powder, and furnace-fired clay.
The steel ribbon was cut in a manner schematically
shown in Fig. 1(a). The original material was processed
with 2 ms Nd: YAG laser pulses having 150 Hz fre-
quency and the overall power of up to 200 W. The radia-
tion was focused onto a 0.3 mm diameter area. The sam-
ple was moving at a 0.4 m/min speed with reference
to the laser beam, the absorbed power density reached
(3-9)-10* kW/mQ, and 14 atm. pressure air flux was
blown. A special nozzle controlled the air flux focus-
ing. The air flux carries off the metal melt from the
cutting slit and optimizes the cutting rate and energy.
Aluminium foil substrates collecting the material un-
der investigation are placed under the cutting slit at a
10-100 mm distance. The oxidation conditions were
controlled by varying the slit—substrate distance.

The pure a-Fe powder (Fig. 1(b)) was placed onto
a massive (100x100x 10 mm?) copper substrate. The
iron powder size was 1-2 um, the coating thickness
reached 0.1 mm. The 12 cm? area covered with powder
was irradiated with the scanning laser beam by virtue of
a mobile table with a copper substrate. For all samples
the scanning rates were the same, but the samples were
collected at different sites. The temperature calculation
on the ribbon surface and in deeper layers (Fig. 2) was
carried out according to the method presented in [9].
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(b)

Fig. 1. The scheme of generation of samples: (a) the cutting of

an iron ribbon, (b) laser treatment of fired clay and iron powder. /

marks laser radiation, 2 objective, 3 nozzle, 4 ribbon, 5, ..., 9 are

the sample collection sites (Al foils), /0 is fired clay or iron powder,
11 is the copper substrate.

The clay was fired in a furnace in air at 1300 K for 2
hours. The laser irradiation scheme of a 30 x40 x 5 mm?
fired clay slab is presented in Fig. 1(b). The clay sam-
ples for Mossbauer studies were prepared by scrap-
ing off the surface layer. The sample thickness was
60 mg/cm? according to the total clay mass.

The phase composition of corrosion products was de-
termined from the Mdossbauer spectroscopy data. The
Mossbauer spectra were recorded at room temperature
in the transmission geometry using a constant accelera-
tion spectrometer with a 5”Co-Rh source. The sample
surface layers were studied by recording the Mossbauer
conversion electron spectra (CEMS).
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Fig. 2. Temperature modelling data when the Fe powder is affected

by laser irradiation. The thermal conductivity of contact between

the sample and copper substrate: (1) h. = 0 kW/mQ, 2) he =

2 kW/m?. The solid line denotes temperature of the surface, while
the dashed one marks that at 0.1 mm depth.

3. X-ray studies

The Mossbauer effect-based phase analysis showed
the existence of iron oxides. In laser-treated samples
their content reached tens of percent. Seeking to bet-
ter evaluate the peculiarities of the sample structure
dispersion, we performed an additional structure-phase
analysis using X-ray diffraction. The X-ray diffrac-
tion studies were accomplished using Cu K, radia-
tion. Diffractograms of samples of the original iron
and laser-treated samples are presented in Fig. 3(a, b).
A more pronounced peak is observed at 20 ~ 44°.
The most intense peaks of y-Fe, a-Fe and less intense
peaks of oxides FeO, Fe30, are usually also found in
this angle region. Therefore, this reflection can be a
sum of broadened peaks of various phases. Compar-
ing diffractograms of original and laser-treated iron,
one can see that the 44° angle reflection is excessively
broadened and that of ~65° is practically at the back-
ground level. The possible positions of iron oxide re-
flections are marked in Fig. 3(b), but there one can see
only statistical irregularities at the background level.
The X-ray diffraction spectrum indicates a rather defec-
tive small-grained structure of laser-treated iron. The
size of formed grains is limited by the growth rate of
generated crystallization centres under cooling condi-
tions. The cooling of samples for 1-2 ms determines
not only the grain size but also defectiveness of the grain
structure. Usually, oxides are initiated on the grain sur-
face in the form of nanocrystalline deposits. These are
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Fig. 3. X-ray diffraction patterns: (a) original iron ribbon, (b) laser-
treated iron. H for hematite, M for magnetite, W for wiistite.
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Fig. 4. Room temperature Mossbauer spectra recorded in trans-

mission geometry of (a) original iron ribbon sample and (b) laser-

treated sample with small amounts of magnetic oxides; (c) shows
spectra of samples with large amount of magnetic oxides.

not observed in X-ray diffractograms when their sizes
do not exceed several tens of nanometres.

4. Mossbauer results and discussion

Despite different iron oxidation states, the clear-cut
structure resemblance is characteristic of all oxides.
The composition of three principal iron oxides differs
from the stoichiometric composition and in the ideal
case they should be FeO, Fe3Oy4, and FeoO3. The crys-
talline FeO can be obtained at sufficiently high temper-
atures and its fixation can be accomplished by a rapid
cooling of the sample to lower temperatures. FeO is un-
stable and decomposes to Fe and Fe30,. If it is cooled
slowly from high temperatures, the FeO decomposition

occurs yielding Fe and FezO4. The typical deviation
of oxides from stoichiometry is to some extent asso-
ciated with the internal similarity of their structures.
All structures (except a-FeoOs) can be modelled start-
ing from the cubic densely packed structural elements
of oxygen ions and properly distributing Fe?* and/or
Fe3™ ions between tetrahedral (A sites) and octahedral
(B sites) interstitial sites. When all octahedral B sites
are filled with Fe?T ions, the ideal structure of FeO is
created. If part of Fe?T are replaced by Fe3™ ions, the
standard defective structure of a divalent iron Fe_,O is
created (where x is about 0.05 [10]). When the replace-
ment covers two thirds of all atoms and half of them
occupy tetrahedral A sites, FesQy is created. When the
remaining Fe?™ ions are replaced by Fe3* ions, one gets
maghemite -FeoOs3. It should be noted that each oxide
upon redistribution of ion occupancies between tetra-
and octahedral sites approaches the structure of one or
two other oxides. This is a very easy transition and also
the reason for the complexity of the FeO system.

The Mossbauer spectra of samples produced during
cutting are presented in Fig. 4. According to the phase
diagram of the FeO system, hematite a-FeoOg3 as well
as magnetite Fe3O,4 and wiistite FeO can form at high
temperatures. During laser irradiation a temperature
far above the melting point is achieved (Fig. 2). The
interaction of melt with atmosphere determines initial
degree of oxidation which can increase when erosion
products cool down and are brought by air flow to the
site where they are collected. However, the rapid cool-
ing can reduce the changes caused by oxidation. The
cooling proceeds at a finite rate (103-10% K /s) and the
oxidation and phase fall-out proceed within the range
defined by diffusive mobility of sample chemical ele-
ments. At rapid cooling down to 7" < 800 K, the diffu-
sion slows down so that it is possible to sustain the com-
position and the crystalline structure. Our studied ox-
ides may be metastable at room temperature since their
origin is related to the rapid cooling of high-temperature
phases. Table 1 shows the phase analysis data of Moss-
bauer spectra.

The Mossbauer spectrum of the initial sample
(Fig. 4(a)) did not differ from that of -Fe. The sin-
glet, doublet, and ferromagnetic sextets are observed in
the Mossbauer spectrum of laser-treated iron samples
(Fig. 4(b, c¢)). The singlet in the spectra according to the
isomeric shift is related to the Fe;_, O phase. Usually,
Fe;_, O obtained by various methods has structures of
different defectiveness [11,12]. This causes the line
broadening as well as some dispersion of the isomeric
shift (IS) and quadrupole splitting (AQ). Doublet is
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also assigned to wiistite FeO. The parameter dispersion
in spectra is related to different conditions of FeO for-
mation in separate samples as well as to wiistite struc-
tures with different defectiveness. One of the mag-
netic subspectra corresponded to the a-Fe sextet with a
nearly natural line width and hyperfine magnetic field
B ~ 33.1 T (Fig. 4(b)). Other two (A, B sublat-
tice) subspectra with fields of 49.3 and 46.6 T are as-
signed to sublattices of magnetite Fe3O,4. In our case
the sublattice occupancy ratio A/B was 1.4 instead of
the expected value of 0.5, implying the structure non-
stoichiometry or the presence of maghemite y-FeoOs.
The magnetic field on Fe3* ion nuclei at site A of mag-
netite is 49.6 T and for ~-Fe,Og3 it is 49.8 T. It is
very difficult to separate them in the Mossbauer spec-
tra. Fe3O, transforms into v-FeoO3 when there are no
Fe?* ions in sublattice B. Its spinel-type chemical com-
position is (Fe)[Fe; g67 Uo.333]04, where [ stands for
vacancy. A small amount of oxides in some samples
may be related to the very high temperature of a ribbon
where all possible oxides are destroyed while melting
and forming Fe-O liquid. Obviously the oxidation is
expected to be most intensive at the surface. Therefore,
the oxidation degree should depend on the size of ero-
sion products which are blown from the cutting slit. We
suppose that the formation of oxides from the melt takes
only a very short time during cooling [11, 13]. To check
the assumptions of transformation of magnetic oxides
at different conditions, the control test was carried out
using clay.

Under stationary conditions the clay was fired in air
for 2 hours at 1300 K. About 90% of iron was found
in various oxides according to the spectrum of the fired
clay (Fig. 5(a)). In a-FeoOs3 there was 25% of iron, in
~v-FeoO3 5% of iron, in Fe3O4 21% , in binary phase
FeAlyO4 3%, in triple phase (Mg, Al)FeoO4 33%, as
well as in paramagnetic phases 13%. The structure of
spectra is very complex since clay is composed of multi-
structured compounds of various chemical elements.
Iron is not the main element in clay, most often it is
a substitution admixture. About 87% of iron in clay is
in the form of magnetic oxide phases. The paramag-
netic phase can be described by two doublets, one of
which corresponds to FeAlO3 (IS = 0.36 mm/s, AQ =
0.85 mm/s), the second one, according to its parameters
IS = 0.45 mm/s and AQ = 1.46 mm/s, is assignable
to Fe?* ions in dehydrated defective octahedral envi-
ronment with five neighbours instead of six [13].

The same clay sample was laser-treated. After laser
treatment, the relative area of paramagnetic lines in-
creased by a factor of 12 (Fig. 5). Fe?* ion phase fay-
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Fig. 5. Mossbauer spectra of fired clay (1300 K, 2 h) after (a) firing
and (b) laser treatment.
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Fig. 6. (a) Mossbauer spectra of sample Fe-9 recorded in transmis-
sion geometry, (b) CEMS spectrum.
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Fig. 7. (a) Room temperature Mossbauer spectrum of the oxidized
iron (2 h, 1300 K), (b) the spectrum of the same sample in the mag-
netic field (0.4 T).
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Table 1. The phase distribution of iron in the
samples obtained by laser cutting of ribbon (%).
There remain free iron a-Fe, wiistite FeO, mag-
netite FesO4. C marks conversion electron Moss-

bauer spectra (CEMS).

Samples «-Fe FeO FesO4
Fe-1 66 26 8
Fe-2 60 27 13
Fe-3 67 24 9
Fe-4 70 23 7
Fe-5 67 23 10
Fe-6 59 28 13
Fe-7 38 37 25
Fe-8 40 31 29
Fe-9 61 34 5
Fe-8C 20 50 30
Fe-9C 15 60 25

Fe-0* 100 - -

* original sample is pure a-Fe.

alite, olivines, ferrigelenites, pyroxenes are formed in
the laser-treated clay. Most of them are strongly de-
formed structures. Magnetic phases in spectra practi-
cally disappeared. Due to radiation pulse absorption in
a poor heat conductor, temperature-induced changes of
the sample structure occur.

Table 1 illustrates the changes of the phase composi-
tion of the samples obtained cutting the iron ribbon with
the laser. The amount of iron in oxides varies from 30
to 60%. Figure 4(c) shows the spectrum of the sam-
ple containing a large amount of magnetic oxides. In
the first six samples the FeO amount changes insignif-
icantly, the same can be said of FezO4. For other sam-
ples the amount of free iron drops down, which implies
that more iron is present in oxides. The recorded CEMS
spectra of Fe-8C and Fe-9C show that the particle sur-
face is much oxidized (Table 1). These samples have
more of the residual wiistite and this could mean that
the surface cools more steeply than the bulk specimen.

Altering the radiation energy, the air flux velocity,
and the distance to the deposition site, the amount of
unreacted iron changes from 30 to 60% while iron in
Fe30, increases up to 29%. The material particles are
carried off from the cutting site by an air flux and their
travel time to the collection site is determined by the
air flux velocity. The air flux velocity and the vortex
shape have been calculated using appropriate mathe-
matical expressions [14].

When the sample surface undergoes cooling and
lower temperatures are reached, FeO becomes unstable
and can decompose into Fe and Fe30,4. Transmission
geometry measurements of sample Fe-9 (Fig. 6(a)) gave
34% of iron in FeO, 61% of free iron, and 5% of iron in

Fe304. At the surface layer of the same sample, the
CEMS spectrum (Fig. 6(b)) gives 15% of free iron and
25% of iron in Fe30,4, with the increase in the amount
of iron in FeO up to 60%. Let us compare the phase
composition at the particle surface (60 nm) and in the
whole volume. The surface of sample Fe-9 contained
about 2 times less free iron, the amount of Fe3O,4 did
not increase significantly though the sublattice occu-
pancy ratio A /B in the Fe-9 sample changed from 0.56
in bulk to 0.93 at the surface. The change in sublattice
occupancy shows that a significant amount of y-FeoO3
oxide is at the sample surface. In general, the amount
of paramagnetic phase FeO at the surface of samples is
1.5-2 times larger as compared to the bulk (Table 1).

We come to the conclusion that at high temperatures
during the laser treatment first of all the Fe—O melt is
formed at the surface during the iron oxidation, which
can decompose to a-Fe and Fe3O4 phases and the resid-
ual wiistite on cooling. The amount of decomposition
products (a-Fe and Fe3sOy4) depends upon the cooling
rate from high temperatures. The sextet corresponded
to parameters of a-Fe. The magnetic field at the Fe nu-
cleus was about 33 T, the isomeric shift in reference to
iron and the quadrupole splitting was about 0 mm/s.
All these parameters imply that we have the impurity-
free iron and its lattice is not deformed. The singlet and
two doublets correspond to the FeO phase, the sextets
correspond to ferrite Fe3Oy, but the traces of a-FeoO3
phase have not been observed.

For comparison the iron powder was treated under
the same conditions as during the ribbon cutting. A
good thermal contact between a massive copper sub-
strate and powder secured a sufficiently rapid cooling of
the sample down to room temperature (Fig. 2). 44% of
iron in massive magnetite, 24% of free iron, and about
12% of iron in finely dispersed superparamagnetic parti-
cles have been found by Mossbauer spectroscopy in the
synthesized sample (Fig. 7(a)). In addition, a subspec-
trum with a magnetic field of 43.4 T and having a rel-
atively high intensity (20% of iron) has been observed,
which cannot be assigned to any bulk iron oxide. How-
ever, this field can be assigned to the subspectrum of
17 nm-sized Fes Oy, particles according to the collective
excitation model accounting for the magnetic field re-
duction in small particles. In order to experimentally
check the suggested assumptions, we recorded Moss-
bauer spectra using the external magnetic field (0.4 T)
(Fig. 7(b)). The 43.4 T subspectrum area decreased 4—
5 times in the new spectrum since the field increased
the barrier energy of collective excitement in particles



226 A. Amulevicius et al. / Lithuanian J. Phys. 49, 221-227 (2009)

and thereby increased the relaxation time of the particle
magnetic moment.

The ratio of the magnetite subspectra areas (A and B)
should be about 0.5, however, in our sample it is 0.65
and rises up to unity when the sample is placed in an
external 0.4 T magnetic field. The relative area of sub-
spectrum of sublattice A increases when the magnetic
field is applied and contains the area of supermagnetic
particles composed most of maghemite v-FeoO3. The
subspectra Fe3O4 and v-Fe,Oj3 are difficult to discern
in the Mossbauer spectra. Here we are dealing with
deposits of finely dispersed 17 nm-sized y-FeoO3 par-
ticles that take on a more regular magnetic structure
in the external magnetic field. The relaxation time of
particle magnetic moments gets longer and hyperfine
fields at ®"Fe nuclei in Fes0,4 of the sublattice A and
the y-FeoOg3 particles become equal. Both subspectra
are experimentally undiscernible. The presence of ox-
ides Fe3O4 and y-Fe2 O3 can be determined only by the
alteration of the A/B ratio due to y-Fe,Os.

In our experiments, the laser energy density was
of little importance. The oxide formation recorded in
Mossbauer spectra is rigidly linked with the melt trans-
fer from the cutting slit to the deposition site on the Al
foil as well as with the cooling rate after deposition.
Oxides are formed at various temperatures. They are
the decomposition products or transient compounds in
a sequence of physical transitions. Optimal conditions
for the oxide formation are short-lived. For compari-
son we shall use our experimental data obtained under
stationary oxidation conditions. The firing was carried
out in a furnace in air. The iron powder layer was of the
same thickness as in experiments with laser treatment.
At 900 K about 20% of Fe was oxidized for 2 hours.
Half of the oxidized phase was a-FeoOs, the remaining
half was v-FeoOj3 or related to FesO4. At firing tem-
perature of 1100 K, the oxide amount rises to 25-30 %,
although the ratio of oxide phase amounts remains the
same. At 1300 K, almost all iron was oxidized in one
hour, the paramagnetic phases made up only about 10%
of the Mossbauer spectrum area.

This rather superficial comparison obviously demon-
strates principal differences between traditional and
laser-induced oxidation ways. In the case of laser-
induced oxidation, the spectrum structure and the phase
composition are more complex, the finely dispersed and
paramagnetic phases are present.

5. Conclusions

The amount of oxidized iron in laser treated samples
varies from 30 to 60% depending upon the environmen-
tal conditions of the melt removal for the laser cutting
of the ribbon. In the first oxidation stage, the FeO-
wiistite phase has been formed which later partially de-
composes into a-Fe and Fe30,4 phases. The amount
of iron in wiistite varies within 23-37% and is approxi-
mately twice higher at the surface as obtained according
to the conversion electron spectra. At the surface the
composition of magnetite is more nonstoichiometric or
the surface contains more maghemite. The changes in
iron oxidation by applying laser irradiation for cutting
of the ribbon were compared with those when the laser
was applied under the same conditions for the treatment
of clay or iron powder. The high temperature over a
short time interval is characteristic of laser treatment as
compared to furnace treatment. These experiments also
show that environmental conditions during cooling are
also very important.
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GELEZIES OKSIDACIJA VEIKIANT LAZERIO SPINDULIUOTE

(A. Amulevicius|, D. Baltroinas, A. Daugvila, R. Davidonis, K. MaZeika, V. Remeikis, C. Sipavicius, A. Undzénas

Fizikos institutas, Vilnius, Lietuva

Santrauka

Ivertinta geleZies daleliy, atsirandanciy lazerinio pjovimo metu,
oksidacija oro sraute. Nustatyta, kad priklausomai nuo pjovimo sa-
lyguy ir pjovimo produkty surinkimo vietos oksiduojasi 30-60% ge-
lezies. lvairiy geleZies oksidy susidarymui gali bati reikSmingas
pradzioje susiformavusio FeO dalinis skilimas i a-Fe ir Fe3O4 fa-
zes. 23-37% visos geleZies sudaré geleZis FeO fazéje. Mesbau-
erio sugerties ir konversijos elektrony spektry palyginimas rodo,
kad Sio oksido gali buti dvigubai daugiau daleliy pavirSiuje. Kon-

versijos elektrony spektrai taip pat rodo, kad pavirSiuje magneti-
tas FesO4 maziau stechiometriSkas. Gelezies oksidy susidarymas
lazeriu pjaunant geleZies juosta buvo palygintas su geleZies oksi-
dacija arba jos pokyciais veikiant lazerio spinduliu geleZies milte-
liy ir molio bandinius. [vairiy geleZies oksidy susidarymo skirtu-
mus esant kitokioms temperattiros salygoms — kaitinant krosnyje ar
pjaunant impulsiniu lazeriu, i§laikant aukStesn¢ temperatiirg trum-
piau (2 ms), — gali nulemti skirtingos oksidacijos produkty vésimo
salygos.



