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Samples obtained by nitriding of promoted nanocrystalline iron and the nitrides reduction at various nitriding poten-
tial in terms of thermodynamic parameters were investigated by electron paramagnetic resonance/ferromagnetic resonance
(EPR/FMR) method at room temperature. Experimental FMR spectra were fitted by the Dysonian-type resonance lines arising
from the presence of different Fe—N phases. The obtained FMR parameters allowed us to identify the component phases and
to determine their magnetic properties. In general, the proposed simple method of decomposition of the FMR spectra produced
results on the phase content in investigated samples that were consistent with XRD measurements and additionally, magnetic

characteristics of the studied nanomagnets.
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1. Introduction

Nitriding technique is one of the most impor-
tant surface-modification techniques used for solid
materials. Nitriding reaction is of great industrial
interest due to its influence on the surface hard-
ness as well as wear and abrasive resistance of
the nitrided surface [1-10]. Nitriding technology
has been widely used also in improving material
fatigue life, corrosion resistance and resistance of
surface to softening effect. The behavior and prop-
erties of nitrogen in metals has been investigated
extensively by several scientific groups because of
its relevance, for instance, in catalysis processes.

The nitriding process as well as nitrides reduc-
tion process were investigated in our group by mak-
ing use of a differential tubular reactor equipped
with thermogravimetric measurements. Details of
the processes have been presented in the litera-
ture [11-13]. During nitriding process a chain of
reactions occurs: nitriding reaction, penetration of
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the chemisorbed atomic nitrogen to the bulk of the
lattice of iron (x-Fe(N)), phase transition to iron
nitride y’-Fe4_«N and next, to ¢-FexN when a crit-
ical bulk concentration of nitrogen is reached. Dur-
ing nitrides reduction the surface reaction of cat-
alytic ammonia decomposition takes place. There
are a lot of various phases present in the Fe-N
system and their crystal structures and magnetic
properties change with nitrogen concentration [14—
16]. It is known that nitrogen-poor phases, such as
v'-FesN, e-Fey 3N, o -FegN and o’-FegN,, are
ferromagnetic stoichiometric compounds. On the
other hand, the e-FexN (2 < x < 2.3) phase is para-
magnetic at room temperature (RT) and ferromag-
netic below RT, and its Curie temperature decreases
when the iron content x decreases.

Recently, we have investigated methane decom-
position on nanocrystalline iron, promoted with
small amounts of calcium, aluminum and potas-
sium oxides [17]. Ferromagnetic resonance (FMR)
spectra of Fe;C and «-Fe nanoparticles have been
recorded at room temperature in the samples sub-
jected to different carburization levels. They have
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been analyzed in terms of four components of
Callen lineshape and revealed anisotropic magnetic
interaction in two types of nanoparticles. It was de-
termined that the magnetocrystalline anisotropy is
the main contributor to the observed anisotropy,
the shape anisotropy being of secondary impor-
tance. Magnetic nanoparticle agglomerates of iron
and iron carbide located in a non-magnetic ma-
trix have been already intensively studied by using
FMR method [17-24].

Most of previous studies gave comprehensive
knowledge about the behavior of nitrogen in bulk
or coarse-grained iron. However, details on nitrid-
ing of nanocrystalline iron are presently poorly
known, thus, it is required to explain the sub-
stance of this method. The aim of this study was
to determine the phase content of samples ob-
tained at different stages of nitriding process and
nitrides reduction of nanocrystalline iron, using
only FMR/EPR spectra of these samples registered
at RT. The obtained results were compared and dis-
cussed with previously carried out XRD measure-
ments on these samples. Moreover, some magnetic
characteristics of these phases revealed in the stud-
ied samples were determined.

2. Experimental

Recrystallization of nanocrystalline iron occurs
at temperatures higher than 300 °C, thus, the mate-
rial is promoted with aluminum and calcium oxides
to prevent that undesirable effect. A mixture con-
taining magnetite and small amounts of aluminum
and calcium oxides as well as iron as reductor was
fused at 1600 °C. After melting and cooling, the
prepared frozen lava was crumbled (grains size of
1.0 to 1.2 mm) and reduced polithermally by hy-
drogen. The obtained sample contained only one
crystallographic phase — magnetite — the promo-
tors exhibited amorphous phases. As a result of
the reduction, iron with nanocrystalline structure
was produced. Detailed chemical composition of
the prepared sample was described in the litera-
ture [25, 26]. The nanocrystalline samples were py-
rophoric, thus, the material had to be passivated to
form a passive layer of iron oxide on the grain sur-
face to prevent oxidation. Chemical composition

of the studied materials was determined by induc-
tively coupled plasma method (ICP — using OES
Perkin Elmer spectrometer, type Optima 5300DV).
Apart from metallic iron, the samples contained the
following oxides: 3.3 wt.% Al,O3, 2.8 wt.%, CaO
0.65 wt.% K,O. It was found that the catalyst struc-
ture depends on temperature but after stabilization
in a given temperature the surface is stable and re-
mains unchanged during the process of nitriding-
reduction cycles. Aluminum, calcium and potas-
sium oxides occupy inter-granular spaces that stay
unchanged. Fig. 1 shows SEM images and element
mapping of distribution of elements on the surface
of a studied sample after the reduction process. In
the images with 100 pm scale it can be seen that the
promoters distribution in the sample after reduction
process has much in common with that sample be-
fore reduction process. In turn, in the image with
1 wm scale (Fig. 1, left lower row) we can observe
single x-iron crystallites. The value of specific sur-
face area — 12 m?/g — was determined by means
of thermal desorption method (AutoChem II 2920
apparatus by Micromeritics Company). XRD stud-
ies were carried out on the Phillips X’Pert PRO
diffractometer (X-ray diffraction apparatus with
cooper lamp). Powder diffractograms for the mate-
rials with different nitriding levels obtained during
nitriding of nanocrystalline iron were already pre-
sented in a recent paper [27]. An average size of
iron nanocrystallites was determined by Scherrer’s
method and it was below 60 nm. Crystallites size
distribution was calculated by a new method, appli-
cable to systems, where chemical reaction between
the solid and the gas phase occurs [28, 29]. The size
distribution of nanoparticles was very similar in all
studied samples. The obtained nanoparticles were
strongly agglomerated.

The nitriding process and the nitrides reduc-
tion process were investigated at the temperature of
400 °C under atmospheric pressure. In the gas ni-
triding process, the nitriding potential is used to de-
scribe nitridability of nitriding atmosphere which
contains ammonia. The nitriding potential is de-

fined as p = P I}H/{j , where pnn, and py, are the par-

PH,
tial pressures of the ammonia and hydrogen gases,

respectively. In the nitriding process the nitriding




8 JANUSZ TYPEK et al.

Fig. 1. SEM images and mapping of elements distribu-
tion on the surface of studied sample after the
reduction process.

potential was increasing. The inlet ratio of am-
monia to hydrogen (;;Hst € (e0+0)) was changed
when the stationary state was achieved. In that
particular state only catalytic ammonia decompo-
sition reaction was running. After several hours,
the mass of solid sample did not change, there-
fore, it allowed reaching an equilibrium between
the gas and solid phases. Gas mixture composi-
tion was changing but the total gas load was con-
stant (0.0025 m3-s~!-kg™!). The values of partial
pressure of gas reactants were determined on the
basis of the results of hydrogen content measure-
ments as well as the material balance of the reac-
tor. The studies of the reduction process of nitrides
started up when the maximum nitriding degree of
the solid sample was achieved (100 % NH3 in the
reactor). Decrease of nitriding potential was ob-
tained by changing the gas phase composition until
pure hydrogen was introduced to the reactor. Dur-
ing the reduction process, stationary states exist,
as well. The relation between nitriding degree of
a solid sample and the nitriding potential exists in
the stationary states during both processes. Differ-
ent compositions of solid samples at given nitriding
potential can be achieved, in respect to the studied
processes: nitriding of iron or nitrides reduction.

FMR measurements were carried out using
Bruker E 500 spectrometer working in the X-band
(v = 9.45 GHz) at 100 kHz magnetic field modu-
lation. The six investigated samples, designated as
samples 1 to 6, were taken from different stages of
the nitriding and nitride reduction. The FMR study
was performed at room temperature.

3. Results and discussions

XRD patterns for a few investigated samples
and a reference sample (before nitriding, desig-
nated as 0) are shown in Fig. 2. On the basis of
XRD studies it is seen that the areas, where phase
composition of solid samples was changing during
nitriding and reduction processes were obtained. It
can be observed that during the nitriding process
the areas of various phases coexist in a wide range
of nitriding potential. During the first phase of ni-
triding the observed nitriding level is relatively low,
less than 0.015 moln/molg,, which corresponds to
the nitrogen dissolving and ammonia adsorption on
the surface of the iron, i.e. creation of solid solution
of nitrogen in the iron (x-Fe(N)). This is followed
by formation of a new phase, thus, two phases
exist simultaneously in the sample: o-Fe(N) and
v'-FexN. At the further nitriding stage only one
phase exists: yY'-Feq_xN, where x decreases with
the increase of the nitriding potential. After that,
continuation of saturating of the nitride by nitro-
gen causes two phases to exist simultaneously:
vY'-Fes_xN and e-FexN. It is followed by continu-
ous saturating of the e-FexN by nitrogen.

Intensity

30 40 50 60 70 80 90 100 110 120
Angle 2@ [degree]

Fig. 2. XRD patterns of investigated samples (1, 2, 3, 5,
6, designation as in Fig. 3) and reference sample
0 (not subjected to nitriding).

Fig. 3 shows the dependence of nitrogen to
o-iron ratio on logarithm of nitriding poten-
tial. During nitriding of nanocrystalline iron and
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reduction of nanocrystalline nitrides as a function
of potential, the hysteresis loop is observed.
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Fig. 3. The dependence of nitriding degree on logarithm
of nitriding potential for the iron nitriding (solid
line) and iron nitrides reduction (dashed line).
Phase composition obtained from XRD mea-
surements is indicated on both vertical axes.

The registered magnetic resonance spectra of
six studied samples (Fig. 4) were classified as EPR
(sample 3) and FMR (samples 1, 2, 4 to 6) spectra.
The EPR spectrum of paramagnetic e-FexN phase
(at room temperature) is very weak in compari-
son with FMR spectra of ferromagnetic «-Fe(N)
and y'-Fe4_xN phases. Thus, the paramagnetic res-
onance line of e-FexN phase can only be seen
in sample 3 in which, according to XRD mea-
surements, ferromagnetic «-Fe(N) and y'-Feq xN
phases were absent. In the other samples strong
ferromagnetic resonance line masked much weaker
paramagnetic signal from e-FexN phase, even if
that phase was detected by XRD (samples 2, 4
and 5).

EPR spectrum of sample 3 was fitted by two
lines of Lorentzian lineshape. The expression for
the Lorentzian lineshape (in absorption mode) as a
function of the magnetic field is:

P max
H—Hy \?2
1+ (5521)
where Py, is the maximum power absorbed at res-
onance, Hy is the resonance field and AH is the
full width at half-maximum of the resonance line.

)

PLor:

dy"/dH [Arb. units]

Magnetic field H [kG]

Fig. 4. Experimental (symbols) and fitted (solid line)
magnetic resonance spectra of samples 1 to 6.

These two lines represent parallel and perpendicu-
lar magnetic components of the anisotropy field of
e-FexN phase.

In the analysis of FMR spectra of other ferro-
magnetic samples it was assumed that assembling
of nanoparticles along randomly distributed uniax-
ial anisotropy axes occurred. In that case, for dif-
ferent orientations of nanoparticle anisotropy axis
with respect to an external static magnetic field di-
rection, the observed FMR resonance line is shifted
to lower or higher fields depending on that orienta-
tion. For the nanoparticle anisotropy axis in the di-
rection of static field (parallel orientation), the posi-
tion of FMR lines shifts to smaller fields, while for
anisotropy axis perpendicular to external magnetic
field (perpendicular orientation) it shifts to higher
fields [30]. Thus, the observed resonance line for
an ensemble of nanoparticles with randomly dis-
tributed orientations of the anisotropy axis is a su-
perposition of such shifted absorption curves. To
simplify the analysis we have made a crude approx-
imation of such complex FMR line as a superpo-
sition of only two components attributed to paral-
lel and perpendicular orientations of nanoparticle
anisotropy axes in respect to external static field.

FMR spectra of samples 1, 2, 4, 5, and 6 were
fitted by four lines of Dysonian lineshape each. Fe-
her and Kip [31] analyzed the shape of the res-
onance line using Dyson theory and applied it in
case of low conductivity samples with a skin layer
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compared to the layer thickness. The following ex-
pression for the Dysonian line has been used [32]:

P
PDys == (1

H —H,
> > (2)

" 0.5-AH

Attempts to fit the FMR spectra with Callen line-
shape components were unsuccessful because the
obtained values of spectral parameters were un-
realistic (resonance fields and linewidths greater
than 20 kG). The reason for much better fit by
Dysonian lines in comparison to Callen lines in
case of our current samples (as opposed to previ-
ous samples obtained by methane decomposition
on nanocrystalline iron) could be explained by their
higher electrical conductivity. FMR spectrum of
each sample was successfully fitted with four com-
ponent lines of Dysonian lineshape (Fig. 4). An at-
tempt to fit it with smaller number of components
was unsatisfactory. These lines were ascribed to the
presence of two different phases in the ferromag-
netic samples: (x-Fe(N) and y'-Fe4_,N). Two lines
were attributed to each phase: these lines arose due
to magnetic anisotropy, therefore, they are paral-
lel and perpendicular components of the anisotropy
field.

The parameters in Table 1 were calculated by
the least-square fitting of the sum of four/two
Dysonian/Lorentzian components to the experi-
mental FMR/EPR spectra. To make the obtained
values more comprehensive, graphical presenta-
tion of two spectral parameters (resonance field,
linewidth) for each component in all investigated
samples is presented in Fig. 5. Each rectangle in
that figure collects components arising from the
same phase. The difference of the resonance fields
of both components (one in high Hy, (perpendicular
orientation) and the other in low field Hy (paral-
lel orientation)) arising from the same phase could
be correlated with the effective uniaxial anisotropy
field H, of that phase by using the relation [33]:

2
H, = 7 (Hy—Hy)

3 3)

where Hy, and Hy, are the of high and low resonance
fields arising from a particular phase. Calculated
values of H, for different phases in all investigated

samples are presented in Table 2. It can be seen that
magnetic anisotropy of «-Fe(N) phase is roughly
three times bigger than y’-Fe4 4N phase. This is
reasonable as the magnetism of the former phase
must be stronger than that of the last phase due to
higher concentration of magnetic iron ions.
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Resonance field [kG]
Fig. 5. Graphical presentation of two spectral parame-

ters (resonance field, linewidth) for each com-
ponent in all investigated samples. Each rectan-
gle collects components arising from the same
phase.

In Table 2 the relative integrated intensity ra-
tio of a-Fe(N)/y'-Feq «xN phases calculated from
FMR spectra is also shown. The integrated inten-
sity of a particular phase is calculated as the sum
of two similar terms (as there are two compo-
nents for each phase): each term is a product of
a signal amplitude and a square of the linewidth,
I = A-AH?. It is supposed that the integrated inten-
sity is proportional to the concentration of a partic-
ular phase. From the obtained numbers it could be
judged that during the nitride reduction process the
amount of «-Fe(N) phase relative to the y'-Feq N
phase is smaller than during the nitriding process.
Thus, the FMR/EPR measurements are in general
in agreement with XRD results, although the rela-
tive amounts of detected phases might differ.

4. Conclusions

When the paramagnetic and ferromagnetic
phases are present in a sample only lines from
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Table 1.

Values of the FMR/EPR parameters (A; — amplitude, Hy; — resonance field, AH; — linewidth) for four
components (two in case of sample 3) of the observed spectra. Each component has been attributed to
a specific phase detected in XRD measurements. In each case (except for sample 3 with Lorentzian
lineshape) the Dysonian lineshape of a particular component was assumed. Subscripts L and h stand for
low and high field components of a specific phase, respectively.

Sample Parameter
A Ho AH, Ay Ho> AHp, Az Hos AHg; Ay Hoq Hoq
[au.] [G] [G]  [au] [G] [G]  [au] [G] [G]  [au] [G] [G]

8.8(1) 285(5) 3840(9) 1.1(1) 4225(5) 2600(5) 6.7(1) 1890(5) 4390(5) 2.7(1) 3250(5) 3270(5)

(x-Fe(N))L (ox-Fe(N))n (v'-Fes_xN)L (v'-Fes_xN)n
) 6.9(1) 260(5) 3900(5) 1.4(1) 4560(5) 3045(5) 6.1(1) 1920(5) 4540(5) 3.2(1) 3410(5) 3710(5)
(x-Fe(N))L (x-Fe(N))n (v'-Fes_xN)L (v'- Feq_xN)p
3 30(1) 3340(5) 320(5) 1.7(1) 2910(5) 1960(5) - - - - - -
(e-FexN)p (e-FexN)L - -
4 7.1(1) 155(5) 4665(5) 1.9(1) 5260(5) 3680(5) 6.5(1) 2210(5) 5185(5) 4.1(5) 3890(5) 4370(5)
(x-Fe(N))L (x-Fe(N))n (v'-Fes_xN)L (v'- Fea_xN)p
5 2.2(1) 4770(5) 4195(5) 6.0(1) 3370(5) 5015(5) 11.2(1) 1385(5) 6490(5) 1.8(1) ~0(20) 2135(5)
(x-FeN))n (v'-Fe4—xN)n (v'-Fes_xN)L (x-Fe(N))L
6 5.2(1) 3355(5) 6180(5) 2.2(1) 5300(5) 5475(5) 7.8(1) 1090(5) 5690(5) 2.7(1) 45(5) 3000(5)
(v'-Fes—xN)p (ox-Fe(N))n (v'-Feq_xN)L (x-Fe(N))L
Table 2. Values of the effective uniaxial anisotropy field of different phases in investigated samples and relative

integrated intensity ratio of «-Fe(N)/y’-Fe4_xN phases calculated from FMR spectra.

Sample
1 2 3 4 5 6
Effective uniaxial Phase
anisotropy field a—Fe(N) 2630(8) 2860(8) - 3401(7) 3182(8) 3506(8)
H, [G] v'-Fey_xN 905(5) 995(5) - 1123(5) 1324(6) 1512(6)

Relative integrated intensity ratio of «—Fe(N)/y’-Fes_xN 0.86(2) 0.70(2) -

phases from FMR spectra

0.71(2) 0.08(1) 0.20(2)

the ferromagnetic phases are observed in the mag-
netic resonance spectra. For conducting samples
the use of Dysonian lineshape is more appropri-
ate than Callen lineshape in fitting magnetic reso-
nance spectra. The anisotropic FMR spectra of fer-
romagnetic Fe-N and y’-Fe4 (N phases are cor-
rectly modelled by two components representing
nanoparticles with their magnetization axes paral-
lel and perpendicular to the external magnetic field.
The effective uniaxial anisotropy field could be es-
timated from the separation of these components.
Magnetic anisotropy of o-Fe(N) phase is roughly
three times bigger than that of y'-Fey 4N phase.

During nitride reduction process the amount of
a-Fe(N) phase relative to the y'-Fe4_xN phase is
smaller than during nitriding process. In general,
the FMR/EPR measurements are in agreement with
XRD results, although the relative amounts of de-
tected phases might differ.
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