The Journal of the Korean Institute of Electrical and Electronic Material Engineers. Vol. 7, No. 5, pp.397-402, 1994.

rir
Ao

ZIAIE g3stol ols Fotd A2
B 2 XIS 2

Syntheses and Magnetic Properties of Metastable
Iron—Nitrides Subjected to Mechanical Alloying

olzx, AS”

(Chung-Hyo Lee, Jin-Woong Hong)
8 %

7NAE FIFHLAG o)R AL ARWe AFHEL AS 5 Ur) olw FojW FUF HANE

ALFE7F 149(at. BN] ©l3lol A= bee F29 #H2xg & H7 28] 194[at. %N] o] dolME
D249 hep TEYL BT F YAt EF bee A9 Fe €A% Volumed 3ol B1ug N-
martensite®] ZETH Ze zk& YElAC Az g A 28 Agpe drwyert T
o me} Zastgen, of Ao bet TFY HAFSBAM FaFET T uet =gl Fvtst
= A% gzFHo|Art.

rlo

}.

Key Words(ZR220{) : Magnetic properties(Xl7|54), Magnetization(Xt&}), Mechanical alloying(Z| A%
31-28}), Metastable phase(ZQtH ).

I. INTRODUCTION almost same as that of the FewsN,". Neither
disordered bct iron-nitrides nor the ordered
The discovery of giant magnetic moment of FeisN2 are produced as a bulk sample with a
the FewN>" and hard magnetic characteristics of single phase because of their metastability. They
the SmuFerNy” has roused the interest in the have been obtained as thin films or precipitates
magnetic properties and the preparation ‘of in rapidly  quenched nitrogen  austenite.
ferromagnetic nitrides. Kim et al." reported, for Therefore, the corresponding magnetic structures
the first time, that the ordered bct iron-nitrides are not exactly determined owing to the
of FeiN: exhibit the highest magnetization of difficulty in the sample preparation.
2.8 T at room temperature. Recently, Komura et From the viewpoint of magnetic materials, the
al¥ have succeeded to produce the single crys- bet iron-nitrides are of great interest, provided
talline FeiN: films by vacuum deposition and that they are produced in a large volume.
confirmed its large magnetic moment. Nakajima Mechanical alloying(MA) technique is a new
et al*™ have employed the multi-injection nitro- method capable of producing massive powders
gen ion implantation technique to obtain the with metastable phases7’. The basic idea of MA
ordered and disordered iron-nitrides, and they is to energize an alloy or a mixture consisting
found that the tetragonal axial ratio and some elemental powders, and to assist the
magnetic moment increase with increasing N mutual diffusion and chemical reaction through
concentration”. They also found that the the intense mechanical deformation™. Using this

magnetization of the disordered bct nitrides i1s technique, a. number of metastable phases inclu-

ding amorphous phases and nanocrystalline can

w0 BA ZAEUUE) be obtained at room temperature. The MA is
w0 BodE Y TS A7)FEs not only applicable to solid-solid reaction, but
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also solid-gas reaction’

4597 @ 1994 34 2 . We consider that one
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AAbska c 19949 79 124 of the most interesting solid-gas reaction occurs
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in the iron-nitrogen system as mentioned above.
The MA technique might have a potentiality to
produce metastable iron-nitrides such as bct
martensite phase, which eventually decomposes
into stable @-Fe and 7 '-FesN at 200C'".

In this paper, we show that mechanical alloy-

ing technique under a controlled gas atmosphere

makes it possible to nitrify pure Fe powders
even at room temperature. The structural consi-
derations and magnetic properties of the iron-
nitrides are also discussed as a function of N
concentration,

II. EXPERIMENTAL PROCEDURE

The ball milling was carried out at room
temperature for pure iron powders(99.9%, < 150
i in size) in NH3 gas atmosphere. A planetary
ball mill (Fritsch Pulverisette 5) was used with
its intensity 5, being equivalent to the vial
rotation of 430 rpm. The vial and balls are
made of the hardened steel(SKDI11, containing
11% Cr and 18% (). The total mass of
powders was about 20g and the ratio of balls to
powders was 7:1. Milling was interrupted for 6
min in every 30 min to suppress the excessive
temperature rise of the vial and balls. A volume
of the vial, after subtracting that of balls and
sample, is about 70cc. In the present experiment,
the NHs gas, filled in the vial at 1.5 atm, can
nitrify Fe powders of 20g up to 1.3 at.%N,
provided that all gas is absorbed by Fe
NH; gas charged every 50h
milling after evacuating vial. The ball milling
was continued up to 1000h by repeating this
process.

The
studied by X-ray diffraction in continuous and
step scanning modes with Cu-Ka
(RIGAKU, RAD-IIC).

room

powders. was

structure of ball-milled powders was
radiation
The magnetization at
measured with a
vibrating sample magnetometer(TOEI VSM-5)
calibrated using a pure Ni disk(99.99%).

The N concentration absorbed into the sample

temperature  was

was determined with a nitrogen-oxygen analyz-
er{HORIBA EMGA-650). The
heated up to 2R800TC in a carbon crucible and

sample was

the nitrogen gas desorbed was quantitatively
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analvzed. The amount of hydrogen was also
measured with a hydrogen gas analyzer.

M. RESULTS AND DISCUSSION
The gas -concentrations absorbed during ball

milling in the powders are shown in Figure 1.
The nitrogen concentration linearly increases at
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Fig. 1. The concentrations of the absorbed gas
elements for the mechanically alloyed
Fe-N powders as a function of the ball
milling time: nitrogen(@) and hydrogen
(A).

the rate of about 1.2 at.% per 50h-milling.
Hence, most of NH3z gas in the vial has been
consumed during ball milling process. The MA
process most likely gives rise to the following
reaction: 2xFe+2NH;—2FeN+3H.. In the present
experiment, Cr impurity from vial is less than
0.0196 for 5H00h-milling sample. Therefore, we
can safely believe that the nitrification is not
caused by the Cr impurity but the consequence
of the solid-gas reaction between Fe powders
and NH: gas. In this process, H» gas is also
produced as a result of the solid-gas reaction.
In other the iron powders were ball
milled in a gas consisting of a mixture of NHz
and Ho. The concentration of hvdrogen impurity
was found to be

words,

less than 09 at% for all

samples. Hence, we tend to believe that the



hydrogen atoms were absorbed-on the powder
surface and/or dissolved bevond its maximum
solubility of 0.017 at.2%. Though the effect of
hvdrogen the
investigated, we suppose that H:

gas on reaction ‘was not
gas would
promote the nitrification in the similar manner
to the conventional high temperature processm.
The X-ray diffraction spectra are shown in
Figure 2 as a function of the N concentration
for the mechanically alloyed Fe-N powders.
According to the extinction rule of the diffracti-
on lines, we can deduce its structure to be bec
up to 149 at.2%N. Diffraction lines associated
with neither the 7'-FedN nor e -phase are
observed. Hence, we conclude that a super-
saturated bcc- phase is produced by MA. The
diffraction lines become broad with increasing

the N content and shift to smaller angles. The
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Fig. 2.X-ray diffraction spectra for the mechan-
ically alloyed Fe-N powders as a funct-
ion of-N concentration. (a) pure e pow-
ders emploved by starting sample, (b}
N=45 at.%, (c) N=9.7 at%%, (d) N=149
at.%, (e} N=16.7 at.%, (f) N=20.8 at.%.
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line broadening indicates that substantial lattice
defects and introduced in the
supper-saturated bcc matrix  already formed.
Admittedly, the
precise determination

strains were

line broadening hamper the
of the for
example, as to whether the tetragonality exists
or not. The structure of the sample containing
nitrogen atoms higher than 194 at.%N can be
identified to hcp. It is found that the high

structure,

- temperature phase, i.e., the & -phase is formed

instead of the stable y '~FesN. The lattice para-
meters are determined as a=271A and c=4.37A
for 194 at. %N sample. The lattice parameters of
the & -phase containing the same amount of N
atoms are reported to be a=2.660A and c=4.344
AW Two faint peaks associated with the € -
phase can be seen at 26=70° and 78° in the
diffraction spectrum of 167 at.%N sample.
Therefore, the bcc phase and & -phase coexist
in the composition range of 149<at.%N<19.4.
The .volumes per Fe atom for the bece and hep

samples are calculated from the lattice
parameters, which are deduced from the
respective  diffraction patterns. The atomic

volumes thus obtained are shown in Figure 3 as

a function of N concentration together with the
i 14)

values reported for the N-martensite'”, 7
"-FesN'™ and & -phase nitrides'” Rochegude et
al'”  reported that the atomic volume of
iron-nitride, whose chemical formula is

expressed in the form of FeN,, is given by the
following equation; Vy{(A"=1201+ 55x. This
relation is plotted as a dashed line in Figure 3.
It can be seen that the equation well explains -
the composition dependence of atomic volume

" for the bet and hep iron-nitrides. The atomic

volume per Fe of the present bce nitrides
increases monotonously with increasing the N
concentration though the data points fall below
the dashed line up to 17 at.%N. In the case of
the N-martensite, N atoms are known to occupy
predominantly octahedral interstitial sites only
along a given axis'’, and as a consequence, the
distance hetween the nearest neighbor Fe atoms
along this direction This
expansion the probably
responsible for a large volume per Fe atom in
the N-martensite than that in the bcc nitrides

expands  slightly.

or tetragonality  is
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Fig. 3.Volume per Fe atom for the mechanically
alloyed Fe-N powders as a function of N
concentration. Included are the present
data for Fe-N powders(@), N-marten-
site' (&), 7'-FesN™ () and & -phase
nitride'”(M). Dashed line indicates the
relation between the atomic volume and
nitrogen concentration reported by Roch-
egude et al'”.

we obtained. Further work is needed to clarify

the difference in the volume expansion between

the bce and bet structure. Neutron diffraction
experiment is in progress with a hope to reveal
the local structure of the present samples. In
contrast to the bcc phase, the data for the hep
samples locate above the dashed line. Lattice
defects accumulated during ball milling might
contrihute to the large atomic volume.

The saturation magnetization is shown in

Figure 4 as a function of the N concentration.

The with

increasing the N concentration. This suggests

that the magnetic moment of Fe atoms decrea-

magnetization gradually decreases

ses and/or the Curie temperature drops as the
The data for the N-
martensite produced by nitrogen ion implanta-
tion” are incorporated in Figure 4. The magne-

nitrification proceeds.

tization for the N-martensite is found to increa—
se with increasing the N concentration, in which
the maximum magnetization of 245emu/g and
axial ratio of 1.1 are obtained at a composition
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Fig. 4. The composition dependence of the satu-
ration magnetization at room temperature
: the present data for Fe-N powders(@)
and N-martensite® (A ).

of 11 at.%N". Though the present bcc iron-
nitride can accommodate N atoms well exceedi-
ng 11 at,%N, an increase in the magnetization
has not been observed.

Mitsuoka et al.'” pointed out that volume
expansion per Fe atom and the tetragonal defor—
in the
magnetization. We consider the structure differ-

mation contribute to the enhancement

ence between the N-martensite and the present
bee phase to be most likely responsible for the
The
enhancement in magnetization due to the volume

difference in the magnetization behavior.

expansion has been discussed in the terms of
the energy band calculation for the pure Fe™*
As shown in Figure 3, the difference in an
atomic volume between the present bce phase
and N-martensite amounts to about 3%, which
roughly corresponds to the enhancement of the
atomic volume according to the calculation™. It
therefore, probable that the tetragonal
distortion

seems,
is more essential to the enhanced

magnetization of the N-martensite.
IV. CONCLUSION

Ball milling in the NHz atmosphere can nitrify
pure iron powders even at room temperature



and gives rise to the super-saturated bcc iron-
nitrides up to 14.9 at.%N. The high temperature
¢ —phase with the hcp structure is obtained for
the iron-nitrides than 194
at.%N. In the composition range between 14.9
at.%N and 194 at.%N, a mixture of the bec and
hcp phases is produced. The volume per Fe
atom in the bce phase is found to he smaller
than that in the N-martensite. We also reveal

containing more

that the magnetization at room temperature
gradually decreases with increasing the N
concentration.
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