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Denitrogenation process in ThMny; nitride by in situ neutron powder diffraction
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ThMn;, nitrides are good candidates for high performance permanent magnets. However, one of the remaining
challenges is to transfer the good properties of the powder into a useful bulk magnet. Thus, understanding
the denitrogenation process of this phase is of key importance. In this study, we investigate the magnetic and
structural stability of the (Ndg 75, Pro2s5)1.2Fei10.5Mo; 5N, compound (x = 0 and 0.85) as function of temperature
by means of neutron powder diffraction. Thermal dependence of the lattice parameters, formation of «-(Fe,Mo),
as well as the nitrogen content in the nitrides are investigated by heating the compounds up to 1010 K. The
decomposition takes place mainly via the formation of the «-(Fe,Mo) phase, which starts at around 900 K,
whereas the nitrogen remains stable in the lattice. Additionally, we show that the magnetic properties of the
nitrides [M (4 T) = 90 Am?/kg and H, = 0.55 T] are maintained after the thermal treatments up to 900 K. This
study demonstrates that the ThMn, nitrides with the Mo stabilizing element offer good prospects for a bulk

magnet provided an adequate processing route is found.
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I. INTRODUCTION

The critical and strategic character of rare earth (RE) ele-
ments as raw materials has motivated a renewed interest in the
search for rare-earth-lean and rare-earth-free hard magnetic
materials for permanent magnet applications. The tetragonal
R(Fe,M), (R = rare earth, M = transition metal) compounds
with the ThMn, structure (1:12) have recently shown a great
potential to fulfill the criteria for future permanent magnets
[1-3].

Nd-based 1:12 structures have a weak net anisotropy field
(<1 T) at room temperature as it is predominantly determined
by the Fe-sublattice anisotropy [4,5]. However, adding an
interstitial light element (e.g., N or C) modifies the unit cell
without changing the symmetry of the parent compound; this
changes the Fe-Fe interaction and establishes a strong positive
crystal field coefficient Ay, at the Nd(2a) site, which is effec-
tive to create a large uniaxial magnetic anisotropy [6,7]. The
inclusion of such light elements is performed by the gas-phase
interstitial modification process, which consists of heating
the parent compound under the desired gas atmosphere (e.g.,
nitrogen) for a certain time which allows the gas-solid reaction
to occur [8—10]. This process has also been studied by in situ
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neutron diffraction, which is an excellent way to evaluate the
reaction dynamics in real time, as neutrons are sensitive to
light elements (e.g., H, C, N) [11-13].

Even though powder nitrides have recently shown success
in obtaining hard magnetic properties [14,15], one of the
remaining challenges is to transfer the good properties of
the powder into a useful bulk magnet [16,17]. One weakness
of the ThMn,, nitrides is their tendency to disproportion-
ate or eventually denitrogenate at temperatures which are
required for sintering [18]. After a certain temperature is
reached, one can expect an irreversible decomposition into
other stable phases, like «-Fe or NdN, which limits the pos-
sibility of converting the hard magnetic properties of the
nitrogenated powder into a dense permanent magnet [8,9].
Thus, understanding the thermostability of this phase is of key
importance.

In the present study, we investigate the denitrogenation and
decomposition process of (Ndg7s, Pro2s)i2FejosMoy sNy
with the ThMn;, structure. A mixture of Ndg75Prg,5 (i.e.,
didymium) is used instead of pure Nd or Pr because it is
less expensive since it requires less processing during the
extraction of rare-earth elements [19]. Here, we first inves-
tigate the structural and magnetic properties of the parent
compound and its nitride to ensure that appropriate nitro-
genation occured. Then, we study the temperature-induced
structural changes up to 1100 K by neutron powder diffraction
of both compounds. It is worth mentioning that the ThMn,
nitrides show excellent phase stability up to high temperatures

©2021 American Physical Society
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(<930 K), which is attributed to an appropriate nitrogenation
process and the use of Mo as a stabilizing element. Finally,
we show that the magnetic properties of the nitrides are main-
tained after thermal treatments up to 900 K. These results offer
good prospects for the use of the ThMny, nitrides as bulk
magnets provided an adequate processing route is found.

II. EXPERIMENTAL DETAILS

Flakes with a nominal composition (Ndg7s, Pro2s)i.
FejgsMo; s were prepared by the strip cast method using
metals with purity >99.9%. An excess of (Nd,Pr) mixture
(20 at.%) was added in order to enhance the hard magnetic
properties [15,20]. The obtained alloys were then melt-spun
by ejecting the molten alloy through an orifice (0.8 mm)
from the bottom of a quartz tube onto a copper wheel under
argon atmosphere. The linear wheel velocity (v) was fixed
to 25 m/s. The quenching rate was optimized to obtain a
pure ThMn; structure with the finest microstructure possible,
i.e., about 200 nm in grain size. The ribbons were crushed
into powder (<40 um) and then nitrogenated at 873 K for 3
hours under a N, atmosphere, as described previously [15]. To
investigate the thermostability of the magnetic properties, the
nitride powder was sealed in quartz ampoules under vacuum,
and then heat treated at various temperatures between 873 and
973 K for 30 min followed by quenching in air.

The crystal structures of the non-nitride and nitride pow-
ders were determined by x-ray diffraction (XRD) using
Cu Ko radiation. Magnetic measurements were performed
using 2 T (Microsense) and 14 T (Quantum Design) vibrating
sample magnetometers (VSMs). Powder neutron diffraction
experiments were carried out at the diffractometer D1B, ILL
(Institut Laue-Langevin, France) using a calibrated wave-
length of A = 2.5219 A. The measurements were performed
on ground powders obtained from the ribbons and a random
orientation was ensured during the experiment. The diffrac-
tograms were taken at different temperatures ranging from
300 to 1010 K under a high vacuum of approximately 107>
mbar. The crystal structure was refined using the Rietveld
method implemented in the FULLPROF program [21]. The
magnetic scattering contribution was taken into account in the
refinement and the magnetic structure was calculated using
the MAXMAGN program [22].

II1. RESULTS AND DISCUSSION
A. Preliminary structural and magnetic properties

The XRD patterns of the compounds before and after nitro-
genation are plotted in Fig. 1. Both samples show a quasipure
ThMn, structure with a small amount (<2 wt.%) of impuri-
ties, mostly «-(Fe,Mo) and a few traces of metallic Nd (dhcp).
For the nitrides, we observe a shift of the peak positions to
lower angles, owing to the nitrogen inclusion in the 2b site
of the lattice, resulting in an increase of both the a and c cell
parameters [15].

The magnetic hysteresis loops with fields up to 4 T are
shown in Fig. 2. The saturation magnetization is reached for
the parent compound, giving a value M, = 90 Am?/kg, which
is consistent for Nd-Fe-Mo alloys [15]. For the nitrides, the
saturation is not reached at 4 T. However, this field is high
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FIG. 1. XRD patterns obtained before and after nitrogenation of
(Ndg.75, Pro2s)12Fei0sMo; 5 together with a reference pattern of the
ThMn,, phase.

enough to observe a coercive field >0.5 T, suggesting a proper
nitrogenation and proving its effect on the anisotropy of these
compounds.

Thermomagnetic measurements M(7) were also con-
ducted for both samples (see Fig. 3). The as-spun ribbons have
a Curie temperature (7¢) of approximately 465 K, which is in
agreement with those reported for such compounds [15,23].
As expected, an efficient nitrogenation leads to an increase
of the Curie temperature (up to 625 K here) mostly due to
the enhancement of the Fe-Fe interactions, which results from
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FIG. 2. Magnetic hysteresis loops obtained before and after ni-
trogenation of (Ndy.7s, Pros)1 2Fej0.sMoy 5.
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FIG. 3. Thermal-magnetization curves of
(Ndo7s, Pro2s)i2FejosMoys before and after nitrogenation
measured at H = 500 Oe. A straight line (dotted) is drawn at the
maximum curvature point to estimate the Curie temperature.

the inclusion of the N element in the interstitial 2b site of the
ThMn; structure [15].

B. Powder neutron diffraction
1. Parent compound: (Ndy 75, Pry2s)1..Fej9.sMoy 5

Powder neutron diffraction measurement of the par-
ent compound was first performed at room tempera-
ture in order to investigate the ThMn, structure of the
(Ndy.75, Pro2s)1.2Fei0.5sMoj 5 as-spun powder, which is shown
in Fig. 4. Rietveld refinement of the neutron diffraction
confirms the tetragonal structure (/14/mmm) with a lattice
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FIG. 4. Plot of the Rietveld refinement of the powder
neutron diffraction pattern recorded at room temperature for
(Ndg.75, Pro2s)12Fei0sMoy 5. The red points are experimental data
and the black line corresponds to the Rietveld fit. The first and
second blue rows of the Bragg peak positions refer to the nuclear
and magnetic contributions of the ThMn,,, respectively. The third
blue row refers to the nuclear contribution of a-(Fe,Mo) phase. The
dashed line is the difference between the observed and calculated
patterns. The inset shows the ThMnj, crystal structure with the
atomic magnetic moments.
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FIG. 5. Temperature dependence of lattice parameters a (left,
black) and c¢ (right, red) obtained by Rietveld refinements
of (Ndy7s, Pross)i2FejpsMoys measured by powder neutron
diffraction.

parameters a = 8.600(5) A, ¢ =4.802(4) A, a ratio c/a of
0.558, and a volume cell (Vol.) of 355.2(3) A3. The Mo
element shares the 8i site with Fe, as observed in Mdssbauer
spectroscopy [15]. In addition to the ThMn,, structure, traces
(1.42 wt.%) of a-(Fe,Mo) phase are also detected, with a
lattice parameter a = 2.901(4) A.

The magnetic space group I4/mm'm’ (139.537) in the
BNS notation is used to describe the magnetic structure. The
magnetic moments are along the ¢ axis (as shown in the
inset of Fig. 4) and their values are reported in Table II. A
clear tendency in the order of the iron moment shows g >
pgj > pss. The magnetic moment per unit cell is estimated
to be 25.613up, giving a spontaneous mass magnetization
of 80.8 Am?/kg. This is slightly lower than the spontaneous
magnetization measured for (Nd 75, Pro2s)12FejgsMoy s at
300 K, but still in good agreement if considering the standard
deviation of the magnetic moments. Moreover, the moments
obtained here are extremely sensitive to other refinements
parameters. The fitting presents a reliability factor of x? = 2.8
with nuclear and magnetic R factors of 2.41 and 2.10, respec-
tively.

Then, thermodiffractograms were acquired while the pow-
der was heated at 2 K/min up to 880 K. No change in the
magnetic structure was observed during the heating, and the
magnetic moment at each site decreases uniformly with tem-
perature. The evolution of a and ¢ lattice parameters as a
function of the temperature is plotted in Fig. 5. Both lattice
parameters exhibit a different linear thermal expansion in the
ferromagnetic and paramagnetic regimes. Below the Curie
temperature, there is almost no thermal expansion for the
lattice parameter a. This anomaly in the a-b plane has also
been observed in other ThMn, alloys [24-27]. For some of
these compounds, a negative lattice thermal expansion was
reported just before T¢, which is not observed here. It seems
that such irregularity is linked to the rare-earth elements (Nd,
Ce, Pr, etc.) and the transition metals (Ti, V, Mo, etc.) used
to stabilize the structure. To the best of our knowledge, no
negative thermal expansion has been reported above 300 K
for the Nd-based ThMn;, compound stabilized by the Mo
transition metal, which is in agreement with our observations.
However, it seems that such an anomaly is present below
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TABLE I. Cell parameters of the ThMn;, phase obtained after the Rietveld refinements for the parent compound and its corresponding
nitride, using powder neutron diffraction at 300 K. For (Ndg 75, Pro2s5)12Fe105Mo, s, the parameters are also given at 873 K, which is the

temperature used for nitrogenation.

(Ndy.75, Pro2s)12Fejo.sMoy 5

(Ndo.75, Pro.2s)1.2Fe10.5Mo1.5Ng.gs

300 K 873 K 300K
aA) 8.600(5) 8.644(3) 8.668(5)
c(A) 4.802(4) 4.834(4) 4.871(9)
c/a 0.558(3) 0.559 (3) 0.562(0)
Vol. (A?) 355.2(3) 361.2(5) 366.0(9)
AV/V (%) 1.694(7) 3.057(2)
Cryst. size (nm) 64 79 50

room temperature [28]. Above the Curie temperature, both
the a and c lattice parameters exhibit a quasilinear regime
and a similar thermal expansion of a, = 1.37 x 107> K~!
and o, = 1.44 x 107> K~!, respectively. These values are
consistent with previous studies [26,29]. Thus, there is a
strong correlation between the thermal dilatation exhibited by
the crystal structure and the magnetic state (ferromagnetic or
paramagnetic) of the compounds.

The lattice parameters and cell volume obtained at the
temperature used for the nitrogenation process (i.e., 873 K),
are listed in Table I. At this particular temperature, the lattice
parameters a and c increase by 0.51% and 0.67%, respec-
tively, with respect to room temperature, thus leading to a
volume expansion of 1.69%. It is interesting to note that the
expansion seems to be isotropic and the structure remains
stable in a large temperature range.

2. Nitrides: (Ndy.7s, Pry 2s)1.2Fe19.sM01.5No.ss

To evaluate accurately the structural changes induced by
the nitrogen inclusion, the (Ndg7s, Pro2s)i2FejosMoy sNy
powder was first measured at room temperature, and the neu-
tron diffraction pattern is shown in Fig. 6. Unlike x rays,
neutrons are sensitive to light elements; the relative intensities
of the pattern are thus correlated to the nitrogen content in
the structure. The diffraction pattern obtained after nitrogena-
tion is hence different than for the parent compound. Here,
the number of nitrogen atoms per formula unit is estimated
to be x = 0.85. The values of the lattice parameters for the
ThMn; structure of the parent and nitrogenated samples are
summarized in Table I. Compared to the parent compound,
we note increases of 0.79%, 1.44%, 0.71%, and 3.07% for the
lattice parameters a and ¢, the ¢/a ratio, and the volume (Vol.),
respectively. The nitrogenation induces a quasi-isotropic ex-
pansion of the unit cell volume, with a slightly greater increase
in the ¢ axis compared to the a axis, which is correlated with
the 4f electron states of the rare-earth elements [7]. One
can also note a decrease of the average crystallite size for
the nitrides compared to the parent compound (see Table I).
This effect can be attributed to the nature of the nitrogenation
process, which introduces a large change in cell volume that
can lead to stresses inducing grain breaking, hence reducing
the average crystallite size. On the other hand, the presence
of non-nitrogenated crystallites in the nitrogenated compound
might lead to a broadening of the diffraction peaks, which
can be misinterpreted as a reduction in size. In addition to the

ThMn;, structure, a small amount (3.11 wt.%) of a-(Fe,Mo)
is also detected, with a lattice parameter a = 2.895(2) A. The
peak observed at 260 = 58.75° is attributed to traces of NdN
or PrN.

For the nitrides, we also used the magnetic space group
14 /mm’m’ (139.537) in the BNS notation to describe the mag-
netic structure. The magnetic moments are along the ¢ axis
(as shown in the inset of Fig. 6) and their values are reported
in Table II. The magnetic moments are increased after nitro-
genation and the tendency in the order of the iron moment
is maintained: wg; > ug; > ugr. The increase of the iron mo-
ments explains the increase in Curie temperature observed in
the nitrides. The magnetic moment per unit cell is estimated
to be 37.67up, giving a spontaneous mass magnetization of
118.51 Am?/kg, in agreement with the magnetic measure-
ments [15]. The refinement presents a reliability factor of
x? = 4.44 with nuclear and magnetic R factors of 2.86 and
2.17, respectively.

To study the in sifu denitrogenation process of the ni-
trides, powder neutron diffraction was performed by heating
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FIG. 6. Plot of the Rietveld refinement of the powder neutron
diffraction pattern recorded at room temperature for the nitride
(Ndy.75, Pross)12Fe10.5sMo; 5Nggs. The first and second blue rows of
the Bragg peak positions refer to the nuclear and magnetic contribu-
tions of the ThMn;,, respectively. The third blue row refers to the
nuclear contribution of the «-(Fe,Mo) phase. The inset shows the
ThMn;, crystal structure with the atomic magnetic moments.
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TABLE II. Magnetic moments of (Ndg 75, Pro2s)i2FejosMoys and (Ndg.7s, Pro2s)i2Fei0sMo; sNggs obtained by neutron diffraction at

300 K (unit: up).

Atom Site (Ndo.75, Proos)12Fejo.sMoy 5 (Ndo.75, Pro.2s5)1.2Fe 0.5Mo1 5No g5
Nd, Pr 2a 0.702 (116) 1.173 (123)
Fe 8i 1.737 (128) 2.128 (137)
Fe 8j 1.249 (107) 2.051 (88)
Fe 8f 0.765 (116) 1.124 (89)

the powder at 2 K/min until reaching 873 K. Then, the
powder was maintained at this temperature for 3 hours, i.e.,
using the same temperature profile as in the nitrogenation
process [15]. Finally, the temperature was further increased
to 1010 K. This process was performed under high vacuum
(107> mbar). No change in the magnetic structure was ob-
served during the heating, and the magnetic moment at each
site decreases uniformly with temperature. Cyclic refinement
of the obtained diffractograms measured at different tempera-
tures was performed by FULLPROF SUITE, and the resulting
values of the cell volume of the ThMn;, at these temper-
atures are shown in Fig. 7. On the same figure, the mass
fraction of the secondary phase «-(Fe,Mo) is also plotted,
together with the number of nitrogen atoms per formula unit
in the (Ndg7s, Pro2s)i2FejosMo; sN, compound, which is
estimated based on the occupancy of the nitrogen atoms.
After the “nitrogenation-like” process (i.e., ramped to
873 K and maintained for 3 hours at this temperature), a
quasilinear volume expansion with respect to the temperature
is observed (see Fig. 7). On the other hand, the amount of
the secondary phase o-(Fe,Mo) remains stable as well as the
atomic occupancy of the nitrogen within the lattice. Previous
in situ neutron diffraction studies regarding the nitrogenation
process reported that the nitrogen usually starts entering in
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FIG. 7. Thermal evolution of the cell volume of the ThMn,, (top,
black line); mass fraction of the secondary phase a-(Fe,Mo) (center,
blue line), and occupancy of nitrogen atoms (bottom, green line) ob-
tained by Rietveld refinements of the (Ndg 75, Pross)i2FejosMo; sN,
neutron diffraction.

the lattice before the temperature reaches its optimum value
[11,12]. Regarding denitrogenation, the process is completely
different, as we observe an excellent stability of the nitrogen
in the lattice and hence of the ThMn;, structure. It should
be highlighted that the denitrogenation process is performed
under high vacuum (10~> mbar), which seems to help in the
stability of the nitrogen atom, in contrast to the denitrogena-
tion process under air, known to form Fe-based oxides [15].
Here, the formation of «-(Fe,Mo) is significantly increased
around 930 K, which also corresponds to the temperature at
which the nitrogen occupancy starts to decrease.

After reaching 1010 K, the heating was stopped and the
pattern was recorded while the sample was cooled down. In to-
tal, the sample was kept 3 hours at 873 K and more than 1 hour
above this temperature. The pattern of the sample recorded at
370 K while cooling down is shown in Fig. 8. The pattern
consists of mainly three phases: the ThMn, (47.5 wt.%),
o-(Fe,Mo) (50 wt.%), and NdN (2.5 wt.%). The amount of
nitrogen remaining in the lattice at the end of the experiment
was still 0.54 at/f.u. Hence, it seems that nitrogen is very
stable in the lattice and that the decomposition is mainly due
to the formation of the secondary «-(Fe,Mo) phase, which
appears to be faster than the nitrogen losses in the lattice.
This was also suggested in previous studies based on Dif-
ferential thermal analysis (DTA)/Thermogravimetric analysis
(TG)/XRD investigations of Nd-based nitrides [18,30]. The
good stability of the nitrides at elevated temperatures is mostly
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FIG. 8. Plot of the Rietveld refinement of the pow-

der neutron diffraction pattern recorded at 370 K for
(Ndo.7s, Pro2s)i2FeosMoy sNgss after heating up to 1010 K.
The first, second, and third blue rows refer to the Bragg peak
positions of the ThMn,, o-(Fe,Mo), and NdN phases respectively.
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FIG. 9. Magnetic  hysteresis  loops of the nitrides
(Ndo.75, Pro2s)12Fej9sMoy sN, after being heat treated at different
temperatures.

due to the transition element used, i.e., Mo, which allows a
much better thermal stability than Ti or V [18].

C. Magnetic properties after thermal treatment

As the @-(Fe,Mo) continuously increases between 870 and
930 K, it was not clear how this could affect the magnetic
properties of the nitrides. Thus, the nitrogenated samples were
annealed in vacuum at 870, 900, 930, and 960 K for 30 min
and their magnetic properties were investigated after this ther-
mal treatment. The M-H loops measured for the heat-treated
compounds are plotted in Fig. 9. The nitrides maintained their
good magnetic properties after being heated up to 900 K.
Above this temperature, the coercive field starts to decrease
rapidly, reaching 0.15 T after a heat treatment at 960 K. On the
other hand, the saturation magnetization is slightly increased.
The changes in H, and M, are attributed to the formation
of a-(Fe,Mo) as observed in the neutron powder diffrac-
tograms. This result indicates a good prospect to possibly
sinter this compound by reducing the sintering temperature

below 930 K. This is possible using nonconventional sintering
techniques such as spark plasma sintering or hot pressing
[17,30-33]. The nitrides could also be good candidates for
additive manufactured magnets [34].

IV. CONCLUSION

In summary, we have investigated the structural and
magnetic properties of the (Ndg7s, Pro2s)i2FejosMoy sNy
compound. The structural properties were investigated by
means of powder neutron diffraction measurements per-
formed at different temperatures for the parent compounds
and their corresponding nitrides. After nitrogenation, the unit
cell volume expansion due to the inclusion of N in the 2b
site is isotropic. The heating of the nitrides shows that the
denitrogenation process is different from the nitrogenation,
as the atomic site occupancy of the nitrogen in the lattice is
stable until approximately 930 K. Above this temperature, the
formation of @-(Fe,Mo) rapidly increases, which results in the
loss of nitrogen. The nitrides maintained their good magnetic
properties after being heated up to 900 K, in agreement with
the structural study performed by neutron diffraction. This
result offers future prospects to use this compound for sintered
permanent magnets.
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