Study of the nitrogen diffusion mechanism in R Feq;
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Previously, nuclear magnetic resonance experiments and diffusion calculations have indicated that
the distribution of nitrogen atoms in a,fe-,N, particle with intermediate N content is
characterized by a nitrided region and an unnitrided region. In ordedirextly detect this
two-region configuration, x-ray diffraction experiments have been carried out on systematically
ground nitrogenated samples. Furthermore, x-ray diffractiof@hduclear magnetic resonance on
vacuum-annealed samples show that the two-region configuration is stable, and that the nitrogen
atoms do not diffuse further into the particle. Thermal conductivity detection measurements indicate
that only 5% of the inserted N atoms can be released by vacuum annealing at the nitrogenation
temperature. ©1996 American Institute of Physids$s0021-897®6)36908-3

I. INTRODUCTION patterns have been obtained fromFé N, samples after
successive stages of grinding, and they confirm that the ni-

It is now well known that nitrogen insertion into rare- trogen distribution is not continuous and the inner core is not
earth-Fe intermetallics, such as,Re;, produces materials pjtrided. The stability of the two-region configuration is stud-
with significantly improved magnetic properties, namely, thejeq by both x-ray diffraction and®¥ NMR which show es-
Curie temperature, magnetocrystalline anisotropy, and Fgentially no change for a nitrogenated sample upon vacuum
magnetic moment? A thorough understanding of the nitro- annealing. Finally, the number of mobile N atoms is mea-
gen diffusion process in the host lattice is important for dereq directly using thermal conductivity detectidcD) in

termining the optimal nitrogenation conditions that will re- 51 gutgassing process, and found to be approximately 5% of
sult in homogeneous and stable magnetic properties. the total N content.

Recently, it has been shown that the distribution of ni-
trogen in a BFe;N, particle with intermediate N content is
characterized by a nitrided/unnitrided configuratiénin a
simple case, this can be a shell/core structure. In the nitrided The parent ¥Fe,; ingot, made by arc melting, was ho-
outer shell, all of theaccessiblenterstitial sites are occupied mogenized, powdered, and sieved to give particle diameters
by N atoms, and in the inner core, the host lattice is almosfrom 32 to 37um. The powder was annealed at 900 °C in an
devoid of N atoms. These two regions share a thin interfacer atmosphere for 5 days before nitrogenation, which was
and the nitrogen atoms in a sphericgFé /N, particle have performed at 480 °C under an ultrahigh puri®9.999% N,
an overall steplike radial distribution. The experimental evi-flow. Y,Fe N, samples with different N content
dence for this configuration came frdi?¥ nuclear magnetic (0.3=x=<2.8) were obtained by varying the nitrogenation
resonanc&éNMR) spectra, which showed that, across the entime from 0.5 to 18 h. Further vacuum annealing of the
tire range of nitrogen conter{0.6<x<2.9), there are pre- Y,Fe-N,,sample was performed at 480 °C for 12 h using
dominantly two types of Y—N coordination, namely, yttrium the same apparatus.
with two nitrogen atoms as nearest neighb@fs-2N), and X-ray diffraction patterns were obtained on a Norelco
yttrium with no nitrogen atom as a nearest neighbordiffractometer using ClK« radiation. Nitrogen outgassing
(Y+0N).® This implies that in the nitrided region, two of the experiments were carried out on a temperature-programmed
three octahedral sites are occupied, and in the unnitrided retesorption apparatsA tube containing the YFeN,g
gion, the octahedral sites are empty. The process of nitroggample was subject to a flow of helium gas at a fixed rate.
nation results in the growth of the nitrided outer shell at theThe desorbed nitrogen effluent was detected with a thermal
expense of the unnitrided inner core, with the nitrided regiorconductivity detector. Spin-echo NMR measurements were
maintaining a ¥+2N coordination. The ¥-2N coordination made at 4.2 K, in zero external field, using a 120°-120°
for the nitrided region in ¥Fe;;N, has also been determined pulse sequence. The pulsed NMR apparatus, signal coil ar-
from neutron diffractior?. The nitrided/unnitrided configura- rangement, calibration, and data taking procedure have been
tion was observed in N&e-N, using neutron diffractio,  described in detail elsewhel.
and in PsFe;N, using Massbhauer spectroscopyhis step-
like distribution was studied in several systems, such a
Nd,Fe;;N, 5 where a sharp interface with thickness of only 1ﬁ|' RESULTS AND ANALYSIS
um was detected using electron microprobe anafysis. Figure 1 compares the x-ray diffraction patterns of three

In this article, additional experimental evidence support-powder samplega) the parent sample¥e,,; (b) the “com-
ing the above nitrided/unnitrided configuration is presentedpletely” nitrided sample YFe;;N, g and(c) the intermediate
In order to detect the two regiortsrectly, x-ray diffraction N content sample ¥e;;N; ;. In Fig. 1(a), a single hexagonal
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4596 J. Appl. Phys. 79 (8), 15 April 1996 0021-8979/96/79(8)/4596/3/$10.00 © 1996 American Institute of Physics

Downloaded-03-May-2001-t0-137.99.183.3.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/japo/japcr.jsp



89Y NMR, YFe ;N ;

(a) Y,Fe;,

. b 4
2 Y H
?

as-nitrogenated

(b) Y,Fe;;N, ¢

Wl\ WAMA‘—J v MM U\n—J

TR B T T T T T N R
© Y,Fe;,N,, f‘ 25 30 35 40 45
as-nitrogenated, 32-37 um 4 vacuum-annealed
WM}“WM"M”W 4
re-ground, 25-32 um "
. H oot A e P RTINS R
WMNM-W/\WW‘ 75 30 35 40 25

re-ground, 20-25 pm Frequency (kHz)

(i it by A 4
re-ground, < 20 jim FIG. 2. 8 NMR spectra from as-nitrogenated and vacuum-annealed

’ samples of YFe;N;; showing no significant structural changes after
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20 (9 Lattice strain will result in the phase with smaller lattice
constants being stretched, and the phase with large lattice

FIG. 1. X-ray diffraction patterns frorte) the parent sample ¥e;, (b) the constants being compressed.
“completely” nitrided sample ¥Fe;7;N, g and(c) an intermediate N content As discussed below, the reason for the formation of such
sample Fe;Ny7. Two sets of Bragg peaks are visible in the reground g g region distribution is a strong chemical bond between
Y, Fe7N; ; samples, showing the nitrided outer shell and the unnitrided in-_ . . . o .
ner core. Also, there is no significant structural differences between thé nitrogen atom in an interstitial octahedral site and the sur-
as-nitrogenated and vacuum-annealed samplesfed YN, ;. rounding environment in the lattice. If there is such a trap-
ping of the N atoms at the nitrogenation temperature
(480 °Q, then the distribution should be stable at the same
Y ,Fe,; phase with no bcer-Fe is identified for the parent temperature. The nitrogenated samples have been vacuum
sample. For the Ye-N,g sample[Fig. 1(b)], the same annealed, and x-ray diffraction afitY¥ NMR have been used
structure as the parent sample is identified except that all db detect any changes in the N distribution. Both the x-ray
the Bragg peaks are shifted to lower angles due to volumdiffraction patterr{Fig. 1(c)] and the NMR spectrur(Fig. 2)
expansion. Also, a small amount efFe precipitation is of the vacuum-annealed ,¥e;N;; sample remain un-
present. In Fig. &), the Bragg peaks from the as- changed from the as-nitrogenated sample. These experiments
nitrogenated ¥YFe 7N, ; sample arenot located, commeasur- verify the stability of the two-region distribution, and there-
ate with its intermediate N content, between the diffractionfore, the strong N-lattice bonding.
peaks in Figs. () and Xb). Rather, they are located essen- Finally, the number of mobile N atoms in thefe,;N, g
tially at the same angles as those in Figo)lindicating a sample was analyzed quantitatively in an outgassing experi-
near complete nitrogenation of the surface region of the pament using thermal conductivity detecti6hCD). The TCD
ticle since the penetration depth for x rays isHé,;N, is less  signal voltage which was recorded as the temperature of the
than 5um. In order to expose the interior of the particles to sample increased showed three peaks, each corresponding to
the x rays, the ¥Fe;N; ; sample was ground in stages to an effluence of N atoms from the sample. A first peak near
obtain three samples with particle diameters of 25-32, 20420 °C was attributed to those N atoms adsorbed on the sur-
25, and<20 um. As shown in Fig. (c), the three ground face, which accounted for about 1% of the total N content. A
Y,Fe 7N, ; samples have an extra set of Bragg peaks thasecond peak near 380 °C was attributed to the outgassing of
correspond to the unnitrided parent sampl#é&; shown in  the mobile N atoms inside the sample. Finally, a third peak,
Fig. 1(@. Furthermore, the smaller the particle size, theor sudden increase in the TCD signal, above 600 °C was
larger the peaks in the second set, showing directly more ddttributed to nitrogen release during the phase decomposition
the unnitrided inner core. A careful inspection of the x-rayinto YN and a-Fe. In order to obtain a reasonable estimate
patterns shows that thefZalue of a peak in the unnitrided for the amount of nitrogen release associated with the second
phase for a sample with intermediate N content is a littlepeak, the TCD experiment was repeated with the temperature
smaller than that for the parent,ffe;; sample, and the@® scan programmed to stop rising at 460 (a®ove the second
value of a peak in the nitrided phase for a sample with interpeak but below the temperature of phase decompogition
mediate N content is a little larger than that for the com-During a 15 min period at a constant temperature of 460 °C,
pletely nitrided sample. The result can be explained by latticehe mobile N atoms were completely evacuated from the
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into an octahedral site and convert itself intd-type atom.

In the outer shell, therefore, all accessible interstitial octahe-
dral sites are occupied hbytype N atoms, and a relatively
small number off-type atoms “ride” on the nitrided region
and diffuse towards the interface where octahedral interstitial
sites are available. Once drtype atom reaches the inter-
face, it is immediately trapped and converts totgpe atom,
leaving a sharp boundary between the nitrided outer region
and an unnitrided inner one. Through this process, the inter-
face advances towards the center of the particle, and the
nitrogen content in the sample increases with nitrogenation
time. If the nitrogenation is terminated, either by removing
the nitrogen gas source or by reducing the temperature, then
the interface ceases to move and the steplike distribution is
preserved. In the case that the trapping has a relatively deep
potential well, this two-region configuration is stable. The
chemical reaction diffusion process with two types of N at-
oms described above has been treated theoretically in a pre-
vious work which calculates the radial dependence of the
nitrogen distribution(see Fig. 3* In addition, this model
explains the abnormally smakpparentdiffusion frequency

FIG. 3. Schematic diagram showing the nitrogen distribution in a sphericafactor which characterizes these newly developeeR
particle. The horizontal scale represents the radial direction across the pafgitrides?

ticle, and the vertical scale represents the N concentration in nitrogen atoms Finallv. the “ inal” nit tent i I b
per unit cell in Y,Fe. N, . Inally, the "nominal” nitrogen content Is usually ob-

tained by weighing the sample before and after nitrogena-

tion; consequently, there are errors as not all the N atoms
sample. Integration of the second peak and comparison withbsorbed into the entire sample are coordinated with the Y
a standard calibration curve showed that about 5% of thatoms in the 2:17 phase. Also some of the weight gain of the
total N content can be released. If none of N atoms wergample may be due to factors other than N absorption. This
trapped in the interstitial sites, then during the vacuum-may offer an explanation as to why different studies have
annealing process the N atoms would either diffuse furthereported different N content values, while the corresponding
towards the interior of the particle or leave the particlelattice expansion and magnetic properties were not so differ-
through its surface. The first possibility would have causedent. A detailed analysis of the difference between the N con-
changes in the x-ray diffraction pattern and NMR spectrumtent measured gravimetrically and the Y—N coordination
whereas the second possibility would have been detected imeasured by NMR has been published previotfsly.
the outgassing experiment. The experiments rule out both of
these scenarios for the majority of N atoms in thg¥-N, =~ ACKNOWLEDGMENT
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