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a b s t r a c t

Nd1.1Fe10.5Mo1.5 alloys are prepared by strip casting technique and their nitrides are synthesized using
the cast strips. It is found that the NdFe10.5Mo1.5 strips can be directly nitrided to obtain interstitial
NdFe10.5Mo1.5NX compounds without pre-crushing. A phenomenon of spontaneous pulverization in the
vailable online 18 July 2010
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trip casting

strips induced by nitrogenation is found for the first time. This kind of pulverization may result from the
inter-granular failure along the grain boundary of Nd-rich phase as well as trans-granular failure of pri-
mary phase NdFe10.5Mo1.5, which is different from mechanical crushing of the strips where trans-granular
failure is dominant. The nitrided strips are used to prepare anisotropic NdFe10.5Mo1.5NX powders, and the
anisotropic powders with a remanence (Br) of 1.08 T, a coercive force (iHc) of 400 kA/m, and an energy
product ((BH)max) of 144 kJ/m3 are obtained. The results show that high performance NdFe10.5Mo1.5NX

by a n
pontaneous pulverization nitrides can be prepared

. Introduction

Nd(Fe,M)12NX (M = Mo, V, Ti. . .) nitrides with the ThMn12-type
tructure show very good intrinsic magnetic properties with high
urie temperature, moderately high saturation magnetization and

arge magneto-crystalline anisotropy, and have been considered
s one of the good candidates for permanent magnet applications
1–4]. At present, a lot of efforts are made to study crystal struc-
ure and intrinsic magnetic properties of other compounds with
he ThMn12-type structure [5–8]. However, the work on the prepa-
ation process of anisotropic Nd(Fe,M)12NX powders is very little.
enerally, in order to prepare anisotropic Nd(Fe,M)12NX powders,

he Nd(Fe,M)12 ingots have to be crushed into fine particles of
bout 200 �m to facilitate the subsequent nitrogenation in the
onventional preparation process [9]. However, this crushing pro-
ess may increase the oxygen content in the Nd(Fe,M)12 alloys
nd make the preparation process more complex. The thickness
f the Nd(Fe,Mo)12-type strips prepared by strip casting tech-
ique is about 0.2–0.4 mm [9], which is close to the size (about
00 �m) of the Nd(Fe,Mo)12 fine particles obtained by mechani-
al crushing method for nitrogenation. Therefore, it is possible to

erform direct nitrogenation with the strips without pre-crushing.

n this paper, we have tried to investigate the nitrogenation
ffect on the Nd(Fe,Mo)12 strips, and spontaneous pulverization
nduced by nitrogenation is found for the first time in the nitrided
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strips. The anisotropic Nd(Fe,Mo)12NX powders with high magnetic
performance are obtained using a new technical route without pre-
crushing.

2. Experimental procedures

The strips with the nominal composition of Nd1.1Fe10.5Mo1.5 were prepared
by strip casting technique. The cooling roller speed was fixed at 3 m/s to obtain
the strips with same microstructure as our previous result that the primary phase
NdFe10.5Mo1.5 with the mean size of about 4 �m and a few of grain boundary Nd-
rich phases were observed [9]. Thermopiezic analysis (TPA) equipment was used
to investigate the nitrogen absorption of the strips under the nitrogen atmosphere
of 1.0 × 105 Pa. The strips were nitrided for 3–8 h without pre-crushing around the
chosen nitrogenation temperature, and then were kept at the room temperature in
the argon atmosphere. This differs from the nitrogenation treatment of conventional
preparation process in which the ingots were firstly mechanically crushed into fine
powders and then nitrogenation process was executed [9]. X-ray diffraction (XRD)
and scanning electron microscopy (SEM) with energy dispersive X-ray spectrome-
try (EDX) were used to study the microstructure and composition of nitrided strips
and particles. The nitrogen content (X) of Nd(Fe,Mo)12NX was determined by weight
increment upon nitrogenation. The particles obtained from spontaneous pulveriza-
tion of nitrided strips were further crushed into fine powders by a ball mill technique.
The powder sample of cylindrical shape was aligned with a magnetic field of 15 kOe
in epoxy resin. Magnetic measurements were performed using a vibrating sample
magnetometer. No demagnetization correction for the geometry of the sample was
made and a density of 8.0 g/cm3 was used for the nitrided samples.

3. Results and discussion
In order to choose an appropriate nitrogenation temperature
for the intact NdFe10.5Mo1.5 strips, TPA equipment is employed
to investigate their nitrogenation conditions. As a comparison, the
results of nitrogenation of the crushed strips with the particle size of

dx.doi.org/10.1016/j.jallcom.2010.07.095
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. TPA traces for the intact strips and crushed strips with the particle size of
bout 200 �m obtained by mechanical crushing of the same strips under nitrogen
f 1.0 × 105 Pa.

bout 200 �m obtained by mechanical crushing of the same strips is
lso listed. Fig. 1 shows the TPA results of intact strips and crushed
trips under the nitrogen of 1.0 × 105 Pa. Both materials begin to
bsorb nitrogen at nearly the same temperature, but the maximum
ressure drop temperature of the intact strips is observed at about
20 ◦C significantly higher than that (560 ◦C) of the crushed strips,
ue to the fact that the reaction interface area between nitrogen
nd particles in the intact strips is significantly less than that in
he case of the crushed strips. Increasing nitrogenation tempera-
ure may help the intact strips to achieve nitrogen saturation in a
easonable time by increasing the nitrogen diffusion rate [10].

Fig. 2 shows the XRD patterns of NdFe10.5Mo1.5 strips before
nd after nitrogenation at 620 ◦C. The NdFe10.5Mo1.5NX compounds
re found to maintain the same crystallographic structure as that
efore their nitrogenation, and single-phase NdFe10.5Mo1.5NX com-
ounds are obtained. All diffraction peaks are shifted to lower
ngles due to volume expansion, indicating that the nitrogen atoms
nter the interstitial sites of the NdFe10.5Mo1.5 phase. This sug-

ests that the strips can be directly nitrided to obtain interstitial
dFe10.5Mo1.5NX compounds without pre-crushing.

It is noted that the nitrided NdFe10.5Mo1.5 strips are found to
pontaneously pulverize into particles, as shown in Fig. 3. The
ossibility of the spontaneous pulverization in the NdFe10.5Mo1.5

ig. 3. The pulverization progress of the nitrided strips: (a) SEM of strips whose nitrogena
nd the particles are lightly sieved to be convenient for observation.
Fig. 2. X-ray diffraction patterns of NdFe10.5Mo1.5 strips before and after nitrogena-
tion at 620 ◦C.

ingots induced by nitrogenation is also investigated. Some cracks
are found on the surface of the ingots with the sizes such as
10 mm × 10 mm × 10 mm and 5 mm × 5 mm × 5 mm, respectively,
and the quantity of the cracks will increase with the decreasing size
of the ingots. However, the obvious phenomenon of complete spon-
taneous pulverization is not observed. The reason maybe related to
smaller surface–volume-ratio of the ingots than that of the strips,
and the difference makes nitrogenation of the ingots more difficult.
It suggests that the nitrogen-induced spontaneous pulverization
maybe only true of the strips with the thickness of about 200 �m or
smaller size. This spontaneous pulverization phenomenon is very
similar to the hydrogen decrepitation observed in the Sm–Co and
Nd–Fe–B alloys induced by hydrogenation [11,12], but the hydro-
gen decrepitation is also true of the ingots.

Fig. 3 shows the pulverization progress of the strips nitrided for
5 h at 620 ◦C. It is seen that some visible cracks appear on the sur-
face of the strips whose nitrogenation is just finished, and the strips
become particles with the size ranging from 3 �m to 1 mm after
24 h. The nitrogenation processes of the Nd(Fe,Mo)12NX-type and
Sm2Fe17NX-type interstitial nitrides are very similar [2], so sponta-

neous pulverization phenomenon is also expected in the nitrided
Sm2Fe17-type strips. Further work on the direct nitrogenation of
the Sm2Fe17-type strips is in progress.

tion process is just finished; (b) SEM of the particles from nitrided strips after 24 h,
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ous pulverization of the nitrided strips, and (b) the mechanical crushing of the strips.
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Fig. 4. Scanning electron micrographs of typical particles from (a) the spontane

The detailed morphology of the particles is shown in Fig. 4(a).
here are a lot of micro-cracks in the individual particle, and much
iny debris is observed on the surface of the particles. And, the parti-
les can be readily crushed into finer particles by agitating or lightly
mearing. This suggests that the nitrogenation process can be also
tilized to pulverize the cast strips of Nd(Fe,Mo)12 alloys besides
reparing interstitial Nd(Fe,Mo)12NX compounds, and mechanical
rushing before nitrogenation can be skipped in the preparation
rocess.

The above particles are found to have lower oxygen content
0.2 wt%) compared with the particles (with the oxygen content
.38 wt%) obtained by the mechanical crushing method. This indi-
ates that the spontaneous pulverization of the strips induced by
itrogenation is helpful for decreasing the oxygen content in the
aterials.
To study the mechanism of the pulverization induced by the

itrogenation process, energy dispersive X-ray (EDX) spectrometry
as been used to investigate the composition of the above parti-
les (Fig. 4). The chemical composition of the typical particle as
whole indicates that the Nd/Fe/Mo atomic ratio is almost equal

o the nominal composition 1.1/10.5/1.5 of the strips. Slightly less
eodymium concentration is observed from spot analysis on the
article denoted by 〈1〉, 〈2〉 and 〈3〉, and these values are very close
o the composition of the primary phase NdFe10.5Mo1.5. A very high
d concentration is found in these tiny debris denoted by 〈4>, 〈5〉
nd 〈6〉 on the surface of the particle, indicating that they may result
rom the grain boundary of Nd-rich phase. Fig. 4(b) shows the mor-
hology of the particles obtained from the mechanical crushing of
he same strips. The composition of each particle is very close to
hat of the primary phase, and little debris with high Nd content
s found, as compared to those particles obtained by spontaneous
ulverization of nitrided strips. Thus, we suppose that spontaneous
ulverization of nitrided strips may be caused by the inter-granular
ailure along the grain boundary of Nd-rich phase as well as
rans-granular failure of primary phase NdFe10.5Mo1.5, while trans-
ranular failure is dominant in the mechanically crushed strips.

The particles from spontaneous pulverization of nitrided strips
re ball milled into the fine powders to prepare anisotropic
dFe10.5Mo1.5NX magnetic powders. Fig. 5 shows the hysteresis

oop of the above anisotropic powders. The magnetic properties
re Br = 1.08 T, iHc = 400 kA/m, and (BH)max = 144 kJ/m3, compara-

le to those of anisotropic NdFe10.5Mo1.5NX powders obtained by
he conventional preparation process [9]. Thus a new and sim-
ler technical route to prepare high performance NdFe10.5Mo1.5NX

itrides is developed by making use of nitrogen-induced pulveriza-
ion instead of mechanical crushing method.
Fig. 5. Hysteresis loop of anisotropic NdFe10.5Mo1.5NX magnetic powders obtained
from the nitrided strips.

4. Conclusions

Direct nitrogenation of the cast Nd(Fe,Mo)12 strips is feasible for
preparing the interstitial Nd(Fe,Mo)12NX nitrides with high mag-
netic performance. A phenomenon of spontaneous pulverization
in the nitrided strips is observed, and the nitrogen-induced pul-
verization may result from the inter-granular failure along the
grain boundary of Nd-rich phase as well as trans-granular failure
of primary phase NdFe10.5Mo1.5. The results indicate that direct
nitrogenation of the strips can be used to prepare interstitial
Nd(Fe,Mo)12NX compounds and pulverize the strips into parti-
cles, so mechanical crushing process can be omitted. Based on
this, a new technical route without pre-crushing process is estab-
lished.
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