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Sintered magnets of Sm,Fer,N,, nitrides, with a density of 6.0-7.4 g/cm3, have been prepared by 
using an explosion technique. Both crystalline structure and the magnetic properties of 
Sm,Fe,,N, nitrides were retained in the process. The sintered magnet had a remanence B,=0.83 
T, an intrinsic coercivity ,us,H,=O.57 T and an energy product (BH),,,=88 kJ/m3. The 
temperature dependence of coercivity and remanence were also measured. The temperature 
coefficients a of remanence and p of coercivity are -O.O76%PC and -0.5 l%/“C, respectively. 

1. lNTRODUCTlON 

Since the discovery of the R,Fe,,N,, nitride by Coey 
and Sun in 1990,iT2 much work has been reported both on 
its intrinsic magnetic properties3-8 and hard magnetic 
properties.g-” Since it possesses very good intrinsic mag- 
netic properties with a Curie temperature of 749 K and a 
room-temperature anisotropy field of 14 T, which is supe- 
rior to Nd2Fe14B, and a room-temperature saturation mag- 
netization of 1.5 T, the Sm2Fe1,NY nitride is expected to 
become a new permanent magnet for applications. The 
SmzFe17N,, nitride with an intrinsic coercivity ,+Y, of 
more than 4 T has been achieved by mechanical alloying.‘2 
The Sm,Fei,N,, magnets bonded by metal zinc have intrin- 
sic coercivities us&, over 0.5 T and an energy product 
(=%mx about 80 kJ/m3.gP’o The Sm,Fe,,N, magnet 
bonded by epoxy resin has a ,L@& of 1.08 T and ( BH),,, 
of about 72 kJ/m3.” Since the Sm2Fel-INY nitride decom- 
poses at high temperature ( > 650 “C), the conventional 
powder metallurgy technique cannot be used for making 
the sintered Sm,Fei,N, permanent magnet. In order to 
overcome this difficulty, in our previous work we reported 
that the sintered Sm,Fe,,N, magnet can be made by the 
explosion technique.13 In this work, we studied the struc- 
tural and magnetic properties of the sintered Sm2Fe17NY 
magnet in detail. The structural properties were investi- 
gated by scanning electron microscopy (SEM) and trans- 
mission electron microscopy (TEM) . The coercivity mech- 
anism will be discussed according to the temperature 
variation of coercivity. Also, the temperature coefficients a 
of B, and fi of &, will be compared with those of Nd-Fe-B 
magnets. 

II. EXPERIMENTAL METHODS 

The Sm,Fe,, alloy was prepared by arc melting the 
elements with a purity of better than 99.5% with about a 
30% excess of Sm for compensating the melting loss, and 
then annealed in vacuum at a temperature of 950-1050 “C 
for 5-10 h. The homogenized Sm2FelT compound was pul- 
verized into a fine powder with an average size of about 20 

pm. The nitrogenation was performed by heating the 
Sm2Fel, powder in pure nitrogen gas at a temperature of 
about 500 “C for 2 h. 

The Sm2Fe1,NY fine powder with an average size from 
3 to 5 pm was prepared by ball milling and then pressed to 
be a cylinder, 15 mm in diameter and 20 mm in length, in 
an applied field of about 1.5 T. The cylinder was sintered 
by the explosion technique. It was put in a closed small die, 
and then exploded out. Initiating the explosive, a high- 
pressure shock wave propagates along the axis direction of 
the cylinder at a very short time. At the same time, the 
cylinder was compacted to be a high-density magnet by the 
shock wave. The sintered magnet has a density of p=6.0- 
7.4 g/cm3, which is above 80% of the theoretical value. 
Five samples were investigated: 

(i) Sample A: average size of nitride powder (,u} =3 
pm; density of sintered magnet p = 6.5 g/cm3. 

(ii) Sample B: average size of nitride powder (p) = 3 
pm; density of sintered magnet p=6.2 g/cm3. 

(iii) Sample C: average size of nitride powder (,u) =5 
pm; density of sintered magnet p = 6.8 g/cm”. 

(iv) Sample D: average size of nitride powder (p) =3 
pm; density of sintered magnet p=6.4 g/cm3. 

(v) Sample E: average size of nitride powder (,u) = 1 
pm; density of sintered magnet p = 6.0 g/cm3. 

X-ray diffraction was used to check the phase purity. 
The Curie temperatures were measured using a vibrating 
sample magnetometer in an applied field of about 0.06 T. 
Demagnetization curves in an open circuit at room tern- 
perature were measured.up to 1.2 T on an extracting sam- 
ple magnetometer. 

111. RESULTS AND DISCUSSION 

A. Crystalline structure and magnetic properties 
(sample A) 

The x-ray diffraction patterns show that both the 
Sm2Fe17 alloy and Sm,Fe,,N, nitride are single phases with 
a Th,Zni,-type structure [Figs. 1 (a) and 1 (b)]. The a-Fe 
impurity appears after ball milling [Fig. 1 (c)] and in- 
creases a little more after explosion sintering [Fig. 1 (d)]. It 
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FIG. 1. X-ray diffraction patterns (CoKcz) of (a) Sm,Fe,, alloy, (b) 
SmzFe,,N, nitride powder, (c) SmZFe17NY nitride powder ball milled for 
6 h, (d) powder of the explosion sintered Sm,Fe,,N, magnet, and (e) on 
the orientation surface. of the explosion sintered SmzFe,,N, magnet. 

is clear that the explosion sintering does not change the 
crystalline structure of the Sm,Fer,N, nitride [Figs. l(c) 
and 1 (d)] or the alignment of the magnet [Fig. 1 (e)]. 

Magnetization as a function of temperature in an ap- 
plied field of 1.2 T is shown in Fig. 2. It can be seen that the 
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FIG. 2. Temperature dependence of magnetization in an applied field of 
1.2 T: (a) Sm,Fe,N, nitride powder, (b) Sm,Fe,,N, nitride powder ball 
milled for 6 h and explosion sintered Sm,Fe,,N, magnet. 
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FIG. 3. Demagnetization curve of (a) explosion sintered Sm,Fe17N,, 
magnet and (b) wax bonded magnet of Sm,Fe,,N, ball milled for 6 h. 

Sm2Fe17N,, main phases have a Curie temperature of about 
475 “C in all cases. This means the explosion sintering does 
not affect the intrinsic magnetic properties. The second 
stage in the curves represents the a-Fe impurity, of which 
the height indicates its relative quantity in the samples. 

The demagnetization curve of the explosion sintered 
Sm,Fe,,N,, magnet at room temperature is shown in Fig. 
3(a). The remanence equals B,=0.83 T, the intrinsic co- 
ercivity is ,uo&=0.57 T, and the energy product is 
(Bf%mr- -88 kJ/m3. Compared to the aligned sample 
made by fixing the ball-milled powder with wax [Fig. 
3(b)], the explosion sintering sample has an improved 
rectangularity of the demagnetization curve, but its intrin- 
sic coercivity decreases (from ~siH,=O-86 to 0.57 T). This 
may be attributed to the grain interactions of the compact 
magnet during explosion sintering. However, the a-Fe im- 
purity and the other amorphous impurity (see Sec. III B) 
in the magnet might also affect the coercivity. 

B. Microstructure (samples 6, D, and E) 

The sintered Sm2Fe17NY magnet was investigated by 
SEM and TEM. By the SEM observation (see Fig. 4)) we 
found that the explosion sintered magnets with different 
average particle size powders are quite homogeneous and 
we did not find any impurity phase, such as a-Fe. By TEM 
observation, we found that there are two remarkably dif- 
ferent areas in the sintered magnet. The main one has no 
visible contrast [Fig. 5 (a)], which means that there are no 
defects in this phase. The TEM diffraction pattern confirms 
that this main phase is Sm2FelTN,, [Fig. 5(b)]. The other 
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FIG. 4. SEM examination of the microstructure of sintered Sm,Fe,,N, 
magnets with different average powder size (p): (a) (p)=S pm, (b) 
QL) =3 pm, and (c) 01) = 1 ,um. 

minor one consists of tiny particles Fig. 5 (cl], the average 
sizes which are of the order of 0.1 pm. The TEM diffrac- 
tion pattern shows that these particles are cr-Fe and other 
unknown phases [Fig. 5 (d)]. 

For both SEM and TEM observations, we did not tind 
any grain-boundary phase, which indicates there are no 
pinning points in the sintered Sm,Fei,N, magnet. 

C. Grain size dependence of coercivity (samples C, 
D, and E) 

Figure 6 shows the demagnetization curves of ball- 
milled powder (before sintering) and the sintered magnets 
of the Sm,Fe,,N,, nitride. It can be seen that the intrinsic 
coercivity depends on the average size of the Sm,Fei,N, 
powder, especially before sintering. The nitride powder or 
sintered magnet with smaller average powder size has a 
higher coercivity. Also, the coercivity of sintered magnets 
decreases compared to that of their corresponding powder. 
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FIG. 5. Transmission electron micrograph of the sintered Sm2Fe,,N, 
magnet: (a) Sm,Fel,Ny grain without contrast, (b) diffraction pattern of 
Sm,Fe,,N, grain along c axis, (c) the minor phase, and (d) diffraction 
pattern of the minor phase. For (a) and (c), the amplification is 105. For 
(b) and (d), LA=3.071 cmk 

D. Temperature dependence of coercivity (sample B) 

The demagnetization curves of the sintered Sm,Fe,,N, 
magnet as a function of temperature are shown in Fig. 7. 
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FIG. 6. Demagnetization curves of (a) sintered magnet of Sm,Fe,,N,, 
nitride and (b) ball milled powder (before sintering). 
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FIG. 7. Demagnetization curves of the sintered Sm,Fe,,N,, magnet as a 
function of temperature. 

Both the remanence and the intrinsic coercivity decrease 
with temperature. The values in Table I are derived from 
Fig. 7, except for those of HA and M,, which are taken 
from Refs. 14 and 15, respectively. 

Figure 8 (a) compares the temperature dependence of 
coercivities of a sintered Sm,Fei,N,, magnet and a 
Nd1sFe7,Bs magnet.16 The data are normalized by that at 
room temperature. It can be seen that, with increasing 
temperature, the coercivity of the Sm,Fei,N, magnet de- 
creases more slowly than that of the Ndi5Fe7,Bs magnet. 

When studying the coercivity of sintered Nd-Fe-B 
magnets, Krtinmuller et al. proposed a model to describe 
the mechanism.‘7V18 Since there are no defects in the 
NdzFei4B main phase, the nucleations are located at the 
inhomogeneous layer of the main phase grains. Consider- 
ing the grain misalignment and the local demagnetizing 
field, we obtain the following relationship: 

HN=cHA-Ne&, (1) 

where HN is the nucleation field, (i.e., the theoretic value 
of &) and NeE is the effective demagnetization factor. HA 
and M, are the anisotropy field and saturation magnetiza- 

TABLE I. Magnetic properties of sintered Sm,Fe,,N, magnet at diierent 
temperatures (values of /.L,,H~ are taken from Ref. 4). 

T C’C) 29 60 100 150 200 
B, 0”) 0.725 0.712 0.680 0.640 0.584 
PO& CT) 0.380 0.318 0.243 0.175 0.110 
B,/B,(2O”C) 1 0.982 0.938 0.883 0.806 
‘aJ$4(20 -3 1 0.837 0.639 0.461 0.289 
POW CT) 1.33 1.29 1.26 1.19 1.12 
t iA (‘I’) 13.6 12.4 10.7 9.1 7.7 
HA/M, 10.3 9.59 8.48 7.67 6.86 
PDfs 0.286 0.246 0.193 0.148 0.098 
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FIG. 8. Temperature dependence of (a) coercive field and (b) the rema- 
nence B, of the sintered Sm,Fe,,N, magnet, compared with those of the 
Nd,sFe,,B, magnet. 

tion of NdzFe14B, respectively, which are only dependent 
on temperature. The constant c is related to the alignment 
of grains, the decoupling of grains, and the thickness and 
magnetic properties of the inhomogeneous layer of a grain. 
Qualitatively speaking, the worse the alignment, the 
thicker the inhomogeneous layer; the larger the difference 
in the magnetic properties between the layer and the main 
phase, the smaller the c value. Both c and NeE are indepen- 
dent of temperature. 

We now extend this model to the coercivity study of 
the Sm,Fe,,N, nitride. Since there is no defect inside the 
grain and no boundary phase between the grains, the nu- 
cleations of the ball-milled powder and explosion sintered 
magnet of Sm,Fei7N, nitride both could be attributed to 
the inhomogeneous layer of the Sm,Fe17N,, grains. Plotting 
J&/MS vs HA/MS at different temperature by the values in 
Table I (see Fig. 9), we can see that formula ( 1) holds 
very well. From the linear relationship we can obtain c and 
NeE by the slope and the intercept. For a comparison, the 
corresponding values (see Table II) of NdlSFe7,Bs are also 
plotted in Fig. 8. From Fig. 9 we derived that c(SmFeN) 
=0.054 and N&SmFeN) =0.27 compared to c(NdFeB) 
=0.35 and N& NdFeB) = 1 .O. Using these figures we es- 
timated the thickness of the inhomogeneous layer is of an 
order of 10’ &16p’7 With decreasing size of the Sm,Fe,,N,, 
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FIG. 9. $&/MS vs H,/M, plot for the sintered Sm,Fe,,N,, magnet, com- 
pared with that for the Nd,,Fe,,Bs magnet. 

powder, the nucleation on the surface layer becomes 
harder. Therefore, the coercivity increases. When the par- 
ticle size is too small, the oxidation may destroy the coer- 
civity. 

E. Temperature coefficient (sample B) 

Fiwre 8(b) gives the temperature dependence of the 
remanence B, of the sintered SmzFel,N magnet, com- 
pared with that of the Nd-Fe-B magnet. 14 It can be seen 
that the B, of the former decreases more slowly than the 
latter. 

The temperature coefficients a of B, and B of $7, in a 
temperature range T,-T, are defined as 

~=[B,(T,)--B,(TI)I/[(T,--I)B,(T,)I, (2) 

P=[,H,(T~)--~H,(TI)I/~(T~--T~)/~H,(T~)I. (3) 

Using the data in Tables I and II, and choosing T, as room 
temperature, and using formulas (2) and (3), we derived 
the temperature coefficients a and /3 of sintered Sm2Fel,N,, 
and Nd-Fe-B, respectively, at different temperatures (see 
Table III and Fig. 10). Combining the features of Figs. 
S(a) and S(b), we may conclude that the sintered 
Sm2Fe17N,, magnet has a better thermal stability than the 
NdzFe14B magnet. 

TABLE II. Magnetic properties of Ndl,Fe,,Bs magnet (N-35) at differ- 
ent temperatures (data are taken from Ref. 16 except &fs from Ref. 19 
and rbr, from Ref. 20). 

T (‘C) 20 
Br 0’) 1.22 
~~i.4 (T) 1.51 
WBr(2(J ‘Cl 1 
JfJKw*a 1 
rdKs U-3 1.60 

ETcT’ 
8.80 

i& 
5.50 
0.944 

60 
1.16 
1.05 
0.951 
0.695 
1.54 
7.65 
4.97 
0.682 

loo 150 200 
1.11 1.02 0.92 
0.66 0.37 0.16 
0.910 0.836 0.754 
0.437 0.245 0.156 
1.43 1.35 1.19 
6.29 4.88 3.88 
4.40 3.62 3.26 
0.462 0.274 0.134 

TABLE III. The temperature coefficients CY of B, and fl of JJ, of sintered 
Sm,Fe,,N, magnet at different temperatures, compared with those of the 
NdjzFe,,Bs magnet (N-35) of which data are taken from Ref. 16. 

T (“‘3 29 60 100 150 200 
ahFeN (%,-cl ’ ’ ’ -0.058 -0.016 -0.097 -0.114 
&,,FeN (%Pc) ‘. ’ -0.53 -0.51 -0.45 -0.42 

T W) 20 60 100 150 200 
aNdFeE (%rc) --’ -0.123 -0.113 -0.126 -0.137 
B t.JACnT1 (%PC) *** -0.761 -0.704 -0.580 -0.497 

IV. CONCLUSION 

As a new technique, explosion sintering has been suc- 
cessfully used to make compact magnets from Sm,Fe,,N,, 
powder, which retains the crystalline structural, and mag- 
netic properties of the SmaFe17Ny nitride. Compared to the 
epoxy resin bonded Sm,Fe,,N,, magnet, the explosion sin- 
tered Sm2Fel,NY magnet has better rectangularity of the 
demagnetization curve to get a higher energy product. The 
coercivity of the Sm,Fe,,N,, nitride magnet, as well as the 
powder, may originate from the nucleation in the grain 
surface layer. The Sm,Fe,,N, magnets have better temper- 
ature coefficients than the Nd-Fe-B magnets. 
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FIG. 10. Variation of temperature coefficient a and p of sintered 
Sm,Fe,,N, magnet, compared with those of the NdlSFe,,B, magnet. 
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