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Abstract—Sm,Fe; _ (Al (x = 0.1, 0.2, 0.3 and 0.4) alloys and alloy-based nitrides were synthesized. The
chemical and phase composition, microstructure of cast and homogenized alloys, and the hysteresis proper-
ties were studied by scanning electron microscopy, local microanalysis, and X-ray diffraction analysis. It was
established that nitriding of pseudobinary Sm,Fe; _ ,Al, compounds leads to the increase in lattice parame-
ters and simultaneous increase in the specific saturation magnetization. Mechanical activation processing of
the nitriding products revealed the different nature of their magnetic behavior depending on aluminum con-
centration in the alloys. Mechanical activation leads to the increase in coercive force and simultaneous
decrease in the values of specific saturation magnetization and the average size of particles at small content
of aluminum (18.6 at %). The coercive force of nitride also increases after mechanical activation at high alu-
minum content (38.3 at %); however, the specific saturation magnetization also increases. Generally, the
increase in aluminum content in Sm—Fe—AI—N alloy leads to the decrease in their hysteresis characteristics

after mechanical activation processing.
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INTRODUCTION

It is known that Sm,Fe ;N nitrides synthesized by
Coey and Hong Sun in 1990 for the first time [1, 2] are
very promising hard magnetic phases characterized by
outstanding magnetic properties. These properties open
new prospects for the elaboration of a new generation of
highly coercive hard magnetic materials [3—5].

Poor thermal stability is the main drawback of
Sm,Fe;N;_s compounds. In practice, it was estab-
lished that Sm,Fe;N; _ s nitrides can be decomposed
into soft magnetic SmN and o-Fe phases; this fact sig-
nificantly restricts the possibility of using them for the
fabrication of high-energy permanent magnets and
determines the need to continue the studies in this
direction.

The search for a highly efficient and economically
sound hard magnetic material based on 2 : 17 substi-
tuted compounds (by varying the chemical composi-
tion at constant stoichiometry) characterized by prop-
erties which are not inferior to the ones of Sm,Fe ;N;
nitride has continued in the last decades. For example,
in a series of studies [6—8], it is mentioned that partial
replacement of atoms of iron with nonmagnetic ele-
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ments M = Si, Ga, Al in the crystal lattice of the initial
intermetallic compound Sm,Fe,; provides the increase
in the parameters and the volume of the unit cell,
causes the increase in its Curie temperature (first of
all, owing to the increase in Fe—Fe distance at 6c¢ sites
of the rhombohedral structure), and leads to the
change of the sign of the first constant of magne-
tocrystalline anisotropy (similar to the addition of
light atoms to the crystal lattice). However, the Curie
temperature and saturation magnetization of such
compounds significantly depend on the concentration
of substituent nonmagnetic atoms M, because the
mentioned transformation of properties is determined
by the changes in electron structure of the initial com-
pound which are related to volume and chemical
effects as well as to the common dilution [9].

The studies of nitrides based on quasi-binary
Sm,Fe; _  Al, compounds were performed in [8, 10—12].
X-ray diffraction analysis (XRD) showed that these
nitrides are characterized by the same Th,Zn; type of

structure (R3m space group) typical of Sm,Fe, com-
pound. The introduction of nitrogen atoms into the
lattice of Sm,Fe; _ ,Al, compounds leads to the increase



90 VESELOVA et al.

Table 1. Elemental and phase composition of Sm,(Fe; _ ,Al,) 7 after homogenizing annealing at 1000°C for 40 h

Calculated content Average integrated chemical Phase composition | Phase content in the
No. of components, at % composition, at % (according to XRD sample (according
Sm Fe Al Sm Fe Al and EDX data) to XRD), wt %
SmyFeq 9Al; g 49
1 10. . . 10. 2. 10.4 : :
0.5 80.5 8.9 0.0 82.8 0 o-(Fe, Al) 51
2 10. 71.6 17. 2 72.2 18. ‘ ’
5 9 ? 86 | (Fe, Al) 28
szFelo 7A]6 3 75
3 10.5 62.6 26.8 2 63.6 27.2 : :
? o-(Fe, Al) 25
Sm2FC() 9Al7 1 96
4 10.5 53.7 35.8 10.1 51.6 38.3 N
a-(Fe, Al) 4
in the parameters of the elementary cell and expected EXPERIMENTAL

increase in the Curie temperature and specific satura-
tion magnetization. However, the amplitude of this
increase decreases as the value of x increases as com-
pared to the undoped compound. In other words,
Sm,Fe;; _ ,AlLN, nitrides are characterized by lower
values of the main magnetic characteristics as com-
pared to Sm,Fe;N;. It should be mentioned that the
magnetic experiments on intermetallic compounds
and their nitrides were carried out in magnetic fields
characterized by the intensity of 1 T [10] and 2—6.5 T
[8] at room temperature and only in few cases [11, 12]
at the magnetic field intensity up to 7 T at 4.2 K. The
results of X-ray studies and magnetic measurements
are given in the studies dedicated to Sm,Fe; _ AL N,
nitrides; however, the content of nitrogen is given only
for the samples characterized by the minimum and
maximum concentrations of aluminum among the
studied concentrations; the general regularity of its
negative influence on the properties of the compound
is mentioned.

Data on structural and magnetic properties of
finely dispersed Sm—(Fe, Al)—N nitrides (for exam-
ple, after mechanical activation (MA) are absent in the
literature. However, according to numerous published
sources, the magnetic properties of Sm,Fe;;N, pow-
ders, in particular, the coercive force, can be signifi-
cantly improved by additional mechanical disintegra-
tion. Thus, in the study [13], it was shown that the low
coercive force of nitride after nitriding (<100 kA/m)
increases to 540 kA/m after 60 min of disintegration.
The influence of powder size on its coercive force is
related to the change in the domain structure. The
authors of the study [14] suppose that single-domain
particles which are switched in the intense fields and pro-
vide higher values of coercive force are formed during
disintegration. In view of the aforesaid, the goal of the
present research was to synthesize Sm,Fe; _ ALN;_5
nitrides, where x = 0.1, 0.2, 0.3 and 0.4, and to study
the influence of mechanical activation processing on
their structure and magnetic properties.
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The smelting of alloys of Sm,(Fe, _ ,Al,),; nominal
composition, where x = 0.1, 0.2, 0.3, and 0.4, was car-
ried out by vacuum arc remelting (VAR) (alloys 1-3)
and vacuum induction melting (VIM) (alloy 4) from
extrapure metals taking into account the addition of
5% excess of samarium owing to its evaporation during
smelting under an argon atmosphere. The designa-
tions and the elemental (calculated and found) and
phase composition of the alloy according to the X-ray
and SEM studies are given in Table 1. Homogenizing
annealing was performed in vacuum-processed quartz
ampoules at 1000°C for 40 h. The phase composition
of alloys 1—4 before and after annealing was studied on
polished samples using a LEO EVO-50 XVP scanning
electron microscope (Carl Zeiss, Germany). The
measurement error was +0.3 at %.

Nitriding of alloys was carried out under an extrapure
nitrogen atmosphere, pressure of 5 MPa, temperature of
490 + 5°C, and for duration 48 h after their preliminary
hydride disintegration. The relative error of the determi-
nation of hydrogen and nitrogen content in the alloys did
not exceed 0.1 H(N)/Sm,(Fe, _ ,Al).

X-ray diffraction analysis (XRD) of the initial
alloys and products of their nitriding was carried out
ona DRON-4-07 diffractometer (U=40KkV, /=30 mA);
monochromatized CoK,, radiation was used; the scan-
ning angle range was 20 = 20°—120°; the step was
0.05°; the storage time was 5 s at every point. The
approximation of X-ray diffraction patterns was per-
formed according to the Rietveld refinement. The
accuracy of determination of lattice parameters was
+(0.01—-0.05)%; the accuracy of determination of
mass fractions of phases was +(5—10)%.

Mechanical activation processing of nitrides was
carried out in a high-energy planetary mono mill Pul-
verisette 6 (Fritsch, Germany). The milling bodies and
nitride powder were placed into tungsten carbide mill-
ing glasses; 100 metal spheres (tungsten carbide,
diameter of 5 mm) were used as milling bodies. The
milled sample (up to 15 g) was loaded into the 225 mL
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Table 2. Conditions of nitriding and results of phase analysis of nitrided alloys of Sm,(Fe, Al);

. o Phase composition of alloys after nitriding;
Sample no. 2 : 17 phase P, MPa T,°C fractions of phases (wt % + 1).
s Sm,Fe ;AL Sm,Fe4 9Aly 1N, 4 —41; SmN — 2;
: : a-(Fe, Al) — 57
6 SmyFe3,Al5 Sm,Fe 3 ,Al3 5N, | — 68; SmN — 2;
50.0 490 * 5°C o-(Fe, Al) — 30
7 Sm2F610 7Al6 5 sszelo_']A]ﬁ}Nlﬁ — 635, SmN — 35,
: : o-(Fe, Al) — 33
8 Sm2Fe9 9A171 szFeg'gAl]lNos — 93, SmN — 1,
o a-(Fe, Al) — 6.

grinding bowl; grinding bowl ~35 mL of heptane and
2—3 drops of oleic acid (surfactant preventing the
coalescence of particles) were added. Milling was car-
ried out under an argon atmosphere to avoid the oxi-
dation of the studied compounds during milling. Milling
lasted for 15, 30, 45 and 60 min; the rotation velocity of
planetary disk was set to 300 rpm. A Supra 40 scanning
electron microscope (Carl Zeiss, Germany) was used
to obtain SEM images of nitride powders before and
after mechanical processing and determine the size of
particles of nitrided powders.

The hysteresis properties of nitrides before
mechanical activation processing were determined
using the vibration magnetic add-on to the PPMS-9
system (Ever Cool II, Quantum Design) in magnetic
fields with H reaching 9 T at room temperature. The
hysteresis properties of nitride powders after mechan-
ical activation were determined in magnetic fields with
H reaching 2 T at room temperature; a VSM-250
vibrating magnetometer was used. The error of the
determination of the specific saturation magnetization
(o,), specific residual magnetization (G,), and coercive
force with respect to magnetization (jH,.) was £0.3%
(PPMS-9) and £2.0% (VSM-250).

RESULTS AND DISCUSSION

Characteristics of Cast and Homogenized
Sm—Fe—Al Alloys

The X-ray fluorescence (XRF) analysis of the cast
alloys showed that the bars obtained by VAR are sig-
nificantly depleted in samarium despite the addition
of 5% of this metal into the furnace charge sample.
According to the X-ray spectral analysis, in particular,
energy-dispersive spectroscopy (EDX), and XRD of
the homogenized alloys, the o-(Fe, Al) phase is also
present in the alloys besides the main quasi-binary
Sm,(Fe, Al),; phase of Th,Zn,; (R3m space group)
structure. The mass fractions of the mentioned phases
in the alloys are given in Table 1.

The images of the microstructure of Sm—Fe—Al
alloys after homogenizing annealing at 1000°C for 40 h
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are given in the study [15]. It is seen that the type of
iron distribution is similar to the one observed for the
cast alloy. SEM images of alloys 1—4 after homogeni-
zation showed that dendritic structure is more or less
typical of all samples; however, it is most pronounced
in case of alloy 3, which apparently is due to the signif-
icant difference between the rates of cooling of the dif-
ferent parts of a bar. Sample 4 does not contain any
traces of dendritic segregation probably because of a
more uniform distribution of the initial components
during the VIM process.

Characteristics of Smy(Fe;_ (Al) ;; Alloys after Nitriding:
Structure and Magnetic Properties

Highly dispersed powders were obtained as a result
of nitriding of Sm—Fe—Al alloys after their prelimi-
nary hydride disintegration. According to the X-ray
analysis of the nitride phases, absorption of nitrogen
was followed by a characteristic increase in the unit
cell volume of 2 : 17 type without any changes of its
structural type and by a significant broadening of the
corresponding diffraction lines. It was found that
nitride phases were partially decomposed: firstly, a dras-
tic increase in intensity of the lines of the o-(Fe, Al)
phase was observed in the diffraction patterns of all
four alloys, while the intensity of the main phase did
not change; secondly, the SmN phase was identified as
the product of thermal decomposition.

The conditions of nitriding and the results of phase
analysis after nitriding are given in Table 2.

The temperature regime of nitriding of Sm—Fe—Al
alloys was selected taking into account the data given
in [11, 12], where T, = 500°C, 7= 4 h; in our study,
T\, = 490°C, t = 48 h (such a long exposure under a
nitrogen atmosphere is determined by the heterogene-
ity of the initial material). It should be mentioned that
decomposition of the nitride phase at high tempera-
ture (7 = 450°C) was not mentioned in the sources
given above.

The results given in Table 3 show that the value of
AV/V tends to decrease from 4.9 to 0.4% as the con-
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Table 3. Structural parameters and magnetic characteristics of quasi-binary intermetallics Sm,(Fe, _ ,Al,);; before and

after nitriding (structure of Th,Zn; type, R3m space group, no. 166)

(ne it stte and ater mticing| @ oA c/a VA | AV | o Amiig
Sm,Fe Al [10] 8.574 12.530 1.461 798 — —
Sm,Fe,s5Al, 7 [12] 8.605 12.458 1.448 — 127.2%*
Sm,Fe 5 3Al, ;N5 ¢ [12] 8.754 12.636 1.443 — 5 1447
Sm,Fe 5 Al, o (sample 1) 8.603(4) | 12.522(3) 1.456 802.7 95.9%
Sm,Fe,s,Al, gN, 4 (sample 5) 8.751(9) | 12.717 (3) 1.453 842.3 4.9 82.1*
Sm,Fe sAl, [10] 8.610 12.546 1.457 805 - -
Sm,Fe 3 Al 4 [12] 8.651 12.566 1.453 — 116.6**
Sm,Fe 3 ,AL 4N, [12] 8.748 12.649 1.446 — 3 129.2%*
Sm,Fe 3 ¢Als 4 [11] 8.641 12.554 1.453 811.8 -
Sm,Fe 3 4,Al; 4N, 5 [11] 8.789 12.750 1.451 852.9 5.1 -
Sm,Fe Al [10] 8.629 12.541 1.453 809 - -
Sm,Fe 3 ,Al; ¢ (sample 2) 8.643(7) | 12.596 (3) 1.457 815.6 70.6*
Sm,Fe 3 ,AL gN, | (sample 6) 8.770 (8) | 12.765 (1) 1.456 848.4 4 74%
Sm,Fe ;Al, [10] 8.659 12.598 1.455 818 - -
Sm,Fe,, 4Als, [12] 8.693 12.622 1.452 — 96.8%*
Sm,Fe,; oAls N, [12] 8.721 12.689 1.455 — 1.2 106.3%*
Sm,Fe g ;Alg 3 (sample 3) 8.695(3) | 12.670(5) 1.457 829.5 62.4*
Sm,Fe g ;Alg 3N ¢ (sample 7) 8.780 (5) | 12.759 (8) 1.454 852.6 2.8 37+
Sm,Fe Al g [12] 8.745 12.682 1.450 — 80.9%*
Sm,Fe, ,Alg N [12] 8.750 12.694 1.451 — 0.2 82.1%*
Sm,Feg Al | (sample 4) 8.774 (0) | 12.695 (4) 1.456 849.8 22.1%
Sm,Feg 9Al; N 5 (sample 8) 8.781(8) | 12.779 (1) 1.456 854 0.4 37.8*

* The values of 6, measured in magnetic fields of 9 T intensity at room temperature were calculated using Eq. (1).

** The values of 6, were measured at 4.2 K in magnetic fields of 7 T.

centration of aluminum in the alloys is increased; a
simultaneous decrease in the absorption capacity with
respect to nitrogen is observed. The ratio ¢/a of the
initial phases changes weakly; it hardly depends on the
content of aluminum in the sample. Therefore one can
conclude that the increase in parameters of the unit
cell is isotropic.

The introduction of nitrogen atoms into the
Sm,(Fe, _ ,Al,);; compound leads to the increase in
the parameters of the unit cell; their amplitude
decreases as the content of aluminum in the alloys is
raised (Fig. 1). Therefore, one can suppose that
replacement of iron with aluminum impedes the dis-
solution of nitrogen in the 2 : 17 phase.

The hysteresis loops of nitrided alloys 1—4 mea-
sured at room temperature in a field with the intensity
of 7.164 MA/m are given in Fig. 2.

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11

The values of the specific saturation magnetization
o, of the 2 : 17 phase in these alloys before and after
nitriding was calculated according to the equation

o, (2:17) =[o,(sample)
- GS(G—Fe)m(oc—(Fe,Al))]/u) 2:17),

where 6,(0-Fe) = 210 A m?/kg [16] and  is the phase
content in a sample (wt %).

(1)

The significant content of the soft magnetic phase
of a-(Fe, Al) and the presence of the SmN phase in
the studied nitrides determine the low values of the
specific magnetization o, of the alloys. In particular,
the fraction of the hard magnetic phase drastically
decreases owing to the thermal decomposition of
nitride of the main phase based on alloys 1 and 3 lead-
ing to the increase in the mass fraction of a-(Fe, Al) as
compared to the initial sample and because of the for-
mation of the nonmagnetic SmN phase. As a result,
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130 _ o SmZFeW—xAlx
<l = Sm,Fe;; ALN,
Sn6h W
12.4L
8.8 A
o 871 I:"/B/El‘/
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8.5 1 1 1 J
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Fig. 1. Concentration dependence of parameters a and c of
Sm,Fe; _ (Al  and SmyFey; _ AL N, compounds.

the values of specific saturation magnetization of
Sm,Fes,Al,y and Sm,Fe,, ;Aly; appeared to be lower than
those before the interaction with nitrogen. The introduc-
tion of nitrogen into the lattice of Sm,(Fe, _ ,Al,);; com-
pounds usually leads to the increase in 6,; the ampli-
tude of this increase decreases as the aluminum con-
centration is raised. In case of samples 1 and 3, this
regularity is not fulfilled owing to the simultaneous
influence of several factors: (1) the presence of hetero-
geneities in the microstructure of the homogenized
alloys leading to the heterogeneous volume nitriding
of the alloys; (2) high content of the soft magnetic
phase (and corresponding decrease in content of the
hard magnetic phase); (3) high amount of aluminum
atoms which substitute iron (simple dilution). Insig-
nificant thermal decomposition of the nitride phase in
alloy 4 exhibited the lowest influence on the magnetic
properties.

The areas of loops of magnetic hysteresis of all
nitrided alloys monotonically decrease. The insets in
Figure 2 show that the coercive force in magnetic
fields with intensity of —7.164 to +7.164 MA/m
decreases along the magnetization at room tempera-
ture as the number of the sample (i.e., Al content in
alloys) becomes higher; this is probably related to the
increase in the number of nonmagnetic aluminum
atoms in the products of nitriding. The same tendency
is typical of the specific saturation magnetization of
the 2 : 17 phase in homogenized alloys before and after
nitriding: 6,becomes higher in nitrides as compared to
the initial phase owing to the introduction of nitrogen
into the 2 : 17 phase. However, it monotonically
decreases in both cases as the aluminum concentra-
tion is raised.

Influence of Mechanical Activation Processing
on the Size of Particles of Nitride Powders,
Their Structure and Properties

The study of the influence of time of mechanical
activation was carried out on nitride samples 6 and 8

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11

oy, Am’/kg
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8 —6 -4
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Fig. 2. Loops of magnetic hysteresis of nitrided material
based on samples /—4 (curves in Figs. 2a—2d, top down,
respectively) measured in a magnetic field of 7.164 MA/m
at room temperature; the dependence of 6,0n H is given in
the insets to estimate the coercive force of nitrides.

(initial homogenized alloys 2 and 4, respectively)
because the most significant thermal decomposition
was observed in nitrided alloys 5 and 7 (see Table 2)

No.1 2020
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Fig. 3. Diffraction patterns of samples 6 (a) and 8 (b) after milling for 15, 30, 45, and 60 min at room temperature.

which correspond to homogenized alloys 1 and 3 and
because of the high content of the soft magnetic o-Fe-

based phase.

No signs of amorphization are observed in the dif-
fraction patterns of both series of nitride powders after
mechanical activation which lasted for 15, 30, and
45 min (Fig. 3). The shape of spectra does not change

change as the time of mechanical activation is raised;
their half-width also changes insignificantly. The most

pronounced changes are observed for the intensities of
the lines of the o-Fe-based phase: it slightly changes

significantly: the peak/background ratio of the dif-

fraction patterns generally does not change and the
intensity of lines of the basic 2 : 17 : N phase does not

in the milling series of alloy 6 and exhibits a weakly
pronounced tendency to decrease in the case of alloy 8;
however, the changes in its mass fraction lie within the
margin of the experimental error.

Mechanical activation for 60 min led to a signifi-
cant change in the shape of diffraction spectra of both

Table 4. X-ray characteristics of Sm,Fe; _ (AN nitrides in the initial state and after various modes of mechanical activa-

tion processing

Time Phase content in the nitriding Parameters of the unit cell Volume of the unit
Sample no.| of mechanical product, wt % of2: 17 : N phase, A cellof2:17: N
activation, min | »:17:N SmN | o-(Fe, Al) a, A c, A phase, A’
0 68 2 30 8.770 (8) 12.765 (1) 848.4
15 72 2.5 25.5 8.771 (3) 12.764 (6) 849.1
6 30 72.5 3 24.5 8.770 (7) 12.767 (2) 848.5
45 73 2 25 8.771 (3) 12.766 (1) 848.9
60 70.5 1.5 28 8.772 (1) 12.765 (5) 849.3
0 93 1 6 8.781 (8) 12.779 (1) 854
15 94 1 5 8.781 (4) 12.778 (5) 853.8
8 30 95 1 4 8.782 (9) 12.777 (2) 853.2
45 92.5 1.5 6 8.782 (5) 12.778 (6) 852.8
60 92 1.5 6 8.781 (3) 12.778 (4) 853
INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11 No. 1 2020
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Table 5. Magnetic properties of the powders of samples 8 and 9 before (*) and after (**) mechanical activation

Time
1 . . sksksk
Sample no. ofme.zchz.imcal Particle size (SEM), um |jH,, kA/m on A Os A 0,/0; O;of2:17: N
activation, m?/kg m?/kg phase, A m?/kg
min
0 up to 70—90 and less 56 — 112 - 74
15 <6 89 26 90 0.29 50.6
6 30 <10 101 27.5 89.6 0.30 52.6
45 <8 106 27.7 88.1 0.31 48.8
60 <7 91.4 19.6 62.7 0.31 5.5
0 up to 200 and less 12.5 — 47.2 — 37.8
15 <5 20.5 4.4 334 0.13 39.5
8 30 <7 21.7 53 36 0.15 40.8
45 <6.5 23.7 6 37 0.16 37.4
60 <6 23 5.7 31.5 0.18 20.5

* The values of 6, were measured in magnetic fields of 9 T at room temperature.
** The values of 6, were measured in magnetic fields with intensity reaching 2 T at room temperature.

*#* The values of 6 were calculated using Eq. (1).

nitrides; in particular, the lines of the main phase
became broader. However, certain differences
between them are observed. Thus, in the case of sam-
ple 6, the intensities of lines at 26 = 48.3° and 49.6°
became equal. At the same time, almost no changes in
the SmN and o-(Fe, Al) phases are observed: their
mass fractions and intensities of lines became a bit
lower as compared to the nitrides after mechanical
activation during a lower processing time (Table 4).

Mechanical activation for 60 min led to the
increase in coercive force (owing to the decrease in the
average size of particles) at the simultaneous decrease
in the specific saturation magnetization (Fig. 4, Table 5),
which is in accordance with the existing concepts of
the influence of milling of Sm—Fe—N nitrides on the
processes of nucleation and growth of the domains of
the reverse magnetization [13, 14]. However, the fur-
ther increase in the time of mechanical activation
leads to the worsening of the magnetic properties of
nitrides: the value of jH, starts to drastically decrease.

In case of powders of sample 8, the tendency to
amorphization registered according to the emergence
of halo and broadening of diffraction lines of the 2 : 17
phase is also observed after mechanical activation last-
ing for more than 45 min. However, generally, it hardly
influenced the intensity of the lines of the alloy’s
phases. Mechanical activation leads to the increase in
saturation magnetization and coercive force of the
powders as the time of mechanical activation is raised
and the average size of the particles becomes smaller.
However, the coercive force of sample 8 starts increas-
ing at a simultaneous decrease in the specific magne-
tization as opposed to sample 6. It is interesting to
mention that this inverse effect is observed even at a
low content of the soft magnetic o-Fe-based phase.
One can suppose that this phenomenon is related to
the high concentration of nonmagnetic aluminum in

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11

(a)
GS: A m2/kg
100 SmyFe 3,A13 3N, (sample 6)

l
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H, kA/m
— — 1 milling for 15 min
——2 milling for 30 min
—-—--3 milling for 45 min
----------- 4 milling for 60 min
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Fig. 4. Loops of magnetic hysteresis of nitride samples
6 (a) and 8 (b) after disintegration in the mill for 15, 30, 45,
and 60 min measured in a field of 20 000 kA/m at room
temperature.
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Fig. 5. SEM images of samples 6 (a, b) and 8 (c, d) after ball-milling for 60 min.

the sample, which predominantly determines the
decrease in hysteresis properties of the initial and
mechanically activated nitrided alloy, providing the
deviation of the behavior of hysteresis properties of
powders of Sm,Fe;N; _ 5 alloys from the typical one
after increasing the time of mechanical activation.

Figure 5 shows SEM images of the powders of
nitrides 6 and 8 mechanically activated for 60 min
obtained with a scanning electron microscope. It is
seen that the samples are composed of agglomerates
formed by a huge amount of chaotically oriented par-
ticles contacting each other.

Generally, the parameters and volume of the unit
cell remain almost constant as the milling time is
raised. No structure modification is observed.

CONCLUSIONS

The completed studies made it possible to establish
the following:

(1) Replacement of iron with aluminum in Sm,Fe,,
leads to the increase in the unit cell volume; introduc-
tion of nitrogen into the lattice of quasi-binary
Sm,Fe,; _ ,Al, intermetallics provides an additional
increase in the lattice parameters. However, the
amount of absorbed nitrogen and the value of the rel-
ative increase in the unit cell volume AV/V decrease as

INORGANIC MATERIALS: APPLIED RESEARCH Vol 11

the concentration of aluminum in the 2 : 17 phase is
raised.

(2) Mechanical activation of Sm—(Fe, Al) nitrides
does not cause any modification of the structure of the
material but affects their magnetic properties. An
insignificant increase in jH, along with a tendency
toward the decrease in the specific saturation magne-
tization and particle sizes as the time of mechanical
activation is raised is observed in the sample contain-
ing 18.6 at % Al. The increase in aluminum concentra-
tion in the sample containing a lower amount of soft
magnetic o-Fe phase leads to the emergence of mag-
netic behavior which is not typical of ferromagnetic:
the coercive force increases at the simultaneous
increase in the values of the specific saturation magne-
tization.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interest.

REFERENCES

1. Ogura, M., Mashiyama, A., and Akai, H., Role of N in
the permanent magnet material Sm,Fe;N,, J. Phys.
Soc. Jpn., 2015, vol. 84, art. ID 084702.
https://doi.org/10.7566/JPSJ.84.084702

2. Hirosawa, S., Nishino, M., and Miyashita, S., Perspec-
tives for high-performance permanent magnets: appli-

No. 1 2020



SYNTHESIS AND STUDY OF INFLUENCE OF MECHANICAL ACTIVATION PROCESSING 97

cations, coercivity, and new materials, J. Adv. Nat. Sci.:
Nanosci. Nanotechnol., 2017, vol. 8, art. ID 013002.
https://doi.org/10.1088,/2043-6254/aa597¢c

. Zhang, S. and Zhao, D., Advances in Magnetic Materials:
Processing, Properties, and Performance, Boca Raton:
CRC, 2017.

. Goll, D., Loeffler, R., Herbst, J., Karimi, R., and
Schneider, G., High-throughput search for new per-
manent materials, J. Phys.: Condens. Matter, 2014,
vol. 26, art. ID 064208.
https://doi.org/10.1088,/0953-8984/26,/6/064208

. Otani, Y., Hurley, D.P.F., Hong, S., and Coey, J.M.D.,
Magnetic properties of a new family of ternary iron ni-
trides R,Fe;;N;_, (invited), J. Appl. Phys., 1991,
vol. 69, no. 8, pp. 5584—5589.
https://doi.org/10.1063/1.34795

. Sabirianov, R.F. and Jaswal, S.S., Electronic structure
and magnetism in Sm,Fe; xA (A = Al, Ga, Si),
J. Appl. Phys., 1996, vol. 79, no. 8, pp. 5942—5944.
https://doi.org/10.1063/1.362114

. Zarek, W., Influence of Si, Al and C on the crystal
structure and magnetic properties of Sm,Fe,;, J. Magn.
Magn. Mater., 1996, vols. 157—158, pp. 91-92.
https://doi.org/10.1016/0304-8853(95)01079-3

. Li, X, Tang, N., Lu, Z., Zhao, T., Lin, W.G., Zhao, R.,
and Yang, F., Structure and magnetic properties of Sm,
(Fe; _ JAlL)pN, compounds, J. Appl. Phys., 1993,
vol. 73, no. 10, pp. 5890—5892.
https://doi.org/10.1063/1.353512

. Rama Rao, K.V.S., Ehrenberg, H., Markandeyulu, G.,
Varadaraju, U.V., Venkatesan, M., Suresh, K.G., Mur-
thy, V.S., Schmidt, P.C., and Fuess, H., On the struc-
tural and magnetic properties of R,Fe;; _ (A, T), (R—
rare earth; A—Al, Si, Ga; T = transition metal) com-
pounds, Phys. Status Solidi A, 2002, vol. 189, no. 2,
pp. 373—388.

10.

11.

12.

13.

14.

15.

16.

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 11

https://doi.org/10.1002/1521-396X(200202)189:2<373::
AID-PSSA373>3.0.CO;2-G

Wang, Z. and Dunlap, R.A., Effects of Al substitutions
on the magnetic properties of Sm,Fe;; compounds,
J. Condens. Matter., 1993, vol. 5, pp. 2407—2414.
https://doi.org/10.1088/0953—8984/5/15/011

Hu, B.-P., Rao, X.-L., Xu, J.-M., Liu, G.-C., Cao, F,,
Dong, X.-L., Li, H., and Zhao, Z.-R., Magnetic prop-
erties of Sm,(Fe, _ \M,);N,, nitrides (M = Co, Ni, Al,
Ti, V), J. Magn. Magn. Mater 1992, vol. 114, pp. 138—
144.

https.//dm.org/10.1016/0304 8853(92)90338-0

Yang, F.-M., Li, X., Tang, N., Wang, J., Lu, Z., Zhao, T.,
Li, Q., and de Boer, F.R., Magnetic properties of
Sm,Fe;N, with Al substituted for Fe, J. Alloys Compd.,
1995, vol. 221, pp. 248—253.
https://doi.org/10.1016/0925-8388(92)90338-0

O’Donnell, K. and Coey, J.M.D., Characterization of
hard magnetic twophase mechanically alloyed
Sm,Fe;N;/0-Fe nanocomposites, J. Appl. Phys.,
1997, vol. 81, pp. 6310—6321.
https://doi.org/10.1063/1.364389

Popovich, A.A., Razumov, N.G., and Popovich, T.A.,
Specific nitriding of magnetosolid material Sm,Fe,,
Nauchno-Tekh. Ved. S.-Peterb. Gos. Politekh. Univ.,
2013, vol. 3 (178), pp. 206—215.

Veselova, S.V., Verbetsky, V.N., Savchenko, A.G., and
Shchetinin, 1.V., Influence of aluminum and hydrogen
on the properties of Sm,Fe;, Inorg. Mater.: Appl. Res.,
2019, vol. 10, no. 1, pp. 58—65.

Coey, J.M.D., Magnetism and Magnetic Materials,
Cambridge: Cambridge Univ. Press, 2010.
https://doi.org/10.1080/00107514.2010.514061

Translated by P. Viasov

No.1 2020



	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	Characteristics of Cast and Homogenized Sm–Fe–Al Alloys
	Characteristics of Sm2(Fe1 – xAl)17 Alloys after Nitriding: Structure and Magnetic Properties
	Influence of Mechanical Activation Processing on the Size of Particles of Nitride Powders, Their Structure and Properties

	CONCLUSIONS
	REFERENCES

		2020-02-11T15:49:41+0300
	Preflight Ticket Signature




