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THE STUDY OF THE INFLUENCE OF EXTERNAL PRESSURE
AND CARBON ON STRUCTURE AND PROPERTIES OF
COMPACTS MADE ON THE BASIS OF RAPIDLY COOLED
ALLOYS OF Nd-Fe-(B,C)-Cu-Ti

Purpose. Complex study of thermodynamic and physico-chemical conditions of phase formation in ready-made
permanent magnets produced on the basis of systems Fe-Nd-B.

Methods of research: metallographic, x-ray, x-ray spectral, magnetometer.

Results. The influence of external pressure and insignificant amount of carbon (0,17...0.86 % at) on the structure
and properties of permanent magnets made on the basis of Nd-Fe-B system doped with copper and titanium. For the
manufacture of permanent magnets with high magnetic energy fast cooling products from the liquid state are used. To
do this, the scales obtained by the LRS method were pressed in a mold and fused in a vacuum. The mold and bolts that
hold them together are made of alloys posessing different coefficients of linear expansion. This method allows to
achieve high pressure (~ 1 GPa) during sintering. Sintering was performed in vacuum at a pressure of 10~ mm of
mercury and at a temperature of 1323 K, annealing occurred at a temperature of 823 K. Choice of these temperatures
is due to the technological process of obtaining sintered magnets by the method of powder metallurgy.

As a result, sintered lump pacts with different degrees of hardness were obtained. The results of x-ray and x-ray
spectral analyses showed that the main phases are Nd Fe, B, Nd, Fe B, Nd and NdCu,. Metallographic studies have
shown that phase Nd Fe, B under these conditions it does not have time to form into individual grains, and the size
of the phase NdCu, is such that do not interfere with the movement of domain boundaries, in this case, the value of the
coercive force of the sample remains almost constant and equals is 100...200 kA/m.

Statistical processing of the results of metallographic studies showed that the size of the paramagnetic phase
NdCu,in the range of 0.3...2.2 um. Comparison of mono-domain phase particle sizes Nd Fe, B (53.65 nm) with
paramagnetic phase dimensions NdCu,showed that one particle accounts for 5 to 34 domains. Therefore, despite the
Jact that the structure of the compact paramagnetic phase NdCu, is present as well the areas of imperfections clusters
(Suzuki-Kotrell cloud, dislocation nuclei, etc.), they are not an obstacle to the displacement of domain boundaries.

Scientific novelty. It was found that the sintering of rapidly cooled alloy flakes Nd,; ,Fe, . CB, Cu, Ti,  in
conditions of high pressure of about 0.9 GPA at 1323 K promotes volume growth of phases Nd Fe, B, NdCu,, but it
does not lead to their disintegration, which, in turn, negatively influence the physical properties of compacts (H, and
Br).

Practical significance. The obtained results are important for the further development of physical materials
science of magnetically rigid materials and modern technology.

Key words: sintering, heat pressure, annealing, the main hard magnetic phase, the phase with reduced metasta-

bility, coercive force.

Introduction primary processing of alloys to achieve high values of

At present, the basis for the production of permanent coercive force and residual induction in permanent magnets,

magnets are transition metal alloys (T) with rare earth (R),
or alloys in which the required level of magnetic properties
is provided by the presence of intermetallic compounds
such as RT,, R,T ., R'T B [1]. Analysis of the literature
suggests that the technology of production of compounds
such as R Fe B is constantly improving. Despite the fact
that a sufficiently large number of magneto-porous
compounds have been discovered, magnets based on the
Nd,Fe, B phase currently dominate.

One of the means of increasing the magnetic
characteristics in materials based on alloys REM-PM is a
comprehensive alloying and development of methods of
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which is an urgent problem of modern materials science.
Today, the most promising system is the Nd-Fe-B. More
common in use is the alloy “Neomax” based on the system
Nd-Fe-B doped with cobalt, term, disposl, gadolinium and
other heavy rare earth metals. Due to the high cost of the
above-mentioned alloying elements, finished magnets have
a high cost. When replacing these elements with cheaper
ones such as carbon, titanium and copper, while
maintaining and even increasing the magnetic
characteristics, the cost of finished products is reduced
several times. Therefore, the search for optimal
concentrations of alloying elements and heat treatment
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methods to obtain cheap high-energy magnets is currently
relevant.

In the world and domestic literature, little attention is
paid to the development of new methods for the
manufacture of permanent magnets, namely, the use of
one of the thermodynamic parameters of pressure to control
the processes of crystallization and sintering of permanent
magnets. Therefore, in this work, an integrated approach
is applied during the study of the dependence of the
coercive force on the doping and heat treatment of the nd-
Fe-B magneto-porous alloy obtained by high-speed
cooling, sintering into a compact at a pressure of up to |
GPA. In this formulation of the problem, the problem of
obtaining high-viscosity magnets is relevant and timely.

Thus, the aim of the work is to study the influence of
the initial external pressure and alloying with carbon,
copper and titanium alloy “Neomax” during sintering in
the stressed state.

Materials and methods studies

Quickly hardened tapes were used as initial materials
for sintered compacts. Rapidly quenched ribbon was
produced by the method spengemann melt in a vacuum
plant rapid hardening “Tape-3” (NSC “KIPT”, Kharkiv).
The chemical composition of the alloys obtained in the
work are shown in table. 1.

Table 1 — Chemical composition of the original alloy
system Nd-Fe-(B,C)-Cu-Ti [2]

Ne Chemical composition, % at.
sample's [ Nd [ Fe C B | Cu | Ti
1 152 | 7533 | 0,17 | 6,5 | 1,57 | 1,38
2 152 | 7517 | 0,33 | 6,5 | 1,57 | 1,38
3 152 | 75,08 | 0,42 | 6,5 | 1,57 | 1,38
4 152 | 74,99 | 0,51 6,5 | 1,57 | 1,38
5 152 | 74,14 | 0,86 | 6,5 | 1,57 | 1,38

Sintering was carried out for the alloy Nd,,
Fe . CB,.Cu Ti  (x:0.17..0.86 % at.) after compaction
under mechanical pressure at different initial pressure P, =
=0.5MPa, P,= 3 MPa, P, = 9.5 MPa (total pressure was
0.9 GPA + P, MPa) [3, 4]. The sintering took place under the
process temperature to obtain permanent magnets based
on Nd-Fe -B: T=1323 K (1050 °C) [5] for 1 h annealing at
temperature of 823 K (550 °C) for 30 min.

The reliability of the obtained scientific results
confirmed by the use of modern research equipment
(optical microscope OLIMPYS IX-70, x-ray diffractometer
Dron-3, a scanning electron microscope JEOL JSM-
6360LA, vibration magnetometer, magnetometer vicious
circle); the error in the reproduction of results is 3...10 %.

Thus, at this stage, a comprehensive study of the
influence of external pressure and doping of fast cooling
products on the structure and properties of finished
compacts.

Research result

The aim of this study is to study the influence of external
pressure and during the sintering of rapidly cooled from
the liquid state of amorphous and amorphous-crystalline
flakes of alloys Nd, ,Fe .. C B, Cu Ti on the

75,5-x Tx 6,6 1,577 138

structural-phase composition of compacts and their
properties. The microstructure of the initial films is shown
inFig. 1.

Fig. 1. The microstructure of the original alloy ribbons of the
composition Ndl5,2Fe75,5_XCXB6,6Cul,57Til,38: a—0.17% at. C;
b-0.33%at. C;c—0.42% at. C; d — 0.51% at. C;
f—0.59%at. C; g—0.86% at. C

The methods of metallographic and electron
microscopic (Fig. 1), x-ray diffraction (Fig. 2) analyses of
the investigated structure and phase composition of the
films (flakes), which are obtained during spengemann.

It was found that the initial films (scales) have
amorphous or amorphous crystal structure. The tendency
to form an amorphous or micro crystalline state is
manifested with an increase in the carbon content (see
Fig. 2). Increase in titanium content from 0.15 % at. C. up to
1.38 % at. C. promotes dispersion of the structure of the
original films. The main phase components of the original
films in addition to the amorphous component is in phase
Nd,Fe B, Nd, Fe B,, Nd and x-phase, which is identified
as phase NdCu,, that exists in the system Nd-Cu, but at 66
% at. Cu, that is, for a given alloy phase NdCu, should be
called by the classification of I. S. Miroshnichenko as a
phase of limited metastability [6].

Obtained by spengemann film (flakes) was placed in a
mold, compacted under pressure and spcala in a vacuum
oven. The microstructure of the compacts obtained by
sintering at a temperature 7= 1323 K (1050 °C) [5] and the
initial pressure P, = 0.5 MPa, P,= 3 MPa, P, =9.5 MPa
(total pressure was 0.9 GPA + P, MPa), is highly
heterogeneous and is represented in Fig. 3—7. It is seen
that with increasing initial pressure density and
homogeneity of compacts grow. Changing the carbon
content helps to optimize the structure, it becomes more
uniform. The grain of the main hard magnetic phase
Nd,Fe ,Bbecome a crab-like shape (see Fig. 3).

Figures 4-7 showthe microstructure of sintered compacts
after annealing obtained with an electron microscope. As
can be seen from the figure, there are white particles in the
samples, their sizesrange from 0.2 pm to 40 pm. The presence
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Fig. 2. A diffractogram obtained on a Dron-3-0 With K- radiation from the scales of the alloys Nd,s ,Fe;5 5, C B¢ sCu; 55Ti; 35
(1,5) and Ndl5,6Fe76-xCxB6,8cul,57Ti0,15'(2_4’ 6-8): 1-4 — contact surface; 5—8 — free surface; 1, 5 — 0.17% at. C; 2, 6 —0.42% at. C;
3,7-0,51% at. C; 4,8 — 0.59 % at. C

of white particles is particularly evident in the compact,
which was obtained at an initial pressure of 9.5 MPa (see
Fig. 4 ¢, g). Scales were sintered with formation on borders
of plates of particles of white color. Radiographically (see
Fig. 9) and by means of micro-x-ray spectral analysis (JEOL
JSM-6360 LA, see Fig. 5-7, table. 2—4) it was found that in
addition to the stable phases that are formed in the alloy,
there is also a phase that is identified as an intermetalid
NdCu,. In areas that had an amorphous structure before
sintering (see Fig. 3 ¢, g), the average size of the inclusions
of the NdCu, phase is = 0.35 um.

R e—

Table 2 —Phase composition of the compact Ne 4, which
was baked at a pressure of 0.5 MPa

No The content of elements, at. %
points - phase
Nd Fe B Cu Ti
1 26,26 12 6,18 | 52,84 | 2,72 NdCu,
2 13,92 | 7831 | 5,96 0,87 0,94 | Nd,Fe;,B
3 14,56 | 76,86 | 5,85 1,24 1,51 Nd,Fe 4B
4 26,33 8,25 7,98 | 52,86 | 4,58 NdCu,
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Fig. 3. The microstructure of sintered compacts of composition Nd, 5 ,Fe,5 5. C B¢ sCuy 5;Ti; 34 after annealing for different initial
pressure and content of carbon: a, b,c —Ne 1,d,f, g—Ne 2, h, k, INe 3, m, n,p — Ne 4

34
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Table 3 — The phase composition of the compact that
was baked at an initial pressure of 3 MPa

No The content of elements, at. %

. phase

pomnts Ng Fe B Cu Ti

1 24,87 6,68 17,02 | 42,58 8,85 NdCu,
2 0,8 97,19 0,89 0, 0,92 Fe

3 21,49 4,84 1732 43,07 9,2 NdCu,
4 12,51 | 80,01 5,87 1,28 0,33 Nd,Fe,B
5 13,81 | 80,33 5,86 0 0 Nd,Fe;,B

Fig. 4. The microstructure of the compacts of warehouse Ne 4,
which was baked at different initial pressure and sintering
temperature 1323 K, the annealing temperature 823 K:
a,d—0.5 MPa; b, f— 3 MPa; ¢, g — 9,5 MPa

—— 20 pm IMG1

Fig. 5. The microstructure of the compact warehouse Ne 4,
which was baked at P = 0,5 MPa, T = 1323 K

————20 pm

Fig. 6. The microstructure of the compact warehouse Ne 4,
which was baked at Py =3 MPa, 7= 1323 K

Fig. 7. The microstructure of the compact warehouse Ne 4,
which was baked at P, =9.5 MPa, T = 1323 K

Table 4 — the phase composition of the compact that
was baked at an initial pressure of 9.5 MPa

Ne The content of elements, at. %

. phase

pomnts g Fe B Cu Ti

1 30,68 0,06 10,74 | 49,88 8,64 NdCu,
2 89,18 4,21 5,17 1,25 0,19 Nd

3 28,38 0,28 9,92 55,27 6,15 NdCu,
4 13,81 77,66 5,86 1,37 1,3 Nd,Fe 4B
5 14,29 | 78,45 6,12 0 1,14 Nd,Fe 4B

To clarify the phase composition, a local chemical
analysis of compacts using an electron microscope (JEOL
JSM-6360 LA) was carried out, the distribution of elements
(C, Ti, Cu, Fe, Nd) on the surface was studied (see Fig. 46,
table. 2—4). Places with a high concentration of elements
are characterized by the highest color saturation (dark).
This was most clearly revealed in the samples obtained
under a pressure of 9.5 MPa + 0.9 GPA (see Fig. 6). On
microphotographs (see Fig. 6) it can be seen that in places
of high concentration of copper there is also a high
concentration of Nd and Te. This fact suggests that the
phase of the white color (NdCu,) is complex and contains
Nd, Cu, Ti, and iron in its composition is almost absent
(see Fig. 4-6).

From the above, it follows that with an increase in the
primary pressure at which the compaction takes place in
the mold with subsequent sintering (at a constant
temperature and sintering time), firstly, the density of the
primary compact increases, and, secondly, the particle size
distribution of the white phase (NdCu,) shifts towards
smaller sizes, but the probability of the existence of particles
with sizes more than 0.5 pm remains large, even in compacts
with amorphous scales (see Fig. 3 g).

The dependence of the grain diameter of this phase on
the pressure at which the compacts were joined is
illustrated in Fig. 8. The figure shows that the average
diameter of the granules depends on the pressure at which
Spravce CD, law D ~ P

The results of x-ray spectral analysis were confirmed
by x-ray structural analysis (see Fig. 9). From the

D, um
2,2
2
1,8
1,6
1.4

P, MPa

Fig. 8. The dependence of the average diameter of grains of the
phase of NdCu, from the initial external pressure after
sintering (1) and after annealing (2)
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diffractograms it can be seen that when the external
pressure changes, the maxima are redistributed in the
direction of increasing the main magneto-rigid phase
Nd,Fe, B and paramagnetic phasesNdCu,.

The analysis of diffractograms showed that the main
phase components of the compacts both after sintering
and after annealing are: the main magneto-rigid phase
Nd,Fe, B, paramagnetic phase NdCu,, pure neodymium
and phase. Nd, \Fe B,. For paramagnet phase of NdCu,,
we calculated parameters a,b,c and the degree tetravalent
sl/a, a/b, b/c. The results are presented in Fig. 10, tabular

data of these parameters — in table. 5.

Asseen in Fig. 10 and table. 5, parameter a and NdCu,
phase volume with increasing initial external pressure is
almost unchanged and is approximately equal to the table
value. Parameter with increasing initial pressure decreases
and becomes less than the table value, and the parameter
b increases and becomes greater than the table value. This
can be explained by the fact that titanium, which enters the
phases, with an increase in the initial seal and further heat
treatment has the ability to change its position in the lattice
phase NdCu, and thereby change the parameters b, c.
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Fig. 9. Diffractograms obtained on the drone-3-0 in Co K-o radiation from sintered compacts Nd, 5 ,Fe;5 5 C, B¢ sCu; 5,Ti| 55 after
annealing: a — 0.5 MPa, b -3MPa, c— 9.5 MPa; 1 — 0.17% at. C; 2 — 0.33% at. C; 3 - 0.42% at. C; 4 — 0.51% at. C; 5— 0,86 % at. C
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Fig. 10. Dependence: lattice parameters a (4), b (2), ¢ (3),
volume V' (1) NdCu, phase on initial pressure for sintered
compact Ne 3

Table 5 — Table values of parameters a, b, ¢ for NdCu,
phase

3
a, nm b, nm c, nm V, nm

0,4387 0,71 0,74 0,23

In the future, the sintered compacts was investigated
on a vibrating magnetometer for determining the values of
the coercive force H and the residual induction Br of the
samples and was obtained the experimental curves of the
hysteresis (Fig. 11). Calculations of working points showed
that the values of the magnetic energy of the alloys
Nd ,,Fe, . CB,Cu, Ti , thatsintered ata temperature
of 1323 K and an initial pressure of 0.5...9.5 MPa, up to
2...10 kJ/m?, which is not significant.
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Fig.11. Loop gesturess CD, which was made from alloy Ne 4
at various initial pressures: P, = 0,5 MPa; b — P = 3 MPa;
¢—Py=9.5 MPa

Studies have shown that the highest value of the
coercive force before annealing is 200 kA / m at an external
initial pressure of 3 MPa and a carbon content of 0.51% at.,
and with an increase in the initial pressure to 9.5 MPa, the
value of the coercive force practically does not increase.
After annealing, the coercive force values decrease slightly
and range from 108 kA/m (P,=0.5 MPa, C=0.33 % at.) up
to 180 kA/m (P, =9.5 MPa, C=0.51 % at.). The decrease in
the value of the coercive force can be explained by the
increase in size (see Fig. 8) paramagnet phase of NdCu,.
Also from Fig.12 it is seen that the maximum value of the
coercive force obtained for 0.51% of the carbon stock.
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Fig. 12. Dependence of the coercive force of compacts on the
carbon content before annealing (1-3) and after annealing (4-6)
for different initial pressure: 1, 4 — P = 0.5 MPa;
2,5—-Py=3MPa; 3,6 - Py=9.5 MPa

The discussion of research results

The analysis of experimental data allows us to state
that the rapid cooling of the alloy Nd,Fe .
C,B,Cu, Ti . in the quenching products (flakes) are
formed of amorphous and crystalline phases. It is
established that the main crystalline phases are Nd,Fe, B,
Nd, Fe B, clean Nd phase, which is identified as intermetal
NdCu,.

Itis known that Nd, Fe ,Bformed in the system Nd-Fe-
B at protectionhow reaction. In case of rapid cooling from
the liquid state, the phase Nd Fe B crystallizes directly
from the liquid, bypassing the equilibrium transformation.
In addition to phase Nd Fe B in this alloy, a phase of type
NdCu2 is formed, which exists in the Nd-Cu system with
an atomic composition of Cu+ 33 at. % Nd [7], but in the
investigated alloy copper content does not exceed 1.6 %
at., and therefore the NdCu, phase, according to the
equilibrium state diagram, cannot be formed in a given
alloy. It is known that in the Fe-Cu system under certain
conditions (the presence of carbon more than 0.3 at.% ),
complete stratification in the fluid may occur [8]. Therefore,
the probability of formation of micro domains, which are
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enriched in copper in the liquid alloy, a large because carbon
stabilizes the region nesman of copper with the main alloy
element, iron. Consequently, during fast cooling of the
alloy from the liquid state intermetall NdCu, can be obtained
as metastable phase on the basis of mccaughrean that is
enriched with copper and other elements. For
Miroshnichenko.C. [6], phases Nd,Fe, ,B, NdCu, you can
call phases with limited metastablity.

The resulting flakes of the composition Nd,; ,Fe . .
C.B;Cu, ,Ti  placed in the mold and pressed using a
mechanical press, then spcala in a vacuum oven at a
temperature of 1323 K, the annealing was at a temperature
of 823 K. These Temperatures were chosen according to
the technological process of production of anisotropic
permanent magnets. As noted earlier [9], the material of
the clamp and mounting bolts was selected in such a way
that it was possible to obtain an additional “thermal”
pressure up to 1 GPa. Under high pressure conditions,
stresses occur that accelerate diffusion processes in the
sample [10, 11]. Thus, on the one hand the volume growth
of phases is carried out Nd Fe ,B and NdCu, and at the
same time their resistance will be stable, since high pressure
displaces the points of phase equilibrium in the region of
high temperatures, in accordance with the law of Clapeyron-
Clausius. As seen in Fig. 4, the size of the phase NdCu,
with increasing primary pressure from 0.5 MPa t0 9.5 MPa
decreases in 6...7 times. Annealing promotes grain growth
paramagnet phase of NdCu, in 1,3 times on average.

Since the phase Nd,Fe B under these conditions, it
does not have time to form into individual grains, and The
ndcu2 phase sizes are such that they do not interfere with
the movement of domain boundaries, in this case, the value
of the coercive force of the sample remains almost constant.
To explain the fact, let’s calculate the size of the domain for
the main hard magnetic phase Nd,Fe, B for the case of
absolute one-domain [12,13]. We assume that the domain
has the shape of a sphere (N, = 4n/3). Then:

RO:i >4 =53,65H1M,
I, \ 2N,

N

where [ =1.61- 10* Gs — magnetic saturation,
A=1.25-10%erg/ cm-exchange interaction constant.

The width of the domain wall is § = 5.24 nm. That s,
the total size of the domain = 58.98 nm. In comparison
with the size paramagnet phase NdCu, it can be seen that
one particle accounts for 5 to 34 domains. Therefore,
despite the fact that the structure of the CD is present in
the paramagnetic phase of NdCu, and areas of clusters of
imperfections (cloud Suzuki-Cottrell, the core of the
dislocation, etc.), they are not an obstacle for the
displacement of domain boundaries.

Thus, in order to optimize the structure of finished products
and increase the magnetic characteristics, it is advisable to
change the heat treatment modes in the future, namely, to
reduce the temperature and increase the sintering time.
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Conclusion

1. Rapid cooling of alloysNd , ,Fe,, , C B, Cu, . Ti
leads to the formation of metastable phasesNd Fe B i
NdCu,,bypassing the equilibrium of the reaction.

2. Sintering of quickly cooled flakes Nd,,Fe
XCXBG,(’CuWTiL38 in conditions of external pressure up to 1
HPa at a temperature of t = 1323 K promotes volumetric
growth of the phaseNdCu,, but it does not lead to its
disintegration, which in turn negatively affects the value
of the coercive force and the residual induction of
compacts.

3. In conditions of high external pressure, the maximum
coercive force falls on the composition of alloys with
carbon in the amount of 0.33...0.51 at. % , due to the
maximum diffusion of C, Cu, Those in the field of
imperfections of the structure and interference with the

movement of domain boundaries.
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I'ynsiera T. B. IIpo nociinzkeHHsl BIVIMBY 30BHIIHLOIO THCKY TA BYIVICII0 HA CTPYKTYPOYTBOPEHHS TA BIACTUBOCTI
KOMIIAKTIB, 1110 clleYeHi Ha 0CHOBI IIBUAKO 0x0J101:KkeHuX civiaBiB Nd-Fe-(C,B)-Cu-Ti

Mema pobomu. Komniaexcre 0ocniodncenHs mepmMOoOUHAMIYHUX MA PIZUKO-XIMIYHUX YMOB YIMBOPEHHSL (pa3 6 20mMOGUX
NOCMIUHUX MASHIMAX, WO 8U20MOBIAIOMbCS Ha 0CHO6L cucmem Fe-Nd-B.

Memoou 0ocnidscennn: memanozpapiunuil, peHmeeHoepaQiunUll, peHM2eHOCNeKMPAIbHUL, MACHIMOMEMPUYHUIL.

Ompumani pezyavmamu. /[ocniodncyemupes GnUE 308HIUHLO20 MUCKY Ma HesHauHol Kinbkocmi gyeneyro (0,17...0,86
% am) Ha cmpyKmypy ma e1acmu8ocmi NoCMIUHUX MacHimis, sKi ueomosieHi Ha ocHosi cucmemu Nd-Fe-B, wo
J1€208aHI MIOOI0 ma mumaHom. [{isi 6u2omoeienHs NOCMIUHUX MAZHIMIG 3 6UCOKOI0 MACHIMHOK eHeP2iEr0 6UKOPUCTIAHO
NPOOYKMU WUBUOKO20 0XON00NACEHHS 3 pioKo2o cmany. /s yboeo aycouxu, wjo ompumani memooom 3PC, npecysanu y
npec-gopmi ma cnikanu y eéaxyymi. Ilpec-gpopma ma 6onmu, wo ix CKpinaow0ms, 8Uc0Mo6IeHi 3i CNILABIS, ) AKUX PI3HI
Koeghiyienmu ninilino2o poswupenns. Lleil memoo oae 3moey docaemu eucoxoeo mucky (=1 I'lla) nio yac cnikauns.
Cnixannsi 6ukoHysau y axyymi nio muckom P =107 um. pm. cm. ma npu memnepamypi 1323 K, sionan 6io6yeascs
npu memnepamypi 823 K. B pezynomami 6y10 OmMpUMano cneyeHi KOMIAKmu 3 pisHuM CmyneHem YujiieHeHoCmi.

Pesynomamu penmeenocpaghiunozo ma peHmeenoCnekmpaibHo20 aHalizie NOKA3aIU, Wo OCHOBHUMU pazamu €
¢asu Nd Fe, B, Nd, Fe B, Nd ma NdCu, Memanoepaghiuni docnidoicenns noxasam, wo ¢gasa Nd Fe, B ¢ danux
ymoeax ne ecmuzac cghopmysamucs 6 okpemi sepua, a posmipu gpasu NdCu, maki, wo ne nepewroodicaioms pyxy
2panuyb 0OMeHi6, Mo 6 YbOMY GUNAOKY 3HAYEHHS KOEPYUMUBHOIL CUNU 3PA3KA 3ATULUAEMbCS RPAKIMUYHO NOCMIUHUM |
ckaadae 100..200 kA/m.

Cmamucmuuna o6podKa pe3yiemamie MemanoepapiuHux 00ciiodcenb NOKA3AA, WO POIMIPU NAPAMACHIMHOL
pazu NdCu, konusaiomocs y mescax 0,3...2,2 mxm. Hopienanns posmipie monodomenoi wacmunxu ¢paszu Nd Fe, B
(53,65 nm) 3 posmipamu napamazrimnoi pazu NdCu, nokasanu, wo na 00ny vacmuny npunaoace 6i0 5 00 34 domenis.
Tomy, ne ouensuuce na me, w0 y cmpykmypi komnakmy npucymus napamaenimua gasza NdCu, ma 30mu ckynueno
Hedockonanocmet (xmapa Cy3yki-Kompenna, si0pa oucioxkayii ma in.), 0HU He € RepeuiKo00i0 OJisi SMIUEeHHs 2DAHUYb
odomeHis.

Haykoea nosusna. Bcmanoeneno, wo cnikanns w6uoKko 0x0100JceHux nycouok cnaaeié Nd Fe, .
LGB, Cu, . Ti, .6 ymosax eucoxozo mucky nopaoxy 0,9 I'lla npu memnepamypi 1323 K cnpuse 06 eMnomy 3pocmantio
¢as Nd Fe, B, NdCu,, are ne npuseodums 00 ix po3nady, wo, 6 6010 4epey, He2amueHo 6NIUEAE Ha (i3udHi 61ACMUEOCI
xomnaxmie (H i Br).

Ilpaxmuuna yinnicms. Odepircari 8 poOOMI pe3yTbmamu Maome 8aiCiuU8e 3HAYEHHs 0711 NOOAIbULO20 PO3BUMKY
Qizuuno20 Mamepianio3HA8CMBA MASHIMONCOPCMKUX MANEPIANi6 Ma CY4acHOI MexXHIKu.

Knrouoei cnosa: cnikanus, «mepmidHuily muck, 8i0nai, 0OCHO8HA MazsHimocopcmki ¢asa, pasa 3 obmedceHo
MemacmabiibHICmIO, KOePYUMUBHA CUILA.

I'ynsiea T.B. O0 ucciienoBanuu BIMsIHUS BHELITHEr0 IaBJIeHNUS H YIJIEPOAa HA CTPYKTYPooOpa3oBaHie U CBOIICTBA
KOMIIAKTOB, CIIEYeHHBIX HA 0CHOBE ObICTPO oXIa:KkIeHHbIX ci1aBoB Nd-Fe-(C, B)-Cu-Ti

Lenv pabomui. Komnnexcroe ucciedosanie mepmoOUHAMUYECKUX U PUSUKO-XUMUYECKUX YCA08ULl 00pa308aHUs
a3z 6 20mMoOBbIX NOCMOAHHBIX MASHUMAX, U320MABTUBAEMBIX HA OCHO8e cucmembl Fe-Nd-B.

Memoowl uccnedosanun: memaniocpaguueckuii, peHmeeHoepapuueckuii, peHmeeHoCneKmpaibHblii,
MASHUMOMEMPU1ecKul.

ITonyuennvie pesyromamol. Hccredyemcs enusHue GHeUHe20 0A6IeHUS U HEeSHAUUMENbHO20 KOAUYeCmsd yenepood
(0,17...0,86 % am) na cmpyxmypy u c601cmea nOCMOAHHBIX MASHUMOS, U320MOBIEHHbIX HA 0cHOGe cucmembl Nd-Fe-
B, necuposannvix medvro u mumanom. [is uzeomogienus nOCMOoAHHbIX MACHUMOG C BbICOKOU MASHUMHOU dHepeuell
UCTIONB3OBAHO NPOOYKMBL OLICIPO20 OXNANCOCHUA U3 HCUOKO20 COCMOAHUA. [ 9mMo20 YewylKu, noyyeHHbvle
memooom 3)KC, npeccosanu 6 npecc-¢popme u cnekanu 8 saxyyme. Ilpecc-popma u ckpennarowue ee 60amol
U320MOBIUBAIOM U3 CHIAABOS C PASTUUHBIMU KOIDDUYUSHMAMU TUHEUHO20 PACUuperus. Dmom Memoo no3gosem
docmuub evicoxoeo oasnenusi (~ 1 I'Tla) npu cnexanuu. Cnexanue 6pinoaHsiu 6 6axyyme noo oagieruem 107 um. pm.
cm. u npu memnepamype 1323 K, omoicue npoucxooum npu memnepamype 823 K. Boibop oanHwix memnepamyp
00y Cl06TIeH MEeXHOIOSUYECKUM NPOYECCOM NOTYYEHUSA CHeYeHHbIX MASHUNOS8 MeN0OOM NOPOUIKOBOU MEMALTYPUU.

B pesynomame 0vino noayueno cneuenHvie KOMRAKMbL ¢ pA3HOU CmMeneHvlo yniomuénnocmu. Pezyivsmamol
PeHmeeHoepadhuiecko2o u peHmeeHOCNeKMPAaIbHO20 AHATU308 NOKA3ALU, YO OCHOBHBIMU (ha3amu AGTAIOMCA Qa3bl
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Nd,Fe, B, Nd, Fe B, Nd u NdCu, Memannoepaguueckue ucciedosanus noxazamu, umo gpasa Nd Fe, B ¢ dannvix
yerosusax ne ycheeaem copmuposamvcsa 6 omoenvivle 3epha, a pasmepvt azvl NdCu, makue, komopovie ne
NpensamcmeyIon O8UNCEHUIO SPANUY OOMEHO8, MO 8 IMOM CyHde SHAYCHUE KOIPYUMUBHOU CUbL 00pa3ya 0Cmaemcs
npaxmuyecku nocmosiHuvim u cocmasisiem 100...200 kA/m .

Cmamucmuueckas obpabomka pe3yibmamos MemaiiocpaQuiecKux ucciedos8anull noKa3and, 4mo pasmepol
napamaenumnot gpazel NdCu, xonebmomes 6 npeoenax 0,3...2,2 mxm. Cpasnenue pazmepos MoH0OOMEHOU YACHUYbL
azvl Nd Fe, B (53,65 nm) ¢ pasmepamu napamaznumnoti pasvt NdCu, noxasanu, 4mo na o0my yacmuyy npuxooumcst
om 5 00 34 oomenos. Ilosmomy, HecMOmMps HA MO, YMO 8 CMPYKMYpe KOMNAKMA NPUCYmMCcmsyem napamacHumHnas
aza NdCu,, u sonet ckonnenuii necosepuericms (obnaxo Cysyku-Kompeina, aopa oucioxayuu u 0p.), oHu He A61510Mmcs.
npensmcmeuem Oisk CMeweHust 2panuy 0OMeHO8.

Hayunan nosusna. Yemarnosnero, umo cnexanue ovicmpo oxnaxcoennvix veuryek cnnasos Nd,  Fe, . CB. Cu, Tu, .
6 ycnosusx gvicokozo oasnerus nopsioke 0,9 I'lla npu memnepamype 1323 K cnocobcmgyem obvemnomy pocmy ¢has
Nd,Fe, B, NdCu,, 1o ne npueodum k ux pacnady , 4mo, 6 c6010 04epedb, He2amusHo 6ausem Ha usuiecKue c6otcmed
komnaxmos (H_ u B ).

Ilpakmuueckasn yennocme. [lonyyennvie 6 pabome pe3yibmamul UMEON GAXCHOE 3HAYeHUe Ol OalbHelue20
pazeumust Puzu4ecKo2o Mamepuaio8edeHUs MAeHUMONCeCMKUX MAMepPUudios u CO8PEMeHHON MEXHUKU.

Knrwouesvie cnoga: cnexanue, «mepmuieckoey» OdgieHue, OmMaiCU2, OCHOBHAS MACHUMOICECMKUX haza, ¢ghaza ¢
02PAHUYEHHOU MEMACTAOUTLHUCTIO, KOIPYUIMUBHAS CUA.
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