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ON THE STUDY OF THE INFLUENCE OF EXTERNAL PRESSURE
AND CARBON ON THE STRUCTURE FORMATION AND
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Objective. Complex study of thermodynamic and physico-chemical conditions of phase formation in ready perma-
nent magnets, manufactured on the basis of Fe-Nd-B systems.

Research methods: metallographic, x-ray, magnetometric.

Result. The influence of external pressure and a small amount of carbon (0.17...0.86 % AO) on the structure and
properties of permanent magnets made on the basis of the 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 flakes obtained by the LRE method were pressed in a mold and spiked in a vacuum. The mold and bolts
that fasten are made of alloys that have different coefficients of linear expansion. This method allows to achieve high
pressure (=1 HPa) during sintering. Sintering was performed in a vacuum under pressure P = 12 MPa and at a
temperature of 1013 K.

It is shown that carbon has a dual effect on the properties of alloys Nd ; Fe, . CB  Cu, Ti, ., (x:0.33..0.86 %
of the stock.): on the one hand, in the presence of carbon (0.33...0.86 at.%) in the liquid alloy, micro-areas are formed,
which are enriched with copper, on the basis of which, when quenched from the liquid state, ndcu?2 crystals are born.
On the other hand, during crystallization of the amorphous component in alloys Nd; Fe, . CB, Cu, Ti . under
high pressure conditions, imperfections are formed in which the alloying elements — carbon, copper, titanium, neody-
mium-are diffused. Micro-areas, reaching critical sizes, become an obstacle to the displacement of domain bound-
aries. And in the first, and in the second cases actively manifests itself pinning-effect.

Scientific novelty. It is found that the sintering temperature of rapidly cooled alloy flakes decreases Nd, Fe . . CB, Cu, Ti, .o
in conditions of high pressure of about 0.9 GPA from the technological 1323 K to the temperature of 1013 K practically does
not affect the rate of nucleation of metastable phases NdCu,and Nd Fe, B and at the same time reduces the speed of
their growth. However, this leads to an increase in the coercive force of the finished magnets from 160 kA/m to 1300 kA/m.

Practical significance. The results obtained in this work are important for the further development of physical
material science of magnetically hard materials and modern technology.

Key words: sintering “ heat” pressure, annealing, the main hard magnetic phase, the phase with reduced metasta-
bility, the coercive force.

Introduction . .
domains. There are several ways to solve this problem:

Today magnetic materials are used in all spheres of life.
Permanent magnets are an integral part of various spheres
of human life, so improving its magnetic characteristics
such as residual induction and coercive force is an
important and priority task. As is known, the coercive force
of magnets can be increased both by changing the
microstructure and phase composition of the magnet
material (the structural constant C), and by changing the
fundamental characteristics of the magnetojorst phases
(saturation magnetization J , magnetocrystalline anisotropy
field H ). however, in the manufacture of permanent
magnets, the size of the main fraction ofthe powders should
not exceed 10...20 um, after sintering, the particles should
be isolated from each other by a non-ferromagnetic layer
to suppress the nucleation of the reverse magnetization
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1) modification of main hard magnetic phase Nd Fe ,B
3a special introduction to the fusion of elements of a certain
concentration;

2) quenching from the liquid state of the initial alloys;

3) HDDR method.

The analysis of literary sources

In 1984, Herbst [1] determined the structure of the
compound by x-ray diffraction and neutron diffraction
Nd,Fe, B. Connection Nd,Fe B it has a tetragonal crystal
lattice and belongs to the space group P4 /mnm. It consists
of 68 atoms in an elementary cell, has six crystallographic
positions of iron and two positions of neodymium (Fig. 1).
For the analysis of the Mossbauer spectra of the phase
Nd,Fe, B [1] the Wigner-Seitz cell method was used and
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the number of nearest neighboring atoms for different
crystallographic positions of iron atoms was determined:
8j., 8,16k, 16k, 4e, 4c. Nodes &, and &/, it has 12 nearest
neighboring iron atoms, nodes /6k, and 16k, have 10
nearest neighbors, node /6, it has 1 boron atom instead
of iron as the nearest neighboring atom. Nodes 4e and 4¢
respectively, 9 and 8 of the nearest neighboring iron atoms.
Lattice parameters: ¢ = 1.22 nm and @ = 0.881 nm. This
structure provides a uniaxial magnetic anisotropy of the
compound Nd,Fe ,B. In the center of the trigonal prism
formed by three iron atoms, there is a boron atom.
Fundamental magnetic characteristics of the phase
Nd,Fe B there is a field of magneto-crystalline anisotropy
H =5,4 MA/m, saturation magnetization/ = 1,6 T, Curie
temperature 7 =585 K, residual induction B = 1,2 TL [2-4].
Magnetic properties of the phase Nd,Fe ,B(C) determines
the exchange interaction between the iron atoms in the
iron sublattice, and the optimal distance between the atoms
forms the neodymium sublattice (or other heavy REM)
due to its size.

Nda, 4f
Nd, 4g
Fe; 4e
Fe, 4c
Fe; 8j
e Fe, 8
® Fe;s 16k,
® Fe, 16k,
* B(C), 4f

mp OO M

Fig. 1. Phase unit cell Nd,Fe, ,B(C) [6]

Introduction to the alloy for the manufacture of sintered
magnets based on type compounds R, T X some elements
in a certain concentration can be an effective way to solve
the problem of optimizing the phase composition and
microstructure of the magnet material, changing the
fundamental characteristics of the magneto-porous phases.
In addition, the introduction of such additives increases
mechanical strength, corrosion resistance, solves the
problems of improving the manufacturability of the material
(improving the conditions of melting and crystallization of
ingots) [7].

Nd-Fe-B Materials use two mechanisms to explain the
nature of the highly coercive state:

- delay in the formation of reverse magnetic phase
embryos [8, 9];

- delay of the displacement of domain walls [1, 10].

However, these mechanisms do not allow to fully
interpret the entire range of experimental data [5, 11-14]. A
comprehensive analysis was carried out in [9,10], which
showed that in the case of the application of the model of
the viscocoercitive state, the greatest correspondence
between the theoretical representations and the
experimental results obtained at room temperature is
obtained. This model is based on the mechanism of delay
of formation of reverse magnetization embryos. The authors
attribute the discrepancy between the calculated and
experimental data to the presence of grains in the samples,
which are oriented differently. At temperatures above 423
K is dominated by the delay mechanism of the displacement
of domain walls with magnetic inhomogeneities of grain
boundaries [15-18]. The authors in these works suggest
that there is a ferromagnetic phase with a close Curie
temperature and low coercive force in the Micrograin layers,
but this phase could not be detected experimentally [19].

All alloying elements can be divided into three large
groups:

1 —the Introduction of terbium, dispersion, gadolinium
into the neodymium sublattice can be an effective method
of increasing the magnetic properties of finished products;

2 —the replacement of iron atoms into the cobalt (raises
the Curie temperature), Nickel (contributes to thermal
stability), aluminum, niobium, manganese, molybdenum.

The difficulty lies in the fact that the iron atoms in the
elementary cell of the phase Nd Fe B they occupy six
non-equivalent crystallographic positions [20], so it is
almost impossible to predict in which positions the doping
element will be replaced and whether such replacement
will occur at all;

3 —the introduction of surface-active elements, copper,
titanium, molybdenum, aluminum, gallium, on the basis of
which are formed of non-magnetic phase to isolate the
magnetic grains of the hard phase Nd,Fe ,B(C) and increase
its corrosion resistance.

In alloys with iron crystal structure isomorphic to the
structure of the compound Nd, Fe B, is formed with most
of REE from La to Lu (except for Eu). In the compounds
R Fe, B large values of coercive force are possible in the
interaction of boundaries with defects:

- the energy density of the boundary is high, so large
changes are possible;

- the thickness of the domain boundary had, therefore,
these changes in the energy of the boundaries can take
place at a small displacement, which will lead to a high
value of the energy gradient and the corresponding values
He.

In [21], the authors studied sintered magnets, cast and
quickly hardened alloys of composition (in weight. %)
Nd,,Co,B, | Al(Ti), [Fe  for the behavior of alloying
elements (Co, Al, Ti) when introduced into the
stoichiometric compound Nd, Fe B. Analysis and
comparison of mussbauer spectra showed that for these
materials quadrupole splitting, isomeric shifts, the values
of effective fields within the experimental error are
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determined by the chemical composition of the samples
and do not depend on their state.

It has also been shown that in nodes 16k -like cobalt
atoms can replace iron atoms. In the crystal lattice Nd Fe ,B
the distance between the atoms Fe(k,)-Fe(j,) the smallest,
and it increases the possibility anti feromagnetic exchange
interaction between the magnetic moments of the atoms
[22]. The introduction of cobalt atoms reduces the number
of negative Fe(k,)-Fe(j,) exchange bonds, which leads to
an increase in Curie temperature and saturation
magnetization [23].

Despite the fact that the addition of cobalt significantly
increases the Curie temperature, its use should be in a
certain amount — an increase in the concentration of co
Contributes to a decrease in the coercive force of sintered
nd-Fe-B magnets [24]. In [23], the authors explain this fact
by the formation of new soft magnetic phases based on
cobalt, which worsens the magnetic isolation of the phase
grains Nd,Fe B.

Al atoms replace Fe atoms in positions 8j, and 16k -
type’s. In these positions Fe atoms have a
magnetocrystalline anisotropy of plane type [21]. It is
possible that the introduction of non-magnetic aluminum
atoms leads to an increase in the resulting uniaxial
magnetocrystalline anisotropy of the phase Nd,Fe B.

Analysis of hyperfine scattering fields of mrssbauer
spectra in samples with addition of titanium and without
titanium found no significant difference, that is, titanium
atoms are not included in the crystal lattice of the phase
Nd Fe B. Perhaps part of the titanium goes to the
formation of the non-magnetic phase TiB,, which
prevents the movement of the domain walls. Also,
titanium atoms are dissolved in the boundary phase,
which is enriched with neodymium, than change its
wetting ability. The above mentioned facts leads to an
increase in the coercive force by almost 2 times (from
460 kA/m to 850 kA/m).

A detailed study of the distribution of alloying
additives in the nd-Fe-B material was carried out by
miissbauer spectroscopy [25].

In this paper, the authors compared the values of
effective magnetic fields H ; In this paper, the authors
compared the values of effective magnetic fields Nd,Fe ,B

for rafting Nd,, Fe, Ti Al B, Ta
Nd,, Fe Ti Al ,,B,,+0.5at.%M, where M is a specially
introduced metal.

Thirteen metals were used for research, which are
divided into four groups:

- group A: Cu, Ga, Al — metals with unfinished outer
electron shell;

- group B: Hf, Ti, V, Mo, Nb, Cr — transition metals with
unfinished 3d shell; the number of electrons on the
unfinished shell is less than in the iron atom;

- group C: Co, Ni— transition metals with unfinished 4d
shell; the number of electrons on the unfinished shell is
greater than in the iron atom;

- group D: Tb, Dy is a heavyrare-earth metals.

22

Analysis of the data table. 1 showed that in the crystal
lattice Nd,Fe B iron atoms can replace metals from groups
A, B, C. an Increase in the number of 3d electrons helps to
reduce H ; (elements from groups b and C). With the
introduction of atoms of rare earth metals (Tb, Dy),
replacing the neodymium and value H  increases by the
same amount in all positions of the iron, but the position
of 4. The authors [26] believe that similarly behave and
other rare earth metals.

Thus, one of the effective methods of improving the
fundamental magnetic characteristics of nd-Fe-B-Based
magnets is the grinding and modification of the main
magneto-rigid phase Nd Fe B due to the special
introduction of elements of a certain concentration into
the alloy and quenching from the liquid state of the initial
alloys.

Currently, the promising ways to improve the magnetic
characteristics is the addition of terbium, dysprosia and
gadolinium, and the addition of cobalt contributes to an
increase in Curie temperature and residual magnetization.
The introduction of low-melting mixtures of rare-earth
metals, non-magnetic metals (aluminum, titanium, copper,
gallium) contributes to the creation of a thin insulating film
on the basis of phases with these elements around the
ferromagnetic grains Nd Fe ,B. However, more research is
needed to determine the optimal ratio between the
leguvalnymi elements to achieve the greatest magnetic,
temperature and corrosion characteristics of sintered
magnets based on the system Nd-Fe-B.

Mathematical modeling vlive sizes of domains of the
phase nD,fE ;B and non-magnetic impurities in the n
systems nD-fE-B

At the first stage, we find out how the size of the
inclusions and the distance between them affect the values
of the coercive force and the velocity of the domain
boundaries of permanent magnets. According to the theory
of Kondorsky [27-30], the smaller the size of the inclusions
and the thicker they are, the lower the speed of the domain
boundaries and, accordingly, the more important the
coercive force becomes.

For the Nd-Fe-B System, the values of the magnetic
characteristics and the width of the domain wall are
shown in table. 1 [28-30]. According to the theory of
inclusions [27, 29, 30], the domain boundary in the initial
state tries to overturn the maximum possible number of
non-magnetic inclusions. This reduces its surface energy.
Let the inclusions have the shape of a sphere with
diameter d and are located in a cubic crystal with constant
S (Fig. 1).

Let the coercive force be found by the following
formula:

1 (oo
H =—.|2
¢ IS (ameax (1)
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Table 1 — Magnetic characteristics for Nd-Fe-b system

Became exchange . . . The width of the domain
interaction A Became anisotropy, K | Magnetic saturation Is Yrp wall 3, nm
) 1,61%¥10° A/m
%1011 #1016 /i3 > 2
1,25*%107" J/m 4,5%10° J/m 161 T 0,03 J/m 5.4
1,25*10°° erg/cm 4,5%10" erg/em’ 1,61*10°G 26,94 erg/cm’

| S ,,[\
~r la
I
Is =T__U X Is shu
( : L\ “{/\1
| T l\\" /

Fig. 2. The movement of the domain limit under the influence
of an external magnetic field n

The density of the surface energy is as follows:

2 2
S? —n(‘i—szSz —T{a;—sz
, @

S2

o(x)=0q-

anywhere o, — the average density of the surface energy

of the boundary.

After differentiating the expression (2) and substituting
itinto the expression (1), we obtain a formula for determining
the coercive force for the inclusion model:

_nm o, d
=2, S 3)
or:
2/3
o=[Z] K 4 @)
6 I, §?

where /, —magnetic saturation, K-became anisotropy;

& — the width of the domain boundary for phase
Nd,Fe B;

S — distance between inclusions, d is the size of the
inclusion.

Formula 4 was used for modeling. The calculation
results are shown in Fig. 3. From Fig. 3 it can be seen that
by reducing the size of non-magnetic inclusions to 5...10
nm, which is commensurate with the width of the domain
boundary for the phase Fe, ,Nd,B, there is a sharp increase
in the values of the coercive force to 5 MA/m.

Fig. 3. Dependence of the coercive force of the phase
Nd,Fe ,B from the size of non-magnetic phase inclusions
NdCu, and the distance between them

Materials and methods studies

As starting materials for producing sintered compacts
of high-energy used quickly hardened tape. Rapidly
quenched ribbon was produced by the method of melt
spinning is presented to the vacuum setting rapid
hardening “Tape-3” (NSC “KIPT”, Kharkiv). The chemical
composition of the alloys obtained in the work is shown in
table. 2.

Table 2 — Chemical composition of the initial alloys of the system Nd-Fe-(B,C)—-Cu-Ti

Ne Chemical composition, % at.
sample's Nd Fe C B Cu Ti
1 15,2 75,33 0,17 6,5 1,57 1,38
2 15,2 75,17 0,33 6,5 1,57 1,38
3 15,2 75,08 0,42 6,5 1,57 1,38
4 15,2 74,99 0,51 6,5 1,57 1,38
5 15,2 74,14 0,86 6,5 1,57 1,38
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Sintering was carried out for the alloy Nd,
Fe . CB,Cu Ti(x:0.17..0.86 %at.)after compaction under
a mechanical press at the initial pressure P = 12 MPa (total
pressure was 0.9 GPa + P, MPa) [31]. Sintering occurred at a
temperature T= 1013 K (740 °C) [32] for 1.5h, the Choice of this
sintering temperature was due to the fact that at a temperature
of 928 K a triple fusible eutectic is formed
Fe ,Nd,B+Nd, Fe,B,+Nd, which promotes liquid-phase
sintering,

The reliability of the scientific results is confirmed by
the use of modern research instruments (optical microscope
OLIMPYS IX-70, Dron-3 diffractometer, scanning electron
microscope JEOL JSM-6360LA, vibration magnetometer,
closed-loop magnetometer); the error in the reproduction
of the 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

From General considerations, it is clear that an increase
in the sintering time leads to an increase in the average

s S
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diameter of the grains, as well as an increase in their number,
and a decrease in the sintering temperature —to a decrease
in the grain growth rate and, accordingly, to a decrease in
their final size. Reducing the sintering temperature, of
course, also helps to reduce the rate of nucleation, and in
the amorphous component, respectively, to reduce the
number of grains of the phase. When changing three
parameters (temperature, pressure and sintering time), it is
possible to obtain a structure with the required number of
grain embryos per unit volume and their most likely sizes.

Thus, on the basis of model representations it can be
concluded that to increase the coercive force it is necessary
to reduce the size of the non-magnetic phase NdCu,. To do
this, in order to seal the sample, the external pressure was
increased to 12 MPa, and the sintering temperature was
reduced from 1323 K [33]to 1013 K, in the region of existence
of fusible triple eutectic and the sintering time was extended
to 1.5 hours. [34]. In order to obtain a higher concentration
of particles of the crushed phase NdCu,. The structures of
the compacts obtained in this way are given in Fig. 4. This
figure shows that the structure of this compact is much
denser and more perfect than the structure of the compact
of the same composition, which was baked at 9.5 MPa [33].

oxty
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Fig. 4. The structure and microstructure of the compacts composition Nd, 5 ,Fe;5 5 C B sCuy sTi, 5 at different magnifications: a
— 0,33 % stock. C; b —0.51 per cent at. C; ¢ — 0.59 % ad. C; d — 0.86% ad. C
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Microstructure, chemical composition and distribution
of elements on the surface of the compact composition
Nd,, 2F€74 991B6 6C0 ,,Cu 57T11 39 which was sintered at a
temperature of T = 1013 K for 1.5 hours., shown in Fig.5.
From Fig. 5 and table. 3 it can be seen that there is a phase
in the sample NdCu, (white areas), as well as etching pits
indicate a high concentration of crystal defects in the
sample.

The paper presents a statistical analysis with the
construction of the particle size distribution NdCu, in baked
compacts. From Fig. 6 it is seen that the particle size of the

’Wﬁ?@” T
o

Fig. 5. The microstructure of a compact composition
Nd15,2F674,991 ,6C0,51cu1,57T11,38

Table 3 — Local chemical analysis of the compact
Nd , Fe,, 0B, Cos,Cuy o T

74,991"76,6 0,51

Content of elements, at%
Ne poit Phase
Ti | Fe Cu Nd C
1 1,5 179,25 3,5 | 11,55 | 4,2 | Nd,Fe4B
3,51 1,6 | 557 | 32,8 6,4 NdCu,
2,81 52 | 573 | 314 3,3 NdCu,

57| 3.4 54 30,7 | 6,2 NdCu,

Al W] N

phase NdCu,, which are present in the baked sample
obtained under the above conditions, decreased to 0.1 pm
compared to an average size of 0.35 pm for previous
sintering conditions [33]. If the size distribution of grains
is subject to the Gauss law, we should expect that in the
sample there are particles phase NdCu, (spherical) much
smaller size (< 0.05 pm, Fig. 6). The presence of such
particles should lead to a significant increase in the coercive
force. As shown in [34], the probability of the existence of
phase particles NdCu, with dimensions less than 0.05 pm
is extremely high, it is safe to say that the pinning effect
makes a major contribution to the mechanism of increasing
the coercive force. In table. 4 shows the comparison of the
rate of nucleation and growth of particles NdCu,.

It is seen that the average diameter for the inclusions is
almost the same (within the error), the embryo formation
rate falls by almost 5 times, and the particle growth rate
falls by almost 3 times with a decrease in the sintering
temperature. This explains the difference in the maximum
number of phase particles NdCu, in the volume of the
compact and the existence of two peaks that are offset
relative to each other: for the initial pressure of 9.5 MPa —
400 nm and 1000 nm, and for the initial pressure of 12 MPa—
200 nm and 600 nm.

Earlier in [35, 36] the magnetic properties of individual
scales were studied Nd  Fe, ., CB  Cu _Ti
(x0,17...0.86% ad), hardened from a liquid state as well as
magnetic plastics, which are made of flakes after annealing
from alloys of the same composition. It should be noted
that the magnetic plastics made from flakes, which are
obtained after quenching and annealing at a temperature
of 773...873 K, have a significant coercive force, about 1450
kA/m, and, at the same time, a slight residual induction of
0.5...0.6 T [36].

For rice. 7 hysteresis loops are presented for compacts
that are sintered at an initial pressure of 12 MPa and a
temperature of 1023 K. it is Seen that they differ significantly
from hysteresis loops for compacts that are sintered at a
temperature of 1323 K, namely: the loop approaches a
rectangular one. At the same time, there is an area with
“constriction”.

Initial pressure 9,5 MPa

Inifial pressure 12 MPa

7 |
£ 000
CPpET

u?'.,zm*.

= I
oy 2000 1
e 1500 3 |

1000 1i
s00 &

L,________ B _. g, I,.

@ 200 <00 o00 300 IO00 1200 1400 1600 1800 2000 2200 2400

i, nm

Fig. 6. Diagram of distribution of particles NdCu, the size of the compact composition Nd, 5 ,Fes, 99C 51B¢ sCu; 57Ti; 35
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Fig. 7. Hinges of hysteresis of compacts of Nd, 5 2Fe75 5- Cy B6 6Cuy 57T11 38 alloy, which were sintered at an initial pressure of
12 MPa and temperature 1023 K: Ne 1 -0, 51 %at. C; Ne2 — 0,33 % at. C; Ne 3 — 0,59 % at. C; Ne 4 — 0,86 % at. C.

To determine the actual value of the magnetic energy
of the magnets prepared from the sintered compacts made
from alloys bonded Nd, Fe, , C B, Cu . Ti g, (x
0.33...0.86% of JSC). For this purpose, the baked compacts
were crushed in a ball mill and magnetic plastics were made
from powders using traditional technology. Microstructure

of bonded, which are thus obtained, served on rice. 8.

Fig. 8. Microstructure magnetoplasma that was made of
sintered at a temperature of 1013 K and at an initial pressure
of 12 MPa compact composition
Nd,5 ,Fes5 5 (C\Bg ¢Cuy 57T 350 a = 0.33% at. C; b - 0.51
percentat C;c—0.59% at. C; d — 0.86% at. C

The determination of the magnetic properties of the
obtained bonded was carried out on demagnetization curves
(Fig. 9). As can be seen from this figure, the coercive force
of magnitoplasts, which are made of compacts that are
sintered at a sintering temperature (T = 1013 K) and initial
pressure (P = 12 MPa), has increased sharply compared to
the previous sintering regime [33], and reached values of
900...1350 kA/m with a residual magnetic field of 0.6...0.8 TL.

For rice. 10 the dependence of the coercive force of HC
on the carbon concentration in the initial alloy is presented.
Based on the previous results, a number of experiments to
determine the effect of carbon concentration in the alloy
were performed Nd; ,Fe .. CB, Cu, _Ti on the
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magnetic properties of compacts obtained under external
pressure. In addition to the results obtained in this paper
in Fig. 10 summary data of previous works are given [35,37-
39]. From them it can be seen that the maximum coercive
force falls on the composition 0f 0.2...0.5 % at. carbon’s.
- 800
- 800
- 700
- 600
- 500
- 400
- 300
1 L 200
3 - 100
o

Br, mI

1400 1200 1000 8OO 600 400 200 (]
H, EA/m
Fig. 9. The demagnetizing part of the magnetic hysteresis loops:
No1l—0.51% at. C; Ne2 —0.33% at. C; Ne 3 - 0,59 % at. C;
Ne4 —0.86 % at. C
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Fig. 10. Dependence of the coercive force value H - carbon for
the sintered compacts and the bonded composition
Nd15,2F675,5_XCXB6,6Cu1,57Ti1,38: 1 — anisotropic magnets to
IT; 2 — anisotropic magnets after IT; 3 — after IT is bonded;
4 — bonded without those; 5 — bonded sintered under 12 MPa
compacts
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Discussion of results

The analysis of experimental data allows us to state
that the rapid cooling of the alloy Ndls)zFe”)S_
C.BCu, ,Ti , in hardening products (scales)
amorphous and crystalline phases are formed. It is
established that the main crystalline phases are Nd,Fe, B,
Nd, Fe,B,, clean Nd phase, which is identified as
intermetallic NdCu,.

Itis known that Nd,Fe B formed in the system Nd-Fe-
B at protectionhow reaction. In the case of rapid cooling
from the liquid 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 the
type NdCu,, which exists in the Nd-Cu system with an
atomic composition of Cu + 33 AO. % Nd [40], but the
copper content in the alloy under study does not exceed
1.6 % AO. and so phase NdCu,, according to the
equilibrium state diagram, can not be formed in this alloy.
It is known that in the Fe—Cu system under certain
conditions (the presence of carbon more than 0.3 at.%), a
complete stratification in the fluid may occur [41].
Therefore, the probability of formation of micro domains,
which are enriched in copper in the liquid alloy, a large
because carbon stabilizes the region of nesmeshivaemost
of copper with the main alloy element, iron. So, at high-
speed cooling of the alloy from the liquid state intermetallic
compounds NdCu,it can be obtained as a metastable phase
based on micro-groups enriched with copper and other
elements. According to Miroshnichenko I. S. [42], phases
Nd,Fe, B, NdCu, it can be called phases with limited
metastability.

Previously [33] derived the scales of the composition
Nd ,,Fe ., CB Cu _Ti  placed in the mold and
pressed using a mechanical press, then spcala in a vacuum
oven ata temperature of 1323 K. the sintering Temperature
was chosen according to the technological process of
production of anisotropic permanent magnets. As
mentioned earlier, the material of the clamp and mounting
bolts was selected so that an additional “thermal” pressure
of up to 1 HPa could be obtained. Under high pressure
conditions, stresses occur that accelerate diffusion
processes in the sample [43,44]. Thus, on the one hand,
the volume growth of phases is carried out Nd,Fe B i
NdCu, and at the same time, their stability will be stable,
since high pressure displaces the phase equilibrium points
in the high temperature region, in accordance with the law
of Clapeyron-Clausius.

Since the phase Nd,Fe ,B under these conditions, it
does not have time to form into individual grains, and the
ndcu?2 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.
In order to avoid the rapid growth of NdCu2 phase, the
initial pressure was increased and the sintering temperature
was reduced to the triple fusible eutectic temperature (1013
K), and the sintering time was increased to 1.5 hours. These

conditions practically did not affect the rate of the phases
nucleation NdCu, and Nd,Fe B and at the same time
reduced the rate of growth of these phases. As can be
seen from figure 4.6, the phase size NdCu, it decreased to
0.2 um, and in some cases to 0.05 um, and the coercive
force of the compacts increased by an order of magnitude
from 160 kA/m to 1300 kA/m. Along with this, the
amorphous component of the films crystallizes stable and
metastable phases under high pressure. The amorphous
component is an unordered structure with the absence of
a long-range order and therefore, under these conditions,
the density of imperfections tends to the maximum, and
the processes of transfer of alloying elements, namely,
carbon, copper and titanium, to the zone of imperfections
(Suzuki-kotrell Cloud, dislocation nuclei, etc.) are
accelerated. Reaching critical dimensions, clusters of
imperfections enriched with alloying elements also become
an obstacle to the displacement of domain boundaries.

Thus, carbon affects the properties of alloys in two
ways Nd , Fe, .. CB, Cu, ,Ti g, (x:0.33...0.86% of the
stock.): on the one hand, in the presence of carbon
(0.33...0.86 at.%) in a liquid alloy, micro-areas are formed,
which are enriched with copper, on the basis of which
crystals are formed from a liquid state during quenching
NdCu,. On the other hand, during crystallization of the
amorphous component in alloys Nd Fe,
,C.B¢sCu, ,,Ti , under high pressure conditions,
imperfections are formed in which the alloying elements —
carbon, copper, titanium, neodymium-are diffused. Micro
areas, reaching critical sizes, become an obstacle to the
displacement of domain boundaries. And in the first, and
in the second cases actively manifests itself pinning-effect.

Complex alloying with carbon, titanium and copper of
the alloy “Neomax” was used to increase the magnetic
anisotropy of the phase Nd,Fe B, the dispersion of the
primary crystals (modifications of titanium) and the
formation of a paramagnetic phase NdCu,, that allows you
to use the pinning effect.

Summary

1. We obtain the cheap cost material exceeding the
magnetic characteristics in comparison with the known
magnetic systems.

2. Fast cooling of alloys Nd , Fe... C B, Cu, . Ti
leads to the formation of metastable phases Nd,Fe ,B and
NdCu,, bypassing the equilibrium of the reaction.

3. With a decrease in the sintering temperature from
1323 K to 1013 K under high external pressure, the growth
process of metastable phases slows down, which makes it
possible to obtain nanoscale phase formations in a compact
NdCu,, which prevent the movement of domain boundaries.
This increases the value of the coercive force by an order
of magnitude (H.= 1350 kA/m), and the residual induction
of almost 2 times (Br=0.8 T).

4. It is shown that for non-magnetic inclusions of the
NdCu2 phaseup to 50 nm in size it is possible to obtain the
value of the coercive force 6...8 MA/m. For the size values
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of non-magnetic inclusions 1...The value of the coercive
force of 100-200 kA/m was obtained at 10 pm, which
coincides with the experimental data.

5. Under 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'ynsiea T. B., Bpexaps I. I1. IIpo nocaixkeHHs BIVIUBY 30BHIIHBOTO THCKY T BYIVIELI0 HA CTPYKTYPOYTBOPEHHS
TA BJIACTHUBOCTI KOMIIAKTIB, 1110 ClIeYeHi Ha 0CHOBI BUAKO ox010KkeHUX cijiaBiB Nd-Fe-(C,B)-Cu-Ti (UacTuna 2)

Mema pobomu. Komniaexcre 0ocniodncents mepmoOUHAMIYHUX MA PIZUKO-XIMIYHUX YMOB YIMBOPEHHSL (a3 6 20mOGuUx
NOCMIHUX MACHIMAX, WO 8USOMOBNAIOMbCA HA OCHO8I cucmem Fe-Nd-B.

Memoou oocnidrcennna: Mmemanocpagiunuil, peHmeeHoCNeKmpaIbHUl, MAeHIMOMempPUUHUIL.

Ompumani pezynvmamu. JJociodcyemopCs 6naU8 306HiUHbO20 MUCKY ma He3Haunoi Kinekocmi gyeneyro (0,17...0,86 %o am)
Ha cmpyKkmypy ma e1acmueocmi NOCMIIHUX MA2Himis, aKi eueomogneHi Ha ocHogi cucmemu Nd-Fe-B, wo nezcosani
MiO0t0 ma mumarom. [ 6ueomoeneHHs NOCMIiHUX MASHIMI8 3 BUCOKOI0 MACHINMHOK eHep2Iiei0 8UKOPUCHIAHO NPOOYKMU
WBUOKO20 OXONLOONHCEHHSA 3 PIOK020 cmaHy. s yboeo aycouku, uwjo ompumari memooom 3PC, npecysanu y npec-gpopmi
ma cnixanu y saxyymi. [lpec-chopma ma 6onmu, wio ix ckpinaroroms, 8ucomosieti 3i Cniasis, y AKUX pisui koegiyienmu
JHItIHO20 poswiupenns. Lleti memoo Oae 3moey docaemu gucokoeo mucky (=1 I'Tla) nio uyac cnikanna. CnikauwHs
8UKOHy8anu y 8axyymi nio muckom P = 12 MIla ma npu memnepamypi 1013 K.

THokaszano, wo syeneysb 060ako enaugae Ha eracmusocmi cniagie Nd s zFe75, HCXB 5 6Cu ., oy 139 (x: 0,33...0,86%
am.): 3 00no02o 60Ky, 6 npucymuocmi gyeneyio (0,33...0,86 am.%) 6 piokomy cnaagi, ymeopioromucsa Mikpoobaacmi, siKi
30azaueni Mi0OI0, Ha OA3L AKUX npu 3a2apmyeanti 3 piokoeo cmany 3apoodoicytomsca kpucmanu NdCu,. 3 inuozo 60Ky,
npu Kpucmanizayii amopgnoi cknadosoi 6 cnaasax Nd; Fe, . CB  Cu, Ti .. 6 ymosax 6ucokozo mucky
VMBOPIOMbCs 0011acmi HeOOCKOHAIOCME, 8 IKI OUPYHOYIOMb 1e2y8aIbHI eleMenmu — 8y2ielyb, MiOb, MUmMAaH, HeOOUM.
Mikpoobracmi, docaearouu KpUmuyHUX poamipie, Cmaims nepeuikooor 3MiujeHHs 2panuyb 0omerie. I  nepuiomy, i 8
Opy2omy 8UNAOKAX AKMUGHO NPOABIAEMbCA NIHHIHS-eheKm.
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Haykosa nogusna. Bcmanosieno, wo 3HudiCeHHs meMnepamypu CHiKauHs WeUOKO 0XO0N00ICEHUX TYCOYOK CHAABIE
Nd,; Fe, . CB, Cu, Ti . 6ymosax ucokoeo mucky nopsoky 0,9 I'lla 6io mexnonoeiunoi 1323 K 0o memnepamypu
1013 K npaxmuuno ne eniusac na weuoKicms 3apoooicenia memacmabinonux gpas NdCu,ma Nd Fe, B i ¢ moii sce uac
BHUdICYE WeUOKicms ix pocmy. OOHAK, ye npu3e00ums 00 30LIblUeHHs KOepYUMUSHOI CUIU 20Mosux MacHimis 6io 160
KkA/m 00 1300 kA/m.

Ilpakmuuna yinuicms. Odepoicani 6 pobomi pe3yIbmamu Maoms GANHCIUEE 3HAUEHHSL 015l HOOANLULO20 PO3GUIKY
Qizuuno20 Mamepianio3HA8CMEA MASHIMONCOPCMKUX MAMEPIANie Ma CY4acHOl MexXHIKu.

Knrwouogi cnoea: cnixanns, «mepmivHuily muck, 8i0nai, OCHO8HA MA2HIModxcopcmka gasa, ghaza 3 oomedcenoo
MemacmabiibHICmio, KOePYUMUEHA CUA.

I'yasieBaT. B., Bpexaps I'. I1. O6 ncciienoBannm BJIMSIHASI BHELITHET0 IABJIEHNSI M YIJIEPOa HA CTPYKTypooOpa3oBaHue
U CBOICTBA KOMIIAKTOB, MCIIEY€HHBIX HA OCHOBe ObICTPO oxi1axaeHHOi ciuiaBoB Nd-Fe-(C,B)-Cu-Ti (Yactb 2)

Llens pabomur. Komnnexcroe ucciedoganue mepmoouHAMU4ecKux u QU3UKO-XUMUYECKUX YCA08UL 00pa3068anus
@az 6 20moBbIX NOCMOAHHBIX MAZHUMAX, U320MABTUBAEMBIX Ha 0cHO8e cucmem Fe-Nd-B.

Memooust uccnedosanusn: memaniocpapuueckull, peHmeeHOCHeKmpatbHblil, MASHUMOMEMPUYECKUIL.

Ilonyuennsie pezynomamet. Vicciedyemcs gnusnue 6HewHe20 0a8IeHUs U He3HAYUMENbHO20 KOIUYeCmsa yanepood
(0,17...0,86 % am) na cmpykmypy u c80UCmea ROCMOAHHBIX MAZHUMOS, U320MOGJIeHHbIX HA OCHO8e cucmembl Nd-Fe-
B, necuposannvix medvio u mumanom. s u3eomosienus NOCMOSHHbIX MAZHUMOB C 8bICOKOU MASHUMHOU SHepauell
UCNONIL30BAHO NPOOYKMbL OLICIPO2O OXAANHCOSHUS U3 IHCUOKO20 COCMOANUA. [N 9Mo20 4ew YKy, NoxyyeHHbie
memodom 3)KC, npeccosanu 6 npecc-popme u cnexanu 6 éaxyyme. Ilpecc-gpopma u 601mei, KOMOpbIMU CKPENIAIOm,
U320MOGIEHHBIE U3 CNIABO8 C PA3IUYHBIMU KOIDPUYUEHMAMU JUHENHO20 pacuupenus. Dmom mMemoo no3eosem
docmuusb gvlcokoeo oasnenus (= 1 I'Tla) npu cnexanuu. Cnexanue 8bInOIHsU 8 6aKyyme noO oasnenuem P = 12 MIla
+ 0,9 I'lla u npu memnepamype 1013 K.

Hokasano, umo yenepoo oxaseiéaem 06osikoe enusnue na ceoucmea cniaéos Nd  Fe, . CB Cu, Ti ., (x:
0,33... 0,86 %0am.): C o0noii cmopoHrul,  npucymemeuu yenepooa (0, 33...0,86 am. %) 6 sicuoxom cnnase, obpazyromcs
MUKPOOOAACMU, KOMOpble 0002aujeHbl Meoblo, Ha 6a3e KOMOPbIX NPU 3aKAIKe U3 HCUOKO20 COCMOSHUSL 3aPOHCOAIOMCS
kpucmanm NdCu,. C dpyeoti cmopotwl, npu kpucmanmsayuu amopgrot cocmagiroweti 6 cnnasax Nd, Fe, . C B, Cu, Ti, .o
8 YCIOBUSIX BbICOKO20 0ABIeHUs. 00pA3YIOMCA 00AACMU HeCOBEPULEHCE, 8 Komopble OUp@YHOUpyrom nesupyrouue
anemenmol — yenepoo, medb, mumat, Heooum. Mukpoobracmu, docmueas KpUmMuYeckux pamepos, CmaHoBsmcs
npenamcmeuem 0jis cMewjeHus panuy 0omeHos. M 6 nepeom, u 60 8MopoM CAYUAsAX aKMUBHO NPOABIAEMCS NUHHUHS-
apgexm.

Hayunas nogusna. Ycmanogieho, umo CHUICEHUEe MeMnepamypbl CHEeKanusi ObiCpo OXIANCOCHHIX YEULYeK CIIIAB08
Nd,; Fe, . CB, Cu, Ti .. 6 ycrosuax wicokozo oaenenus nopsoke 0,9 I'lla om mexnonoeuueckou 1323 K do
memnepamypot 1013 K npaxmuuecku ne 6nusem na ckopocms sapodicoenus memacmabunviolx pas NdCuu Nd Fe, B
U 6 Mo Jice 8pemsi CHUdICaem ckopocms ux pocma. OOHAKO, 2Mo NPUSOOUN K YEETUUEHUIO KOIPYUMUBHOU CUTLbL 20MOBbIX
maenumos 160 kA / m 0o 1300 kA / m.

Ilpakmuueckas yeunocme. [lonyuennvie 6 pabome pe3yibmamvl UMEIOM GANCHOE 3Hadenue Ol OAIbHelue20
Pazeumust PuzuyecKo2o MamepuaiosedeHus MAeHUMONCECMKUX MAMEPUATO8 U COBPEMEHHOU MEXHUKU.

Knrwuesvle cnosa: cnexanue, «mepmuieckoey OdgieHue, OmaicUue, OCHOBHAS MACHUMONCeCMKUX (haza, ¢aza ¢
02PAHUYEHHOU MEMACMAOUILHUCTITIO, KOIPYUMUSHAS CULA.
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