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High performance rare-earth permanent magnets become crucial components of modern electron accelerators.
PLP (pressless process) method was described as the advanced production step in the current rare-earth permanent
magnet manufacturing. The radiation resistance of SmCo and Nd-Fe-B magnets under electron beam with 10 and
23 MeV and bremsstrahlung were studied. Dipole magnetic systems on the base of rare-earth permanent magnets
were designed for the technological electron accelerators at NSC KIPT.

PACS: 85.70.Sq; 75.50.Ww

INTRODUCTION

Permanent magnets have become a key component
of electron beam transport lines mostly due to economic
reasons.

Permanent magnets are mainly used on accelerators
operating at constant beam energy or in a narrow energy
range not requiring readjustment of the beam transport
paths. The use of permanent magnets leads to signifi-
cant savings in electricity and less expensive supple-
mentary production. Permanent magnets do not require
complex power supply systems and do not consume
electricity for their operation [1 - 3].

Literature review and our works have shown that
there is no universal design of a magnetic system for
electron accelerators. They perform complex tasks and
their magnetic systems require ad hoc optimization in
each case.

The widespread use of permanent magnets in accel-
eration technologies began with advances in the devel-
opment of materials based on Sm,Co,; and Nd,Fe;4,B
alloys.

1. THE ORIGIN OF THE HIGH MAGNETIC
PERFORMANCE OF RARE-EARTH
PERMANENT MAGNETS

There is considerable interest in high performance
Nd-Fe-B permanent magnets for use in charge particles
accelerators [1]. The right choice of magnetic materials
and their grade is managed by particular magnetic ap-
plications which balance extrinsic magnetic properties
as coercitivity (H;) and remanence (B,). Traditionally,
high coercitivity and elevated working temperatures of
ternary Nd-Fe-B magnets are achieved by the substitu-
tion of Nd metal for heavy rare-earth as Dy and Tb in
Dy, Th — containing high-coercitivity permanent mag-
nets. The addition of heavy rare-earth metals increases
magnetocrystalline anisotropy of (Nd;RE,),Fe4B
phase proportionally to the addition of heavy rare-earth
metal. The correlation between magnetic anisotropy
field and coercitivity is described by H.=aHa-NggMs,
where M is saturation magnetization, o is a structural
coefficient depending on grain boundaries of main
(Nd,Dy),Fe;sB magnetic phase, and N is effective
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demagnetization factor describing the inhomogeneity in
microstructure (the amount and grain size of the sec-
ondary phases and main phase, etc.) [4, 5]. However,
antiferromagnetic interaction between heavy rare-earth
atoms (Dy or Th) and Fe atoms of Dy doped
(Nd,Dy),Fe4B phase leads to the decrease of saturation
magnetization M and remanence B,.

An alternative approach to the heavy-rare earth al-
loying is based on the microstructure enhancement
providing a close to 1 with a simultaneous decrease of
Neff. This concept requires a strong compromise be-
tween H. and M, due to the presence of secondary phas-
es. The secondary Nd-rich phase plays a key role in
liquid phase sintering, pinning site forming and weaken-
ing of the exchange interaction between the grains of
the main phase [4]. It is well known that single-
crystalline Nd,Fe4B magnets have low Hc because do-
main wall motion during the demagnetization occurs at
a very low demagnetization field [5]. Demagnetization
can take place at a negative magnetic field due to the
high demagnetization factor of a single-crystal sample.
High coercitivity is possible only in the presence of pin-
ning centres that inhibit the movement of the domain
wall or suppress reverse magnetization domains in the
magnetically isolated highly dispersed grains. Magnetic
domains are inevitable on the surface of Nd-Fe-B mag-
nets due to surface imperfections [4, 5]. Therefore, the
pinning centres must exist along the grain boundaries,
so that the propagation of the magnetic domain is sup-
pressed starting from the grain surface itself to the near-
est grains, which have large scattering fields [5, 6].

Large pinning forces occur if there is a critical
change in the constant of magnetocrystalline anisotropy
in a narrow range, ie Hxt(An/As-Ky/K), where A, A,
are exchange and K, K, magnetocrystalline anisotropy
constants of secondary and main phase accordingly, t —
the second phase thickness.

Since all sintered permanent magnets are multiphase
polycrystals, the centres of pinning are grain boundaries
or intergranular phases. Recent studies of high
coercitivity heavy rare-earth free Nd-Fe-B magnets
(H;=2T) have suggested that H; of anisotropic
polycrystal magnets depends on grain size regardless of
the nature of the magnetism of the boundary between the
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grains of the main phase (Fig. 1). The grain boundary of
the main phase can be both paramagnetic in the ex-
change-decoupled or ferromagnetic in the exchange-
coupled structures [6].

If there is no exchange interaction between ferro-
magnetic grains due to the nonmagnetic grain boundary
or intergranular phase, demagnetization occurs by the
formation of domains with reverse magnetization on a
single grain. This requires a certain amount of second-
ary non-magnetic phase, so it is necessary to control the
balance between H; and M.

) [— N — e
¢ Ramesh et al., 1988
|_< A A Scott etal., 1996
- 2 5 - \'\t?.\rc ® Uestueneretal, 2006 -
I° ' Sxg, \{75/79 Li etal., 2009
> he/?ge 9?0;@000 v Uneetal, 2010
o TS - ~Coy,,. P/ Sepehri-Amin et al., 2011
2.0 vV Up/ﬁ’o’ g Sasaki et al., 2015
1.5F oo, L S -
® ~
$g e -
1.0t o #t A
A A
*
0.5 .1 PR W TR I | S
6 8 2 4 6 8 6 8
1 10 100
d, um

Fig. 1. Coercivity vs. grain size for sintered Nd-Fe-B
magnets [4]

Until recently, the main mechanism of coercitivity in
sintered Nd-Fe-B magnets was considered to be the
formation of reverse magnetization domains on defects,
such as grain boundaries or disordered grains. The main
thesis of this mechanism was the complete isolation of
the grains of the main magnetic phase by the layer of
the non-ferromagnetic (paramagnetic) secondary phase.
The smooth magnetization curve was evidence of the
absence of pinning centres. However, if the distance
between the pinning centres is larger than the grain size,
which contains many domains, ie its size is a priori
larger than the size of one magnetic domain, then the
original magnetization curve will be equally smooth
without the influence of pinning centres.

Recent scientific papers on the commercial sintered
magnets, using three-dimensional atomic analysis
(3DAP), have shown that the structure and chemical
composition of a thin intergranular layer about 3 nm
thick, which turned out to be a ferromagnetic
FeesNd3,Cuy (at. %) phase. Magnetic properties of the
intergranular phase were studied by spin-polarised
scanning electron microscopy and X-ray magnetic cir-
cular dichroism [7]. However, electron holography
measurements showed slightly higher Ms (about 1 T) of
the intergranular phase [8].

Providing that grains of the main magnetic phase in
the sintered Nd-Fe-B magnets are magnetically isolated,
coercitivity is attributed to the reverse magnetization
domains on the surface defects as grain boundaries or
triple points. Triple points possess the highest demag-
netization field. Thus, coercitivity corresponds to the
Stoner-Wolfart ratio, and the largest demagnetization
field will be if the axes of the Nd,Fe;,B phase grains
coincide with the direction of the external magnetic
field, ie in the sample with high crystal-graphic texture
(001), which was confirmed by micromagnetic data
calculation [4, 9, 10]. However, experimental data re-
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vealed a decrease in H. when the texture coefficient
B = M/M; approaching 1, where 0.5 — isotropic, 1 —
textured samples.

This indicates the insensitivity of Hc to the degree of
ordering (texturing). Although in magnets with an aver-
age level of magnetic properties (Hc up to 800 kA/m, and
grain size 5 pm) the magnetization curve does not show
the behaviour inherent in the pinning model, grain
boundary pinning appeared in high coercitivity magnets
with a direct exchange between magnetic grains, across
the ferromagnetic boundary. It is typical for heavy rare-
earth free magnets with reduced grain size [11] or fine
microstructure (melt-spinning) [12]. A similar shape of
the magnetization curve is observed in magnets obtained
by die-upsetting of melt-spun ribbons, in which the grain
size coincides with the size of a single domain [12].

The conventional production process of Nd-Fe-B
magnets consists of sintering (T=950...1150°C) and
two-stage heat treatment (T=950...1150°C and
T=550...600°C). The second stage of low-temperature
annealing usually increases the H. by a quarter. Ad-
vanced microstructure techniques allow studying the
boundary layers between the grains of the main Nd,Fe.,B
phase, to determine their atomic composition and propose
a mechanism that explains increased magnetic hardness.

Hence, heavy rare-earth free Nd-Fe-B magnets pos-
sess several types of grain boundaries that have a strong
influence on the H. mechanism. Whereas the demagnet-
ization in exchange-decupled magnets occurs individu-
ally in each grain because of the thin non-ferromagnetic
boundary layer, avalanche-like advancement of domain
walls takes place in exchange-coupled magnets. Despite
the advantage of high coercitivity in exchange-
decoupled magnets, the squareness of their demagneti-
zation curves may partially deteriorate [6]. One of the
ways to improve the squareness of demagnetization
curves is to reduce the grain size and increase the tex-
ture of the main Nd,Fe 4B phase.

One way to improve the magnetic texture and
coercitivity of Nd-Fe-B magnets is to use PLP (pressless
process) proposed by M. Sagawa [13, 14]. The greatest
advantage over the conventional powder metallurgy
method lies in the container sintering without pressing
the powders [13, 14]. By eliminating pressing proce-
dure, PLP resulted in a higher degree of powder align-
ment and provided the automation of the rather arduous
production stages — placing the powder to the container,
green part magnetizing and further sintering. Moreover,
the geometry of the PLP magnet is very close to the
final shape that will enable minimal polishing or its
complete absence. Additionally, increased sealing of the
equipment reduces the oxygen adsorption and allows to
use fine powders (< 1 um). The fine powder of about
1 pm size yield a single-domain grain size of Nd,Fe 4B
phase with increased coercitivity in sintered heavy rare-
earth free magnets. The key aspect of PLP technology is
the use of highly dispersed micron-size powders that are
very prone to oxidation. This requires special protecting
conditions and advanced approaches to avoid critical
degradation.

In this study, we used improved powder alignment
and almost net-shape production of the magnets via PLP
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and we present a new method that gives optimum grain
size and distribution of the powders.

2. EXPERIMENTAL PROCEDURE

To produce magnets via PLP, NdssFegso By 1 (Wt. %)
cast alloy was ball-milled in the ethyl acetate as protect-
ing medium. Two containers were freely filled with
ball-milled powder. The containers were made of stain-
less steel and ceramic. The densification of the powders
was performed by vertical positioning of the container
on the vibrating table. The ceramic container was up-
turning several times during vibrating to guaranty
smooth densification. Then container was magnetized in
the field of 5 T. The magnetization was carried out two
times in one direction and once in the opposite one to
get a high magnetic texture. The powders in the con-
tainers were sintered for 55 min at T=1050°C and then
subjected to heat-treatment for 30 min at T=830°C.

Magnetic measurements were performed by fluxme-
ter after sintering and heat treatment. The composition
and structure of PLP magnets were analyzed through
SEM using a JSM-7001F microscope.

3. STRUCTURE AND MAGNETIC
PROPERTIES OF HIGH-PERFORMANCE
ND-FE-B MAGNETS PRODUCED
BY PLP METHOD

Given that modern industry stands high tolerance re-
quirements to the sintered permanent magnets, PLP can
bring the benefit of net-shape manufacturing just under
careful adherence to technological regimes at all stages
of production.

It seems very interesting to apply the PLP method to
the production of magnets of various shapes. For exam-
ple, it can be the sintering of long blanks with their sub-
sequent cutting. The present paper presents a combina-
tion of wet-milled powders and their sintering in the
container.

Table shows the weight loss, shrinkage coefficient
and magnetic parameters of sintered PLP magnets. The
weight loss revealed the lack of any obvious correlation
and was mostly attributed to the ethyl acetate vaporisa-
tion during the compacting stage.

Nsample | o9 |, 9| (7 | o | i | KL MR VO heateatment. s
1510_3-2 8.5 8.2 0.3 2.4 1.37 1.4 5.2 -
2510_12-2 30.3 | 28.7 1.6 2.4 1.43 1.43 5 -
1210_3-2 8.49 7.9 0.59 243 | 146 1.49 53 5.44
2909_25-3 226 | 211 15 247 | 149 1.39 5.38 4.32
1010_3-2 8.7 8.4 0.3 248 | 144 1.45 5.24 5.12
2809_25-1 | 22.69 | 217 0.99 248 | 142 1.46 4.87 4.7
1010_25-1 235 | 211 24 2.57 | 147 1.43 52 5.07
2510_3-2 9.1 8.4 0.7 264 | 146 1.4 51 -
910_3-_3 9.64 9 0.64 275 | 141 14 5.44 4.8
1910_3-2 10.3 | 10.2 0.3 3 1.43 1.35 4.3 -
2010_3-2 10.6 9.9 0.7 3 1.46 1.34 5.15 4.9
2210_21-2d | 65.7 | 62.8 2.9 3 1.3 | 1.31/15 4.69 4.69
1210_25-1 288 | 26.2 2.6 3 1.27 1.36 5.13 4.3
1510_25-3 288 | 27.6 1.2 3 1.48 1.34 5 -
2910 _3-2 10.8 | 10.2 0.6 313 | 1.39 13 5 -

The as-sintered magnet samples are shown in Figs. 2
and 3. It can be seen that the direction of the magnetic
field during compaction strongly affected the shrinkage
behaviour. This shrinkage behaviour is influenced by
different sintering coefficients of the samples depending
on the crystallographic direction. Whereas the shrinkage
coefficient of the c-axis is about 1.41, it is close to 1.39
for the normal direction. Moreover, the apparent density
affected the ratio between the sintering coefficients in
the direction of the anisotropy and normal to it (Fig. 4).
The increase in the apparent density has resulted in bet-
ter densification of the sample in the axial direction. The
densification coefficient of the diametrically magnetized
sample is about 1.1-1.14. It can be visually seen as an
ellipse cross-section (see Fig. 3).

48

Fig. 2. Gneral view of long-length PLP magnets
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Fig. 3. General view of PLP magnets — axial
and diametral magnetization

All samples that were sintered in the container and
undergone three times pulsed magnetization in the axial
direction have a very low divergence in diameter along
the entire length of the sample. This allows making a
small allowance for grinding and thus significantly save
the material at the stage of machining.

The density of sintered PLP samples is about
7.35...7.4 g/cm?®, which is practically the same as for the
conventional powder metallurgy approach — magnetiz-
ing and pressing powders in the moulds. However, it
was revealed that the magnetic properties of finals sam-
ples correlated well with apparent density.

1,12
1,10 4 [ |
]
1,08
L [ ]
1,06 [ |
1,04 4 u
= [ ]
& 102
>
1,00 [ ] .
| [ ]
0,98 4 mn
0,96 -
0,94 4
[ |
092 +——p———————————————————————
23 24 25 26 27 28 29 30 31 32
p,» glem®

Fig. 4. Correlation between shrinkage coefficient ratio
(KwKL) and apparent density
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Fig. 5. The magnetic flux of PLP magnets versus
apparent density (shad line — typical magnetic flux
of conventional powder metallurgy technology)

Fig. 5 illustrates the dependence of magnetic flux on
apparent density. It can be seen that the magnetic flux of
PLP magnets is noticeably higher than in magnets pro-
duced by conventional powder metallurgy way. Some
magnet flux decrease with increased apparent density is
the result of slight misalignment due to higher densifica-
tion. Anisotropic densification during the sintering stage
is related to the difference in thermal expansion coeffi-
ISSN 1562-6016. BAHT. 2021. Ne6(136)

cients of the Nd,Fe 4B phase. According to Popov [15],
magnetoelastic coupling below Curie temperature leads
to the non-uniform contacting forces between powder
particles depending on texture direction and anisotropic
grain growth. The latter takes place both under crystalli-
zation and recrystallization.

It appears from this work that PLP magnets, espe-
cially with high aspect ratio I/d, needs ad-hoc optimiza-
tion of the PLP. A slight drop of magnetic flux after
heat treatment is typical for Nd-Fe-B based magnets due
to recrystallisation of the main phase and a small de-
crease of Hc.

This work suggests that the vertical or horizontal
placement of the container in the vacuum furnace af-
fected the shrinkage coefficient along with magnetic
texture. Whereas the shrinkage coefficient is about 1.41
for horizontal sintering, it reaches 1.49 for vertical one
because of gravity.

4. MAGNETIC MATERIALS UNDER
IRRADIATION

A major challenge of magnetic materials used in
technological electron accelerators is the high resistance
to the demagnetization under irradiation.

The present work focuses on the study magnetic
properties of NdasFegs9B11 and Sm,Coy; based alloys
under electron irradiation and bremsstrahlung in the
energy range matching main technological accelerators
of NSC KIPT [16 - 18].

Direct electron beam treatment of Nd-Fe-B magnets
with the energy of 10 MeV resulted in a considerable
change of magnetic flux and its distribution. The degree
of magnetic flux degradation was correlated to the irra-
diation dose. Re-magnetization of Nd-Fe-B magnets
after irradiation returns their magnetic properties to the
initial state — both magnetic flux and its distribution.

Prior work on the irradiation of SmCo magnets un-
der the same energy of 10 MeV shows that the absorbed
dose of 16 Grad and bremsstrahlung kept the magnetic
performance of SmCo magnets almost the same. Even a
ten-fold increase of absorbed dose did not lead to any
significant change in magnetic properties.

When the Nd-Fe-B magnets are irradiated with elec-
trons at an energy of 23 MeV, a loss of magnetic prop-
erties is also observed [17]. However, bremsstrahlung
generated by electron beam does not change the mag-
netic flux of Nd-Fe-B samples. The residual activation
at these energies of the SmCo alloy samples is so great
that it makes it impossible to use this material for the
manufacture of magnetic devices and their operation
under real working conditions.

5. MAGNETIC SYSTEMS
FOR TECHNOLOGICAL ACCELERATORS

Two dipole magnets were developed and manufac-
tured at NSC KIPT to work on beams of electron accel-
erators [18, 19].

SmCo magnets were used for the upgraded 10 MeV
electron accelerator. The SmCo based magnetic system is
applied to the measurement and control of beam energy.
Fig. 6 shows the general view of the dipole magnet.
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Fig. 6. General view of SmCo magnetic system
of 10 MeV electron accelerator

The external dimensions of the magnetic circuit are
90x73x27 mm. It is made of steel 3 soft magnetic steel.
The accuracy and positioning of components are 5 pm.
The upper bar of the dipole magnet is removable. This
makes it easy to mount and remove the dipole magnetic
system on the accelerator output flange during the
measurement or energy adjustment procedure of the
accelerator.

The Peak magnetic field of the dipole magnet is
0.311 T. The effective length along the central beam
trajectory is 33.53 mm.

The upgrade of the linear electron accelerator "EPOS"
is aimed at manufacturing a new channel with a rotation
of the 23 MeV electron beam by 90 degrees. To eliminate
the effect of the electron beam on the Nd-Fe-B magnet, a
special design of the magnetic system was chosen. As
can be seen in Fig. 7, key point is to remove the block
of magnets from the beam as much as possible and to
exclude the direct effect of electrons on the magnet ma-
terial.

Fig. 7. General view of Nd-Fe-B magnetic system
of 23 MeV electron accelerator

The dimension of the Nd-Fe-B based magnetic sys-
tem of 23 MeV  electron accelerator  are
233x170x435 mm.

The magnetic field in the gap is formed by a mag-
netic circuit and magnetic poles made of steel 3.
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The highest magnetic field in the range of
0.516...0.493 T can be achieved in the gap of 25 mm at
T=23...40°C. The effective length of the magnetic sys-
tem calculated on the trajectory of a particle with the
energy of 23 MeV in the field of 0.516...0.493 T is
(242+1.1) mm. An accelerator thermostat system can be
used to stabilize the magnetic performance of the mag-
netic system. To do this, a system of copper cooling
tubes is installed in the body of the magnetic circuit.

In many cases, accelerators need to transport the
electron beam over long distances. Doublets and triplets
of quadrupole lenses are used to form the beam. As
shown in K. Halbach [20], multipole magnetic devices
can be designed using permanent magnets. These ideas
were later implemented on many accelerators [1 - 3]. At
the same time, as we have already noted, the design of
quadrupole lenses was chosen to take into account the
peculiarities of operation on a specific accelerator. To
work on beam transportation paths on technological
accelerators of NSC KIPT, it is assumed to develop
quadrupoles with a gradient of 6...7 T/m, designed to
work with beams up to an energy of 60 MeV.

SUMMARY

In summary, it is shown that PLP technology can be
effectively used in the production of high-performance
permanent magnets for further application in technolog-
ical accelerators. PLP permanent magnets became a
critical component of dipole and quadrupole magnetic
systems of the electron accelerators. We have studied
the magnetic performance of Nd-Fe-B and SmCo mag-
nets under irradiation, which allows to make an optimal
choice of material and design the devices taking into
account the parameters of the accelerator.
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INMPUMEHEHUME PEJIKO3EMEJIBHBIX MAT'HUTOB JIUISI CO3JAHUS MATHUTHBIX CUCTEM
TEXHOJOIMYECKHUX YCKOPUTEJIENA 3JIEKTPOHOB

B.A. Boeoa, A.M. boeoa, H.C. I'yx, B.H. JIawenko, A.O. Muiyvixos, /1. B. Onuwenko

BrICOKO3HEpreTHYHbBIE PEeAKO3EMEIbHbBIE TOCTOSTHHBIE MArHUTHI CTAHOBSTCSA TNTaBHBIMH KOMIIOHEHTAMHU COBpeE-
MEHHBIX IEKTPOHHBIX ycKoputened. OmnucaHa TEXHOJIOTHS M3TOTOBJIEHUS MAarHUTOB C BBICOKMMH MarHHUTHBIMH
XapaKkTepUCTUKaMU Ha OCHOBE CIUIABOB PEIKO3EMENBHBIX JIEMEHTOB METOAAMHU MOPOIIKOBONH MeTaurypruu. Mc-
CJIeZIOBaHBl M3MEHEHHSI MarHUTHBIX CBOIMCTB 00pa3ll0OB MarHMUTOB NPH BO3AECHCTBUM HAa HUX AJIEKTPOHHOTO My4Ka U
TOPMO3HOTO H3ITy4eHHS AIEKTPOHOB ¢ 3Heprusamu 10 u 23 M»B. Pa3paboTaHb! JUMOIEHBIE MATHUTHI C TIOCTOSTHHBIM
HOJIEM ISl TEXHOJIOTMYECKUX 3IeKTpoHHBIX yckopureneit HHI] XDTU.

3ACTOCYBAHHA PIAKO3EMEJIBHUX MATHITIB JJJIs1 CTBOPEHHSA MATHITHUX CUCTEM
TEXHOJIOT'TYHUX ITPUCKOPIOBAYIB EJIEKTPOHIB

B.0. boeoa, O.M. boesoa, 1.C. I'yk, B.H. JIawenxo, A.O. Muyuxos, JI.B. Oniwgenko

BucokoeHepreTiyHi piko3eMesbHi MOCTIHHI MarHiTH CTal0Th FOJIOBHUMH KOMIIOHEHTAMH CYy4acHHX €JIEKTPOH-
HHUX TIpHCKOpIoBauiB. ONMUCAaHO TEXHOJIOTIIO BUIOTOBJIEHHS MArHiTiB 3 BUCOKMMH MarHiTHUMH XapaKTE€PUCTHKAMH
Ha OCHOBI CIUIaBiB PiIKO3E€MEIbHUX €JIEMEHTIB METOJaMH1 IOPOLIKOBOi MeTanyprii. JlociikeHO 3MiHN MarHiTHAX
BJIACTHBOCTEH 3pa3KiB MarHiTiB Npy BIUIMBI HA HUX €JIEKTPOHHOI'O My4YKa 1 ralbMOBOTO BUIIPOMIHIOBAHHS €JIEKTPO-
HiB 3 eHeprisamu 10 i 23 MeB. Po3po6iieHo AUIIONBHI MarHiTH 3 MOCTIHHUM TTOJIEM JUTSI TEXHOJIOTIYHUX €JIeKTPOHHUX
npuckoproBagis HHI[ XDTU.
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