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Abstract. The development of new hard magnetic materials (HMM) is crucial for meeting the ever-increasing demands of industry. Today,
the advancement of energy, electrical engineering, and instrumentation sectors requires manufacturers of HMM products to enhance
the energy efficiency and power of devices while reducing their size and weight, which increases scientists’ interest in these alloys.
Among HMM, magnets derived from rare-earth elements such as Sm and Nd (Nd,Fe, ,B, SmCo,, Sm,Co, ;) possess the highest magnetic
energy at smaller sizes and weights. Alloys based on the Fe-Cr—Co system offer the best reliability, strength, corrosion resistance, and
manufacturability, making them particularly in demand among HMM. Creating a magnet based on two alloying systems, Sm—Co
and Fe-Cr—Co, may yield a material with unique properties that combine the advantages of both systems. This study investigates
the powder hysteresis alloy 22Kh15K4MS (22 % Cr-15 % Ni—4 % Mo—Co-Si) doped with the rare-earth magnet KS25DTs in amounts
ranging from 1.5 to 9.0 %. The microstructure, transformation kinetics, phase composition, and magnetic properties of the developed
alloys were examined. It was found that the magnetic characteristics of the alloys depend on the concentration of the rare-earth magnet
additive and the thermal treatment regime. It was demonstrated that the introduction of 3 % KS25DTs achieves the maximum magnetic
properties of the alloy: H, = 55.6 kA/m, B, = 1.33 TL, (BH),, = 41 kJ/m®. The combination of the developed alloy composition and
the thermal treatment regime allows for an increase in the rectangularity coefficient of the magnetic hysteresis loop (K)) — one of the
most important characteristics of precision hysteresis electric motors.
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AHHoTauums. Pa3paboTka HOBBIX MArHUTOTBEP/bIX MaTepranoB (MTM) BaxkHa Juisl yAOBJIETBOPEHHUS IOCTOSHHO PACTYIIUX TPEOOBaHMIT
HIpOMBIIICHHOCTH. CeroiHst pa3BUTHE SHEPIETHYECKOW, AIEKTPOTEXHHYECKOW M MPHOOPOCTPOUTENbHOI oTpacieil Tpedyer or
npousBoauTenield u3nenuid 13 MTM noBbImeH:sT SHEProaGHEKTHBHOCTH, MOILIHOCTH NPUOOPOB IPH YMEHBIICHHH HX Pa3MepoB
U Macchl, 4TO yBEJIMYMBACT HHTEPEC y4YCHbIX K 3TUM cruiaBaM. Cpean MTM HauGonblieil MarHUTHON SHEPrUeil MpU MEHBIIHNX
pasMepax M Macce OONa/IaroT MATHHTBI, TOMyYECHHBIE U3 PEIKO3EMENBHBIX JIIEMEHTOB, Takux kak Sm u Nd (Nd,Fe ,B, SmCo,,
Sm,Co,,). Haunyuuiue XxapakTepucTHKH HaJEKHOCTH, MPOYHOCTH, KOPPO3MOHHOH CTOMKOCTH M BBICOKYIO TEXHOJIOTMYHOCTDH
M3TOTOBJICHHS UMEIOT CIUIaBbl Ha 0CHOBE cucTeMbl Fe—Cr—Co, 4To Takxke JenaeT uX 0coOOCHHO BocTpeOoBaHHBIMU cpean MTM.
Co3zaHue Maruura, B OCHOBE KOTOPOro Jiexar ase cucteMsl JierupoBanust Sm—Co u Fe—Cr—Co, MOKeT criocoOCTBOBATH MOIYYCHHIO
MaTepHaa ¢ yHUKaJIbHbIMH CBOHCTBAaMH, COYETAIONIET0 B cebe JOCTOMHCTBA KayK/I0il U3 yKa3aHHBIX cucteM. B pabore uccienoBan
MIOPOIIKOBEIN rucTepe3ucHslii cruaB 22X 15K4MC, nerupoBaHHbIN 100aBKOH penko3eMensHOro maranta Mapku KC25/11] B konu-
gectBe OT 1,5 10 9,0 %. M3yueHsr MUKPOCTPYKTypa, KHHETHKA MPEBPAICHUH, (ha30BbIil COCTaB M MarHUTHBIC CBOWCTBA pa3pado-
TaHHBIX CIUIABOB. YCTAHOBJICHO, YTO MarHUTHBIC XapaKTEPUCTHKH CIUIABOB 3aBUCSAT OT KOHLEHTPALMH JI0OABKH PEIKO3EMEIBHOTO
MarHuTa ¥ pexxuMa TepMudeckoil oopabdoTku. [Tokasano, uro BBegenue cruaBa KC25/I1] B kommuectBe 3 % MO3BOIAET HOCTHYDL
MaKCHMAJbHBIX MarHATHBIX CBOUCTB JIETHPOBAHHOTO Marepuana: H, = 55,6 kA/m, B = 1,33 T, (BH),,, =41 kJlx/v>. Couetanue
Pa3pabOTaHHOTO COCTaBa CILIABA U PEKMMA TEPMHYECKON 00pabOTKH 1T03BOJISET MOBBICUTH KOAD(PUIIUECHT MPSMOYTOIBHOCTH METIIH
MarHUTHOTO THCTepesuca (K| ) — 0fHOM 13 BaKHEHINNX XapaKTepHCTUK IPEHU3HOHHBIX THCTEPE3UCHBIX YIEKTPHIECKUX IBUTaTeNeH.

Knrouesbie cnosa: maruutoTBepasiii Matepuan (MTM), mopoIIKOBbIi CIJIaB, MArHUTHBIE CBOMCTBA, KOIPPHULIUESHT NPSIMOYTOJIBHOCTH
[eTJIM MarHuTHOTO ructepesuca, Fe—Cr—Co-Mo, Sm—Co

Ana untnposanmsa: bensriokoBa M. A., IllanioB A.A. OcobenHocTH (ha30BBIX IPEBpaIIeHHH, (HOPMHPOBAHUSI MUKPOCTPYKTYPHI H Mar-
HUTHBIX CBOMCTB T'MCTEPE3UCHOTO cruiaBa Ha ocHoBe cuctembl Fe—Cr—Co—Mo, nerupoBanHoro Sm, Zr u Cu. Uszeecmus 6y308.
Topowkosas memannypeus u gyuxyuonanvhvie nokpvimus. 2024;18(4):35—44. https://doi.org/10.17073/1997-308X-2024-4-35-44

achieved in the alloy with 2 % Y: the maximum mag-
netic energy (BH)__ increased from 51.3 to 61.6 kJ/m’,
residual magnetic induction (B)) increased from 0.71
to 1.05 T, and coercive force (H,) increased from 97
to 130 kA/m compared to the original alloy. Further
increase in yttrium content to 3 % led to a decrease in
magnetic properties due to phase coarsening and struc-
tural heterogeneity. In [10], adding up to 2 % samarium
during metallurgical production of cast ingots (BH)
increased by 86 %, B by 47 %, and H_ by 28.7 %.
The authors attributed this growth in magnetic proper-
ties to enhanced shape magnetic anisotropy and mag-
netic field anisotropy due to intermetallic compounds
of the rare-earth magnet SmCo,. Additionally, X-ray

Introduction

Recently, there has been a global trend towards
producing magnetic materials with enhanced con-
sumer qualities at a lower cost. When comparing
rare-earth metal (REM) magnets with magnets from
the Fe—Cr—Co system, the former appear less attractive
due to their high cost, expensive extraction processes,
import dependencies, low mechanical strength, and
environmental restrictions during production [1-3].
Research on Fe-Cr—Co-based alloys mainly focuses
on reducing the content of expensive elements such as
Co [4; 5], and the introduction of micro-additives like
Si, Mo, Ti, Dy, Nd, Y, and Sm [6—11].

The greatest interest lies in studies where FCC alloys
are doped with REM and W [8; 9—11]. In [9], a cast
alloy 43Fe-28Cr-23Co-3Mo-2V-1Zr!  was doped
with 0-3 % yttrium. The best magnetic properties were

' Here and throughout the text, mass percent (wt. %) is implied
unless otherwise specified.
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phase analysis revealed that samarium atoms concen-
trate in the a,-phase, thereby increasing the lattice
parameter of the strongly magnetic Fe—Co phase and
its volume fraction.

Alloys SmCo, and Sm,Co,, were developed in
the 1960s—1980s and are still widely used in valve
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motors of submersible pumps, flaw detector mag-
nets, magnetic lenses, and couplings [13]. According
to research, SmCo, and Sm,Co,, alloys have
high values of magnetocrystalline anisotropy
(up to (15+20)-10° J/m?®) [14], corrosion resistance
(0.1 mg/cm? in Na,S and NaCl, 20 mg/cm? in HCI) [15],
Curie temperature (727 °C for SmCo, and 920 °C for
Sm,Co,), and exceed Nd-Fe-B magnets in temperature
stability [16—-17].

Fe—Cr—Co alloys have already found wide applica-
tion in mechatronic systems, rotors of high-speed and
ultra-high-speed electromechanical energy conver-
ters, hysteresis motors, and even microwave radia-
tion absorbers [18-20]. Introducing elements with
shape anisotropy of ferromagnetic anisotropic par-
ticles, high values of crystal anisotropy constant, and
saturation magnetization into Fe—Cr—Co alloys can
improve the magnetic properties of the alloy: H_, B ,
(BH) .. [21], and K, — the rectangularity coefficient
of the magnetic hysteresis loop, related by the formula

where B is the residual magnetic induction, and B
is the maximum magnetic induction (GOST 19693-74).

Increasing the residual induction of the magnet will
allow achieving greater excitation flux while main-
taining the torque value in the electric motor with
lower armature current, thus increasing the device's
efficiency. Due to the demagnetizing factor, the induc-
tion at the operating point is lower than B, so ensu-
ring the convexity and rectangularity of the magnetic
hysteresis loop is essential [22]. Enhancing the power
of Fe—Cr—Co hard magnetic alloys will expand their
application areas.

The aim of this study is to determine the possibi-
lity of improving the magnetic properties of a powder
hysteresis hard magnetic alloy based on the Fe—Cr—Co
system by doping it with the KS25DTs alloy.

Materials and methods

The study investigated the powder alloy 22Kh15K4MS,
doped with the KS25DTs additive in amounts ranging
from 0 to 9 % as a substitute for iron (Table 1). The fol-
lowing metal and alloy powders were used as the initial
batch components:

— chromium PKh-1S (TU 14-5-298-99) with an
average particle size d = 10 um and a standard devia-
tion 6 =5 pum;

—cobalt GP-OK (TU 1793-008-92), d = 24 um,
6 =13 pm;

— carbonyl iron OSCh 6-2 (TU 6-09-05808008-262-
92),d=2 pm, 6 =2 pum;

— ferrosilicon FS50 (GOST 1415-93), d = 8 um,
6 =4 um;

—molybdenum MPCh (TU 48-19-69-80), d = 2 pm,
c=1pum.

Pure samarium powder has low corrosion resis-
tance and a relatively high sintering temperature,
so the KS25DTs alloy powder (GOST 21559-76),
containing 24-27 % Sm, 1.5-3.5 % Zr, 13-20 % Fe,
4-6 % Cu, and 57.5-43.5 % Co, obtained by crushing
magnet scrap, was used in the experiments. Recycling
of the sintered SmCoy alloys, crushed in a hydrogen
environment, allows for the production of magnets
with an improved microstructure and enhanced mag-
netic properties compared to the original magnets [23].

All components of the charge were sieved through
a 63 um mesh and homogenized in a mixer with an
offset rotation axis for 8 h. The sample billets were
obtained by cold pressing in a metal mold in two stages
with an intermediate pre-sintering operation. Pressing
was carried out at a pressure of 29.4 MPa, followed
by pre-sintering at a temperature of 860 °C and holding
for 3 h in a hydrogen environment. The samples were
then calibrated at a pressure of 34.3 MPa and finally
sintered in a vacuum with a residual pressure of 102 Pa
according to the regime ¢ = 1350 °C, t = 4 h. The den-
sity after all sintering stages was determined hydro-
statically using a VLR-200 device (Gosmer, Russia)
according to GOST 25281-82.

Quenching of all samples was carried out from
a temperature of 1250 °C in a 15 % aqueous NaCl solu-
tion. Aging of the billets was performed sequentially in
7 stages with the application of an external magnetic
field of 150 kA/m. The processing parameters are speci-
fied in Table 2. Phase transitions in the studied samples
were examined using differential scanning calorimetry
(DSC) during the heating and cooling of samples
weighing 3—4 g on an STA 449 F3 Jupiter (Netzsch,

Table 1. Chemical composition of experimental alloys

Ta6bamya 1. XuMHUYECKHH COCTAB ONBITHBIX CIIABOB

Compo- Content, wt. %

sitionNo. | Fe | Cr | Co | Mo | Si | KS25DTs (Sm)
1 57.5 0
2 55.5 1.5 (0.36)
3 54.5 3.0 (0.77)

225|150 | 40 | 1.0

4 53.0 45 (1.15)
5 515 6.0 (1.53)
6 | 485 9.0 (2.30)
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Germany). The heating rate was 10 °C/min. The main
parameters and shape of the magnetic hysteresis loop
of the experimental samples were determined after
quenching and multistage aging using a Permagraph L
hysteresis graph (Magnet Physik, Germany) with
PERMA software. Experimental data were processed
using Fityk and Proteus Analyses software packages
(Marcin Wojdyr, Poland).

X-ray phase analysis of the samples was performed
using XRD on a D8 Advance ECO powder diffractome-
ter (Bruker, Germany) under the following conditions:
cobalt radiation with a wavelength A = 1,78897 A,
an accelerating voltage of 35 kV, and an X-ray tube
current of 25 mA.

Qualitative and semi-quantitative analyses were
carried out using the Diffrac.Eva software. The PDF-2
2013 powder diffraction database was used for phase
identification.

Hardness was measured using a Rockwell hardness
tester (Tochpribor, Russia) according to GOST 9013-59
with a load of 150 kg. The microstructure of the samp-
les was investigated using a GX-51 metallographic
microscope (Olympus, Japan) with STAMS 800 soft-
ware. For high-resolution structural analysis, VEGA 3
(TESCAN, Czech Republic) and FEI Quanta 650FEG
(FEI, USA) electron microscopes were used.

Research results

The magnetic characteristics of the 22Kh15K4MS
powder alloy are shown in Fig. 1. The base alloy, pro-
cessed through stages 1 to 7 (Table 2) with the applica-
tion of an external magnetic field, exhibits the follow-
ing maximum properties: H_ = 38.9 kA/m, B = 1.16 T,
(BH), .. = 20 kJ/m’. These properties increased in
samples containing KS25DTs additives (with Sm
concentrations ranging from 0.36 to 0.77 %), reach-
ing a maximum with the introduction of 0.77 % Sm:
H, =556 kA/m, B, = 1.33 T, (BH)_, = 41 kl/m’.

c max

However, the magnetic properties deteriorated with

Table 2. Aging mode

Ta6nuya 2. Pexxumbl cTapeHnst

Stage No. t,°C T, min
1 670 15
2 640 40
3 600 40
4 575 40
5 555 30
6 535 30
7 525 30
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an increase in the Sm content from 1.15 to 2.3 % due
to phase coarsening [10] and the segregation of sama-
rium at grain boundaries (see Fig. 2, ¢).

Multistage aging of the alloys with the application
of an external magnetic field led to the spinodal decom-
position of the a-solid solution into the a,-phase,
enriched with iron and cobalt, and the a,-phase, enriched
with chromium. The alternation of the strongly mag-

60

-4 50

440

430

H., kA/m

420

(BH)max

| |
0
650 600 550 500

Aging temperature, °C

Fig. 1. Dependence of coercive force H, (a),
magnetic induction B, (b) and maximum
magnetic energy (BH), (c) on the aging temperature
of the base alloy 22Kh15K4MS and samples with KS25DTs
additive in concentrations ranging from 0 to 9 %
(values indicated on the curves)

Puc. 1. 3aBuCHMOCTb KOOPUUTUBHOM cuibl H (@),
MarHUTHOM HHAYKIMH B (b) 1 MakCHMAaJIbHOM
MarHuTHOM >Hepruu (BH),  (€) OT TeMIIEpaTyphl CTApEHUS
ucxonHoro cruiaBa 22X 15K4MC u o6pa3ios ¢ 1o6aBkoi
KC25111 ot 0 10 9 % (umdps! y KPUBEIX)
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Fig. 2. Microstructure of the alloys after sintering (x1000)
Composition / (without additive) (@), 3 (b) and 6 (c) (see Table 1)

Puc. 2. MukpocTpyKTypa CIutaBoB nocie crekanus (x1000)
Cocras [ (6e3 no6askn) (a), 3 (b) u 6 (¢) (cm. Tabm. 1)

netic o -phase in the weakly magnetic a,-matrix, along
with the presence of samarium-containing phase inclu-
sions that enhance the magnetic anisotropy of the alloy,
resulted in increased magnetic properties (H,, B,
(BH)_,,.) compared to the original sample (see Fig. 1).

The structure of the samples after sintering consists
of a lamellar 6-phase, constituting 70—80 vol. %, pri-
marily located at the grain boundaries, with interlayers
of the a-phase (Fig. 2). Samarium, appearing as dark
areas in the photographs in Fig. 2, b and ¢, is also pre-
dominantly observed at the grain boundaries.

Due to the presence of the o-phase, the hard-
ness of the samples after sintering was 35-42 HRC.
However, with an increase in the concentration
of the KS25DTs additive from 0 to 9 %, the hardness
decreased, as did the density (Table 3). The change in
porosity exhibited the opposite trend accordingly.

The heating temperature for quenching was selected
based on available research results [24] and DSC data.
The microstructure of the base alloy after quenching
represented an a-solid solution (Fig. 3, @). In samp-
les containing the KS25DTs additive, in addition
to the a-phase, undissolved Sm inclusions were present
(Fig. 3, b, ¢).

The hardness of the samples after quenching ranged
from 20 to 24 HRC and decreased with an increase in
the KS25DTs concentration.

To determine the distribution pattern of the KS25DTs
additive in the structure of the 22Kh15K4MS alloy,
a sample after quenching was examined using a scan-
ning electron microscope. It was found that the basis
of the quenched alloy's structure is an a-solid solution
with inclusions containing samarium and zirconium.
According to the distribution maps (Fig. 4, b), sama-

Fig. 3. Microstructure of the alloys after quenching (x1000)
Composition / (without additive) (@), 3 (b) and 6 (c) (see Table 1)

Puc. 3. MuKpocTpyKTypa CIuIaBoB nocie 3akaiku (x1000)
Cocras [ (6e3 no6askn) (a), 3 (b) u 6 (¢) (cm. Tabm. 1)
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rium is unevenly distributed within the structure, with
areas of accumulation present.

The regions of Sm and Zr distribution overlap
when the inclusion size is greater than 1 pum (see
Fig. 4, b). The authors attribute this to the hindered
diffusion processes in the larger initial KS25DTs
particles. When the particle size of the additive is
below 1 pum, Zr is not detected (Fig. 4, d), indicating
its uneven distribution in the initial charge material.
Regions enriched with Sm are depleted in Co, sugges-
ting partial redistribution of samarium from KS25DTs
into the a-solid solution.

The thermal effects during heating of quenched
samples, both of the base composition and with

Table 3. Density, porosity and hardness
of sample blanks after sintering

Tabamnya 3. [1710THOCTH, MOPUCTOCTH U TBEPAOCTH
3aroTOBOK 00pa3L0B MOcCJIe CIIeKAHMSs

Conze;rig:tlon De nsitsy, Porosity, % Hardness,
KS25DTs, % | & HRe
0 7.9 0.3 42
1.5 7.9 0.5 41
3.0 7.8 1.4 38
45 77 2.7 39
6.0 7.7 2.7 38
9.0 7.6 4.2 35

the addition of 3 % KS25DTs, exhibited similar
kinetics (Fig. 5 a, b): transformations in both alloys
occurred in the temperature range of 500-1100 °C.
At 500 °C, spinodal decomposition of the a-phase
into strongly magnetic and weakly magnetic phases
began, characterized by heat absorption. The addition
of 3 % KS25DTs did not significantly affect the position
of the first local extremum at around 520 °C. The pre-
cipitation of the o-phase from the solid solution began
at 670-680 °C, with the corresponding local extremum
recorded at around 700 °C in both samples. The tem-
perature of the third local extremum for the base alloy
without the additive was 830 °C, and with the additive,
it was 848 °C.

For the alloy with 3 % KS25DTs (Fig. 5, b), a curve
inflection was observed at 300 °C, which was absent in
the base sample. The same peak appeared on the DSC
curve of the KS25DTs alloy (Fig. 5, d) at 275 °C.
According to the study [25], the eutectoid decomposi-
tion of SmCo, into Sm,Co, and Sm,Co,, phases occurs
at temperatures below 750 °C, as confirmed by the DSC
curve of the KS25DTs alloy (Fig. 5, d). When the con-
centration of the additive in the 22Kh15K4MS alloy
was increased to 9 %, an unusual peak at 800 °C was
observed on the DSC curve (Fig. 5, ¢).

Thus, the addition of 3 % samarium does not signifi-
cantly affect the decomposition temperatures of the
o-solid solution based on Fe—Cr—Co; however, increas-
ing its concentration to 9 % leads to the appearance
of atypical phase transitions in the 22Kh15K4MS alloy.

Fig. 4. Microstructure of alloy composition 3 (see Table 1) after quenching (a)
and distribution maps of Sm (b), Co (¢) and Zr (d) in the structure

Puc. 4. MukpocTpykTypa crutaBa coctasa 3 (cMm. Tabm. 1) mocie 3akanku (a)
u KapTel pacnpenenenus Sm (b), Co (¢) u Zr (d) B cTpykType
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Fig. 5. DSC (1) and dpy5 (2) curves of alloys 22Kh15K4MS (a), 22Kh15K4MS + 3 % KS25DTs (b),
22Kh15K4MS + 9 % KS25DTs (¢) and KS25DTs (d) when heated at a rate of 10 °C/min

Puc. 5. Kpussie JICK (1) n d; . (2) cinasos 22X 15K4MC (a), 22X 15K4MC + 3 % KC25 /1L (b),
22X15K4MC + 9 % KC25111 (c¢) u KC25/111 (d) npu Harpese co ckopoctbio 10 °C/muu

To evaluate the changes in the phase composi- of the initial sample after quenching shows the pres-
tion of the 22Kh15K4MS alloy when doped with 3 %  ence of the a-phase (20 = 52.2°). Multistage aging
KS25DTs, an X-ray phase analysis was conducted on led to a significant increase in magnetic properties.
the samples after quenching and aging. The results The phase composition after 7 stages of aging under-

are shown in Fig. 6. The X-ray diffraction pattern went the following changes.
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Fig. 6. X-ray diffraction patterns of the base 22Kh15K4MS sample (a) and with the addition of 3 % KS25DTs (b)

after quenching (Z) and thermomagnetic treatment (2)

Puc. 6. Perrrenorpammsl ucxoasoro odpasia 22X 15K4MC (a) u ¢ nobaskoit 3 % KC25/111 (b)
nocie 3akanku (1) u TepMoMarHuTHOM 00paboTku (2)
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During aging, the a-phase peak split into two iso-
morphic phases: o, enriched with FeCo, and o, ,
based on FeCr. This is noticeable in the 22Kh15K4MS
alloy (Fig. 6, a) by the increased half-width of the
a-phase intensity peaks in the region of 20 = 52.24°,
which is not observed in samples with the KS25DTs
additive (Fig. 6, b). In the X-ray diffraction pattern
of the alloy containing the KS25DTs additive, a y-phase
peak (20 = 51.36°) was detected after quenching, which
was absent in the undoped sample (see Fig. 6, a). This
may indicate a narrowing of the a-solid solution region
and a decrease in its stability due to the introduction
of alloying additives. A weak peak of the samarium
phase with a hexagonal crystal lattice was found
at 26 = 49.2°, which can be explained by its low con-
centration (23-25 %) in the KS25DTs alloy. This, along
with the high values of the crystal anisotropy constant
and the saturation magnetization of samarium, led
to an increase in the magnetic anisotropy of the doped
alloy, contributing to the enhancement of its magnetic
properties [10; 21].

Based on X-ray phase analysis data, the lattice
parameters of the a-phase of the base alloy and the alloy
with a 3 % KS25DTs additive are equal and amount
to @ =2.87 A. The interplanar distance decreased when
doping the 22Kh15K4MS alloy: after quenching, it
was 2.032 A, and in the alloy with a 3 % KS25DTs
additive — 2.027 A. The invariance of the lattice
parameter and the decrease in the interplanar distance
indicate the absence of Sm dissolution in the a-phase
of Fe—Cr—Co system alloys.

To determine the rectangularity coefficient
of the magnetic hysteresis loop in the 22Kh15K4MS +

1.5

1.0 -

0.5 -

B,T
()

-1.5 1 1 1 1
-30 -20 -10 0 10 20 30

H_, kA/m

Fig. 7. Magnetic hysteresis loop of the 22Kh15K4MS alloy
with 3 % KS25DTs at a magnetizing field intensity
H_ =100 A/cm after aging

Puc. 7. Tletsast MarHuTHOTO THCTepe3uca ciasa 22X 15K4MC
¢ 3 % KC25/1L] npr HaMarHU4eHHOCTH MarHATHOTO TTOJISt
H_ =100 A/cM mocie crapenus
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+ 3 % KS25DTs alloy, a sample with a coercive force
of 10 kA/m was tested under a remagnetizing field inten-
sity of 100 A/cm (10 kA/m), corresponding to the field
intensity of the stator of the hysteresis experimental
motor (Fig. 7). The alloy with a 3 % KS25DTs additive
was aged according to the first 3 stages of the regime
presented in Table 2, with the application of an external
magnetic field. The holding time at each stage ranged
from 5 to 40 min. The combination of the alloy com-
position and the thermomagnetic treatment regime
ensured high K, values — up to 0.87.

Thus, increasing the content of the KS25DTs addi-
tive from 1.5 to 3 % contributes to changes in the mag-
netic properties of the 22Kh15K4MS alloy.

Conclusions

The best combination of magnetic hysteresis loop
parameters was achieved with a 3 % KS25DTs con-
tent in conjunction with thermomagnetic treatment:
H, =556 xA/m, B =1.33 T, and (BH)_, =41 kJ/m3.
However, increasing the KS25DTs additive content
from 4.5 % to 9 % results in a decrease in the alloy's
magnetic characteristics due to phase coarsening,
increased porosity, and the segregation of samarium at

the grain boundaries.

Adding up to 3 % KS25DTs does not significantly
affect the transformation kinetics of the 22Kh15K4MS
alloy. In contrast, increasing the additive concentration
from 4.5 % to 9 % leads to the emergence of trans-
formations not typical for this alloy. The presence
of Sm phases with high crystal anisotropy constants
and saturation magnetization enhances the magnetic
characteristics of the doped 22Kh15K4MS alloy.

The combination of the alloy composition with 3 %
KS25DTs and the thermomagnetic treatment regime
allows for an increased K, value of 0.87, which may
positively influence the dynamic characteristics of pre-
cision hysteresis motors in the future.
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