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The influence of iron content in ferromagnetic alloys based on the Sm,Co,; compound
on the changes in the phase composition and the balance of structural components during
hydrogen-vacuum treatment has been studied by the methods of differential thermal
analysis, X-ray phase analysis, and scanning electron microscopy. The alloys were treated
by means of hydrogenation, disproportionation, desorption, and recombination (HDDR)
under hydrogen pressures of 0.5, 2.0 and 4.0 MPa and a maximum heating temperature
of 950°C. It is shown that hydrogen treatment of Sm,Co,,_,Fe, alloys (x = 2, 4, 6, and 8)
causes disproportionation of the ferromagnetic phase, while the phase composition of the
interaction products depends on the Fe content in the initial alloy. It is found that vacuum
heating of disproportionated alloys results in the recovery of the initial phase state in
Sm,Co,;_,Fe, alloys with x = 2, 4, and 6, while at x = 8 the disproportionation is irre-
versible. The microstructure of the recombined Sm,Co,,Feqg alloy is characterized by the
formation of the FeCo fine inclusions with a size of 100—-250 nm.

Keywords: permanent magnets, Sm—Co alloys, hydrogen treatment, phase transforma-
tions, microstructure refinement.

Bmume 3aniza Ha ()a30BO-CTPYKTYPHHMII CTAH CILIABY Ha OCHOBi cmoayku Sm,Co.; min
4yac BOAHEBO-BaKyyMHOro oopod6aenusa. A.M.Tpocmanuun, I.I.Byaur, 3.AJypazina
Meromamu gudepeHIiiHOro TEPMiUYHOro aHaNidy, PEHTreHiBCbKOro (pasoBoro aHaaidy ta
CKAaHyBaJbHOI €JeKTPOHHOI MiKpocKoIii mocaimkeHo BIiIMB BMicTy 3ajisa y (hepoMarsiTHux
crmiaBax Ha OcHOBi cmonykm Sm,Co,; Ha 3MiHy (asoBoro cKjajgy Ta CIIBBiTHOIIEHHS CTPYK-
TYPHUX CKJAJOBUX IIiJ Uac BOLHEBO-BaKyyMHOI 06pob6Ku. CryaBu o6po6AaN METOOOM Tigpy-
BaHHA, [AUCIPOIOPIIIOHYBaHHA, gecopOyBaumH#A, pekombinyBanHa (I'JIP) sa TuckiB BogHIO
0,5; 2,0 ra 4,0 MIla i makcumaabHol Temneparypu Harpiy 950°C. Ilokasano, mo y criaa-
Bax Sm,Co,,_ Fe, (x =2, 4, 6 Ta 8) 00po6Ka y BOAHI BMKJIHMKAE JUCIPOIOPIiOHYBAHHSA
(depomaruitTaoi ¢asu, npu npomMy (PasoBUU CKJIAM IPOAYKTIB B3AEMOil 3aJeXUTh Bix BMicTy
Fe y Buxigmomy cnuasi. BeramoBjeHno, mio 3a HarpiBy y BakyyMi IUCIPOIOPI[IOHOBAHUX
cnaBiB BigHOBIEeHHA BuXigHOTO (DasoBoro crarmy BinmbyBaerhca y cmaasax Sm,Co,,_ Fe, 3 x
= 2, 4 Ta 6, Toxi AK 3a X = 8 AUCIIPONOPIIIOHYBAaHHA He3BOpOoTHe. MiKpOCTPYKTypa peKomobi-
HoBaHOro cmaaBy Sm,Co,,Fes; xapakTepusyeTbca yTBOPEHHAM APi6HOAMCIEPCHUX BKJIIOUEHD
FeCo, posmip akux cranoButs 100-250 HM.
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Metomamu aud)pepeHNaIbHON0 TEPMUUYECKOT0 aHAJIN3a, PEHTreHOBCKOro (hasoBoro ama-
JIN3a U CKAHHUPYIOMEH 2JeKTPOHHON MHKPOCKOINN HCCJAETOBAHO BJIWSIHNE CONEPKAHUA Ke-
Jes3a B ()ePPOMATHMTHBEIX CILJJABaX HA OCHOBe coeguHeHMA SM,C0,;, Ha m3MeHeHHe (HasOBOTO
COCTaBa M COOTHOINEHUS CTPYKTYPHBIX COCTABISIOIINX IIPU BOJOPOJHO-BAKYYMHOM 00paboT-
Ke. CrraBel o6pabaThiBaii METOLOM TMAPUPOBAHUSA, AUCIPOINOPIIMOHUPOBAHNUS, AecopOruu,
pexomoOusanuu (ICOOP) npu gmaBmeHuu Bogopoza 0,5; 2,0 m 4,0 MIla m MakcuMaJIbHOI
remneparype Harpesa 950°C. Ilokasamo, uro B cmiaBax Sm,Co,, Fe, (x =2, 4, 6 u 8)
00paboTKa B BOJZOPOJE BBI3LIBAET MAHCIIPOMNOPIIMOHMPOBAHMUSA (DEPPOMArHUTHON (asbpl, Ipu
oTOM (PasoBBIll COCTAB IPOAYKTOB B3aMMOIEHCTBUS 3aBHCHUT OT COIEP:KaHUA Fe B mcxomHom
cojiaBe. YCTAHOBJIEHO, UTO IIPHM HarpesBe B BaKyyMe [IUCIIPOIOPIIMOHMPOBAHHBIX CIIJIABOB
BOCCTAHOBJIEHHS HMCXOJHOIO (Da30BOr0 COCTOAHMSA IIPOMCXOAUT B cmiraBax Sm,Co,, Fe, c x =
2, 4 m 6, Torga Kak Ipu X = 8 QUCIPOIOPIMOHMPOBaHUe HeoOpaTuMoe. MUKPOCTPYKTypa
pexoMOuHMpPOBaHOro cmirasa Sm,Co,,Fe; xapakTepmsyerca oOpasoBaHHEM MeJKOJUCIIEPC-
vEIX BKJouenuil FeCo, pasmep xoropeix cocraBiaser 100—-250 mm.

1. Introduction

Rare-earth permanent magnets based on
the Nsze14B, SmCO5, and Sm2CO17 com-
pounds have the highest coercivity, rema-
nence, and maximum energy product among
all known materials [1]. Given the high cost
of magnets of this type, the rapid develop-
ment of science-intensive technologies, the
growing demand for renewable energy
sources and the trend towards the mini-
aturization of products, the critical task is
to develop new technological approaches to
improve their performance [2—4]. According
to the theoretical prediction, the formation
of a nanostructured state in magnets-nano-
composites of rare-earth metals (REM) can
significantly increase their magnetic prop-
erties as a result of the creation of an ex-
change interaction mechanism [5]. The
nanocomposite is a two-phase magnetic ma-
terial that consists of both a magnetically
hard phase with a high coercive force and a
magnetically soft phase with a high rema-
nent magnetization; this allows you to al-
most double the value of the specific mag-
netic energy [6].

One of the promising methods for form-
ing such a phase composition and micro-
structure is the chemical-thermal treatment
of hydride-forming materials in hydrogen
[7] using hydrogenation, disproportionation,
desorption, and recombination (HDDR) [8,
9]. The principal possibility of forming
magnetic anisotropy in alloys based on the
Nd,Fe 4B and SmCoz compounds under cer-
tain HDDR conditions is shown in [10, 11].
This is a significant advantage as compared
to other methods of nanostructure forma-
tion [12-15].

One of the usual methods of forming a
two-phase state in ferromagnetic alloys of
the Sm—Co system is doping with iron; this
significantly affects the magnetic proper-
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ties, the nature of the change of which is
different for the SmCosz and Sm,Coy; com-
pounds [16, 17]. At the same time, most
publications on the formation of the nanos-
tructured state in Sm—Co alloys describe
SmCog/0—~Fe nanocomposites. The possibil-
ity of HDDR implementation for the nanos-
tructuring of Sm,Co,;-based alloys, as well
as the iron influence on phase transforma-
tions in this compound during hydrogen
treatment, is insufficiently covered in the
literature. Nevertheless, this compound pos-
sesses higher coercive force, corrosion resis-
tance, and lower temperature coefficient
and is used for permanent magnets in high
tech fields like aerospace and the military
industry [18, 19].

The purpose of this work is to study the
influence of iron content in alloys based on
the Smy,Co47 on the features of the micro-
structure and phase transformations during
hydrogen-vacuum treatment by the HDDR
method.

2. Experimental

Samples of Sm,Co,;_,Fe, alloys (x = 2,
4, 6, and 8) were synthesigzed by melting
the initial components with a purity of at
least 99.9 % in an electric arc furnace in
refined argon.

Features of HDDR in the investigated al-
loys were studied by differential thermal
analysis (DTA) during heating in hydrogen,
and by the measuring of the hydrogen pres-
sure in the chamber during heating dispro-
portionated products in vacuum [20]. The
heating rate was 5°C/min, while cooling was
carried out without speed control. Dispro-
portionation of the alloys was realized
under the initial hydrogen pressure of 0.5,
2.0, and 4.0 MPa, and the maximum tem-
perature during heating in hydrogen and
vacuum was 950°C.

Functional materials, 28, 3, 2021
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Fig. 1. X-ray patterns and SEM microstructures of Sm,Co,sFe, (a, ¢) and Sm,CogFeg (b, d) alloys

in the initial state.

X-ray diffraction (XRD) analysis of the
studied materials was caried out using
DRON-3M diffractometer with Fe—Ko radia-
tion. X-ray patterns were identified using
the PowderCell [21] and FullProf [22] soft-
ware packages.

The microstructure of the alloys was ob-
served by a JSM-6490 (JEOL) electron scan-
ning microscope equipped with an energy-
dispersive X-ray spectrometer INCA EN-
ERGY 350 for the analysis of their chemical
compositions. A mixture of nitrogen acid
(2.5 and 5 vol. %) and ethyl alcohol was
used for etching. The materials were inves-
tigated in both polished and etched state.

3. Results and discussion

The initial microstructure and phase
state of Sm,Co,;_,Fe, (x =2; 4; 6 and 8)
alloys depend on the content of a substitute
element (Fig. 1, Table 1). In the
Sm,CoqsFe, alloy, along with the
Sm,(Co,Fe),; ferromagnetic phase, a phase
with crystallographic parameters corre-
sponding to the high-temperature ht-Co
modification was observed (Fig. la); while
in other alloys, the intermetallic FeCo was
found instead (Fig. 1b). The microstructures
of alloys with x = 2, 4, and 6 are similar to
that shown in Fig. lc, while the microstruc-
ture of the SmyCogFeg alloy is radically dif-
ferent (Fig. 1d).
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3.1. Features of phase transformations
during heating in  hydrogen. When
Sm,Co,;_,Fe, alloys (x =2 and 4) were
heated under various initial hydrogen pres-
sures to a temperature of 950°C, no obvious
endo- or exothermic effects were recorded
on the DTA curves (Fig. 2a). However, in
all the cases, there is a deviation of the
linear increase of hydrogen pressure from
temperature, which may indicate a slow
phase transformation — disproportionation
— in these systems. In alloys with higher
Fe content (x = 6 and 8), two effects were
observed: exothermic at a temperature of
640°C due to disproportionation of
Smy(Co,Fe),7; phase, and endothermic at a
temperature of 930°C due to decomposition
of the samarium hydride (Fig. 2b).

3.2. X-ray phase analysis of the interac-
tion products. The disproportionation of the
Sm,(Co,Fe) ; ferromagnetic phase during
heating in hydrogen is typical for all inves-
tigated alloys (Table 1). However, the com-
positions of the interaction products signifi-
cantly depend on the Fe content in the in-
itial alloy and the conditions of the
hydrogenation and disproportionation (HD)
stages. In the case of Sm,CogFe, and
Sm,Co5Fe, alloys, the ferromagnetic phase
decomposes into the SmH,,, hydride and the
low-temperature rt-Co modification
(Fig. 3a). At that, with increasing hydrogen
pressure, the amount of samarium hydride
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Table 1. Treatment modes, phase composition and lattice parameters of Sm,Co,,_,Fe, alloys (x =

2, 4, 6, and 8)

Alloy Treatment modes Phase The Lattice parameters
Stage P,,, MPa T haxs °C Iﬁf;sc:;ti‘ii a, nm ¢, nm
Y%
Sm,Co,sFe, Initial Sm,Co,, 77 0.842(1) 1.226(3)
ht-Co 23 0.3558(7) -
HD 2 950 ht-Co 25 0.353(1)
SmH, 14 0.558(3)
rt-Co 61 0.251(1) 0.407(4)
HD 4 950 ht-Co 38 0.3543(1) -
SmH,,, 32 0.5396(1)
B-Co 30 0.250(1) 0.408(7)
HD 4 950 Sm,Co,, 46 0.841(1) 1.228(3)
DR vacuum 950 ht-Co 54 0.3559(3) -
HD 0.5 950 Sm,Co,; 62 0.841(1) 1.226(3)
DR vacuum 950 ht-Co 38 0.3557(4) -
Sm,Co,;Fe, Initial Sm,Co,; 63 0.845(4) 1.233(7)
FeCo 37 0.2842(4) -
HD 4 950 ht-Co 41 0.3544(4) -
SmH,,, 32 0.539(1) -
rt-Co 27 0.250(10) 0.406(7)
Sm,Co,Feq Initial Sm,Co,; 67 0.847(5) 1.243(8)
FeCo 33 0.2857(8) -
HD 4 950 SmH,,, 7 0.5365(3) -
FeCo 93 0.2847(1) -
HD 4 950 Sm,Co,; 70 0.846(6) 1.236(9)
DR vacuum 950 FeCo 30 0.2854(7) -
Sm,CogFegq Initial Sm,Co,, 59 0.845(5) 1.250(8)
FeCo 41 0.2856(8) -
HD 4 950 FeCo ~ 100 0.2855(1) -
HD 0.5 950 FeCo ~ 100 0.2852(2) -
HD 0.5 950 FeCo ~ 100 0.2840(2) -
DR vacuum 950

increases almost twice with a simultaneous
decrease in the content of the rt-Co modifi-
cation (Table 1). A change in the quantita-
tive ratio of disproportionation products
with a change in pressure can be caused by
incomplete disproportionation of the initial
ferromagnetic phase. Its residue is highly
dispersed, and X-ray peaks have low inten-
sity or are absent in diffraction patterns.
Among the products of interaction of the
Sm,Co,4Feg alloy with hydrogen, a small
amount of the SmH,,, hydride and the FeCo
intermetallic compound were found (Fig.
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8b); while in the case of Sm,CogFeg alloy,
only the FeCo phase was identified (Fig. 3c,
Table 1). The highly dispersed state of sa-
marium hydride can also be the reason for
its low content or its complete absence
among the products of disproportionation of
the last two alloys.

In the case of SmyCo,7_,Fe, alloys with
x = 2, 4, and 6, the desorption of hydrogen
from the disproportionation products dur-
ing heating in vacuum to 950°C causes re-
combination of the Smy(Co,Fe);; based
phase with complete recovery of the initial

Functional materials, 28, 3, 2021
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Fig. 2. The changes in hydrogen pressure (1) and DTA signal (2) during heating Sm,Co,5Fe, (a) and
Sm,CoqFeq (b) alloys under Py, =4 MPa up to 950°C.
2

phase composition (Fig. 3d). The quantita-
tive ratio between the magnetically hard
and magnetically soft phases depends on the
hydrogen pressure during HDDR; with an
increase of hydrogen pressure, the volume
percentage of Sm,(Co,Fe); decreases (Table
1). In our opinion, this effect is also due to
the refinement of the microstructure of ma-
terials. It is known that the degree of dis-
proportionation of Sm—Co alloys directly de-
pends on the hydrogen pressure. That is, at
a higher pressure, the HDDR occurs in a
larger volume; as a result, after the HDDR,
a larger volume has a highly dispersed mi-
crostructure that leads to a decrease in the
intensity of peaks. However, the interaction
of the Sm,CogFeg alloy with hydrogen results
in the irreversible disproportionation of the
ferromagnetic phase (Fig. 3e, Table 1).

3.3. Results of metallographic studies.
Metallographic studies have shown that the
microstructure of the initial Sm,Co sFe,,
Sm,Co3Fe,, and Sm,Coq4Feg alloys is simi-
lar to that shown in Fig. lc. Elemental
analysis data show that the grey areas of
the Smy(Co,Fe),; phase occupy about 66 %
of the metallographic section, and about
10 at. % Fe dissolves in it regardless of the
composition of the alloy (Fig. 1a, 4a, Table 2).
Another dark structural component of the
dendritic type corresponds to a CoO based
phase. The iron content in it increases from
14 at. % for SmyCo,sFe, alloy up to 44 at.
% for Sm,Co,Feg alloy (Table 2).

Peculiarities of structural changes dur-
ing HDDR in this group of alloys were ana-
lyzed on the example of the Sm,Co, Feq
alloy. It was found that as a result of the
interaction of the alloy with hydrogen at
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Fig. 8. X-ray patterns of Sm,Co,sFe, (a, d),
Sm,Co,,Feg (b), and Sm,Co4Feg (c, e) alloys
after heating under P, =4 MPa (a, b, c), and

subsequent recombination in vacuum (d, e) at
950°C.
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Table 2. The content of elements in different areas of the microstructure

Alloy State Fig. Area of Content of elements, at. %

analysis Fe Co sm

Sm,Co,sFe, Initial la 1 14.77 84.73 0.50
2 9.22 79.95 10.83

Sm,Co, Feg Initial 4a 1 41.44 58.00 0.56
2 29.45 60.11 10.44

3 30.02 59.30 10.68

Recombined 4d 1 44.09 55.06 0.85

2 29.85 60.39 10.76

3 30.22 60.33 9.45

Sm,CogFeg Initial 5a 1 50.61 49.34 0.05
2 37.14 52.53 10.33

3 30.73 48.56 20.71
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Fig. 4. SEM microstructure of Sm,Co,,Feg alloy in the initial state (a) after disproportionation (b)

and recombination (c, d).

elevated temperatures, the Smy(Co,Fe);
phase decomposes into a fine mixture of the
SmH,,, hydride and cobalt (Fig. 4b). It
should be noted that specific regions of the
non-disproportionated phase based on the
Sm,(Co,Fe); compound were identified
around the regions of the FeCo intermetallic
compound, which were not detected by X-ray
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diffraction analysis. The hydrogen desorp-
tion from the disproportionation products
leads to complete recovery of the initial mi-
crostructure (Fig. 4c). Nevertheless, the
specific part of the area occupied by the
Sm,(Co,Fe); phase in the alloy microstruc-
ture increases to 80 %. Besides, at high
magnifications in the grey areas of the fer-

Functional materials, 28, 3, 2021
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Fig. 5. SEM microstructure of Sm,CogFeg alloy in

¢) and recombination (d).

romagnetic phase, highly dispersed inclu-
sions of the FeCo phase of a darker color
with sizes from 100 to 250 nm are revealed
(Fig. 4d).

The microstructure of the Sm,CogFeg
alloy in the initial state (Fig. 1d) radically
differs from those discussed above, namely,
the proportion of the FeCo intermetallic
phase increases to 80 %. Large-scale colo-
nies of the intermetallic FeCo, in which
iron and cobalt are present equally, are
separated by a network of the Smy(Co,Fe);
phase that includes bright areas of the Sm-
enriched phase (Fig. 5a, Table 2). The gen-
eral appearance of the microstructure didn’t
change as the result of heating the
Sm,CogFeg alloy to a temperature of 950°C
under a hydrogen pressure of 0.5 MPa (Fig.
5b). However, in the grey areas of the phase
based on the Smy(Co,Fe),; compound (Fig.
5¢c), the refinement of the microstructure
components occurs, which indicates its dis-
proportionation. When the disproportiona-
tion products were heated in vacuum to a
temperature of 950°C, the Smy(CoFe) 7
phase did not recombine and the initial
phase state was not restored (Fig. 5d).

Functional materials, 28, 3, 2021
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3.4. Discussion of the results. The ob-
tained results indicate that the substitution
of iron for cobalt in the Sm,Co4; compound
significantly influences on the microstruc-
ture, phase state, and the character of
phase transformations during hydrogen-vac-
uum treatment by the HDDR method. The
heating of the synthesized alloys in hydro-
gen leads to a decomposition of the majority
part of the Sm,(Co,Fe);; ferromagnetic
phase into a fine mixture of the SmH,,,
hydride and the rt-Co modification. It
should be noted that the non-disproportion-
ated residues of the ferromagnetic phase,
the presence of which promotes the forma-
tion of magnetic anisotropy [238], surround
the soft magnetic phase. Recombination of
the ferromagnetic phase occurs in all stud-
ied alloys, except for Sm,CogFeg, in which
it is irreversibly disproportionated. This is
due to both the conditions of the recombina-
tion (heating in vacuum to 950°C without
soaking) and the phase composition of the
material (high content of intermetallic
FeCo). Under these conditions, hydrogen
does not have time to leave the alloy due to
the low rate of diffusion through FeCo. The
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form, size, and character of the distribution
of the soft magnetic phase in Sm,Co,;_Fe,
(x =2, 4, and 6) alloys after the complete
HDDR cycle remain the same as in the in-
itial alloys, while the Smy(Co,Fe),; ferro-
magnetic phase becomes refined. After
HDDR, the fine inclusions of the FeCo
phase, with the size of the order of 100 nm,
appear in the recombined regions of the fer-
romagnetic phase. Thus, the positive effect of
HDDR on the change of microstructure was
revealed, which confirms the expediency of
its application for the production of nanocom-
posites of the Sm,Co,;/FeCo system.

4. Conclusions

It was found that for all investigated
alloys, about 10 at. % Fe dissolves in the
Sm,(Co,Fe)q; ferromagnetic phase. The com-
position of the soft magnetic phase depends
on the content of the substituting element.
Thus, the Sm,Co45Fe, alloy contains the ht-
Co modification, while all other alloys con-
tain the FeCo intermetallic phase. In the
cobalt based structural component, the iron
content increases from 14 at. % for the
Sm,Co sFeg alloy and up to 50 at. % for
Smy,CogFeg.  The  microstructures  of
Sm,Co,,_,Fe, alloys with x =2, 4, and 6
are similar and exhibit dendritic precipita-
tions of magnetically soft phase (ht-Co or
FeCo) in the matrix of the Smy(Co,Fe)q;
ferromagnetic phase. It was shown that the
complete HDDR occurs in this group of al-
loys, which leads to the refinement of the
ferromagnetic phase and the formation of
fine FeCo inclusions based on it. The FeCo
intermetallic phase dominates in the micro-
structure of the Smy,CogFeg alloy, in which
the precipitations of the ferromagnetic
phase with the regions of the Sm-enriched
phase are observed. The disproportionation
of the ferromagnetic phase in this alloy is
irreversible.
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