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Abstract—Processes of the formation of the high-coercivity state of the Sm0.85Zr0.15(C00.702Cu0.088Fe0.210)z
alloys with different indices z = 6.0, 6.5, and 6.8, which characterize the (4f-,4d-)-to-(3d-) element ratio, are
studied. Correlations between the chemical composition of samples and their microstructure and the coercive
force, which is formed in the course of isothermal aging and aging during slow cooling (or stepped annealing),
are shown. The interrelation between the high-coercivity state and quantitative relationship (volume frac-
tions) of the main structural components based on the 2:17R and 1:5H phases is discussed. The cellular mor-
phology of the alloy, which corresponds to the high-coercivity state, is shown to form during isothermal
aging, whereas the final phase compositions of the main structural components form in a temperature range
from the isothermal aging temperature to 400°C upon stepped (slow) cooling or quenching. The magnetic
properties of samples in the high-coercivity state are determined by the completeness of phase transforma-
tions in the main structural components, which substantially depends on their quantitative relations and the
(4f-,4d-)-to-(3d-) element ratio.
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INTRODUCTION
The problem of the formation of the high-coerciv-

ity state in the (Sm, Zr)(Co, Cu, Fe)z alloys for perma-
nent magnets continues to remain in the focus of
attention of investigators owing to the fact that the
knowledge about the phase transformations occurring
in the course of precipitation hardening of the alloys is
incomplete.

As for the structural state formed after supersatu-
rated solid-solution heat treatment, a consensus is
likely to be reached. The supersaturated solid solution
with the disordered hexagonal TbCu7-type structure
(space group P6/mmm) is likely to be the main phase
component of the alloys subjected to high-tempera-
ture homogenizing annealing at 1150–1180°C and
quenching. In the course of subsequent isothermal
and stepped aging, the solid solution transforms with
the formation of a cellular structure [1–8].

In general, contradictions related to the structure
of the (Sm, Zr)(Co, Cu, Fe)z alloy subjected to the
complete cycle of heat treatments also are resolved.
The optimum structure of the alloy in the high-coer-
civity state contains cells in the form of hexagonal
bipyramids, the height of which is arranged along the
easy-magnetization axis of the alloy; they are distrib-

uted discretely with a period of 60 to 200 nm in accor-
dance with the composition and heat treatment of the
alloy and are formed by rhombohedral Th2Zn17-type
phase (space group R m). The cells are separated by
continuous network of a phase that is coherent with
the cell structure, has the hexagonal CaCu5-type
structure (space group P6/mmm), and forms the
boundary between the cells, which is 6–20 nm in
thickness (boundary phase). The whole anisotropic
cell–boundary body is penetrated by thin elongated
Z-phase plates (lamellas) 2–4 nm thick, which, in
turn, are coherent to the cellular and boundary phases.
As for the structure of lamellas, there are disagree-
ments in the literature. According to data of [3, 4],
they are the hexagonal Th2Ni17-type phase (space
group P63/mmc); however, according to recent stud-
ies, the prevailing view is that the structure of the Z
phase is rhombohedral of Be3Nb-type (space group
R m) [1, 7].

The cellular phase is depleted of Sm, Zr, and Cu
and enriched in Fe with respect to the integral compo-
sition of the alloy. The boundary phase is enriched in
Sm and Cu and is characterized by low Fe and Zr con-
tents. The lamellar phase is the main acceptor of zirco-
nium [1–8].
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The considered structure ensures the efficient
coercive-force mechanism upon magnetization rever-
sal, namely, the domain wall pinning at the interface
between cells and boundary phase. Such a coercivity
mechanism is due to high gradients of the main mag-
netic constants in passing from a cell to a cell through
a boundary. This mechanism is confirmed by magne-
tization curves, major and minor hysteresis loops, cor-
responding calculating micromagnetic models, and
direct observation of domain walls of real samples of
(Sm, Zr)(Co, Cu, Fe)z-based magnets in using
Lorentz microscopy [1–8].

That concludes the common view about the forma-
tion of high-coercivity structure. There are two mod-
els of phase transformations occurring in the course of
isothermal and stepped aging of the (Sm, Zr)(Co, Cu,
Fe)z alloys.

The first model assumes the decomposition of
solid solution, which is accompanied by direct forma-
tion of final phases corresponding to the high-coerciv-
ity state in the course of isothermal aging [1–4, 8].
Supporters of this model assume that, during stepped
aging (or slow cooling), no phase transformations
occur; only element exchange or redistribution of ele-
ments between phases takes place, which is due to the
temperature dependences of the solubility of these ele-
ments in the formed phases.

The second model assumes the presence of addi-
tional phases, which belong to the (Sm, Zr)n – 1(Co,
Cu, Fe)5n – 1 homologous row and are present as con-
sumed structural components. These phases form at
the boundary between cells in the course of isothermal
aging; the 1:5H phase forms at the boundary structural
component in the course of stepped (or slow) cooling
owing to element exchange in accordance with the
variable solubility curves and occupies the entire vol-
ume between cells. Thus, the final high-coercivity
structure of the alloy forms, which, as in the case of the
first model, consists of the 2:17R + 1:5H + Z phases
[5–7, 9].

When the first model of phase transformations is
taken, it is impossible to explain the paradoxical dif-
ference in the values of the coercive force of samples
which were quenched after isothermal aging and sub-
jected to the complete cycle of heat treatments for the
high-coercivity state, namely, isothermal aging and
aging upon slow cooling from the isothermal aging
temperature to 400°C (stepped aging), and of samples
in the high-coercivity state which were subjected to
complete aging cycle and heated to the isothermal
aging temperature for several minutes and quenched
to room temperature. Their coercive force and, there-
fore, the structural state return to those corresponding
to the end of isothermal aging; this is the “return”
phenomenon. The ultimate coercive force of samples
can be restored only by repeated stepped aging (or slow
cooling) of them [1, 2, 7–9].
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In contrast, when we take the second model,
according to which the intermediate consumed
(Sm, Zr)n – 1(Co, Cu, Fe)5n – 1 phases are participat-
ing, the “return” phenomenon or the restoration of
the properties and structure are logically explained by
the existence of phase transformations in the tempera-
ture range between the isothermal aging temperature
and that of the end of stepped aging.

Peculiarities of the magnetic hardening of sintered
(Sm, Zr)(Co, Cu, Fe)z magnets in varying the integral
chemical composition of the starting alloy argue in
favor of the second mechanism of phase transforma-
tions.

In particular, it was noted in [7] that the coercive force
(Hcj) of sintered Sm(Co0.67Cu0.07Fe0.22Zr0.04)7.4 (which
corresponds to (Sm0.77Zr0.23)(Co0.70Cu0.07Fe0.23)5.48) mag-
nets which were heat treated after isothermal aging
(800°C for 16 h) without the stepped aging does not
exceed 1 kOe; this is related to the composition of
boundaries between cells formed by alternating layers
of 2:7 and 5:19 phases [6, 7]. In contrast, the same
samples subjected to complete aging (aging at 800°C
for 16 h + cooling to 400°C at a rate of 1°C/min), the
boundary phase of which was transformed into the
1:5H phase, exhibit the coercive force Hcj = 31 kOe [7].

The similar dependence of the coercive force was
demonstrated for the sintered samples characterized
by very different ratio of 3d elements [1]; the
Sm(Co0.784Fe0.100Zr0.028)7.19 composition (correspond-
ing to (Sm0.83Zr0.17)(Co0.81Cu0.09Fe0.10)5.82) exhibits the
coercive force Hcj = 1.4 kOe without slow cooling and
Hcj = 25.6 kOe after complete aging under close time–
temperature conditions. Despite the obtained results,
specialists of the scientific school from the National
Institute for Materials Science (Tsukuba, Japan) are
supporters of first variant of phase transformations in
the (Sm, Zr)(Co, Cu, Fe)z-based magnets [1, 2].

The sintered Sm0.84Zr0.16(Co0.70Cu0.07Fe0.23)-based
samples studied by us exhibit qualitatively different
dynamics of magnetic hardening [10]. After aging
under the same conditions (800°C for 16 h) and
quenching, the coercive force was found to be higher
by an order of magnitude and is Hcj = 15.6 kOe; the
complex aging accompanied by slow cooling (800°C
for 16 h + cooling to 400°C at a rate of 1.5°C/min)
leads to the increase in Hcj to 30 kOe. In our opinion,
such a result is caused by structural peculiarities,
namely, by quantitative proportions of main structural
components, which are related to the (4f-,4d-)-to-
(3d-) element ratio in the integral chemical composi-
tion of the alloy [10].

The analogous behavior of the sintered
Sm(Co0.65Fe0.26Cu0.07Zr0.02)-based magnets (the
composition of which corresponds to
Sm0.87Zr0.13(Co0.66Cu0.07Fe0.25)6.6) was noted in [9].
The samples subjected to aging at 830°C for 10 h and
quenching exhibit the coercive force Hcj = 8.65 kOe;
RIALS: APPLIED RESEARCH  Vol. 12  No. 2  2021
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after complete aging, it is 31.5 kOe. The second variant
of phase transformations in the (Sm, Zr)(Co, Cu, Fe)z
alloys was confirmed on the basis of X-ray diffraction
and electron diffraction data, which showed changes
in the phase composition of samples during isother-
mal aging at 830°C for 0.5–20 h. Throughout the time
of isothermal annealing, the main structural compo-
nents were found to be the 2:7R and 5:19H boundary
phases and the 2:17R cellular phase [9]. According to
[9], the noted behavior of the coercive force exclu-
sively is related to a peculiarity of the starting alloy,
namely, to the chemical composition that is markedly
enriched in iron with respect to that of traditional
alloys of this type.

The aim of the present study is to investigate the
features of the formation of the high-coercivity state of
precipitation-hardened (Sm, Zr)(Co, Cu, Fe)z alloys
for permanent magnets upon varying the (4f-,4d-)-to-
(3d-) element ratio in their chemical composition,
which determines the volume fractions of the main
structural components in the magnetically hard alloy.

The study was performed using samples prepared
from individual grains of coarse-grained ingots of
experimental alloys characterized by completely col-
linear components of phase structure.

EXPERIMENTAL
The Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z alloys with

z = 6.0, 6.5, and 6.8 were prepared by high-frequency
induction melting of individual components using
Al2O3 crucibles; the melting was performed in a high-
purity argon atmosphere at a pressure in the operating
chamber exceeding the atmospheric pressure by 5–
10%. The following starting components were used:
Sm >99.9%, Zr >99.97%, Co >99.98%, Fe >99.7%,
and Cu >99.97%. After melting of all components and
mixing, the melt was slowly cooled in the crucible that
was thermally isolated from a water-cooled inductor.
As a result, an ingot characterized by coarse grains 4–
6 mm in average size was obtained. The ingots were
crushed to individual grains. The magnetic state of
each grain was characterized only by the single easy
magnetization axis (EMA). These grains cannot be
called single crystals in the classic sense of this term
since they are not single-phase. However, all phases
composing a grain are collinear; in other words,
EMAs of each phase within the grain are parallel to
each other. From here on, these grains and samples
prepared from them are called pseudo-single crystals.

The solid-solution treatment of selected grains was
performed at 1150–1180°C for 5 h and followed by
water quenching. The isothermal aging at 800°C was
conducted for 4, 8, 12, 16, and 20 h and either was fin-
ished by water quenching or continued by stepped
aging upon cooling to 400°C at an average rate of
90 K/h and, after that, furnace cooling. Before all heat
treatments, the samples were subjected to degassing by
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
heating to 600°C in a vacuum; after that, the chamber
was filled with high-purity argon to a pressure slightly
exceeding (by 5–10%) the atmospheric pressure.

Pseudo-single-crystal samples subjected to differ-
ent heat treatments were ground to form perfect
spheres 2.5–3.5 mm in diameter using a special abra-
sive tool. The magnetic properties of samples were
measured at room temperature in fields of ±30 kOe
using a VSM Model 9600 (LDJ Electronics Inc.)
vibrating-sample magnetometer, which was calibrated
with a Ni standard (the specific saturation magnetiza-
tion of nickel is σsNi = 54.4 (G cm3)/g).

The samples with characterized magnetic parame-
ters were demagnetized with an alternating field with
decreasing amplitude, mounted in mandrels, and
fixed with a polymeric compound. The fixation was
performed using a special tool and a magnetic field in
order that the prismatic plane of sample was aligned
parallel to the plane of the prepared section. Sections
were prepared in accordance with standard methods
using diamond pastes.

To reveal the microstructure, etched microsections
of samples were studied with optical magnifications
(using a Neophot 32 optical microscope). Quantita-
tive relations of structural components were deter-
mined using standard stereometric metallographic
methods.

The chemical composition of solidified alloys was
studied by inductively coupled plasma optical emis-
sion spectrometry (using an ULTIMA 2 Jobin-yvon
ICP-OES spectrometer). The correspondence of
studied samples to the integral composition of alloys
was checked by electron microprobe analysis of
microsections using an EPMA-SEM Camebax instal-
lation and pure metals as the standards; the maximum
microsection surface was scanned.

RESULTS
In accordance with the obtained data on the inte-

gral composition of experimental alloys and actual
samples, their compositions correspond to the for-
mula Sm0.85Zr0.15(Co0.72Cu0.088Fe0.210), where z = 6.03,
6.51, and 6.79 (hereinafter, z = 6.0, 6.5, and 6.8,
respectively).

Figure 1 shows dependences of the coercive force
of pseudo-single-crystal samples on the time of iso-
thermal aging at 800°C. The results are given for two
variants of final heat treatment, namely, for subsequent
quenching to room temperature (curves 1a–3a) and
aging during slow cooling to 400°C (curves 1b–3b).

As the typical magnetization reversal portions of
major hysteresis loops of the experimental samples,
Fig. 2 shows the series of dependences for the samples
subjected to isothermal treatment for 16 h. Figure 2a
shows the dependences for the samples quenched to
room temperature directly after isothermal holding.
Figure 2b shows the dependences for the pseudo-sin-
 12  No. 2  2021
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Fig. 1. Effect of time of isothermal aging at 800°С fol-
lowed by either (1a–3a) quenching to room tempera-
ture or (1b–3b) slow cooling to 400°С on the coercive
force of Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z samples with
different z: (1) 6.0, (2) 6.5, and (3) 6.8.
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Fig. 2. Magnetization reversal portions of major hysteresis
loops of experimental Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z
samples with z = (1) 6.0, (2) 6.5, and (3) 6.8 subjected to
isothermal aging at 800°C for 16 h and subsequent either
(a) quenching to room temperature or (b) slow cooling to
400°С; vibrating-sample magnetometer, without taking
into account the demagnetizing factor, N = 1/3.
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gle-crystal samples subjected to subsequent slow cool-
ing to 400°C.

Figure 3 shows the microstructure (taken with
optical magnification) on the prismatic plane of the
Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z samples with z equal
to (a) 6.0, (b) 6.5, and (c) 6.8.

The shown microstructures correspond to samples
in the high-coercivity state, namely, samples subjected
to isothermal aging at 800°C for 16 h and subsequent
slow cooling to 400°C. However, it is known that the
quantitative ratios of volume fractions of the main
structural components A, B, and C (based on the 1:5,
2:17, and 2:7 phases, respectively) are unchanged in
the course of heat treatment, from the moment of
solidification [10–12]; only the contrast and bright-
ness of hues of structural components change slightly.

Figure 3 demonstrates monotonic variations of the
volume fractions of structural components in samples
upon varying the (4f-,4d-)-to-(3d-) element ratio, i.e.,
the value of z for the (Sm, Zr)(Co, Cu, Fe)z alloys.

Figure 4a shows the relationships of volume frac-
tions of structural components A, B, and C for the
series of Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z alloys. The
corresponding dependences of the coercive force of
samples these alloys subjected to isothermal aging at
800°C for 16 h and subsequent quenching are shown in
Fig. 4b (curve 1); the dependence for the sample sub-
jected to the complete cycle of heat treatments for the
high-coercivity state is given in Fig. 4b (curve 2).

DISCUSSION
The microstructure of cast magnetically uniaxial

(Sm, Zr)(Co, Cu, Fe)z-based samples, which was
taken with optical magnifications, is characterized by
the presence of three structural components A, B, and
INORGANIC MATE
C (Fig. 3) based on the 1:5, 2:17, and 2:7 phases,
respectively [10–12].

Structural component C is present in the form of
narrow lamellar precipitates arranged along the basal
plane of the anisotropic structural body; the volume
fraction of the component is 0.02–0.07. As z increases,
the volume fraction of the component monotonically
decreases (Fig. 4a).

The sum of volume fractions of structural compo-
nents A and B, which occupy the entire volume of
alloy, is 0.93–0.98; these volume fractions mainly
determine the hysteretic properties of samples.

In terms of the concentration range of this experi-
mental series, the volume fraction of structural com-
ponent B monotonically increases from zero to ~0.65
at the expense of a proportional decrease in the vol-
ume fraction of component A (Fig. 4a). In the most
high-coercivity structural state of samples, i.e., after
isothermal and stepped aging, the increase in the vol-
ume fraction of component B is accompanied by an
RIALS: APPLIED RESEARCH  Vol. 12  No. 2  2021
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Fig. 3. Microstructure on the prismatic plane of pseudo-single-crystal Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z samples with z =
(a) 6.0, (b) 6.5, and (c) 6.8 in the high-coercivity state after complete cycle of heat treatment; optical microscope, etching in 5%
alcoholic solution of HNO3. EMA is the easy magnetization axis for all reported samples.
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intense increase in the coercive force Hcj until the
equality of volume fractions VA = VB occurs. After that,
the increase in Hcj stops, and the dependence Hcj = f(z)
goes to a plateau (Fig. 4b, curve 2).

All alloys corresponding to the condition VA ≥ VB
exhibit almost ultimate hysteresis loops. The magneti-
zation reversal curves of the samples are characterized
by not only the implementation of equality 4πJS = BR
but also the correctness of expression (BH)max =
(4πJS)2/4 (Fig. 2b, curves 1 and 2).

However, when the condition VA < VB occurs, the
squareness of the hysteresis loop worsens, and a
“bending” appears in the magnetization reversal por-
tion of the loop; the value of “bending” increases as
the difference (VB – VA) increases (Fig. 2b, curve 3).

The dynamics of magnetic hardening in using the
quenching preceded by isothermal aging is strictly
centrally symmetrical (Fig. 1, curves a and Fig. 4b).
To a first approximation, the “plateau” in the depen-
dence Hcj = f(z) takes place at VA > VB, and low values
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
of the coercive force occur; the intense increase in the
coercive force is observed in a composition range of
alloys characterized by a dominating volume fraction
of structural component B (VA < VB).

It is known [11, 12] that the fine phase structure
corresponding to areas of structural component B is
identical to the cellular structure of sintered (Sm,
Zr)(Co, Cu, Fe)z magnets. In the high-coercivity
state, the domain structure of component B and pro-
cesses of the domain structure transformation in
applied magnetic fields repeat the domain structure
and its behavior for magnets sintered from fine pow-
ders. Upon magnetization reversal, it is characterized
by reverse domains formed from numerous centers. In
this case, only domains of submicron width develop,
which grow only along the maximum size. As the
external field increases, the section area is filled with
reverse domains by means of added new domains and
increase in the amount of domain walls rather than by
increase in the domain width.
 12  No. 2  2021
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Fig. 4. Dependences of (a) volume fractions of structural
components A, B, and C (Vi) and (b) coercive force (Hcj)
on the (4f-,4d-)-to-(3d-) element ratio (z) for the
Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z alloys subjected to
isothermal aging at 800°C for 16 h and subsequent
(1) quenching and (2) slow cooling to 400°С.
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The high-coercivity fine phase and domain struc-
tures of component A qualitatively differ [11, 12].
Rather, they correspond to the phase and domain
structures of quasi-binary Sm(Co, Cu)z and Sm(Co,
Cu, Fe)z (z = 5–6) alloy samples. Upon magnetization
reversal, the domain structure transforms from a lim-
ited number of centers; this is accompanied by the
development of fernlike domains grown isotropically
in all directions. In fact, structural component A in
cast samples is a model prototype of boundary areas in
the typical cellular structure of sintered (Sm, Zr)(Co,
Cu, Fe)z magnets.

The character of the dependences of the coercive
force of experimental samples in Figs. 1 and 4b shows
that, in samples with a dominating volume fraction of
component A which were quenched from the isother-
mal aging temperature, efficient domain-wall pinning
centers are absent; i.e., no phase transformations
resulting in the formation of pinning centers in com-
ponent A in a temperature range from the temperature
of solid solution heat treatment to 800°C occur.
INORGANIC MATE
In contrast, as a result of stepped aging, highly effi-
cient pinning centers form in structural component A,
which ensure the ultimate hysteresis loops of experi-
mental samples. This is likely related to the phase
transformations occurring in structural component A
in a temperature range of 800–400°C.

The occurrence of phase transformations in struc-
tural component A is confirmed by the intense
increase in the coercive force of samples with VA < VB
which were quenched from the isothermal aging tem-
perature.

Diffusion processes in the course of isothermal
aging of (Sm, Zr)(Co, Cu, Fe)z alloys ensure not only
the development of cellular phase morphology but
also the formation of chemical gradients between
structural elements. The processes of redistribution of
elements of the alloy between structural components
during isothermal heat treatment are not so efficient as
those occurring during stepped aging; nevertheless,
the processes lead to substantial compositional differ-
ences [1, 4, 7, 8]. In particular, the cellular phases of
component B (2:17) and component B (as a whole) act
as a donor of copper and are enriched in Fe, whereas
the boundary phase of component B and structural
component A, vice versa, give away Fe and accept Cu.

At the end of isothermal aging, in particular, under
conditions of prolonged holding, the main structural
components A and B in the (Sm, Zr)(Co, Cu, Fe)
samples with z = 6.0–6.8 are supersaturated with the
corresponding elements to different degrees because
of (1) the same level of concentrations of elements in
the integral composition of alloy, (2) directional diffu-
sion of elements between structural components that
form on the basis of different phases, and (3) wide
ranges of variations of volume fractions of A and B in
accordance with z of the alloy.

As is known, just copper ensures the formation of pin-
ning centers in the Sm(Co, Cu)z and Sm(Co, Cu, Fe)z
alloys and in the boundary phase of the (Sm, Zr)(Co,
Cu, Fe)z compositions [7, 8]. It is obvious that the
degree of supersaturation of component A in the
experimental samples with VB > VA reaches values at
which the phase transformation ensuring the efficient
pinning centers occurs even upon quenching after iso-
thermal annealing. In this case, the higher the volume
fraction of component B in the alloy, i.e., the higher
the difference (VB – VA), the higher the supersatura-
tion of component A with copper and the more effi-
cient the domain-wall pinning centers are after cool-
ing (Fig. 4b, curve 1).

The above considerations indicate that the variant
of phase transformations which assumes the formation
of the final phase composition of fine structure of
(Sm, Zr)(Co, Cu, Fe)z alloys upon heat treatment for
the high-coercivity state during isothermal aging is
untenable.
RIALS: APPLIED RESEARCH  Vol. 12  No. 2  2021
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During isothermal aging of sintered magnets, the
solid solution based on the hexagonal 1:7H phase
decomposes with the formation of cellular structure.
In the samples under study, the structure with the cel-
lular morphology forms within component B. Struc-
tural component A is a full analog and continuation of
the boundary network going from component B.
Therefore, the structure of component A is analogous
to the structure of the boundary between cells and is
formed by 2:7R and 5:19H phase layers progressively
alternating along the c axis [6, 7, 9]. In turn, in the
course of stepped (or slow) cooling, the final high-
coercivity 2:17R + 1:5H structure of the alloy forms
owing to element diffusion.

In the (Sm, Zr)(Co, Cu, Fe)z alloys, which are
characterized by a (4f-,4d-)-to-(3d-) element ratio (z) of
above a certain value, the dominant volume fraction of
structural component B leads to the high supersaturation
of component A with copper. This predetermines the
occurrence of the 2:7R + 5:19H + Cu ↔ 1:5H transfor-
mation upon quenching without slow (stepped) cool-
ing in a temperature range of 800–400°C. Because of
the shortness of quenching process, the phase transfor-
mation in component A and at cells boundaries is likely
to be incomplete in character. Therefore, the magneti-
zation curves of samples with VB > VA quenched after
isothermal aging exhibit a worse combination of
hysteretic characteristics as compared to that of sam-
ples with VA ≥ VB subjected to slow (stepped) cooling
that ensures the completeness of phase transforma-
tions. However, taking into account the demagnetiz-
ing factor, the equality 4πJS = BR is characteristic also
of quenched model samples with high z.

The reversibility of phase transformations easily
explains the aforementioned “return” phenomenon
for the coercivity force upon short-time heating to the
isothermal aging temperature of sintered magnets and
model samples prepared from the alloys with low (4f-
,4d-)-to-(3d-) element ratios, i.e., with low z indices
in the (Sm, Zr)(Co, Cu, Fe)z formula.

Let us go back to the beginning of the paper. A
small comment should be made. The high iron con-
tent in the (Sm, Zr)(Co, Cu, Fe)z alloys and the
increase in the relative content of zirconium as well
lead to the substantial shift of z, at which the equality
of the volume fractions of the main structural compo-
nents VA = VB is reached, to low values of z [11–13].

In the beginning of the paper, specifically, two
variants of the composition of sintered samples con-
sidered in [1, 7, 9] are given, namely, the original
authors’ version and that with the separation of 4f, 4d,
and 3d elements.

The peculiarities of magnetic hardening of the
samples in the course of aging discussed in [1, 7, 9]
fit organically into the above considerations. The
(4f-,4d-)-to-(3d-) element ratios for the alloys dis-
cussed in [1, 7] (z = 5.85 and 5.48, respectively) clearly
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
indicate the fact that the volume fraction of structural
component A in the alloys is dominating. Moreover,
the composition of samples in [7] is characterized by a
relatively high zirconium content. In contrast, for
samples with z = 6.6 [9], the fairly high content of
structural component B is obvious. This explains the
high coercive force of samples [9] subjected to aging at
830°C for 10 h and subsequent quenching.

CONCLUSIONS
(1) Processes of the formation of the high-coerciv-

ity state of model samples of (Sm, Zr)(Co, Cu, Fe)z-
based alloys of different compositions were systemati-
cally studied.

(2) Interrelations between the chemical composi-
tion of the samples, their microstructure, coercive
force, and magnetic hardening processes occurring in
the course of isothermal aging and aging during slow
(stepped) cooling were determined.

(3) It was shown that the formation of the high-coer-
civity state of the Sm0.85Zr0.15(Co0.702Cu0.088Fe0.210)z
samples with z = 6.0–6.8 (where z characterizes the
(4f-,4d-)-to-(3d-) element ratio) is determined by the
ratio of volume fractions of the two main structural
components A and B, which integrally correspond to
0.93–0.98 volume fractions.

(4) In the case of the high-coercivity state, the
structure of component B is analogous to that of sin-
tered Sm–Zr–Co–Cu–Fe-based magnets and con-
sists of a continuous boundary network formed by
phases belonging to the (Sm, Zr)n – 1(Co, Cu, Fe)5n –1
homologous series.

In turn, the structure of component A is analogous
to that of boundaries separating cells within structural
component B; i.e., the structure is formed on the basis
of phases of the (Sm, Zr)n – 1(Co, Cu, Fe)5n –1 homol-
ogous series that alternate along the c axis, being com-
mon for the entire anisotropic body.

(5) The cellular morphology forms in the course of
isothermal aging, whereas the final phase composition
of component A and boundary network B forms in a
temperature range from the isothermal aging tempera-
ture to 400°C during stepped (slow) cooling or
quenching.

(6) It was found that the magnetic properties of the
samples in the high-coercivity state are determined by
the completion of phase transformations in compo-
nent A and boundary network B; this substantially
depends on the ratio of volume fractions of the two
main structural components A and B and also on the
(4f-,4d-)-to-(3d-) element ratio, i.e., the value of z in
the (Sm, Zr)(Co, Cu, Fe)z formula.
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