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The magnetic properties and the changes in the domain structure of alloy Sm(Co, Fe, Cu, Zr)
7.5

are studied

after different variants of heat treatment, i.e. (1 ) quenching from 1200°C with cooling in a helium jet;

(2 ) quenching and tempering at 800°C for 16 h, cooling at a rate of 50 K�min to room temperature; and

(3 ) quenching, tempering at 800°C for 16 h, and cooling at a rate of 1.7 K�min. The influence of the heat

treatment modes on the coercivity and the domain sizes is determined. The mechanism of variation of these

characteristics is analyzed.
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INTRODUCTION

Improvement of the properties of permanent magnets is

based today on only experimental results, while their theore-

tical substantiation is often contradictory. However, creation

of processes of production of permanent magnets and their

control requires knowledge of the nature of the highly coer-

cive state and of the laws of the processes of magnetization

reversal of the magnetic alloys.

Alloys based on the Sm(Co, Fe, Cu, Zr)
z
system have

wide application due to the combination of high magnetic

properties and temperature stability. A positive temperature

coefficient of the coercivity of these alloys has been obtained

recently [1, 2]. However, the mechanism of formation of a

structure providing a high coercivity has not been explained

exhaustively yet and is understood ambiguously. In particu-

lar, the causes of substantial growth of coercivity under con-

trolled cooling from 800°C and of reversibility of magnetic

properties under low-temperature heat treatment described in

[1 – 3] have not been explained.

The aim of the present work was to study the mechanism

of formation of magnetic properties and domain structure

during heat treatment of an alloy of the Sm(Co, Fe, Cu, Zr)
7.5

type with allowance for all the factors affecting the magnetic

behavior of the material.

METHODS OF STUDY

We conducted experimental studies of an

Sm(Co, Fe, Cu, Zr)
7.5

alloy of the following chemical com-

position (in wt.%, � 0.01): 24.83 Sm, 48.54 Co, 18,23 Fe,

5.92 Cu, 2.59 Zr. The samples were prepared by the standard

method employed at the “Spetsmagnit” Company, i.e., cast-

ing, milling of the billets into powders, pressing of the pow-

ders in a magnetic field, sintering, homogenizing at 1200°C,

and cooling to room temperature. Then the samples were

tempered at 800°C for 16 h and cooled to 400°C at a rate of

1.7 K�min and then in air.

The metallographic analysis of the samples was con-

ducted using a Polyvar optical microscope in polarized light.

To obtain a good contrast and to study the grain boundaries,

the samples were polished and then etched in a 3% solution

of nital (a mixture of methanol and picric acid) for 5 sec.

The domain magnetic structure was uncovered in a plane

perpendicular to the axis of the texture of the sample by the

method of Kerr’s polar effect using a Neophot-30 metallo-

graphic microscope.

The magnetic properties of the Sm(Co, Fr, Cu, Zr)
7.5

al-

loy were measured using an MH-50 hysteresisograph. The

error of the measurement was � 2%.
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RESULTS AND DISCUSSION

To analyze the formation of magnetic properties and do-

main structure in alloy Sm(Co, Fe, Cu, Zr)
7.5
, we studied

specimens heat treated in the following modes: (1 ) homoge-

nizing at 1200°C, cooling in a jet of cold helium to room

temperature, (2 ) mode 1 + 16-h tempering at 800°C, cooling

at a rate of 50 K�min to room temperature, and (3 ) mode 1 +

16-h tempering at 800°C, cooling at a rate of 1.7 K�min to

400°C and then in air to room temperature.

Figure 1 presents the experimental curves of demagneti-

zation of the alloy after different heat treatments. The

coercivity of the specimen after rapid cooling from the

homogenization temperature (mode 1 ) is only 10 kA�m
(0.115 kOe) (Fig. 1a ). It has been reported that after such a

treatment the alloy has a structure of a single-phase solid so-

lution of a hexagonal modification of Sm
2
Co

17
[1].

After 16-h tempering at 800°C and cooling at a rate of

50 K�min (mode 2 ), the Sm(Co, Fe, Cu, Zr)
7.5

alloy acquires

two phases, i.e., a solid solution with a structure of a tet-

ragonal modification of Sm
2
Co

17
and a solid solution based

on a hexagonal phase SmCo
5
. The metallographic structure

is represented by rhombohedral cells of phase Sm
2
Co

17
with

a size of about 120 � 70 nm, which are separated by a layer

of a hexagonal SmCo
5
phase with a thickness of 3 – 6 nm

[1, 3]. The coercivity of the alloy in this structural state in-

creases to 75 kA�m (about 1 kOe). It is assumed that the ap-

pearance of the fine dispersed phase of type SmCo
5
creates

places for pinning of the domain wall thus raising the

coercivity of the alloy (Fig. 1b ).

Figure 1c presents the demagnetization curve of alloy

Sm(Co, Fe, Cu, Zr)
7.5

after treatment 3 (slow cooling at a

rate of 1.7 K�min from 800°C after a hold for 16 h). The

coercivity of the alloy after such treatment attains a maxi-

mum value of 2350 kA�m (27.5 kOe).

It should be noted that according to the data of [1 – 4] the

crystal and metallographic structures of the alloy remains

virtually unchanged in slow cooling from 800°C. The com-

position of the boundary phase SmCo
5
changes somewhat

due to the growth of the concentration of copper and zinc.

The width of the zone of the SmCo
5
phase increases from

3 – 6 nm to 5 – 10 nm.

Figure 2 presents the photographs of the domain struc-

tures of thermally demagnetized (after the heat treatment)

specimens of alloy Sm(Co, Fe, Cu, Zr)
7.5

in a plane perpen-

dicular to the easy magnetization axis. It can be seen that

each subsequent mode of heat treatment causes decrease in

the size of the domains.

Thus, decrease in the cooling rate after the tempering

from 800°C from 50 K�min to 1.7 K�min provides substan-

tial growth in the coercivity and decrease in the domain size

of the specimens in the thermally demagnetized condition.

The saturation magnetization of the alloy remains virtually

unchanged. The residual magnetization decreases at a low

coercivity, because in this case the alloy is demagnetized due

to the internal demagnetizing fields. It should be noted that

the change in the domain structure of the Sm(Co, Fe, Cu, Zr)
7.5

alloy is not as considerable as the growth in its coercivity.

It can be assumed that the growth in the coercivity of the

specimens is affected substantially by the elevation of the ef-

ficiency of the pinning of the domain wall on the precipitates

of phase SmCo
5
. The intensification of the pinning is con-

nected (1 ) with the growth in the microstresses on the coher-

ent Sm
2
Co

17
�SmCo

5
interphase due to the growth in the

concentration of the alloying components, (2 ) with the

broadening of the layer of the Smo
5
phase, the size of which

becomes close to the thickness of the domain wall, and
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Fig. 1. Demagnetization curves of specimens of alloy

Sm(Co, Fe, Cu, Zr)
7.5

after treatments 1 (a), 2 (b ) and 3 (c).



(3 ) with the change in the ratio of the constants of magnetic

crystal anisotropy of the Sm
2
Co

17
and SmCo

5
phases [5].

The domain sizes change under the effect of other fac-

tors. The main of them is the magnetostatic interaction be-

tween microvolumes of the material. A less substantial factor

is the easiness of detachment of the domain wall from the

place of its pinning in motion. Let us consider this aspect us-

ing a model of domain structure after the heat treatments

studied.

Figure 3 presents the experimental and computed demag-

netization curves for alloy Sm(Co, Fe, Cu, Zr)
7.5

after the

three variants of heat treatment.

The computation was made using the FMRM software

for phenomenological simulation of processes of reversal

magnetization [6]. In accordance with [7], this software al-

lows for the magnetostatic interaction between microvo-

lumes. The noticeable deviation of the experimental and the-

oretical demagnetization curves is explainable by the high

error of simulation of the specimen with low coercivity, i.e.,

10 kA�m (0.115 kOe).

Figure 4 presents the models of domain structure for al-

loy Sm(Co, Fe, Cu, Zr)
7.5

obtained with the help of the Ana-

lyzer software [8] for the three heat treatment modes in ques-

tion. The red and blue arrows denote the microvolumes in a

single-domain condition. The length of the arrows corre-

sponds to the projection of the magnetization of the micro-

volume onto the direction of the field applied. It can be seen

that the size of the domains is the greater, the lower the

coercivity of the specimen.

There is one more important moment. The intensity of

the magnetostatic interaction depends only on the saturation

magnetization of the material. After all the three treatments,

the saturation magnetization remains virtually unchanged,

which can be seen from the magnetic measurements (Fig. 1).

However, with decrease in the coercivity, effect of the field

of the magnetostatic interaction will move the domain walls

to a greater distance. This means that the effect of the mag-

netostatic interaction on the growth of the domain size in-

creases.

Thus, the growth of the domain sizes upon decrease in

the coercivity of alloy Sm(Co. Fe, Cu, Zr)
7.5

is explainable

by two factors, i.e., the lowering of the efficiency of pinning
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Fig. 2. Domain structures (� 500) of alloy Sm(Co, Fe, Cu, Zr)
7.5

after treatments 1 (a), 2 (b ) and 3 (c).
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Fig. 3. Demagnetization curves of specimens of alloy

Sm(Co, Fe, Cu, Zr)
7.5

(the experimental data are given by the filled

labels; the simulation ensemble is given by the lines) after treat-

ments 1 (a), 2 (b ) and 3 (c).



of the domain walls and the growth of the effect of the field

of magnetostatic interaction on their motion.

CONCLUSIONS

1. In the case of hardening of alloy Sm(Co, Fe, Cu, Zr)
7.5

from 1200°C in a helium jet, the effect of the places of pin-

ning H
cr
of domain walls is low, and the field of the magneto-

static interaction becomes an additional cause of enlargement

of the domain sizes.

2. A complete process cycle (quenching, 16-h tempering

at 800°C, cooling to 400°C at a rate of 1.7 K�min and then in

air) enhances the efficiency of the places of pinning of do-

main walls in alloy Sm(Co, Fe, Cu, Zr)
7.5

to a maximum and

it becomes substantially higher than that of the magnetostatic

interaction. The alloy has a fine domain structure.

3. Analysis of formation of domain structure in alloys of

the type considered should allow for the possible change in

the effect of magnetostatic interaction on the domain sizes in

addition to the efficiency of the domain wall pinning.
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Fig. 4. Model of domain structures of specimens of alloy Sm(Co, Fe, Cu, Zr)
7.5

with different coercivities: a)
J
H
c
= 0.115 kOe;

b)
J
H
c
= 2.5 kOe; c)

J
H
c
= 27.5 kOe.
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