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Studies on the evolution of microstructure and phase transformation at various stages of
thermal processing have been carried out in 2:17 type (Sm,Gd)-Co-Fe-Cu-Zr alloys.
Microstructural studies reveal that during the solution heat treatment stage, a lamellar
structure is formed and its volume fraction is found to be more at 1463 K for alloys without
Gd, while at 1473 K for alloys with Gd = 25 wt% of Sm. It appears that the formation of the
lamellar structure is closely associated with the phase transformation from Th,Ni; —
(TbCuy + ThyZn4y) structure during the solution heat treatment. Magnetic measurements in
isothermally aged (1123 K) samples showed that the replacement of 25% of Sm by Gd
reduces the energy product from 180 to 136 kJ/m3. The Gd substitution is also found to
reduce the temperature coefficient of magnetisation from 350 to 225 ppm/°C in the
temperature range of 30-100°C. © 2004 Kluwer Academic Publishers

1. Introduction

Among the commercially available rare earth perma-
nent magnets, Smy(CoFeCuZr);7 magnets (2:17 type
SmCo) possess a unique combination of magnetic prop-
erties [1-3]. A multi-stage heat-treatment process is
adopted to generate a fine scale cellular precipitate mi-
crostructure, which is responsible for high coercivity
[4] and the coercivity mechanism is predominantly by a
domain wall pinning process. The microstructure com-
prises of 2:17 phase cells separated by a thin boundary
phase of SmCos (1:5 type) with Zr-rich lamellae run-
ning across many cells and cell boundaries [5-9].

For certain applications, where a reduced or near-
zero temperature dependence of magnetic flux is re-
quired, 2:17 SmCo magnets with partial substitution
of heavy rare earth elements (HRE) such as Gd or
Er are recommended [10-12]. Walmer ef al. [12]
have studied the magnetic properties of (Sm;_,Gd, ),
(CopaFe 23Cu g6Zr 02)17 alloys with x = 0O to 1 at
room temperature and 300°C and determined the com-
position and temperature dependence of Br, ;H. and
(BH)max. The values of Br, ; H. and (BH),,,x decrease
with increase in Gd content at room temperature. The
increase in room temperature from 250 to 300°C alsore-
duces the values of Br, ; H. and (BH)j,a«. It is to be noted
that Walmer et al. [12] have carried out limited mi-
crostructural studies and did not correlated microstruc-
ture with magnetic properties.

When a heavy rare earth element is substituted, the
negative temperature coefficient of Sm is internally
compensated by the positive temperature coefficient
of the heavy rare earth element, thereby giving a low
temperature coefficient of magnetisation and hence an
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almost constant level of magnetic flux over a given
range of temperature. However HRE substitution re-
duces the saturation magnetisation of the alloy sys-
tem and therefore, based on the requirement of mag-
netic characteristics, a particular combination of Sm
and HRE composition is selected. The addition of Gd
does not alter the metallurgical transformations due to
the chemical similarity between Sm and Gd and hence
a similar multistage heat-treatment schedule is also
adopted in the Gd-substituted system. The structure-
property correlation in 2:17 type SmCo alloys is very
interesting and is still a topic of research, particu-
larly with the advent of new high temperature grades
[13].

In this paper, the metallurgical and magnetic char-
acterizations carried out on two alloys with nomi-
nal compositions (wt%) of 25Sm-52.5Co-15Fe-4.5Cu-
3Zrand 18Sm-7Gd-52.5Co-15Fe-4.5Cu-3Zr have been
discussed. It is important to mention here that the alloy
composition considered in the present study is differ-
ent from the alloys considered by Walmer et al. [12] in
terms of Gd as well as other alloying elements. For the
sake of discussion of the results in the present study the
two experimental alloys are referred to as normal 2:17
and Gd-substituted 2:17. An attempt has also been made
to establish a relationship between the microstructure
and magnetic properties of the alloys.

2. Experimental

Two alloys with nominal composition (wt%) of
25 Sm-52.5Co-5Fe-4.5Cu-3Zr-18Sm-7Gd-52.5Co-15
Fe-4.5Cu-3Zr were prepared from high purity
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(>99.5%) constituent elements by melting in argon.
The chemical composition of the alloys was determined
by inductively coupled plasma (ICP) as well as by SEM-
EDS techniques.

The ingots were crushed and milled to 5-10 pum.
A magnetic field >1500 kA/m was used to align the
powders and cylindrical samples were die-pressed. The
green compacts were sintered and solution heat treated
at 1448-1488 K and subsequently subjected to isother-
mal aging at 1123 K for 12 h followed by slow cooling
to 673 K at the rate of 30 K/h.

X-ray diffraction (XRD) patterns were obtained
using a Philips X-ray powder diffractometer, PW3020
with Cu K, radiation. Differential thermal analysis
(DTA) studies were carried out using SETARAM setsys
TG DTA18 to know the melting point of the constituent
phases present in the as-cast alloys. Microstructural
investigations were carried out using optical, scanning
electron microscope with energy dispersive spec-
troscope facility (SEM-EDS) (Leo 440i SEM) and
electron probe micro analysis (EPMA) [CAMECA
Analyzer (CAMEBAX-MICRO)]. Magnetic measure-
ments were performed on cylindrical samples using
an auto hysteresis graph (Walker Scientific Inc). The
reversible temperature coefficient of magnetisation
is measured using a vibrating sample magnetometer
(VSM) (Digital Measurement System) on samples
subjected to thermal stabilization at 200°C.

3. Results and discussions

3.1. Studies on as-cast alloys

Differential thermal analysis (DTA) curves of as-cast
alloys are shown in Fig. 1. The DTA curves reveal the
existence of three endothermic peaks in both the alloys.
These peaks correspond to the melting point of the con-
stituent phases present in the alloys. It can be seen that
the melting point of the phases in Gd substituted alloys
is higher by 7-10 K to that of the normal 2:17 alloys.
This can be attributed to the higher melting point of
Gd to that of Sm. Microstructural studies revealed that
these phases correspond to the 2:17 matrix phase (pri-
mary crystallites), 1:5 boundary phase and a needle like
Zr-rich phase (Fig. 2).

Microstructural studies on the as-cast normal 2:17
alloy at different regions of the ingot showed a homo-
geneous distribution of phases as illustrated in Fig. 3.
A similar microstructural distribution is also found in
the Gd-substituted alloy.

The comparison of the compositions (wt%) between
ICP and SEM-EDS analysis is given in the Table [ along
with the nominal composition of the alloys. EPMA
analysis was carried out on the as cast alloy to de-
termine the composition of the matrix, boundary and
platelet phases and are listed in Table II. The boundary
phase, which is rich in Sm, has the composition close
to that of the 1:5 type phase. Zr-line profile analysis
shown in Fig. 4 indicates that the needle like structure
in the boundary phase is a Zr-rich type. It is reported
that composition of the Zr-rich needle phase in the cast
alloy will be very close to that in fully processed sam-
ples and in the present study a similar observation has
been made [14].
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Figure 1 Differential thermal analysis traces of as-cast: (a) normal 2:17
alloy and (b) Gd-substituted 2:17 alloy. Three endothermic peaks can be
seen in both the alloys.

Figure 2 As-cast microstructures of (a) normal 2:17 alloy and (b) Gd-
substituted 2:17 alloy. Microstructures reveal the presence of three phases
in both the alloys.



TABLE 1 Compositions of normal 2:17 and Gd- substituted 2:17 alloys obtained by ICP and SEM-EDS techniques

Composition (Wt%)

Normal 2:17 alloy Gd-substituted 2:17 alloy
Sm Co Fe Cu Zr Sm Gd Co Fe Cu Zr
Nominal 25.0 52.5 15.0 4.5 3.0 18.0 7.0 52.5 15.0 4.5 3.0
ICP 25.1 52.7 14.8 43 3.1 18.2 7.1 523 15.1 4.6 2.7
SEM-EDS 24.8 52.1 15.2 4.6 33 18.9 6.6 51.9 15.1 4.9 2.4
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Figure 3 As-cast microstructures of normal 2:17 alloy taken at various regions of the ingot. It can be seen that the microstructure is uniform in all the

regions.
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TABLE II EPMA analysis of the phases present in as-cast normal
2:17 alloy

Composition (wWt%)

Phases Sm Co Fe Cu Zr

2:17 type matrix phase 23.6 54.1 18.0 3.2 1.1
1:5 type boundary phase 40.6 34.5 7.8 16.1 1.0
Needle like phase 17.1 50.1 10.8 29 19.1

Figure 4 EPMA line profile analysis for Zr-rich needle structure em-
bedded in 1:5 type boundary phase of normal 2:17 alloy.

3.2. Studies on solution heat treated
samples

3.2.1. XRD results

The Sm,Coy7 phase has three different types of crystal
structure viz. (i) hexagonal ThyNi7 (2:17H), (ii) rhom-
bohedral ThyZn7 (2:17R) and (iii) hexagonal TbCuy
(1:7H), all derived from CaCus type [15]. The for-
mation of these structures in the 2:17 phase can be
identified from XRD patterns (Fig. 5). The presence of
the (203) and (204) peaks represents 2:17H and 2:17R
phases respectively while the absence of both the peaks
provides evidence for the formation of the 1:7H phase.
It has been reported that the formation of the 1:7H struc-
ture at the solution heat treatment stage is essential for
the development of large intrinsic coercivities (; H;) and
is attributed to the larger anisotropy of the 1:7H struc-
ture [16]. Therefore, it is of scientific and technological
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Figure 5 XRD patterns of 2:17 phase with three different crystal struc-
ture types, viz. ThoZn;7, ThyNij7 and TbCu7 [13].

importance to study its formation as a function of solu-
tion heat treatment temperature in the normal 2:17 and
in the Gd-substituted samples.

XRD patterns of normal 2:17 and Gd-substituted
2:17 samples for various solution heat treatments in
the temperature range of 1448-1483 K are shown in
Figs 6 and 7 respectively. It can be seen that the
crystal structure type of the 2:17 phase changes from
(1:7H+2:17R) to (2:17R+2:17H) at temperatures
>1463 K in the case of the normal 2:17 sample and
>1473 K for the Gd substituted samples. Prior to the
solution heat treatment, the samples exhibit the pres-
ence of the 2:17H structure when sintered in the tem-
perature range of 1488-1493 K. An attempt has been
made to quantify the fraction of the 2:17R and 2:17H
phases present by estimating the ratio of integrated in-
tensity of (204),.17r to (203),.17y reflections as a func-
tion of the solution heat treatment temperatures. Thus,
analysis of the individual XRD patterns for the inten-
sity calculation has been taken into account in deter-
mining the ratio (204);.17r /(203),.171 as a function of
solutionising temperature. This is illustrated in Fig. 8a
and b for the normal 2:17 and for the Gd substituted
samples respectively. It is clear from Fig. 8 that the so-
lution heat treatment temperatures of 1463 K for the
normal 2:17 and 1473 K for the Gd-substituted 2:17
samples result in a small volume fraction of the 2:17H
structure.

3.2.2. Microstructural investigations

Understanding the microstructural evolution at the vari-
ous stages of the heat treatment (sintering, solution heat
treatment, isothermal aging and slow cooling) is an im-
portant part of studies of the development of 2:17 type
SmCo magnets. It is also of interest to investigate the
microstructural variations in 2:17 alloys when a heavy
rare earth element such as Gd is substituted. As the
solution heat treatment stage brings out an important
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Figure 6 XRD patterns of normal 2:17 samples in sintered and solution heat treated conditions: (a) 1483 K, (b) 1473 K, (c) 1463 K, (d) 1458 K, and
(e) 1448 K.
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Figure 7 XRD patterns of Gd-substituted 2:17 samples in sintered and solution heat treated conditions: (a) 1488 K, (b) 1473 K, (c) 1468 K,
(d) 1463 K, and (e) 1453 K.
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Figure 8 Plots of XRD intensity ratio of (204)2:17r/(203)2.1754 as a function of solution heat treatment temperatures for (a) normal 2:17 and
(b) Gd-substituted 2:17 samples. It can be seen that the ratio peaks at 1463 K for normal 2:17 and at 1473 K for Gd-substituted 2:17 samples.
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Figure 9 Microstructures of normal 2:17 samples solution heat treated

at (a) 1483 K, (b) 1473 K, (¢) 1463 K, (d) 1458 K, and (e) 1448 K. Figure 10 Microstructures of Gd-substituted 2:17 samples solution
Presence of lamellar structure is seen in many of the 2:17 grains for heat treated at (a) 1488 K, (b) 1473 K, (c) 1468 K, (d) 1463 K, and
samples solution heat treated at 1463 K. (e) 1453 K.

3438



structural transformation, viz. 2:17H— 1:7Hor 1:7H +
partially transformed 2:17R, it is useful to study the
microstructural variations as a function of the solution
heat treatment temperature.

Figs 9 and 10 show the microstructures of the nor-
mal 2:17 and Gd-substituted 2:17 samples respectively
for various solution heat treatment temperatures. It can
be seen clearly from the Figs 9 and 10 that there is
a variation in the density of the lamellar features as
the solution heat treatment temperature is varied. It is
found that the volume fraction of the lamellae is more
at 1463 K for normal 2:17 samples than that at 1473 K
for the Gd-substituted sample. It has also been observed
that samples solution heat treated below these temper-
atures exhibit either less or no lamellae. The formation
of the lamellar microstructure could be the result of
the transformation of the 1:7H 4 partially transformed
2:17R phase from the high temperature 2:17H phase.

Photo No.=9833

This observation also agrees with the results of the XRD
analysis shown in Figs 4 and 5. Upon isothermal aging
at 1123 K and ramp cooling to 673 K, the proportion
lamellar structure observed in the solution heat treated
stage becomes greater in both the normal 2:17 as well
as in the Gd-substituted samples (Fig. 11a and b).

3.3. Magnetic characterization

3.3.1. Second quadrant characteristics

After isothermal aging and slow cooling (solution heat
treated at different temperatures) the samples have been
magnetized to saturation in a pulse magnetic field of
6400 kA/m and the second quadrant characteristics de-
termined. While all the samples exhibited an intrin-
sic coercivity of >1300 kA/m, a systematic variation
in the knee field Hy, coercivity H., and energy prod-
uct (BH)uax is observed as a function of the solution

Detector= QBSD

Figure 11 Scanning electron micrographs showing dense lamellar structure in isothermally aged and slow cooled sample of (a) normal 2:17 and (b)

Gd-substituted 2:17.
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Figure 12 Plots illustrating the variation of magnetic properties [ Hy, H.
and (BH)max] as a function of solution heat treatment temperature for
normal 2:17 samples. The properties peak at 1463 K.

heat treatment temperature for both the normal and Gd-
substituted 2:17 samples (Figs 12 and 13). It can be seen
from the plots that the magnetic properties show a max-
imum at 1463 K for the normal 2:17 and at 1473 K for
the Gd substituted samples. Since Hy/; H. can be taken
as a measure of the squareness ratio of the demagneti-
zation curve, which also represents the effectiveness of
domain wall pinning by microstructural features, an at-
tempt has been made to plot the Hy/; H. ratio as a func-
tion of the solution heat treatment temperature (Fig. 14a
and b). It can be seen that this ratio exhibits a maxima
at 1463 and 1473 K for normal 2:17 and Gd-substituted
2:17 samples respectively. This observation is similar
to the variation of XRD intensity ratio for different so-
lution heat treatment temperatures (Fig. 8) and suggests
a strong correlation between the structure and the mag-
netic properties.

Substitution of Gd by 25 wt% has resulted in the re-
duction of the energy product from 180 to 136 kJ/m?.
However, it is interesting to note that the high ;H.
(>1300 kA/m) is retained by the partial replacement
of Sm by Gd.
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Figure 13 Plots illustrating the variation of magnetic properties [ Hy, H,
and (BH)max] as a function of solution heat treatment temperature for
Gd-substituted 2:17 samples. The properties peak at 1473 K.

3.3.2. Temperature coefficient of
magnetisation

A Vibrating Sample Magnetometer was used to mea-
sure the temperature coefficient of the magnetisation.
The studies were conducted on those samples which
showed ;H. > 1300 kAm~'. A small rectangular piece
(~100 mg) was cut from the thermally stabilised mag-
net with the larger dimension of the sample parallel to
the direction of magnetisation. Starting from 30°C, the
sample was heated to 200°C in steps of 10°C and at each
temperature, the magnetisation was measured. The ex-
periment was also repeated for the cooling cycle. It is
observed that the magnetisation values were reversible
and showed a linear variation both in the heating and
cooling cycle. The magnetisation value as a function
of temperature is shown in Fig. 15a and b. The aver-
age temperature coefficient of the magnetization was
evaluated from the formula [18]:

Temperature coefficient of magnetisation
(P2 - PI1)

I T °C
PiT2 1D <10 (PPm/C)
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Figure 14 Plots showing the variation of [ Hy /; H. ratio as a function of solution heat treatment temperature for (a) normal 2:17 and (b) Gd-substituted
2:17 samples. The ratio peaks at 1463 and 1473 K for normal 2:17 and Gd-substituted samples.
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Figure 15 The plots of magnetisation as a function of temperature for thermally stabilized: (a) normal 2:17 and (b) Gd-substituted 2:17 samples.

where, P1 and P2 are the values of magnetisation at tem-
peratures T1 and T2 respectively and ppm represents
parts per million.

The values calculated between 30-200°C for the
normal 2:17 and the Gd-substituted 2:17 samples are
400 ppm/°C and 350 ppm/°C respectively and those
estimated over the temperature range of 30—100°C are
350 ppm/°C and 225 ppm/°C respectively.

4. Summary

From the microstructural and magnetic investigations
in 2:17 type SmCo samples with and without Gd-
substitution, the following inferences can be drawn:

i. Solution heat treatment at 1463 K for normal 2:17
and 1473 K for Gd-substituted 2:17 samples favored the
formation of a two phase (TbCu; 4+ Th;Zn;7) structure,
which appears to be a pre-requisite for achieving a large
intrinsic coercivity in the magnets.

ii. A progressive variation in the proportion of
the lamellar structure as a function of solution
heat treatment temperature has been observed and
it is found to vary significantly in the temperature
range of 1463-1473 K. The XRD intensity ratio of

(204)2.17r/(203)5.17u as well as the ratio of Hy/iH. as
a function of solution heat treatment temperature have
exhibited a maxima in the above temperature range sug-
gesting a correlation between structure and the mag-
netic properties.

iii. Partial replacement of Sm by 25 wt% Gd has re-
sulted in a reduction of energy product without affect-
ing the intrinsic coercivity (>1300 kA/m). The tem-
perature coefficient of magnetisation in temperature
range of 30-100°C is found to be reduced from 350
to 225 ppm/°C.
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