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An effective process was employed for synthesizing anisotropic magnetic SmCo7-type alloy flakes with high

coercivity, which is highly desirable for many applications. The highest coercivity of 16.3 kOe corresponds to a

typical flake thickness of 200 nm for the 3-h ball-milled sample. The anisotropy field was calculated by

measuring the parallel and perpendicular directions to the easy magnetization direction of the powders. The

anisotropy field decreased with the increase of the ball milling time, thus indicating that the decrease of

coercivity was mainly caused by the reduction of the anisotropy field. Microstructure analysis indicated that the

morphology, grain size, and anisotropy field of these samples have a great influence on the magnetic properties.
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1. Introduction

Rare earth cobalt-based intermetallic compounds have

potential applications as permanent magnets owing to

their distinctive electronic structure. Since the 1970s, Sm-

Co-based permanent magnets have drawn considerable

interest due to their highly attractive properties including

high energy density, reliable coercive force, high aniso-

tropy, best high-temperature performance, relatively good

corrosion, and oxidation resistance. These excellent per-

formances have made Sm-Co alloys suitable materials for

high temperature applications [1, 2]. Of these Sm-Co inter-

metallics, SmCo5- and Sm2Co17-type alloys have been

studied more extensively as high temperature candidate

materials for permanent magnets [3-7]. 

However, the Sm2Co17-type alloys have shortcomings

of a low intrinsic coercivity and low operating temper-

ature [8] whereas the disadvantages of the SmCo5-type

alloys are their relatively lower Curie temperature and

magnetic moment [9]. In comparison, the Sm(Co,M)7

(M = stabilizing element) compounds with the TbCu7-

type structure (space group P6/mmm) possess a higher

predicted Curie temperature, a high magnetic anisotropy

field, and a low intrinsic coercivity temperature coeffi-

cient [10]. Thus, the SmCo7-type alloys could be suitable

for development as permanent magnets for high temper-

ature applications.

In the last few years, there has been great scientific

interest in SmCo7-type alloys due to their potential appli-

cations as novel high temperature, rare earth permanent

magnets [11-14]. However, pure SmCo7 phase is meta-

stable, and it cannot be obtained by general equilibrium

methods. Thus, a third element is usually doped to stabilize

the SmCo7-type phase and improve its magnetic pro-

perties. A small amount of the third element (i.e. Cu, Zr,

Ti, Hf, and Si) can stabilize the Sm-Co phase with the

TbCu7-type structure [6-10]. Hence, Cu and Zr were doped

as the third elements to stabilize the SmCo7-type phase in

this paper.

It is reported that SmCo7-type alloys have lower coer-

civity by a general mechanically alloyed method [14].

Recently, the best performance of magnetic properties

occurs in textured materials where the easy magnetization

axes are all aligned, which increase their remanence and

magnetic energy product [16]. This result may inspire a

good method to fabricate textured structure in SmCo7-

type alloys in order to obtain better performance of mag-

netic properties such as coercivity. Additionally, the con-

cept of textured exchange-spring type magnets was pro-

posed in the early 1990s [17-19]. 
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The basic principle in the nano-composite hard magnets

is to exchange a coupled, nanoscale textured, hard mag-

netic phase having high coercivity with a nanosized soft

phase of very large magnetization [20, 21]. Techniques

including unidirectional solidification, deformation-induced

texture, magnetic field-assisted ball-milling, and melt-

spinning at low wheel speeds have induced texture in Sm-

Co alloys either with low degree of texture or with a

moderate degree of texture resulting in a non-unidirec-

tional easy axis [22-25]. 

This paper presents the preparation and characterization

of SmCo7-type alloys with out-of-plane texture. A techni-

que of high energy ball milling with surfactant assistance

was employed to prepare magnetically anisotropy SmCo7-

type alloy powders. The microstructure, magnetical aniso-

tropy, and magnetic properties of the Sm(Co,Fe,Cu,Zr)7.88

flakes were investigated.

2. Experimental Details

The alloys with the nominal composition of Sm(Co0.84-

Fe0.05Cu0.09Zr0.02)7.88 were prepared by arc melting in a

high purity argon atmosphere. An excess Sm of 25 wt.%

was added to each sample to compensate for the loss of

Sm during the process. The ingots were turned upside

down and melted three times to ensure homogeneity. The

as-cast ingots were crushed into coarse powder with

typical sizes less than 200 µm. The powder was milled by

a high-energy SPEX 8000 mixer/mill with a ratio of

powder to ball of 1:8-12 in weight for 1 h, 3 h, 5 h, and 8

h, respectively. Powders were handled in an argon box to

prevent oxidation. Heptanes solvent was used as the

solvent with a 65% powder weight. Oleic acid was used

as the surfactant with a 20% powder weight. After mill-

ing, the powders were washed with heptanes solvent.

Powders and as-cast ingots were dried in vacuum, mixed

with epoxy in polyurethane mold, and then magnetically

aligned using a pulse field of 5 T before being left to cure

in a field of 1.5 T to assure the alignment.

A vibrating-sample magnetometer (VSM) and a super-

conducting quantum interference device (SQUID) were

used for magnetic measurements along both directions

parallel and perpendicular to the magnetic-aligned direc-

tion. An X-ray diffraction equipment (XRD) was used for

characterizing the crystal structure. Scanning Electron

Microscope (SEM) and Transmission Electron Microscopy

(TEM) images were studied to determine the powder

morphology and evaluate the particle sizes.

3. Results and Discussion

Figure 1(a) and (b) illustrate the demagnetization curves

of the pre-aligned Sm(Co,Fe,Cu,Zr)7.88 powder samples

and the as-cast starting alloy tested using a VSM along

both parallel (//) and perpendicular (⊥) to the magnetic

aligning direction. These results demonstrated how the

ball milling time affected the remanence Br and coercivity

Hcj. All samples are magnetically hard; however, in some

cases, the existence of the step at the field reversal point

distorted the loop squareness in Fig. 1(a), thereby indicat-

ing a separate-switching behavior of the hard- and soft-

magnetic phases. For 5-h ball-milled, aligned powder

samples, the demagnetization curve showed a nearly single

hard-magnetic phase behavior, thus indicating a good

exchange-coupling between the hard- and soft- magnetic

phase in this sample. However, the remanence Br value

and the coercivity Hcj value for the 5-h ball-milled sample

is much lower than that of 1-h and 3-h milled samples. As

shown in Fig. 1(a), for the parallel direction, the re-

manence Br values decreased when ball milling time

increased from 1 h to 8 h. The maximum remanence Br

was about 8.49 kG for the 1 h ball-milled powder sample.

Fig. 1. (Color online) Demagnetization curves of the aligned

Sm(Co,Fe,Cu,Zr)7.88 powder samples and the starting alloy: (a)

parallel to EMD; (b) perpendicular to EMD. 
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However, no obvious variation between coercivity Hcj

values and ball milling time occurred. The maximum

coercivity Hcj value was about 16.3 kOe for the 3-h ball-

milled powder sample, and further milling resulted in a

decrease in coercivity. For the perpendicular direction, as

shown in Fig. 1(b), the remanence Br values showed an

opposite behavior. The remanence Br values increased

gradually as the ball milling time increased from 1 h to 8

h. It has the lowest value 1.01 kG of Br for 1-h ball-

milled powder sample. The values of Hcj also show no

obvious variation with ball milling time. The maximum

coercivity Hcj value was also for the 3-h ball-milled

powder sample, which is about 10.0 kOe. The variations

of coercivity Hcj and remanence Br with ball milling times

are illustrated in Fig. 2, respectively. Fig. 2(a) shows the

magnetic properties of the original ball-milled powder

samples. Both parallel (//) and perpendicular (⊥) direc-

tions to the easy magnetization direction (EMD) are

presented in Figs. 2(b) and (c). As shown in Fig. 2, it is

indicated that the coercivity Hcj and remanence Br were

significantly affected by ball milling time. The variations

of the coercivity Hcj were similar between parallel (//) and

perpendicular (⊥) directions to EMD. The same behavior

of coercivity Hcj was found in the original ball-milled

samples. Nevertheless the variations of remanence Br

were opposite between the two orientations.

Figure 3 displays the XRD patterns of the pre-aligned

Sm(Co,Fe,Cu,Zr)7.88 powder samples and the as-cast alloy

along the perpendicular and parallel directions to the

EMD, respectively. As shown in Fig. 3(a), it can be seen

that the main phase was the Sm-Co 1:7 with TbCu7-type

structure, and the pre-aligned as-cast alloy was randomly

oriented. The result of the XRD indicated that addition of

a small amount of Cu and Zr contributed to obtaining the

SmCo7-type phase. The XRD patterns presented in Fig.

3(a) also show a strong c-axis (002) out-of-plane crystal

texture in all ball-milled samples. It can be noted that,

with the increase of ball milling time from 1 h to 8 h, the

intensity of the out-of-plane (002) texture component

decreased monotonically. The presence of a strong (002)

peak indicated that the flakes exhibited a uniaxial

magnetocrystalline anisotropy. Fig. 3(b) shows the XRD

patterns of these samples parallel (//) to the EMD. As

shown in the Fig. 3(b), a strong (200) peak was presented.

With the increase of ball milling time, the peak intensity

of XRD decreased, and the peak broadening increased

both in Fig. 3(a) and (b), thus indicating a decrease in

grain size and an increase in the degree of amorphization.

The SmCo7-xMx intermetallics exhibited strong uniaxial

magnetocrystalline anisotropy with an anisotropy field

more than 200 kOe at 5 K [1]. The anisotropy field can

be experimentally determined from the intersection point

of two extrapolated magnetization curves with the applied

field parallel and perpendicular to the EMD of powder,

which was fixed with epoxy and then pre-aligned in a

magnetic field when it was solidifying [1]. Fig. 4(a)

shows typical anisotropy fields of Sm(Co0.84Fe0.05Cu0.09-

Zr0.02)7.88 intermetallic compounds, and the inset shows

the XRD patterns of the pre-aligned powder samples,

which presents a strong (002) peak. This strong peak

indicated that the SmCo7-type powder exhibited a strong

Fig. 2. (Color online) The variation of magnetic properties

with ball milling time of: (a) the original balled samples, (b)

coercivity Hcj, (c) remanence Br.

Fig. 3. (Color online) The XRD patterns of the aligned

Sm(Co,Fe,Cu,Zr)7.88 powder samples and the as-cast ingot: (a)

perpendicular to EMD; (b) parallel to EMD.
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uniaxial magnetocrystalline anisotropy. As shown in Fig.

4, the Sm(Co0.84Fe0.05Cu0.09Zr0.02)7.88 powder illustrates a

high anisotropy field of about 202 kOe for the 3-h ball-

milling powder sample at 5 K. However, the anisotropy

field (HA) of the 8-h ball-milling powder sample decreas-

ed to 99 kOe at 5 K. Fig. 4(b) indicates that when the ball

milling time exceeded 3 h, the anisotropy field decreased

rapidly with the increase of ball milling time.

In order to discover the relationship among the grain

size, particle size, and the anisotropy field, TEM and

SEM images of samples were studied to evaluate the

grain size and particle size of the 3-h and 8-h ball-milled

powder samples, respectively. Fig. 5 shows the morpho-

logy of the ball-milled powder samples. Fig. 5(a) and (b)

are the SEM micrographs of ball-milled samples for 3 h

and 8 h, respectively, while Fig. 5(c) and (d) are the TEM

micrographs of ball milled samples for 3 h and 8 h,

respectively. Fig. 5(c) and (d) show that the average grain

size of milled samples decreased rapidly from 90 nm for

3 h to 7 nm for 8 h, thus indicating that the grain size

decreased rapidly when the ball milling time increased.

Additionally, G. B. Han et al. pointed out that the effec-

tive anisotropy decreases with the reduction of the grain

size and decreases dramatically when the grain size is

smaller than the thickness of the domain wall Lex [26].

This decrease of the coercivity was mainly caused by the

reduction of the effective anisotropy. According to results

in Fig. 4 and Fig. 5, the decreased anisotropy field in our

samples was mainly caused by the grain size decreased

from 90 nm to 7 nm. In addition, as shown in Fig. 5(a)

Fig. 5. SEM micrographs of ball milled samples: (a) 3 h, (b) 8 h; TEM micrographs of ball milling samples: (c) 3 h, (d) 8 h.

Fig. 4. (Color online) (a) The anisotropy field measurement at

5K for the aligned powder samples of Sm(Co,Fe,Cu,Zr)7.88,

the inset shows the XRD pattern for the aligned samples. (b)

The variation of the anisotropy field of the aligned ball milled

powder samples.
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and (b), the thickness of the ball-milled flakes decreased

from 300 nm to 80 nm, thus indicating the thickness of

these anisotropic flakes obtained by high energy ball

milled significantly impacted the magnetic properties.

4. Conclusions

In summary, an effective process using surfactant-as-

sisted high energy ball milling was adopted to obtain

Sm(Co,Fe,Cu,Zr)7.88 flakes with high magnetic properties.

These Sm(Co,Fe,Cu,Zr)7.88 flakes had strong magnetic

anisotropy. The highest anisotropy field was about 202

kOe for the 3-h ball-milled powder at 5 K The anisotropy

field decreased with an increase in ball milling time, thus

indicating that the decrease of coercivity was mainly

caused by the reduction of the anisotropy field. High

coercivity of 16.3 kOe was obtained for the 3-h ball-

milled sample. Further milling caused amorphization and

resulted in decreases in coercivity and remanence due to

the decrease of the anisotropy field.
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