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a b s t r a c t

Nanocrystalline SmCo6.8Zr0.2 permanent magnets are prepared by intensive milling and subsequent
annealing. XRD patterns of the samples annealed at 600 ◦C and 700 ◦C show a single SmCo7 phase with
TbCu7 structure, while the SmCo7 phase decomposes into a mixture of Sm2Co17 and Co23Zr6 phase at
higher annealing temperatures. The highest coercivity and energy product of about 2.06 T and 9.5MGOe
are obtained in the sample annealed at 700 ◦C for 10 min. Further analysis reveals that a very strong
vailable online 4 January 2011

eywords:
mCo
anocrystalline magnetic materials

inter-grain exchange coupling is observed in samples annealed at 700 ◦C for 3 (SZ-3) and 10 (SZ-10) min,
indicating by the high remanence ratio and positive ım in henkel-plot. It was supposed that the magne-
tization reversal process is controlled by domain wall pinning.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Commercial Sm–Co–Fe–Cu–Zr 2:17 magnets have attracted
onsiderable interest for high-temperature applications because of
heir large energy products and high-temperature performances
1]. Recently, nanocrystalline SmCo7 type permanent magnetic

aterials have attracted much attention for its excellent per-
anent magnetic properties and low-temperature coefficient of

ntrinsic coercivity [2]. It was known that the SmCo7 phase is a
etastable phase and a third element (M = Ga, Hf, Ti, Zr, etc.) is

eeded to stabilize it [3–6]. Further investigations show that melt
pinning and mechanical alloying are two effective methods to
btain nanocrystalline SmCo7 magnets with very high coercivity
7] and mechanical alloying is more effective to produce nanocrys-
alline SmCo magnets [8]. Magnetic properties and microstructure
f SmCo7 compound have been studied systematically [3,9–11].
aito et al. [11] reported that Sm2 (Co, Mn)17 magnet with the
bCu7 structure exhibits an anisotropy field of 105–140 kOe, which
s 1.2–1.4 times larger than that of Sm2 (Co, Mn)17 with the Th2Zn17
tructure [11]. SmCo7 phase also plays an important role in devel-

ping the cellular structure in 2:17-type Sm (Co, Fe, Cu, Zr)z magnet,
eading to high coercivity. It is well known that magnetic prop-
rties of permanent magnetic materials and their temperature
ependence are related to the magnetization reversal mecha-
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nism. In order to further improve the high temperature properties,
more investigation on the coercivity mechanism of nanocrystalline
SmCo7 compound is necessary.

In this paper, the Zr-doped SmCo7 based nanocrystalline
magnets are synthesized by mechanical alloying and subse-
quent annealing. Structure, magnetic properties and magnetization
reversal process of them are investigated systematically.

2. Experimental procedures

The SmCo6.8Zr0.2 alloy was prepared by arc melting. An excess Sm of 10 wt%
was added to compensate for the weight loss due to Sm evaporation. The alloy
was melted for four times to ensure homogeneity. The as-cast alloy was crushed
into coarse powder with typical sizes less than 180 �m. The coarse powder was
milled for 10 h under argon atmosphere using a high-energy mill of Spex 8000 with
a ratio of powder to ball of 1:2. The as-milled powder was subsequently annealed
at 600–900 ◦C for 3–30 min.

The phase compositions were determined by X-ray diffraction (XRD) of Bruker
AXS with Co K� radiation. The magnetic properties and the magnetization reversal
process of resin-boned magnets produced from the powders were measured using
a Physical Property Measurement System (PPMS-9) of Quantum Design model 9
with a maximum field of 9 T at room temperature. No correction was made for the
demagnetization field effect.

3. Results and discussion
3.1. Phase analysis

XRD patterns of the SmCo6.8Zr0.2 powders annealed for 10 min
at different temperatures are shown in Fig. 1. It can be seen that
the as-milled powder are nearly amorphous and a single phase

dx.doi.org/10.1016/j.jallcom.2010.12.192
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. XRD patterns of as-milled SmCo6.8Zr0.2 powders annealed at 600 ◦C, 700 ◦C,
00 ◦C and 900 ◦C for 10 min.

ig. 2. XRD patterns of as-milled SmCo6.8Zr0.2 powders (a) annealed at 600 ◦C for differen
00 ◦C for 3 and 10 min. (d) The thermomagnetic curves (M–T) of sample annealed at 700
pounds 509 (2011) 3967–3971

with TbCu7 structure is obtained in the samples annealed at 600 ◦C
and 700 ◦C. Higher annealing temperatures lead to the formation of
Sm2Co17 and Co23Zr6 phases, as well as larger grain size. According
to Scherrer method, the mean grain sizes of SmCo6.8Zr0.2 alloys in
the samples annealed at 600 ◦C, 700 ◦C, 800 ◦C and 900 ◦C for 10 min
are about 18 nm, 25 nm, 45 nm and 65 nm, respectively. It is obvi-
ous that the annealing temperature has a significant effect on the
phase composition of the magnets.

Fig. 2(a)–(c) shows the XRD patterns of samples annealed at
600 ◦C, 700 ◦C and 800 ◦C for different time, respectively. According
to Fig. 2(a), annealing time has no effect on the phase structure and
a single SmCo7 phase is observed for samples annealed at 600 ◦C
for different annealing time. When the annealing temperature is
increased to 700 ◦C, a small amount of Th2Zn17-type Sm2Co17 phase
is detected with the annealing time increasing up to 20 min, as
shown in Fig. 2(b). The thermomagnetic curves (M–T) of two sam-
ples annealed at 700 ◦C for 10 and 20 min are shown in Fig. 2(d).
It can be seen that three Curie temperatures of Tc1 (700–800 ◦C),
Tc2 (800–900 ◦C) and Tc3 (>1000 ◦C) are observed, which should be

the Curie temperatures of SmCo7, Sm2Co17 and Co phases, respec-
tively. It can be clearly seen that the Sm2Co17 phase is observed
in the sample annealed for 20 min, while it is not detected in the
sample annealed for 10 min. It is consistent with the analysis result

t annealed time. (b) Annealed at 700 ◦C for different annealed time. (c) Annealed at
◦C for 10 and 20 min.
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ig. 3. Demagnetization curves for mechanically milled sample annealed 10 min
ith different temperature.

f Fig. 2(b). From Fig. 2(c), with the annealing temperature further
ncreasing, a single phase of TbCu7-type is obtained for as-milled
mCo6.8Zr0.2 sample annealed at 800 ◦C for 3 min and the SmCo7
hase transforms to a mixture of Th2Zn17 and Co23Zr6 phases with
nnealing time increasing to 10 min.

.2. Magnetic properties

Fig. 3 shows the demagnetization curves of the samples
nnealed at different temperatures for 10 min. It can be seen that
he coercivity first increases and then decreases with annealing
emperature increasing. The highest coercivity of about 2.06 T is
btained in the sample annealed at 700 ◦C for 10 min. A small kink
s observed in the demagnetization curves of samples annealed at
00 ◦C and 900 ◦C for 10 min, which may be due to the coarse grain
ize of Sm2Co17 phase.

Fig. 4(a) and (b) shows the dependence of coercivity and energy
roduct of the annealed sample on annealing time, respectively.
rom Fig. 4(a), it can be seen that coercivity increases monotoni-
ally with annealing temperature increasing from 600 ◦C to 800 ◦C
ithin 5 min. When the annealing time exceed 5 min, coerciv-

ty starts to decrease for samples annealed at higher temperature
>700 ◦C), which is mainly due to the appearance of Tb2Zn17-type
m2Co17 phase (see Fig. 2(b) and (c)), which have much lower mag-
etic anisotropy field than TbCu7 type SmCo7 phase, as indicated

n Fig. 2(d). The energy product is first increase and then decrease
n the samples annealed at 600 ◦C, 700 ◦C and 800 ◦C. When the
amples are annealed at and 900 ◦C, the energy product of samples
re monotonically decreased with the annealed time. The highest
nergy product of about 9.5MGOe is obtained in sample annealed
t 700 ◦C for 10 min.

.3. Magnetization reversal behavior

In order to understand the magnetization reversal of nanocrys-
alline SmCo6.8Zr0.2 magnets, the magnetization behaviors of
mCo6.8Zr0.2 sample annealed at 700 ◦C for 3 min (SZ-3) and
nnealed at 700 ◦C for 10 min (SZ-10) are further investigated.

As for the nucleation controlled reversal magnetization [12],

omain walls move easily inside grains. Hence a larger initial per-
eability than that of domain pinning mechanism is expected.

he coercivity increases already in a relatively small magnetizing
eld. Technical saturation is reached in the magnetizing field that

s substantially lower than the induced coercivity. Furthermore,
Fig. 4. Coercivity (a) and energy product (b) of SmCo6.8Zr0.2 powders as a function
of different annealed time from 3 to 30 min at different annealed temperature.

the increase of the remanence is faster than that of the coerciv-
ity with increasing magnetizing field. In contrast, the situation is
quite different for homogeneous pinning model. Because domain
walls are pinned, the initial magnetization cure is almost horizon-
tal at first and then builds up to intrinsic coercivity. Remanence
and coercivity remain unchangeable for small magnetizing field
and then they increase to saturation drastically when the magne-
tizing field reaches the intrinsic coercivity [13]. The increase of the
coercivity with increasing magnetizing field is faster than that of
remanence [13]. The initial magnetization curves for ideal nucle-
ation and homogeneous pinning model are also shown in Fig. 5.
As shown in Fig. 5, the rise of initial magnetization curve is low.
When the magnetizing field H reaches the value of iHc, M(H) is
about 0.5Ms. Even though H reaches the value of 2 iHc, M(H) is still
smaller than 0.9Ms, which indicates that the magnetization reversal
behavior of SZ-3 sample is controlled by inhomogeneous pinning
model. It can also be seen in the analysis of minor hysteresis loops
of SmCo6.8Zr0.2 sample annealed at 700 ◦C for 3 min (SZ-3) shown in
Fig. 6(a). The field dependence of the reduced remanence (Jr(H)/Jr)
and coercivity (Hc/iHc) obtained from the minor hysteresis loops

of SZ-3 powder are shown in Fig. 6(b), where the Jr(H) is acquired
after the application and subsequent removal of H, Hc is acquired
after the application and turn to –H, Jr is the saturated remanence,
and iHc is the intrinsic coercivity. As shown in Fig. 6(b), the values
of Jr(H)/Jr and Hc/iHc is low at H/iHc < 0.9, However, it grows rapidly
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Fig. 5. The initial magnetization curve for SZ-3 sample and the initial magnetization
curve for ideal nucleation and homogeneous pinning model.
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Fig. 7. TEM picture for SZ-3 sample.
ig. 6. (a) Minor hysteresis loops of SZ-3 powders and (b) Jr (H)/Jr and Hc/iHc as
unction of the applied field H/iHc of SZ-3 powders.
fter a critical field (H/iHc > 0.9) is reached, which is the typical fea-
ures of domain wall pinning [13,14]. Furthermore, from the initial

agnetization curve increases continuously within a wide range of
agnetizing field, the developments of remanence and coercivity

re not expected for the homogeneous pinning as well. It suggests
Fig. 8. Variation of ım = {Jd (H) + 2Jr (H) − Jr}/Jr with the applied magnetic field for
SZ-3, SZ-10 measured at room temperature (RT) and SZ-10 measured at 200 K.

that there is a wide distribution of the pinning strength in the SZ-3
sample. In other words, the coercivity mechanism is determined
by the inhomogeneous domain wall pinning. Fig. 7 shows the TEM
picture for SZ-3 sample. It can be obviously seen that the edge of
crystal show atomic disorder with different width. These defects
could be the pinning center of magnetic domain.

As shown in Fig. 6(a), the large remanence ratio Jr/Js of 0.71 sug-
gest that there is a strong inter-grain exchange coupling in SZ-3
sample [12]. The deviation of demagnetization remanence Jd (H)
from Jr–2Jr (H) can also be used for interpretation of inter-grain
interaction. Where the demagnetization remanence Jd(H) is mea-
sured after demagnetization at –H on the demagnetization curve.
The deviation ım is defined as: ım = {Jd (H) + 2Jr (H) − Jr}/Jr. The
ım–H curves of SZ-3, SZ-10 sample measured at room temperature
(RT) and that of SZ-10 sample measured at 200 K are shown in Fig. 8.
Nonzero ım is believed to be due to the interaction in a magnet
and positive values of ım are due to inter-grain exchange coupling,
while negative values of ım are reasonably due to the dipolar inter-
action [15,16]. The positive values of ım indicate the presence of the

inter-grain exchange coupling in the nanocrystalline SmCo7 mag-
nets, as shown in Fig. 8. The larger peak value of the positive ım
in SZ-10 sample at RT reveals a stronger inter-grain exchange cou-
pling. The presence of amorphous in SZ-3 sample, confirmed by
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RD, weaken the inter-grain exchange coupling and thus results
n poor magnetic properties. In addition, the inter-grain exchange
oupling is getting stronger with measured temperature decreas-
ng from RT to 200 K, indicating that thermal disturb can weaken
nter-grain exchange coupling. The large negative values of ım are
ndicative of strong dipolar interactions in our researched samples,
imilar to that observed in the SmCo5/Sm2Co17 nanocomposite sys-
em as reported in Ref. [17]. This may be due to the stray fields
18,19] originating from defects and non-ideal grain boundaries
ntroduced by milling which prevents the exchange interaction.

. Summary and conclusion

Nanocrystalline SmCo6.8Zr0.2 compound was fabricated by
echanical alloying and subsequently annealing. The highest

oercivity above 20KOe was achieved in the nanocrystalline
mCo6.8Zr0.2 after milling for 10 h and being annealed at 700 ◦C
or 10 min. The coercivity mechanism is mainly controlled by
he domain wall pinning. Strong inter-grain exchange coupling is
bserved in SZ-3 and SZ-10 samples, which was verified by the

r/Js (>0.5) value and positive ım in the ım–H curve. Large negative
m indicates strong dipolar interactions which could be due to the
tray fields originating from defects and non-ideal grain boundaries
ntroduced by milling.
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