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JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 10 15 MAY 2002

Mechanically milled nanostructured  (Sm,Pr) 4, 5C0g55Zr, magnets
with TbCu , structure

Hong Tang,® Jian Zhou, and David J. Sellmyer
Department of Physics and Astronomy, and Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588-0113

NanostructuredSm,Pj(Co,Zrn magnets with the TbGutype structure have been synthesized by
mechanically milling (Sm_,Pr),:CogsZr, alloys (0<x=<0.8) followed by appropriate
annealing. Magnetic properties, structure, and microstructure have been investigated. It is found that
single-phase (Sm,RCo,Zr); magnets with the ThGustructure and with nanoscale grain size
(14-19 nm form in the whole composition range. Intrinsic coercivitly; decreases from 20.7 to

5.6 kOe with increasing Pr content from O to 0.8, while energy products (Btdhows an optimum

value of 12.6 MGOe(H; of 17.9 kOg at x=0.2 due to increase in remanent magnetization.
Remanence ratio is observed in the range of 0.64-0.69, with an optimum valu€.69 atx

=0.3. The high coercivity is ascribed to the formation of nanocrystalline (S(€@Zr); phase of

the TbCy-type structure with large anisotropy, and the remanence enhancement may result from the
exchange-coupling interactions between nanosized ($t@®Zr); grains. The magnetic properties

can be understood in term of the anisotropy of the magnetically hard phase and the interactions
between the nanosized grains. ZD02 American Institute of PhysicgDOI: 10.1063/1.1447509

I. INTRODUCTION TbCu, structure possess higher magnetizatiabove 110
emu/Q°® than SniCo,Zr); alloys (~92 emu/g* with a small
Co-based permanent rare-earth magnets have attractgéhount of zr, whereas the alloy retains a high anisotropy
much attentioh” recently during the process of search for field value of up to 100 kO&1! Therefore, high coercivity
permanent magnets applicable at high temperatures, owinghd optimum energy producf$BH) . could be expected
to its high Curie temperature and high magnetic perforin nanostructured (Sm,R€0,Zr); alloys with a small
mance. It is well known that the 1:7 phase with Th@pe  amount of Zr. Our previous investigations on mechanically
structure plays an important role in the development ofmilled Smy, {Cog; 5 Zry Magnets have indicated that high
cellular-structure Si€o,Fe,Cu,Zr magnets which possess H_; and optimum (BH),,,could be achieved witk= 2 after
high coercivity: It was also reported two decades ago thatappropriate processin§:2 In this study, we focus on the
Sm(Co,Fe,Cu,Zr) magnets with the 1:7 composition exhib- nanostructured (Sm,Pr), £C0g5 Zr'» (Xx=0-0.8) magnets
ited better temperature dependence of coercivity than that afynthesized by means of mechanical milling followed by ap-
the 2:17 counterpart.Recently, it has been reported that propriate annealing. Optimum (BH), of 12.6 MGOe(with
R—Co(R=Sm,Pr, eto.alloys with the TbCu type structure H; of 17.9 kOg is obtained withx=0.2.
could be achieved by introducing a small amount of stabiliz-
ing elements like Zr or Tt7® These alloys with 1:7 compo-
sition and the ThCustructure possess high Curie tempera-ll. EXPERIMENT

ture, high magnetization, and exhibit large anisotrbpiFor (SMy_PL) 12 Cops 21> (x=0.0, 0.1, 0.2, 0.3, 0.5, 0.8

example, anisotropy field values up tal60 and~100 kOe alloys were prepared by arc melting the constituent elements

altl “’Sﬁfm éer;péerazture \lllverg rgt;;]orted f?Ir the (Sthfr)£ with at least 99.9% purity. After grinding into powders with
alloys” and P(Co,Zr); alloys’ with a small amount of Zr, article size of less than 0.1 mm, the alloy powders were

respectively. Therefore, gooq high temperature magnetic peE1echanically milled in a Spex 8000 Mill for a period of 5 h
formance may be expected in the nanostructured R—Co mags o, atmosphere of high-purity argon gas. The ball-to-

nets(R=Sm, Py with ThCu structure. powder mass ratio was fixed at 8:1. The powders were

Mechabnlcal mllllnfglor rrr:e.chan_lcarll a]Iclogl_ng _havef been handled in a glove box under protection of high-purity argon
proven to be a poweriul technique in the fabrication of NaNo,q The milled powders were then sealed in quartz tubes

structured Co-based magnéfsSome previous researceS o1 1eing evacuated and then backfilled with high-purity
have showq that h|gh coercivitHc;) could be obtained in argon gas. The sealed powders were annealed at 650 °C for
the mechanically milled nanostructured &0, Zr); magnets 54 iy then furnace cooled to room temperature. The phase
with the TbCy-type structureH; value as high as 5.3 kOe 5.4 syructure were characterized with x-ray diffraction
was alsﬁ reported in the mechanically milled®,2r);  (xrp) with CuK « radiation. The microstructure was inves-
magnets” (low Zr content with TbCu;-type structure. Com-  tjgated with transmission electron microscofyEM). The
pared with the Sm counterpart, (Bp,Zr); alloys with  agnetic properties were measured at room temperature
(295 K) using a superconducting quantum interference de-
dAuthor to whom correspondence should be addressed; present addresdce (SQUID) magnetometer with a field range &f55 kOe.

Ames Laboratory, lowa State University, Ames, IA 50011-3020.
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FIG. 2. TEM image for mechanically milled (SmPr,),,:C0g5Zr5 (X
4 =0.0) magnets.
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FIG. 1. XRD patterns for the mechanically milled and annealedTpCLb_ty_pe ?trucwre' From .TEM I,mage' the n,anF)StrUCture
(SMy_ P15 COss 21, Magnets. with grain size of~15 nm is obvious, which is in good
agreement with the XRD estimate.
Figure 3 shows the magnetization curves and magnetic
IIl. RESULTS AND DISCUSSION hysteresis loops at room temperature for the miIIe_d and an-
nealed (Sm_,Pr,)1,:Cog5 21, magnet powders. It is clear
Figure 1 shows the XRD patterns for the milled that high H; values are realized in these nanostructured
(Smy, _,Pr,) 1, Cog5 Zr, magnets after annealing at 650 °C magnet powders. Hard magnetic property parameters,
for 20 min. It shows that all the milled and annealed powdeM,, M, /Mg and (BH),,..] are listed in Table I. The satura-
samples are basically of single phase with Th®upe struc-  tion magnetization valuesM;) are obtained by fitting the
ture, although the corresponding as-cast alloys are not dfigh-field portion of the initial magnetization curves in terms
single phasgmixture of TbCy phase and T}Zn,; phase¢  of an approach-to-saturation law containing a term propor-
for x>0.3. The lattice parameters of the Th@ype phase tional to H 2. The M, values for the two end compositions
obtained by fitting the XRD patterns are listed in Table |. Theare in good agreement with the reported vatider as-cast
lattice parameters are consistent with the refdrtfor  alloys (TbCu, type phasgwith suitable Zr content. The de-
Sm(Co,Zr); and PfCo,Zr); as-cast alloys with appropriate pendence of hard magnetic property parameters is replotted
Zr content. With variation of Pr, parametexsc and the ratio  against Pr content, as shown in Fig. 4. It is obvious gt
c/a vary slightly. decreases from 20.7 to 5.6 kOe as the Pr content varies
The broadening of the diffraction peaks results fromfrom x=0.0 to x=0.8, and correspondingli¥, increases.
nanosized grains. The grain sizésestimated using the (BH)..x €xhibits an optimum value of 12.6 MGOe at
Scherrer formula are listed in Table I. It is seen that the grain=0.2. TheH; value for the end composition witk=0.8 is
size is in the range of 14—19 nm. The nanostructure devektill higher than the reported for nanostructuredderZr),
oped after milling and annealing is supported by the TEMmagnets with TbCustructuret* The M, /M ratio, being in
investigations. Figure 2 shows the TEM image for the milledthe range of 0.64-0.69, is much higher than that of ideally
and annealed (SmPr,) 1, :Cog5 Zr, magnet powders with isotropic hard-magnetic particlé€d.5).
x=0.0. The inset is the selected-area electron diffraction The high coercivity is ascribed to the nanostructure of
rings, which exhibits the nature of single phase withthe (Sm,PXCo,Zr), phase with high anisotrofyGenerally,

TABLE I. Hard magnetic propertieH.;, M,, Mg and (BH),., lattice parameter&, ¢, andc/a ratio) and
grain size(d) for the (Sm _,Pr,) 1, £C0g5 1, magnets.

Hard magnetic property parameters Lattice parameters
Hci Mr Ms (BH)max d

X (kOe  (emu/g  (emulg M, /Mg (MGOe  (nm) a(A) cA) cla
0.0 20.7 63.2 97.7 0.647 111 14.2 4.878 4.053 0.831
0.1 18.4 62.9 95.9 0.656 10.8 18.2 4.876 4.073 0.835
0.2 17.9 68.7 104.5 0.658 12.6 16.4 4.881 4.078 0.835
0.3 105 70.7 103.4 0.683 12.2 15.8 4.865 4.067 0.836
0.5 111 69.9 102.6 0.682 115 15.2 4.884 4.073 0.834
0.8 5.6 74.9 117.1 0.639 9.4 15.8 4.887 4.079 0.835
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120 mechanism for the coercivity changes from a pinning type to
80- a mixture of pinning and nucleatidr. However, considering
the fact of stronger interactions between the nanosized grains
401 7 (below 20 nm), the interaction among the domains of the
2 0 I adjacent particles may lead to the formation of “interaction
E | domains.” The coercivity in this system is probably con-
S 401 )J} 77 ey 202 golleq by’che motion of domain walls in the “interaction
e = omains.
80 et tiSS e
120 MG : : IV. CONCLUSIONS

-60  -40  -20 0 20 40 60 Nanostructured (Sm,Pr {Co,Zr)g; s magnets with the
H (kOe) ' TbCu,-type structure have been synthesized by mechanically
FIG. 3. Magnetization curves and magnetic hysteresis loops for mechan';-n::“ng q (St;nl,XPrx) 12'5C98?'52r2 allolys (0§_X$IO-.SP)1
cally milled (Sm_Pr) 1, COue ZF, magnets. ollowe y  appropriate  annealing. ingle-phase
(Sm,Py(Co,Zr); magnets with the TbGustructure and with
nanosized grain€l4—19 nm form in the whole composition
coercivity of hard magnets can be expressed as range..Hithci values are realized in the range.of 20.7-5.6
kOe with varying Pr content from 0 to 0.8, while (BH),
He=(2K1/Mg)ax—NerMs, shows an optimum value of 12.6 MGQH; remains 17.9
whereK; and Mg are the anisotropy constant and the satukOe atx=0.2. Remanence ratio in the range of 0.64-0.69 is
ration magnetization of the material angi and Ngz are ~ observed with an optimum value 0.69%#0.3. The high
microstructure-dependent factors describing the effect of thgoercivity is ascribed to the formation of nanostructured
microstructure on the crystal field and the local internal di-(Sm,P¥(Co,Zr); phase of the ThGutype structure with
polar field. With increasing Pr content, the anisotropy of thelarge anisotropy, and the remanence enhancement may result
TbCu, type phase decreases. Therefore the coercivity varidfom the exchange—coupling interactions between the adja-
tion with Pr content is understandable. The increasépf ~ cent nanosized (Sm,R€o,Zr); grains. The magnetic prop-
with Pr content is consistent with the fact that(®w,Zr), erties can be understood by taking into account the anisot-
possess higheVl ¢ value than SiCo,Zr),*°since P#* hasa ropy of the hard phase and the interactions between the
higher moment. nanosized grains.
The remanence enhancement in the nanostructure
(Sm,Pj(Co,Zr); magnet powders indicates exchange—gcK’\IOV\/LEDGME'\ITS
coupling interactions between the nanosized graitfsTak- This work was supported by DARPA/ARO and AFOSR.
ing into account this point together with the shape of initial\We are grateful to Dr. Y. Liu for his assistance in TEM ex-
magnetization curvéFig. 3), it seems that the underlying Periments.
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