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Magnetic behavior of Sm-Co-based permanent magnets during
order/disorder phase transformations

S. Aich, J. Kostogorova, and J. E. Shield®
Department of Mechanical Engineering and Center for Materials Research and Analysis,
University of Nebraska, Lincoln, Nebraska 68588-0656

(Presented on 9 November 2004; published online 11 May 2005

The structural transformation from the metastable disordered Fh@e SmCe structure to the
equilibrium ordered TjZn,-type SmCo,; structure was revealed by x-ray diffraction analysis
using Reitveld refinement. The magnetic properties depended strongly on the stage of the
transformation, as the coercivity strongly depended on the annealing temperature. The as-solidified
alloy in the ThCuy-type structure had a coercivity of 4 kOe, which increased to greater than 9 kOe.
The coercivity decreased to around 5 kOe as the transformation neared completion upon annealing
at higher temperatures. The magnetization processes were also strongly influenced by the structural
state. Initially it was totally controlled by nucleation followed by the domain wall
pinning-controlled magnetization process.28005 American Institute of Physics

[DOI: 10.1063/1.1855471

I. INTRODUCTION tures, exemplified by recent advancements in elevated-
) ) _ temperature performance of Sm-Co-based materials. The
The influence of order-disorder transformations on thegiryctures arise from the development of the ordered 2:17
magnetic properties of the materials is highly significant in &gty cture, which produces microstructures that strongly pin
number of magnetic alloy systems, as this transformation igjoch walls. However, formation of appropriate microstruc-
related to the development of a}n.tiphase boundaries. In thges is generally thought to depend on complex alloying
Fe-Pt system, improved coercivity was observed as thgqgitions, notably Zr and Cu. Less research has been directed
amount of order increasédHowever, the coercivity de- 4 understanding the order-disorder transformation effects on
creased significantly as the ordering transformation went tgy,q magnetic properties in the Sm-Co alloy system. In this
completion, suggesting the importance of the stage of thgaper, we report the changes in magnetic behavior of rapidly
transformation in determining the magnetic properties.gqjidified Sm-Co permanent magnets of simple binary alloy
Order-disorder transformations also occur in rare—earth—systemS modified with Nb and C additions during order-
transition metal compounds, from the metastable TH§pe  gisorder phase transformations. An increase in coercivity is

. 3 L .
structure to the TjZn,7type or ThNi;7type structures”  5ggpciated with the development of stronger pinning in par-
This ordering involves the placement of transition metaltia"y ordered structures.

“dumbbells” in the superstructure. In the Sm-Fe-N system,
the transfqrmgtlon, and the mlcrostr'uctural ch:imges assOCl -y pPERIMENTAL PROCEDURES
ated with it, influenced the magnetic properﬁe%.ln the
Sm-Co system, two related equilibrium phases form in Co- An alloy with nominal composition
rich compositions: the CaGdype SmCgq structure and the  (Sm, 15C0y g9l0dNbsC3 was made from high purity99.99%)
ThyZn,-type SmCo,; structure. The SpCo,; structure is  elements by arc melting in a high purity argon atmosphere.
related to the SmGostructure through the ordered substitu- Before arc melting 5% extra Sm was added to the sample to
tion of one-third of the Sm atoms by a pair of Co atomscompensate for the weight loss due to Sm vaporization dur-
(commonly referred to as Co dumbbeffsThe unit cell pa- ing arc melting. The ingot was then rapidly solidified by melt
rameters are thus related with.,,=3c;.5 anda,.;;= (3a;.;5.  spinning in high-purity argon at a chamber pressure of 1 atm
The dumbbell arrangement can also be randomized on thend a tangential wheel velocity of 40 m/s. For annealing, the
rare earth sites, which results in the disordered metastablibbons were first wrapped in tantalum foil and then were
TbCu-type SmCe structure, which has the same unit cell assealed in quartz capsules after repeated evacuations under
the CaCy structure™® ultra-high purity(UHP) Ar. The heat treatments at tempera-
The suppression of the long-range order, leading to theéures ranging from 700 °C to 900 °C were for 15 min, fol-
formation of the TbCyrtype SmCe structure, has been ac- lowed by a water quench. The samples were then analyzed
complished by different processing routes, such as mely x-ray diffraction using a Philips x-ray machine with Cu
spinning™* splat cooling‘? mechanical alloyindg® and dilute K« radiation. The powdered samples were mounted on an
additions of Zr and Ti(Refs. 14-1% which has provided off-cut SiO, single crystal to avoid the diffraction effects of
pathways to the development of materials with novel structhe sample holder, or an amorphous S#lide. The magnetic
measurements were made by Superconducting quantum in-

JAuthor to whom correspondence should be addressed; electronic mait.erferenc_e device magnetomgtry at _300 K utilizing a quan-
jshield2@unl.edu tum design MPMS with maximum field of 7 T. Magnetic
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FIG. 2. Relationship between annealing temperature and intrinsic coercivity
(for as-solidified ribborH.=4 kOe.

FIG. 1. X-ray diffraction scans ofa) the as-solidified Sm-Co-Nb-C alloy, ) L )
and after heat treatment &) 750 °C, (c) 850 °C, and(d) 900 °C.(e) Cal-  was observedFig. 2). The coercivity increased with anneal-

culated diffraction pattern for $j80;. ing temperature, reaching a maximum at 800 {8,
=9.1 kOg, and then decreased upon annealing at 850 °C and
measurements were made on several ribbon pieces mount@d0 °C, reaching 5 kOe after the latter heat treatment. The
so that the magnetic field was applied in the plane of thenitial magnetization behavior was also observed to change
ribbon. Both x-ray diffraction and in- and out-of-plane mag- dramatically. In a thermally demagnetized state, the initial
netic measurement revealed an isotropic  grainrmagnetization curves of samples in the as-solidified state and

arrangement’ the early stages of the transformation showed a steep linear
response to the applied field. The observation of a steep re-
Ill. RESULTS AND DISCUSSIONS sponse in initial magnetization curves is consistent with ini-

tial magnetization by nucleation proces$&slowever, as the
transformation proceeded the initial magnetization curves
displayed a lower initial susceptibility and a behavior more

. o losely associated with domain wall pinning-controlled mag-
tion scan of the as-solidified alloy revealed the presence orcﬁ y P g g

X ~ ‘netization processe§-ig. 3). The decrease of slope in the
only the ThCy-type SmCe phase, and Rietveld analy5|§ initial magnetization curves, especially for the sample an-

gsmg thfe titru_ltztural ;t)aram(taterf in Ref. ;_LO f'(tj Wﬁ"' tNto e\,:"nealed at 800 °C, clearly indicates a much stronger propen-
ence of the TjZn,type structure was found. Heat treat- sity for domain wall pinning.

genct:, hov:evt—tzr, Ieg] tot the redCO\llg_ry gf tf:e e(f:1U|I|br'|[_um The changes in both the coercivity and the initial mag-
My0;7 stiucture due 1o a orderidisorder ranstormation., o, ation hehavior are associated with the structural and mi-

The transformation is indicated by the development of SUPETE ostructural changes induced during the heat treatments. For

lattice diffraction peaks that result from the formation of example, the development of long-range order leads to the
Iong-range dumbbell or.dering:ig. D. Ipitial Qevelopment formatior’1 of antiphase domains/boundarié&PB/APD),

of order involves formation of thé.22 diffraction peak and which can act as pinning centers for Bloch walls. An increase
a shouldgr on the113 fundamental .peak, which sgbse- in coercivity was attributed to Bloch wall pinning by APBs
quently (_1|sappears at h|gher_a_n_neal|ng temperat{iFa in the similar Sm-Fe-N systefhand the cellular structure
1(b)]. This suggests the possibility of longer-ranged orderfounol in Sm-Co-based magna—gl that leads to strong
(i.e., an intermediate structural stpie the transformation Bloch wall pinning is essentially a domain structure with

path. The superlattice diffraction peaks continue to increasgrdered and disordered regions. The development of pinning
in intensity upon heat treatment at higher temperatures. Fi-

. sites is also consistent with the initial magnetization curves,

nally, after annealing at 900 °C the four ordered pe@) hi I - :
ch showed stronger pinning-type behavior once partial

at 29=38.5°, (122) at 20=35.9°, (211) at 20=33.5°, and |- W der pinning-typ v part

. long-range order developed. The decrease in coercivity can
(104) at #=31.9° are very clearly developed, denoting the g-rang ve'op ! ity

ordered ThZn, type SmCoy, structure at that temperature. be related to grain growth that occurs at higher temperatures
The x-ray diffraction pattern of the sample annealed at
900 °C compares favorably with the calculated patfétig.
1(e)], although the reduced intensity of the superlattice peaks
indicate that the transformation has not gone to completion.
Additionally, heat treatment led to the precipitation of NbC,
as indicated by the formation of NbC diffraction pedks
dicated by the arrow in Fig. 1 at34.8°2). As the NbC
precipitate forms, Nb and C are removed from solid solution
in the Sm-Co structure. As a result the lattice parameter de-
creases and the peak positions shift. H(kOe)

The m_agnetlc prop_ertles of th_e_ heat-treated SampleE’IG. 3. The normalized curves showing initial magnetization behavior at
changed significantly with the specific heat treatment teMyifterent annealing temperaturda, as solidified; M, 900 °C; and 4,
perature. Notably, a significant improvement in coercivity 800 °O.

The addition of Nb and C influences the structure. Nb
tends to reduce the amount of long-range ofdetile C
reduces the scale of the microstructtifé The x-ray diffrac-
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