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Modeling and Limits of Advanced HT-Magnets

Thomas Schrefl, Josef Fidler, and Werner Scholz

Abstract—This paper combines microstructural investigations precipitation hardened SmCo2:17 magnets optimized for
using transmission electron microscopy with micromagnetic HT-applications are predicted from the our micromagnetic
finite element simulation of the magnetic domain wall pinning  qqe| calculations. The three-dimensional finite element

behavior of novel Sm(Co, Fe, Cu, Zr} 4_ ermanent magnet .
materials applicable lﬁp 0 550°C. A)ﬁﬁit;’g@mem method%vas model takes into account the rhombohedral cellular structure

used to simulate domain wall pinning in SMC@/Sm,Co,» based Of the magnet. According to the transmission electron micro-
permanent magnets. The finite element model was built-according scope investigations our micromagnetic simulations assumed
to the cellular microstructure obtained from TEM investigations.  a cellular precipitation structure in the range of 50-250 nm.
The numerical results show a strong influence of the dimension of The equilibrium position of the domain walls are calculated
the cell boundary phase on the coercive field, which significantly f h S f1h | ic Gibb's f
increases with the extension of the 1:5/7-type cell boundary rom,t e minimization of t etF’ta magnetic ) : S_ re? energy.
phase. The calculated values of the coercive field are in the Section Il of the paper describes the TEM investigation of the
range from 1000-2000 kA/m assuming a cell size varying from microsctructure. Section Il presents the micromagnetic finite
got—lﬁo nm.”'lt')he d(;ﬁerencg Of”thet m_agnehtocrys;alltijntta ani_SOI(SOkF))y element simulations that give a straight forward explanation of
etween cell boundary and cell interior phases is determined by S e i
the Cu-content of the magnet. Due to the lower Curie temperature .thﬁ plnnlngfmCec_han:jsné “? sm(Co, FZ’ Crllu,7Z<r)nzslllgnets. Th?.
of the Cu-containing cell boundary phase high coercive fields are Influence or Lo- an u Contem. an _t e overa composn!on
obtained at elevated temperatures +400°C) (z-value) on the magnetic properties will be shown and possible
mechanisms for the change of the microstructure during the

Index Terms—HT-magnets, micromagnetics, microstructure, . . .
9 9 HT operation of the magnet will be discussed

permanent magnets.

|. INTRODUCTION Il. MICROSTRUCTURALCHARACTERIZATION

HE SEARCH for novel soft and hard magnetic materials A new series of Sm(CgFe,Cu,Zr,). magnets has been
for high temperature (HT) advanced power applications d@eveloped with H. up to 1050 kA/m at00°C. These magnets
worldwide an active area of research. The increase of the @how low temperature coefficients gff. and a straight line
erating temperature of motors, generators and other electroBizversus H (extrinsic) demagnetization curve up5t0°C.
devices leads to an improvement of the efficiency. In the devéligh Cu-, low Fe- and lows-values were found to contribute
opment of high temperature magnets the activities concentradehigh coercivity at high temperatures [6], [7]. The TEM
on the improvement of existing hard magnetic materials, sunficrograph of Fig. 1(a) of a sintered magnet witH. =
as the precipitation hardened Sm(Co, Fe, Cu, Eragnets, and 580 kA/m at500°C shows a cellular precipitation structure
on the search for new compounds with sufficient high values wfth about60 x 120 nm in size at the magnetic optimum state.
magnetization and coercive field at elevated temperatures. Prae rhombic cells of the type SitCo, Fe); (A) are separated
cipitation hardened SmGm, Co, 7 based permanent magnetdy a Sm(Co, Cu, Zg) 7-cell boundary phase (B) [8]-[10].
have been developed during the past 20 years [1]. It was shoWime development of the continuous, cellular precipitation
that the influence of the cellular precipitation structure on thatructure is controlled by the growth process and the chemical
coercive field lead to a domain wall pinning controlled mechaedistribution process [11] and is determined by the direction
nism [2], [3]. of zero deformation strains due to the lattice misfit between the
With increasing effort to improve the thermal stabilitydifferent phases. The cellular precipitation structure is formed
of SmCq/Sm;Co,; based permanent magnets numericauring the isothermal aging procedure, whereas the chemical
models have been developed, in order to obtain a better wedistribution of the transition metals during the step aging
derstanding of the pinning mechanism. Katter [4] proposguiocedure increases the coercivity of the final magnet. It should
a two-dimensional model based on the local wall energy b mentioned that the annealing process takes up to 24 hours
derive the coercivity of Sm(Co, Fe, Cu, Zr magnets. Chui to obtain maximum hard magnetic properties. Growth of the
[5] applied a Monte Carlo method to simulate the pinning afell structure occurs primarily during the isothermal aging
domain walls at finite temperatures. Optimal microstructurggsocedure and involves the diffusion of samarium.
and the upper limits of the coercive field of the Cu-containing, In magnets with high coercivities-800 kA/m) thin platelets
(C) are found perpendicular to the hexagonalxis Fig. 1(b).
Manuscript received February 14, 2000. This work was supported by the t—&gh resolution electron microscope investigations show
Project HITEMAG (GRD1-1999-11125) and the Austrian Science Fund (Y13that the crystal structure of the platelet phase is close to the

PHY). , , _ _ ____hexagonal SgCo,; structure Fig. 2(a). Contrary to high co-
The authors are with the Institute of Applied and Technical Physics, Vienna

University of Technology, A-1040 Wien, Austria (e-mail: fidler@tuwien.ac.at)erc'v'ty magnets which contain large crystallographic twins, a

Publisher Item Identifier S 0018-9464(00)07982-6. microtwinning within the cell interior phase (A) is observed by

0018-9464/00$10.00 © 2000 IEEE



SCHREFLet al: MODELING AND LIMITS OF ADVANCED HT-MAGNETS 3395

. i '’
ﬁ" A

Fig.1. Transmission electronimages showing rhombic cells of(€m Fe),  Fig. 2. High resolution electron micrographs showing cell matrix (A) and
(A) which are separated by a Sm(Co, Cu, Zr)-cell boundary phase (B). platelet phase (C) in a high coercivity magnet (a). Low coercivity is found in
A high density of the platelet phase (C) is found perpendicular to alignmemagnets with microtwins instead of platelets.

direction marked by an arrow.

high resolution electron microscopy in low coercivity magnets
(<500 kA/m) Fig. 2(b). The Lorentz electron microscope
Foucault image of Fig. 3 shows that the cellular precipitation
structure acts as attractive pinning center for magnetic domain
walls in the remanent state and determines the magnetization
reversal process. Maximum coercivities (2000 kA/m) were
found in magnets with cell diameters of about 200 nm. The
compositional difference between the cell boundary phase
(B) and the cell interior phase (A) determines the coercive
field. The platelet phase (C) predominately acts as diffusion
path for the transition metals and leads to a better chemical
redistribution after the isothermal aging treatment and therefore
to a higher coercivity of the magnet. Impurities, primarily such

as oxygen and carbon, lead to the formation of macrosco jg- 3. Foucault electron micrograph showing the attractive pinning of domain
! alls in the remanent state at the continuous Sm(Co; Guyell boundary

precipitate_s of the SmiOs, ZrC, TiC etc. and _theref_ore iMpe(Rase. The arrows indicate the magnetization directions inside the domains.
the formation of the platelet phase (C) and finally impede the

chemical redistribution process.

exchange energy, the magneto-crystalline anisotropy energy, the
magnetostatic energy, and the Zeeman energy [12]

I1l. M ICROMAGNETIC SIMULATION 3
E, = / A (VB —Ey(J -w)’ — 3T -Hy
A. Micromagnetic and Numerical Background i=1
Micromagnetism starts from the total magnetic Gibb's free —J-H..| av (1)
energy,F, of a ferromagnetic system, which is the sum of the
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Fig. 4. Finite element model of the cellular structure of a the Sm(Co, Fe, Cu F
Zr)s—s magnet. The bright and dark regions denote the rhombohedral cells an L
the cell boundary phase, respectively.
TABLE | - ]
UNITS FORMAGNETIC PROPERTIES 0 . ! . L . i :
Q 5 10 15 20
Phase T 4N KMiw’) A@im) S (nm) ) cell boundary width {(nm)
Smy(Co,Fe);7 /matrix 300K 1.3 5 14 1.67
Sm(Co,Cu,Zr)s.s/ boundary 300K 0.8 1.9 14 2.71
Smz(Co,Fe)17 /matrix 400K 123 33 12.6 1.95 Fig. 5. Calculated pinning field as a function of the cell size for 300K and
Sm(Co,Cu,Zr)s.7/ boundary 400K 0.76 1.1 12.6 3.38 400K. The arrows indicate the domain wall widtté, of the cell boundary
Smy(Co,Fe)17 / matrix - 1.3 5 14 1.67 phase.
Sm(Co,Cu,Zt)s.7/ boundary - 0.8 7.76 14 1.34

taken from [17]. The magneto-crystalline anisotropy of the

Here A denotes the ferromagnetic exchange consténg cell boundary phase is reduced as compared the anisotropy
the magnetic polarizatiod = J;(3, 52, #3) = poM, and of the matrix phase. As a consequence the wall energy is
M is the magnetizationH ., and H ; denote the external field lower within the cell boundary which gives rise to attractive
and the demagnetizing field, respectivels;. is anisotropy con- domain wall pinning. Durst and co-workers [17] derived the
stant, and: denotes the unit vector parallel to th@xis. When intrinsic magnetic properties of the cell matrix §@o, Fe)
the direction cosines of the magnetizatignare approximated and the cell boundary Sm(Co, Cu, Zr) from the analysis
by piecewise linear functions on the finite element mesh, tlié magnetization curves parallel and perpendicular to the
energy functional (1) reduces to an energy function with thlignment direction. The anisotropy constant of the cell matrix
nodal values of the direction cosines as unknowns. Its minimiza-about 2.6 times larger than the anisotropy constant of the
tion with respect to the direction cosines of the magnetizati@ell boundary phase. The exchange constant was assumed to
at the nodal points, subject to the constrdifit= .J,, provides be the same for both phases, because of similar values of the
an equilibrium distribution of the magnetization. To satisfy th€urie temperature. The exchange constant was derived from
constraint, the magnetization can be represented by polar cabe effective wall energy which was obtained from closure
dinates. The resulting algebraic minimization problem is solvetbmains of a Sm(Co, Fe, Cu, Zp magnet. The third set of
using a quasi-Newton conjugate gradient technique [13]. Conjperameters are used to model repulsive pinning. Herdsthe
gate gradient based method requires the energy and the gradiahte of the cell boundary phase is higher than that of the
of the energy to search for local minima. We follow a procedureatrix phase. In addition, Table | lists the Bloch parameter
described by Newell and co-workers [14] to evaluate the gradiy = (A/K;)*/?, which gives the minimum extension of
ents in polar coordinates. The demagnetizing filg follows magnetic inhomogenities.
from the magnetic scalar potential which is calculated using a
hybrid finite element/boundary technique [15]. C. Numerical Results

The pinning field was calculated as a function of the cell
boundary width for different intrinsic magnetic properties. The

Fig. 4 presents the finite element model of the cellular minitial state for the calculations is a two-domain state. The sub-
crostructure, consisting of 27 cells. The model takes into agequent minimization of (1) for increasing external field simu-
count the cell interior phase (A) and the cell boundary phakses the motion of the domain wall toward the cell boundary
(B) but neglects the platelet phase (C). The cells are divided ipibase. The external field is applied parallel to thaxis. With
tetrahedral finite elements. The total number of finite elemernitcreasing field, the domain with the magnetization parallel to
ranges from about 100.000—-200.000, depending on the cell sthe field direction grows. The domain will become pinned at the
In order to account for the magnetization transition near the dgrain boundary phase.
main walls, we use a so-called geometrical mesh [16]. The mestrig. 5 gives the pinning field as function of the cell
is gradually refined toward the cell boundary phase, reachindgpaundary width for the first two parameters sets in Table I.
mesh size comparable to the domain wall width near the c&éeping the composition of the magnet constant, the width
boundaries. of the cell boundary increases linearly with increasing cell

Table | summarizes the intrinsic magnetic properties ussite. The decrease of the maximum pinning field with in-
for the calculations. The first two sets of parameter we@easing temperature has to be attributed to the decrease of

B. Finite Element Model and Intrinsic Properties



SCHREFLet al: MODELING AND LIMITS OF ADVANCED HT-MAGNETS 3397

o= 1.8 MAm
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ifei = 1.4 MASm

Fig. 6. Calculated domain images at different applied fields for a cell size of
160 nm, a cell boundary width is 6 nm, afid = 300K. The grey scale plot
denotes magnetization components parallel ta-thais.

] Fig. 7. Interaction of a domain wall with the cellular structure. The 3D images
AK, = K{"a“‘”‘ — K{"’“"d“”y from AK; = 3.1 MJ/m? to  give the trace of the domain wall.

AK; = 2.2 MJ/m?. In order to obtain the maximum pinning

fields (2.4 MA/m at 300K and 1.6 MA/m at 400K), the cell

boundary width must exceed the domain wall widthg, of the Ho = 2.6 MAMm
cell boundary phase. The pinning field at 300K reaches onl o,
1-2 MA/m for a cell boundaries thickness of 3 nm and 6 nm, re S " =5
spectively. The domain wall forms a complex structure near th - =
cell boundary phase. Thus the calculated pining field depenc
on the 3D domain wall configuration which is not stray field
free, in addition to the wall energy difference between the twc
phases. Fig. 6 gives the calculated domain patterns for 300K
a slice plane parallel to the-axis for different applied fields.
As the external field is increased the wall breaks away fron
cell boundary phase. Depinning of the domain wall starts at th
corners of the cell boundary. The domain patterns of Fig. 6 ar. . -

only a two-dimensional representation of a three-dimensional

magnetization structure and are in agreement with the imagef 8. Trace of the domain wall &.... = 2.6 MA/min the case of repulsive
Fig. 3 obtained from Lorentz electron microscopy. According"""9:

to the complex cellular precipitation structure, the domain wall

is heavily bent. The depinning causes a further bowing of the IV. SUMMARY

domain wall. This process is illustrated in Fig. 7, which shows

the trace of the domain wall within the cellular microstructure A 3D finite element method was used to simulate domain
at different applied field. wall pinning in SmCg/Sm,Co;7 based permanent magnets.

Fina”y’ the pinning field Owing to repuisive pinning was Cai_The finite element model was built according to the cellular mi-

culated, using the parameter set 3 of Table I. The pinning figffostructure obtained from TEM investigations (Fig. 1). The nu-
was in the range from 2.1-2.6 MA/m for a thickness of the cdmerical results show a strong influence of the dimension of the
boundary phase of 6 nm and 10 nm, respectively. The tracet§il boundary phase on the coercive field, which significantly
the domain wall, depicted in Fig. 8 clearly, shows that the wdllcreases with the extension of the 1:5/7-type cell boundary
is pushed toward the cell boundary phase. As the wall enefgfy@se:

is higher within the cell boundary phase, the center of the wall « Exact precipitation structure parameters (controlled by
remains in the matrix phase. composition and processing) and the exact values of
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