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Abstract

Samples of Sm2Cal7-1ype magnets with difter-
ent coercivily and quenching rate were studied by
transmission electron microscopy. Microstructure of
Sm,Co, -type magnets is described. The high coer-
civity samples showed a well developed cellular mi-
crostructure with thick Sm(Co,Cu}, walls. The hex-
agonal platelet phase runs as long straight lines cross-
ing the cell walls. The low coercivity sample showed
a chaotic precipitation of the Sm(Co.Cu), phase while
the hexagonal platelet phase are more densely packed
and runs as short straight lines in the TEM micro-
eraphs. Quantitative measurement of platelet density
and cell size were made and correlated with the coer-
cive field value.

1 - Introduccion

Sm.Co,, type magnets still hold the best magnetic prop-
erties at elevated temperature due to the tow Curie tempera-
wre of Nd,Fe B magnets and the low spontancous magneti-
zation of the SmCoS magnet [1]. In spite of the extensive
literature in Sm,Co,, magnets. renewed interest has emerged
due 10 its applications in clectric vebicles and in the defense
sector J1 ). In al) this cases, the high temperature magnetic
behavior of this magnet is the main area of focus.

The high temperature magnetic behavior of Sm Co , is
still not well understood. Tellez et. al {21 has proposed a
nucleation driven mechanism for the coercivity mechanism
at elevated temperatures 0 commercial Sm (Co,Fe, CuZr),,
magnels, while 1.F.Liu et. al observed a easy domain wall
mavement at low applied fields followed by pinning at higher
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tields [3 ). Also there has been in the recent literature sotne
controversy over the exact role of the hexagonal platelet
phase, also known as Z-phasg, in the coercivity of the
Sm Co , magnet. While it has becn generally assumed that
the platelet phase acts primarily as diffusion paths modify-
ing the phase ordering in the magnet {4, it hus been argued
that the intersection of the Z-phase with the 1:5 cell wall
could act as pinning sites {5 | with a decisive contnbution to
cacrcivity. On the other hand Skomski. following
micromagnetic calculations, has argued (hat We Z-phase does
nol contribute significantly 1o the pinning mechanism re-
sponsible for the measured high coercivity value {61].

In this papes we present an glectron microscopy study of
lwo type of samples of Sm,(Co.Fe,Cu,Zr),, magnet. The
sumples underwent the same heat treatment but were cooled
at two different quenching rates resulting in different coer-
civity values. First the experimental procedure wifl be de-
scribed, followed with a short description of the microstruc-
ture observed in Sm,Co -type magnets. Finally the micro-
structure ¢of both types of samples will be studied and is
implication on the observed magnetic properties will be dis-
cussed.

2 - Materials and Methods

Two sampies of commercial sz(Co.Fe.Cu.Zr)” were
studied. both underwent sintering at 1180° C and
sulutionizing treatment at 1150° C but with ditferem quench-
ing rates. As a result of the different cooling rate, ihe slowly
quenched samples showed a rather low coercivity, while the
rapidly quenched samples exhibic a farge coercive field value.
Table I summarizes the magnetic propertes of the analyzed
samples.

Al samples were ground, polished and finally thinned
in a ion mill @t SkV  obtain electron transparency. The



samples were observed in i JEEOL 200 CX analylical trans-
mission electron microscope (TEM) equipped with an en-
ergy dispetsive microanalysis system,.

3 - Results and discussion

Microstructure of Sm Co, -typc magrnets.

Due 0 its comparatively low magnetocrystalline anisot-
ropy (K1 ~ 3100 kA/m). pure Sm,Co , magnets does not
develop a lagh coercivity value [2]. In order 1o obtain the
required cocrcive field value needed to achieve high density
energy products, a composition containing Fe, Cu and Zr
besides Sm and Co is used usually with a composition around
SmCo, . Fe,.,Cuy Zr ), ,. While T'e is mainly added to
ncresse Spantaneous m.agnclizulion its amount is fimited
by (he fact that Sm Fe | exhibits an casy plane anisotropy
11]. Cuand Zr, 0n the other hand. are essential for develop-
ing. after a lengthy heat treatment, a complex microsiruc-
wre respansible of the high coercivity values in a pinning
driven magnet.

The main phases in the Sm,Co, -type magnels is the
sm,Co , rhombohedral phase (SG: R3m, a=8.395 nm
c=12.216 nm, structure type: Th.Zn ). The low solubslity
of Cu iu the Sm Co ,-R matrix ph ise induces the precipita-
tion of SmCo, (he\:lvonal. SG: Po/mmm, a=5.002 nmm
¢=3.964 nm. structure type: CaCu,) enriched in Cu. Zr is
believed to favor the occurrence of stacking faults in the
basal plane of the Sm.Co, -R phase, resulting in the forma-
ton of a unit cell high, hexagonal Sm,Co , platelet phase
{hexagonal, SG: Ph3/mmc. a=8.360 nm ¢=8.55 nn1. struc-
wre type: Th,Ni ) which is also known as Z-phase {5].

11 is believed that the Zr enriched platelet phase acts as
ditfusion path for Cu, this results in the coherent precipita-
tion of the Sm(Co.Cu), phase forming & maze ol 1deally
rhombohedral cells as Figure 1a shows. Figure 1his ascheme
of an ideal rhombohedral cell showing the different phases
and itg crystablographic relation.

The perfect individuil celis when observed by TEM with
the c-axis in the plane of the sumple, shows a characieristic
rhombic geometry (Figare 24). The same cells when ob-
served in a planc perpendicular (o the c-axis, can exhibi
two geometry depending on the sectional cut uf (he rhom-
bohedral cell. 1T the section corresponds 1o a plane near the
apex of the cell. a wiangular cecometry will result (Figure
2bj. otherwise un hexagonal geomewy will be observed (Fig-
ure 2¢j.

As atready mentioned the occurrence of stacking faults
0 the busal plane of the Sm Co ,-R phase results in, a unit
cell heieht. Sm,Co ,-H platelet phase. The difference be-
tween the Sm,Co . rhombohedral and hexageonal structure
ix a different stacking sequence of the same struciural Jayer
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unit {7 1. Stacking faultresults in a iocal hexagonal sequence.
Planar faulting can occur with and without twining. Figure
3a and b shows the occurrence of both 'ype of faulting.
Twinning can readily be seen as a change of contrast across
the platelet phase. The platelet Z-phase can be seen running
through the Sm(Ca,Cu), cell wull phase (figure 3b). Figure
4 shows the [1211] zone axis, electron diffraction pattern
with extra spots due to described twinning, figure 4b is an
enlarged view of the same diffraction patiern showing the
indexed reflections corresponding to the S Co,,-R matrix
and the extra twin spols.

SmCoy structure is also closely related to the Sm Co .
phases. SmCo results from the substitution of a pair of s0
called Co- dumbbr.!ls. by a Sm atom in the Sm,Co , phises
[8]. Sm(Cu.Cu), precipitates oriented with n_spcct o the
Sm,Co -R phase such that it minimize the strain between
both phases, the orientation relationship was found by clec-
reon diffraction 10 be

(0001), || (00O, 11100]

in agreement with previous studies (8 ].

MR 13 IIIQOIIE

Microstructure of different quenched samples

Real Sm,Co _-type magnets do not exhibit a perfect cell
structure. Frequent disruption of cell wall and ather impes-
fections are also observed which are usually related with
the magnetic propertics of the sample.

Rapidly quenched sumple exhibits high coercivity vai-
nes and correspondingly. the microstructure of figure 5a
shows u well-defined cell structure with a rather thick celt
wall and a long platelet phase running (hrough the micro-
graph. When seenin a plane perpendicular to the c-axis (fig-
ure Sb) the microstructure of the same sampie exhibits a
maze of calls, The accommodation of stress results also in
the bending of the cell walls and the deformation of the rhom-
bohedral cell structure. This is particularly evident when the
microstructure is seen perpendicular to the c-axis. Cell size
measured along and perpendicular 10 the ¢-sxis gave a aver-
age value of 200 nm and 112 nm, respectively. The optical
microeraph of figure 6 shows thut precipitation oceurs ho-
mogeneously over all the sample.

The slowly quenched samples show a difterent micro-
structure (tigure 7) The precipuanon of the Sm(Co.Cu),
occurs chaotically without forming any defined gcometri-
cal steucture us seen m fisure 7a. The Z-phase is seen more
densely packed torming short segments. Cell size was mea-
sured in regions with a slightly more defined struciure in
the $3 sample. the measurement along and perpendicular (o
the c-axis gave a average value of 174 nm angd 76 nm. ye-
spectively. S4 showed such disrupted microstructure that
cells could not be defined yet measured. When observed in
a plane perpendicular to the c-axis (ficure 7b), the cellular
structure againas smaller and size and less well defined.
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Platelet density was measured in both types of samples.
For the ST and S2 sample an average value of 45 mm™ was
obiained, while for the §3 and S4 samples and average value
of 63 mm' was measured.

In figure § the behavior of jHe vs. platelet density is
shown together with a section for both good coercive field
samples and bad coercive field samples, the micrographs
clearly shows that platelet density in 83 is higher thanin S1.
Platelets phase in the bad coercivity sample (83). exhibit
shorter segments than in the S1 sample. The measurement

confirms that as the platelet density increases a decrease of

coercivity is found,

In the slowly quenched sample a higher density ol plate-
let phase is found. Platelets are forming short segments which
can be seen frequently intersecting Sm(Co,Cuj, precipitites
in the Sm,Co,,-R matrix. In spite of the occurrence of both
Z-phase and the described intersection the pinning mecha-
nism in this samples proved to be insulficient io attan high
coercive lield values.

Although there 1s a relation between the platelet density
and the coercivity in our samples it 1s by no means an easy
task to separate the contnibution ol the platelet phase, on
one hund. o the development of the cell structure and on
the other. to the magnetic behavior, If the occurrence of a
higher density of faulting leads to a chaotic precipitation of
smiCo,Cu), phase without formation of cell structure, high
voercivity values are not aitned. Qur microstructural stud-
1es tend 1o sugzest that 1s the cell structure who plays o
relevant role in ike pinning mechamism of the Sm Ca, _-type
magnet, [n order 1o understand the magneue role ol the plate-
let Z-phase more relinble measurements of the magnetic
parameters of such phase wrz needed. From the microstrue-
tral peint of view, TEM studies of the exact nature ol the
intersection of the platelet phase and the Sm{Co.Cu), phase
has 1o he made. '
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Samples s1 52 S3 5S4
(BH)_, [kd/m?| 214 214 206 182 |
JH_ (k) 1600  >1B00 750 420

Js [T] 1.09 1.10 1.1 1.12 |

Tabla1: Magnetic propenties of the samplas affer heat lreatment,
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Figure 1. (a) 2D model of the ideal microstructure of the Sm,Co, -lype magnel (b) ldeal rhombohedral cell.
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Figure 2 Profection of the rshompohedral cell when observed in TEM under thfferent dicaclions and sectionas cuts. (a) c-axis in the plane of the

miccograpn. b} c-axis perpendicular o the plane of the micrograpn, sechonal cut near the apex of the rhombohedral cell, (¢) sectional cut through
the middle of the rhombohedral coll.

Figure 3. Planar faulling and winning in the basal
plane of the Sm,Co,,-R malrix. Stacking faults are
seen as siraighl lines forming the hexagonal platelet
phase 8m.Co, -H {Z-phase). When stacking faulls are
accompanied by twinning it can bg soen as a change
of contrast through the platelet phase. In (b) the
hexagonal Z-phase can be seen running across the
Sm{Co.Cu), celf wall.

Atwinin
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Figure 4 Eleciron difraction paitern [1211] Zone axis with extra spots due (o lwianing and double dilfraction. (b) Enlarged view of the aiffracuon
pattern. ad corresponas to couble diffraction reflections while WwinR corresponds 10 twinning extra reflactions. R and H are rhombaohedral and
hexagonal reflechon, respectively.

Figure 5. Microstructure ol high coercivity Sisample (a) Thick
Sm(Co.Cu). cell walls are seen with the platele! phase as Jong
straight hnes crossing the celf walls. The microstructure has a weail-
defined call structure. (b) Sample seen perpendicular (o the c-axis.
Maze of cclfs can be seen with average size ol 112 nm. S2 showed
simifar microsiructure.
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Figure 7. Microstructure of low coercivity 83 sample. (a) Random
precipitation of the Sm{Ce,Cu), phase can be seen. No ¢ “flular
structure can be definad. Z-phase runs as short platelets densely
distributed over the micrograph (b) When seen in a plane perpen-
dicuiar to the c-axis, the cell structure is smaller in size and less well
defined than in the high coercivity samples.
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Figure 6 Optical micrograph of high coeraivity
S1 sample Precigitation inside the Sm.Co, -R
grains can be seen. Preciplation occurs
throughout the sample S2 shawed a similar
behavior
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Figura 8. H, versus plateiet densuy. (aj High coercivity semple ST showing long straght lines corresponding to the hexagonal
platelet p/)ase. in the low coercivity sample 53 the plalelet phase (s seen as shornter segments more densely packed.
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