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ABSTRACT

Structural faults and phase transformations in R?—Co nagnets are

17
studied using transmission electron microscopy. The magnetization
mechanism in & step aged Sm (Co, Pe, Cu, Zr) alloy is determined to be
by domain wall pinning in the 1:5 phase of the cellular microstructure.
Limitations of the electron meiallography technigue to study these mater-
ials are pointed out.
INTRO  TION

Properties of materials are structure-seasitive. Structure is in
turn determined by compositica, heat treatment ané processing. Fence, it
is necessary to characterize both structure end composition at tne higizst
leveis of resolution possible in order to uuéersiand materials bepavic.r.
Such characterization requires advanced and sopkisticated tachniques of

characterization using mi:roscopic, diffracticn amnd spectroscopic tech-

niques. For this, of course, electron microscopy is partlculariy versatile,

since we are now routinely synthesizing structures at atomic leveis .f
resolutions. The interaction between heat treatment and proper<izs is
complex, but this interaction must be understood if materials are tc be
improved or new materials designed.

In the case of rare earth-cobalt very hard magnets, the study of +he

microstructures has received considerable attertion (2-4) in the last feu

ISTRIBUTION DF THIS DRCUMENT IS 3HORITED

f



years and same progress has already been made in establishing micro-
structure-property relationships. Recent development of new heat
treatments and compositions (5,6) giving still higher magnetic energy
product ((_BHlmu) values hes necessitated further research to under-
stand the detailed microstructural features (phases) and the magnetization
reversal mechanisms in these materials and hence identify the microstruct-
ural features responsible for good megnetic properties.

In this paper, the results of an investigaticn of the microstructure
of Sm, (CO-Cu-Fe-Z.r)” alloy (especislly after step aging) using trans-
mission electron microscopy are presented. The study of defects and phaso
transformations ar. emphasized and the limitations of the present electron
analyt..cal techniques for further characterization of these materials, are
discussza.

STRUCTURAL DZFECTS

The various structures exhibited by R-Co megnets lizve aiready been
studied systematically and the possible magnetic significance of the
faults anc¢ polytypes in H2C°l7 conpounds have been éiscussed by Allen,

et ai. (7,3). Occurrence of the stacking fauits and polyiyves inm 2:17

alioys of (o sFe l.‘~1n N )17 Sm2 have been observed Dy Mishra and Thomas
. . »d
{4). Figure 1(a) shows an exampie of faults as thae boundaries Detween

hexagonal ano rhombonedral regiocns in this material which was preparecé by
sintering magneticelly aiigned peliets of (Coo.sl?eo.l.?'!nc)-l)l7 sz at 1135°¢.
The iuterfaces between the two nhases can be nade to go out of contrast

by tilting the sperimen in the microscope. The boundary can be described
as a fault in the rhombohedral structure with the fauit vector R = 1/3{000.}
normal to the bcundary. Such a fault can be shown to accommodate nonstoich-

iometry with excess Co atoms at the fault. The other type of faults found

in 2:17 magnets is showm in Pig. 1(b). These are nonconservative entipaase
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boundaries on the prism plenes with a displacement vector 1/k <1010> and
can be shown to accommodate nonstoichiometry. These faults extend through
the nmatrix naterial and hence no evidence of partial dislocations bounding
the faults have been found so far.

Such boundaries and feults may ereate regions of material with aniso—
tropy di’ferent freom that of the matrix. Stresses developed at the end
of such regions (Fig. 1(a)) due to different magnetrostrictive Lehaviour
can serve to assist the nuclieation of domains. Formation of large regions
or hexagonal material in the rhombohedrsl matrix can provide a similarc
cource Tor domain nucleation. The magnetizetion data confirm that, in
fact, in the=e materials, coercivity is controlled by domain nacleation (4).

PEASZ TRANSFOTMATIONS

Phase transfornations in 3-Co magnets are of primary importance, since
nearly ail the rare earth-ccbalt magnets with g~od magnetic properties
are multiphase alloys (1,3,7). Lowever, identification of variocus phases
that are present is generally not straight forward (10}, particularly for
the multicomponent n)loys that arc being deve.oped preseutly (). Idterai-
nation of the structure, chemical composition and magnetic domeiu benaviour
of the various phases in the material can be approached with electron
microscopy techniques. CElectron diffraction in conjunction witn dark field
techniques are essential for phase identificatiion whilst Lorentz microscopy
is very useful to study he magnetic domain pztiterns, and heace the nezi-
anism of hardening.

liere the microstructure of sintered (Co. lu, Fe. Zr‘L‘ Sme alloy
solution treated between 1100-1250CC and step terpered between 750°C to
hOOOC has been investigated. The ster aging heat treatment scheme is
described elsewhere (S). The microstructire of the step aged alloy after

aging at 400°C is shown in Figs. 2(a) and (b). Tie microstructure in
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Fig. 2(a) taken from a section of the aged materiai containing the c-axis
consists of a cellular microstructure (3) with cell interiors having a
2:17 structure and cell boundaries with & i:5 structure. The cells are
approximately 3003 in size and the cell walls are Lof in width, making

it difficult to determine the chemical composition of these phases using
the available STEM, Closely spaced stacking faults on the basal planes

are present in the cell interiors in Fig. 2(a) aad these faults generally
do not continue through the 1:5 phase at the boundary. In Pig. 2(b), taken
fror a section of the same magnet, normal to the c-axis, these faults are
not seen, The celil morphoiofy is not isotropic in this section, just as
that in Fig. 2(e) where cell walls are parallel to crystallographic planes.

The micrustructures from alloys step aged up to 600°C and 500°C (ref.
5) are similar to those shown in Figs. 2(a) and (b).

The magnetic domain walls are imaged by lorentz microscopy in Fig. 3
from a specimen of the aged ailoy, secticrned parallel to tne c-axis. The
domain wall is seen to bte wavy in nature and iies parsllel to t*e . -axis
(easy axi.). The Fresnel micrograph is taxen at a low megnificatisr and
large defocus of the objective leas and hence the microstriuctural features
cannot be seen directly. Hewever, careful cormparison of these images with
the focussed images shows that the wavy domain well im Fig. 3 follows the
cell boundaries. This is the case irf the boundary phase is magnetically
softer/harder than the cell interiors so that the domain valls are preferred
energetically to lie in the soft phase. The observations confiim the molel
of Livingston and Martin (3).

It can be concluded that the coercivity is controlled oy domain walli
motion and not by single damain particies in this magnet. The high coerciv-
ity is a result of the change= in the chemical composition between the two

phases during step tempering. This in turn affects the magnetic anisotropy



and exchange energy. Such an effect has been observed in Fe-Cr-Co wagnets
which is known to decompose spinodally (11,12). Upon step tempering the
spinodally decomposed Fe-Cr~Co alloys inside the miscibility gap, the
morphology of the microstructure remains almost unchanged, but changes in
the chemical composition of the phases take place {(12). It is suspected
that the initial phase separation in this R-Co system proceeds via a similar
mechanism where the two phases first separate out and any further step
aging only enhances the composition differences. It must be renarked here
that this analogy mey be a simple one and nay be the only possible analogy
between Fe-Cr-Co system and the RZCOIT system. Purther work i{n the char-
acterization of the microstructure produced during aging of the R-Co alloys
and the domain wall configurations in the partielly aged alloys is necessary
to discuss these points further, and is currently in progress.
DISCUSSIOKR

In the preceeding sections, the microstructural features as studied
using transmission electron microscopy nave been characterized. However,
several key questions remain unanswered even now, and tpese are due to the
iimitations in the technigues used (13). 1In Pig. 1{e) the bourdary ser-
arating the two phases of 2:1T material is curved at A, although the
displacement vector Is the same there as at the straight regions of the
boundary. High resolution imaging of (001) lsttice “ringes can be used to
study the nature o this curved interface. Also, it is conmcluded that,
near this boundary as well as neer the antiphase boundary of Fig. 1i(b),
excess amounts of Co atoms are present, and tke faults accommodate this
nonstoichiometry. Since the electron scattering powers of F gtoms and Co
atoms differ significantly, atomic resolution microscopy should be abie
to provide direct experimental evidence but this will require instruments

with hetter that 28 resolution. At present the best reported is 2.28 (14-17).



In the case of the phase transformation studies, the nature of the inter-
face between the 1:5 phase and 2:17 phase can be examined using lattice
imaging at 2.58 which is now possitle. Polytypism (4) in these alloys

can also be studied at lattice regolution to invesatigate the regions

vhere the anisotropy is altered due tc nonstoichiometry, thereby aflectirg
the domain wali properties.

Although current efforts are being devoted to these latter projects,
obtaining high resolution imajes from these very hard nmagnetic materials
is difficalt. The megnetic field of the saterial alters the focussing
conditions of the cbjective lens by interacting with the magnetic fielé
of the pole piece. Our attempts to obtaian lattice fringe images from ion
thinned specimens using the Siemens 102 electron microscome ieve ieen
unsuccessful solely due to the difficulties associated with tue altered
focussing conditions. This problem may Le overcome by using highk voltage
nigh resolution nicroscopes with stirong cbjective lerses and higher energy
eclectrons. Such an instrume.x will be availeble at Berkeley in 1980.

A fundements]l understanding of ti:e magretization mechanisms aril
mecheniems of the interaction of the domeir well with the defects/zhases
reqguire nigh resolution studies of the microstiructure as well as the domein
wall structure. The domain walls in these very hard magnets wiil not te
alffected vy the stronger magnetic field in high voliage microscopes, and
in fect, with less defocusing necessary to image domoins from thice spec-
imens, one may be able to Study the interaction tetween the domair walls
and the microstructure directly, provided the essential resolution is also
achieved.

As can be seen from the previous section, characterization of the
chemical composition of tke 1:;5 phase and 2:17 phase accurately is

essential to understand the contributing fmctors to high coercivity in the
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newly developeé magnets. EDAX in the STEM is linited by the small regions
of 1:5 phase to be examinel. Difficulties associated with the lattice
fringe imaging make it impossible to derive the approximate comphraitions
from local lattice parameter measurements also. lHigh resolution chemical
microasnalysis in STEM mmust be developed to obtain chemical composition from
30-503 regions to characterize the 1:5 phase,
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Fig. 1(a).

Pig. 1{b).

Fig. 2(a).

Fig. 2(b).

Fig. 3.
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PICCEES

BF micrograph taken from a sinteres dm; (Coo.sMoo.17ea.1)12
sample sectioned psrsl.el to the c-axis showing regicns of
hexagonal 2:17 phase (B) ia the rhombobedral 2:17 matrix.

The bouniary between the plases caa be described by a 1/3
<0001> fault, vhich is not strsight on a sacroscopic scale.
(Speciner courtesy of D. Fry of General Motora Lat, Michigan).
B.F. image or ¢ faults in rhombobedral 2:17 pha=e with fault
vector il = 1/ <1070>. (Specimen crartesy of D. Fry of Goneral
Motors Lab, Michizan).

BF irege of a step aged Smy (Cu-Fe-Uo-Zr),7 allay, sectioned
parallel to the c-axis (easy axis) shoving the celiular micro-
struc.sre. The cell interior (I) has the 2:17 structure and
the cell boundary C has the 1:5 structure. The cell inveriors
arz heavily faulted (P) on (0001) planes.

Same as (a), from the alloy secticaed norzal to the c-axis.
The celli iateriors are not faulted. The cell boundaries are
aligned crystallographically.

Fresnel ricrograph fraz a step aged 5m; (Co~Cu-Fe-Zr);s alloy
showing the dozsin walls in an orer focussed comditiom. Sote
the wavy nature of the domaim wall AB which tries tc remais

near the i:5 phase preferentially.
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Fia. 1(b)
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