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ABSTRACT
An experimental investigation of the microstructures of

precipitation—hardening samarium—cobalt based magnets has been

undertaken in order to determine the nature of the



microstructural features critical for the development of high
intrinsic coercivity in these permanent magnet alloys. In alloys
aged near peak coercivity, three microstructural features are
commonly observed. The bulk of the material consists of a
modulated structure of twinned rhombohedral Smé[CoCquZr]17 with
thin layers of hexagonal Sm(CoCuFeZrlg developed on the six
crystallographically equivalent pyramid planes. A Zr-rich phase
having a structure related to that of SmCog forms as thin,
coherent plates on the basal planes of the modulated structure.
The modulated structure results from precipitation of 1:5 from
supersaturated solution in 2:17; this precipitation reaction |

occurs. coricurrently with an allotropic transformation of the

parent'2:17 phase. The thin plates nucleate at interfaces in the

modulated structure and grow by a Zr diffusion Limited dis-
location mechanism. Aging these alloys at temperatures high
enough for diffusion of Sm through the lattice results in
coarsening of the modulations. In order to develop the coer—
civity, a low temperature aging process must be performed to

allow Cu and Fe to partition into the Sm[CoCuFle]5 and the

Sm2[CoCuFle]17 phases, respectively. This increases the differ—

ences in their respective magnetic domain wall energies, jn-
creasing the barrier to domain wall propagation, resulting in
higher intrinsic coercivity. Thus, the results of this investi-
gation imply that high intrinsic coercivity in two-phase SmCo
based permanent magnet alloys will occur if the microstructure
consists of a continuous, coherent two—phase dispersion with

maximal chemical differentiation between the two phases.

vi



INTRODUCTION

This thesis presents the results of an experimental investi-
gation of the physical metallurgy of samarium—cobalt based per-
manent_magﬁet atloys. SmCo'magnets consist of a coherent dis-
persion of two crystallographiéally similar intermetallic com-
~ pounds, both of which are honcubic, ferromagnetic, and highly
anisotropic. The maximum maénetic coercivity of these alloys is
limited by the ease of irreversible migration of ferromagnetic
..domain wallé through tﬁe dispersion of the two intermetallic
phases. The ease of migratjon in turn depends on the sizes,
shapes, and overall distribution of the two phases. A fine—scale,
coherent distribution of the two phases arises naturally as the |
result of phase transformations specific to the system. Thus,
magnetic coercivity in this system depends most directly on those
factors which influence growth patterns and the resulting sizes
and shapes of the two phases, but less directly on the phase
transformétion which influence the distribution of the two
phases.

Interest in samarium~cobalt alloys arises primarily ffom
their outstanding permanent magnet characteristics. For the two—
phase magnets consideréd in this investigation, energy product
[(BH)yax] values exceeding 30 MGOe [1] have been obtained; the
carresponding value for Alnico type magnets is approximately 8.5

MGOe [2]. Thus, for equal volumes of material, the SmCo magnet



stores 3.5 times as much energy in its magnetic fields. Tech-
nological interest and applications follow immmediately from this
fact. |

SmCo magnets represent an unusual metallurgical system;
they are composed completely of intermetallic compounds. This is
in contrast with the more conventional Metallurgical systems
which consist almost entirely of terminal solid solutions. The
useful SmCo phases are noncubic and highly anisotropic; the .
resultant easy axis of magnetization is fundamental to the hard
magnetic characteristics. Phase transformations in this system
also have a directional character; substitutions and shear
mechanisms are confined to a single crystallographic plane.: Thus,
SmCo is a member of an unconventional, and therefore poorly
understood area of metallurgy; scientific interest in this
system dgrives from that fact.

Rare earth—cobalt magnet science and technology has gen—
erally been approached in one of two ways. Indusfrial research
and development has followed a largely trial-and-error approach,
varying compositions and thermal treatments, always building on
previous successes. This has led to many advances as the alloys
have become increasingly compléx; magnets having optimal [BH]MAX
now are commonly four— or five—component systems composed of 2 or »
more phases. On the other hand, academic labs have generslly
followed the practice of synthesizing individual'intermetallic
compounds and recording the response of their magnetic parameters
to variations in the levels of ternary substituents. Of particular

interest is the development of magnetic anisotropy and how it is



influenced by lattice substitutions. The literature contains a
great deal of information [3] about anisotropy and other
characteristics of rafa earth—cobalt based intermetallics with
very few reports of wﬁich phases and compositions actually occur
in useful magnets.

This investigation has followed an intermediéte course,
studying the interactions of phages and components in an in-—
dustrial magnet system, remaining cognizant of the effects of
composition on the properties of the individual intermeiallic.
phases. The results of this investigation should serve to recon-
cile the somewhat disparate aspects of the same matafials system.
Rare earth-cobalt magnets are here treated as an interesting, if
unponventional, metallurgical system.

This thesis itself is arranged following the pattern taken . .
by the actual laboratory investigations. Rare earth permanent
magnets are a mature technology, involving in practice, multi-
compnneht, multiphase alloys and sophisticated thermal pro-
cessing. A section of the introductory material involves a

literature review of rare earth—cobalt crystallography and tech-

' nology; this should serve to introduce the reader to the problem,

establish the properties and crystallography-of the various

intafmetallics, and in so doing, motivate the research reported in

the later sections. The experimental results describe the micro-

structure and magnetic properties, especially intrinsic coer-
civity, and their response to thermal aging. The roles of the
various components in the two— or three-phase structures are

delineated; the magnetic coercivity is interpreted in terms of



the interaction of domain walls with the polyphase structures.
The final area of experimental work establishes the nature of the
phase transformations which are responsible for the useful,
uniform, two—phase dispersion. The results of this investigation
are strictly valid for these alloys and these phases, but similar N
transformation products are observed in related alloys; the re— |
. sults are probably more general - they have.direct implications «
for technolog{cal advancement.
At this point, it is appropriate to add a few.words about

the scope and‘limitations of this thesis. First of atl,
samarium—cobalt is not a substance one would Llikely choqse for a
.. study of fundamental metallurgical phenomenon; one normally would
choose a simpler, more familiar, easier-to-work-with system.
SmCo is a technological systgm; while it exhibfts phenomena of
scientific interest, the motivation for study is essentially

practical. This is reflected in this work; the results sought
and bepdrted here are the broad, if somewhat coarse, patterns of
microstructure and phase transformations of an alloy system.
Specifics, such as accurate values of kinetic data, lattice
parameters, or even exact transformation temperatures for in-—

dividual alloys will not appear here; these composition—dependent #
.parameters may be important in actual production of specific
alloys, but they are not necessary for an understanding of the
overall behavior. Furthermore, the complexity of the alloys and
their felative unfamiliarity preclude measurement of such data.
However, one can and should be fairly detailed about crystallo-

graphy; the patterns of microstructural development are fun—



damentally constrained by the crystal lattices. The
crystallography is common to a wider class of alloys; if is the
commonalities in crystailography which supports the idea that the
: resultsvreported here are somewhat mdre»generél. Finally, even
though these are magnetic alloys, no attempt will be made to
tutor the reader on the physics of magnetish. A common knowledge .
of magnetism and the technical hystéresis‘loqp wiit be assumed

throughout.

Bac und Material.

It i# the purpose of this.section to introduce the reader,
especially.the‘technically—trained non—expert, to the subject of
rare earth—cobalt permanent magnets. This is a subject which
seems to involve many terms and concepts only rarely encountered
elsewhere, if at all. For gxample, such terms as ﬁdumbbell
sites" or "rhombohedral two-seventeen" are not in the lexicons 6f
the average metallurgist even though they ére conceptually simple
and basic to the present discussion. This presents special
problems in prasentation as these terms and others have to be
redefinéd for each audience. Forfunataly, in a tract of this
magnitude, it is possible to take time to carefully introduce all
the concepts so that subsequent discussion may proéeed unhindered
and with a minimum of confusion. It is hoped that this section
will serve this purpose.

Many aspects of rare earth—-cobalt science and technology



have been reviewed in the literature. The reader is urged to
consult reviews by Gupta [4] on phase relationships, Wallace and
Narasimhan [3] on magnetic properties and Asti and Deriu [5] and
Wallace et al. [6] on magnetocrystalline anisotropy for a more nearly
complete treatment. It is the purpose of this section to intro;-
duce the concepts; complete details will not appear here;

>This section will be arranged in what seems to be a logical
sequence, from general principles of rare earth—transition metal
systems to specifics of practical magnet alloys. The first
section will introduce the reader to the rare earth—transition
metal intermetallic compounds and phase diagrams. Several phases
occur in many RE-TM biharies.which are important. for permanent
magnet applications; tﬁeir structures and crystallography will be
briefly outlined. The rationale for cOnéidering SmCog and
Sm20017 as permanent magnets will appear, followed by a brief
discussion of the effects of ternary additions to SmCog and
SmoCoq7 on their magnetocrystalline anisotropy. Practiﬁal per-
manent magnets are structure—dependent; the final segment will
give a literatﬁre review of microstructural studies of practical

permanent magnets.

Bare Earth-Transition Metal Phases. Rare earth—cobalt mag- *

nets are formed of combinations of intermetallic compounds of

Ly

stoichiometry (REJ(TM)g ™ (denoted 1:5]f or (RE),(TM)45 (denoted
2:17) [In this thesis, ™:5" and "2:17" will be used to denote
intermetallics having these ratios of their rare earth to transi-

tion metal sites. That is, this form will be used in a general
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sense to refer to simple binary compounds such as Sm20017, as
well as more complicated phases involving substitutions of rare
earths, transition metals, or both. For example, Sm2[CoCuFel17.

(SmGd)5Co45, and (SmNd)5(CoCuZrly, could all be special cases of

~ "2:17". Conversely, "SmCog" should be taken to mean binary

samarium-cobalt5] Here RE denotes one or more rare earth elements
and TM denotes one or more transition metals of (usually] the
first period of the periodic table viz. Cr, Mn, Fe... These two
phases occur in the majority qf the RE-TM binary systems. [2,4]

They are crystallographically similar; one might think of 2:17 as

- an ordered substitution on the 1:5 lattice. This leads to exten-

_sive mutual solid solubility which has important consequences for

alloy and microstructure formation. Of somewhat lLesser impor-—

‘tance are two more closely related intermetallic compounds of

stoichiometry (RE)J5(TM), and (REJ(TM]j. Maﬁy of these phases,
especially those containing Fe, Co, or Ni are magnetically
ordered at low temperatures. The large magnetocrystalline aniso—
tropy of some of these noncubic phases provides the basis for
their use as permanent magnets.

Of all the RE-TM binary systems, the SmCo systém is the most
important. Figure 1 reproduces a published binary SmCo phase
diagram.[4] It is typical of many RE-TM systems having several
intermetallic compounds and a cascade of peritectics near the Co-
rich end of the diagram. The phases of primary interest for
magnéts are Sm20017, SmCoS, Sm2807, and SmCog. Of particular
interest here is the large region of mutual solid solubility at

high temperatures for the 1:5 and 2:17 phases. Note also that



the 1:5 phase is believed.to decompose into 2:17 and 2:7 phases
below 750 °C by a eutectoid reaction. Thfs transformation is not
well documented as the kinetics seem to be very slow. Many com—
mercial magnets are made from binary SmCog; although technically
metastable, it is possible to retain this phase at typical opera-
ting temperatures. |

Significantly, the 1:5 phase does not occur in the SmFe
system, although this binary, shown in Figure 2, is similar in
general appearance to the SmCo system [2]. 1:5 phases are,
however, common to the RECu, RENi, and RECo systems.

For phases of 2:17, 1:5, 2:7, and 1:3 stoichiometries,
trivalent rare earth elements can generally be freely substituted
for each other without majof changes in phase stability. This
would be expected from the similarity of the phase diagrams.

(See, for example Nesbitt and Wernick [2]].

Crystalloaraphy. All the phases of interest here are
crystallographically related to the RECog structure. A perspec-
tive view of the conventional unit cell of this structure appears
in Figure 3. The lattice is primitive hexagonal (P6/mmm) and the
crystal structure, commonly referred to as CaCug type (Dad]
consists of one formula unit per primitive cell (three formula
units per conventional cell). This is a layered structure;
planes of RE and Co atoms alternate with planes containing only
Co atoms. The RE atoms have the configuration of atoms in a

close—packed plane but with Co atoms at intermediate positions
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{ 1/3<1070>). The configurastion of atoms in the Cq planes is
similar to that of atoms in the close-packed planes of fcc or hcp
mefals, except for periodic absences. (See Figure 6, lower half.)
In order to obtain 2:17 stoichiometry, one third of the RE
atoms must be removed and replaced by pairs of Co atoms. These
Co atom bairs are aligned along the chystallographic c—axis; they
are commonly referred to as "dumbbell" sites. These sites are
normally ordered in one of two different patterns giving rise to
two commonly observed forms of the 2:17 phases. The hexagonal

2:17 (H2:17} and rhombohedral 2:17 (R2:17) structures are depic—

_ ted in Figures 4 and 5. H2:17 (P63/mmc, ThoNis7 prototype struc—

ture) consists of ...ABABAB... stacking of the mixed planes along
[0001]. The mixed planes of the R2:17 (R3m, ThoZn4; prototype
structure) are arranged in an ...ABCABCABC... type stacking
sequence. As implied by the stacking sequences, the c—axis para—
meter of H2:17 is approximately twice that of the 1:5 phase; in
the case of R2:17, the c-axis approximately triples. Heavy rare
earth (atomic #264 = Gd) 2:17 coﬁpounds are found primarily in
the H2:17 form; light rare earths, in the R2:17 form. SmoCoq5
has been reported to take the A2:17 form, but rapid quenching
techniques can retain the H2:17 form. There is some evidence
[7,8] that the stable form of SmoCo47 at high temperature (T_
>1250°C] is the H2:17 form. A brief summary of useful data for
binary SmCo 1:5, H2:17, and R2:17 phases appears in Table 1.
While the crystal structures of the two 2:17 forms as de-

picted in perspective drawings such as Figures 4 and 5 seem

complicated and somewhat formidable, these structures in fact
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have a close analogy with common hcp and fcc crystal structures.
Within a given mixed plane, the dumbbell sites are in the same
configuration as atoms are in the ciose—packed planes of hcp and
fcc metals; the dumbbell sites have six—fold in—-plane symmetry
and coordination (Figure 6). Just as it is only a change in
stacking sequence of atom planes which converts fcc to hep

. {...ABCABCABC... stacking transforms to ...ABABABAB... stacking],
so:it is only a change invstacking sequence of dumbbell sites
which distinguishes R2:17 from H2:17. Just as large numbers of
polytypic structures can be generated by more elaborate stackings
of atomic close-packed planes, so it is conceivable that 2:17
__stoichiometry can be re;ained:in a large number of different
structures corresponding to eléborate stackings of dumbbell
sites. In terms of Raﬁsdell‘s-[S] notation for polytypes, R2:17
and H2:17 would be denoted 1R and 2H respectively; the same can
be said for fcc and hcp structures. Figures 7 and 8 schematically
depict the 1:5, R2:17, and H2:17 structures as well as several
other polytypes. Because of the close analogy between fcc and
hcp and R2:17 and H2:17, many of the concepts of stacking faults
and fcc (rhombohedral)l twinning are directly applicable to the
2:17 phases._ This analogy does break down due to the fadt that
there are atomic positions between the dumbbell sites within the
mixed planes and layers of Co sites between the mixed planes.
This, in principle, allows the possibility of ...AAA... stacking
(or, at Least, ...AA.. type faultingl), although it has never been
observed.

The RCog and RoCo; phases are also structurally related to
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the RECog phase. [10,11] If a RE atom replaces a Co atom in the
mixed plane.for every third layer of the 1:5 structure, the 2:7
stoichiometry results; if the substitution occurs evefy second
layer, the compositfon shifts to 1:3 stoichiometry. Since the RE
atom is too large for this site, the adjacent RE atoms are dis—
placed slightly along the c—axis to accommodaté it. The vacan—
cies in the Co layers likewise shift to give the necessary
volume. Here also, relative positions of the substitutions can
produce various polytypes, the simplest cases having hexagonal
(2H, PE3/mmc) or rhombohedral (1R, R3m) symmetry. Figures 9, 10,
11, and 12 give schematic drawings of these structures. Many
concepts derived from stackings of 6lose—packed planes can also
be applied to these structures. Both binary SmCoj (1:3) and
SmoCoy (2:7) have been reported to have rhombohedral symmetry
with -2.4 nm (6{0.4nm}) and -~3.6 nm (8{0.4nm}) c-axis repeats,
respectively [10,11].

In some RECo systems, at least one phase of composition
between.2:7 and 1:5 is known to exist.[12] This 5:19 phase can
be formed from the 1:5 phase by substitutions of a RE atom for a
Co atom ever& four mixed planes. Rhombohedral and hexagonal forms
are conceivable; their c-axis parameters would be approximately
4.8 and 3.2 nm, respectively. Thus, the 1:2, 1:3, 2:7, and 5:19
form a éequence of stfuctures having successively larger unit
cells; Khan [13] has described such a sequence iﬁ terms of the

following fdrmula:

RE(TM],; x={5n+4}/(n+2)
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Members of this sequence with n>é would lie between 5:18 and 1:5;
in fact 1:5 can be thought of as the limitinglstructure for n
infinite. No 5:18 phase has been reported in the SmCo system; it
is not known what stabilizes such structures and why they appear
in some systems and not in others.

The structures having RE content greater than the 1:5 com-
pounds have been shown to crystallize in structures following a
simple sequence; it has never been documented, but a similar
sequence is conceivable for RE concentrations less than the 1:5
phases. Replacement of RE atoms with pairs of Co atoms at every
third position generates 2:17 from 1:5. A similar replacement
every sixth pqsitioh would generate 5:32 stoichiometry; it could
take on a variety of hexagonal and rhﬁmbohedral structures. -The
extension to 8:47, 11:62...RE(TM],, x=(15n+2)/(3n-1] is obvious.
n infinite again éorresponds to the 1:5 phase. None of these
hypothetical structures have been documented; theSe compositions
are only known to exist through point defects in the 1:5 and 2:17
compositions.

The reciprocal structure of 1:5 is also primitive hexagonal;
it is depicted along with the corresponding reciprocal structures
.for the perfect 2:17 structures in Figures 13 and 14. A schematic
drawing of the reciprocal structure for the rhombohedral form of
the 1:3 phase appears in Figure 15.

Sinée all the above'phases are structurally related, it is
possible for various combinations of them to occur coherently

within a single crystal with very Little mismatch. As noted in



13

Figures 4 and 5, the 2:17 unit cells are conventionally defined

- such that:

[1120]4,5 // (10701547

This is the usual hexagonal-rhombohedral orientation relation—

ship; the apparent rotation of coordinates is only a consequence

of choosing unit cells of highest symmetry. On the other hand,

the 1:3 and 2:7 phases are related to the 1:5 directly:
[1070),,s // 10701, // (1070144

(0001)4,5 // (0001)p,, // (0001)4.4

Even though these phases have identical space groups as the 2:17
phases, lattice parametar changes dictate this lack of rotation.
Because of this fact, the two situations can be disfinguished
when they occur coherently with the 1:5 phass.

The 2:17 phases are, at least conceptually, ordered forms of
the 1:5 phase; the usual group theoretical relations [14] regard-
ing the number of ordered variants are applicable. The 1:5 phaée
(space group P6/mmm) has 6/mmm point group, order 24. Ordering to
produce the R2:17 reduces the symmetry to R3m, poiht group 3m,
order 12. Thus, there are 24/12 = 2 orientation variants of thé
R2:17 with respect to the 1:5 lattice. The H2:17 structure has
P6y/mmc space group; its point group 6/mmm is equal to that of

the 1:5 structure; there is, accordingly, only one H2:17 orienta-
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tion variant in the 1:5 structure. Similar remarks.epply to the
R1:3, R2:7, H1:3, and H2:7 phases. Tha number of translational
varianfs is given by the ratio of the volumes of the -
primitive cells of the ordered and disordered phases [14].
[Neglect small parameter changes accompanying ordering.]

For R2:17, this gives three translational variants per orienta-
tional variant, or a total df 6 variants.. H2:17 has only two
translational variants. In terms of stacking sequences,  the
number of translational variants corresponds to the crystallo-
graphic multiplicity of sites for initial substitution at the
onset of ordering. That is, for the ...ABCABC... stacking
sequences, there are three positions which can be chosen as "A";
the "B" and "C" positions are then determfned. Experimentally,
one readily discerns orientational variants in diffraction ax-.
periments; a direct space approach (i, g, imaging rather than
diffraction) is necessary to'distinguish translatibnal variants
(unless a suitable signal can be obtained from the interfaces

between translational variants].

Permanent Maanet Phases. An effective permanent magnet must
possess a8 combination of high saturation magnetization, Ms,
reasonably high Curie temperaturs, Tc' and some form of (pre—
ferably uniaxial) magnetic anisotropy. The possibility that some

rare sarth cobalt phases might meet these criteria was first

suggested .in 1966 when Hoffer and Strnat [15] reported the
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presence of large magnetocrysﬁalline anisotropy in YCog and
YoCo47. Even though yttrium is not one of the rare earths, nor
does it have a magnetic moment, its chemical similarity to the
trivalent rare earths immediately hinted that high magneto-
crystalline anisotropy might be present in some of the ferro-
magnetic RECog aﬁd RE,Coqy phases. This has indeed proved to be
true. |

O0f the 1:5 phases, those containing heavy rare earths
(atomic #264 = Gd) do not have large M because the rare
earth ions are magnetically‘ordered antiparallel to the Co ions.
The Ms value of these ferrimagnetsvis only the difference between
the Co and RE contributions. CeCos, LaCbs, and NdCos do not have
high Hs because of the Low magnetic moment of the RE ions; Pm
does not occur in nature, and divalent Eu does not form a EuCos
phase. Thus, attention quickly centers on SmCog, which does have
a very large uniaxial magnetocrystalline anisctropy, high Curie
temperaturae, aﬁd reasonable Mg. In practice, many commercial
magnets are single phase, grain—-oriented SmCos; of all magnsets,
they exhibit the highest intrinsic coercivity.

By increasing the Co content in these alloys, the M8 in-
creases; the RE20017 phases would therefore seem to be desirable.
However, the anisotropy of the 2:17 compounds is weaker than that
of the 1:5 phases, ;nd it often favors basal plane magnetization,
rather than the more desirable uniaxial (c—axis) magnetization.
SmoCoqy is the only binary 2:17 with high Mg and uniaxial
anisotropy at room temperature, but jts anisotropy is not so

strong as that of SmCog. Thus, its theoretical coercivity is
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not so high. In practice, 2:17 magnets alsoc contain many crys—
tallographic defects which tend to serve as reverse magnetic
domain nucleation sites, further reducing iHc° [171] Sm20017 has

not praoved to be an effective permanentvmagnet,

Anjsotropy. In order to make use of the higher Ms of Sm20017
over that of SmCos, many attempts have been made to understand
and, if possible, improve its magnetocrystalline anisotropy.
Recently Callen [18] has simply and elegantly summarized data on
(RE)5(CoFel4; systems; Wallace gt al, [6] have reviewed attempts
..to improve magnetocrystalline anisotropy for many 2:17 systems
through chemical substitutions., Magnetocrystalline ansiotropy in
2:17 can be thought of as the resultant of the various aniso—
tropies of the four Co sublattices and the RE sublatticels). In
binary Sm28017, Er20017, Tm20017, and Yb20017, the rare earth
contribution favors uniaxial (c—-axis) anisotropy; the rare earth
component of the other 2:17's favors planar anisotropy. In all
cases the Co sublattices as a whole favor magnetization perpen—
dicular to the c-axis. Because of the different temperaturse
dependences of the magnetization of the several sublattices, the
rare earth anisotropy dominates at low temperatures and 2:17's
containing Sm, Er, Tm, Yb are uniaxial as the temperature
approaches absolute zero. As temperature increases, the rare
earth component of anisotropy decreases faster than the Co compo-
nent, ultimately resulting in Co dominance at high temperature.

Sm20017 is the only case of the above four for which the transi-
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tion is well above room temperature.

The Co contribuﬁson to magnetocrjstalline anisotropy in the
2:17's can be further resolved into cﬁntributions.fronl the four
separate.Co sublattices. [6] For the casé of Y20017,‘Inomata (19]
calcﬁlates thaf those Co atoms lying in the mixed planes, but not
on the dumbbell Co sites tend to favor axial magnetization. The
remaining sites favor planar magnetization with by far the
largest contribution arising from the dumbbell sites. The net
effect is_that the Co sites as.a whole favor magnetization per—
pendicular to the c—axis. The fundamental origins of the magneto-
crystalline anisotropy in the 2:17's does not seem to be well
fundarstood; it continues to be an area of scieﬁtific as well as
technological interest.

The fact that Co gives a detrimental contribution to mag-
netocrystalliﬁe ahisotropy in SmoCoq, immediately suggests a
potential means of improving the overall anisotropy of the struc-
ture. Substitution of almost any transition element for Co
should.weaken the negative Co anisotropy, giving a net improve—
ment to the overall system, although it would probably detri—
mentally effect the M; value of the alloy. Any element which
substitutes for Co preferentially at the dumbbell sites would be
the-most beneficial. - This has in fact proved to be true; many
elements have been substituted for Co and the anisotropy of the
Sm5(CoTM)4, generally does increase for small concentrations of
the substitutional component. Of the various’ substituents, Fe
has the sdvantage of resulting in the smallest decrease in Ms,

but it is not the most effective for anisotropy increase; Zr, Hf,
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Ti, and V are all more efficient ;han Fe in improving the aniso—-
tropy of Smy(Coly; ternaries, but their Limited solubilities
severely restrict the total amount that can be added. Mn is
similar to Fe in beneficial effects to anisotropy; Cu is not so
effective, but gives surprisingly little Loss in M,. The re-
markable effects of substituents on maghetocrystalline anisotropy
has been variously attribuﬁed to selective substitution at the
dumbbell sites [19,20] and to general overall band structure
effects.[21] Explanation and understanding of these effects is
sketchy at best; obvicusly the problem is not theoreticaliy
tfansparant and experimental determination of site occupation of
substituents (g.g, a few Fe atoms at Co sites] is also not a

trivial matter.

Microstructures. Improvement of anisotropy field for a
specific phase improves its potential for high intrinsic coer—
civity, Hc, and its potential for permenent magnet applications,
but, in practicé, Hc may instead be limited due to other con-
siderations. Impfovements in anisotropy result in increased
resistance to change in magnetization direction by coherent
domain rotation, but the magnetization may still change direction
by the migration of magnetic domain walls. In that case, Hc may
be Limited either by the difficulty of nucleating new reverse
domains, or by the difficulty of propagating domain walls through

the material. If intrinsic coercivity depends on the resistancs
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to nucleation of reverse domains; the material will exhibit a
concave-upward virgin magnetization curve [161 as well as a very
square demagnetization curve; (Figure 18] in both cases, the
magnitude of applied field increases until an appropriate domain
nucleates. This domain can then grow rapidly, reorienting the
magnetic moments throughout the entire specimen, giving a sudden
change in the hysteresis lLoop. If domain wall pinning is the
dominant effect, (j.e. it is very difficult for a domain -gll to
propagate), one generally observes a concave—-downward virgin
magnetization curve and a demagnetization cufve which has a slow
dropoff fbom remanence followed by a decrease to zero faollowing a
.. path ﬁf lower slope (Figure 16bl. Both of these processes have
played a role in SmCo magnet technology. \

For simple binary SﬁCos, intrinsic coercivity is Llimited by
the nucleation of reverse domains at defects and especially at
- grain boundaries. The grain boundary is a termination pf the
lattice; anisotropy and, conéequantly, the enargy aiaghagzure in
reorientation of magnetization are not so large near such a
discontinuity. A grain boundary mey also be a discontinuity in
the directions of magnetization if adjacent grains do not have
parallel c-axes; this situgtion produces demagnetization fields
which act to favor reverse domain nuclaation.- Thus, to formlan
excellent SmCog magnet, large, crystallographically perfect, and
very well oriented grains are essential.

Stoichiometric Sm20017 has too small an anisotroﬁy field to
be seriously considered as a permanent magnet, but, even so, its

coercivity is Limited by the nucleation of reverse domains.
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Besides grain boundaries, reverses nucleation may also ocﬁur in
the 2:17 structures at st;cking faults and'twins; at such regions
the lattice is interrupted and there can be Local changes in
symmetry with the possibility of lLocally lLower magnetic
anisotropy.[22]

There have been many attempts to improve the intrinsic
coercivity of RECo magnets by precipitation in order to pin the
magnetic domain walls. Thus, a reverse domain wall, oncs
nucleated, is stopped, and complete magnetic reorientation is
avoided. Much of the work based on the 1:5 system has been
reviewed by Nesbitt and Wernick [2]. These authors show that
additions of SmCug to SmCog can, with suitable heat treatment,
improve intrinsic coercivity. Small‘additions of Fe to this
system are useful to minimize loss of Mg and (BHly,y which
inevitably accompanies Cu substitution. Microstructural exam-
ination has led Hofer [23] to believe that the SmCog-SmCug system «
decomposes spinodally; he explains enhancement of magnetic coer—
civity of this alloy system in terms of pinning of magnetic
domain walls at the fine—-scale decomposition product. Fidler and
co—workers [24,25,26,27] have reported several investigations of
heterogeneous precipitation processes in SmCos magnets. Smeggil
at al, [28] end Fidler [29] discussed aspects of the 1:5 to 2:7
plus 2:17 eutectoid decomposition reaction.

Shifts in composition from the 1:5 stoichiometry toward
higher Co concentrations result in 2:17 precipitates in a
1:5 matrix, or 1:5 precipitates in a 2:17 matrix. Livingston

[30] has discussed the types of precipitation and their
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effectiveness as domain wall pinning sites for various
compositions between 1:5 and 2:17. Microstructural studies of
such magnets include many examples of optical metalALographic
characterization,[31-838] but electron microscope investigations,
when availabl._e, generally indicate the presenc‘e' of a fine-scale,
coherent precipitation which is unlikely fo be détected using
optical techniques. Various magnet alloys have been characterized
by transmission electron microscopy and diffraction, but due to
the complexity of the alloys, there have been few systematic
| studies. Léamy and Green [39] detected fine, coherent, equiaxed
2:17 particles in the 1:5 matrix for a CelCoy3CuqsFeqgls o alloy.
Livingston [30] characterized magnets of nominal co.mpositions
Sm(Co%CumFes]s.B, Sm(Coy5Cuyq 4FeqaTiy ]5_7,
Ce[Co738u14Fe12Ti115'3, and Sm[Co74Cu13Fe13]7_8,aged to optimum
coercivity. In' another study, Livingston and Martin [40]
followed the evolution of a single Sm[CoBOCu15Fé5]7£ alloy from
initifal precipitation to the extremely over-aged condition.
Melton and Perkins [41] followed similar evolution in
Sm(CoggCuzglg g and Sm(COg,Cuqglg g Melton and Nagél {42] also
studied alloys Sm(Cog;Cuqzl; 5 and Sm(CogyCuqgly; g. Yoneyama gt
al. [37] and Mishra qnd Thomas [43] héve characterized optimally
aged Sm(CogyCuqgFenqZryly 4

Although there are few, if any, systematic studies of
microstructure and magnetic properties, the cited references and
others are a significant body of work, and some trends can be
fdentified. Compositions near the 1:5 and 2:17 étoichiometries

tend to form precipitates on heterogeneities (_é_.g_,_ dislocations,
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stacking faults, and grain boundaries); the resultant wall
pinning is ineffective. Cu tends to favor continuous
precipitation reactions, especially far from stoichiometry, giving
much more effective domain wall pinning; This is the motivation
for introducing Cu into many of these alloys. Fe maintains

high Ms, and [BH]MAX; it does not seem to be associated with any
pronounced metallurgical effect. Zr, Ti, and Hf are not‘
understood froh microstructural work; their beneficial effects on
jHc are attributed to increases they bring to the
magnetocrystalline anisotropy of the 2:17 phase. From all the
above, the best combination of i"c and [BH]MAX seems to involve a
. fine, coherent, two—phase structure having rhomboid particles of
2:17 (-75 nm in size) surrounded by thin films of 1:5 stoich—-
iometry (8-10 nm thickl. The two phases are totally coherent,
mismatch being accommodated by elastic strain of both phases
without discrete fntarfacial dislocations. This "cellular™
structure occurs for compositions in the Sm[CoTM]S.B to
Sm(CoTM]BJJ range, where TM includes Cu and possibly other
elements, and seems to be very effective for pinning magnetic

domain walls.

The origin of the cellular structure in the best two—phase
magnets has not been dealt with in the Literature. It has been

cbserved by several experimentalists and presumed to be necessary

‘Not to be confused with "cellular” as applied to
discontinuous precipitation products.
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for domain wall pinning;- but no author has addressed the question
of the type of nucleation event, and consequently, the conditions
required to generate uniform, continuous precipitation. There
seems to be widespread acceptance of the desirability of the
callular'morphology, but, historically, its formation was simply
‘an accident, and it has not yet been explainad. |

Scientifically, the question of nucleation is intriguing.

It is not obvious uhether_the reaction uhjch generates the
cellular mofphology should be thought of as a clustering or as an
ordering process. Whethef'it is one or the other hinges on the
degree of order of the dumbbell/Sm sites at high temperatures
where these alloys are presumably siane—phase.

If the dumbbel/Sm sites are ordered, then the excess Sm due
to off-stoichiometry is present as point defects on the lattice. -
If thatvis the case, then, cooling across the solubility Limits
should result in clustering of excess Sm to form 1:5 pre-
cipitates. The initiation of such clusters might follow éither
of the two conventional processes. If the system is stable with
Eespect to long-range fluctuations, the precipitation process may
occur by short-range statistical fluctuations leading to cluster-
ing and the formation of the SmCo equivalent of GP zones and
subsequent growth into 1:5 particles. Alternately, it is con—
ceivable that the'system may become absolutely unstable at quench
temperatures, and spinodal decomposition of the Sm and the dumb-
bell sites might occur. Spinodal decomposition is intuitively
appealing because the end produce is & modulated structure — a

microstructural characteristic cdmmonly associated with spinodal
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decomposition. However, modulated structures are not necessarily
due to spinodals. [44]

On the other hand, it is conceivable thaﬁ the dumbbel L/Sm
sites are completely disordered at high temperatures. Then it is
possible that ordering to form R2:17 could occur. This reaction
would take the system from the supersaturated 1:5-type structure
to the ordered R2:17, generating the usual growth antiphase
boundaries. After the ordering occurs, the excess Sm would be
ejected from the lattice to form 1:5 precipitates on the‘anti-
phase boundaries. This could conceivably generate the cellular:
structure, but the question of nucleation remains. The classical
Landau—-Lifshitz criteria [45,46] imply that this reaction
(P6/mmm to R3m) can not be second order. It is possible to con—
struct a third order invariant of the R2:17 reciprocal lattice
vectors to form one of the 5:5'3. Thus, this must be a first
order transition, and tha-activation»barrier for nucleation re—
mains. To distinguish the possible phase transformation types it
would be desirable to have a high temperature single crystal x—
ray diffraction experiment, but the usual homogenize and quench |
experiments may be valid for a system requiring diffusion of Sm

and Co dumbbell pairs.

Summary. This section has given a brief introduction to the
subject of rare earth—cobalt permanent magnets. The magnetic
properties of these alloys depend on factors ranging from the

effects of point substitutions on the magnetic properties of
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intermetallic compounds to the sizes and distributions of these
compounds in a magnet. It is an alloy system where metallurgical
effects such as nucleation and growth of precipitates as well as
solid state physics phenomena such as magnetocrystalline
anisotropy are coupled to form a wide fange of physical

properties.

Aim and Approach of this Investigation

SmCo, like most permanent magnet alloys, can be simply
_,characteri;ed in terms of a few magnetic parameters such as
[BHiMAx or Hc' but the numerical values qf these macroscopic
magnetic properties are the results of a complex and poorly
understood interplay of atomistic and microstructural factors.
Specifically, for the SmCo system, macroscopic magnetic behavior
depends on the compositions and relative proportions of the 1:5
and 2:17 phases, their sizes and distributions. Any other phase
would also be expected to play a significant role. In practice,
SmCo magnets are not équilibrium structures; all the above
parameters depend on their thermal history.

In trying to understand the origins of magnetic properties,
one can always resort to a few general principles, such‘as 1) Ms
depends primarily on composition for a given phase; 1t'is
relatively insensitive to microstructurs, 2) i"c is always
sensitive to microstructure, but the mechanism — domain wall

pinning or reverse domain nucleation --1nfluences the type of
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dependence, 3) (BH)y,y is.a combination ef Mg and ;H.. However,.
in practice every magnet alloy system is different and any new
system must be duly characterized if its behavior is to be
understood. So it is with SmCo.

The present generation of SmCo magnets is the result of an
evolutionary process in which increasingly sophisticated magnets
were produced by successive modifications of existing ones.

This process began with the SmCog magnets; additions of Cu and Fe
were found to be favoreble, but the resulting Sm({CoCuFelg alloys
did not have high Mg (4Vﬁs=9500 ) nor high (BH)yay (16

MGOe). SmoCo4, has higher M. (47M =12000 G), but Llower iHei
anisotropy couldfbe improved by adding Fe or Mn, but the result
was still unsatisfactory. Finally, intermediate compositions were
.examined. Sm[CoCu]7¢5 was found to have higher jHc than the
2:17's and still retain higher Ms than the 1:5's. Subsequent
modifications have established an optimum (BH]yay in the range
Sm(CoCuFle]7.2_7_5. As the alloy compositions were becoming more
complex, so were the heat treatments. Thermal processing for the
modern two—phase magnets involves homogenizing, quenching,

aging, and step-aging. Thue, the best [highest (BH)yay] magnets
available are five—component systems, SmCoCuFeZr, of overall
stoichiometry 1:7.4. They are formed from magnetically grain—
oriented powders, homogenized, quenched, aged, and step-aged.

The development of SmCo magnets has been very successful.
From a typical SmCog (BH)yax value of 16 MGOe, a largely trial-
and-error approach has produced magnets in the 33 MGOe range - a

two-fold increase. However, scientific understanding has not kept
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pace with this development. The roles of the several elements in
these complex alloys are cbviously not understood, but even such
fundamentals as the role(s) of substituents within a single
intermetallic phase are still in dispute.. For example, the
effectiveness of Fe in increasing the magnetocrystalline
anisotropy of Smp(CoFelq; has been variously attributed to
preferential site occupation, {19,20] or cooperative band
structure effects, [21] or both; experimental verification is
unavailable. The role of domain wall pinning hints strongly at
the role of microstructure in the development of excellent
magnets. The feu (relative to the (arge number of allays and
processing parameters] microstructural s;udies have not been
syétematic; only a few general ideas can be distilled from them.
The action of Zr (and related elements Hf.and'Til in contemporary
alloys is completely obscure; one can only say that thése
elements are known to be beneficial. The lack of scientific
understanding of the rare earth—cobalt permanent magnets ssems to
have Limited their development; there have been no reﬁorted_
advances in [BH]MAX values in the past four years. The trial-and-
error approach seems to have located a local maximum in
composition/processing space; it will require either a fortunate
accident or a better understandfng of the syétaﬁ to produce
further advances. |

Fufther advances in (BH)y,y ar not unreasonable to expect;

the thenretical‘ maximum [BH]MAX value based on the MB of

*Theoretical (BHlyyy = (B )2/4 = (4vM_)2/4
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Smy (CoFeMn) 4 magnets is 48 MGOe [47] which is still well above
that of tha'present generatioh of magnets.

This thesis describes the results of an experimental
investigation of the development of microstructure and magnetic
- cosrcivity in contemporary SmCo-based magnets. The approach has
been to characterize the microstructure of a series of the best
available magnets — the five—component Sm(CoCuFeZrl}; 4 alloys -
and to.correlaté it with the observed coercivities and energy
products. The evolution of the domain wall pinning sites and the
role(s) of Zr are two stated, primary objectives. They are pur-
sued by studying alloys of differing Zr concentrations subjected
. to a large number of different thermal treatments. The results of
these experiments will be discussed, both as they apply to these

specific alloys and as they are apply to related RECo magnets.
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EXPERIMENTAL

Alloys.

In order to study the evolution of the microstructure ahd its
effects on magnetic coercivity, and the role(s) of Zr in these
processes, alloys have been chosen which vary the level of Zr
substitution, holding all other componenté (save Co) constant;
these alloys have Eeen'subjected to a large nﬁmber of heat
treatments. The alloys for this study have nominal compositions
in wt% 25.5 Sm, 15 Fe, 8 Cu, 1.5 or 3.0 Zr, remainder Co.
[Sm(Cogy 4Fepq 3Cuqp,0Zrq,3l7.43 and
Sm(Cogg gFepq 5Cuqg qZra gly 371 The hest treatments fall into
two major clasées: 1) those involving an 1sothérmal aging
process, and 2) thﬁse involving an isbthermal aging process plus
a step-aging procedure. A third alloy containing no Zr [25.5 Sm,
15 Fe, 8 Cu, Co = Sm(CoggFepqCuqgly 51 has been included to
detérmine more generally the nature of the phase transformations
in this system.

AlL the alloys and magnetic property data for this study
have been prepared by TDK Electronics Research and Development 
Laboratory as part of a systematic optiﬁizatfon process.
(1,37,48] Their procedures are as follows. Component metals, Sm,
Co, Fs, and Cu, all with purities exceeding 99.5 wt% and

ferrozirconium were melted together in an induction furnace under



30

Ar satmosphere. Favorable c-axis grain alignment was effected by
first crushing and pulverizing the as—cast ingots in a jet mill
and then simultaneously applying in orthogonal directions, both a
10 kOe magnetic field and a 15 ton/cm2 mechanical pressure. The
resulting grain—oriented green compacts were sintered for one
hour at temperatures between 1150 and 1250 °C in Ar atmosphere.
After sintering the specimens were solution treated for 1 hour
between:1100 and 1220 °C, then quenched in Ar atmosphere. ALl heat
treatments involved an 850 °C isothermal aging for various time
periods; "step-aged" alloys were subsequently cooled directly
from B850 to.400 °C at 1-2 degrees per minute and then aged at 400
Sc for 10 hours. ALl treatments were terminated by an Ar atmos-
phere quench. An automatic recording fluxmeter and pulse mag-
netizer were used to measure magnetic prdperties and magnetize
épecimens respectively.

Besides the TDK procedures described in the previous
paragraph, specimens were heat treated as needed to characterize
the system completely. Specimens were abraded on 600 grit SiC
paper, sonicated in n-heptane, wrapped in a Ta foil as 02 getter,
and encapsulated in evacuated silica glass capsules. Temperature
control was monitored by a chromel-a[umel thermocouple adjacent
to the capsule. Heat treatments ware terminated by quenching
(103 degrees per second) the capsule into water at room temper—
ature without breaking it. Sequential treatments were done
without removing the specimen from the capsule. For phase trans—
formation studies, alloys were homogenized for one hodr at

temperatures between 1160 and 1235 °C and quenched; aging
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followed the TDK practice of 850 °C, but only for 20 minutes.
Iggngmj%sjgnnglggjxgg Microscopy and Microanalysis.

Transmission electron microscopy (TEM) and related
microanalytical techniques‘hava been used throughaut this
investigation. In genefal, conventional diffractfon contrast
imaging conditions [bright field (BF), dark field (DF), and weak
.beam (wB)1] ueré appropriate to characterize the morphology of the
. precipitates. Selected areas diffract%on (SAD) was invaluable for
detarmining which phases were present. Imaging was accomplished
: usfng Philips 301 and- Philips 400.electrbn microscopes. Phase
contrast structurs imaging was done on a Siemens 102, all
microscopes were operated at 100 kV.

Microdiffraction and microanalysis were accomp lished using
the Philips 400 scanning transmission elsctron microscope in the
TEM mode. In this configuration, an electron probe of 40 nm
nominal size is formed on the speciméq via the condansor system.
This probe is small enough to form single crystal rhomboha#ral
2:17 diffraction patterns in optimally-aged alloyé, but it is not
small enough to detect segregation of constituents among the
several phases. The 1:5 material is typicafly 8 nm thick; even
using @ 4 nm STEM probe was ingffective due to problems of beam
broadening in the foil and accurste placamént of the probe on the

1:5 material. To avoid these problems, specimens were over—aged
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for 100 hours et 960 °C. This cosrsened the nicrostructure-éuch

that the microenalysis could be easily done in the TEM config-

uration. Becasuse such a8 structure is not truly representative of
' ;
a useful microstructure, it is not expected to have the same

compositions as the useful alloys. Thus, quantitative analyses

were not appropriate and were not attempted.

Electron transparent foils for TEM examination were prepared
by ionjbeam milling techniques. .Spacimens supplied by TDK were
in the form of s;allwplgpes_ﬁf approximate‘dimensions 10 mm x>15
mmm x,0.3 mm. Generally ,thevspaéimens were grain-sligned such
that the crystellographic c-axis (the direction of easy
magnetization] lay in the plane of the plate. These brittle
plates were simply broken inta fragments - 0.2 cm in size; oné '
surfece of each fragment -aé cleaned using successively finer SiC
papers until a significent layer (perhaps 0.1 mm]) of the surface
was removed and a 600 grit surface remained. This clean surface
was then polished using & common metal polish, leaving a
specular finish; some 600 grit scratches remained. This was not
done to obfain a metaliographic finish, but to produce a smooth

surface sc that subsequent ion beam milling would produce a

smaller wedge angle. The:.metal polish was removed using n-heptayo .

and acetone and the fragment was cemented to a glass slide using
heet setting wax. To do this, the elide was placed on & hotplate;

et the softening temperature (- 60 °C), the wex was n;lted onto
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the slide and the fragment was placed polished-side—down fn the
wax; it was held tightly against the slide until the wax reset.
The fragment was then thinned on SiC paper using sequentially
finer grit sizes until it beganvto break up on 600 grit paper.
After polishing this side with the metal polish, optiéal
microscopy revealed that the specimen was typically reduced to 35
=50 microns thickness. The fragments were removed from the glass
slide by reheating; the wax residue was eliminated by.rinsing in
boiling ethanol. At this stage, specimens were typically less
than 1 mm 1n'any dimension, thinned to 30-50 microns; this is
essantially the Limit where the present author could no longer

‘ hanipulate them reliably with tweezers and magnets. Specimens
were deliberately made this small to minimize the detrimental
effects of ferromagnetism in the specimen on the electron
microscope imaging. These fragments were placed on Cu support
rings, the sizes of which were chosen to fit the individual
fragments. The sﬁpport ring was first coated with epoxy; all
excess was carefully eliminated to leave a very thin, uniform,
film. The fragment was then dropped onto the ring, and a hotplate
was used to set the epoxy, being careful not to lLet the support
ring adhere to its support, but being sure that the fragment
remained securely fastened to the support ring. (Many potential
. foils were lost at this juncture.) For ion beam milling, it was
usually necessary to sandwich the effective support ring and
fragment between two more rings. This was done to protect the

Cu support ring which mills faster than the SmCo; failure to do

s0 could result in loss of foil due to loss of support ring..Ion
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beam milling was done using an Ar ion beam, accelerated fhrough 6
-10 kV, impinging on the spaéimen‘at approximately 20 degrees to
the specimen surface. Specimen currents of ~ 20 microamps per gun
at 6 kV would result in perforation in 12-20 hours. Thé faoils
were commonly perforated at many points. It is not certain why
this was so, but it is suspected that the 600 grit scratches on
both sides of the fragment before ion milling caused a surface
waviness to occur after milling. There was no evidence to suspect
preferential milling of a specific phase as a great number of
specimens were examined and the results were always mutually

consistent.
Microstructural Quantification.

Microstructural parameters were quantified as systematically
as pbssible by measurements made on TEM micrographs and diffrac—
tion patterns. Images were generally recorded in the <1T00>1:5
and <1120>,.g orientations. This allowed determination of the
cell size, the 1:5 habit plane, the 1:5 cell wall thicknsess, the
density of R2:17 twins, and the density of the thin plates of &
new phase. The c¢/a ratio was routinely obtained from SAD patterns
in both symmetric brientations.The degree of regularity of the
cellular structure was duly noted; other features, such as grain
boundaries, were noted when observed.

Quantitative measuramenté of microstructural features are
expected to vary widely in accuracy as well as in statistical

confidence due to the nature of the TEM examination process.
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‘Attempts were made to minimize the inherent subjectivity of the TEM

examination by photographing the fifst area of the specimen
encountered which was simultaneously shfficiently'electron
transparent and oriented appropriately such that the two poles of
interest could be reached by tilting. After tﬁe photographs were
recorded, the foil was scanned to obtain a subjective
deterhination'of whether the photoghaphed volume was
representative or not. Measurementé on the micrographs’were done
in the usual ways. The number of interceptsvof cell walls with a
Llength of_liﬁe perpendicular to the cell walls on thé micrographs
was used to estimate the average cell size. Lines»uereltaken
parallel to the c-axis to determine the twin thickness and the
averagé plate density. To determine the inclination of the 1:5
cell walls from the basal planes, as many mpasurement; as pos-
sible were taken from straight sectioné of cell walls and the"
results were averaged. This was a highly subjective measurement,
as each cell wall had to be judged for straightness and its
actual position estimated. The 1:5 cell wall thickness could
only be measured from DF micrographs in which the foil was in the
syﬁmetric <1TOD>1:5 orientation and the 2:17 reflections were
allowed to contribute to the 1mage.'This DF technique is the only
way to separate the effects of structure factor contrast from
lattice strain contrast. The clear structure factor contrast of
the DF image allows the 1:5 material to be clearly delineated as
dark bands between the lLight 2:17 particles. Error arises in this
measurement in that the projection of the 1:5 cell walls is

normally - 2 mm wide at fhe‘usual 50,000 to 100,000 x magnifica—
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tion ranges; the Limit of human visual resolution is a signifi—
cant part of 2 mm; thus, without extreme photographic enlafga“
ment, measurement errors ére sure -to occur. In all these cases,
statistical confidence is limited by the number of measurable
features within the area of the micrographs; for the cell wall
thickness and the cell sfze, this is probably not restrictive,
but for the twin thickness, the plate .density, and the habit
plene inclination, situations occurred where the number of
features was so small that there could be very Little confidence
in it. Nevertheless, in no cases were the rasults in contra-
diction with those of a similar alloy; by examining a series: of
alloys and occasionally repeating specific cases, the level of
confidence of the group as a whole is much better than any

individuat measurement.
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RESULTS

‘The experimental results will be presented in the order they
were obtained. The magnetic property data obtained by TDK [47] in
their search for optimal properties among a large number ef
alloys will be presented first. These defe are closely related to
the main work of this investigation and serve to broaden and
corroborate the data from the microstructrural cherecterizetion.
Of all tﬁeir data, those nhich~ere the most closely related to this
work are the result of a study of the effect of post—-sintering
heat treatments end Zr content on the intrinsic coercivity;

‘the microstructures generated by these alloys and heat treatments
are here characterized by transmission electron microscopy and
diffraction (TEM). Several features are common to the
microstructures of these'elloys; they have been characterized by
imaging and diffraction techniques as well as by energy
dispersive x-ray spectrascopy (EDXS]. ‘The effects of alloy
composition and heat treatment on the microstructures and
coercivities are determined by routine measurements on many
micrographs. Correlations between structure and properties are
presented in an attempt to establise the optimum microstructure
for coercivity. The phase transformations which are instrumental
in the development of the useful two-phase structure are
characteristic of this system; the results of experiments to

determine their nature will close this section.
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The approach taken by TDK to systematically search for
optimal alloys was to begin with a single alloy system Sm(CoCuFe)
and vary the concentration of each individual'compohent, holding
the others save Co constant. Once the optimal value for a given
alloy compositional variable was established, that component was
fixed and another component was varied. This was done for all
the components within restricted ranges in hopses of finding an
>optimal alloy. It should be noted that this approach, if only
comp leted once, -dli'notwnecassarily'feach the optimum for the
ranges investigated; an iteretive routine would be necessary to
accomplish this with certainty. However, these data were obtained
aftarryears of experience with these alloys and their best magnet
is probably very nearly optimal.

Shifting the Sm to transition metal ratio shifﬁs,the ratio
of the volume fractions of the two msjor phases. In the range of
interest, a higher Sm concentration results in a larger volume
fraption of the 1:5 material. Figure 17 presents the results of
varying the Sm content on the iﬁtrinsic coercivity (;H.) and the
squareness of the demagnetization curve.vThe loop squareness is
quantified somewhat arbitrarily by the value of H for which the
demagnetization curve falls to 0.9 Bg. The dsta is recorded for
Sm concentrations between 23 and 26.5 wtX [Sm[CoFeCqulaAa -
Sm(CoFeCuZr); gl The levels of the other elements are in wt% 15
Fe, 3 Zr, 6 or 8 Cu, and remainder Co. As noted, data for alloys

which were isothermally aged for one hour at 850 °C, nith'and
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without a final step—aging treatment, appear in the figure. The
compositions in this range essentiélly cover the regime in the
pseudobinéry phase diagram for which one would expect 1:5 pre-
cipitates in a 2:17 matrix.

If the Sm concentration is maintained at an intermediate
level, the ratio of the volumes of the 1:5 to 2:17 méterial witl
remain constant and it will be possible to investigate the
effects of the other elements as they substitute for Co. Figures
18 and 19 show the intrinsic coercivity of a series of 25.5 wt%
Sm alloys as functions of Fe, Cu, and Zr content. Again, all the
alloys have been subjected to aging, and aging followed by step—
aging, treetments. The data in these figures constitutes a
significant body of empirical information about alloys in the
system. Thq apparent trends resulting from changes in the
several compositional variables will be relied on to interpret
the micrographs.

The main thrusts of this investigation are to establish the
effects of Zr and heat treatment on microstructure and coercivity
for the highest coercivity two phase magnets. Figure 20
summarizes the macroscopic measurements most directly related to

iHc is

the objective of this investigation. In this figure,
plotted as a function of aging time at 850 °C for tuo~alloys - 1.5
and 3.0 wt% Zr. Some alloys were simply aged at 850 °C for time as
given on the abhscissa and quenched; some alLoys were aged at B850
®C for times given by the x—axis and step-aged to 400 °C and

quenched. The coercivity improvements from step—aging are

drematic. The effect of Zr concentration is paradoxical; the 3



wt® Zr alloy achieves highest coercivity when step—aged, but
lowest when not step—aged. This, in itself, points to strong
effects of microstructures and compositions of the phases.. It
establishes that the effects of heat treatment and thé role(s) of

Zr are inextricably related.

In alloys aged near peak coercivity, four microstructural
features are-genérally-preSBnt; A coherent "cellular"‘structuré
of 1lhexagonal 1:5 cell -alls-[-anh thick) and 2)rhombohedral
2:17 cell interiors (50 — 100 nm in size) is always observed. The
RE:f? particlés generally occur in 3)two twin-related variants.
4J0ccaéionally superimposed on the cellular structure are thin
plates of a third phase.

Figure 21a is a TEM micrograph taken at a <1T00>1:5 pole (c—
axis in the plane of the foil) in which all four features are
present anﬁ visible. The corresponding SAD is included as Figure
21b. Indexing of the SAD pattern is consistent with a combination
of hexagonal 1:5 and rhombohedral 2:17 phases; no hexagonal 2:17
spots are observed. From the diffraction 1nformétion, the usual

. hexagona l/rhombohedral orientation relation is found to apply:

(0001),,5 //  (0001)pa. 47

[11201,,5 //117001gp, 47
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The high intensity spots in the SAD are common to both cellular

phéseS; they appear as stars due to the shape effect of, or
lattice strain associated with, the 1:5 cell walls. The actual
image contrast of the cellular structure is due to lattice strain
which arises because of the misfit of the two coherent phases aé
well as the contrast due to differences in the stru;ture factors
of the two phases. The lattice mismatch is reflected in the
slight splitting oflthe diffraction spots in the higher order
reflections.

The twinning within the R2:17 cells is visible in the

Figure 21a as bands of alternating intensity running

" perpendicular to the common c—axis; in the SAD (Figure 21b),

there are two rhombohedral patterns:cofrespohding to the two
variants. As meﬁtionad in the background material, one expects
twp twin-related variants of the rhombohedral phase when it
occurs as an ordering on thé hexagonal lattice; this is found to
be true for all alloys studied — a hint that the cell interior
phase truly has rhombohedral symmetry. The interfaces between
twins lying on the basal plgyes can be variously described as
twin boundariés or as nonconservative antiphase boundaries; for
this situation, the two are entirely equivalent. The basal plane
twinning is expected to be completely chemically conservative,
and therefore is not gxpectad to arise in an attempt to
accommbdate off-stoichiometry.

The thin pletes, visible in Figure 21a as lineaﬂ features
running across the image from upper left to lower right are

responsible for the faint stresking in the [0001]‘ direction and



the faint spots at 0.8 inverse nm in the SAD pattern. These
plates Lie on the common basal plane of the 1:5/2:17 cellular
structure; their broad faces are totally coherent with both major
phases. Subsequent anslyses show them to be a new phass,
enriched in Zr with respect to the major phases. They have been
dubbed the "Z" phase.

Because many of the features ;n these structures lie on the
crystallographic bagal planes, it is most conveniént,to view the
foils in orientations which allow the basal planes to be imaged
edge-on. Thus, most images included here are from foils oriented
such that the c-axis lLies perpendicular to the electron beam. The
crystals can be‘rotated about the'c—axis; two high symmairy poles
occur, separated by 30 degrees rotation. Figure 22 was taken
along a symmetric <1070>,,5 = <1120>,,4, orientation. This is
generally the most useful orientation, as the 2:17 reflections
are distinct from the 1:5 reflections [seé Figure 23), and it is
therefore possible to image the 2:17 regions in dark field. The
cell walls are nearly edge-on in this orientation. A 30 degree
rotatiﬁn about the c-axis brings the specimen to the <1120>1:5 =
<10TD>2:17 orientation. In this reciprocal lattice section, all
the 2:17 spots superimpose with those of the 1:5 (Figure 24)
Figure 25 shows the same arse of the foil as was shown in Figure
22, but oriented such that the electron beam follows the other
highvsymmetry direction. The specimen imaged in Figures 22 and 25
is a 3% Zr alloy, aged 3 hours at B50 °C and step-aged. ;H_ = 24
kOe. In both images the usual.features appear. Since this is a

high Zr alloy, there is a correspondingly high volume fraction of



the Z phase plates running across the images. The cells are
relatively small, approximately 65 nm. The SAD's (Figures 22b aﬁd
25b) also follow the usual pattern; there are bright spots common
to all'phaSes and streaking parallel to the reciprocal c-axis due
to the Z phase plateé. The 1:5 spots apbear as stars in both
sections; because of the 6 crystallographically equivalent habit
planes, the 1:5 spots take the form of 12-pointed stars in
reciprocal spade.

The 1:5 cell walls tend to Lie on the {0T11}R2:17, but do
not seem to be rigidly confined to this orientation. Mistakes
are commonly observed, both in inclination with respect to the
basal plane and in rotatioﬁ about the c-axis. In Figure 22, most
cell walls are nearly edge—on and they lie at approximately 60
degrees to the basal plane (30 degrees from the c—axis] as would
be expected for {fTD1}92:17 in this orientation, but close
inspection reveals some walls which are éignificantly deviated
from the 60 degres norm. In Figure 26, the structure is viewed
along the c—axis. Although many of the cell walls do lie
perpendicular to the <1120>4.5 = <1700>,.4; in this projection,
there is significant deviation from this pattern. This suggests
that the habit plane is not a rigidly established
crystallographic feature; there is é reduction in energy
associated with this morphology, but it is not a large effect.

The twinning of the R2:17 material is always observed,
although there is large variability in its ffequency. Figure &7
shows an example of oneloflthe more highly twinned structures.

' This is a low Zr alloy and the foil orientafioﬁ (see inset SAD)
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is such as to emphasize the contrast of the twins. The foil is
oriented such that one R2:17 orientational varient is in a much
better configuration for strong diffraction th;n the other,
‘heightening the structure factor contrast between the two. It can
be clearly seen that the twinning is a feature of the 2:17 cell
interiors only, as the 1:5 material is often a discontinuity in
contrast. In a sense, the 1:5 haterial plays the role of non4
basal plane antiphase boundaries. As a disordered phase, it can
account for the stacking shifts between translational variants
which would normally require an antiphase boundary, without
showing the usual contrast effects associated with antiphase’
boundaries. The R2:17 staéking simply Lloses itsridantity'at the
1:5 and stﬁrts again after -8 nm. On the other hand, the basal
plane must bé a very low energy position for twinning (non-—
conservative antiphase boundaries), as the density of such faults
is very high, even in the presence of the 1:5 material.

The Z phase plates occur in most of the alloys after they
have developed a well-defined cellular structure. They are always
extremely thin; 1f they are not imaged edge—on, they show
fringe contrast akin to that expected for stacking faults. Edge—
on, they appear to have a finite thickness, which usually appears
tc be - 2 nm, but occasionally thicker, -6 nm. The upper half of
Figure 28 is an example of a micrograph from an alloy with a high
density of the Z phase plates. They appear as bands runniﬁg
horizontally across the image. (The c-axis is vertical.)
Stresking in the SAD has been used to form the DF image of Figure

28b; the plates reverse contrast, indicating that they are, in fact,




responsible fof the streaking.
A series of experiments was performed in order to determine
- the structure of the Z phase. Using an alloy with a high volume
fraction of the Z phaée, SAD's were recorded in the <1OTU>1=5 =
<1120>,.47 and the <1120>4.5 = <1070>,.44 poles. (The Llower
halves of Figures 22 and 25). In these SAD's, streaking due to
the thinness of the plates makes it impossible to infer the
complete reciprocal lattice. A structure image of suéﬁ an alloy
in a <10T0>1:5 = <112U>2:17 symmetric orientation appears in
Figure 29. The Z phase plates image as 0.8 nm fringes running in
bands, roughly vertically. The {1071} planes of the R2:17 matrix
are also imaged; the two twin-related variants occur as families
of fringes at approximately 60 degrees to the Z phase fringes.
The usual strain contrast due to coherency misfit between the 1:5
and 2:17 superimposes large, slowly varying oscillations in the
background intensity. A simjlar image, taken along <11ED>1=5 =
<10T0>2:17 also revéals 0.8 nm fringes inside the Z phase plates.
(Figure 30). In this image, only the 0.8 nm fringes running
diagonally across the image are resolved. Thus, 0.8 nm fringes
occur in both orientations, just as 0.8 inverse nm reflections
occur along c‘ in both orientations. These reflections are real;
they cannot be due to hexa;onal 2:17 material, as this would not
form a spot at 0.8 inverse nm along ¢* in the <1120>1:5 = <107
50>2:17 orientation.
To eliminate the streaking in the SAD's, an alloy was
coarsened by overaging for 100 hours at 960 °C. The resulting

microstructure was extremely coarsened, the 1:5 and 2:17 phases
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having lost coherency and the Z phase plates having become up to
30 nm thick. An example of such a coarsened Z phase plate in a
1:5 matrix appears in Figure 31. The <1120>4.5 SAD shows a
pattern of ueéker spots which can be indexed as a twinned rhombo-
hedral phase having c~2.4'nm and a-0.5 nm. The reciprocal
tattice of this phase is therefohe:very similar to the reciprocal
lattice of the binary SmCog phase (Figure 15) which has space
group R3m. The orientation relationship between the Z phase and

the parent 1:5 phase is:

(oo01l,,5 // (0001],
[(11201,,5 // [11201,

The spots in the pattern correspond:to two twin-related variants;
the faint line at the center of the image of the coarsened plate
is presumably the twin interface. Some spot splitting in the
higher orders in the SAD indicates tﬁat the a—axis parameter of
the Z phase is smaller than that of the 1:5 phase. The c-axis
parameter of the Z plate is also slightly smaller than six times

the 1:5 c—axis parametsr.

Micrognalysis.

H, depends on the chemical compositions of the individusl
phases as well as on their sizes and distributions. To truly

charscterize the system, it is necessary to know where the tran—
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sition metal substituents, Fe, Cu, and Zr are situated in this
three phase structure. A series of experiments using the micro—
analytical capaﬁilities of a lspanning] transmission electron
microscope were performed in an attempt to analyze the structurs,
or, at least, to detect pértitioning of Cu, Fe, and Zr among the
three phases.

The ideal of a complete quantitative analysis of the three
phases had to be abandoned because the particles at peak aging
are too small. The 1:5 cell walls are approximately B nm thick;
the Z phase plates are approximately 2.4 nm thick. In principle;

the nominally 4 nm electron probe in the Philips 400 (S)TEM
.'shouLd resolvé the cell walls, but not the Z phase plates. In
practice, not even the cell walls were resolved; no chemical
seéregation between the 1:5 and_the 2:17 could be reproducibly
detected. This was due to a number of experimental problems. In
genaral it was impossible to be sure of accurate positioning of
the probe on the cell walls. In most TEM images, the 1:5 éell
walls are evidenced by the presence of strain contrast lobes which
very often do not Lie at the position of the cell wall itself.
Lack of tilt capabilities in STEM/microanalysis configuration of
the instrument prevents accurate determination of the
relationship between image contrast and position of the cell
wall, and, therefore, accurata probe placement. For thick areas
of the foil, the beam broadens, considerably reducing resolution;
but for thin areess of the foil, the cell structure is nearly
invisible. Overall, there is generally a layer of ion—-damaged

material on the specimen surface. Finally, the characteristic x—
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rays from Sm L Lines lie in the same energy range as the K Llines
of Fe and Co, confusing the energy dispersive spectra. ALL these
problems mitigated against accurate microanalytical
characterization of the 1:5/2:17 cellular structures.

An alternate policy of simply establishing the tendencies of
the system toward partitioning was adopted. A specimen was
overaged, giving coarsaned;lincoherent, 1:5, 2:17, and Z phases.
A micrograph of such a specimen appears in Figure 32. For a Z
phase plate in a 2:17 matrix, it could be established that the Z
bhase is highly enriched in Zr with respect to the matrix.
(Figure 33). Comparing the coarsened 1:5 with the coarsened 2:17,
Cu was found to favor the 1:5 while the Fe went to the 2:17.
(Figure 34). The Zr was also more highly concentrated in the 1:5
than in the 2:17 phase. These are qualit;tive trends; although
quantitation would be possible for a coarsened alloy, it would
not have any more impact for the understanding of the useful,

peak coercivity magnets. Thus,fquantitation was not attempted.

Comparisons and Correlations.

All the alloys studied have some common features, as
described above, but the relative density of these features
' depends on composition and heat treatment. Many of the alloys
whose intrinsic coercivity data appear in Figure 20 were examined
in the TEM and several messurements were routinely made. The

results of these measuraments are summarized.in Tables 2-5 “and
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certain aspects appear in Figures 35, 36, and 37. This data was
measured andvrecorded in order to establish which microstructural
features are critical for optimal intrinsic coercivity.

A review of the data in Table 2-5 and Figures 35, 36,
and 37 quickly reveals several trends which are not obvious from
an analysis of a single alLoy. In general, magnets with 3% Zr
have smaller cells (shorter wavelength modulations) than do the
magnets with 1.5% Zr for similar thermal treatments. Since the
1:5 cell walls have nearly constant thickness for well-developed
cellular structures, the‘3% Zr alloys have a larger volume
fraction ﬁf the 1:5 material. Furthermore, the 1:5 cell walls in
the low Zr mﬁgnets are more often curved and more disordered than
the walls in the high Zr magnets. Alloys of 3% Zr have more and
thicker Z phase plates, but fewer twin interfaces than do the
1.5% Zr alLoyé. Step-aging does not change cell size nor Z phase
density. ‘

Attempts to correlate intrinsic coercivity with specific
microstructural features have not been successful. When {He 18
plotted against cell size, Z phase spacing, or c/a ratio, 8s in
Figures 35, 36, and 37, no simple correlation is obvious. The
other microstructural parameters which might be expected to play
a role in coercivity, such as the 1:5 cell wall thickness, or the
angle of inclination of the 1:5 cell wall with the basal plans,
‘are actually insensitive to heat treatment once the cell
structure is established. These relatively constant features
cbviously can not explain the large changes in coercivity which

can be obtained by effective thermal processing.
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One éeature which does have some relationship with
coercivity is the density of the Z phase plates. Figure 38 is
eésentially a repeat of Figure 20 in which markers have been
placed along the curves at the time when large numbers of Z
plates nucleate. In three of the four cases, a large number of Z
plates sppears just before the rise in coercivity. These plates
ars Zr-enriched; the fact that they have some correlation with
coercivity provides the connection between the Zr content, micro-

structure, and coercivity.

" Origin of the Cellular Structure.

The 1:5/2:17 modulated structure originates in a-
comp Lex nucleatibn and growth process; its uniformity is
the result of several features spgcific to the system. The
processing routines used to produce these two-phase magnet;
always involve a high temperature homogenize—and—quench
treatment, followed by aging to develop the structure. Similar
heat treatments performed in the course of this investigation
show that the high temperature phase in these alloys is neither
of those which exist at the 850 °C aging temperature. Instead,
experiments indicate that the Zr-containing alloys transform to
| the hexagonal form of the 2:17 as they dissolve all the 1:5 at
high temperatures. Thus, an allotropic phase transformation must

occur in the parent 2:17 material as the temperature is raised

to the solutionizing temperature. During quenching, there is a
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drivihg force for the reverse transformation (from H2:17 to
R2:17) as well as for the precipitation of excess Sm as 1:5.
Neither transformafion goes to complsetion during the quench;' the
quenched—in_stata is thus an unstable mixture of both forms of
2:17 with a supersaturation of 1:5. Subsequent thermal activation
results in a cellular modulated structure by the simultaneous
inhomogensous shuffle transformation in the 2:17 and clustering
of the excess Sm to form the 1:5 cell walls. The details of these
processes will be presented in the next few paragraphs.

Alloys containing 0, 1.5, and 3 wt% Zr were solutionized and
quenched from various temperﬁtures (1060 9c<T<1235 °C) in order
to freezé—in the high temperature form of the alloy. The results .
of these homogenize—and—quench experiments are summarizqd in
Table 6. For the Zr—containing alloys, it was easy to find
a predominantly H2:17 structure. This was not achieved in the
case of the Zr—free alloy. Repeated attempts to homogenize this
alloy always resulted in a two—phase mixture of R2:17 and a long
period superstructure of the R2:17. The 1:5 seemed to be completely
dissolved, but the hexagonal form of the 2:17 was not observed at
any temperature in this alloy.

Figure 39 shows an example of a Zr—containing (1.5 wt% Zr)
alloy, homogenized at 1200 °C, and quenched. Figure 39, upper

half, shows the usual, clean structure in a symmetric BF image;

the only contrast in this image arises from bend and thickness

variations in the field of view. The only indication that this is
not a perfect, single phase material is the "texture" in the DF

image (Figure 38bl). The SAD pattern, enlarged and indexed in
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Figure 40, is much more revealing. The overall pattern is H2:17
with streaking through the 2:17 reflections; the maximum streak
intensity occurs at the R2:17 positions. The fact that the H2:17
reflections are discrete spots indicates that the bulk of the
materfal is H2:17. Faulting of the H2:17 locally generates R2:17,
thus, it is not surprising that the intensity maxima occur at the
R2:17 positions.

Although the strgaking in the SAD pattern is intense, it is -
very difficult to obtain adequate electron microscope images of
the real space features causing the streaks. Only in certain DF
configuratiohs could these R2:17 platelets be imaged at all.
Figure 33b is an example of EUch an image, taken using the
portion of the streak at the R2:17 position; the specimen was
tilted to enhance intensity at that position.

As indicated in Table 6, the 3 wt¥ Zr alloy behaved
gimilarly. Homogenizing for one hourvat 1194 °C and quenching also
produced a faulted H2:17 structure.

At 850 9C, the familiar 1:5/2:17 cellular structure very
quickly grows out of the faulted H2:17 material. Figure 41 shows
an example of the 1.5 % Zr alloy, homdgenized at 1200 °C for one
hour, and aged at 850 °C fﬁrv20 minutes. Already, after only 20
minutes, the excess Sm has coalesced into a well-definaed cellular
pattern. Thé cell interiors, however, have not completely
-transformed to R2:17. Figure 42 shows the same area in various
diffracting conditions; as usual, for g = (0001)4.5, the twinning
and faulting is in contrast. Evidence that some H2:17 still \

exists comes from the SAD (enlarged and indexed in Figure 43)
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where ths H2:17 spots are still distinct; the streaking has
become mgch more concentrated at the R2:17 positions.

The same mechanism for the formation of the cellular
structure operates in the case of the Zr-free alioy, but the
details arse different. Instead of forming a faulted H2:17 after
quenching from high temperature, the alloy forms a long period
modulatioﬁ of the R2:17 structure. Figure 44 gives an example of
such a structure; in this particular area of the foil, the
stacking is completely modulated, but many faults occur. On the
other hand, many regions of these foils showed two phases — the
clean R2:17 as well as the modulated phase. Figure 45 shows two
views of the same reqion of the foil, oriented along two
different crystallographic poles. The broad band at the center of
the lower image is R2:17 as indicated by the inset micro-diffrac—
tion pattern. As noted in Table 6, none of the attempts to
homogenize the Zr-free alloy was successful; there was always a
two-phase structure after quenching. It is not known if this is
due to a two-phase region at high temperatures aor if the
time/temperature combination was not sufficient to allow complete
homogenization. Nevertheless, even these two-phase structures
were effective in producing the éellular morphology. Figure 46
shows a micrograph of a Zr—free alloy, aged at 1210 9C for 1
hﬁur, quenched, and aggd at 850 °C for 20 minutes. Figures 46B,C,
‘and D are a series of DF's from the same area. In these images,
the 1:5 strain contrast lobes seem to occur preferentially at
faults and disruptions of the coarsely twinned R2:17; the

particles are elongated along the matrix pyramid planes. Figure



47 is an image of a different region of the specimen; here the
structure is completely modulated. It is believed that this
arises from an area which was combletely transformed to the Long
period structure at elevated temperatures. Quenching and aging
caused a8 uniform transformation 6f th& tong period modulation
into a new type of modulation - the cellular structure. Although
this case is not so clear-cut, it must be concluded that phase
transformations in the parent phase are responsible for the
uniform precipitation of the 1:5 to form the cellular morphology.
The structure of the long perfod phase is a nearly periodic
faulting/twinning of the R2:17 structure. Thé diffraction
patterns corrasponding;to Figure 45 are enlarged and indexed in
Figures 48 and 49. In Figure 48, the R2:17 reflections are
accompanied by satellites which very rapidly reduce in intensity
through higher orders. They are very faint at higher orders, but
they do seem to fall at positions corresponding to a fourfold
multiplication of the 1.2 nm R2:17 lattice parameter (an
appr:;ximately 4.8 nm spacving). The fact that the intensity drops
of - with the order of the reflection indicates that the
modulation is not a perfect 4.8 nm stacking. If that were true,
it would generate spots of equal intensity along this line in
reciprocal space; such a structure would properly be called a
polytype. Instead, this long period phase seems to have much ih
‘common with what has been referrsed to as a crystal having
"uniformly mixed" antiphase boundaries. [49,50] That is, twins
occur in the R2:17 structure every 2, 3, 4, 5, or 6 unit cells in

a random sequence such that the average twin is 4 unit cells
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thick. Besides being a mixture of.savaral di fferent twfn sizes,
faults and disruptions commonly occur; they are evidenced by
terminating fringes in Figure 44 and Figure 45b. The fact that
this structural modulation is only‘a twinning of the 2:17 - tﬁa;
is, a quasi-periodic rearrangemgnt in the pattern of stacking of
mixed planes - is seen by examining the <1120>1:5 SAD (Figure 50)
and thé corresponding image, Figure 46a. In this orientation,
there is no evidence for the modulation except for extremely fine
streaking élong [0001]‘. This indicates that the basic 0.4 nm
structural unit is not perturbed by the modulation in the
stacking sequences. If the stacking modulation were accompanied
by a corresponding compositional or strain modulation, it would
be reflectad in this pattern as a similar row of spots along
[0001]‘. The faint streaking is thé only indicatioﬁ of such a
modulation; if it exists at all, it is surely ; small effect.

By combining the information in Figureé 48 and 49, it is possible
to construct a scheﬁatic diagrém of the raeciprocal structure of
the long period phase (Figure 50). Alternatively, the lbng period
-,may'be represented by a stacking seﬁuenéa of the type:

. . .CABCABCABCABABCABCABCACBACBACBACBACBACBABCABCABC. . .

4 3 5 2

- a quasi-periodic rearrangement in the arrangement of the mixed
planes.
A'further confirmation of the structure of the long period

phase is given in Figure 51. This figure presents the results of
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a laser optical diffraction analysis of a micrograph taken from
the long period phase. Using a single R2:17 reflection and its
assodiated satellites, a DF image was formed; bright structure
factor contrast is therafore expected from all regions of the
specimen having that orientation variant. Because there is a
quasi-periodic mixing of orientation variants, a quasi—periodic
1ﬁage results. Visual inspection of such an image hints at local
variations in the fringe spacings. Using the micrograph as a
diffraction grating for a 2 mm diameter He—Ne laser beam produced
patterns of spots of various spacings. The best measurement of
these laser reflesctions giVes fringe spacings in the ratios of
i:a, 1:4, 1:45 and other poorly defined positions. This pattern
of small retional numbers supports the idea that the long period
structure is composed of blocks of R2:17, twinned almost
regularly, such that the orientation repeats itself on an average
of every 4.8 nm.

In all cases, the same mechanism of nucleation operates.The'
R2:17 is not stable at high temperatures and high excess Sm
concentrations; it transforms to other forms at high
temperatures. The resulting reverse structural transformation
is accompanied by an expulsion of excess Sm from the 2:17 in the

form of the cellular modulation.
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Origin of the Z Phase Plates.

It is as yet‘impossible to givé a cbmplete description of
the nucleation and growth of the Z phase plates, but their known
characteristics can be presented and will serve to fuel spec—-
ulation in the next section. The Z plates are very long, uith
extreme aspect ratios; oﬁly rérely were terminations encountered
in the peak-aged alloys. They do not appear until the cell struc-
ture is developed; the actual time of their appearance seems to
be controlled primarily by the Zr gontent of the alloy (see
Figure 38). Once nucleated, they must grow very rapidly along the
common basal planes to achieve such an extreme-aspact ratio.
Their‘density is not significantly affected by step—aging treat-
. ments; presumably they do not nuclsate and grow significantly at
temperatures below 850 °c.

The Z phase plates seem to be heterogeneously nucleated at
interfaces. Figure 52 is a micrograph of a region of a 1.5 wt% Zr
alloy, aged 40 hours at 850 °C in which a 1:5 particle appears to
have lost coherency and thickened to several times its original
size. Within the field of view, eépecially visible in the WB
image (Figure 52b) are several Z phase plates which seem to
terminate at the semjcoherent 1:5/2:17 interface. These Z plates
are associated with shifts in the images of thg interfacial
dislocations. Some plates proceed straight through the particle.
One might speculate that these plates were present well before
the particle began to lose coherency while the plates which

terminate at the interface nucleated there.

L4
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Another example of heterogeneous nucleation of the Z phase
appears in Figure 53. A discontinucusly coarsened Z plate lies at
a grain boundary in this image. It is semicoherent with the Lower
grain (inset microdiffraction pattern); the grain boundary lies
roughly parallel to the besal plane of the lLower grain at this
point. Within tha'louer grain, but Jjust adjacent to the boundary
is a very high density of Z phase plates. It appears that the
semicoherent interface between the grain boundary allotriomorph
and the ﬁatrix is a much more efficfant site for Z phase
precipitatfon. The incoherent jnterface between the adjacent
grain and the Z. phase particle seems instead to have facilitated
thé discontinuous coarsening of the grain boundary particle,
allowing it to consume the plates in the near vicinity of the
grain boundary. In either side of the grein boundary, the
1:5/2:17 cellular structure does not seem to be affected; the
cellular structure extends to the boundary. Thus the Z phase
seems to nucleate and grow discontinuously at grain boundaries
and interfaces of the continuously nucleated 1:5/2:17 cellular

structure.
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Summary of Results.

The structurﬁ of the Sm[CoCuFle]7.4 permanent magnets is
modulated in three dimensions due to two differént types of
precipitation. Sm(CoCuFeZrlg precipitates fo;m a nearly periodic
array of continuous films on the pyramid planes of the twinned
rhombohedral‘Sm2[CoCuFle]17 matrix. The precipitates Llie on
crystallographically equivalent {1DT1]2:17'planes, resulting in a
three dimensional modulation in which rhomboid-shaped 2:17
particles are surrounded by thin walls of the 1:5 material. This
is normally & totally coherent structhre. After thé 1:5/2:17
. cellular modulations are déveloped, a third,phase, the "Z" phase, -
precipitates as thin plates lying on the common basal planes. This
phase is Zr—enriched; it has a reciprocal lattice similar to that
of the rhombohedral SmCog phase, and is coherent with the 1:5 and
2:17 phases. At advanced stages of precipitation, these thin
plates occur regularly ifn the cellular structure, generating a
-quasi-pafiodic modulation along the common c-axis.

The sizes, distributions, and chemical compositions of these
three phases in this multiply modulated microstructure are
subject to manipulation by thermal processing. In general, the
cellular structure coarsens uniformly during aging, but magnets
with 3 wt¥ Zr have shorter wavelength modulations fhan do the 1.5
- wt® Zr alloys for equal heat treatments. The high Zr magnets have
more and thicker Z phase plates but fewer twin interfaces than do
~ the Llow ir magnets. Step—aging does not change the cell size nor

the Z phase plate density. Due to differences in solubility
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limits, Cu tends to segregate to:the 1:5 phase. The 2:17 phase is
enriched in Fe, and Zr is concentrated in the Z phase as well as
in the 1:5 phase.

Analysis of the microstructures of various magnets reveals
no single microstructural parameter which always correlates with
coercivity. Zr additions:aid coercivity, but only if the,alioy is
stap—aged. In the majority of the cases, appearance of the Z
phase plates in the microstructure accompanies a dramatic rise in
coercivity. This is a clue to the development of coercivity, but
since this behavior is not always observed, the presence of Z
plates cannot by themselves be simply responsible for changes in
intrinsic coercivity. Coercivity undoubtedly depends on several
interacting parameters.

Homogenize-and—quench trestments show thatvthe structure of
the Zr-containing magnets at high temperatures'is the hexagonal
rather than the rhombohedral form of the 2:17. The 1:5 seems to
dissolve complétely in the H2:17 at high temperatures, as the as—
quenched structures ars very uniform. The as—quenched structures
of the Zr-free alloy always shows a two-phase distribution of
R2:17 aend a quasi-periodically modulated R2:17. This long period
structure serves the same purpose as the H2:17 structure; by
eliminating excess Sm during reverse transformation to the R2:17,
these high temperature structures indirectly generate the uniform

' 1:5/2:17 cellular structure.
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DISCUSSION

In order to understand the relationships between com-
position, microstfucture and coercivity for these two-phase mag-
nets, one must consider the system as a whole. It is well
established that intrinsic‘coercivity depends on domain wall
pinning in these alloys, but no single microstructural feature '
has been identified which is universally well—-correlated with
- coercivity. Instead, coercivity seems to depend on several
pérameters, all of which evolve continuously during heat treat-
ment. Thus, to understand coercivity, it is necessary to be
cognizant.of the processes involved in microstructural develop—
menf;'in.thatvmoda, one can construct a fairly clear picture of
' hbw these alloys function.

In what follows,vtha development of the multiply modulated
microstructure will be presented and the devélupment of
intrinsic coercivity.uill be discussed. The roles of Zr as well
as the other substitutional alements will be clearly delineated.
The‘concepts ubtained.from this investigation will be use& to
interpret coercivity data for related alloys; similar micro—
structures have recently been observed by other investigators;
their results are in general agreement with the results of this
investigation and add an air of ganeralify to the present dis—
cussion. Finally, it must be remembered that SmCo magnets are
basically a technological system; several directions for future

research, as well as possible alloy improvements based on the
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ideas derived from this work will conclude this discussion.
Microstructural Development.

As in all precipitation hardening systems, a two-phase
structure evolves from some sequence of nucleation and growth
processes. In fhis'case there are two distinct nucleation. pro—
cesses: 1) 1:5 material in the form of cell walls is produced by
the breakdown of the high tamparatura'forms of 2:17 and 2) the Z
phase platesvnucLeate in the uell-develqped cellular structure.
Assuming the. 1:5/2:17 cellular- structure has nucleated (a
situation found to be true in all alloys after very short 850 °C
aging times), two further‘procésses must occur before a high
coercivity magnet is obtained. The cells must grow to a size
which will allow effacfiVe domain wall'pinning, and the tran-—
gsition elements, Cu, Fe, Co,and Zr must redistribute themsglves
among the three phases. While the same nuclestion event seems to
be common to all the alloys, the varying extents of growth and
redistribution of the transition metals distinguishes the in-
dividual alloys.

This section begins with a discussion of the phase
transformations leading to the nucleation events and then
considers the growth of the cells and the Z phase plates. The
! twinning of the R2:17 is reconsidered. The final step in the
development of a high coercivity microstructure is the
redistribution of the transition metals on the two major phases;

this subsection concludes with a discussion of these processes.
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Nucteation of the Cellular §£ng;gig. Probably the most
remarkable feature of these alloys is the persistence of the
1:5/2:17 cellular morphology. This uéeful structural modulation
has been found to grow out of several different as—quenchéd
struc#ures. Each case is slightly different, but all as—quenched
structures have three features in common. 1)They are all based on
,2:17 stoichiometry, 2)they all have some degree of structural
disorder, and 3)they are all supersaturated with Sm. Becapse thg
end product - the»cellulpr morphology — is the sahe in all>cases,
if is probable that the common features of the as—quenched struc—
tures are essential for thevprodUCtionvnf the 1:5/2:17
modulation. This section will consider hoﬁ these as—quenched
structures transform to the useful, coherent cellular structure.

The common features of the as—quenched structures suggest
two different mechanisms for the formation of the cellular
modulations. The faulting and stacking disruptions in the 2:17
might serve as heterogenecus nucleafion sites for the 1:5
precipitation; anisotropic growth of the 1:5 nuclei might then
result in the cellular morphology. Alternatively, it is possible
to consider the as—quenched strﬁcturas as fundamentally unstable,
driven far from equilibrium by the quench; the cellular structure
' might then result as the system struggles to regain equilibrium
as efficiently as possible. The next few paragraphs consider what
might have happened in the quench to’generate the observed

structures, then the experimental evidence concerning the above
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transformation mechanisms will be discussed.

It is important to be certain that the as—quenched strub-
tures reflect the state of the material in equilibrium at the
homogenization temperature and that the observed structures are
not themselves products of some transformation. Secondly, the
atomistics of the nucleation mechanism should be examined to see
if there is;any juétification"fof~the intuitively pleasing idea
that defects in the 2:17 catalyze the 1:5. These subjects will be
examined in the next few pgragrabhs.

Without doing a high temperature single crystal x-ray
diffraction experiment, it is impossible to be absolutely certain
that ‘the 2:17 phase is hexagonal at high temperatures, but there
are strong indications that this is the case. If‘any-of the’
transformations in this system are of second or higher ordsr,
they might occur during quenching as they would need no discrete
nucleation event. Alternatively, an athermal process such as-

a martensitic transformation might be responsible for the
observed as—quenched structures. These possibilities must be
considered briefly.

| The possibility of a higher order transfoémation can be
eliminated by systematically applying the Landau and Lifshitz
symmetry rules [45,46] for second order transitions as well as
noting some experimental observables. ALl reactions between the
" observed phases in this system are:
1:5 <—> H2:17, R2:17, long period phase
H2:17 <—> R2:17, long period phase

R2:17 <—> long period phase
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It was noted in the introductory material that transitions
between the 1:5 and the R2:17 can not be second order. In terms
of Khachaturyan's [46] concept of static concentration waves, an
ordgring of dumbbell sites on a 1:5 structure to form R2:17
occurs by the 1nérease in amplitude of concéntration waves of the

‘wave vector
1/3<2214>1:5

Higher order transitions are forbidden if it‘is possible to form
'third—ordef invariants of these ordering vectors. That fs, if
three vectors of the type 1/3<2241> can be combined to form a
fundemental 1:5 reciprocal lattice vector, no second order
transitions can occur. For this case, an obvious third order

invariant can be formed:
3[1/3]<2231>1:5 = <2211>1:5

which is a fundamental 1:5 reciprocal lattice vector. Since this
is the case, no higher order transitions can occur which effect
this type of ordgring. The same can be said for transitions
between 1:5 and H2:17, The agrument is essentially the saée. The

ordering vectors for ordering on 1:5 to form H2:17 are:



Forming third-order invariants:

(3)(1/3)<4483>, .5

<4483, .5

Both products are obviously fundamental 1:5 reciprocalvlattice
vactors. Thus,vsymmetry precludes higher order transitions
between these two phases. Second order reactions between 1:5 or
R2:17 and the long period phase cannot be eliminated by symmetry
arguments; the ordering vectors fqr the Llong peripd are slightly
shifted from the special points [46]; integral.multiples of these
ordaring;vectoré~uill not likely form fundamental reciprocal
lattice vectors. However, both 1:5band R2:17 have been observed
coexisting with the long period pﬁasé (Figures 48 and 47, respec-
gively];-these experimenfat'observations serve to preclude second
order transitions for raactions involving these phases. Further-
more, the H2:17 and R2:17 have alsoc been observed in contact{ the
same idea applies to transformations between these two. Lifshitz
[45] has also noted that second order reacfions in hexagonal
systems change the volume of the unit cells by a factor of either
3 or 6; for H2:17 to R2:17 the factor is 1.5. The H2:17 to long
period t}ansition can also be dealt with on this score. Thus,
there does not seem to be any possible second order transitions
between any of these phases. |

The experimental observations also do not support the
possibility of a martensitic transformation as generating the

H2:17 or long period structures. Such transformations normally
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_involve some homogeneous distortion of the lattice with or
without an inhomogeneous shuffle of atoms on the lattice. No
evidence of lattice distortion has been observed, neither as
distortions in the diffraction patterns, nor as lattice strain
contrast near interfaces of any martensitic packets. In fact, the
constancy of the Co sublattice is a striking feature of both :he
long period structure and the H2:17/R2:17 as—quenched structures.
The quasi-periodic twinning of the R2:17 to fofm.the tong period
is strictly confined to the dumbbeiL/Sm sublattices; it must
occur by inhomogeneous shuffling of the Sm atoms and the dumbbell
Co pairs with no long range disruption of the Co framework. The
smallest atomic Jﬁmp distance associated with such a shuffle
process is the Sm—Sm nearest neighbor distance (- 0.5 nm); no.
fractionai positions for-thevSm atoms are allowed. Thus, it seems
highly likely that the first impression is corréct; H2:17 is
stable at high temperatures and high Sm contents, and no phase
transformations have started and gone to completion during the
quench.

If it is accepted that the Zr—containing dlloys are H2:17 at
higﬁ temperatures, it must be agreed that they decompose to form
R2:17 and 1:5 during quenching and aging. Two types of reaction
paths are conceivable: 1) The H2:17 transforms by an in-
homogeneocus shuffle mechanism to the R2:17, followed by
nucleation and growth of 1:5. 2) The 1:5 nuclsates either as
small, discrete regions of excess Sm atoms or as long—range
compositional fluctuatiions on the H2:17 structure; the remaining

near-stoichiometric regions between regions of excess Sm shuffle
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from H2:17 to R2:17. Both processes are conceivable and have
some basis in experiment. It is also possible that these
processes happen simultaneously. Cooling rates and relative
driving forces will probably dictate which reaction path is
preferred, but they will be individually examined here. .

Stoichiometric H2:17 can be transformed to R2:17 by the
passage of i/3<1120>1:5vdislocations through the lattice on
alternating mixed planes. These dislocations afe perfect‘1:5
.dislocations, but partial dislocations in the 2:17 lattices. In
the 2:17's, this mechanism is analogous to the transformation of
hcp elemental Co to fcc elemental Co by passage of Schockley
partial dislocations. A schematic of this process'appeérs in.
Figure 54, As sketched in the figure, such dislocations strain
the lattice; they would be visible for certain diffraction
conditions in TEM images. They are.not observed.

Siﬁcé there is no evidence for the dislocation mechanism of
the H2:17 to R2:17 transformation, one must consider other
possibilities. R2:17 could conceivably nucleate as a small, not
necessarily planar, region of stacking disorder and grow in all
directions by shuffle of Sm and dumbbell sites at its interface
with the parent H2:17. This type of nucleation event mighf be
expected to occur at translatioﬁal antiphase boundaries of the
H2:17 or at local regions of excess Sm in this nonstoichiometbic
“alloy. If the alloy were stoichiometric, the R2:17 nuclei would
grow until they impinged on esch other, generating growth
antiphase boundaries in the R2:17 material. However, these alloys

are not stoichiometric; excess Sm must be ejected from the R2:17



by diffusion ahead of the interface. When these particles

impinge, they remain separated by the 1:5 material (the excess
Sm}; the interfaces remain diffuse, and the cellular structure
apbears immediately.

The alternative reaction path involves clustering of Sm in
H2:17, leaving depleted, near stoichiometric regions.nhich are
free to shuffle to form R2:17. Assuming that the excess Sm is
tru(y dissolved in the H2:17 at high temperatures, quenching
might cause non—equilibrium clustering of Sm, forming the SmCo
equivalent of GP zones. Aging would then be expected to gensrate
well-defined regions of 1:5 at the GP zones. If the undercooling
during quenching is extreme, the system may reach tﬁe point of
absolute instability with respect to finite fluctuations. At that
point, the transfurmétion would no longer be restricted to
distinct nucleation sites, but uould>occur as a cooperative
| phenomenon, and the resulting anisotrobic spinodél decomposifion
of the Sm and dumbbell sites on their sublattice into a cellular
modulation would serve to generate areas enriched in Sm which
could form 1:5 regions in the H2:17. The remaining H2:17 would
shift to compositions nearer to exact stoichiometry; a small
shuffle would generate R2:17. The 1:5 particles would again fall
into their role as diffuse interfaces between the several R2:17
and H2:17 varianté. In thfs ca;e, the cell'structureliould also
" be cbserved, but it would be the manifestation of the instability
of the system with respect to Long-range compositional
fluctuations.

The experimental evidence for these processes is somewhat
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contradictory. The uniformity and persistence of the cellular
modulations are strong points in favor of the spinodal mechanism.
Houe&er, if such a cooperative phenomenon is aoperating, it must
be occurring without regard for the distinction between H2:17 and
R2:17. In other words, the Long-range Sm conéentration waves
must be forming despite the fact that the fundamental structure
alternates on a finer scale between the two forms of 2:17. This
can be seen.from the fact that that the as—quenched Zr—-containing
alloys show diffraction evidence of regions of R2:17 [Figﬁres 33
and 40) well before a cellular structure appears. The presence of
R2:17 this early in the prbcess-wautd seem‘to-favdr*the first
reaction path: H2:17 goes to R2:17, followed by precipftatidn of
1:5 afvthe interfaces. On the other'hénd, close examination of
Figures 41 and 42 shows that some of‘the H2:17 remains after 20
minutes at 850 °C, even though the 1:5 is well partitioned into a
cellular structure. The H2:17 platalets in the cell intafioré
are only slowly removed by aging at temperatures bglon 850 °c.
These results favor the second proposed transformation path: Sm
composition varies either locally or as long-range oscillations
in such a way as to form 1:5 and the remainingvmaterial shuffles
from H2:17 to R2:17.

A complete description of these transformations during
quenching at rates and temperatures similar to those used here
‘probably should involve a combination of the two reaction paths
described above. There is a driving force for clustering of
excess Sm and for transformation of H2:17 to R2:17, both of which

are effected by diffusion of the same two species — the Sm atoms
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and the Co dumbbells. The actual mechanism of diffusion of these
species thrdugh the Co sublattice framework is not known, but it
seems reasonable to expect that the atomic interchanges allowing
the Sm to move into clusteré could al;o result in rearrangement
of the dumbbell sites. Thus, the two reaction paths could be
expected to proceed simultaneously.

Regardlessvof which path is 1ni£iatad first, experimental
evidence suggests that the complete.shuffle of H2:17 to R2:17 is
the slower process. The 1:5 cell walls are well-formed Long
before the H2:17 disappears completely. Thus, one might suspect
that the driving force for Sm clustering is much greater thah
that for rearrangement of the dumbbells.

The fact that the 1:5 cell walls form an extended interface
at the R2:17 antiphase boundaries is reminiscent of phenomena
exﬁected near a tricritical point. [52,53] At such a special ‘
point, it is expected that the disordered phase should completely
wet the antiphase boundaries of the ordered phase. Thus, the
cellular structure which consists of disordered 1:5 on the
antiphase boundaries of ordered 2:17 would be a thermodynamically
equilibrated structure, and its persistence would be easily
accounted for. However, neither theory nor experiment support
such a view. Theoretically, a tricritical point must be dis—
allowed because all higher order transitions haﬁe been excluded
by symmetry arguments and experimental observations. Experi-
mentally, the cell structure is observed to coarsen with thermal
activation; it evidently is not an equilibrium structure. Thus,

one must conclude that this is simply a system which accommodates
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off—-stoichiometry by pfecipitation at antiphase boundaries and
that the cellular structure is only a transitional féature in a
long, slow approach to an equilibrium two-phase structure.
Regardless of the actual nucleation mechanism, the pyramid
habit of the 1:5 is probably the result of an attempt to minimize -
elastic misfit strain énergy. Livingston and Martin [40] pointed
out that the misfit between the two lattices,; at least in the
case of the binary SmCo, is Lowest for pyramidal planes. The
spacing between mixed planes along the c—axis is greater for the
R2:17 than it is for théa1=5-v0ﬂ the other hand, the distance
between the Sm sites in the basal hlanes is larger for the 1:5.
than it is for the 2:17 compound. For these reasons, Livingston
and Martin hypothesized that the ieast misfit would Lie at an
intermediate position — at a plane having its normal somewhere
between the c—axis and the basal plane. The electron diffraction
patterns obtained in tha course of this‘investigation‘suﬁbort
this hypothesis; the relative misfits along the [00011* and the
<1TDD>‘ and <1120>* are as expected. Careful examination of the
SAD's at higher order reflections does show an apparent spot
splitting due tb the two different lattice parameters for the
(00011* and <1700>* and <1120>* systematic rows. The [131113,5 =
[2201];2:17 systematic rows very nearly superimpose, indicating
that the misfit hetueen the corresponding planes in direct space
18 very low, as suggested by Livingston and Martin [40]. Thus, if
the nucleafion is by a spinodal mechanism, it seems reasonable to
expect the concentration modulations to form in such a way as to

minimize the elastic energy; in this case.that would result in a
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dominant Sm concentration wave vector oriented perpendicular to
the pyramid planes of the structuré. Alternatively, if the
nucleation of 1:5 is discrete, occurring at haterogeneitiéé,
anisotropic growth along the pyramid planes would also be
expected to generate the cellular structure.

Another factor which may favor the pyramidal habit is that
the interface between the two phases in this configuration is, in
a sense, simple. Figure 56 shows an idealized drawing of the
cellular structure. The 1:5 cell walls have been inclined at 60
degrees to the basal plane; their thickness was arbitrarily
chosen. The dumbbell sites have been arranged to suggeét regions
of both R2:17 orientational variants{ translational variants also
occur. In this orientation, the structure projects exactly; the
next layer of dumbbell/Sm sites, either above‘or below the plane
of the paper, would be exactly the same. (Cell walls would occur,
lying on crystalldgraphically equivalent pyramid planes; they
would not project. However, - they are related to the configuration
of the drawing by symmetry operations, so théy can be ignored for
the present discussion.) Note that two types of 1:5/2:17 inter-
facé occur. One gives a8 smooth surface of dumbbell sites; the
other gives a sawtooth shape in this idealization; presumably it
would smooth out somaﬁhat in a real alloy. The point is that the
lattice mismatch is minimized in this configuration and there is
a 50% chance that a smooth interface is generated. The com—
bination of these two is the reason for the commonly observed 60
degree habit.

The transformation from the long period phase to the
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cellular structure may also take place by thergenefation of Llong—
range fluctﬁations far from equilibrium. However, in this case, a
discréte mechanism is also simple to imagine. The mistakes in
the stacking of the R2:17 units form a high density of what are
locally orientation and translation antiphase boundaries. It is
only reasonable to expect that éxcess Sm in solution would adsorb
on such heterogeneities, creating small regions of 1:5
stoichiometry. As usual, anisotropic growth of these nuclei along
pyramid planes is highly favored. The strongest evidence for the
discrete, heterogeneous nucleation of the 1:5 appears in Figure-
46 which shows many instances-of smaltl, isolated 1:5 particles,
elongated aldng the usual pyramid habit plane; they have not ysat
coalesced to form the cellular modulations. Aftgr excess Sm is
expelled from the long perioa material, the remaining tuin inter—
Afacgs are expected to slowly disappear by diffusional growth of
individual R2:17 particles. This process is expected to be very
slow as the interfaces surely have a~lbﬁ»sufface energy; some

residual twinning persists throughout the aging treatments.

Growth of the Cellular Structure. The quasi-periodic

cellular structure is a two—phase system with a large interfacial
area per volume; as such, it is expected to coarsen if sufficient
' thermal activation is available. This is indeed true; the

- cellular structure does grow uniformly with time at 850 °C. The
coarsening process occurs by the occasional elimination of
individual segments of 1:5 material. This allows adjacent

particles of 2:17 material to coalesce. The elimination of the
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cell wall seems to go quickly once started; only occasionally was
it observed that a segment of 1:5 extended into the center of the
2:17 cell interior. Upon coalescence, the 2:17 particles produce
either a perfect match, a translational antiphase boundary, or a
twin intérface.Thus, new twins are continuously produced as the
structure coarsens. The 1:5 cell walls seem to be eliminated
randomly in such a way that the overall morphology is maintained.

Within éxperimentat error, the growth Af the average cell
obeys the usual t1m§1/3 law for diffusional coarsening (Figure
57). The conventional Lifshitz—SLyozpv-Wagner [54,55] theory of
diffusional coarsening predicts that the average particle size’
should grow as:

r—rgy= kt1/3

where: r is the average particle size
Mo is a constant
k is a rate constant having units of siza/time1/3

t is the time at temperature.

This expression is strictly valid for spherical particles in a
liquid, but it has beeh shown to be reasonably. predictive for
several solid-state systems including NigAl particles in Ni(All,
[44] Cu-rich precipitates in Fe, [56] and for several spinodally
decomposing systems [57,58,58] as lohg as the growth rate is
controlled by bulk diffusion and the coarsening is driven by the

reduction in surface area. In this case, it is probably the
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‘diffusion of Sm whicﬁﬂlgﬁits'tﬁg_growth”rate, aS'it:ié the‘nature
of thé Sm sublattice uhjch-determines the cell structure. The
rate constant should be closely related to the diffusivity of Sm;
the fact tﬁat Figure 56 shows two different slopes.for two

- different Zr ponéentrations can therefore be_takén tO'mgan that
Zr inhibits Sm diffusion.¢Because tha,LSw theory seems to be .
obeyed,'ft is reaéonabla ;o,conclude;ﬁhat the grdpih of the
hodulated-strﬁcture is driven by the reductibn*inAthe jntarfaciél
.energy but Llimited byidiffusionjof Sm through thg lat;ice.

_ The axcgllent agreement batwéén,the»axperimental_rasults and
tﬁe.straighflline~for‘the 3% Zr altqyis~pr§bgbly-somewhat
fortuitAus.‘Fdfga-given alloy, there i§ a significant |
distribution 1n»cell sdzes}vno»attempt'has_beeﬁ;made here'to

- characterize the variability of the size distriﬁutions. The data
used ih’Figpre 56 is simply the best estimate of average size
after a meximum number of_meésurements were made on each
micrograph. Nevertheless, the confidence in the data for the 3%
. Zr alloys is much greater than that for the 1.5% Zr alloys. Thé
3% Zr alloys have much smaLLer,~more.regulér cells, giving the
posﬁibilfty of more measurements with Le#s-spread in the data.
The data for-thé 1.5% Zr.alloy is much Less reliable; the
straight line has been drawn through these points priﬁarily for
comparison purposes. The larger cells in the 1.5% Zr alloys
‘allowed fewer measurements for thg same extent of electron
transparent material. A larger variability in cell sizes and
increeséd percentage of curved boundaries also contribute to.

uncértainty in the 1.5% Zr results. Measurements of average cell
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size for the 1.5% Zr magnets varied by as much as + 30 nm; for
the 3% Zr magnet, the average mgasurement varied by + 5 nm.

- The growth of the cells continues until, at very long aging
times, coherency begins to breakdown. For the 1.5% Zr alloy, this
- begins to be evident after 40 hours at 850 °C. The cells are
apprqximately 180 nm in size at this point; the cell walls are 10
to 20 nm thick. Whers coherency.is lost, the mismatch energy no
longer effectively maintains the pyramidal habit ﬁlane. The 1:5
particles begin to sphercidize, consuming neighboring cell walls
in a process reminiscent of abnorﬁal grain growth. Figure 52
shows an example of such an overaged 1:5 particle. Contrast
analysis of the interfacial dislocations'gives the result that
the largest component of their Burgers vector is perpendicular to
the c—axis. Thus, the mismatch accommodated by this dislocation
wall is primarily in the a—direction.

The affect of Zr on the growth of the cells is evident from
Figure 57: Zr inhibits cell growth. Because the diffusion of Sm is
probably the lLimiting process in cell growth, Zr inhiﬁits Sm
diffusion. This could be due to some affinity between these
elements which causes their diffusional motions to be correlated.
-Alternatively, it could be due to size considerations. The Zr
atoms are much larger than the Co atoms (Zr atomic radius = 0.160
nm; Co atomic radius.= 0.125 nm); if, as co‘mmohly a':’-;sumed, Zr
occupies Co sites, it probably causes some distortion of the
latticg in the neighborhood of each Zr atoﬁ, giQing less "free
volume" and reduced Sm diffusivity. It is 1ntere§t1ng to spec—

ulate about which Co site would be favored by the Zr atoms. As an
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oversized atom, they might be expected to behave as excess Sm
atoms do in the 1:5 lattice. At higher Sm compositions than 1:5
stoichiometry, Sm atoms tend to occupy the mixed plane Co sites.
If there are enough Sm atoms, they order to form 1:3, 2:7, or
5:19 phases. One might guess then that this lattice best accom-
modates excess oversized atoms oﬁ the mixed plane Co sites. If
this is so, and Zr atoms do tend to favor that site, their
proximity to the Sm sites might well be cause for reduced Sm
diffusion.

One might tentatively identify another role of Zr in the
gbowth and development of the modulated microstructures. Zr seems
to promote strict adherence to the pyramidal habit. In all cases,
the 1.5% Zr alloys had more curved and disoriented cell walls
than did the 3% Zr alloys. Following the hypothesis that minimal
mismatch energy dictates the habit plane, Zr presumably promotes
mismatch. That is, relatively speaking, Zr elongates the 2:17 c-
axis while elongating the 1:5 a—axis. Both effects must be
present at roughly equal magnitudes because the habit planes in
both cases lie at 60° from the basal plane. Furthermore, there is
no aignifiﬁant difference in ¢/a ratios between the two composi—
tions.To generate the two different strains, Zr would probably
occupy different sites in the 2 phases; the mixed plane Co site
in the 1:5 and the Co plane site in the 2:17. This is a pos-
sibility, but no direct evidence for it is yet available. Alter-
nately, if Zr occupies Co sites completely randomly, it is con-
ceivable that anisotropies in the lattices may cause both of the

above mentioned distortions to occur. In other words, Zr might be
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well accommodated at a mixed plane Co site in 2:17, but may
result in c-axis elongation when occupying a Co plane site; Zr at
a mixed plane Co site in the 1:5 may cause a~-axis elongation but
be well accommodated -hen'ﬁccupying a Co plane site in 1:5.
Whatever the atomistic origin, Zr does seem to promote regularity
of the cell structure. | |

The other important micrpstructural feature which develops
during 850 °C isothermal anneals is the density of the Z phase
plates. The presence of these features seems to be controlled
simply by the quantity of Zr in the alloy; step—aging saemsAto
have no effect dn them. For the 3% Zr alloy, large numbers of the
plates come into existence after approximately one hour at 850
OC. In the case of the 1.5% Zr alloys, the Z phase does not
appear until later — at 6-10 hours aging. In all cases, the cell
structure is developed before the Z phase appears. Once started,
the density of the plates 1ncreqses rapidly, quickly reaching a
limiting density which is greater for the 3% Zr alloy than for
the 1.5% Zr alloy. Presumably the Zr available to drive the
precipitation reaction is consumed at this point. Up to the point
where the cell structure loses coherency, there is no evidence of
coalescence and diffusional coarsening of the plates. They ssem
to maintain their thin nature — one to three unit cells thick -
until the breakdown of the cellular structure. They are not
connected; for coarsening to occur, Zr would have to Leave one
plate, dfffuse through the lattice, and nucleate and grow a ledge
on the surface of an adjacent plate. Even with the 1:5/2:17

interfaces, such a reaction seems to be unlikely.



Mucleation and Growth of the Z Phese Plates. Before begin-
ning a discussion of the nucleatidn'and growth of the Z plaﬁes,
it is necessary to indulge in Bomerquculation about its struc-
ture. No completa‘strudtﬁra datahmfnatipn has been doﬁé;-eyen
with. extreme coarsening,.the lérgast Z plates observed were only
a;proximately-aﬂ;ﬁm thickf-To.éompletely determine the locations
of all the étoms in fha Z.phasé }attice, a singls crys;ai x~ray
diffraction expérimahts-ould have to be done. At present, all
that is known of the Z pﬁasé is thét it has the same reciprocal
lattice as SmCoy, that it isjaﬁrjchedvin>2r with respect td the
bulk of these magnets, thgt tﬁé lattice parameters of Z aré.g-UJS
nm, and c~2¢4'nm, énd that- it is_coherent»with both the 2:17 Qnd_:v
the 1:5 along its-broad fbces. A reasonable guess about the Z
phase structure is that it involves some sort of ordered sub—
stithtionvon;thé 1:5—type»structﬁre 1n:such a way-as to generate
- rhombohedral symmetry. If so, tﬁg sﬁbstitutionS'must occur at Co
sites; any ordering of the Sm/dumbbell sites would necéssariLy'
increase the a-axis parameter of Z beyond 0.5 nm as is the case
for the 2:17's. The reciprocal correspondence with R1:3 suggests
that Zr might order afkthe mixed plane Co sites as Sm does to
form SmCoz. To obtain a 2.4 nm c-axis parameter and rhomboheﬂral
'symmetry, this SUbstitutidnaL ordering would have to occur at
every other mixed pl;na, to genérate an:. o

...A;B-C-A—B—C—A...
type stacking. (The "-" indicates a mixed plane having no

‘substitution.) This relatively simple ordered substitution on the



81

1:5 would account for all the observations — the lattice
paramaeters, the rhombohedral symmetry, and the Zr enrichment. The
same type of 6rder1ng cohld also occur on the 2:17 lattice,
making it possible for such a structure to occur in conjunction
with both major phases.

Assuming the Z structure to be a single ordered substitution
of Zr at mixed plane Co sites, gives reasonable'agreement with
the observed volume fractipns of Z plates and the ovérall Zr
concentration. For tha.3% Zr alloy, aged 15 hours at 850 °C, and
step—-aged, Table 5 indicates that Z plates cccur on the average
of every 256 nm; if each plate is 1 unit cell thick, this would
constitute 3 Zr atoms in a volume equivalent to 62.5 SmCog

primitive unit cells. A quick calculation:

(625 unit cells](1 Sm atom per cell)(150.4 grams per Sm mole)
+{62.5 unit cells) (5 Co atom per cell)(58.93 grams per Co mole)
+(3 Zr atoms) (81.22 grams per mole Zr)

=28090 grams.
273 grams Zr/28090 grams total = 1 wt% Zr in such a volume.

Correspondingly, for Z plates two unit cells thick, a similar
volume would contain -~ 2 wt® Zr. If all Z plates were 3 unit
cells thick, spaced every 25 nm, all the Zr (- 3 wt%) would be
consumed. The structure images (Figures 29 and 30) indicate that
the Z plates are 1, 2, or 3 unit cells thick (3, 6, or 9 fringes,

respectively). Thus, for such a structure, most but not all the
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Zr is in the.Z plates.

The Z structure discussed above is the simplest situation
which would produce all experimental observations; other, more
complicated structﬁres ars conceivable, but they would have to be
closely related. Instead of simpie one;for—one Zr'sdbstitutiqn at-
mixed plane Co-sites; it is possible that complexes of:atdms are
ordering. For example, one mfght'imagine_that~fhree adjacént Co
atoms — not necessarily in the same plane - ﬁightvbe rapla¢ed-by
" two Zr atoms. These complexes could then order. Alternately, {t

is possible that Zr could form ordered subétitﬂtiohs on'thg‘Ca
pianesvuhich would produce the same rhomﬁohedral'cell.-Other
possibilities eﬁist; but itﬁié impossible to determine which one
is the reaL*Z’structUrg'uifhout further exparimeﬁtation.-
Assuming a éimple Zr substitution as suggeéted above, it is
possiblq to maks some guésses,abbut thé atOmistics of Z phass
nucleation. Recall that the misfit between the.1:5 and the.2:17
is largely perpendicular to fhe’c—axis (Figure 52). Also recall
that the interfaces between 1:5 and 2:17 are of two distiﬁct
types, "sawtooth™ and "smooth". (Figure 55] Finally, note that
thé positions of Co atoms 1h the Co planes qf'SmCoa are not
aligned along the c—axis; they shift by 1/3<10TU>1:5 =
1/3<10T0>1:3 from layer to layer. Now consider a sawtooth inter—
face; from considerstion of lattice parameters, the 2:17 tgeth
are in tenéion perpendicular to the c-axis. The notches arse in
compression. A state of sheap should be present in the heighbor—
hood of each tooth. This shear. could be accommpdated by basal

plane.slip; if the magnitude of the basal plane slip is



1/3<10T0>1=5 = 1/9<1120>5,47, the Co planes across the slipped
region — the stacking fault — will be in the configuration of Co
planes in the 1:3 and 2:7'§tructures. This type of slip is a
partial dislocation in the 1:5 lattice as well as in the 2:17. It
causes Sm/dumbbells to move to the mixed plane Co_posjtions and
Co atoms to move to the Sm/dumbbell sites. There is no reascn
why such a partial dislocation should not be glissile in the
basal planes of both 1:5 and 2:17, but the energy of the associated stacking
fault would be expected to be high. The energy of Sm atoms at Co
sites (and Co atoms at Sm sites) might well be reduced if some Sm
atoms are replaced by Zr atoms. If this replacement is
sufficiently favorable, the.fault energy would be reduced to the
point that the partial dislocation could propagate further
through the latticq, its growth rate being limited by the dif-
fusion of Zr to the fesult. The logical extension of such a pro-
cess is a Zr-enriched planar defect extending completely across
the grain. This would account far the exfreme aspect ratios of
the Z hlates.

The only remaining detail of Z phase nucleation and growth
to be dealt with is the finite thickness of the Z plates. The
above mechanism would result in a zero—thickness Zr-enriched |
stacking fault and a shear of the lattice by 1/3<1070>4.. To
eliminate this shear, a triad of partial dislocations, 1/3[1070],
1/3[T100]1, and 1/3[0710] would have to move tﬁrough the lattice
on parallel planes. This situation is reminiscent of the
formatipn of gamma—prime plates in Al(Ag] alloys by the

simultaneous propagation of a triad of Schockley partial
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dislocations on alternating {111} planes._with concomitant"
diffbsion of Ag.[58,60] If a pgrtial dislocation moved along every
mixed plane in the 1:5 and 2:17 structures, the result ibuld bé a
rhombohedral lattice with c-1.2 nm, a8-0.5 nm. Instaéd, the Z
phase lattice parameters raduire the partial dislocations in the
triad to lie on alternating ﬁixed planeé. Propagation of this
dislocation complex through the 1:5 and 2:17,'iith the requisite
ordered subétitutions of Zr uﬁuld result in the cbserved plates
and the observed fact that the terminations of Z plafes do not
resulﬁ in extensive lattice strain contrast.

Through all of fhia structufal spéculatiqn, the question
ramains.aS'to why & phase similar to SﬁCnavforms rather than a
phase Like SméCo7 as ioulﬁ bé expegtedrbyvthé binary SmCo_phaéa
diagram.v[Figureb1] It should bé;sfressed that the Z phase is not
the~{:3 phase; it only‘has a similarufeciﬁrocal‘laftice. There is
no reasonlﬁb ‘expect thétbthe“s;oichiometry,of Z:is-anythihg like
1:3. ALl indications support the hypothesisvthat Z is an drdering
on the Co sités in both 1:5 and R2:17 phéées,‘thera is no reason
to believe that the dumbbell sites héve disappeared.~fhus the
ratio of Sm to Co sites (including uhaﬁevar Co site has been
substituted) is probably still in the range 1:5 to 1:8.5.

The sutectoid decomposition of SmC05 into SmoCoy and Sm2C017
seems to have played no role hers. In any case, it would not

normally be expected unless the aging were déne at a Llower (T<700

-

OC) temperature.
A final question about the Z phase is why it chooses a

structure resulting from the propagation of three nonparallel
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partial dislocations.on alternating mixed planes. Specifically,
why is the Z phase c—parameter 2.4 nm rather than 1.2 nm (partial
dislocations on every mixed plane) or 3.6 nm (partial
dislocations on every third mixed planel? Furthermore, why is the
rhombohedral form chosen rather rather than an hexégonal form
uhich would result from propagation of pairs of antiparalle(
partials on parallel planes? One might speculate that the answer
to these questions lies in the nucleation processes; fha c—axis
spacing between adjacent sawteeth is 2.4 nm. Houevar,‘no complete
atomistic model comes to mind, so without mentioﬁing questions of
the theory of phase stability, these questions will simply have

to remain unanswered.

Iwinning. The final mfcrostructural feature — the twinning
of the R2:17 - does not seem to be noticéably affected by'the
850 °C isothermal anneals. Within an individual cell, topological
constraints would séem to rendar difficult any process which
would eliminate the twins. This situation is related to the
difficulty in eliminating growth antiphase boundaries in more
conventional ordered alloys. This case is especially stable be-
cause the twins are low eﬁargy interfaces which are planar; there
is no curvature to drive their migration. As cell growth‘occurs,
cell walls are systematically removed, causing adjacent 2:17
particles to impinge and create new R2:17-R2:17 interfaces.»Such
an interface can be perfect; iﬁ can be a s%mple twin (two orien-
tational variants in contact); it can be a translational variant

interface; or it can be a combination orientation plus trans-
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lation (which reduces to a simple twin] interface. AlL of these:
possibilities occur in'fhe cells throughdut all stages of Qrowth;
as cells coalesce, their density is maintained. No fundamental
changes in alloy structﬁre and/br properties should be expected

due to the twins; their morphology is constant.

Redistribution of Lh_el[_a_ggj_f,j_gﬂ ﬁ_g_tg_L_ Given a well-de-
veloped cellular structurs, there is no guarantee that the coer—
civity will be high. Ta héve effadtjve,domain_uall pinning, there
must.bestmé form?of strong inferaétion-betueeﬁ the domain walls
and the-cellular structure. The énefgy of the domain ualls must
be much lower in 6ne posifion than at btﬁers..Sinca'both 1:5 and
2:17 are ferromagnetfc'and havé.simflaf compositions and crystal
structures, it 58 possiblg‘that the wall éﬁergy in each phase‘may
be similar, giviﬁglvéfy little pinning effect. Thus; there must
be some mechanism which &auses the tio phases to have sigﬁifi-
cantly diffarenf domain,iall'energies.lh this system, that
requirement is met by the presence of Cu, Fe,vand Zr in the
lattice. - |

The overaging experimentS‘indicate thét'Fevpartitioné to the
2:17, Cu partitions to the 1:5 and Zr to the 1:5 a.nd Z phase. The
behavior of Fe and Cu is to be expectéd; SmoFeq, and SmoCoq, form
completely miscible systeﬁs, but_thefe is no stable SmFeg. On the
other hand, SmCu5 andemCdsvform completely miscible systems, but
Cu has Llimited solubility in Sm20017. Furthermore, the parti-

tioning trends are in agreement with several reports in the
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literature. [34,35,38] Thus, even though the experimentatl
evidence for partitioning in this system was obtained from an
axtrémely coarsened specimen, there is confidence that the effect
is real.

The partitioning was easily detectible in the SBD OC eged
specimen; presumably thé éffect is enhanced at lower
temperatures. Limits of solid solubility generally decrease as
temperature decreases. The degreé of segregation in an 850 oc
annealed alloy would probably be greater; that of a 400.°C allay
might be nearly complete elimination of Fe from 1:5 and Cu from
2:17. However, no direct evidence for these hypotheses is
currently available. |

The speculations of the previous paragraphs provide the key

~to the understanding of the effects of step—aging on coercivity.

While the cell sizes and morphologies and Z phase densities are
not noticeably affected by step-aging, the coercivity can be
incressed dramatically. At 400 °C < T < 850 Oc, the diffusion of
Sm required for cell grawth is>probably extremely slow. However,
that does not stop tha‘motion of the Co, Cu, and Fe. The Co
sublattices in these structures are relatively open; the Co
plangs are essentially close—packed planes in which 1/3 of the
positions are vacant. To be sure, some of this free volume is
occupied by the adjaceht Sm or dﬁmbbell sites, but there is still
reason to believe that the Co, Cb, and Fe are free to move about
with very little thermal activation. The Sm framework which is
established at 850 °C remains nearly constant, but the transition

metals move about freely on the framework. If the trend toward
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more restricted solid solubility at lower temperatures is
followed by this system, there is an increased driving force for
the perffticning as T is Louered to 400 °C, Thus, the step—eging
treepment drives Cu to the 1:5 ecd Fe to the 2:17, increasing |
their chemical and magnetic dissim1lerity and coneequently
improving the pinning strength of" the system. This exple1ns the
effect of step—aging cn ‘coercivity.

It has been pointed out that the nucleation of the Z phase
~plates occurs at the same p%me in tﬁe thermal treatment as the
large rise in coerciviey in three of the four cases studied;

their role deserVeseeome expianetion. Firetrof.ell, it is
difficult to expect'thet the Z phase ectcei[y pine the domeih
walLs. Because of enieotropy, the domain walls are expected to
lie on planes perallel to the crystallograph1c c-ax1s, their
migration must proceed perpend1culer to-the1r feces,fjéﬁg
perpend1cular to the c—exis. The.Z phese pletes tie. on basal
plenee, thelr configuret1on 1e such that the domain walls should
cut them and move along them,vrather then meet1ng them fece-to-
face. Thus, it is hard tovimegine thetvthey present any
ceeistence'to<dcmeih nall‘mjgreticn.

If the Z pletes‘heve-no'direct role in coercivity,ttheir
effect must be indirect lor the ccrrelatfon is simply
fortuitous). Arguing that'coercivity'depends onvthe degree of
partitioning of Cu and Fe,'it is possible that the Z plates sarve
as high diffusfvify paths for the Cu, Fe, and Co. No direct
evidencevfor this is-evefleble, but step-aging does seem to be

much more effective if there are significant numbers of Z plates.
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Conversely, it is possible to argue that the.Z plates are,
in a sense, detrimental. Once they have formed, the maximum
coercivity always levels off, the coercivity of the 3% Zr alloy
at a higher level than the coercivity of the 1.5% Zr alloy. This
might well mean that Zr in the matrix is beneficial, but that Zr
in the Z phase is ineffective, only slightly increasing the
kinetics. The fact that the 3% Zr step—aged élloy is superior to
the 1.5% step—aged alloy indicates that the density of Z phase
plates is beneficial or that Zr in the latfice 1s.beneficial. The
former possiﬁility is doubtfui because of the poor quality of the
3% Zr non-step~aged alloy which has plenty of Z plates. The
latter poséibility may be correct because the residual level of
Zr in the matrix of the 3% Zr alloy after depletion by Z phase
precipitation is probably still higher than that of the 1.5% Zr
alloy in the same condition. The corresponding degree of Cu and
Fe partitioning will also ba'greater. One can only speculate
about the coercivity of an alloy for which the Zr did not pre-—
cipitate from solution.

- The degree of chemical and magnetic dissimilarity of the two
major phases is presumed to determine the magnitude of the domain
wall pinning; it is desirable fo put fhis hypothesis on a firmer
theoretical basis. Many theories of domain wall pinning have been

proposed starting with Kersten's [61] theory of the effects of a
non—magnetic inclusion in a magnetic matrii; All subsequent
theories have followed his lead in attempting to describe the

'enargy of the domain walls as a function of position in the

structure. Recent models for the SmCo system such as those of
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Perkins gt-al, [62] and Paul [63,64,65,66] have become very
 elaborate. They could be reproduced here, but for the,sake of
~argument, a simpler, more intuitive approach is sufficient.The
energy of a domain wall per unit area in the_continuum limit

(very wide Bloch wall) [67] is:

e = 2(3.14) (KJsZ/a)1/2

where K is the anisotropy constant
J82 is the exchange parameter

a is the crystal lattice pahameter.

Although this expression is probably not valid for the SmCo
system nhebe-high magnetocrystalline anisotrqpy“gives very narrow
_domain‘ualls, it can form a convenient frameudrk for argument.
It is reasonable to expect the energies in the 1:5 and in the
2:17 to be of similar magnitude. The exchange in 2:17 is stronger
than in 1:5 as evidenced by highar-Msvand Tc' but the anisotropy
. of 1:5 is known to be greater than that of the 2:17. Originally,
it was thought that the wall enérgyvof 1:5 should be much larger
thén that of 2:17 because the coercivity of binary 1:5 is higher
than that of binéry 2:17. [40] However, the fact that Cu
segregates to 1:5 in the two-phase magnets contradicts this

idea [38]. Cu is expected to decresse both the exchange and the
anisotropy of the 1:5 phase. If the enefgy of the domain wall in

1:5 were higher, Cu additions woyld result in a8 trend in domain
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wall energies toward that of the 2:17. If thé two were in
contact, coercivity would decrease with Cu content. Instead, the
" opposite is observed; Cu segregation to 1:5 drives coercivity up,
indicating that the domain wall energy in 2:17 is always higher
than in 1:5. The domain walls should tharforé tend to lie in the
1:5 cell walls as sketched in Figure 57. Recent Lorentz electron
microscope images sﬁpport this idea [51].

Coercivity depends on the resistance of motion of mégnstic
domain walls. Thus, one must consider the positional gradient of
the domain wall energy. Optimal pinning should occur for a high
amplitude square wave in domain wall energy versus position. The
results of this investigation suggest that this is essentially

what is generated by step—aging these alloys.

Summary. A fairly clear picture of the microstructural
aspects of coercivity is now available. Aging these five— -
component alloys ét 850 °C results in continuous growth of the
cellular structure by volume diffusional processes. This growth
ultimately causes loss of coherency at the point where the cells
are spproximately 200 nm in size. The pyramidal habit is main—
tained in order to minimize alastic misfit energy between the two
phases. The Zr tends to precipitate from solution, forming Z
phase plates. It is not sufficient to simply grow the cells to
optimal siza (100 to 150 nm); the alloys must be step-aged (slow.
cooled) in order to allow the Cu and Fe to partition to the 1:5

and 2:17 phases respectively. The resulting nearly square wave in
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domain wall energy as a function of position presents maximal
resistance to domain wall propégation and correspondingly high

coercivity.

Comparison to related alloys.

Becaﬁseaof.spacerand time limitation§,~only a Limitadrnumber
of-alloys-ahd heat treatments-have been examined microscopically.
‘Honever,>the undeystandiﬁg obtained fromﬂthese.feu‘allpys can be
well applied ﬁo a muchvlabger class of:alloyg inia consistent
maﬁﬁeh. Figures 17,18,and 18 show the trends in coercivfty as
COntrolLed'by sevefal compositional variables;These figures will
be briefly discusséd in termS-of”uhat-is:kndwn about maénet
microstructures.

Variable Sm Content. Figure 17 shows the effect of Sm
content on coercivity for tiovdifferent_Cu_concentratioﬁs'[S and
8 wt%). As usual, both 1sothgrmal aging at 850 oc, andbfsotharmal
aging at 850‘°C:plus étep-aging,vtreatments have baenlépnéiderad.
ALl tsothermél aging trestments were for one hour duration. The
compositions range from fhat of stoichiometric 2:17
[Sm{Cogg _4Fepg 7Cuy 3Zrpoglgs = 23 wtk Sml to |
SN[3053.9&21_2007;42!‘2.5]7.21 = 26.5 wt% Sm. The corresponding
microstructures should range from clean R2:17 to 8 rather.thickf

walled cellular structurse.
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It is expected that a cellular structure uillboccur for all
alloys containing more than 20 volX¥ 1:5 material, stoichiometry
less than 1:7.8, Sm content more than 24.5 w't%. Since these are 3
wtd Zb alloys aged for only one hour at 850 °C, the cells will be
relatively small - approximately 60 nm in size. Changing the Sm
concentration nillbprobably not significantly affect the cell
sizes, but 1qcreased Sm will increase the volume fraction of 1:5,
giving thicker cell lails.

The coercivity of the isothermally aged alloys in the low Sm
(Sm < 25;5 wt%) regime is probably controlled by reverse domain
nucleation. For the stoichiometric 2:17 this would be expected;
there are no pinning centers. As Sm concentration is 1ndreasad,
1:5 precipitates form, eventually resulting in a cellular
structure. Hawever, these precipitates are chemi;ally and
magnetically very similar to the parent 2:17 so they do not |
effectivelt pin the domein walls. They only result in a reduction
in the energy of reverse domain nucleation as they disrupt the
symmetry and the anisotropy energy of the parent phase. Thﬁs,
coercivity drops dramatically.

The role of Cu in the low Sm content isothermally aged
alloys is somewhat obscure. Assuming that reverse domain
nucleation controls coercivity, one expects a critical dependence
on interfaces, as they are the points of least m;gneto—
crystailina anisotropy. The action of Cu at such points is simply
unknown at this time.

As the Sm content exceeds 25.5 wt%, the coércivity begins to

be controlled by domain wall pinnihg. The reverse nucleation hasb'
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become easier fhan the propagation: of the domain walls through
the cellular structure. As the Sm content incraases.furthér, the
volume fraction of the 1:5 incresses, but the chemical‘
compositions and magnetic pfoberties of the two phases rémain
constant. In this regime, the effect of Cu is to slightly
magnetically softan the 1:5 material with respect to the 2:17.
Thus, 1ncreasing Cu concentration from 6 to 8 wtk increases the "
differences ih the magﬁetic pfopgrties of the two phases,
marginally 1ncreasing_tﬁe coercivity of the B wt% Cu alloy over
that of‘the 6 wt Cuiﬁlloy. |

The’incfease in coercivity with step-aging occurs for all Sm
concentrations 1n6luded in Figure 17.'Thfs:can be readily
attributed to increased effactiveness of doméin wall pinning. As
ag1ng temperature decreasas, the chem1cal d1fferent1at1on of the
1:5 and 2:17 increases; the interaction of the doma1n walls with
the~tuo—phase;structure.increases and coerc1v1ty_is enhanced.

For the sfoichibﬁetric'2:17 alloy (23 wt% Sm], tﬁere is a
question as to uhether or not wall pinning precipitates exist. If
somse pracipitétgs ars praseht, the enhanced coercivity is easily
"ekplained bj the preVious'pdragraph. If no precipitates exist,
the coercivity is controlled by the difficulty of beyersa domain
nucleation. In ﬁhét case, the enhancement of coercivity by step-—
aging would have to be attributed to some as yet unknown surface
phenomena .

The effectiveness of step—agiﬁg of the two-phase‘alloys is
limitgd by Cuv content and 1:5 volume fraction. At 24.5 wt% Sm,

the coercivities of the 6 and B8 wt% Cu alloys are equal. This
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indicates that the relatively small volume fraction of 1:5 must
53 saturated with Cu. As Sm content increases, the volume fraction
of the magnetically soft 1:5 phase inéreases, giving a slight
decreasse in coercivity but an increase in the capacity for Cu.
The higher Cu content alloy begins to have an advantage.
Ultimately, the 1:5 volume fraction reaches therpoint where there
is insufficient Cu — even for the 8 wt% alloy; the coercivity
begins to decrease at a faster rate as fhere is increased volume
fraction of the soft phase,‘but decreased chemical differentia—
tion between the two phases.
) In all cases, the presence or absence of Z phase plates

fshould have little relative effect. ALL alloys considered in
Figure 17 are 3 wt% Zr alloys; they should all have essentially
the same Z phase content.

The two loop squareness curves, HK/iHc (Figure 17, upper],
seem to be dominated by the effects of coercivity. That is, the B
wt% Cu alloy has a higher coercivity and a correspondingly
larger denominator. Besides this simple inverse relationship, a
small additional component may be due tolthe increased volume
fraction of 1:5 in thé 8 wt% Cu alloy. This could conceivably
contribute a quicker initial demagnetization as it would be
easier for a domain wall to make small movements before
encountering the hard phase. This should be a small or‘nagligible

effect.

Variable Fe Content. Figure 18 shows the effect of Fe on

coercivity for 25.5 wt®% Sm alloys. Fe concentrations range from
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15 to 25 wtX%; alloys having 4 and S’Nt%“cuvare:inclhded. ALl
alloys have been isothermally ﬁged for one hour at 850 9C; some
have been subsequently step—aged.

The microstructures of all the alloys considered in Figure
18 should-consist of a 60 hm éellular structure with 8 nm cell
walls. For only'one houriaging, there are.prabably very few Z ,

- phase plates; the 3 wt® Zr is in solution.

There is no dependence of cﬁercivity.on Fe content for the
non—step—aged alloyé. Evidently, the Fe is nearly random at 850
OC; it must be affécting the magnetic properties of the two
phases equally; tﬁe‘domain iall pinningvstrengthbséems to be
constant. Again, higher Cu content results in marginally higher
_coercivity; the 1:5 phase in the.B thVCu alloy 1s.presumably
slightly softer than the 1:5 phase in the 4-wt% Cu alloy.

The affééts of Cu content an the coercivity of step—aged
alloys‘is drématic.‘EV1dently, the reduction in temperature
"during staanging cauées Fe to become "magnetically active",
increasing the hardness of the 2:17. In this case, the term,
"magnetically active”" should.relate to the magnetocrystalline
anisotropy of the 2:17. As Callen (18] héa pointed out, the.
Sm2[Co1_xFex]17 exhibits strongest axial anisotropy for inter-
mediate (0.05<x<0.5; 3.6<wt% Fe<37] Fe concéntrations. fhe action
of step-aging is to drive the Fe into the 2:17, increasing the
anisotropy, causing the 2:17 to present a large barrier to domain
wall migration. Assuming all the Fe is in the 2:17, and that all
' the alloys have a volume fraction of 2:17 6f approximately 70%,

an overall alloy composition of 20 wt% Fe corresponds to a 2:17
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containing 28 wtX Fe. Thus the maximum in the coercivity curve
. corresponds to 2:17 compositions well inside Callen's range.
There is therefore no objection to the hypothesis that Fe aug-
ments 2:17 anisotropy during step-aging.

Increasing the Cu content of the alloy causes the maximum
value of coercivity to_increasé; it broadens the maximum and
shifts it to slightly louer'Fa concentrations. As usual, the
increased coercfvity can be attributed to the action of Cu to
decrease the energy of a domain wall in 1:5, increasing the
effective barrier to motion out of the 1:5. The shift in the
maximum to lower Fe content may be due to slightly increased 1:5
volume fraction in the alloy; the correspondingly decreased 2:17
volume fraction requires less Fe to reach an optimum aniéotropy.
The broadness of the maximum is not well understood, but may be
due to changes in the relative degrees of Fe and Cu partitioning
between the two phases; in other words, the-preseﬁce of Cu in the
1:5 may drive Fe to the 2:17, maintaining higher 2:17 over an
extended composition range. Comparing these curves with those of
Figure 20 indicates that coercivity can be increased still
further (up to 25 kOe) by using still higher (8 wt¥] Cu

concentrations and aging for longer times.

Varjable Zr Content. The effects of Zr concentration on
cﬁercivity, as presented in Figure 19, are easily 1nterprétable.
For only one hour of aging at 850 °C, there are few Z plates,
except for alloys having very high Zr contents. The effects on

coercivity as shown in Figure 19 are therefore expected to be
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primarily ‘due to Zr in solution. Zr in solution does increase the
anisofropy of the 2:17 [6]; thus, the barrier.to domain waLi»
motion into the 2:17 is increased. Indirect evidence also indi-
cates that Zr increases the chemidal differentiation of the two
‘major phases during.Stephaging. This results.in remarkable coer—
ciQity gafns for stap?aged alloys, but no change for'non—étep-
aged alloys. For very high Zr (3 wt%), Z phase plates begin to
form as early as one hour into the aging; they deplete Zr from
sOLution, causing a dropoff 1n coercivity. -

The squareness cufve fullows:accordihgly. Zr incréases‘2:17.
anisotropy, giving a rising cﬁrve. Ultimately, Zr forms Z plates,

~.dvec:r',easing both Hg and ;H., causing their ratio to level off.

Summary. Althodgh only two ailoys héye been characterized
microscopically, the results seem to gpply to a larger class of
alloys. Tﬁe fact that coercivity:forms cbntindbus fuqctions of Sm
Fe, and Zr content indicates tﬁat the same microstructural
mechanisms operate over extended composition ranges; only the
maghitudé of individual baramétars change fﬁoﬁ a}loy fo alloy. In
retfospect, then, jtvdoes appear that the basic épproach téken by
this investigation, to analyze carefully a few alloys and hope to
generalize, is confirmed to be valid; the results appeér to have

~ some generality.
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Alloy Imgngigmgn;s.

SmCo is a practical, technological system; it has been
examined in hopes that an understanding of its behavior might
prove useful for proposihg new approaches to alloy improvement.
It is therefore appropriate to briefly discuss what can be done.
which would have a feasonable chance of resulting in improved
magnets.

"Improvements can fall into two catagories: 1)Jthose designed
to increase coercivity while maintaining high saturation magnef—
ization, and 2)those designed to improve saturation magnetization
at equivalent coercivity va[ues. Either approach should improve
(BH)yax- Coercivity improvements will involve some method of
enhancing the effectiveness of domain wall pinning. Saturation
improvements will attempt to minimize thevfraction of
magnetically disordered elements, Cu and Zr, or to lower the
volume fraction of 1:5.

.nggcjyj;y Improyements. The simplest proposal to improve
coercivity in these alloys was already suggested by Livingston
and Martin [40] in 1977; it still has not been accomplished.
Domain walls lie parallel to the c—axis in this material; the 1:5
cell walls lie at 309 to the c—axis. One would expect more effec—
tive pinning if the two were parallel. At first glance, this
would not seem to be a large effect; thinking naively, the reduc-
tion in pinning with angle of the céll walls would probably be

proportional to sin(90-x) where x is the angle between the domain
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and cell wall normals {approximately 309). In such a simple
analysis, the pinning strength would be expected to be reduced to
sin 60° = 87% of its original value. This is significant, but it
is obviously nof very large. Howgver, on closer considerétion,
one raalizes that the effect of the angle between the domain wall
and thé cell néll'isvprobaﬁty mdch larger. Assumﬁng the domain
walls Lie parallel to the c—axis;vtﬁey ﬁdst cross soma>2:17
material; to minimize their'total area in 2:17, they would be
expected to facet along cell walls és shown in Figure 57. This
" faceting has.been‘cbsérQed in Lorentz electron microscopy images.
[51]1 In this confﬁguration, migration of the cell walls will
progébly accur by a step or lgdge mechanism (Figure 58]. That is?
instead bf the entirE‘wall beingvforch into the'2:17,‘avsmall
spgment can jumﬁ from one cell wéll to anoﬁher, reversing thg _
magnetizapion'of a single cell. Kinks moving along the:ledge
would move thé domain.wall across é row of cells; Thus, the.éteps-
in the domain wall can migrate one cell at a time. It is
impossible to quantify tha.reduction in pinning strength
associated with this ledge_mechanism, but intuition says that
such a process would probably result in a large reducﬁion iﬁ
pinning:effectiveness; éignificant improvement uould prob;bly
result from any shift of the cell walls toward the c-axis.

To shift the habit plane of the cell walls, it is necessary
to shift the lattice parameters of the 1:5 and 2:17 such that
there is little mismatch along the c-axis, but increased mismetch
in the basal plane. Thus, if one could expand both lattice

parameters of the 1:5 phase, the misfit along the c-axis in any
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cellular structure would be decreased. The miématch along the a-
direction would be increased. The simplest approach to expand the
lattice parameters is to substitute some of the light rare earth
elements which have larger atomic radii for Sm. For example,
consider the effect of Ce. Nésbitt and Wernick [2] Llist the
lattice parameters faor CeCog and SmCog as a=0.4922, ¢=0.4026, and
a=0.5004, c=0.3871 nm respectively. Khan's [B] data for
equivalaht distances in CegCoqy are 8=0.4837, c¢=0.4069 nm; for
SmoCo49, they are a=0.4850, c=0.4077 nm. Assuming that Llattice
parameters for combinations of these phases are simply related to

parameters of the simple binaries, one would expect that a

" cellular structure of {SmCelCog and (SmCel,Coq7 would have less

misfit along the c-axis and that the cell walls would
correspondingly lie nearer the c—azis. Substitutions for the
transition metals might also be found which would promote a more
desirable habit, but at this time it is impossible to prgdicg
which element would be effective. Nevertheless, Fidler et al.
have found that Hf does increase the angle betweenbthe cell walls
and the basal planse up to almost 70°, [68] This is some
improvement; it is possible that even better.alloys may be
devised. However, substitutions of many elements will decrease
Mg; each possibility will have to be tested experimentally to
determine if benefits outweigh losses.

A second approach to coercfvity improvement involves
adjustment of the magnetic properties of the two major phases
sucﬁ that they are more dissimilar. The first impulse is to'

adjust Cu and Fe levels, but the data in Figures 17, 18, and 19



102

shoﬁs that they are probably very ngarly optimiied already. Step—
aging to even Lowgr temperatures might be marginally effeétive,
but solubility Limits usually approach zero asymptotically as
tempgrature tgnds fo zero, so one can not expect major
improvements by this approach. Likewise, for the present heat
treatment rou;inés, Zr levels have also been optimized. Additions
of any other element, whether rare earth or transition metal,
would opén up an entirely new Pandﬁra's box of unknowns. It is
impossible to predict what might happen; some other components
haVavbeen tried, [1,68] but very Little is known aboutvwhat the{r
rrole[s] may be. In any case, if forced to try other elements, the
resulfs df this investigation suggest that elements be ponsidered
which form 1) high M_ 2:17 phases, 2] high HA>2:17 phases, and/or
3) low Hy 1:5 phases. - |
Eveh though Zr has been optimized for the standard TDK
thermal'ﬁrocessing rﬁufines, there is still hoﬁe for improvement
by more effective uée of this elemenf. The result§ of this |
invesﬁigation suggest that Zr is much more effective for
impro&ing 2:17 anisotropyAand for driving the partitioning of Fe
and Cu if it remains in solution. It is probable that heat
treatmént schemes could be devised which would évoid p4 phase
precipitation. Although it would have to be experimentally
verified, aging at slightly higher temperatures would probably
not favor Z phase precipitation. Thus, after quenching, the
alloys could be aged for 0.5-1.0 hour at 900 °C, then quenched to
600 °C, and step-aged to 400 °C to partition the Fe and Cu. The

details would have to be optimized, but it is believed that such
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a scheme might well generate high coercivity by retaining the Zr
in solid solufion.

Alternately, if it should prove abéolutely impossible to
retéin Zr in solution, it might be good to resort to the usé of a
small amount of Ti, V, or Hf instead. These elements have been
shown [B9] to improve magnetocrystalline anisotropy of 2:17,
although not so efficiently as Zr. If they can be retained in
solution, the benefits may be greater than for the Zr which does
not stay‘in solution.

| §§tungtjgn Maanetization Improyements. The second approach
to alloy improvement involves improving Ms without sacrificing
Hg. In this composition range, that involves increasing the
volume fraction of 2:17 as much as possible without losing fhe
domain wall pinning of the 1:5. Shifting to Lower Sm concen-—
tratioﬁs will increase the volume fraction 2:17 but may also
result in loss of favorable continuous precipitation. Thus, the
challenge is to find a way to minimize the 1:5 while‘maintaining
effective pinning.

Ideally, an excellent permanent magnet would have a
microstfucture consisting of thin, continuous, but extremely well
separated films of 1:5. These films would be enriched in Cu and -
would lie nearly parallel to the c—ﬁxis.The continuous films are
necessary to minimize the demagnetization field associated with
discrete particles.'Thus; such a.morphology would still pin
domain walls, but its volume would be small enough to not
significantly reduce the Ms of the overall alloy. The bulk of the

alloy would be Sma(Co70Fe30]17; some Zr would be beneficial.
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To produce a microstructure like that imagined'in the pre—
vious paragraph, it would be necessary to begin with annalloy of
.overall stoichiomatry 1:8.0. Because of the smaller volume frac—
tion of 1:5, this alloy would requife less Cu (-3 wt%), but more
Fe (-20 wt%). The Zr level would be-neérly optimalvat 3 wﬁ%._

: As usual, tha heat treatment routine woﬁld_have to begin-'
wiﬁh an‘homdéenizatjon step. Since this alloy is nearer to 2:17
stoichiometry, it is likely that homogenization will occur fdr
1150 9C<T<1225 OC. The duestion'remains as to whether this
a;loy will traﬁsfofm allotropiéally to H2:17 at these
temperatures; this could only be answered experimentally; If the
.ﬂh{gh temperature state'is hexagonal, the usual 1:5 nudleafion,
 mgchahism will operate; if not, extremely'rapid quenghés may be
nece;saby,to lead the homogenéous state to the point of absoluté
instability, which would also serve to nucleate 1:5.

| Tovform a bdntinuous 1:5 distribution ffom such a low volume
fracfion of 1:5 maférial, the aging seduences will have to be
édjusted to cause maximal continuoué nucleation rates fbllqwed by
extensive growth. By aging the alloy at temperatures less fhan
850 °C (T7-750 °C) for two hours, it should be possible to form a
hhigh density of 1:5 nuclei. Incraasing the‘temperature to 900 °C
' u{ll cause thesg discrete particles to gfou; the usual pyramidal
habit plaﬁés should develop as the discrete j:5 particles grow
and coalesce. If predictions are correct, a five hour treatment
at 900 °C will result in connected films of 1:5, forming cells of

200-300 nm in size.

To develop the.pinning strength of this structure, step-—
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aging to 400 °C will anq& be necesééry. From the 900 °C aging
temperature, cooling continuously at approximately 2 OC per
minute until 400 oc and holding at that tempereture for 40 hours
will probably result in sufficient Cu and Fe partitioning to
generate a high coercivity alloy.

Obviously, the scheme outlined in the previous paragraph
will have to be tested experimentally to determine if 1) a high
coercivity magnet is produced and if 2} the microstructure is as
designed. This scheme is simply a process with a good chance of
success as suggested by the results of this investigation.

There may be many more means of producing improved SmCo-
based permanent magnets; the approaches proposed here are only
those directly suggested by the results of this investigation.
There are many other élements and processing routines which could
be tried, but there is at present no indication of how to predict
their results, no indication of how to proceed with an efficient
choice of elements or processes. The few désign proposals
presented here are necessarily not far removed from the alloys
which have beén characterized; they are in the regimes where
predictions based on aveilable experimental rasults.can be
expected to have some validity. They are simply the proposals

which will most Llikely result in magnet improvement.
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SUMMARY

A microstructural chéractarizatfon of a series of
Sm[CoCuFéZr)7;4 permanent magnet alloys has shoﬁn that‘high
,intrinsic'coercivity in these alloys depends on the interaction
of magnetic dobain walls with 8 continuously modulated structure
of Cu-enriched Sm(CoCuFeZrlg (1:5) and Fe-enriched
Smy(CoCuFeZrly, (2:17). The modulated structure has a "cellutar”
mbfphology of thin, continuous Léyers of 1:5 material lying on
the pyramid planes of ﬁuihhéd rhombohedral 2:17. Aging of these
alloys reéults in diffusidnalvcoarSening of this structure.by
repeated elimination of segments of 1:5 material. As the cel(
structure coarsens, a Zr—enriched phaée hanng a strubture
similar to SmCog précipitates in the form of thin plates.lying on.
'the'common basal planes. Step—aging to lower temperatures allows
the Cu and Fe to redistribute themselves on the modulated'stbuc¥
tthS'nithout any further growth of the average cell size. The
resulting steep gradients in domain wall energy at the interphase
intarféces gives a8 very large barrier to domain wall migration
and, consequently, a large 1ﬁtr1nsic coercivity;

The nucleation of the continuously modulated cellular struc-
ture is assisfed by an allotropic transformation in the parent
2:17 material. During high temperature homogenization treatments,
these allﬁys transform either to the hexagonal form of 2:17 or to

8 long period modulation, a nearly pehiodic twinning, of the
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R2:17 as they dissolve all the 1:5 material. On quenching, there
is a driving force for the reverse transformation to R2:17 as
well as for the precipitation of 1:5. Both processes occur by the
diffusional shuffling of Sm atoms and Co dumbbells without change
in the Co sublattices. Given sufficient thermal activation, these
processes result in the formation of small regions of R2:17 whose
antiphase boundaries are coated with the 1:5 phase. This
situation coarsens into the technologically useful cellular
modulated structure.

The precipitation of the Zr—enriched Z phase plates during
‘extended aging of the cellular structure probably occurs at the
“1:5/2:17 interfaces where a state of shear is expected to develop
due to mismatch between the two lattices. If this shear is
accommodated by a partial dislocation, and Zr is added as an
ordered substitution on the Co sites, the Z phase embryo is
established. This embryo can then grow by tha Zr diffusion
limited propagation of three mutually annihilating partial
dislocations on altarﬁa;ing mixed planes, geneba;ing a thin plate
of a structure gimilar to SmCoz. The mode of nucleation and
propagation of the Z plates strongly favors an extreme aspect
-ratio; they are commonly one unif cell thick, extending
completely across the matrix grains.

Zr has four ﬁetallurgical effects in these alloys. First of
‘all, Zr tends to inhibit Sm diffusion; high Zr alloys have
smaller cells for equal heat treatments. Secondly, if it is a
minimization of elastic misfit strain energy which maintains the

pyramidal habit of the 1:5 cell walls, Zr presumably enhances
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misfiﬁ; the pyramidathabit'of the 3 Q;%*Zp al[oys»is more
| rigorously.main;ained than that ofvthe'1.5 wt%'Zr aloys. The
presence of Zr in the lattice must further redupe the solubility
'gf Fe in 1:5 and Cu in 2:17 leading to increased compositional
and magnetic differences between the two major phases; the
'coepéiyity,lahd presumably the ﬁall pinning strength, of the 3
wt% Zr alloys is higher than that of the 1:5 wt¥ Zr alloys.
vFinaLly, Zr leads to the formation of the Z phase_plateé; the
cht that they are observed to nucleate at the same time in the
'heat-treafment cycle as when thavalloys exhibit a dramatic
rise in coercivity is attributed to'ﬁheir effects on the kinetiﬁs
of Cu and Fe partitioning.

Data from other investigators indicate that fhe
microstpucfuralvfaatures bbseﬁved’in the alloys of this
_ investigation are cqhmoﬁ to a wider class of alloys. Levels of
substituéntsvcan‘be adjustéd significantly, giving continuous
curves in the magnetic property data. This data cen bé readily
understood in terms of ideas derived froﬁ the stud& of the alloys
in this investigation. Thus, this microstruétural study segems to
have some generality. |

The carefqi éhé;ysis of the dengopment of coercivity in
these alloys reédily provides suggestions for the-dasign of
improved alloys. In order to_increase coercivity, the pinning
strength of the two-phase structure should be enhanced, either by
adjusting the lattice parémeters to achieve 8 more favorable
morphology or by adjusting the magnsetic prdperties of the in-

dividual phases. to augment their differences in domain wall
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energy. An especially simple way to achieve this is by adjusting
heat treatments such that the Zr is retained in sdpersaturated
solid solution. Increases in M, might be achieved by. decreasing
the volume fraction of 1:5 material; this would require a shift
in Sm content and careful processing to retain the continuous
decomposition product required for effective domain wall pinning.
More radical approaches to magnet alloy design would entail
changes in compositions and fabrication processes. By showing
which compositions and structures are desirable, this investi-
gation opens the door for many new approaches to the design of

excellent permanent magnets -in this system.
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Fundamental Properties of SmCog and SmyCo4; Phases

SMCOS

hexagonal

Prototype

Structure CaCu5
Lattice a = 0.5004
Parameters :
{nm) c = 0.3971
Space

Group P&/mmm
Curie

Temperature 724 °C

Saturation

Magnetization

amM

9650 G

Sm20017

rhombohedral

Th22n17

0.8401

c =1.223

R3m

g20 9

12,000 G

Sm20017

hexagonal

ThaNi17

0.836

0.852

(2]
1}

P63/mmc

920 %¢c

12,000 G



. Specimen
Number

17

18

18

41

20

TABLE 2

Microstructural Measurement Data

1.5 wt® Zr Alloys

Composition & iHc
Heat Treatment

(kOe)

1hr @85 °% 3.6
3 hrs @ 850 °C 3.6
15 hrs @ 850 °C 5.2

40 hrs © 850 °C 11.3

1 hr @ 850 OC 5.8

+ Stepaging

3 hrs @ 850 OC 5.0
+ Stepaging

15 hrs @ 850 °C 15.6
+ Stepaging

40 hrs €@ 850 °c 13.6
+ Stepaging

(Part 1)
Cell Wall
Size. Thickness
(nm) (nm)
50
150 10
160 10
170 10
180 10

117

Twin
Thickness
{nm]

20

20

20

15

30



Specimen
Number

17

18

19

a4

42

TABLE 3

Microstructural Measurement Data
1.5 wt¥ Zr Alloys = (Part 2)

Composition & Z Phase

Heat Treatment Spacing
(nm)

1 hr @ 850 °C infinite

3 hrs @ 850 °C

15 hrs @ 850 °C 12.5
40 hrs @ 850 °cC 40
1 hr 850 °C

+ Stepaging

3 hrs @ 850 °C
+ Stepaging

15 hrs @ 850 °C 280
+ Stepaging

40 hrs @ 850 °C 40
+ Stepaging

<1100>

0.820

0.848

0.841

0.846

0.833

c/a

118

<1120>

0.810

0.846

0.844

0.840

0.828



Specimen
Number

13
14
15
—31
.1$
32
33

34

TABLE 4

Microstructural Measurement Data
3.0 wt®% Zr Alloys (Part 1)

Composition & iHc Cell Wall

Heat Treatment Size Thickness
{(kOe) (nm) (nm)

1 hr @ 850 °C 0.9

3 hrs @ 850 °c 2.25 &0 5
15 hrs @ B50 0c 2.95 85 10
40 hrs @ 850 OC  4.20

1 hr € 850 °C 13.8 60 10

+ Stepaging

3 hrs @ 850 °C 24.0 65 ?
+ Stepaging

15 hrs € 850 °c 25.8 85 8
+ Stepaging

40 hrs @ 850 °¢ 25.8 95 ?
+ Stepaging

Twin

‘Thickness

(nm)

22

10

15

25

118



Specimen
Number

13
14
15
31
16
32>
33

34

TABLE 5

Microstructural Measurement Data
(Part 2)

3.0 wt% Zr Alloys

Composition - &
Heat Treatment

1 hr @ 550 oc

3 hrs @ 850 °C
15 hrs @ 850 °C
40 hrs @ 850 °g
1 hr @ 850 °C

+ Stepaging

3 hrs @ 850 °C
+ Stepaging

15 hrs @ 850 °C
+ Stepaging

40 hrs @ 850 9C
+ Stepaging

Z Phase
Spacing
{nm)

22.5

20

167

24

25

25

<1100>

0.820

0.847

0.831

0.840

0.831

10.837

<1120>

0.818

'0.840

0.830
0.834
0.835

0.831

120
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TABLE 6

Results of Homogenize—and—Quench Experiments

Alloy 1: 3 wt% Zr, 25.5 Sm, 15 Fe, 8 Cu, 48.5 wt% Co
: SM[C068F521CU102r2]7.4

Heat Treatment ' Structure

1 hr @1184 9C — — — — — — — — — — — — — Homogenous H2:17
1hr@1194°%C + — — — - - - — — — - — - Small, welldefined
20 minutes € 850 °C cellular structure

Alloy 2: 1,5 wt% Zr, 25.5 Sm, 15 Fe, B Cu, 50 wt% Co
Sm[0087F821CU1DZP1]7.4

Heat Treatment Structure
1 hr @ 1140 9C - — — — ———————— Coarsened Two—

Phase Structure
. of R2:17 and 1:5

1 hr 1160 °%C — — — — — — — — — — — — — Homogeneous H2:17
1hr @120 °%C — = — === = — = = = — — Homogeneous H2:17

" 1hr €120 C + — - - - - - = ==~ Cellular Structure:
20 minutes @ 850 °C R2:17 twinned;

Some H2:17 in cells
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TABLE 6

{continued)

Results of Homogenize—and—Quench Experiménts

Alloy 3: 0 Zpr, 25.5 Sm, 15 Fe, 8 Cu, 51.5 wt% Co

Sm-[ C089F821 CU1D)7 .5

Heat Treatment A Structure.

1hr@120%C - - - - - - - - - - - - Long Period
plus R2:17

1hr@1217 %C - - - - - - - - - - — — - Long Period
plus R2:17

1hr@12229C —— - - - - - = — — - - Long Period

: plus R2:17
1Thr@1210 C + — = = = = = = = = — = - Long Period
20 minutes @ 850 °C breaks up into
: cellular product
1hr@1217 %C + — — = = = = = = — — — — Breakdown of
20 minutes @ 850 °C _ long period

occurs at faults
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FIGURE CAPTIONS

Figure 1. SmCo Binary Phase Diagram.'Nate the presence of
several intermetallics; especially note the fac; that the SmCog
and SmoCo4, phases exhibit a large amount of mutual solid
solubility at high temperatures. (Figure taken from Nesbitt and

Wernick, reference 2.) ‘ XBL 834-9198

Eigure 2. SmFe Binary Phase Diagram. Even though this system
is similar to the SmCo system, there is no SmFeg phase. (Figure

taken from Nesbitt and Wernick, reference 2.) XBL 834-9198

Figure 3. Perspective Drawing of the SmCog Conventional Unit
Cell. This is the basic structural unit of seVaraL’of the SmCo

intermetallic compounds. | XBL 831-5004

Figure 4. Perspective Drawing of the Hexagonal SmgCaoq,
Primitive Unit Cell. This structure is formed'by ordered
substitution of dumbbell pairs of Co at one third of the Sm
sites. The corresponding primitive cell of the SmCog is outlined.

XBL 831-5006

Figure 5. Perspective Drawing of the Rhombohedral SmyCoqy
Primitive Unit Cell. This structure is also formed by an ordered
substitution of pairs of Co atoms at Sm sites; the corresponding

SmCog primitive cell has again been outlined. XBL 831-5007
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Fiqure §.7Plan Views of atomic Layers in the 2:17
Structures. The 2:17's are layered structures consisting of mixed
Sm and Co planes (upper] alternating with pure Co planes (lLower].
The dumbbell sites form a hexagonal lattice in each mixed plane;
stacking of mixed planes in ...ABAB... or ...ABCABC... patterns
generate the H2:17 and R2:17 structures respectively. Note that
the dumbbell and Sm sites Lie directly above and below the

vacancies in the Co planes (dashed outlines). XBL 834-5543

Figure 7. Schematic Drawings of the'RCos, Hexagonal R2C017
and Rhombohgdral RoCo47 Structures. The essential features of
these structures are shown by drawing this particular planar
section. The 2:17 stackiné sequences are cleérly distinguishable;
the pattern of dumbbelliand Sm sites repeats into the plane of
the paper. The Co planes are constant; they may be omitted.

XBL 834-5544

Figure 8. Schematic Drawings of Possible 2:17 Polytypes.
Only the Sm and dumbbell Co sites have been sketched; the
remaining Co sites would be constant throughout thess struc—
tures.Because of their importance to this investigation, the two
different orientation variants of the R2:17 (1R) structure have

been sketched. XBL 834-5545

Figure 8. Schematic Draw{ng of Hexagonal RCog Primitive

Cell. The basic structural unit is like that of the 1:5 phase,
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but rare earth atoms have been periodically substituted for mixed
plane Co atoms. To accommodate these substitutions, the rare
earth atoms shift slightly along the c-axis; the Co planes shift
in the a—-directions such that their vacancies provide maximum

volume for the rare earth atoms. XBL 831-5009

Fiqure 10. Schematic Drawing of the Rhombohedral RCOs

Primitive Unit Cell. See comments for Figure 9. XBL 831-5011

Figure 11. Schematic Drawing of the Hexagonal RoCoy
Primitive Unit Cell. See comments for Figure 8. XBL 831-5010

Figure 12. Schematic Drawing of the Rhombohedral R2007
Primitive Unit Cell. See comments for Figure 9. XBL 831-5012

Fiqure 13. Schématic Drawing of the Reciprocal Structures of

the 1:5 and R2:17 Structures. XBL 832-5188

Figure 14. Schematic Drawing of the Reciprocal Structures of

the 1:5 and H2:17 Structures. . XBL 832-5187

Figure 15. Schematic Drawing of the Reciprocal Structures of

the 1:5 and R1:3 Structures. XBL 832-5189

Figure 16. Schematic Drawings of Hysteresis Loops. The upper
figure shows the concave—upward virgin magnetization curve

and the square demagnetization curve of a magnet whose coercivity
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is limited by the difficulty in nucleating reversed magnetic
domains. The lower figure shows the concave—downward virgin
magnetization curve as well as the relatively rounded shape of a

domain wall pinning limited magnet. XBL B35-3800

Fiqure 17. Intfinsic Coercivity as a Function of Sm Content.
The alloys whose data are presented here have been aged one Hour
at 850 °C, with and.without step~aging. Besides Sm and Co, they
contain 15 wt% Fe, 6 or 8 wt¥ Cu and 3 wt% Zr. The upper curves
show the squareness of the two step—aged alloys; Hk is defined to

be H at 0.9 Bg. XBL 8011-7429

Figure 18. Intrinsic Coercivity as a Function of Fe Content.
The alloys whose data are presented here were also aged one hour
at 850 °C, with and without step-aging. Besides Fe and Co, they

contain 25.5 wt% Sm, 4 or 6 wt% Cu, and 3 wt% Zr. XBL 8011-7430

Figure 18. Intrinsic Coercivity as a Function of Zr Content.
The alloys whose data appear here were also aged one hour at 850
OC, with and without step-aging. Besides Zr and Co, these alloys

contain 25.5 wt% Sm, 15 wt¥ Fe, and 6 wt%¥ Cu. XBL 8011-7432

Eigg:g 20. Intrinsic Coercivity as a Function of Aging Time.
Alloys containing 255 wt% Sm, 15 wt¥ Fe, 8 wt¥ Cu, 1.5 or 3 wt%
Zr, remainder Co have been aged at 850 9C for time as indicated
on the x—axis, and quanEhed. Some alloys have been subsequently

step—aged. Note that the steanging is always beneficial; high Zr
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content is only beneficial if the alloy is step-aged.

XBL 8011-7418

Figure 21. Typiéal Image and SAD of Cellular Structure. The
cell walls are imaged primarily due to strain contrast. The twins
in the R2:17 are visible as bands of light and dark contraét
perpendicular to the c—axis. The Z phase plates are the linear
features running from upper left to Lower right. The SAD and
indexing are consistent with a combination of 1:5 and twinned
rhombohedral 2:17 structures. The intense spots are common to all
phases; the weaker spots aré from the two variants of the R2:17,
only one of which has been explicitly 1ndexeq. An extra spot at
0.8 inverse nanometers along 0001)* is the only distinct reflec—
tion from the Z phase.

(3 wt% Zr alloy; 1 hour at 850 °C; step-aged] XBB 819-9488

Figure 22. Image and SAD of 3 wt¥ Zr Alloy in a Symmetric
<10T0>1:5 Orientation. This is usually the most useful
orientation for imaging these alloys. The 1:5 and 2:17
diffraction spots are separated and distinct (strong and weak
reflections, respectivelyl.

(3 wt% Zr alloy; 3 hours at 850 °C; step-aged] XBB 835-4361

Figure 23. Indexing of <10T0>1=5 Diffraction Patterns. This
schematic drawing indicates that the patterns generally
encountered are made up of patterns from the 1:5, two variants of

R2:17, and two variants of the Z phase. XBL B836-10124
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Figure 24. Indexing of '<1120>1:5 Diffraction Patterns. This
schematic drawing indicates that the patterns obtained in this
orientation have the 1:5 and two R2:17 variants exactly
superimposed; two variants of Z phase occur as distinct spots in

this orientation. XBL 836-10123

Fiqure 25. Image and SAD of 3 wt% Zr Alloy‘in a Symmetric
<1120>,.5 Orientation. This is the same area of the foil as
appears in Figure 22, but tilted 30° to the other high symmetry
pole, as indexed in Figure 24.

(3 wt% Zr alloy; 3 hours at 850 °C; step-aged)]  XBB B35-4353

 Figure 26. Image of a 3 wt% Zr Alloy taken along the C-axis.
Imaging along the c-axis reveals a roughly hexagonal pattern of
cell walls. The structure.is.not very regular, indicating that
the-pyramidal habit is not a rigidly—-determined crystallographic
feature.

(3 wt¥% Zr alloy; 24 hours at B50 °C; step—aged) XBB 8110-8523

Figure 27. image of 1.5 uf% Zr Alloy, Oriented to Enhance
Twin Contrast. By tilting such that one R2:17 variant is in a
better orientation for strong diffraction, the structure factor
contrast between the two is heightgned.

(1.5 wt¥ Zr alloy; 15 hours at 850 °C; step—aged) XBB 812-1226

Figure 28. Bright Field and Dark Field Images of the Z
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Phase. Near ﬁhe <11EU>1:5 pole, the Z reflections appear as
streaked spots; using the most intense area of the streak, the DF
image of the Z'phase was formed (lower image), indicating that
the Z phases is definitely responsible for the streaking.

(3 wt% Zr alloy; 15 hours at B850 9C; step—aged) XBB 812-1225

Eiggz§ 29. Lattice Fringe Structure Image Along the
<1bT0>1:5 Pole. In this imags, the Z plates appear as bands of
0.8 nm fringes running roughly vertically. Tﬁe two variants of
the R2:17 image as two sets of fringes (0.64 nm spacing) running
roughly at 60° to the Z plates.

[§ wt% Zr alloy; 24 hours at B50 °C; step-aged] XBé 8111-10172

Eiggzg 30. Lattice Fringe Structure Image Along the
<11ED>1:5 Pole. In this orientation also, the Z phase plates
appear as bands of 0.8 nm fringes. The matrix lattice has not
been imaged. |

(1.5 wt% Zr alloy; 40 hours at 850 °C) XBB 835-4360

Figure 31. Coarsened Z Phase Plate in the 1:5 Matrix. By
aging en alloy at 960 oC for 100 hours, the microstructure was
coarsened such that the Z plates were approximately 30 nm thick.
This allowed a discréte SAD to be obtained; this pattern could

then be indexed as in Figure 24.

(3 wt% Zr alloy; 100 hours at 960 °C) | XBB 819-8500

Figure 32. Coarsened Microstructure of Overaged Alloy. The
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1:5 regions of the overaged alLoy>ﬁ;;é spheraidized, resulting in
the morphology seen in this image. The particle at the center is
1:5 with several coarsened Z plates. Outside the incoherent
interface is the R2:17 material. Microanalysis was easily
accomplished on these microstructures.

(3 wt% Zr alloy; 100 hours at 960 Oc) XBB 836-5064

Figure 33. Microanalysis of the Z Phase in the R2:17 Matrix.
This figure shows typical energy dispersive x-ray spectra from
the Z phase and the 2:17 phase of the coarsened alloy. The Zr is
almost completely confined to the Z phase.

(3 wt% Zr alloy; 100 hours at 960 °C) XBL 8110-7168

Figure 34. Microanalysis of 1:5 and 2:17 of Overaged Alloy.
By normalizing both spectra to the Co peak, it is seen that the
2:17 is enriched in Fe and the 1:5 is enriched in Cu.

(3 wt% Zr alloy; 100 hours at 960 °C) - XBL 819-2062

Figure 35. Intrinsic Coercivity as a Function of Cell Size.
By plotting coercivity data versus measured cell size for all
alloys characterized, no simple correlation was found to exist.

XBL 835-9803

Figure 36. Intrinsic Coercivity as a Function of the Spacing
of the Z Phase Plates. Here, as in Figure 35, no obvious

correlation exists. XBL 835-9801
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Figure 37. Intrinsic Coercivity as a Function of the c/a
Ratio. Once more, no simple relationship is apparent.

XBL 835-8802

Figure 38. Intrinsic Coerciyvity as a Function of Aging Timé
and Z Phase Nucleation. This figure is almost a repeat of Figure
20 except that x's have been added to indicate st what time in
the aging sequence the Z plates nucleate in large numbers. In
three of four cases, the x occurs next £o the dramatic rise in

coercivity. : XBL 809-5787 .

Figure 39. BF and DF of Homogenized—and—Quenched Alloy. The
upper BF image shows what appears to be a clean, single-phase
structure; the lower DF image using the streak shows the presence
of some heterogenéities in the foil. The SAD indicates that this
foil is almost completely H2:17.

(1.5 wt% Zr alloy; 1 hour at 1200 °C; quenched] XBB 8211-10201

Figure 40. SAD and Indexing of As—Quenched H2:17. This SAD,
taken from the area of Figure 39 shows an H2:17 pattern with
streaking through the R2:17 positions.

(1.5 wt% Zr alloy; 1 hour at 1200 °C; quenched) XBB 834-3274

Figure 41. BF and SAD of a Homogenized, GQuenched, and Aged
Specimen. After only 20 minutes at 850 Oc, the H2:17 has broken
down into a well-defined cellular structure. Note that some

intensity remains at the H2:17 positions in the SAD.
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(1.5 wt%¥ Zr alloy; 1 hour at 1200 OC; quenched; 20 minutes at BS0

Oc) XBB 8211-10198

Figure 42. Homogenized, Quenched, and Aged Alloy in Several
Diffraction Conditions. Note that extensive faulting of.the 2:17
persists, as evident in fhe symmetric BF (upper) as well as in
the ggggq BF (lower right).

(1.5 wtd Zr alldy; 1 hour at 1200 °C; Quenched; 20 minutes at B850

o¢) XBB 8211-10197

Figure 43. SAD of Homogenized, Quenched, and Aged Specimen.
Note that the H2:17 reflections are still distinct; but much more
intensity is in the R2:17 positions than for the case of the as—
quenched alloy.

(1.5 wt% Zr alloy; 1 hour at 1200 °c; quenched; 20 minutes at B850

0g) - XBB 834 3272

Figure 44. Long Period Structure. This image is from an
area of the Zr—free alloy which has completely transformed to the
long period phase. The fringed contrast arises from the fact that
several electron beams contribute to the image; it is almost
impossible to exclude the 4.8 nm reflections by the use of an
aperture. Note the presence of many.interrruptions in the fringe
pattern.

(Zr-free alloy; 1 hour at 1210 °C; quenched) XBB 8211-10199

Figure 45. Long Period/R2:17 Two—Phase Structure. These two
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BF images are from the same area of the foil, but viewed along
two different orientations (see inset SAD'S). The upper image,
taken along <11ED>1:5 shows very little evidence of the complex
stacking patterns of this material. The fringe contrast is
obvious in the lower image, taken along <10T0>1:5. The Llong
period structure is thus a quasi-periodic rearrangemgnt in the
stacking of R2:17 blocks. The insei microdiffraction pattern
clearly indicates that the band across the image is clean R2:17
phase.

(Zr-free alloy; 1 hour at 1210 °C; quenched) XBB 8211-10200

Figure 46. BF, SAD, and 3 DF's of an Aged Long Period
Structure. During aging, the long period breaks down by a
coarsening of the R2:17; these coarsened R2:17 regions cause
bands of intensity in the DF imageé (C,D) of the two R2:17

variants. The DF image of the matrix reflection (B) shows the

presence of many regions of.lattica strain; these regions
surround 1:5 precipitates. By the shape of the precipitates, it
is apparent that they are'beginning to grow along the R2:17
pyramid planes. |

(Zr-free alloy; 1 hour at 1210 °C; quenched; 20 minutes at 850

oc) _ XBB B36-5066

Figure 47. BF of Aged Long Period Structure. This region
must have been completely transformed to the long period phase -
like that of Figure 45 - as the resulting cellular structure is

very regular.
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(Zr—free alloy; 1 hour at 1210 Oc; quenched; 20 minutes at B50

c) XBB B36-5063

Figure 48. SAD and Indexing from Long Period Phase,
<1120>1:5 Orientation. Along this pole, the only evidence of the
stacking modulation is the présence of very faint streaking along
[0001]*. The fundamental 1:5-type structural unit does not appear
to be changed.

(Zr-free alloy; 1 hour at 1210 9C; quenched) XBB B834-3275

Figure 48. SAD and Indexing from the Long Period Phase,

' <;0T0>1:5 Orientation. Along this pole, a regular sequence of
‘:reflections occurs parallel to [00011* passing through the 2:17
positions. Because the intensity of the reflections drops
dramatically with the order of the reflection, one must ponclude
that this is not a regular polytypic’structure.

(Zr-free alloy; 1 hour at 1210 °C; quenched) XBB 834-3273

Figure 50. Reciprocal Structures of the 1:5, the R2:17, and
the Long Period Phases. Only the first—order satellites on the
R2:17 raflectidns have been sketched; higher—order satellites are

much weaker. XBL 832-5190

Figure 51. Laser Diffraction Study of a DF Micrograph of the
Long Period Phase. Laser diffraction was used to measure fringe
spacings in a DF image. Several diffraction patterns, taken from

several areas of the DF micrograph, indicate that the fringes
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tend to have wavelengths-in the ratios of 3:4:4,5. This supports
the hypothesis that the long period struc£ure is composed of
altérnating R2:17 twins with an average twin spacing of 4 R2§17
unit cells. The fwo figures:at the upper left are the symmetric
BF and DF images of the long period structure.Tﬁe SAD taken from
this area of the specimen appears in the third figure of the left
column; the region of reciprocal space used to from the D# image
is outlined in white. The lower left figure is a diffraction
pattern formed by a laser beam passing through the negative of
the DF image. It should essentially reproduce the intensity
distribution in reciprocal space as outlined in the electron
diffraction pattern. The right hand column are the results of
several laser diffraction patterns takenvuith a collimated (-2
mm) beam passing through the DF micrograph. The épacing of the
spots is inversely proportional to the spacing of the fringes in
the DF imége. By moving the beam, various fringe spacings could
be detected; their wavelengths tend to occur as ratios of
rational numbers.

(Zr-free alloy; 1 hour at 1210 °C; quenched) XBB 836-5065

Figure 52. BF and WB images of a 1:5 Cell Wall which haé
Lost Coherency. The fact that sevéral Z plates terminate at the
1:5/R2:i7 interface indicates that that is a preferred nucleation
site.

(1.5 wt% Zr alloy; 40 hours at 850 °C) XBB 835-4362

Figure 53. Z Phase Grain Boundary Allotriomorph. This Z
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phase particle seems to have nucleated at a grain boundary and
coarsened discontinuously, depleting Z phase from the.upper :
grain. Note that the 1:5 cell walls proceed completely up to the
grain boundary.

(3 wt% Zr alloy; 3 hours at 850 °C) XBB 835-4364

Figure 54. Schematic Drawing of a Dislocation Mechanism for
the H2:17 to R2:17 Transformation. By passage of a partial
dislocation through the lattice, a thin region o? R2:17 is

created. .~ XBL B826-5878

Figure 55. Schematié Drawing of the Cellular Structufe.
Following the pattern of Figures 7 and B, a schematic drawing of
the relationsﬁips between phases in a typical cellular structure
can be constructed. The relative positions of the Sm and dumb~
bell Co sites have been indicated. Note that two types of inter—
faces between 1:5 and 2:17 occur - a smooth interface and a
sawtooth interface. R2:17 twin interfaces are indicated by

horizontal dashed Lines. XBL 834-9246

Figure 56. Cell Size as a Function of the Cube Root of Time.
This figure illustrates that, within the experimental error, the
coarsening of the cellular structure follows the Lifshitz—

Slyozov-Wegner diffusional coarsening law. XBL B36-10122

Figure 57. Schematic Drawing.of a Domain Wall in the

Cellular Structure. Due to the lower energy of a domain wall in
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the 1:5 phase, it would be expected to facet to follow the cell

wall as much as possible. ' XBL 836-10121

Figure 58. Schematic Draiing of a Step Mechanism for
Domain Wall Migration. Because of the configurations of domain
walls and cell walls, it would seem to be energetically favorable
for the domain wall to migrate by steps, reversing the

magnetization of 2:17 cells, one at a time. XBL 836-10120
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