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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 

v 



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 materb L consists of a 

modulated structure of twinned rhombohedraL Sm 2£CoCuFeZrl17 with 

thin layers of hexagonal Sm(CoCuFeZrl5 developed on the six 

crystallogrephically ~quivalent pyramid planes. A Zr-rich phase 

having a structure related to that of SmCo3 forms as thin, 

coherent plates on the basal planes of the modulated structure. 

The modulated structure results from precipitation of 1:~ from 

supersaturated solution in 2:17~ this precipitation reaction 

occurs concurrently with an allotropic transformation of the 

parent 2:17 phase. The thin plates nucleate at int.erfaces 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[CoCuFeZrl5 and the 

Sm 2[CoCuFeZrl17 phases, respectively. This increases the differ

ences in their respective magnetic domain wall energies, in

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 
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INTRODUCTION 

This thesis presents the results of an experimental investi-

gation of the physical metallurgy of samarium-cobalt based per-

manent magnet alloys. SmCo magnets consist of a coherent dis-

persian of two crystallographically similar intermetallic com-

pounds, both of which are noncubic, ferromagnetic, and highly 

anisotropic. The maximum magnetic coercivity of these alloys is 

limited by the ease of irreversible migration of ferromagnetic 

.. domain walls through the dispersion of the two intermetallic 

phases. The ease of migration 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 

transformation which influence the distribution of the two 

phases. 

Interest in samarium-cobalt alloys arises primarily from 

their outstanding permanent magnet characteristics. For the two-

phase magnets considered in this investigation, energy product 

[(BH)MAX] values exceeding 30 MGOe [1] have been obtained; the 

corresponding value for Alnico type magnets is approximately 8.5 

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

useful SmCo phases are noncubic end 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 con·fined to a. singLe crysta'Llographi c pLane •. Thus, 

SmCo is a member of an unconventi anaL, and therefore poorly 

understood area of metallurgy; scientific interest in this 

system derives from that fact. 

Rare earth-cobaLt magnet science and technology has gen

erally been approached in one of two ways. Industrial 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 complex; 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 generally 

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 

., 
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influenced by Lattice substitutions. The Literature contains a 

great deal of information [3] about anisotropy and other 

characteristics of rare earth-cobalt based intermetallics with 

very few reports of which phases and compositions actually occur 

in useful magnets. 

This investigation has followed an intermediate course, 

studying the interactions of phases and components in. an in-

dust riaL magnet system, remaining cognizant of the effects of 

composition on the·properties of the individual intermetallic 

phases. The results of this investigation should serve to recon-

ci Le the somewhat disparate aspects of the same materiaLs system. 

Rare earth-cobalt magnets are here treated as an interesting, if ·~ I 

unconventional, 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-

component, 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 

intermetallics, 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 
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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 

era strictly valid for these alloys and these phases, but similar 

transformation products are observed in related alloys; the re

sults are probably more general- they have direct implications 

for technological advancement. 

At th'is point, it is appropriate to add a few words about 

the scope and Limitations of this thesis. First of all, 

samarium-cobaLt is not a substance one wouLd L.i kely choose for a 

.. study of fundaments L metallurgicaL phenomenon;. one normally wouLd 

choose a simpler, more famiLiar, easier-to-work-with system. 

SmCo· is a technological system; whiLe it exhibits phenomena of 

scientific interest, the motivation for study is essentially 

practical. This is reflected in this work; the results sought 

and reported here are the broad, if somewhat co~rse~ 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 

avera lL behavior. Furthermore, the complexity of the alloys and 

their relative unfamiliarity preclude measurement of such data. 

However, one can and should be fairly detaiLed about crystallo

graphy; the patterns of microstructural development are fun-
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damenta L Ly constrained by the crystaL Lattices. The 

crystallography is common to a wider class of alloys; it is the 

commonalities in crystallography which supports the idea that the 

results reported here are somewhat more general. Finally, even 

though these are magnetic alloys, no attempt will be made to 

tutor the reader on the physics of magnetism. A common knowledge 

of magnetism and the technical hysteresis Loop will be assumed 

through out. 

Background MateriaL. 

It is 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 example, such terms as "dumbbell 

sites" or "rhombohedraL two-seventeen" are not in the Lexicons of 

the average metaLlurgist even though they are conceptually simple 

and basic to the present discussion. This presents special 

problems in presentation as these terms and others have to be 

redefined for each audience. Fortunately, in a tract of this 

magnitude, it is possible to take time to carefully introduce all 

the concepts so that subsequent discussion may proceed 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 
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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 lli [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 appea~ 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 intermeta l l ic compounds and. phase diagrams. Several phases 

occur in many~RE-TM binaries which are important. for permanent 

magnet applications; their structures and crystallography will be 

briefly outlined. The rationale for considering SmCo5 and 

Sm 2co17 as permanent magnets will appear, followed by a brief 

discussion of the effects of ternary additions to SmCo5 and 

Sm 2co17 on their magnetocrystalline anisotropy. Practical per

manent magnets are structure-dependent; the final segment will 

give a literature review of microstructural studies of practical 

permanent magnets • 

.B.u.g Earth-Transjtion Metal Phases. Rare earth-cobalt mag

nets are formed of combinations of intermetallic compounds of 

stoichiometry (REHTMJ 5 - (denoted 1:5)* or (REJ 2£TMJ 17 (denoted 

2:17) [In this thesis, "1:5" 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 Sm2Co17• as 

well as more complicated phases involving substitutions of rare 

earths, transition metals, or both. For example, Sm 2 £CoCuFeJ 17 , 

(SmGdJ 2co17 , and (SmNdJ 2(CoCuZrJ17 couLd aLL be special cases of 

"2:17". Conversely, ''SmCo5" should be taken to mean binary 

samarium-cobatt5 l 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 Y.ik Cr, Mn, Fe ••• These two 

phases occur in the majority of 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-

.. siva mutual solid solubility which has important consequences for 

alloy and microstructure formation. Of somewhat Lesser impor-

tance are two more closely related intermetallic compounds of 

stoichiometry (REJ 2 £TM17 and (RE)(TMJ3 • Many of these phases, 

especially those containing Fe, Co, or Ni are magnetically 

ordered at Low temperatures. The Large magnetocrystalline anise-

tropy of some of these noncubic phases provides the basis for 

thai r use as permanent magnets. 

Of all the RE-TM binary systems, the SmCo system 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 

interest here is the Large region of mutual solid solubility at 

high temperatures for the 1:5 and 2:17 phases. Note also that 
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the 1:5 phase is believed to decompose into 2:17 and 2!7 phases 

below 750 °C by a eutectoid reaction. This transformation is not 

well documented as the kinetics seem to be very slow. Many com

mercial magnets are made from binary Smco5 ; 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, a lthciugh this binary, shown in Figure 2, is simi tar in 

general appea ranee 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, 

tri.vaLent rare earth elements can generally be freeLy substituted 

for each other without major changes in phase stability. Thts 

.would be expected from the similarity of the phase diagrams. 

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

Crystallography. ALl the phases of interest here are 

crystaltographicatly related to the RECo5 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 CaCu5 type (D2d) 

consists of one formula unit per primitive cell (three formula 

units per conventional celt). 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<10fO>L The configuration of atoms in the Co planes is 

similar to that of atoms in the close-packed planes of fcc or hcp 

metals, 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 rep laced by pairs of Co atoms. These 

Co atom pairs are aligned along the crystallographic 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, Th 2Ni 17 prototype struc

ture) consists of •• .ABABAB... stacking of the mixed planes a long 

[0001]. The mixed planes of the R2:17 (Rgm, Th2Zn17 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 1264 = Gd) 2:17 compounds are found primarily in 

the H2:17 form; light rare earths, in the R2:17. form. Sm 2co17 

has been reported to take the R2:17 form, but rapid quenching 

techniques can retain the H2:17 form. There is some evidence 

[7,8] that the stable form of Sm 2co17 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 

camp l i cated 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 close-packed planes of hcp and 

fcc metals; the dumbbell sites have six-fold in-plane symmetry 

and coordination (Figure 6). J.ust as it is only a change in 

stacking sequence of atom planes which converts fcc to hcp 

(. •• ABCABCABC ••• stacking transforms to ••• ABABABAB ••• stacking), 

so it is only a change in stacking 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 

. st-oichiometry can be retained in a Large number of different . . 

structures corresponding to elaborate stackings of dumbbell 

sites. ln terms of Ramsdell's [9] 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 severe l 

other polytypes. Because of the close analogy between fcc and 

hcp end R2:17 and H2:17, many of the concepts of stacking faults 

and fcc (rhombohedral) twinning are directly applicable to the 

2:17 phases. This analogy does break down due to the fact 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 faulting), although it has never been 

observed. 

The RCo3 and R2co7 phases are also structurally related to 
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the RECo5 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 every second 

Layer, the composition shifts to 1:3 stoichiometry. Since theRE 

atom is too Large for this site, the adjacent RE atoms are dis

placed slightly along the c-axis to accommodate 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, P63/mmc) or rhombohedraL (1R, RS'm) symmetry. Figures 9, 10, 

11, and 12 give schematic drawings of these structures. Many 

concepts derived from stackings of close-packed planes can also 

be applied to these structures. Both binary SmCo3 (1:3) and 

Sm 2co7 (2:7) have been reported to have rhombohedraL symmetry 

with -2.4 nm (6{0.4nm}) and -3.6 nm [9{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 aRE atom for a 

Co atom every 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 sequence of structures having successively Larger unit 

ceLLs; Khan [13] has described such a sequence in terms of the 

following formula: 

x=(5n+4)/(n+2) 
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Members of this sequence with n>3 would lie between 5:19 and 1:5; 

in fact 1:5 can be thought of as the limiting structure for n 

infinite. No 5:19 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 ts 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 position would generate 5:32 stoichiometry; it could 

take on a variety of hexagonal and rhombohedral structures. ·The 

extension to 8:47, 11:62 ••• RE[TM]x, x=(15n+2]/(3n-1] is obvious. 

n infinite again corresponds 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 a long 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. 

Since ell the above phases are structurally related, it is 

possible for various combinations of them to occur coherently 

within a single crystal with very littte mismatch. As noted in 
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Figures 4 and 5, the 2:17 unit cells are conventionally defined 

such that: 

[11~0]1:5 II [10'f0]2:17 

(0001)1:5 II (0001)2:17" 

13 

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: 

[10'f0]1:5 II [10'f0]2:7 II [10'f0]1:3 

(0001 11:5 I I (0001 l 2:7 I I (0001 l 1 :3 

Even though these phases have identical space groups as the 2:17 

phases, lattice parameter changes dictate this lack of rotation. 

Because of this fact, the two situations can be distinguished 

when they occur coherently with the 1:5 phase. 

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 ere applicable. The 1:5 phase 

(space group P6lmmm) has 6lmmm point group, order 24. Ordering to 

produce the R2:17 reduces the symmetry to R~m, point group ~m, 

order 12. Thus, there are 24/12 = 2 orientation variants of the 

R2:17 with respect to the 1:5 lattice. The H2:17 structure has 

P63lmmc space group; its point group 6lmmm is aqua l to that of 

the 1:5 structure; there is, accordingly, only one H2:17 orienta-



tion variant in the 1:5 structure. Similar remarks.apply to the 

R1:3, R2:7, H1:3, and H2:7 phases. The number of translational 

variants 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.] 

14 

For R2:17, this gives three translational variants per orienta

tional variant, or a total of 6 variantsr 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 i a, for the ••.• ABCABC ••• stacking 

sequences, there are three positions which can be chosen as "A"; 

the ''B" and "C" positions are then determined. Experimentally, 

one readily discerns orientational variants in diffraction ex

periments; a direct space approach (j... .L. imaging rather than 

diffraction) is necessary to distinguish translational variants 

(unless a suitable signal can be obtained from the interfaces 

between translational variants). 

Permanent Magnet Phases. An effective permanent magnet must 

possess a combination of high saturation magnetization, Ms, 

reasonably high Curie temperature, T c• and some form of (pre

ferably uniaxial) magnetic anisotropy. The possibility that some 

rare earth cobalt phases might meet these criteria was first 

suggested in 1966 when Hoffer and Strnat [15] reported the 

I 
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presence of large magnetocrystalline anisotropy in YCo5 and 

v2co17• 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 fe~ro

magnetic RECo5 and RE2Co17 phases. This has indeed proved to be 

true. 

Of the 1:5 phases, those containing heavy rare earths 

[atomic #~64 = Gd) do not have large Ms because the rare 

earth ions are magnetically ordered antiparallel to the Co ions. 

The Ms value of these ferrimagnets is only the difference between 

the Co and RE contributions. CeCo5, LaCo5, and NdCo5 do not have 

high Ms because of the low magnetic moment of the RE ions; Pm 

does not occur in nature, and divalent Eu does not form a EuCo5 

phase. Thus, attention quickly centers on SmCo5, which does have 

a very large uniaxial magnetocrystalline anisotropy, high Curie 

temperature, and reasonable Ms. In practice, many commercial 

magnets are single phase, grain-oriented SmCo5; of all magnets, 

they exhibit the highest intrinsic coercivity. 

By increasing the Co content in these alloys, the Ms in

creases; the RE2co17 phases would therefore seem to be desirable. 

However, the anisotropy of the 2:17 compounds is weaker than that 

of the 1:5 phases, and it often favors basal plane magnetization, 

rather than the more desirable uniaxial [c-axis) magnetization. 

Sm2Co17 is the only binary 2:17 with high Ms and uniaxhl 

anisotropy at room temperature, but its anisotropy is not so 

strong as that of SmCo5• Thus, its theoretical coercivity is 
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not so high. In practice, 2:17 magnets also contain many crys

tallographic defects which tend to serve as reverse magnetic 

domain nucleation sites, further reducing ;He• [17] Sm 2co17 has 

not proved to be an effective permanent magnet. 

. .. : . .... . ·,:;_, .. 
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Anisotropy. In order to make use of the higher Ms of Sm 2co, 7 

over that of SmCo5, many attempts have been made to understand 

and, if possible, improve its magnetocrystalline anisotropy. 

Recently Callen [18] has simply and elegantly summarized data on 

(REJ 2£CoFeJ17 systems; We Llace .n. Ak, [6] have reviewed attempts 

.. to improve magnetocrysta LL ine ani sot ropy 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 sublattice(s). In 

binary Sm 2co17, Er2co17, Tm 2co17, and Yb2co17, the rare earth 

contribution favors uniaxial (c-axisl anisotropy; the rare earth 

component of the other 2:17's favors pLanar ani sot ropy. In alL 

cases the Co sublattices as a whole favor magnetization perpen

dicular to the c-axis. Because of the different temperature 

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. 

Sm 2co17 is the only case of the above four for which the transi-
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tion is well above room temperature. 

The Co contribution to magnetocrystalline anisotropy in the 

2:17's can be further resolved into contributions from the four 

separate Co sublattices. [6] For the case of v2co17 , Inomata [19] 

calculates that 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 

.understood; it continues to be an area of scienti fie as well as 

technological interest. 

The fact that Co gives a detrimental contribution to mag

netocrysta l Line ani sot ropy in Sm 2co17 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 Ms 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 

Sm2(CoTMl17 generaLly does increase for small concentrations of 

the substitutional component. Of the various'substituents, Fe 

has the advantage 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 than Fe in improving the aniso

tropy of Sm 2(Col17 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 l itt La Loss in M
6

• The re

markable effects of substituent& on magnetocrystalline anisotropy 

has been variously attributed 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; obviously the problem is not theoretically 

transparent and experimental determination of site occupation of 

substituent& (.LQa. a few. Fe atoms at Co sites) is also not e 

trivial matter. 

Mjcrostructures. Improvement of anisotropy field for a 

specific phase improves its potential for high intrinsic coer

civity, He, and its potential for permanent magnet applications, 

but, in practice, He may instead be limited due to other con

siderations. Improvements in ani sot ropy 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, He may 

be limited either by tha difficulty of nucleating new reverse 

domains, or by the difficulty of propagating domain walls through 

the material. If intrinsic coercivity depends on the resistance 

)~ 
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to nucleation of reverse domains; the material will exhibit a 

concave-upward virgin magnetization curve [16] as well as a very 

square demagnetization curve; (Figura 16) 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 e~tire specimen, giving a sudden 

change in the hysteresis loop. If domain wall pinning is the 

dominant effect, (i&a. it is very difficult for a domain wall to 

propagate), one generally observes a concave-downward virgin 

magnetization curve and a demagnetization curve which has a slow 

dropoff from remanence followed by a decrease to zero following a 

.. path of lower slope (Figura 16bl. Both of these processes have 

played a role in SmCo magnet technology. 

For simple binary SmCo5, intrinsic coarcivity is limited by 

the nucleation of reverse domains at defects and especially at 

grain boundaries. The grain boundary is a termination of the 

Lattice; anisotropy and, consequently, the energy expenditure in 

re~rientation of magnetization are not so large near such a 

discontinuity. A grain boundary may also be a discontinuity in 

the directions of magnetization if adjacent grains do not have 

parallel c-axas; this situation produces demagnetization fields 

which act to favor reverse domain nucleation. Thus, to form an 

excellent SmCo5 magnet, large, crystallographically perfect, and 

vary well oriented grains are essential. 

Stoichiometric Sm 2co17 has too small an anisotropy field to 

be seriously considered as a permanent magnet, but, even so, its 

coarcivity is limited by the nucleation of reverse domains. 
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Besides grain boundaries, reverse nucleation may also occur in 

the 2:17 structures at stacking faults and twins; at such regions 

the Lattice is interrupted and there can be Local changes in 

symmetry with the possibiLity of Locally Lower magnetic 

ani sot ropy. [22] 

There have been many attempts to improve the intrinsic 

coercivity of ~ECo magnets by precipitation in order to pin the 

magnetic domain walls. Thus, a reverse domain wall, once 

nucleated, is stopped, and complete magnetic reorientation is 

avoi dad. Much of the work based on the 1:5 system has been 

reviewed by Nesbitt and Wernick [2]. These authors show that 

additions of Smcu5 to SmCo5 can, with suitable heat treatment, 

improve intrinsic coercivfty. Small additions of Fe to this 

system are useful to minimize Loss of M
8 

and (BH)MAX ·which 

inevitably accompanies Cu substitution. Microstructural exam

ination has Led Hofer [23] to believe that the SmCo5-smcu5 system 

decomposes spinodally; he explains enhancement of magnetic coer

civity of this alloy system in terms of pinning of magnetic 

domain walls at the fin~scale decomposition product. Fidler and 

co-workers [24,25,26,27] have reported several investigations of 

heterogeneous precipitation processes in SmCo5 magnets. Smeggil 

.n. .I.L. [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] h~s discussed the types of precipitation end 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 metallographic 

characterization,[31-38] but electron microscope investigations, 

when available, generally indicate the presence of a fine-scale, 

coherent precipitation which is unlikely to be detected using 

optical techniques. Various magnet alloys have been characterhed 

by transmission electron microscopy and diffraction, but due to 

the complexity of the alloys, there have been few systematic 

studies. Leamy and Green [39] detected fine, coherent, equiaxed 

2:17 particles in the 1:5 matrix for a Ce(CD]3cu17Fe10 l5•2 alloye 

Livingston [30] characterized magnets of nominal compositions 

Sm (Co85cu10Fe5J5•8, Sm (CD]3 cu14Fe12 Ti 1 16•7 , 

Ce(Co73cu14Fe12Ti 1l 6.a, and Sm(Co74cu13Fe13 l7•8,aged to optimum 

coercivity. In another study, Livingston and Martin [40] 

followed the evolution of a single Sm(Co80cu15Fe5l7.o alloy from 

initial precipitation to the extremely over-aged condition. 

Melton and Perkins [41] followed similar evolution in 

Sm(Co65cu35J5•6 and Sm(co84cu16l 6.s. Melton and Nagel [42] also 

studied alloys Sm(Co87cu13 l7.s and Sm(Co87cu13J7•8• Yoneyama Jlt. 

J.L. [37] and Mishra and Thomas [43] have characterized optimally 

ag ad Sm (Co67cu10Fe21zr1 17•4 

Although there are few, if any, systemati~ studies of 

microstructure and magnetic properties, the cited references and 

others are a significant body of work, and some trends can be 

identified. Compositions near the 1:5 and 2:17 stoichiometries 

tend to form precipitates on heterogeneities (~ dis locati one, 
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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 from microstructural work; their beneficial affects on 

;He are attributed to increases they bring to the 

magnetocrystalline anisotropy of the 2:17 phase. From all the 

above, the best combination of ;He and (BH)MAX seems to involve a 

.. fine, coherent, two1)hase structure having rhomboid particles of 

2:17 (-75 nm in size) surrounded by thin films of 1:5 stoich

iometry (8-10 nm thick). The two phases are totally coherent, 

mismatch being accommodated by elastic strain of both phases 

without di aerate interfacial dislocations. This "cellular"* 

structure occurs for compositions in the Sm(CoTMJ 6•8 to 

Sm(CoTMla.o range, where TM includes Cu and possibly other 

elements, and seems to be very effective for pinning magnetic 

domain walls. 

The origin o·f the cellular structure in the best two1)hase 

magnets has not been dealt with in the literetureG It has been 

observed 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 waH p-i-nn-ing,-= 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 

cellular morphology, but, historically, its formation was simply 

an accident, and it has not yet been explained. 

Scient1fically, the question of nucleation is intriguing. 

It is not obvious whether the reaction which generates the 

cellular morphology should be thought of as a clustering or as an 

ordering process. Whether 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 single-phase. 

If the dumbbaLLISm sites are ordered, then the excess Sm due 

to off-stoichiometry is present as point defects on the lattice. 

If that is 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 either 

of the two conventional processes. If the system is stable with 

respect to long-range fluctuations, the precipitation proc~ss 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

ball sites might occur. Spinodal decomposition is intuitively 

appealing because the end produce is a modulated structure- a 

microstructural characteristic commonly associated with spin~dal 
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decomposHion. However, modulated structures are not necessarily 

due to spinoda ls. [44] 

On the other hand, it is conceivable that the dumbbell/Sm 

sites are completely disordered at high temperaturese Then it is 

possible that ordering to form R2:17 could occure This reaction 

would take the system from the supersaturated 1 :5-type at ructure 

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 RS'ml can not be second order. It ..iJ! possible to con

struct a third order invariant of the R2:17 reciprocal lattice 

v.ectors to form one of the 1 :51s. Thus, this must be a first 

order transition, and the 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-cobs lt 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 meta llurgi cal 

effects such as nucleation and growth of precipitates as well as 

solid state physics phenomena such as magnetocrystalline 

ani sot. ropy are coup led to form a wide range of physics l 

properties. 

~ AnQ Approach ~ ~ Investigation 

SmCo, like most permanent magnet alloys, can be simply 

.. characterized in terms of a few magnetic parameters such as 

(BH)MAX or He, but the numerical values of these macroscopic 

magnetic properties ere 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 end relative proportions of the 1:5 

and 2:17 phases, their sizes and distributions. Any other phase 

would also be expected to play e significant role. In practice, 

SmCo magnets ere not equilibrium structures; all the above 

parameters depend on their thermal history. 

In trying to understand the origins of magnetic properties, 

one can always resort to e few general principles, such as 1) Ms 

depends primarily on composition fore given phase; it is 

relatively insensitive to microstructure, 2) ;He is always 

sensitive to microstructure, but the mechanism- domain wall 

pinning or reverse domain nucleation - influences the type of 
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dependence, 3) (BH)MAX is .a combination of M6 and ;He. ·However, 

in practi ca avery 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 

ware produced by successive modifications of existing ones. 

Thi a process began with the SmCo5 magnets; addi tiona of Cu and Fe 

ware found to be favorable, but the reeu lting Sm (CoCuFel5 alloys 

did not have high M8 (4YM8 =9500 G) nor high (BH)MAX (16 

MGOal. Sm 2co17 has higher M
8 

(41TM
8

=12000 G), but lower 1Hc; 

anisotropy could be improved by addin~ Fa or Mn, but the result 

was still unsatisfactory. Fine lly, intermediate compos it ions were 

examined. Sm(CoCul7•5 was found to have higher ;He than the 

2:17's and still retain higher M
8 

than the 1 :5's. Subsequent 

modifications have established an optimum (BH)MAX in the range 

Sm (CoCuFeZrl7 .2-7 .5• As the alloy compositions ware becoming more 

complex, so were the heat treatments. Tharma l processing for the 

modern two-phase magnets invo Lvee homogenizing, quenching, 

aging, and step-aging. Thus, the beet [highest (BH)MAX] magnets 

available era five-component systems, SmCoCuFeZr, of overs ll 

stoichiometry 1:7.4. They are formed from magnetically grain

oriented powders, homogenized, quenched, aged, and step-aged. 

The dave lopment of SmCo magnets has been very successful. 

From a typical SmCo5 (BH)MAX value of 16 MGOe, a largely trial

and-error approach has produced magnets in the 33 MGOe range - a 

two-fold increase. However, scientific unde~standing has not kept 



pace with this development. The roles of the several elements in 

these complex alloys are obviously not understood, but even such 

fundamentals as the role(sl of substituent& within a single 

intermetallic phase are still in dispute •. For example, the 

effectiveness of Fe in increasing the magnatocrystalline 

anisotropy of Sm 2£CoFel17 has been variously attributed to 

preferential site o~cupation, [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 few (relative to the Large number of aLloys and 

processing parameters) microstructural studies have not been 

systematic; 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 these 

elements are known to be beneficiaL. The Lack of scienti fie 

understanding of the rare earth-cobalt permanent magnets seems to 

have Limited their development; there have been no reported 

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 understanding of the system to produce 

further advances. 

Further advances in (BHJMAX ar not unreasonable to expect; 

• the theoretical maximum (BH)MAX value based on the M8 of 



Sm2 £CoFeMnl 17 magnets is 49 MGOe [47] which is stiLL well above 

that of the present generation of magnets. 
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This thesis describes the results of an experimental 

investigation of the development of microstructure and magnetic 

coercivity 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(CoCuFeZrl7•4 alloys 

and to correlate it with the observed coercivities and energy 

products. The avo luti on 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 subj ectad 

__ to a large num·ber 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 and its 

affects on magnetic coarcivity, and the role[s) of Zr in these 

processes, alloys have bean chosen which vary the laval of Zr 

substitution, holding all other components (seve Col constant; 

these alloys have bean subj acted to a La rga number of heat 

treatments. The alloys for this study have nominal compositions 

in wt% 25.5 Sm, 15 Fa, 8 Cu, 1.5 or 3.0 Zr, remainder Co. 

[Sm [Cos7 .4Fa21.3Cu1 o.oz r1.3)7 .43 and 

Sm[Co65 •8Fa21 •5cu10 •1zr2•6l7.a7 l The heat treatments fall into 

two major classes: 1) those involving an isothermal aging 

process, and 2) those involving an isothermal aging process plus 

a step-aging procedure. A third alloy containing no Zr [25.5 Sm, 

15 Fa, 8 Cu, Co = Sm [Co69Fa21 cu10l7 .sl has bean inc ludad to 

determine mora generally the natura of the phase transformations 

in this system. 

All the alloys and magnetic property data for this study 

have bean prepared by TDK Electronics Research and Development 

Laboratory as part of a systematic optimhati'on process. 

[1 ,37,48] Their procedures are as foLlows. Component metals, Sm, 

Co, Fe, and Cu, all with purities exceeding 99.5 wt% and 

farrozirconium ware malted together in an induction furnace under 
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Ar atmosphere. Favorable c-axi s 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 1.5 ton/cm 2 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 850 to, 400 °C at 1-2 degrees per minute end then aged at 400 

°C 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 properties and magnetize 

specimens 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 inn-heptane, wrapped in a Ta foil as 02 getter, 

and encapsulated in evacuated silica glass capsules. Temperatura 

contra l was monitored by a chrome L-a lumel thermocoup La adjacent 

to the capsule. Heat treatments were terminated by quenching 

[103 degrees per second) the capsule into water at room tempe~ 

atura without breaking it. Sequential treatments were done 

without removing the specimen from the capsule. For phase trans-

formation studies, alloys were homogenized for one hour 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. 

Transmfssion. Electron Microscopy .i!!..d Microanalysis. 

Transmission electron microscopy (TEM) and related 

microanalytical techniques have been used throughout this 

investigation. In general, conventional diffraction contrast 

imaging conditions [bright field (BF), dark field (OF), and weak 

beam (WB)] were appropriate to characterize the morphology of the 

precipitates. Selected area diffraction (SAD) was invaluable for 

determining which phases were present. Imaging was accomplished 

using Phi lips 301 and. Phi lips 400 electron microscopes. Phase 

contrast structure imaging was done on a Siemens 102, aLL 

microscopes were operated at 100 kV~ 

Microdiffraction and microanalysis were accomplished using 

the Philips 400 scanning transmission electron microscope in the 

TEM mode. In this configuration, an electron probe of 40 nm 

nominaL size is formed on the specimen vie the condenser system. 

This probe is small enough to form single crystal rhombohedral 

2:17 diffraction patterns in optimaLLy-aged alloys, but it is not 

smaLL enough to detect segregation of constituents among the 

several phases. The 1:5 materiel is typically 8 nm thick; even 

using a 4 nm STEM pr.obe was ineffective due to problems of beam 

broadening in the foiL and accurate pLacement of the probe on the 

1:5 materiaL. To avoid these prob Lams, specimens were over-aged 
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for 100 hours at 960 °C. This coarsened the microstructure such 
' 

that the •icroanalysis could be easily done in the TEM config-, 

uration. Because such 8 structure is not truly representathe of "~ 
I 4 

a useful •icrcstructure, it is not expected to have the same 't~J 

compositions as the useful alloys. Thus, quantitative analyses 

were not appropriate and were not attempted. 

1..,.. {- • 

Soecimen Preparation. r. 

Electron transparertt foils for TEM examination were prepared 

by ion -~eam milling techn,iques. Specimens supplied by TOK were 

in the for!~ of small-pl~~es of approximate _dimensions 10 _mm x 15 

mmm x,0.3 mm. Generally .the specimens were grain-aligned such 

that the cr:ysta_llographic c-:axi s (the direction of· easy 

magnetization) lay in the plane of the plate. These brittle 

plates were simply broken into fragments - 0.2 em in size; one 

s~rf~.ce of each fragment was cleaned using successively finer SiC 

p~pers until a significant layer (perhaps 0.1 mml of the surface 

was removed and a 600 grit surface remained. This cLean surface 

was then polished using a com.mcn metal polish, Leaving 8 

specular finish; some 600 grit scratches remained. This was not 

done to obtain 8 metallographic finish, but to produce a smooth 

surface so that subsequent ion beam atlling would produce 8 

r -
\ 

( 
t? 

&melle~ wedge angle. The:metal polish was removed using n41apta~1t 

and acetone and the fragment was cemented to a glass slide using 

hea~ setting wax. To do this, the slide was placed on a hotpl~te; • 

at the softening temperature (- 60 °C), the wax was melted on~o 

/ 
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the slide.and the fragment was placed polished-side-down in the 

wax; it was held tightly against the slide until the wax resete 

The fragment was then thinned on SiC paper using sequentially 

finer grit sizes until it began to break up on 600 grit paper. 

After polishing this side with the metal polish, optical 

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 in any dimension, thinned to 30-50 microns; this is 

essentially the limit wher~ the present author could no longer 

manipulate 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 support 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 let 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 

so 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 through 6 

-10 kV, impinging on the specimen .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. The foils 

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 speci fie phase as a greet number of 

specimens were examined. and the results were always mutually 

con si st'ent • 

Mj c rost ructura L Quanti fi cation •. 

Microstructural parameters were quantified as systematically 

as possible by measurements made on TEM mic.rographs and diffrac

tion patterns. Images were generaLLy recorded in the <1'fOD>1 :5 

and <1120>1 :5 orientation a. This aLLowed determination of the 

cell size, the 1:5 habit plane, the 1:5 cell wall thickness, the 

density of R2:17 twins, and the density of the thin plates of a 

new phase. The cia ratio was routinely obtained from SAO patterns 

in both symmetric orientations. The degree of regularity of the 

cellular structure was duly noted; other features, such as grain 

boundaries, were noted when observed. 

Quantitative measurements 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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3.5 

Attempts were made to minimize the inherent subjecthity of the TEM 

examination by photographing the first area of the specimen 

encountered which was simultaneously sufficiently electron 

transparent and oriented appropriately such that the two poles of 

interest could be reached by tilting. After the photographs were 

recorded, the foil was scanned to obtain e subjective 

determination of whether the photographed volume was 

representative or not. Measurements on the micrographs were done 

in the usual ways. The number of intercepts of cell walls with a 

Length of Line perpendicular to the cell walls on the micrographs 

was used to estimate the average cell size. Lines were taken 

parallel to the c-axis to determine the twin thickness and the 

average plate density. To determine the inclination of the f:5 

cell waLls from the baseL pLanes, as many m.easurements as pos

sible were taken from straight sections 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 

symmetric <1l00>1:5 orientation and the 2:17 reflections were 

allowed to contribute to the image. 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 light 2:17 particles. Error arises in this 

measurement in that the projection of the 1:5 cell walls is 

normally - 2 mm wide at the usual 50,000 to 100,000 x magnifica-
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tion ranges; the limit of human visual resolution is e signif;

cant part of 2 mm; thus, without extreme photographic enlarge

ment, measurement errors are sure to occur. In ell these cases, 

statistical confidence is limited by the number of measurable 

features within the area of the micrographs; for the eel l wall 

thickness and the cell size, this is probably not restrictive, 

but for the twin thickness, the plate density, end the habit 

plane inclination, situations occurred where the number of 

features was so smell that there could be vary little confidence 

in it. Nevertheless, in no cases were the results in contra

diction with those of a similar alloy; by examining a series of 

alloys and occasi ana lly repeating speci fie cases, the level of 

confidence of the group as a whole is much better than any 

individual 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 of 

alloys will be presented first. These data ere closely related to 

the main work of this investigation and serve to broaden and 

corroborate the data from the microstructrura l characterization. 

Q.f all their data, those which. are the most closely related to this 

work are the result of a study of the effect of post-sintering 

heat treatments and 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 era common to the 

microstructures of these alloys; they have been characterized by 

imaging and diffraction techniques as well as by energy 

dispersive x-ray spectroscopy (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 era 

presented in an attempt to establish 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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Macroscoojc Magnetic ~· 

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 component, 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 hopes of finding an 

optimal alloy. It should ba noted that this approach, if only 

camp leted once, will not necassari ly· reach the optimum for the 

ranges investigated; an iterative routine would be necessary to 

accomplish this with certainty. However, these data ware obtained 

after years of experience with these alloys and their best magnet 

is probably very nearly optimal. 

Shifting the Sm to transition metal ratio shifts. the ratio 

of the volume fractions of the two major phases. In the range of 

interest, a higher Sm concentration results in a larger volume 

fraction of the 1:5 material. Figure 17 presents the results of 

varying the Sm content on the intrinsic coercivity £1H0 ) and the 

squareness of the demagnetization curve. The loop squareness is 

quantified somewhat arbitrarily by the value of H for which the 

demagnetization c~rve falls to 0.9 SR. The data is recorded for 

Sm concentrations between 23 and 26.5 wt% [Sm(CoFeCuZr1 8•48 -

Sm (CoFeCuZr17 .ol 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, with. and 



without a fine l step-aging treatment,- appear in the figure. The 

compositions in this range essentially cover the regime in the 

pseudobinary phase diagram for which one would expect 1:5 pre

cipitates in a 2:17 matrix. 
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If the Sm concentration is maintained at an intermediate 

level, the ratio of the volumes of the 1:5 to 2:17 material will 

remain constant and it will be possible to investigate the 

effects of the other elements as they substitute for Co. Figures 

18 end 19 show the intrinsic coercivity of e series of 25.5 wt% 

Sm alloys as functions of Fe, Cu, end Zr content. Again, all the 

alloys have been subj ectad to aging, and aging followed by step

aging, treatments. The data in these figures constitutes a 

significant body of empirical information about alloys in the 

system. The apparent trends resulting from changes in the 

several compositional variables will be relied on to interpret 

the micrographs. 

The main thrusts of this investigation ere to establish the 

effects of Zr and heat treatment on microstructure and coercivity 

for the highest coercivity two phase magnets. Figure 20 

summari zas the macro~copic measurements most directly related _to 

the objective of this investigation. In this figure, ;He is 

plotted as a function of aging time at 850 °C for two alloys - 1.5 

and 3.0 wt% Zr. Some alloys were simply aged at 850 °C for time as 

given on the abscissa and quenched; some alloys were aged at 850 

°C for times given by the x-axis and step-aged to 400 °C and 

quenched •. The coercivity improvements from step-aging are 

dramatic. The effect of Zr concentration is paradoxical; the 3 
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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 the role(s) of 

Zr are inextricably related. 

Microstructures. 

In alloys aged near peak coercivity, four microstructural 

features are generally present~ A coherent "celluLar" structure 

of 1lhexagonal 1:5 cell walls (-Snm thick) and 2lrhombohedral 

2:17 cell interiors (50 - 100 nm in size) is always observed. The 

R2:17 particles generally occur in 3)two twin-related variants. 

4)0ccasiona lly superimposed on the cellular structure are thin 

plates of a third phase. 

Figure 21a is a TEM micrograph taken at a <1'1'00>1:5 pole (c

axis in the plane of the foi Ll in which all four features era 

present and visible. The corresponding SAD is included as Figure 

21b. Indexing of the SAD pattern is consistent with a combination 

of hexagons l 1:5 and rhombohedral 2:17 phases; no hexagons L 2:17 

spots era observed. From the diffraction information, the usual 

hexagonal/rhombohedral orientation relation is found to apply: 

(OOD1l 1 :S // (0001)R2:17 

[11~0]1:5 //[1'f00]R2:17 
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The high intensity spots in the SAD ere common to both cellular 

phases; 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 tha cellular structure is due to lattice strain 

which arises because of the misnt of the two coherent phases as 

well as the contrast due to differences in the structure factors 

of the two phases. The lattice mismatch is reflected in the 

slight splitting of the 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 tha common c-axi s; in the SAD [Figure 21 b), 

there are two rhombohedral patterns· corresponding to the two 

variants. As mentioned in the background material, one expects 

two twin-related veri ants of the rhombohedral phase when it 

occurs as an ordering on the hexagonal lattice; this is found to 

be true for all alloys studied -a hint that the cell interior 

phase truly has rhombohedral symmetry. Tha interfaces between 

twins lying on the basal planes can be variously described as 
• 

twin boundaries 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 expected to arise in an attempt to 

accommodate off-stoichiometry. 

The thin plates, visible in Figure 21a as linear features 
' 

running across the image from upper left to lower right are 

* . responsible for the faint streaking in the [0001] direct1on and 
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the faint spots at 0.8 inverse nm in the SAD pattarne 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 analyses show them to be a new phase, 

enriched in Zr with respect to the major phases. They have bean 

dubbed tha "Z" phase. 

Because many of the features in these structures Lie on the 

crystallographic basal planes, it is most convenient to view the 

foils in ori antations which allow the basaL pLanes to be imaged 

edge-on. Thus, most images included hera are from foiLs oriented 

such that the C'""li'Xls Lias perpendicular to the electron beam. The 

crystaLs can be rotated about the c-axi s; two high symmetry po Las 

occur; separated by 30 degrees rotation. Figura 22 was taken 

along a symmetric <10lf'0>1:5 = <11~0>2:17 orianta·tion. This is 

generaLly the most usafu L orientation, as the 2:17 raflecti ens 

are distinct from the 1:5 reflections (sea Figura 23), and it is 

therefore possible to image the 2:17 regions in dark field. The 

call walls ara nearly edge-on in this orientation. A 30 degree 

rotation about tha c-axis brings the specimen to the <11~>1 :5 = 
<10f0>2:17 orientation. In this reciprocal Lattice section, all 

the 2:17 spots superimpose with those of the 1:5 (Figura 24) 

Figura 25 shows the same area of the foiL as was shown in Figura 

22, but oriented such that the electron beam follows the other 

high symmetry direction. The specimen imaged in Figures 22 and 25 

is a 3% Zr aLLoy, aged 3 hours at 850 °C and step-aged. ;He= 24 

kOa. In both images the usual features appear. Since this is a 

high Zr alloy, there is a correspondingly high volume fraction of 
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the Z phase plates running across the images. The cells are 

relatively smaLL, approximately 65 nm. The SAD's (Figures 22b and 

25b) also follow tha usual pattern; there are bright spots common 

to all phases and streaking parallel to the reciprocal c-axis due 

to the Z phase plates. The 1:5 spots appear 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 space. 

The 1:5 cell walls tend to Lie on the {Ol'11JR2:17 , but do 

not seem to be rigidly confined to this orientation. Mistakes 

are commonly observed, both in inalination with respect to the 

baseL pLane and in rotation about the c-axis. In Figure 22, most 

call walls are nearly edge-on and they Lie at approximately 60 

degrees to the baseL pLane (30 degrees from the c-axi s) as wouLd 

ba expected for {1f01JR2:17 in this orientation, but close 

inspection reveals some walls which are significantly deviated 

from the 60 degree norm. In Figure 26, the structure is viewed 

a Long the c-axi s. Although many of the cell walls do Lie 

perpendicular to the <11~>1 :5 = <1f00>2:17 in this projection, 

there is significant deviation from this pattern. This suggests 

that the habit plana is not a rigidly established 

crystallographic feature; there is a 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 frequency. Figure 27 

shows an exampLe of one of the more highLy twinned structures. 

This is a low Zr alloy and the foil orientation (sae inset SAD) 
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is such as to emphasize the contrast of the twin so The foil is 

oriented such that one R2:17 orientationel variant is in a much 

better configuration for strong diffraction than the other, 

.heightening the structure factor contrast between the two. It can 

be clearly seen that the twinning 1 s a feature of the 2:17 ce·L l 

interiors only, as the 1:5 material is often a discontinuity in 

contrast. In a sense, the 1:5 material plays the role of non-

basal plane antiphase boundaries. As a disordered phase, it can 

account for the stacking shifts between translations L variants 

whtch would normally require an antiphase boundary. without 

show:ing the usua.l contrast effects associated with· antiphase· 

boundari ea. The R2:17 stacking simply Loses its identity at the 

1:5 and starts again after -8 nm. On the other hand, the basal 

plane must be· a very Low energy position for twinning (non-

conservative antiphase boundari as), as the dtmsity of such feu lts 

1 s 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; if 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 

to 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 running 

horizontally across the image. (The c-axis is vertical.) 

Streaking in the SAD has been used to form the OF image of Figure 

29b; the plates reverse contrast, indicating that they are, in fact, 
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responsible for 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 phase, SAD's were recorded in the <10f0>1:5 = 

<11~0>2:17 and the <11~0>1 :5 = <1Df0>2:17 poles. (The lower 

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 such an alloy 

in a <10f0>1:5 = <11~0>2: 17 symmetric orientation appears in 

Figure 29. The Z phase plates image as 0.8 nm fringes running in 

bands, roughly vertically. The {10f11 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 similar image, taken along <11~0>1 :5 = 

<10lf'0>2:17 a Lao reveals 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 rasa Lved. 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 hexagonal 2:17 material, as this would not . ~ -form a spot at 0.8 inverse nm a Long c in the <11c:0>1 :5 = <10 

10>2:17 orientation. 

To eliminate the streaking in the SAD's, an alloy was 

coarsened by averaging 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>1:5 SAD shows a 

pattern of weaker spots which can be indexed as a twinned rhombo

hedral phase having c-2.4 nm and a-0.5 nm. The reciprocal 

lattice of this phase is therefore very similar to the reciprocal 

lattice of the binary SmCo3 phase (Figure 15) which has space 

group RS'm. The orientation relationship between the Z phase and 

the parent 1:5 phase is: 

(0001)1:5 // 

[11'20]1 :5 II 

£ooo1 lz 

[11'20lz 

The spots in the pattern correspond to two twin-related variants; 

the faint l ina at the center of the image of the coarsened pLate 

is presumably the twin interface. Some spot splitting in the 

high.er orders in the SAD indicates that the a-axis parameter of 

the Z phase is smalLer then that of the 1:5 phase. The c-axi s 

parameter of the Z plata is also slightly smaller than six times 

the 1:5 c-axi s parameter. 

Microanalysis. 

He depends on the chemical compositions of the indhidual 

phases as well as on their sizes and distributions. To truly 

characterize the system, it is necessary to know where the tran-

.... .· . ~· .... . . . : _._ •·.· '· ... 
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sition metal substituent&, Fe, Cu, and Zr are situated in this 

three phase structure. A series of experiments using the micro

analytical capabilities of a {scanning) transmission electron 

microscope were performed in an attempt to analyze the structure, 

or, at Least, to detect partitioning of Cu, Fe, and Zr among the 

th rae 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 8 nm thick; 

the Z phase plates are approximately 2.4 nm thick. In principle, 

the nominally 4 nm electron probe in the Phil ips 400 [S)TEM 

should resolve the cell walls, but not the Z phase plates. In 

practice, not even the cell walls were resolved; no chemical 

segregation between the 1:5 and the 2:17 could be reproducibly 

detected. This was due to a number of experiments L problems. In 

general it was impossible to be sura of accurate positioning of 

the probe on the cell walls. In most TEM images, the 1:5 cell 

walls are evidenced by the presence of strain contrast Lobes which 

very often do not Lie at the position of the call 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 

well, and, therefore, accurate probe pLacement. For thick areas 

of the foil, the beam broadens, considerably reducing resolution; 

but for thin areas 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 Lin as L1 e in the same energy range as the K lines 

of Fa 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 

averaged, giving coarsened, incoherent, 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 

phase is highly enriched in Zr with respect to. the matrix. 

(Figure 33). Comparing the coarsened 1:5 with the coarsened 2:17, 

Cu w.as found to favor the 1:5 whi (e the Fe went to the 2:17. 

(Figure 34). The Zr was a Lao mora highLy concentrated in the 1:5 

than in the 2:17 phase. These are qualitative trends; aLthough 

quantitation would be possible for a coarsened alloy, it would 

not have any more impact fo·r the understanding of the usefuL, 

peak coercivity magnets. Thus, quantitation was not attempted. 

Comparisons .l..fl9. Cgrre Lati gns. 

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 measurements were routinely made. The 

results of these measurements are summarized in Tables 2-5 ·and 
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certain aspects appear in Figures 35, 36, end 37. This data was 

measured end recorded in order to establish which microstructural 

features ere critical for optimal intrinsic coercivity. 

A review of the date in Table 2-5 end Figures 35, 36, 

end 37 quickly reveals several trends which are not obvious from 

an analysis of a single alloy. In general, magnets with 3% Zr 

hav·e smaller cells (shorter wavelength modulations) then do the 

magnets with 1.5% Zr for similar tharma L 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 of the 1:5 materiel. Furthermore, the 1:5 cell wells in 

the Low Zr magnets ere more often curved and more disordered then 

the walls in the high Zr magnets. Alloys of 3% Zr have more and 

thicker Z phase plates, but fewer twin interfaces then do the 

1.5% Zr aLloys. Step-aging does not change cell size nor Z phase 

density. 

Attempts to correlate intrinsic coercivity with specinc 

microstructural features have not been successful. When ;He is 

plotted against cell size, Z phase spacing, or c/a ratio, as 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 basel plane, 

are actually insensitive to heat treatment once the cell 

structure is established. These relatively constant features 

obviously can not explain the Large changes in coercivity which 

can be obtained by effective thermal processing. 
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One feature which does have some relationship with 

coarcivity is the density of the Z phase plates. Figure 38 is 

essentially a repeat of Figure 20 in which markers have been 

placed along the curves .at the ti•e when large numbers of Z 

plates nucleate. In three of the four cases, a Large number of Z 

p Let as appears just before the ri sa in coercivity. These p Latas 

are Zr-enriched; the fact that they have soma correlation with 

coercivity provides the connacti on between the Zr content, micro

structure, and coercivity. 

Orjg1n JU: ,lli.Cellular ·structure;. 

The 1:5/2:17 modulated structure originates in a· 

camp Lax nucLeation and growth process; its uniformity is 

the result of several features specific to the system. The 

processing routines used to produce these two-phase magnets 

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 hexagons L 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 rei sad 

to the solutionizing temperature. During quenching, there is a 
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driving force for the reverse transformation (from H2:17 to 

R2:17) as weLL as for the precipitation of excess Sm as 1:5. 

Neither transformation goes to compl,tion during the quench; the 

quenched-in state is thus an unstable mixture of both forms of 

2:17 with a supersaturation of 1:5. Subsequent thermal activation 

results in e ceLLular modulated structure by the simuLtaneous 

inhomogeneous shuffle transformation in the 2:17 and clustering 

of the excess Sm to form the 1:5 eel L 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 end 

quenched from various temperatures (1060 °C<T<1235 °Cl in order 

to freeze-in the high temperature form of the aLloy. The resuLts 

of these homogenize-and-quench experiments are summeri zed 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% Zrl 

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 OF 

image (Figure 39b). The SAD pattern, enlarged and indexed in 
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Figure 40, is much more revee Ling. The overs L L 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 

material 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 streaking in the SAD pattern is intense, it is 

vary difficult to obtain adequate electron microscope images of 

the real space features causing the streaks. Only in certain OF 

configurations could these R2:17 pla.telets be imaged at all. 

Figura 39b is an axamp Le of s1,1ch 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 Tabla 6, the 3 wt% Zr a·L Loy behaved 

simiLarly. Homogenizing for one hour at 1194 °C and quenching also 

produced a faulted H2:17 structure. 

At 850 °C, the familiar 1:5/2:17 cellular structure very 

quickly grows out of the faulted H2:17 material. Figure 41 shows 

an axamp le of the 1.5 % Zr alloy, homogenized at 1200 °C for one 

hour, and aged at 850 °C for 20 minutes. Already, after only 20 

minutes, the excess Sm has coalesced into a wall-defined cellular 

pattern. The call interiors, however, have not completely 

transformed to R2:17. Figure 42 shows the same area in various 

diffracting conditions; as usual, for g = (00011 1:5 , the twinning 

and faulting is in contrast. Evidence that some H2:17 stiLL 

axi sts comas from the SAD (an Larged and index,ad- in Figure 43) 



where the H2:17 spots are still distinct; the streaking has 

become much more concentrated at the R2:17 positions. 
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The same mechanism for the formation of the cellular 

structure operates in the case of the Zr-free alloy, but the 

detaiLs are different. Instead of forming a faulted H2:17 after 

quenching from high temperature, the alloy forms a Long period 

modulation 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 lli .!l.m..@ region J:l! lli .fgjj., orhnted 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 or if the 

tim a/temperature combination was not sufficient to allow camp late 

homogenization. Nevertheless, even these two-phase structures 

were effective in producing the cellular morphology. Figure 46 

shows a micrograph of a Zr-free alloy, aged at 1210 °e for 1 

hour, quenched, and aged at 850 °e for 20 minutes. Figures 46B,e, 

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 
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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 completely transformed to the Long 

period structure at elevated temperatures. Quenching and aging 

caused a uniform transformation of the Long 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 period phase is a nearly periodic 

faulting/t.winning of the R2:17 structure. The diffraction 

patterns corresponding to Figure 45 era 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 fa H at positions corresponding to a fourfold 

multiplication of the 1.2 nm R2:17 lattice parameter (an 

approximately 4.8 nm spacing). The fact that the intensity drops 

off 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 in 

common with what has been referred to as a crystal having 

"uniformly mixed" antiphase bounda,ries. [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 several different twin 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- that 

is, a quasi-periodic rearrangement in the pattern of stacking of 

mixed planes - is seen by examining the <11~0>1 :5 SAO [Figure 50) 

and the corresponding image, Figure 46a. In this orientation, 

there is no evidence for the modulation except for extremely fine 

. * streaking along [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 reflected in this pattern as a similar row of spots a.long 

[0001]*. The faint streaking is th~ only indication of such a 

modulation; if it exists at all, it is surely a small effect. 

By combining the information in Figures 48 and 49, it is possible 

to construct a schematic diagram of the reciprocal structure of 

the Lorig period phase (Figure 50). Alternatively, the long period 

may be represented by a stacking sequence 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 lasar optical diffraction analysis of a micrograph taken from 

tha long period phase. Using a single R2:17 reflection and its 

associated satellites, e DF image was formed; bright stru.cture 

factor contrast is therefore expected from aLL regions of the 

specimen having that orientation variant. Because there is a 

quasi-periodic mixing of orientation variants, a quasi-periodic 

image 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 reflections gives fringe spacings in the ratios of 

1:3, 1:4, 1:4.5 and other poorly defined. positions. This pattern 

of smalL rati anal numbers supports the idea that the Long peri ad 

structure is composed of blocks of R2:17, twinned almost 

regularly, such that the orientation repeats i-tself 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 structure l transformation 

is accompanied by an expulsion of excess Sm from the 2:17 in the 

form of the cellular modulation. 



57 

Origin ~ 1h§ Z Phase Plates. 

It is as yet impossible to give a complete 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, with 

extreme aspect ratios; only rarely 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 content of the alloy (see 

Figure 38). Once nucleated, they must grow very rapidly a long the 

common basal planes to achieve such an extreme aspect ratio. 

Thai r density is not significantly affected by step-aging treat

ments; presumably they do not nucleate 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 pf view, especially visible in the WB 

image (Figure 52b) are several Z phase plates which seem to 

terminate at the semicoherent 1:5/2:17 interface. These Z plates 

are associated with shifts in the images of the 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. 
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Another example of heterogeneous nucleation of the Z phase 

appears in Figure 53. A discontinuously coarsened Z plate lies at 

a grain boundary in this image. It is semicoherent with the lower 

grain (inset microdi ffracti on pattern]; the grain boundary lies 

roughly parallel to the basal plane of the Lower grain at this 

point. Within the lower grain, but just adjacent to the boundary 

is a very high density of Z phase plates. It appears that the 

semicoherent interface between the grain boundary ellotriomorph 

end the matrix is a much more efficient site for Z phase 

precipitation. The incoherent interface between the adjacent 

gr.ein and the Z phase particle seems instead to. have faciUtated 

the 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 grain 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 ~Results. 

The structure of the Sm (CoCufeZrl7 •4 permanent magnets is 

modulated in.three dimensions due to two different types of 

precipitation. Sm(CoCufeZrJ5 precipitates form a nearly periodic 

array of continuous films on the pyramid planes of the twinned 

rhombohedraL Sm 2(CoCufeZrl17 matrix. The pret:ipitates Lie on 

crystallographically equivalent {10'1"11 2:17 planes, resulting in a 

three dimensional modulation in which rhomboi~shaped 2:17 

particles are surrounded by thin walls of the 1:5 material. This 

is normaLly a tots Lly coherent structure. After the 1:5/2:17 

cellular modulations are developed, 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 SmCo3 phase, and is coherent with the 1:5 and 

2:17 phases. At advanced stages of precipitation, these thin 

plates occur regularly in the cellular structure, generating a 

quasi-periodic modulation along the common c-exis. 

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 than do the 1.5 

wt% Zr aLloys for aqua L heat treatments. The high Zr magnets have 

more and thicker Z phase plates but fewer twin interfaces than do 

the low Zr 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 va rfous magnets raves ls 

no single microstructure l parameter which always correlates with 

coercivity. Zr additions:aid coercivity, but only if the alloy is 

step-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 behavi~r is no~ 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 treatments show that the st·ructure 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 completely in the H2:17 at high temperatures, as the as

quenched structures are very uniform. The as-quenched structures 

of the Zr-free alloy always shows a two-phase distribution of 

R2:17 and a quasi-periodically modulated R2:17. This long peri ad 

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, microstructure 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 

parameters, all of which evolve continuously during heat treat

ment. Thus, to understand coercivity, i~ is necessary to be 

cognizant of the processes involved in microstructural develop

ment; in. that mode, one can construct a fairly clear picture of 

how these alloys function. 

In what follows, the development of the multiply modulated 

microstructure wiLL be presented and the development of 

intrinsic coercivity wiLL be discussed. The roles of Zr as well 

as the other substitutional elements will be clearly delineated. 

The concepts obtained from this investigation will be used to 

interpret coercivity data for related alloys; similar micro

structures have recently been observed by other investigators; 

thai r results are in general agreement with the results of this 

investigation and add an air of generality 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 this 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 temperature forms of 2:17 and 2) the Z 

phase pLates nucleate in the well-developed eel Lu Lar structure. 

Assuming the., 1:5/2:17 cellular, structure has nucleated (a 

situation found to be true in all a Uoys after very short 850 °C 

aging timesl, two fu.rther processes must occur before a high 

coercivity magnet is obtained. The cells must grow· to a size 

which will aLlow effective domain waLL pinning, and the tran

sition elements, Cu, Fe, Co,and Zr must redistribute themselves 

among the three phases. WhiLe the same nucleation event seems to 

be common to aLL the aLloys, the varying extents of growth and 

redistribution of the transition metals distinguishes the in

div i dua L a L Loy s. 

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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Nucleation gf ~ Cellular Structure. Probably the most 

remarkable feature of these alloys is the persistence of the 

1:5/2:17 cellular morphology. This useful structural modulation 

has been found to grow out of severs l different as-quenched 

structures. Each case is slightly different, but all as-quenched 

structures have three features in common. 1)They are all based on 

2:17 stoichiometry, 2lthey all have some degree of structure l 

disorder, and 3lthey are all supersaturated with Sm. Because the 

end product - the cellular morphology - is the same in all cases, 

it is probable that the common features of tha as-quenched struc

tures are assent is l for the production of the 1:5/2:17 

modulation. This section will consider how 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 heterogeneous nucleation 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 structures 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 struc

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 

atomistic& of the nucleation mechanism should be examined to see 

if there is any justification for the intuitively pleasing idea 

that defects in the 2:17 catalyze the 1:5. These subjects will be 

examined in the next few paragraphs. 

Without doing a high temperature single crystal x-ray 

diffl:'act.ion experiment, it is impossible to be absolutely certain 

that the 2:17 phase is hexagons l 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 order, 

they might occur during quenching a& 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 transformation can be 

eliminated by systematically applying the Landau and Lifshitz 

symmetry rules [45,46] for second order transitions as well as 

noting some experimental observable&. 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 

ordering of dumbbell sites on a 1:5 structure to form R2:17 

occurs by the increase in amplitude of concentration waves of the 

·wave vector 

1/3<22~1 >1 :5 

Higher order transitions are forbidden if it is possible to form 

third-order invariants of these ordering vectors. That is, if 

three vectors of the type 1/3<22~1> can be combined to form a 

fundamental 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)<22~1>1:5 = <22~1>1:5 

which-is e fundamental 1:5 reciprocal Lattice vector. Since this 

is the case, no higher order transitions can occur which effect 

this type of ordering. The same can be said for transitions 

between 1:5 and H2:17. The agrument is assentia L Ly the same. The 

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

1/3<22~>1 : 5 and 1/3<44&3>1:5 • 



Forming third-order invariants: 

(3)(1/3)<22~>1:5 = <22~>1:5 
(3) (1/3) <4493>1 :5 = <4493>1 :5 
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Both products are obviously fundamental 1:5 reciprocaL Lattice 

vectors. Thus, symmetry precludes higher order transitions 

between these two phases. Second order reactions between 1:5 or 

R2:17 and the Long period phase cannot be eL;minated by symmetry 

arguments; the ordering vectors for the Long period are slightly 

shifted from the special points [46]; integraL,multiples of these 

ordering vectors wiLL not Likely form fundamental reciprocal 

Lattice vectors. However, both 1:5 and R2:17 have been observed 

coexisting with the Long period phase (Figures 48 and 47, respec

tively); these experimental observations serve to preclude second 

order transitions for reactions involving these phases. Further

more, the H2:17 and R2:17 have aLso been observed in contact; the 

same idea app Lias to transformations between these two. Lifshitz 

[45] has a Lao noted that second order reactions in hexagons L 

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 transition 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 the 

long period structur~ and the H2:17/R2:17 as-quenched structures. 

The quasi-periodic twinning of the R2:17 to form the long period 

is strictly confined to the dumbbell/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 jump distance associated with such a shuffle 

process is the Sm-sm nearest neighbor distance (- 0.5 nml; no 

fractions l positions for the Sm atoms are allowed. Thus, it seems 
' 

highly likely that the first impression is correct; 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 alloys are H2:17 at 

high 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-

homogeneous shuffle mechanism to the R2:17, followed by 

nucleation and growth of 1:5. 2) The 1:5 nucleates 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 



from H2:1T'to R2:17. Both processes ere conceivebl.e end have 

some basis in experiment. It is also possible that these 

processes happen simultaneously. Cooling rates end relative 

driving forces will probably dictate which reaction path fs 

preferred, but they will be individually examined here. 
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Stoichiometric H2:17 can be transformed to R2:17 by the 

passage of 1/3<11~0>1 : 5 dislocations through the lattice on 

alternating mixed planes. These dislocations are perfect 1:5 

dislocation's, but partial dislocations in the 2:17 lattices. In 

the 2:17's, this mechanism is analogous to the trensformati on of 

hcp elemental Co to fcc elements l Co by passage of Schock ley. 

partie l di slocati.ons. A schematic of this process appears in 

Figure 54. As sket.ched in the figure, such dislocations strain 

the lattice; they would be visible for certain diffraction 

conditions in TEM images. They are .not observed. 

Since 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 planer, 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 might be 

expected to occur at translational antiphase boundaries of the 

H2:17 or at local regions of excess Sm in this nonstoichiometric 

alloy. If the alloy were ·stoichiometric, the R2:17 nuclei would 

grow until they impinged on each 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 parti c Las 

impinge, they . remain separated by the 1:5 materiaL (the excess 

Sml; the interfaces remain diffuse, and the cellular structure 

appears immediately. 
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The alternative reaction path involves clustering of Sm in 

H2:17, leaving depleted, near stoichiometric regions which are 

free to shuffle to form R2:17. Assuming that the excess Sm is 

truly 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 generate 

well-defined regions of 1:5 at the GP zones. If the undercooling 

during quenching is extreme, the system may reach the point of 

absolute instability with respect to finite fluctuations. At that 

point, the transformation would no longer be restricted to 

distinct nucleation sites, but would occur as a cooperative 

phenomenon, and the resulting anisotropic spinodal decomposition 

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 variants. In this case, the cell structure would also 

be observed, but it would be the manifestation of the instability 

of the system with respect to long-range compositional 

fluctuat i one. 

The experimental evidence for these processes is somewhat 



70 

contradictory. The uniformity and persistence of the cellular 

modulations are strong points in favor of the spinodal mechanism. 

However, if such a cooperative phenomenon is operating, it must 

be occurring without regard for the distinction between H2:17 and 

R2:17. In other words, the Long-range Sm concentration waves 

must be forming despite the fact that the fundaments L structure 

alternates on a finer seaLe 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 [Figures 39 

and 40] well before a cellular structure appears. The presence of 

R2:17 this early in the process would seem to fav-or-the fi rat 

reaction path: H2:17 goes to R2:17, foLlowed by precipitation of 

1:5 at the interfaces. On the other hand, close examination of 

Figures 41 and 42 shows that some of the H2:17 remains after 20 

minutes at 850 °e, even though the 1:5 is well partitioned into a 

cellular struc.ture •. The H2:17 platelets in the cell interiors 

are only slowly removed by aging at temperatures below 850 °e. 

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 remaining materiaL 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 end 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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end the Co dumbbells. The actual mecheni sm of diffusion of these 

species through the Co sublettice framework is not known, but it 

seems reasonable to expect that the atomic interchanges allowing 

the Sm to move into clusters could also result in rearrangement 

of the dumbbell sites. Thus, the two reecti on paths could bs 

expected to proceed simultaneously. 

Regardless of which path is initiated 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 than 

that for rearrangement of ths dumbbells. 

The fact that the 1:5 cell walls form an extended interface 

at the R2:f7 antiphase boundaries is reminiscent of phenomena 

expected 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 have been excluded 

by symmetry arguments and experiments l observations. Experi

mentally, the call 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 precipitation at antiphase boundaries and 

that the cellular structure is only a transitional feature in a 

long, slow approach to an equilibrium two-phase structure. 

Regardless of the actual nucleation mechanism, the pyramid 

habtt of the 1:5 is probably the result of an attempt to minimize 

elastic misfit strain anergy. 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 a long the c-axi s is greater for the 

R2:17 than it ts· for the 1:5. On the other hand, the distance 

between the Sm sites in the ba·se l planes is larger for the 1:5. 

than it is for the 2:17 compound. For these reasons, Livingston 

and Martin hypothesized that the least 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 the course of this investigation support 

this hypothesis; the relative misfits along the [00011* and the 

• • <1lOO> and <11~> are as expected. Careful examination of the 

SAD's at higher order reflections does show an apparent spot 

splitting due to the two different lattice parameters for the 

• • • • [0001 l and <1lOO> and <11~> systematic rows. The [1~11 11:5 = 

[2~011=2:17 systematic rows very nearly superimpose, indicating 

that the misfit between the corresponding planes in direct space 

is very low, as suggested by Livingston and Martin [40]. Thus, if 

the nucleation 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 



dominant Sm concentration wave vector oriented perpendicular to 

the pyramid planes of the structure. Alternatively, if the 

nucleation of 1:5 is discrete, occurring et heterogeneities, 

anisotropic growth along the pyramid planes would also be 

expected to generate tha cellular structure. 
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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 suggest 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 crystallographically equivalent pyramid planes; they 

would not project. However,·they are related to the configuration 

of the drawing by symmetry operations, so they can be ignored for 

the present discussion.) Note that two types of 1:5/2:17 inter

face occur. One gives a smooth surface of dumbbell sites; the 

other gives a sawtooth shape in this idealization; presumably it 

would smooth out somewhat in a real alloy. The point is that the 

Lattice mismatch is minimized in this configuration and there is 

.a 50% chance that e 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 the generation of Long

range fluctuations far from equilibrium. However, in this case, a 

discrete 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 excess 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 &vidence for the 

discrete, heterogeneous nucLeation of the 1:5 appears in Figure 

46 which shows many instances~o.f small, isolated 1:5 particles, 

elongated a long the usual pyramid habit p.Lane; they have not yet 

coalesced to form the cellular modulations. After excess Sm is 

expelled from the long period material, the remaining twin inter

faces 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 low surface energy; some 

residual twinning persists throughout the aging treatments. 

Growth ~ 1h§ 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 

indivi duel segments of 1:5 material. This allows adjacent 

particles of 2:17 mat~rial 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 interface. 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 experiments l error, the growth of the average eel l 

obeys the usual time113 law for diffusional coarsening [Figure 

57). The conventi one l L i fshitz-8Lyozov-Wagna·r [54,55] theory of 

diffusional coarsening predicts that the average particle size 

should grow as: 

= kt1/3 

where: r is the average particle size 

r
0 

is a constant 

k is a rate constant having units of size/time113 

tis the time·at temperature. 

This _expression is strictly valid for spherical particles in a 

liquid, but it has been shown to be reasonably predictive for 

several solid-state systems including Ni 3AL particles in Ni£All, 

. [44] Cu-rich precipitates in Fe, [56] and for several spinodally 

decomposing systems [57,58,59] as Long 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 which limits the growth ·rate, as it is the .. nature 

of the Sm su~lattice which determines the cell structure. The 

rate constant should be closely related to the diffusivity of Sm; 

the fact that Figure 56 shows two different. slopes for two 

di ffer.ent Zr concentrations can th_erefore be taken to mean that 

Zr inhibits Sm diffusion. Because _the LSW theory seems to be 

obeyBd, it is reasonable to.conclude that the growth of the 

modulated structure is driven by the reduction in the interfacial 

energy but limited by diffusion of Sm through the lattice. 

The excellent agreement between .the experimental results end 

the straight l ina for the 3% Zr altoy is probably. somewhat 

fortuitous. For a given alloy, there is a signtficant 

distribution in cell sizes; no attempt has been made here to 

characterize the variability of the size di stri buti ons. The data 

used in Figure 56 is simply the best estimate of average size 

after a maximum number of measurements 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. The 

3% Zr alloys have much smaller,- more regular cells, giving the 

possibility of more measurements with less spread in the data. 

The data for the 1.5% Zr alloy is much less reUable; the 

straight line has been drawn through these points primarily for 

comparison purposes. The larger cells in the 1.5% Zr alloys 

. a llowe~ fewer measurements for the same extent of electron 

transparent materisl. A larger variability in cell. sizes and 

increased percentage of curved boundaries also contribute to. 

uncertainty in the 1.5% Zr results. Measurements of average cell 



size for the 1.5% Zr magnets varied by as much as ± 30 nm; for 

the 3% Zr magnet, the average measurement veri ed by ± 5 nm. 
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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 

approximately 180 nm in size at' this point; the cell walls are 10 

to 20 nm thick. Where coherency is Lost, the mismatch energy no 

longer effectively maintains the pyramidal habit plane. The 1:5 

particles begin to spheroidize, consuming neighboring cell walls 

in a process reminiscent of abnormal grain growth. Figure 52 

shows an example of such an averaged 1:5 particle. Contrast 

anaLysis of the interfaciaL dislocations· gives the resuLt that 

the Largest component of thai r Burgers vector is perpendicuLar to 

the c-axis. Thus, the mismatch accommodated by this dislocation 

wall is primarily in the a-direction. 

The effect 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 Limiting process in cell growth, Zr inhibits 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 commonLy assumed, Zr 

occupies Co sites, it probably causes some distortion of the 

Lattice in the neighborhood of each Zr atom, giving Less "free 

volume" and reduced Sm diffusivity. It is interesting to spec

ulate about which Co site would be favored by the Zr atoms. As an 



78 

oversized a~om, 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 Lattica best accom

modates excess oversized atoms on the mixed plana Co sites. If 

this is so, and Zr atoms do tand 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 

growth 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 di sari entad 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

axi s 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 significant difference in c/a ratios between the· two composi

t1ons.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 when occupying a Co plane site in 1:5. 

Whatever the atomistic origin, Zr does seem to promote regularity 

of the cell structure • 

The other important microstructural feature which develops 

during 850 °C isothermal annes ls 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 seems to 

have no effect on them. For the 3% Zr alloy, large numbers of the 

plates come into exi stance after approximately one hour at 850 

°C. 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 increases 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 seem 

to maintain thai r thin nature - one to three unit cells thick -

until the breakdown of the eel lular structure. They are not 

connected; for coarsening to. occur, Zr would have to leave one 

plate, diffuse 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. 
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Nucleation and Growth Qf .trut l Phase Plates. Before begin

ning a discussion of the nucleation and growth of the Z plates, 

it is necessary to indulge in soma speculati~n about its struc~ 

ture. No camp late structure determination has been done; even 

with extreme coarsening, the Largest Z pLates obse~ved were onLy 

approximately ao·nm thick. To completely determine the Locations 

of aLl the atoms in the Z phase Lattice, a single crystaL x-ray 

diffraction experiment would have to be done. At present,. all 

that is known of the Z phase is that it has the same reciprocaL 

Lattice as SmCo3 , that it is enriched in Zr with respect to the 

buLk of these magnets, that the Lattice parameters of Z are .a-0.5 

nm, and c-2.4 nm, and tha.t it is coherent with both the 2:17 and. 

the 1:5 a Long its broad faces. A reasonabLe guess about the Z 

phase structure is that it involves some sort of ordered.sub

stitution on· the 1:5-type structure in such a way as to generate 

rhombohedraL symmetry. If so, the substitutions must occur at Co 

sites; any ordering of the Sm/dumbbell sites would necessarily 

increase the a-axis parameter of z beyond 0~ nm as is the case 

for the 2:17's. The reciprocaL correspondence with R1 :3 suggests 

that Zr might order at the mixed plane Co sites as Sm does to 

form SmCo3 • To obtain a 2.4 n.m ~-axis parameter and rhombohedraL 

symmetry, thh substitutions L ordering would have to occur at 

every other mixed plane, to generate an: 

••• A-B-c-A-a-c-A ••• 

type stacking. (The "-" indicates a mixed plane having no. 

substitution.) This relatively simple ordered substitution on the 
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1:5 would account for all the observations- the lattice 

parameters, the rhombohedral symmetry, and the Zr enrichment. The 

same type of ordering could 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 fractions of Z plates and the overall Zr 

concentration. For the 3% Zr alloy, aged 15 hours at 850 °C, and 

step-aged, Table 5 indicates that Z plates occur on the average 

of every 25 nm; if each plate is 1 unit cell thick, this would 

constitute 3 Zr atoms in a volume equivalent to 62.5 SmCo5 

primitive unit cells. A quick calculation: 

(62.5 unit cells)(1 Sm atom per cellH150.4 grams per Sm mole] 

+(62.5 unit cells)(5 Co atom per cell](58.93 grams per Co mole] 

+(3 Zr atoms](91.22 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 

calls thick, spaced avery 25 nm, aLL the Zr l- 3 wt%1 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 structures are conceivable, but they would have to be 

closely related. Instead of simple one-for-one Zr substitution at· 

mixed plane Co sites; it is possible that complexes of atoms are 

ordering. For example, one might imagine that three adjacent Co 

atoms - not necessarily in the same plane ... m.ight be replaced by 

two Zr atoms. These camp texas could then order. Alternately, it 

is possible that Zr could form ordered sub~tittitions on the Co 

planes which would produce the same rhombohedral cell. Other 

possibilitie~ exist~ but it is impossible to determine which one 

is the real Z structura·without further experimentation. 

Assuming a simple Zr substitution as suggested above, it is 

possible to make some guesses abciut the atbmistics of Z phase 

nucleation. Recall.that the misfit between the.1:5 and the-2:17 

is largely perpendicular to the c-axis (Figure 52]. Also recall 

that the interfaces between 1:5 and 2:17 are of two dhtinct 

types, "sawtooth" and "smooth~ (Figure 55] Finally, note that 

the positions· of Co atoms in the Co planes of SmCo3 are not 

aligned along the c-axis; they shift by 1/3<10lD>1 :5 = 
1/3<10l0>1 :a from layer to layer. Now consi dar a sawtooth inter

face; from consideration of lattice parameters, the 2:17 teeth 

are in tension perpendicular to the c-axis. The notches are in 

compression. A state of shear should be present in the neighbor

hood of each tooth. This shear could be accommodated by bas~l 

plane.slip; if the magnitude of the basal plane slip is 
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1/3<10~0>1 : 5 = 1/9<1120>2:17, the Co planes across tha slipped 

region- the stacking fault- will ba in the configuration of Co 

planes in the 1:3 and 2:7·structures. This type of slip is a 

partial dislocation in the 1:5 lattice as wall as in the 2:17. It 

causes Sm/dumbbells to move to the mixed plane Co positions and 

Co atoms to move to the Sm/dumbbell sites. There is no reason 

why such a partial dislocation should not be glissile in t~e 

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 ere rep laced by Z r atoms. If this rep lac em ent is 

sufficiently favorable, tha fault energy would be reduced to the 

point that the partial dislocation could propagate further 

through the lattice, its growth rate baing limited by the dif-

fusion of Zr to the fault. The logical extension of such a pro-

cess is a Zr-enriched planar defect extending completely across 

the grain. This would account for the extreme aspect ratios of 

the Z plates. 

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<10:ro>1 :5• To 

eliminate this sheer, a triad of partial dislocations, 1/3[10~0], 

1/3[~100], and 1/3[0~10] would have to move through the lattice 

on parallel planes. This situation is reminiscent of the 

formation of gamma-prime plates in Al(Ag) alloys by the 

simultaneous propagation of a triad of Schockley partial 
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di~locations on alternating {111} pl~nes~with concomitant 

diffusion of Ag.[59,60] If a partial dislocation moved along every 

mixed plane in the 1:5 and 2:17 structures, the result would be a 

rhombohedraL Lattice with c-1.2 nm, a-0.5 nm. Instead, the Z 

phase Lattice parameters require the partial dislocations in the 

triad to Lie on alternating mixed planes. Propagation of.this 

dislocation complex through the 1:5 and 2:17, with the requisite 
. . 

ordered substitutions of Zr would result in the observed plates 

and the observed fact that the terminations of Z plates do not 

result in extensive lattice strain contrast. 

Through all of this structural speculation, the question 

remains as to why a phase simi tar to SmCo3 forms rather than a 

phase Uke Sm 2CD] as would be expected by the binary SmCo phase 

diagram. [Figure 1) It should be stressed that the Z phase is not 

the· 1:3 phase; it only has a similar reciprocal Lattice. There is 

no reason to expect that the. stoichiometry of Z. is anything Like 

1:3. All indications support the hypothesis that Z is ~n ordering 

on the Co sites in both 1:5 and R2:17 phases, there is no reason 

to believe that the dumbbell sites have disappeared. Thus the 

r~tio of Sm to Co sitss (including whatever Co site has bsen 

substituted) is probably stfll. in the range 1:5 to 1:8.5. 

The eutectoid decomposition of SmCo5 into Sm 2co7 and Sm 2Co17 

seems to have played no role here. In any case, it would not 

normaLly be expected unless the aging were done at a lower (TgOO 

°C) temperature. 

A final question about the Z phase is why it chooses a 

structure resulting fr-om 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 plane)? Furthermore, why is the 

rhombohedral form chosen rather rather than an hexagonal form 

which would result from propagation of pairs of antiparallel 

partials on parallel planes? One might speculate that the answer 

to these questions lies in the nucleation processes; the c-axis 
I 

spacing between adjacent sawteeth is 2.4 nm. However, no comp leta 

atomistic model comes to mind, so without mentioning questions of 

the theory of phase stability, these questions will simply have 

to remain unanswered. 

Twinnjng. The final microstructural feature- the twinning 

of the R2:17 - does not seem to be noticeably affected by the 

850 °C isothermal anneals. Within an individual cell, topological 

constraints would seem to render 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 energy interfaces which are planar; there 

is no curvature to drive their migration. As cell growth occurs, 

eel l 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; it can be a simple 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 the cells throughout all stages of growth; 

as cells coalesce, their density is maintained. No fundamental 

changes in alloy structure and/or properties should be expected 

due to the twins; their morphology is constant. 

Redistribution .Qf !.tul. Transition Metals. Given a well-de-

veloped cellular structure, there is no guarantee that the coer~ 

civity will be high. To have effective domain well pinning, there 

must be some form of strong interaction between the domain walls 

and the cellular structure. The energy of the domain walls must 

be much lower in one position than.at others. Since both 1:5 and 

2:17 are ferromagnetic and have similar compositions and crystal 
. . 

structures, it is possible :that the wall ~nergy in each phase may 

be similar, giving very little pinning effect. Thus, there must 

be some mechanism which causes the two phases to have signifi-

cantly different domain .wall energies. In this system, that 

requirement is met by the presence of Cu, Fe, and Zr in the 

lattice. 

The averaging experiments indicate th~t· Fe partitions to the 

2:17, Cu partitions to the 1:5 a.nd Zr to the 1:5 and Z ,phase. The 

behavior of Fe and Cu is to be expected; Sm 2Fe17 and Sm 2co17 form 

completely miscible systems; but there is no stable SmFe5• On the 

other hand, SmCu5 and SmCo5 form completely miscible systems, but 

Cu has Limited solubility in Sm 2ca17• 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 experimentaL 

evidence for partitioning in this system was obtained from an 

extremely coarsened specimen, there is confidence that the effect 

isreal. 

The partitioning was easily detectible in the 960 °C aged 

specimen; presumably the effect is enhanced at Lower 

temperatures. Limits of solid solubility generally decrease as 

temperature decreases. The degree of segregation in an 850 °C 

annealed alloy would probably be greater; that of a 400 °C alloy 

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 

increased dramatically. At 400 °C < T < B50 °C, the diffusion of 

Sm required for cell growth is probably extremely slow. However, 

that does not stop the motion of the Co, Cu, and Fe. The Co 

sublat.tices in these structures are relatively open; the Co 

planes are essentially close-packed planes in which 1/3 of the 

positions are vacant. To be sure, some of this free volume is 

occup1 ed by the adjacent Sm or dumbbell sites, but there is still 

reason to believe that the Co, Cu, 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 partitioning as T is lowered to 400 °C. Thus, the step-aging 

tres_tment drives Cu to the 1:5 and Fe to the 2:17, increasing 

their chemical and magnetic dissimilarity and consequently 

improving the pinning strength of the system. This expLains the 

effect of step-aging on .coercivity. 

It has been pointed out that the nucleation of the Z phase 

plates occurs at the same time in the thermal treatment as the 

large rise in coercivity in three of the four casas studied; 

their role deserves some explanation. First of all, it is 

difficult to expect that the Z phase actually pins the domain 

wa Us. Because of ani sot ropy, the domain waHs are expected to 

lie on planes parallel to the crystallographic c-axis; their 

migration must proceed perpendicular to their faces, .L.L. 

perpendicular to the c-axis. The_Z phase. plates lie, on basal 

planes; their configuration is such that the domain walls should 

cut them and move a long them, rather than meeting. them face-to-

face. Thus, it is .hard to imagine that they present any 

resistance to·domain wall migration. 

If the Z plates have no direct role in coercivity, their 

effect must be indirect (or the correlation is simply 

fortuitous). Arguing that coercivity ·depends on the degree of 

partitioning of Cu and Fe, it is possible that the Z plates serve 

as high diffusivity paths for the Cu, Fe, and Co. No direct 

evidence for this is available, 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~% Zr alloy. This 

might well mean that Zr in the matrix is beneficial, but that Zr 

in the Z phase is ineffectiv~, only slightly increasing the 

kinetics. The fact that th~ 3% Zr step-aged alloy is superior to 

the 1~% step-aged alloy indicates that the density of Z phase 

plates is beneficial or that Zr in the lattice is beneficial. The 

former possibility is doubtful because of the poor quality of the 

3% Zr non~step-aged alloy which has plenty of Z plates. The 

latter possibility 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~% Zr 

alloy in the same condition. The corresponding degree of Cu and 

Fe partitioning will also be 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 to put this hypothesis on a firmer 

theoretical basis. Many theories of domain wall pinning have been 

proposed starting with Karsten's [61] theory of the effects of a 

non-magnetic inclusion in a magnetic matrix. All subsequent 

theories have followed his lead in attempting to describe the 

energy of the domain walls as a function of position in the 

structure. Recent models for the SmCo system such as those of 



Perkins .§1 JLL. [~2] and Paul [63,64,65,.66]. have become very 

elaborate. They could be reproduced here, but for the sake of 

argument, a simpler, more intuHive approach is sufficient.The 

energy of a domain wall per unit area in the continuum limit 

(very wide Bloch wall) [67] is: 

where K is the ani sot ropy constant 

JS2 is the exchange parameter 

a is the crystal lattice parameter. 
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Although this expression is probably not valid for the SmCo 

system where high magnetocrystalline anisotro~y gives very narrow 

domain walls, it can form a convenient framework 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 evi danced ·by higher Ms and T c' but the ani sot ropy 

of 1:5 is known to be greater than that of the 2:17. Originally, 

it was thought that the wall energy of 1:5 should be much larger 

than that of 2:17 because the coercivity of binary 1:5 is higher 

than that of binary 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 decrease both the exchanga and the 

anisotropy of the 1:5 phase. If the energy of the domain wall in 

1:5 were higher, Cu additions would result in a trend in domain 
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wall anergies toward that of the 2:17. If the 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 tharfore tend to lie in the 

1:5 call walls as sketched in Figure 57. Recent Lorentz electron 

microscope images support this idea [51]. 

Coercivity depends on the resistance of motion of magnetic 

domain walls. Thus, one must consi dar the positional gradient of 

the domain wall energy. Optimal pinning should occur for a high 

amplitude square wave in domain wall anergy 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 microstructure l 

aspects of coercivity is now available. Aging these five

component alloys at 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 calls 

era approximately 200 nm in size. The pyramidal habit is main

tained in order to minimize elastic misfit energy between the two 

phasas.·The Zr tends to precipitate from solution, forming Z 

phase plates. It is not sufficient to simply grow the calls to 

optimal size (100 to 150 nml; the alloys must be step-aged (slow 

cooled) in order to allow the Cu and Fa to partition to the 1:5 

and 2:17 phases respectively. The resulting nearly square wave in 



domain wall energy as a function of position presents maximal 

~esist~nce to domain wall propagation and correspondingly high 

coercivity. 

Campa rison .t.A relet ad alloys. 
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Because. of space and time Limitations, only a Limited number 

of alloys end heat treatments·-have been examined microscopies l ly. 

However, the unde~standing obtained from these few alloys can be 

well applied to a much larger class of alloys in a consistent 

manner. Figures 17,1S,and 19 show the trends in coercivity as 

controlled by several compositional variables. These figures will 

be briefly discussed in terms of whet is known about magnet 

microstructures. 

Variable Sm Content. Figure 17 shows the effect of Sm 

content on coercivity for two different Cu concentrations (6 and 

B wt%1~ As ~suet, both isothermal aging at 850 °C, and isothermal 

aging at 850. °C plus step-aging, treatments have been considered. 

All i sotherme l aging treatments were for one hour duration. The 

compositions range from that of. stoichiometric 2:17 

[Sm £Co 69 •4Fe20 •7 cu7 •3zr2•518.s = 23 wt% Sml to 

Sm (Co68•8Fe21 •2cu7 Azr2•617 •21 = 26.5 wt% Sm. Th a corresponding 

microstructures should range from clean R2:17 to a rather thick

walled cellular structure. 
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It is expected that a cellular s~ructure will occur for all 

alloys containing more than 20 vel% 1:5 material, stoichiometry 

less than 1:7.8, Sm content more than 24.5 wt%. Since these are 3 

wt% Zr alloys aged for only one hour at 850 °C, the cells will be 

relatively small - approximately 60 nm in size. Changing the Sm 

concentration will probably not significantly affect the cell 

sizes, but increased Sm will increase the volume fraction of 1:5, 

giving thicker cell walls. 

The coercivity of the isothermally aged alloys in the low Sm 

(Sm < 25.5 wt%1 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 increased, 

1:5 precipitates form, eventually resulting in a ,cellular 

structure. However, these precipitates are chemically and 

magnetically very similar to the parent 2:17 so they do not 

effectivelt pin the domain 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. Thus, 

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 magneto

crystalline anisotropy. The action of Cu at such points is simply 

unknown at this time. 

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

be controlled by domain wall pinning. Th~ reverse nucleation has · 
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become easter than the propagation:of the domain walls through 

the cellular structure. As the Sm content increases further, the 

volume fraction of the 1:5 increases, but the chemical 

compositions and ~agnatic properties of the two phases remain 

constant. In this regime, the effect of Cu i~ to slightly 

magnetically soften the 1:5 material with respect to the 2:17. 

Thus, increasing Cu concentration from 6 to a wt% increases the 

differences in the magnetic properties of the two phases, 

margine lly increasing the coercivity of the a wt% Cu aLLoy over 

that of the 6 wt% Cu alloy. 

The increase in coercivity with step-aging occurs for aLL Sm 
.. 

concentrations included in Figure 17. This can be readily 

attributed to increased effectiveness of domain wall pinning. As 

aging temperature decreases, the chemical differentiation of the 

1:5 and 2:17 increases; the interaction of the domain walls with 

the, two-phase structure increases and coercivity is enhanced. 

For the stoichiometric 2:17 alloy (23 wt% Sm), there is a 

question as to whether or not wall pinning precipitates exist. If 

some precipitates era present, the enhanced coercivity is easily 

explained by the previous paragraph. If no precipitates exist, 

th& coercivity is controlled by the difficulty of reverse domain 

nucleation. In that case, the enhancement of coercivity by step-

aging would have to be attributed to some as yet unknown surface •' 

phenomena. 

The effectiveness of step-aging of the two-phase aLloys is 

limited by Cu content and 1:5 volume fraction. At 24.5 wt% Sm, 

the coercivities of the 6 and a wt% Cu alloys are equal. This 
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indicates that the relatively small volume fraction of 1:5 must 

be saturated with Cu. As Sm content increases, the volume fraction 

of the magnetically soft 1:5 phase increases, giving a slight 

decrease 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 the point where there 

is insufficient Cu - even for the 8 wt% alloy; the coercivity 

begins to decrease at a faster rate as there 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 

should 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, HJ<"iHc (Figure 17, upper], 

seem to be dominated by the effects of coercivity. That is, the 8 

wt% Cu alloy has a higher coercivity and a correspondingly 

larger denominator. Besides this simple inverse relationship, a 

smaLL additi one l component may ba due to the increased volume 

fraction of 1:5 in the 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 negligible 

effect. 

Varjable fl Content. Figure 18 shows the effect of Fe on 

coercivity for 25.5 wt% Sm alloys. Fe concentrations range from 



15 to 25 wt%; alloys. having 4 an~ 6 wt% Cu are included. All 

alloys have been isothermally aged for one hour at 850 °C; some 

have been subsequently step~ged. 

The microstructures of all the alloys considered in Figure 

18 should consist of a 60 nm cellular structure with 8 nm cell 

wells. For only one hoLir aging, there are probably very few Z 

phase plates; the·3 wt% Zr is in solution. 

There is no dependence of coercivity on Fe content for the 

non-step-aged alloys. Evidently, the Fe j s nearly random at 850 

°C; it must be affecting the magnetic properties of the two 

phases equally; the domain wall pinning strength seems to be 

constant. Again, higher Cu content results in marginally higher 

coercivity; the 1:5 phase in the 6 wt% Cu alloy is presumably 

slightly softer than the 1:5 phase in the 4 wt% Cu alloy. 
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The effects of Cu content on the coercivity of step-aged 

alloys is dramatic. Evidently, the reduction in tempera.ture 

during step-aging causes Fe to become "magnet ice lly active", 

increasing the hardness of the 2:17. In this case, the term, 

"magnet ice lly active" should relate to the magnetocryste lline 

anisotropy of the 2:17. As Callen [18] has pointed out, the 

Sm 2Cco1_xFexl17 exhibits strongest axiaL ani sot ropy for inter

mediate (0.05<x<0.5; 3.6.<wt% Fe<37} Fe concentrations. The 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 of approximately 70%, 

an avera L L alLoy composition of 20 wt% Fe corresponds to a 2:.17 

;., 



containing 29 wtS 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. 
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Increasing the Cu content of the alloy causes the maximum 

value of coercivity to increase; it broadens the maximum and 

shifts it to slightly Lower Fe concentrations. As usual, the 

increased coercivity 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 anisotropy. 

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 presence 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 kOel by using still higher (8 wtSl Cu 

concentrations and aging for Longer times. 

Variable ~ Content. The effects of Zr concentration on 

coarcivity, as presented in Figure 19, are easily interpretable. 

For only one hour of aging at 850 °C, there ere 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 

anisotropy of the 2:17 [6]; thus, the barrier to domain wall 

motion into the 2:17 is increased. Indirect evidence also indi

cates that Zr increases the chemical differentiation of the two 

major phases during step-aging. This results in remarkable coer

civity gains for step-aged aLLays, but no change for non-step

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 in coercivity. 

The squareness curve follows accordingLy. Zr increases 2:17 

anisotropy, giving a rising curve. Ultimately, _Zr forms Z plates, 

decreasing both HK and ;He, causing their ratio to Level off. 

Summary. Although only two alloys have been characterized 

microscopically, the r·esults seem to apply to a Larger class of 

alloys. The fact that coercivity forms continuous functions of Sm 

Fe, and Zr content indicates that the same microstructural 

mechanisms operate over extended composition ranges; only the 

magnitude of individual parameters change from alloy to alloy. In 

retrospect, then, it does appear that the basic approach taken by 

this investig~tion, to analyze carefully a few alloys and hope to 

generalize, is confirmed to be valid; the results appear to have 

some generality. 



Alloy Improvements. 

SmCo is a practical, technological system; it has been 

examined in hopes that an understanding of its behavior might 

prove useful for proposing new approaches to alloy improvement. 

It is therefore appropriate to briefly discuss what can be done 

which would have a reasonable chance of resulting in improved 

magnets. 
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Improvements can fall into two categories: 1lthose designed 

to increase coercivity while maintaining high saturation magnet

ization, and 2lthose designed to improve saturation magnetization 

at equivalent coercivity values. Either approach should improve 

(BH)MAX" Coercivity improvements will involve some method of 

enhancing the effectiveness of domain wall pinning. Saturation 

improvements will attempt to minimize the fraction of 

magnetically disordered elements, Cu and Zr, or to Lower the 

volume fraction of 1:5 • 

. coercivity Improvements. 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 30° 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 cell walls would probably be 

proportional to sin(90-xl where x is the angle between the domain 
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and cell wall normals (approximately 30°). 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 not very Large. However, on closer consideration, 

one realizes that the effect of the angle between the ddmain wall 

end the cell wall is probably much Larger~ Assuming th'e domain 

wells Lie parallel to the c-axis, they mu.st cross some 2:17 

material; to minimize their total area in 2:17, they would be 

expected to facet along cell walls as shown in Figure 57. This 

faceting has been observed in Lorentz electron microscopy images. 

[51] In this configuration, migration of the cell w~Lls will 

probably occur by a step or Ledge mechanism (Figure 58). That is, 

instead of the entire wall being forced into the 2:17, a small 

segment can jump from one cell waLl to another, reversing the 

magnetization ·of a single cell. Kinks moving along the Ledge 

wouLd move the domain waLL across a row of calls. Thus, the steps· 

in the domain wall can migrate one cell at a time. It is 

impossible to quantify the reduction in pinning strength 

associated with this Ledge mechanism, but intuition says that 

such a process would probably result in a large reduction in 

pinning •ffectiveness; significant improvement would probably 

result from .any shift o_f the cell walls toward the c-axis. 

To shift the habit plane of the cell walls, it is necessary 

to shift the Latt·i ce parameters of the 1:5 and 2:17 such that 

there is LittLe mismatch a Long the c-axi s, but. increased mi smetch 

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 mismatch 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. Nesbitt and Wernick (2] List the 

Lattice parameters for CeCo5 and Smco5 as a=0.4922, c=0.4026, and 

a=0.5004, c=0.3971 nm respectively. Khan's [8] data for 

equivalent distances in Ce2co17 are a=0.4837, c=0.4069 nm; for 

Sm 2co17, they are a=0.4850, c=0.4077 nm. Assuming that Lattice 

parameters for combinations of these phases are simply related to 

parameters of the simple binaries, one would expect that a 

cellular structure of (SmCe]Co5 and (SmCeJ 2co17 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 predict 

which element would be effective. Nevertheless, Fidler .tt lli 

have found that Hf does increase the angle between the cell walls 

and the basal plane 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 

Ms; each possibility will have to be tested experimentally to 

determine if benefits outweigh Losses. 

A second approach to coerciv~ty improvement involves 

adjustment of the magnetic properties of the two major phases 

such that they are more dissimilar. The first impulse is to 

adjust Cu and Fe levels, but the data in Figures 17, 18, and 19 
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shows tha~ they are probably very nearly optimized already. Step

aging to even lower temperatures might be marginally effective, 

but solubility limits usually approach zero asymptotically as 

temperature tends to zero, so one can not expect major 

improvements by this approach. Likewhe, for the present heat 

treatment routines, Zr levels have also been optimized. Additions 

of any other element, whether rare earth or transition metal, 

would open up an entirely new Pandora's box of unknowns. It is 

impossible to predict what might happen; some other components 

have been tried, [1,68] but very little is known about what their 

role(s) may be. In any case, if forced to try other elements, the 

results of this investigation suggest that elements be considered 

which form 1) high Ms 2:17 phases, 2] high HA 2:17 phases, and/or 

3) low HA 1:5 phases. 

Even though Zr has been optimized for the standard TOK 

thermal processing routines, there ;s still hope for improvement 

by more effective use of this element. The results of this 

investigation suggest that Zr is much more effective for 

improving 2:17 a~isotropy and for driving the partitioning of Fe 

and Cu if it remains in solution. It is probable that heat 

treatment schemes could be devised which would avoid Z phase 

precipitation. Although it would hav~ 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 solution. 

Alternately, if it should prove absolutely impossible to 

retain Zr in solution, it might be good to resort to the use of a 

small amount of Ti, V, or Hf instead. These elements have been 

shown [69] 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. 

Saturation Maqnetjzatjon Imoroyements. The second approach 

to alloy improvement involves improving Ms without sacrificing 

He· In this composition range, that involves increasing the 

volume fraction of 2:17 as much as possible without Losing the 

domain wall pinning of the 1:5. Shifting to Lower Sm concen

trations 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 

microstructure 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-axis. 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 M
8 

of the overall alloy. The bulk of the 

aLLoy wouLd be Sm 2£co70 Fe30J17 ; 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 an alloy of 

overall stoi chi omatry 1 :8.0. Because of the smaller volume frac

tion of 1:5, this alloy wou.ld require less Cu [-3 wt%1, but more 

Fe (-20 wt%1. The Zr level would be nearly optimal at 3 wt%. 

As usual, the heat treatment routine would have to begin· 

with an· homogenization step. Since this alloy is nearer to 2:17 

stoichiometry, it is likely that homogenization will occur for 

1150 °C<T<1225 °C. The question remains as to whether this 

alloy will transform allotropically to H2:17 at these 

temperatures; this could only be answered experimentally. If the 

high temperature state is heXagonal, the usual 1:5 nucleation 

mechanism will operate; if not, extremely rapid quenches may be 

necessary to lead the homogeneous state to the point of absolute 

instability, which would also serve to nucleate 1:5~ 

To form a conti~uous 1:5 distribution from such a low velum~ 

fraction of 1:5 material, the aging sequences will have to be 

adjusted to cause maximal continuous nucleation rates followed by 

extensive growth. By aging the alloy at temperatures less than 

850 °C [T-750 °C) for two hours, it should be possible to form a 

high density of 1:5 nuclei. Increasing the temperature to 900 °C 

will cause these discrete particles to grow; the usual pyramidal 

habit planes should develop as the discrete 1:5 particles grow 

and coalesce. If predictions are correct, a five hQur 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 °e will again be necessary. From the 900 °e aging 

temperature, cooling continuously at approximately 2 °e per 

minute until 400 °e and holding at that temperature for 40 hours 

will probably result in sufficient eu 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 21 the ~i~rostructure 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 Smeo-

based permanent magnets; the approaches proposed here are only 

those directly suggested by the results of this investigation. 

There are many other elements 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 design proposals 

presented here are necessarily not far removed from the alloys 

which have been characterized; they ere in the regimes where 

predictions based on available experimental results can be 

expected to have some validity. They are simply the proposals 

which will most Likely result in magnet improvement. 
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SUMMARY 

A microstructural characterization of a series of 

Sm (CoCuFBzrl7•4 permanent magnet e Lloys has shown that high 

intrinsic coercivity in these alloys depends on the interaction 

of magnetic domain walls with a continuously modulated structure 

of Cu-enriched Sm(~oCuFeZrl5 (1:5) and Fa-enriched 

Sm 2£CoCuFeZrl17 (2:17). The modulated structure has a "cellular" 

morphology of thin, continuous Layers of 1:5 material Lying on 

the pyramid planes of twinn.ed rhombohedral 2:17. Aging of these 

alloys results in diffusional coarsening of this structure by 

repeated elimination of segments of 1:5 material. As the cell 

structure coarsens, e Zr-enriched phase having a structure 

simiLar to SmCo3 precipitates in the form of thin plates Lying on 

the common bass L pLanes. Step-aging to Lower temperatures aLLows 

the Cu and Fe to redistribute themselves on the modulated struc

tures without any further growth of the average cell size. The 

resulting steep gradients in domain wall energy at the interphase 

interfaces gives a very Large barrier to domain waLl migration 

and, consequently, a large intrinsic coercivity. 

The nucleation of the continuously modulated cellular struc

ture is assisted by an allotropic transformation in the parent 

2:17 materiaL. During high temperature homogenization treatments, 

these 8 L Loys transform either to the hexagons l form of 2:17 or to 

a Long period modulation, 8 riearly periodic twinning, of the 
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R2:17 as they dissolve all the 1:5 material. On quenching, there 

is a drhing force for the reve'rse 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 the Zr diffusion 

limited propagation of three mutually annihilating partie l 

'dislocations on alternating mixed planes, generating a thin plate 

of a structure similar to SmCoa. The mode of nucleation and 

propagation of the Z plates strongly favors an extreme aspect 

ratio; they are commonly one unit cell thick, extending 

completely across the matrix grains. 

Zr has four metallurgical effects in these alloys. First of 

'all, Zr tends to inhibH 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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misfit; the pyramidal habi~ of the 3 wt% Zr alloys is more 

rigorously maintained than that of the 1.5 wt% Zr a loys. The 

presence of Zr in the lattice must further reduce the solubility 

~f Fa in 1:5 and Cu in 2:17 leading to increased compositional 

and magnetic differences between the two major phases; the 

coerci~ity, a~d presumably the well pinning strength, of the 3 

wt% Zr alloys is higher than that of the 1:5 wt%Zr alloys. 

Finally, Zr leads to the formation of the Z phase plates; the 

fact that they are observed to nucleate at the same time in the 

heat treatment cycle as when the alloys exhibit a dramatic 

rise in coercivity is attributed to their effects on the kinetics 

of Cu and Fa partitioning. 

Data from other investigators i.ndicate that the 

microstructural features observed in the alloys of this 

investigation are common to a wider class of alloys. Levels of 

substituent& can be adjusted significantly, giving continuous 

curves in the magnetic property data. This data can be readily 

understood in terms of ideas derived from the study of the alloys 

in this investigation. Thus, this microstructural study seems to 

have some generality. 

The carefu~ analysis of the development of coercivity in 

these alloys readily provides suggestions for the design of 

improved alloys. In o·rdar to increase coercivity, the pinning 

strength of the two-phase structure should be enhanced, either by 

adjusting the lattice parameters to achieve a more favorable 

morphology or by adjusting the magnetic properties of the in-

dividual phases. to augment their differences in domain wall 
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energy. An especially simple way to achhve_ this is by adjusting 

heat treatments such that the Zr is retained in supersaturated 

solid solution. Increases in Ms 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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TABLE.! 

Fundamental Properties of SmCo5 and Sm2ca17 Phases 

SmCo5 Sm 2co17 Sm2co17 

hexagonal rhombohedral hexagons l 

Prototype 
Structure CaCu5 Th~n17 Th 2Ni 17 

Lattice a = 0.5004 a = 0.8401 a=0.836 
Parameters 
(nm) c = 0.3971 c = 1 .223 c=0.852 

Space 
Group PS/mmm RS'm P63/mmc 

Curie 
Temperature 724 °c 920 °c 920 °c 

Saturation 
Magnetization 
41rMS 9650 G 12,000 G 12,000 G 
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TABLE g 

Microstructural Measurement Data 
1.5 wt% Zr Alloys [Part 1) 

Specimen Composition & ;He Cell Wall Twin 
Number Heat Treatment Size. Thickness Thickness 

[kOe) [nm) (nml [nm) 

17 1 hr 0 850 oc 3.6 50 20 

18 3 hrs 0 850 oc 3.6 

19 15 hrs 0 850 oc 5.2 150 10 20 

41 40 hrs 0 850 oc 11 .3 160 10 20 

20 1 hr o 850 °c 5.8 
+ Stepag1ng 

42 3 hrs 0 850 oc 5.0 
+ Stepaging 

43 15 hrs 0 850 oc 15.6 170 10 15 
+ Stepaging 

44 40 hrs 0 850 oc 13.6 180 10 30 
+ Stepaging 
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TABLE ~ 

Microstructural Measurement Data 
1.5 wt% Zr Alloys (Part 2] 

Specimen Composition & z Phase c/a 
Number Heat Treatment Spacing <1100> <1120> 

(nm] 

17 1 hr til 850 oc infinite 0.820 0.810 

18 3 hrs @ 850 oc 

19 15 hrs @ 850 oc 12.5 0.848 0.846 

41 40 hrs @ 850 oc 40 0.841 0.844 

20 1 hr 850 °C 
+ Stepaging 

42 3 hrs @ 850 oc 
+ Stepaging 

43 15 hrs @ 850 oc 280 0.846 0.840 
+ Stepaging 

44 40 hrs 0 850 oc 40 0.833 0.828 
+ Stepaging 
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···-----··-:----:· _,;_·.....::__-, 

TABLE,! 

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

Specimen Composition & iHc Cell Wall Twin 
Number Heat Treatment Size Thickness Thickness 

(kOe) (nm) (nm) (nm) 

13 1 hr 0 850 oc 0.9 

14 3 hrs 0 850 oc 2.25 60 5 22 

15 15 hrs 0 850 oc 2.95 85 10 10 

31 40 hrs @ 850 oc 4.20 

16 1 hr @ 850 °c 13.9 60 10 15 
+ Stepaging 

32 3 hrs @ 850 oc 24.0 65 ? ? 
+ Stepaging 

33 15 hrs 0 850 oc 25.8 85 8 25 
+ Stepaging 

34 40 hrs 0 850 oc 25.8 95 ? ? 
+ Stepaging 
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TABLE §. 

Microstructural Measurement Data 
3.0 wt% Zr Alloys [Part 2) 

Specimen Composition · & z Phase c/a 
Number Heat Treatment Spacing <1100> <1120> 

(nm) 

13 1 hr @ 850 oc 

14 3 hrs @ 850 oc 22.5 0.820 0.818 

15 15 hrs @ 850 oc 20 0.847 0.840 

31 40 hrs @ 850 oc 

16 1 hr o 850 °c 167 0.831 0.830 
+ Stepaging 

32 3 hrs @ 850 oc 24 0.840 0.834 
+ Stepaging 

33 15 hrs @ 850 De 25 0.831 0.835 
+ Stepaging 

34 40 hrs @ 850 De 25 0.837 0.831 
+ Stepaging 

.. 



TABLE.§ 

Results of Homogenize-and-Quench Experiments 

Alloy 1: ~~ll. 25.5 Sm, 15 Fe,. 8 Cu, 48.5 wt% Co 
Sm(Co66Fe21 cu10zr2J7 •4 

Heat Treatment Structure 

121 

1 hr @ 1194 °C ------------- Homogenous H2:17 

1 hr 01194°C+ ------------Small, welldefined 
20 minutes@ 850 °C cellular structure 

Alloy 2: ~ ~ ll, 25.5 Sm, 15 Fe, 8 Cu, 50 wt% Co 
Sm(Co67 Fe21 cu10zr1J7 •4 

Heat Treatment Structure 

1 hr 0 1140 °C ------------- Coarsened Two
Phase Structure 
of R2:17 and 1 :5 

1 hr @ 1160 °C -------------Homogeneous H2:17 

1 hr 0 1200 °C ------------- Homogeneous H2:17 

1 hr @ 1200 °C + -- -·--------- Cellular Structure: 
20 minutes 0 850 °C R2:17 twinned; 

Some H2:17 in cells 



TABLE Q 
(continued) 

Results of Homogenize-and-Quench Experiments 

Alloy 3: Q ZL, 25.5 Sm, 15 Fe, 8 Cu, 51.5 wt% Co 
Sm{Co69 Fe21 cu10 J7 •5 

Heat Treatment Structure 

1 hr 0 1210 °C ---- --- --- -- - long Period 
plus R2:17 

1 hr 01217 °e -------------long Period 
plus R2:17 

1 hr 01222 °C -------------long Period 
plus R2:17 

1 hr o 1210 °C + ------------long Period 
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20 minutes. @ 850 °e breaks up into 
cellular product 

1 hr @ 1217 °C + ------------ Breakdown of 
20 minutes 0 850 °C long period 

occurs at faults 



FIGURE CAPTIONS 

Fjgure 1. SmCo Binary Phase Diagram. Note the presence of 

several intermetallics; especially note the fact that the SmCo5 

and Sm 2co17 phases exhibit a Large amount of mutual solid 

solubility at high temperatures. (Figure taken from Nesbitt and 

Wernick, reference 2J XBL B34-9198 
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Fjgure g. SmFe Binary Phase Diagram. Even though this system 

is simiLar to the SmCo system, there is no SmFe5 phase. (Figure 

taken from Nesbitt and Wernick, reference 2J XBL B34-9199 

Figure~. Perspective Drawing of the SmCo5 Conventional Unit 

Cell. This is the basic structural unit of several of the SmCo 

intermetallic compounds. XBL 831-5004 

Fjgure ~.Perspective Drawing of the Hexagonal Sm 2co17 

Primithe 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 SmCo5 is outlined. 

XBL 831-5006 

Figure~. Perspective Drawing of the Rhombohedral Sm 2co17 

Primitive Unit Cell. This structure is also formed by an ordered 

substitution of pairs of Co atoms at Sm sites; the corresponding 

SmCo5 primitive cell has again been outlined. XBL 831-5007 
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Figure.§.. Plan 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 (Lower]. 

The dumbbell sites form a hexagonal lattice in each mixed plane; 

stacking of mixed planes in ••• A8A8 ••• or ••• A8CA8C ••• 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]. X8L 834-5543 

Figure z. Schematic Drawings of the RCo5 , Hexagonal R2co17 

and Rho~bohedral R2co17 Structures. The essential features of 

these structures are shown by drawing this particular planar 

section. The 2:17 stacking sequences are clearly di sti ngui shab le; 

the pattern of dumbbell and Sm sites repeats into the plane of 

the paper. The Co planes are constant; they may be omitted. 

XBL 834-5544 

Figure~. 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 these struc

tures.Because of thai r importance to this investigation, the two 

different orientation variants of the R2:17 (1RJ structure have 

been sketched. X8L 834-5545 

Fjgure i· Schematic Drawing of Hexagonal RCo3 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 

Fjgure jQ. Schematic Drawing of the Rhombohedral RCo3 

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

Fjgure 11· Schematic Drawing of the Hexagonal R2co7 

Primitive Unit Celt. See comments for Figure 9. XBL 831-5010 

Fj gure 12. Schematic Drawing of the Rhombohedral R2co7 

Primitive Unit Cell. See comments for Figure 9. XBL 831-5012 

Figure 13. Schematic Drawing of the Reciprocal Structures of 

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

Fjgure 14. Schematic Drawing of the Reciprocal Structures of 

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

Fjgure !.§..Schematic Drawing of the Reciprocal Structures of 

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

Figure 1§. Schematic Drawings of Hysteresis Loops. The upper 

figure shows the concave-upward virgin magnetization curve 

and the square demagnetizaticin 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 B35-9BOO 

Figure .12.. Intrinsic Coercivity as a Function of Sm Content. 

The alloys whos$ data are presented here have been aged one hour 

at B50 °C, with and without step-aging. Besides Sm and Co, they 

contain 15 wt% Fe, 6 or B 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 BR. XBL 8011-7429 

Fjgure ~. 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 

Fjgure !i. Intrinsic Coercivity as a Function of Zr Content. 

The alloys whose data appear hera ware also aged one hour at 850 

°C, with and wit~out step-aging. Besides Zr and Co, these alloys 

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

Fjgure 20. Intrinsic Coercivity as a Function of Aging Time. 

Alloys containing 25.5 wt% Sm, 15 wt% Fe, 8 wt% Cu, 1.5 or 3 wt% 

Zr, remainder Co have been aged at 850 °C for time as indicated 

on the x-axi s, and quenched. Some alloys have been subsequently 

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

XBL 8011-7 41 8 

Fjgure gt. Typical 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 contrast 

perpendicular to the c-axis. Tha 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 are from the two variants of the R2:17, 

only one of which has been explicitly indexed. 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 819-9499 

Fjqure 22. Image and SAD of 3 wt% Zr Alloy in a Symmetric 

<10~0>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, respectively). 

(3 wt% Zr alloy; 3 hours at 850 °C; step-aged) XBB 835-43 61 

Figure 23. Indexing of <10~0>1 :5 Diffraction Patterns. Th.i s 

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 836-10124 
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Fjgure 24. Indexing of <11~0>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 

Figure 25. Image and SAD of 3 wt% Zr Alloy in a Symmetric 

<11~0>1 : 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) X88 835-4359 

Fj gure 26. Image of a 3 wt% Zr Alloy taken a long the C-axi s. 

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 850 °C; step-aged) XBB 8110-9523 

Figure27. Image of 1.5 wt% 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 heightened. 

(1.5 wt% Zr alloy; 15 hours at B50 °C; step-aged) XBB 812-1226 

Fjqure 28. Bright Field and Dark Field Images of the Z 
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Phase. Near the <11~0>1 : 5 pole, the Z reflections appear as 

streaked spots; using the most intense area of the streak, the OF 

image of the Z phase was formed £Lower image), indicating that 

the Z phase is definitely responsible for the streaking. 

(3 wt% Zr alloy; 15 hours at 850 °C; step-aged) XBB 812-1225 

Figure 29. Lattice Fringe Structure Image Along the 

<10f0>1:5 Pole. In this image, the Z plates appear as bands of 

0.8 nm fringes running roughly vertically. The two variants of 

the R2:17 image as two sets of fringes (0.64 nm spacing) running 

roughly at 60° to the Z plates. 

(3 wt% Zr alloy; 24 hours at 850 °C; step-aged) 
I 

XBB 8111-10172 

Fjgure 30. Lattice Fringe Structure Image Along the 

<11~>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 °CJ XBB 835-4360 

Fjqure ll. Coarsened Z Phase Plate in the 1:5 Matrix. By 

agin~ an alloy at 960 °C for 100 hours, the microstructure was 

coarsened such that the Z plates were approximately 30 nm thick. 

Thi• allowed a discrete SAD to be obtained; this pattern could 

then be indexed as in Figure. 24. 

(3 wt% Zr alloy; 100 hours at 960 °C) XBB 819-9500 

Fjgure 32. Coarsened Microstructure of Overaged Alloy. The 
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1:5 regions of the averaged alloy have spheroidized, 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 

accomplis~ed on these microstructures. 

(3 wt% Zr alloy; 100 hours at 960 °cJ 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 

th.e 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 °Cl 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 

Fjqure 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 

.i. 



Figure 37. Intrinsic Coercivity as a Function of the c/a 

Ratio. Once more, no simple relationship is apparent. 

X8L 835-9802 
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Figure 38. Intrinsic Coerciyity as a Function of Aging Time 

and Z Phase Nucleation. This figure is almost a repeat of Figure 

20 except that x's have been added to indicate at what time in 

the aging sequence the Z plates nucleate in large numbers. In 

three of four cases, the x occurs next to the dramatic rise in 

coercivity. X8L 809-5787 . 

Fj gure 39. 8F and OF of Homogenized-and-Quenched Alloy. The 

upper 8F image shows what appears to be a clean, single-phase 

structure; the lower OF ima·ge using the streak shows the presence 

of some heterogeneities 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) XB8 8211-10201 

Fjgure 40. SAD and Inde'xing of As-Quenched H2:17. This SAD, 

taken from the area of Figure 39 shows an H2:17 pattern with 

streaki~g through the R2:17 positions. 

[1.5 wt% Zr alloy; 1 hour at 1200 °C; quenched) XB8 834-3 27 4 

Fjgure 41. 8F and SAD of a Homogenized, Quenched, and Aged 

Specimen. After only 20 minutes at 850 °C, 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 °C; quenched; 20 minutes at 850 

°C) X88 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 the symmetric 8F (upper) as well as in 

the g0001 8F (Lower right). 

(1.5 wt% Zr alloy; 1 hour at 1200 °C; Quenched; 20 minutes at 850 

°C) X88 8211-10197 

Fjgure 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 850 

°C) X88 834 3272 

Fjgure 44. Long Period Structure. This image is from an 

area of the Zr-free aLloy which has comp Lately 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. 

(Z r-free alloy; 1 hour at 1210 °C; quench ad) X88 8211-10199 

Fjqure 45. Long Period/R2:17 Two-Phase Structure. These two 



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 <1120>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 <1oro>1:5• The long 

period structure is thus a quasi-periodic rearrangement in the 

stacking of R2:17 blocks. The inset microdiffraction pattern 

clearly indicates that the band across the image is clean R2:17 

phase. 
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(Zr-free alloy; 1 hour at 1210 °e; quenched) XBB B211-10200 

Figure 46. BF, SAD, and 3 OF'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 OF images (e,DJ of the two R2:17 

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

presence of many regions of Lattice 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 °e; quenched; 20 minutes at B50 

XBB 836-5066 

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 °e; quenched; 20 minutes at 850 

XBB 836-5063 

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 presence 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 °e; quenche-d) XBB 834-3275 

Fjqure 49. SAD and Indexing from the Long Period Phase, 

<10l0>1 :5 Orientation. Along this pole, a regular sequence of 

• • reflections occurs parallel to (0001) pass1ng through the 2:17 

positions. Because the intensity of the reflections drops 

dramatically with the order of the reflection, one must conclude 

that this is not a regular polytypic structure. 

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

Fjgure 50. Reciprocal Structures of the 1:5, the R2:17, and 

the Long Period Phases. Only the first-order satellites on the 

R2:17 reflections have been sketched; higher-order satellites are 

much weaker. XBL 832-5190 

Figure .§.1. Laser Diffraction Study of a OF Micrograph of the 

Long Period Phase. Laser diffraction was used to measure fringe 

spacings in a OF image. Several diffraction patterns, taken from 

several areas of the OF 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 structure is composed of 

alternating R2:17 twins with an average twin spacing of 4 R2:17 

unit cells. The two figures .at the upper Left are the symmetric 

BF and DF images of the Long period structure. The 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 DF 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 taken with a collimated £-2 

mm) beam passing through the DF micrograph. The spacing of the 

spots is inversely proportional to the spacing of the fringes in 

the DF image. 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 B36-5065 

Figure 52. BF and WB images of a 1:5 Cell Wall which has 

Lost Coherency. The fact that several Z plates terminate at the 

1:5/R2:17 interface indicates that that is a preferred nucleation 

site. 

(1.5 wt% Zr alloy; 4D hours at B50 °CJ XBB B35-43 62 

Fjqure 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) X88 835-43 64 

Figure 54. Schematic Drawing of a Dislocation Mechanism for 

the H2:17 to R2:17 Transformation. By passage of a partie l 

dislocation through the lattice, a thin region of R2:17 is 

created. X8L 826-5878 

Fjgure 55. Schematic Drawing of the Cellular Structure. 

Following the pattern of Figures 7 and B, a schematic drawing of 

the relationships 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 experim·ental error, the 

coarsening of the cellular structure follows the Lifshitz-

Slyozov-wagner diffusional coarsening law. XBL 836-10122 

Figure 57. Schematic Drawing of a Domain Wall in the 

Cellular Structure. Due to the tower 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 

Fjgure 58. Schematic Drawi'ng of a Step Mechanism for 

Domain Wall Migration. Because of the configurations of domain 

walls and cell walls, it would seem tobe 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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