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FOREWORD

The investigations on alloys discussed in this report were carried
out by A.E. Berkowitz in collaboration with J.L. Walter, J.M. Livingston,
and I.S. Jacobgs. A.F. Razzano made the magnetic measurements; C.R. Rodd
made the optical micrographs; N. Lewis and C.W. Joyson made the scanning
electron micrographs; E.F. Koch did the transmission electron microscopy;
D.W. Marsh was responsible for the x-ray analysis.

The neutron diffraction and x-ray analyses of the organic coated
ferrites was carried out by A.C. Nunes (University of Rhode Island) and
C.F. Majkrzak (Brookhaven National Laboratories).

D.E. Polk was the contract supervisor for the Office of Naval Research.
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INTRODUCTION

Two general approaches were examined to produce low cost, high energy product
permanent magnets that do not use critical materials. The first was to establish a
strong surface anisotropy on small Fe particles by means of appropriate coatings. This
would be the metal particie analogue of the spin pinning observed in ferrite particles
coated with various organic surfactants. The second approsch was to prepare rapidly
quenched particles of suitable compositions by the spark erosion technique. Control
over the optimum structural heterogeneity of these particles for permanent magnet
use could be obtained by choosing the initial particle size as well as by developing the
desired crystallized state starting from a highly disordered structure. The progress in
each of these areas will be described separately.

SURFACE ANISOTROPY/SPIN PINNING
Grinding Fe Particles with Surface Active Agents

Carbonyl Fe particles (~5 um in diameter) were ground in an automatic apparatus
using high density alumina mortars and pestles. The objective was to grind/smear the
Fe particies to thin (~1 um) platelets in the presence of surface active coating agents
that would produce a strong surface anisotropy of the type observed on organic surfac-
tant coated ferrite particles.-? It was anticipated that grinding in the presence of the
surface active agents would enhance the probability of strong bonding since freshly ex-
posed, highly active particle surfaces would be continuously available. The surface ac-
tive agents were chosen from three classes:

1. Oleic acid which was successful in producing spin pinning in ferrite particles!'-?

2. Phosphate compounds. We used sodium metaphosphate (NaPO;)¢ since Itoh et
al.® had reported increased coercive force (H.) on iron oxide particles treated
with this compound. We also used several phosphate-based organic surfactants
manufactured by General Analine and Film Company under the trade name
GAFAC.

3. Since borides of Fe are often highly anisotropic, we used several compounds con-
taining B. :

Table 1 lists the milling conditions. The surface active agents were first dissolved
in the carrier fluid to near saturation and then the grinding was carried out for the in-
dicated times. The resuits were uniformly disappointing in that H. never rose to more
than 100 Oe at room temperature as compared to ~5 Oe in the premilled state. When
the particles were examined in the optical microscope, it was evideat that the grinding
had not produced substantial changes in the average particle size. Thus it is not possi-
ble to state whether the observed increase in H. results from an interaction due to the
coatings or from milling stresses. Time limitations preveated examination of alterna-
tive methods for Fe particle size reduction with the presence of surface active ageats.

Neutren and X-ray Diffraction Studies of Coated Ferrite Particles

The initial evidence for spin pinning on organic surfactant coated particies was pro-
vided by magnetic and Missbausr measuremients. To gain more insight into the
mmmfmmmmmmmm»mm




configurations, we initiated a collaboration with A.C. Nunes of Rhode Island Universi-

and C.F. Majkrzak of Brookhsven National Laboratories. CoFe,0, particles (<100

in diameter), prepared by prolonged ball milling and coated with oleic acid,’® were
examined by x-ray and polarized neutron diffraction techniques. Line shape analyses
were made on spectra taken on the as-prepared particies and after heating them for ten
minutes in air at 300°C. The heating removed —~80% of the surfactant. The most
significant result is that after the heating the average size of the coberently diffracting
regions of the perticles increased by ~45%. Since it is highly unlikely that the modest
heating resuited in significant surface reconstitution, these resuits suggest that the
bonding of the surfactant to the surface cations not only produces a strong local aniso-
tropy, but also results in a highly strained surface which relaxes back to a normal lat-
tice configuration when the surfactant is removed. These intriguing results are prelim-
inary; the work is being continued. It does promise significant efucidation of some of
the basic questions about the mechanism of spin pinning. A paper on this subject will
be presented at the Third International Conference on Magnetic Fluids, June 1983, at
the University of North Wales, Bangor, Wales. A draft copy of this paper is appended.

———

Tabie 1
Grinding Conditiens for Fe Particles A
= L Coating Carrier Grinding ‘
o Sample Agent Liquid  Time(days) "
, § '
¢ 1 | dodecane 3
| 2 GAFACRS-410  dodecane 8
3 GAFAC LO-529 dodecane 8
4 GAFAC RAMS10 dodecane 21
S (NaPO;) water 18
6 oleic acid dodecane 20
f; ‘ 7 .- O-Carborane dodecane 15
.-.7 ; ) ] decaborane dodecane 60
SN | 9 lithium tetrahydidoborate dodecane 64
a "'f'f 10  sodium tetrahydidoborate  dodecane 64 1
3 e
19
1 I ‘*’ CRYSTALLIZATION OF SPARK ERODED PARTICLES

The work in this area consisted of two parts. First, we conducted a study of the
general implications of quenching rate on crystallization kinetics. Secondly, the bulk of
the effort on the contract involved the preparation of rapidly quenched particles of a
aumber of alloys by spark erosion and the characterization of the megnetic and struc-
tural properties of the alloys as a function of degree of crystailization.
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Influence of Quenching Rate on Crystaliization

The alloy Fe;sSi;sB,, (atom%) was chosen for this investigation because we have -
studied this system rather extensively in both the crystalline*® and amorphous®*®
states. Chill cast ribbon and particles spark eroded in dodecane were prepared. The
particle diameters ranged from ~0.5 to 30 um. All samples were amorphous as indi-
cated by their x-ray diffraction spectra. It had been previously established™ that the
quench rate for the spark-eroded particles was higher than that of the ribbon. From
magnetic® and energy dispersive x-ray® studies, we concluded that the spark eroded
particles had less chemical short range order (CSRO) than did the ribbon. The object
of the present study was to determine whether the differences in quench rate and
CSRO influenced the crystallization kinetics and/or phases appearing. A paper on this
work has been accepted for publication by Mat. Sci. Eng. and is appended to this re-
port, the principal results are summarized in that paper as follows.

Crystallization characteristics of both forms of the amorphous alloy were measured
by differential scanning calorimetry, x-ray diffraction, and transmission electron mi-
croscopy. The crystallization temperature, T, of the largest particles was higher than
that of the ribbon. Both T, and the heat of crystallization increased with decreasing
particle size. The DSC thermograms aiso showed marked differences from ribbon to
particles and with decreasing particle size.

The first crystals to form on heating the ribbon were the stable phases alpha iron
and Fe;Si. At higher temperatures, Fe,B and Fe,(Si,B) crystals appeared along with
the Fe,Si crystals as the final crystallization product. On the other hand, the first crys-
tals to form in the powder were the metastable b.c. tetragonal Fe;B. At higher tem-
peratures, Fe,Si, Fe;(Si,B) and Fe,B crystals formed. Previous work has shown that
the particies are more chemically disordered than the ribbon, leading to the conclusion
that there is a greater probability for the iron atoms in the particies to have morz
boron atoms as neighbors compared with the ribbon. These Fe-B “clusters” in the par-
ticles act as nuclei for formation and growth of the nonequilibrium Fe,B crystals in the
particles. Subsequent transformation of the Fe;B at higher temperatures produces the
final crystallization products of Fe,B, Fe;Si, and Fe,(Si,B).

Since significant differences in intermediate crystallization products result from
different quench rates, it is important to examine how these differences are reflected
in the magnetic properties. This work is well underway and will be reported on com-
pletion.

Spark-Ereded Particles For Permansnt Magnet Alleys
Preparation

All of the particies of permanent magnet alloys were prepared in the spparatus
sketched in Figure 1. The cylindrical glass container is 10 cm in diameter. Electrodes
of the alloy, typically § to 7 cm long are mounted on a screen in the container through
which the spark-eroded particles could fall to the bottom. The space between the elec-
trodes is filled with pieces of the alloy ~2 to 6 mm in diameter. The clectrodes were
connected to a relaxatron oscillator (R-C tank circuit) charged to ~200 V with a
rectifier. Capacitor sizes up to 25 uF may be selected. When the gaps between elec-
trodes and particies are appropriate, the capacitor discharges. The container is vibrated
to keep the charge particles from welding, and to provide the correct discharge gaps.
When required (e.g., for cryogenic dielectric fluids), the giass container is placed in a
dewar with a cooling liquid.
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Figure 1. Sketch of apparatus used te prepare permanent magnet alloys by spark eresion.

Two general points about spark erosion'” may be noted here. First, the existence
of a spark implies a dielectric breakdown of the fluid. If the dielectric fluid is organic,
the breakdown products include C, O, H, and some polymeric material. Reactive elec-
trodes or charge material may thus form carbides, oxides, etc. This occurs when, for
example, the electrodes are Fe. If reactive clements are sufficiently alloyed, there is
no carbide formation. The FeySijsByo spark-eroded particies do not contain any C.
Liquid Ar or, in some cases, liquid N, can be used as dielectrics to avoid carbide or
oxide formation. These liquids, of course, are much more volatile than hydrc-arbons
such as dodecane. There are several effects of the lower heat capacity and boiling .
points of cryogenic liquids. The quench rate is lowered since most of the cooling is in
a gaseous environment. Also, if an alloy is composed of elements with greatly
different vapor pressures, there is more likelihood of preferential loss of the more
volatile component in a cryogenic than in an organic dielectric. The second general
point is that spark-eroded particles are produced by highly localized heating of the
electrodes and charge. Therefore if the starting materials are coarse-;m‘ned multiphase
alloys, the spark-eroded particies that are smaller than the grain size will have compo-
sitions that deviate from the nominal alloy composition. Both of these effects were
manifest during the course of this work.

When the particles were prepared using a cryogenic liquid dielectric, an Ar gas cov-
er was maintained during the run. At the end of such a run the cryogenic liquid was
permitted to boil off under the Ar cover. With organic dielectrics, the product was
washed in acetone with uitrasonic agitation and permitted to settle overnight. Particles
->0.5 um settled out, were collected and rewashed twice. Dried particles were served
in an Allen-Bradley Sonic Sinet Particles were sized into ranges <10, 10-20, 20-30,
30-38 um.
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material were obtained. Figure 2 shows optical micrographs of this slab. A very
coarse grained structure is evident in a fine grained eutetic matrix. An attempt was
made to homogenize the structure by annealing at 955°C for 66 hr in Ar. Figure 3
‘shows & micrograph of the resuiting structure. There is little change from the struc-
ture in Figure 2. As discussed above, such a coarse-grained structure for the elec-
mmmmnmym‘tmemm:puk-emdedmwmm“me

nominal composition of the mnin; material.
Tabhlluﬂthomepnaﬁonmdimwmdmmeﬁcmmformk-eroded
particies of this electrode composition. Particles were prepared in dodecane as well as
in N,-cooled liquid Ar. We consider first the particies prepared in dodecane, X-ray
spectra showed a mixture of amorphous and crystalline phases. The crystalline phases
were a-Fe and Fe,B, the two phases associated with deteriorated magnetic proper-
ties.'® Figure 4 shows optical micrographs of sectioned 20-30 um particles and scan-
ning electron micrographs (SEM) of particles in the same size range. The optical mi-
crographs are consistent with the x-ray data. There are completely amorphous parti-
cles (white), completely crystalline particles (dark), and particles that are mixtures of
amorphous and crystalline phases (mottied). Thus the coarse-grained structure of the
electrode and charge prevented the production of a significant percentage of particles
with the nominal starting composition and an amorphous structure. The magnetic
properties of these particies in Table 1 reflect this situation. Both the <10 and 30-38
sum particles show low H. values in the ss-prepared condition that do not chan;e
significantly after anneals in the optimum region.”. These low values probably arise
because the equilibrium a-Fe and Fe,B phases are magnetically soft and they are al-
ready present in the as-prepared particles. The initial presence of a small amount of
nmorphousmterhlumdiutedby the fact thntthehyatemisloopsoftheannakd
samples remain open, even at 25 kOe.
Thex-mdmformm:puk«odedinNg-woMArumFemBqum

listed in Table 2. Thmbwﬂ,mmfmdfwmemmsmm
dodecane case.. Thoomhmabloonumm'mmmmmtm

thhaa.
Chunmmhlmmwodwimthcomm“?m&sm“ where MM*.
signifies Co-free mischmetal. ' We were, of course, interested in the possibility that the
cheaper mischmetal might be a useful substitute for the pure rare earths. Figure §
shows en optical micrograph of the chutge material. A fine-grained outectic structure
svident in contrast to the cosrse-grained structures in Figures 2 and 3 for the ma-
terial containing ThLa,. Since the chill cast siab was extremely brittle, it could ouly
be used for charge rasterial. mwmmhmmmmm
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(a)

Optical micrographs of polished sections of chill-cast alley Fe,, 3B, ;ThsLas.

Figure 2.
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Table 2

Preparitlon Conditions and Magnetic Properties of

Fejy 3 BygsLasThs and Fe, B 1sMM,o Spark Eroded Particles

Composition Dielectric Heat Diam. - o, 25kOe H,
Treatment (um) (emu/gm) (Oe)
(°C/hrs)
Feq38B16.2TbsLas dodecane as-prepared <10 106 120
652/16 <10 125 170
677/16 <10 131 160
as-prepared  30-38 112 ~0
652/16 30-38 132 110
677/16 30-38 132 120
Fey34B162TbsLas  Nj-cooled Ar  as-prepared  38-75 88 130
655/16 38-75 106 180
as-prepared  30-38 87 80
655/16 30-38 120 95
as-prepared  20-30 83 20
550/1 20-30 118 20
655/16 20-30 128 75
as-prepared  10-20 88 20
279/1 10-20 91 20
315715 10-20 82 10
$50/1 10-20 115 20
655/16 10-20 129 30
as-prepared <10 81 10
550/1 <10 112 20
550/1 <10 130 40
Fe14B1sMM g Ar as-prepared <10 96 10
350/1 <10 99 20
450/1 <10 122 30
530/1 <10 134 30
680/16 <10 144 10
as-prepared  30-38 117 85
680/16 30-38 145 85
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Figure 3. Optical micrograph of polished section of chill-cast alloy Fe;; 4 By ;ThsLas after
annealing at 955°C for 66 hr in Ar.

Figure 6a shows the x-ray spectrum of 10-20 um particles spark eroded in dodecane.
The sample is almost completely crystalline. The major phase is a-Fe; the minor
phase is isostructural with PrC,. Thus, in spite of the fine-grained structure, spark
erosion in dodecane produced a crystalline product because of the reaction of the
mischmetal with the C which was present as a result of the breakdown of the organic
dielectric.

Figure 6b shows the x-ray spectrum of 10-20 um particles spark eroded in liquid
Ar. These particles are mostly amorphous with one crystalline peak occurring at 2.02
A which is probably a-Fe. Thus, when reaction of C with mischmetal is not a prob-
lem, the fine-grained structure of the Fe;sB,, MM,, charge results in amorphous parti-
cles. The Fe line evidently arises from erosion of the Fe electrodes. Figure 7 is an
SEM of these particles. Although most of the particles are spheroidal, there are many
particles with irregular shapes. This is characteristic of particles spark eroded in cryo-
genic liguids. The magnetic properties of the <10 and 30-38 um particles are listed in
Table 2. Neither the as-prepared nor the annealed sample show interesting properties,
although open hysteresis loops up to 25 kOe were very evident. Since the mischmetal
is principally La, it appears that the Tb in the compostion reported by Koon et al. is
certainly a necessity for useful hysteresis properties.

The results for the Fe-B-Re alloys investigated may be summarized as:

1. The coarse-grained structure of the electrodes and charge material did not produce
a product of amorphous particles which are essential for the development of the
fine-grained Fe,B and Fe, Re, phases responsible for high energy product.

2. Substituting mischmetal for La and Tb produced fine-grained charge material and
amorphous particles, but the lack of Tb prevented the deviopment of useful per-
manent magnets.

e e At S 2




—— L

|« s pn g SO A

Figure 4.

(a)

b)

(a) Optical micrographs of sections and (b) scanning electron micregraphs of
20-30 um particles sparks eroded in dodecane with Feqyq By, ;ThsLag electrodes

and charge.
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Figure S. Optical micrograph of section of Fe;;B,, MM’ charge material.

Fey,Nd, and Fe,Pr, Particles Prepared by Spark Erosion

The work of Croat''"” on FeyRe,, (atom%) alloys has shown that when they are
prepared by melt spinning at intermediate rates, some rather high H. values (—8 kOe
for Pr, Nd) are obtained. We prepared chill cast slabs of FegNd,, FeqPreo, and
FesoMM,,. Micrographs of Nd and MM alloys are shown in Figure 8. Both structures
are very coarse. In this case, the MM structure is coarser than the Fe,Nd,, structure.
The FeyPry structure was the same as that of the FewPr. The brittle nature of the
alloys precluded preparation of electrodes; therefore, Fe electrodes were used with al-
loy charge. N,-cooled liquid Ar was used as the dielectric, both to avoid the formation
of RE-carbides and to reduce the quench rate from that obtained with dodecane.

X-ray spectra of the Fee,Ndy; and Fe,Pr,, spark-eroded particles showed a struc-
ture that was mostly amorphous, with a number of crystalline peaks. Many of these
crystalline peaks had 20 values that were similar to those reported by Croat"'? for
FewwNdy,. The lack of complete agreement was due to the coarse-grained charge ma-
terial and the use of Fe electrodes. Table 3 lists come magnetic properties for these
particles. H, values increased with decreasing particle size and did not improve with
moderate aging. Maximum values of ~1000 Oe were achieved, much less than the
~8 kOe reported by Croat for Fe,Nd,, and Fey,Pry,. As in the case with the
Fes;4B,4,TbsLas system, a major problem was the coarse-grained charge material which
precluded the production of particles with the proper composition.

10
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Figure 6. X-ray diffraction spectra of 10-20 um particies produced from FeyB,;MM" charge
material and Fe electredes by spark eresion in (a) dedecane and (b) liquid Ar.
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Figure 7. Scanning electron micrograph of 10-20 um particles spark eroded in liquid Ar

using an Fe;,B,,MM’ charge and Fe electrodes.

Table 3

Preparation Conditions and Magnetic Properties of
FegoNd, and Feg,Pr, Spark Eroded Particles

Composition Dielectric Heat Diam o, 25k0Oe H.(Oe)
Treatment  (um) (emu/gm) (Oe)
(°C/hr)
FegoPrao Nj-cooled Ar  as-prepared <10 54
Fe electrodes as-prepared  10-20 59
as-prepared  20-30 60
as-prepared  30-38 56
FegoNdy Nj-cooled Ar  as-prepared 40 51
Fe electrodes + 170/1 40 53
+ 300/ 40 $3
as-prepared  10-20 59
as-prepared  20-30 59
as-ptepared  30-38 63
12
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Figure 8.

(a)

)

Optical micrograph of section of (8) Fe,Nd,e and (b) Fe,QMM,, charge material.




Mn-Al-C ALLOYS

The origin of coercivity in these magnets is the high crystal anisotropy of the r-
phase, the only ferromagnetic phase in the Mn-Al system. Of approximate composi-
tion MnyAly (Wi%), the r-phase has the face-centered-tetragonal CuAu(l) structure.
This phase has a Curie temperature above 350°C, a saturation magnetization of 7 to
8 kG, and an anisotropy field of 40-60 kOe. '

The 7-phase is metastable, the usual phase transformation sequence on cooling, or
on quenching followed by heating, being ¢ — ¢’ — r— y + 8. The high-temperature
equilibrium h.c.p. phase ¢ orders along one of three close-packed directions to form ¢,
which then can shear in one of two directions to form r. Thus this transformation se-
quence can produce six different orientation variants of r from a single crystal of e.
At longer annealing times, + decomposes eutectoidally into the low-temperature equili-
brium phases, y + 8.

The 7-phase can dissolve up to 0.5 wt% C, which greatly slows down the eutectoid
decomposition and allows thermomechanical processing of the r-phase. The dissolved
C appears to have little effect on magnetization and anisotropy field, but does lower
the Curie temperature to about 300°C. Carbon contents slightly beyond the solubility
limit usuaily produce some Mn;AIC, which apparently does not harm magnetic proper-
ties and has even been claimed to be beneficial. Nevertheless, to keep sufficient C in
solution, and to maintain subsequent workability, cooling rates must be sufficient to
avoid substantial carbide precipitation during cooling. Higher C and Al contents can
lead to formation of ALC;. This carbide is very deleterious, since it reacts with mois-
ture at room temperature, leading to severe cracking and sometimes complete disin-
tegration of the alloy.

Workers from Philips reported? coercivities up to 6 kOe in MnAl powders pro-
duced by grinding. They aiso noted that grinding produced a decrease in magnetiza-
tion, presumably resulting from disordering introduced by plastic deformation. Aging
the powder increased the moment but decreased the coercivity. They also found that
swaging a bar of MnAl produced a partly-aligned magnet with B, = 43 kG , H, = 4.6
kOe, and (BH )y = 3.5 MGOe.

Workers at Matsushita!” later extended the Philips work by making additions of
carbon and studying a great variety of compositions and heat treatments. By solution
treating at about 900°C, quenching at 300°C/min or higher, and then aging between
480 and 650°C, isotropic magnets were produced with energy products up to
1.7 MGOe. By subsequent extruding at 700°C, followed by aging at 700°C, anisotro-
pic magnets could be produced with B, = 58 kG, H, = 3.2 kOe, (BH),., = 6.3
MGOe. Willems"¥ has reported on isotropic magnets prepared from powders pro-
duced by melt extraction. For magnets with 0.5 wt% C, he obtained B, = 3.4 kG, H.
= 1660 Oe, and (BH),,, = 1.5 (MGO).

We have examined a variety of approaches for this system. Spark-eroded particles
have been prepared for Mng sAL,Coys (Wt%) electrodes and charge in dodecane and
liquid Ar. We have used reactive spark erosion to introduce the C by spark eroding
MnjAly, electrodes and charge in dodecane and ethyl alcohol. The composition
Mn;; sALCos has also been examined. The electrode and charge material in each case
was annealed at 1000°C for 3 hr in Ar to insure homogeneity. The general objective
was to prepare particles that were initially in the high temperature hexagonal e-phase
and then anneal them to develop the optimum magnetic 7-phase.
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Mg.sAle.sCos in Dodecane

For this composition, ribbon was prepared by chill casting in order to serve as a
reference point, particularly with respect to magnetization. Table 4 summarizes the
annealing conditions and the resulting magnetic properties; all anneals on these and
the spark eroded samples were carried out in purified N,. The values in Table 4 are
similar to those reported by Willems"® for particles of the same composition prepared
by melt extraction. Willems’ H, values were about 1600 Oe.

Spark erosion of Mngy sAlgCos in dodecane was the test system for the Mn-Al-C
particles, and a large number of runs were made. Some typical run conditions and
magnetic data are shown in Table 5. As-prepared, the x-ray spectra of all particies
showed only the high temperature hexagonal ¢-phase. Figure 9 is an SEM of <10um
as-prepared particles. The surface features on the generally spherical larger perticles
may be a thin polymer coating due to pyrolysis of the dodecane. C-analysis showed a
much higher C-content than the initial 0.5 wt%. For example, the 20-30 um particles
contained 2.5 wt% C, m the smaller particies even more. X-ray analysis of annealed
particles showed the magnetic r phase as the major phase, minor amouats of the equi-
librium phases, and traces of Mn;AIC. Chemical analysis of the particles showed that
the Mn concentration was 2.5 wt% (20-30 um) and 3.5 wt% (<10 xum) lower in the
spark-eroded particles than in the original charge. Apparently, the higher vapor pres-
sure of the Mn as compared to Al was responsible for this behavior.

As shown in Table 5, we annealed the 20-30 um particles for 1 hr at temperatures
between 650 and 700°C to find the temperature producing the highest moment. This
temperature was 675°C; samples of all sizes were then annealed for 1 hr at 675°C.
From Table 5, we see that o decreases and H. increases with decreasing particle size.
Since higher C and decreasing Mn- content were also associsted with decreasing diam-
eter, the particle size dependence of deviations from nominal composition can certain-
ly account for the moment behavior. We are currently analyzing the dependence of
the microstructure on particle size to gain a clearer understanding of the moment and
coercivity behavior., We note the 20-30 um particles show a BH,,,, of 1.2 MGOQe.

Mng sAly4Cos in Liquid Ar

In order to avoid carbide production, particles were prepared by spark erosion in
liquid Ar for Mngy sAly oCy s electrodes and charge. Two power settings (i.e. conden-
sor sizes) were used: the normal high setting (~25 uF) and the medium setting (~12
#F). The resuits were not encouraging. We seemed to have traded one set of prob-
lems for another. The lower boiling point and specific heat of the Ar seemed to en-
courage dissociation of the alloy and the vapor sheath from the boiling Ar produced
slower cooling. X-ray spectra of as-prepared particles showed the presence of
significant amounts of phases other than the deserved hexagonal ¢-phase, particularly
for the smaller particle sizes. Lower power was beneficial in this regard. Apparently
there was less preferential vaporization of the Ma with respect to Al. Figure 10 is an
SEM of the <10 um particles produced at medium power. Powdery ‘‘debris’ is visi-
ble in addition to the spherical particles. Presumably this ‘‘debris’’ coasists of very
fine particles which would not be collected from a dodecane run, since they would be
enmeshed in the polymer. With the Ar, these very fine, likely non-stoichiometric per-
ticles are present. Figure 11 shows an optical micrograph of 20-30 um particies aiso
prepared at medium power. The multiphase nature is evideat. The low moments in




| i Table 6 are consistent with these structural problems. However, it is evident that
lower power sparks are beneficial in this case, i.e., higher o values are attained.

Table 4

Anpesling Cenditions and Magnetic Propertios of
Chill Cast Ribben, Mngy sAlyy ¢Cos (Wt %)

Annealing Anneal @,25kOe¢ H,
Temperature(°C) Time(hr) (emu/gm) (Oe)
| 450 0.25 820 137§
! 450 1 104.6 1360
: 450 2 102.5 1330
' 450 20 101.6 1345
@ 500 025 946 1345 .‘
. 500 1 101.4 1310
: i 500 4 102.2 1310
' | 500 2 1040 1375
550 0.25 102.1 1310
| 550 1 1026 1310
! 550 4 104.5 1310
' Xl
| Table §
. { Annealing Conditions and Magnetic Properties of ]
1 ! Particles Spark Ereded in Dedecane with
r : Mgy sAlyy ¢Co.s (wt %) Electredes and Charge
2 S Diameter Temperature Time o,25kOe H.
8 (um) (*C) (he) (emu/gm) (Oe)
20-30 650 1 58.6
662 1 67.2
678 1 70.0
‘ . 687 1 66.2
- 700 1 a3
o g <10 678 1 636 3130
FENFRE 10-20 675 1 6.2 3120
A 20-30 675 1 700 3008
k e 30-38 675 1 N3 2098
‘SR - 31s 675 1 73 s




B Ry o e

- Bier

LemE e

Figure 9. Scanning electron micrograph of <10 um particles spark eroded in dodecane for
Mg sAlsy Cos (Wi%) electrodes and charge.

Figure 10. Scanning electron micregraph of <10 um particles spark ereded in liquid Ar at
medium power from Mngy sAls g Co s (Wt%) electrodes and charge.
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Figure 11.

Optical micrograph of sections of 20-30 .m particles spark eroded in liquid Ar at

medium power from Mngy sAly (Co s (Wi%) electrodes and charge.

Table 6

Annealing Conditions and Magnetic Properties of Particles

Spark Eroded in Liquid Ar with Mngo <Al oCos
Electrodes and Charge

Diameter Power Temperature Time  .25kOe H,

(um) (°C) (hr)  (emu/gm) (Oe)
<10 High 600 0.5 89 2370
High 600 i 12.4 2500
High 600 16 16.0 2655
10-20 High 600 0.5 20.4 2218
High 600 1 308 2290
High 600 16 342 2420

20-30 High 600 0.5 §7.5
15 69.2 2090

Medium

<10 Medium 600 15 285 2690
10-20 Medium 600 15 50.5 2330
20-30 Medium 600 15 nse 197§
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It seemed logical to provide the C by reactive spark erosion of MnyAly, in dode-
cane. These samples were analyzed for C, and indeed the C-content varied monotoni-
cally from 3.36 wt% C for <10 um particles to 2.04 wt% C for 30-38 um particles.
The <10 um samplie also showed ~1 wt% less Mn than the 20-30 um sample. X-ray
spectra of these perticles indicated only the presence of the high-temperature hexago- -
nal e-phase; there was no indication of any carbides in the as-prepared particles. After
annealing, however, there were possible traces of Mn,AIC. A possible explanation of
the lack of x-ray indication of carbides in the as-prepared samples is that most of the C
present was in a pyrolyzed surface layer which reacted with the particles on annealing.
Figure 12 shows the fine structure of the as-prepared particles of the two size ex-
tremes.

The dependence of o and H, on annealing time and temperature is shown in
Table 7. Moments are higher in the optimal region than with the previously discussed
preparation methods. Considering the 575°C anneal, the <10 xm sample annealed
for 1 hr and the 20-30 um sample annealed for the same time have BH,,, values of
1.2 and 1.4 MGOe, respectively. The hysteresis loop of the latter sample is shown in
Figurel3. Two features may be noted. The large high field siope resuits from the
> 40 kOe anisotropy field in these materials. It is probable that alignment while sinter-
ing these particles into billets would significantly increase the energy product, as re-
ported by Itoh et al.®’ This is also suggested by the fact that the loop is open at the
maxium applied field, i.e. there are some extremely hard particles in this sample.

MnyyAly, in Ethyl Alcohel

In order to examine the effects of reducing C content, particies were spark eroded
in ethyl alcohol from Mny,Aly, electrodes and charge. Chemical analysis showed that
the C was about 50% of that found in particles prepared in dodecane. X-ray analysis
showed that both the <10 and 20-30 um as-prepared perticles contained the e-phase
with a trace of the equilibrium AlLMn; phase; there was no x-ray indication of carbide.
After annealing the particles, the x-ray spectra showed the magnetic  phase with
traces of the equilibrium phases and no evidence for carbides. Figure 14 shows SEMs
of <10 and 20-30 um particies as-prepared. We note that some of the 20-30 um par-
ticies are composed of clusters of smaller particles. Such particles are not characteristic
of spark erosion in dodecane and may be a consequence of the lower boiling point of
the ethyl alcohol and the reduced polymer production, i.e. the smaller particles are
not as likely to be enmeshed in the polymer and therefore can collect in a lightly sin-
tered cluster. :

Table 8§ shows some magnetic data after annesling. Samples were given successive
anneals for the total times indicated. The particles were immobilized in parafiin only
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!. Table 7
i 4
¢ Annealing Conditions and Magnetic Properties of
Particles Spark Eroded in Dedecane with
% MnsgAly, (wt %) Electrodes and Charge
%" Diameter Temperature Time o ,25kOe H,
: (um) (°C) (bhr) (emu/gm) (Qe)
<10 500 0.25 62.1 2785
0.5 66.5 2925
i 1 70.4 3065
: 2 7.5 3240
20-30 500 0.25 70.0 2845
0.5 74.9 3005
1 713 3130
2 76.1 3275
. <10 575 0.25 T4.4 3370
’} 0.5 74.6 3558
i 1 729 3555
, 2 70.2 3570
§ 20-30 575 0.25 78.7 3240
i 0.5 80.7 3240
1 80.6 3225
2 74.5 3200 {
<10 600 0.25 70.6 3480
<10 625 0.28 732 3480
<10 650 0.25 720 3415
<10 675 0.25 74.6 3320
0.5 69.2 3320
1 69.7 3240
2 62.9 3250
: 10-20 675 0.25 76.6 3130
ot 0.5 73.0 3145
. 1 70.6 3085
2 66.9 3085
20-30 675 0.25 72.2 2875
0.5 76.3 2925
] 1 2.5 2965
2 69.0 2855
30-38 675 0.25 740 2815
0.5 75.3 2665
; - 1 78.3 2690
- 2 709 2765
: Ny 38.75 - 675 0.25 76.5 2610
: . 0.5 76.3 2660
Y 1 771 2640
' 2 73.1 261
.k
8
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3 ! E 3
o 2 Figure 12. Optical micrographs of sectioned particles prepared by spark erosion in dodecane
, l of Mnq,Aly, (wt %) electrodes and charge; (2) <10 um, (b) 38-75 um.
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Figure 13. Hysteresis loop of 20-30 um diameter particles spark eroded in dodecane using
! Mnq0Al;, (wt%) electrodes and charge after annealing 1 hr at 5§75°C.

for much higher energy product. Figure 16 shkows sections of <10 and 20 - 30 um
particles annealed 16 hr at 500°C. There is considerable difficulty in resolving the
features in the smaller particles due to problems of preparing sections of such small
particles. However, one gets the impression of considerably smaller crystallite sizes in
the <10 um particles. We hope to resolve this question with transmission electron
. microscopy. If indeed there are much smaller crystallites in the <10 um, this might
. explain both the lower moment and higher H.. The moment might be lower because
! of the larger volume of disordered alloy on the surfaces of the grains of the <10 um
particles. The higher H, may simply result from a more nearly single domain size for
the crystallites in the smaller particles. The question is basic to deciding on optimum
preparation conditions.

Mn,, s AlC, s in Dodecane

Particles were spark eroded in dodecane using electrodes and charge with a higher
Mn content to counter the preferential vaporization of Mn. The composition exam-
ined was Mnj; sAl;gg Cos (Wt%). Table 9 lists some results for various auneals. These
samples were annealed successively at the indicated temperatures and only after the
last anneal was the sample immobilized for a reliable H. measurement. We note that
the highest H, values for both the <10 and 20 - 30 um samples encountered in the
Mn-Al-C system are those for 4 hr at 550°C for this sample. The examination of this
system is in a very preliminary stage. However, it does appear that there is some merit
in adjusting composition.

Summary of Mn-Al-C Results

Although this work is not completed, it is clear that spark eroded particles are very
promising materials for producing sintered compacts. The energy products are in the
same range as the best isotropic magnets previously reported. It is clear that optimiza-
tion of composition and dielectric used will bring further improvement. Hot pressing
and/or hot swaging this material is the next step.

22
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(b)

Figure 14. Scanning electron micrographs of particles prepared by spark erosion in ethyl
alcohol using Mn;gAlsy, (wt%) electrodes and charge: (a) <10 um, (b) 20-30 um.
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Table 8

Annesling Conditions and Magnetic Properties of
Particles Spark Eroded in Ethyl Alcohol From
MnjyAlyy (wt %) Electrodes and Charge

Diameter Temperature Time o, 25kOe H, (Oe)
(um) 0 (hr) (emu/gm)
<10 500 0.25 54.1
1 60.3
2 60.5
6 62.6
22 53.9 3840
20-30 500 0.25 59.3
1 T |
2 74.6
6 76.9
: 22 79.1 -2690
. <10 525 0.25 594
0.5 61.4
, 1 62.5
i 2 60.3 3400
20-30 525 0.25 70.2
0.5 75.3
1 76.4
. 2 78.4 2420
¥
i GOF

-

Figure 15. Hysteresis loop of <10 um particles spark eroded in ethyl alcohel from MniAly,
(wt%) electrodes and charge. Particles annealed 22 hr at 500°C in N,.
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i Figure 16. Optical micrographs of sectioned particles prepared by spark erosion in ethyl )
! alcohol using MnyAly, (wt%) electrodes and charge. Particles annealed 16 hr at L

500°C in N,: (a) <10 um, (b) 20-30 um.
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Table 9

Annesling Conditions and Magnetic Preperties for
Particles Spark Ereded in Dedecane Using
Mnqy; sAlyg ¢Co.s (Wt %) Eloctrodes and Charge

SIS

Diameter Temperature Time o ,25kOe H.

* (um) (*°C) (hr) (emu/gm) (Oe)
: <10 450 0.25 37.2
T 1 53.0
2 571
4 61.8

| 20 51.5 2325

]

! 20-30 450 0.25 15.3
} 1 51.9
2 68.0
4 75.4

; 20 727 3255
' <10 500 0.25 58.1
‘ 1 59.5
4 58.8
20 50.5
y 20-30 500 0.25 68.4
; : _ 1 7.5
| 4 73
i 20 68.3
<10 550 0.25 60.6
1 65.1

i ‘4 53.1 3860
20-30 550 0.25 73.6
1 2.6

4 69.6 3635
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PUBLICATIONS

1.

2.

‘“Polarized Neutron Study of Magnetization Density Distribution Within a
CoFe;0, Colloidal Particle,”” A.C. Nunes, C.F. Majkrzak, and A.E. Berkowitz, to
be published in J. Magn. Mag. Mat., draft provided as Appendix A.

“Crystallization of Amorphoys FeysSi;sB,o Ribbon and Powder’’ J.L. Waiter, A.E.
Berkowitz and E.F. Koch, to be published in Mat. Sci. Eng., provided as Appen-
dix B.
We expect to publish a paper on the dependence of hysteresis properties on
the different crystallization stages and kinetics resulting from different
quenching rates in spark eroded and chill cast ribbon of composition
FessSiisB,o.

A paper on spark eroded Mn-A|i-C particles will be published.
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ABSTRACT

Magnetization and Mossbauer data suggest that a magnetically anomalous region
exists within finely divided CoFe,0, particles when coated with oleic acid [1]. We
have undertaken an x-ray and polarized neutron powder diffraction study of these
samples with and without the surfactant coating in an attempt to locate and character-
ize this anomalous zone. The shape of neutron scans of the (4,0,0) reflection are in-
dependent of polarization, indicating that the reflecting crystallites are uniformly mag-
netized. Magnetization calculated from the peak flipping ratio is characteristic of un-
coated rather than coated particles in both cases. Scan widths of both x-rays and neu-
trons are narrower for the sample from which the chemisorbed surfactant has been
largely removed, indicating an increase in the size of the coherent lattice of a crystal-
lite. These observations are consistent with the existence of a highly strained surface
layer roughly 10 & thick characterized by pinned spins associated with the presence of
oleic acid, which relaxes to a more normal lattice structure upon boiling off the surfac-
tant.

I. INTRODUCTION

We wish to present preliminary findings of an investigation into the magnetization
density distribution within very finely divided CoFe,0, particles (diameter ~100 &)
employing x-ray and polarized neutron powder diffraction line shape analysis. Ber-
kowitz et al. [1] report magnetization and Mossbauer data taken on these samples
which suggest that a magnetically anomalous region exists within the particles when
coated with a chemisobed surfactant, oleic acid. This anomalous region, presumed to
exist at the ferrite-surfactant interface, may comprise nearly half of the ferrite volume
of the particle and is characterized by pinning of the magnetically ordered spins.
These ‘‘pinned spins’ are not polarized in an externally applied field of 207 kOe. In
the present work, we investigate the internal magnetization density distribution and
the crystallite size of the ferrite particles with the surfactant intact and after having
driven off much of the surfactant by heating. Through these investigations, we gain
further insight into the atomic events which give rise to the observed magnetic
behavior.

Two questions are addressed here:

e [s the magnetically anomalous behavior localized at the particle-surfactant interface
or is the entire volume of the particle somehow affected?

o To what extent is the crystal structure of the ferrite modified by the presence of
the surfactant?

II. METHOD

We are employing polarized neutron powder line shape analysis to determine the
radial distribution of the magnetization density within a tiny magnetic particle. To our
knowledge, this is the first such study and so deserves some elucidation.

Consider an unstrained spherical crystai of radius R. It can be shown [2] that the
intensity scattered at an angle 36 from a Bragg reflection (scattering angle = 20,) will
be proportional to

1(q) = (F(h,k,)G(R,q))? Q)




where F(h,k,!) is the structure factor associated with the Bragg reflection identified by
the Miller indices 4.k, and /. G(R,q) is the spherical Bessel function given by

- 3 | sin R! - COOR!
G(R,q) = 4=xR [ R " (Re)? @

and
4w (sin (¢, + 8¢) — sin @,)
q = N

3

1(q) is approximately a Gaussian whose width Aq is inversely proportional to R. Thus
from Aq (the powder line width corrected for instrumental broadening), one can
determine the size of the crystallite in & from

R = 3.652/Aq | 4)

where Ag is the full width at half maximum of 1(q) expressed in A,

If the particles are ferromagnetic and polarized perpendicular to the scattering
plane, and the incident neutrons are aiso polarized parallel (+) or antiparallel (-) to
the sample magnetization, the structure factor becomes the sum of magnetic +Fy and
nuclear Fy parts (3]

F(h,k,1) = Fy(h k1) £ Fpy(h kD). (5)

If the magnetization is evenly distributed throughout the crystal, only the magni-
tude, not the width of I(q) will vary with the neutron polarization state (sign of Fy).
If the magnetization is restricted to a spherical core, leaving a nonmagnetic spherical
shell of thickness AR, Eq. (1) becomes

1(q) = [(r,, + F)G(R — AR.q) + Fy(G(R.q) — G(R — Ak.q»]’ 6)

which simplifies to
1(g) = (FyG(R,q) £ FyG(R - AR ,q))? )]

This is also true if the outer layer is paramagnetic or composed of randomly oriented
pinned spins, in which case there will be magnetic scattering from the shell, but it will
be incoherent and will not contribute to the Bragg intensity. Note that now not only
the magnitude but also the shape of /(q) is dependent on the sign of the neutron po-
larization. If R is 50 A and AR is 10 A, using nuclear and magnetic structure factors
determined by Prince [4], one finds that the width of the (4,0,0) reflection of CoFe,0,
(for which | F,, | == | F5 |) should vary by more than 10% with a change in neutron po-
larization. Also the integral flipping ratio, given by

R(h,k,)) = M 3)

J RO
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will be approximately 6, as opposed to R,(4,0,0) = 97 for a uniformly magnetized
sample. The fraction specific magnetization of the particle (total magnetization relative
to the saturation value) is found from

Fv | R, +1x2VR
Mo l" -1 @

Eq. (9) has two solutions, and one must choose the more physically sensible.

It should be noted that if one replaces the structure factor with a scattering density
and performs the experiment at (#,k,/) = (0,0,0), all formulae remain otherwise un-
changed; however, the experiment is often called ‘‘small angle’ rather than powder
scattering. Magnetic small angle scattering experiments have been reported on nickel’
(S] and cobalt [6]; however, interparticle interference terms can be very important,
especially if chaining or particle agglomeration is significant {7,8] and cannot be ig-
nored. Interparticle interference is usually unimportant in Bragg scattering, as the very
stringent lattice coherence requirement betw en two particles for such interference in .
a powder reflection renders the probability of such events extremely small.

! Additional complications are introduced by the fact that the particles are neither
' perfectly spherical nor monodispersed. Electron micrographs [1] show particle images
which are irregular but approximately spherical. This hac the effect of altering the
constant in equation (4) by at most a few percent (see particle shape dependence of
the Scherrer constant, Table X.1, James (2]). Electron micrographs of similarly
: prepared particles also show the particle size to be log normally distributed (9]

nR-1nR,|
Ino

P P(R) = N,,e"”[ (10)

it -

with approximate parameters R ~ 50 &, In ¢ = 0.2. To include this quantity, equa-
tion (7) becomes

1) = [ (FyG(R) £ FMG(R — AR)?P(R)dR an
R=0
The effect of properly including P(R) is to change the constant of Eq. (4) from 3.65 to
2.71. The expected sample flipping ratio is increased (to ~ 10); however, the magni-
tude of the change in Aq with neutron polarization is little altered.

Therefore, from measurements /, (¢) and /. (¢) for certain powder reflections,

: ' one should be able to determine sample magnetization (as a fraction of the saturation
] A value, Eq. 9) and, from the polarization-dependent widths Ag. and Ag_, determine R
! and AR of the particie.

II1. SAMPLE PREPARATION

_ Samples were prepared by prolonged grinding in a ball mill in kerosene and oleic
3 acid, followed by centrifugation and washing as described in Reference 1. Chemical
1 analysis reveals contaminants from the mill, and mill balls are present [1]. In seeking 3
i evidence of these contaminants in x-ray powder patterns of two samples, one CoFe,0,

!

| and the other MgO (both prepared in the same way), we found none. We conclude
f that the contaminants do not contribute significantly to the observed Bragg peaks, but
{ rather to the background scatter.
l
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After grinding and centrifuging at 17 kG's for 20 minutes, the suspended material
remaining was dried and washed with methylene chloride, leaving particles coated with
one to two monolayers of oleic acid [1]. A portion of this was then heated in air for
10 minutes at 300 °C, which removed more than 80% of the remaining surfactant.

IV. SCATTERING EXPERIMENTS

Polarized neutron scattering experiments were performed at the High Flux Beam
Reactor at Brookhaven National Laboratory. The monochromator was a bent pyrolytic
graphite crystal. Beam polarization was provided after the sample with a Heusler alloy
crystal. Beam polarization was characterized by a flipping ratio of +1. The sample was
mounted in a flat aluminum sample holder in a 4.5 kOe field perpendicular to the
scattering plane. No depolarization of the beam transmitted through the sample couid
be detected.

X-ray powder data was taken on a 6—2¢ diffractometer at the University of Rhode
. Island. The results of both neutron and x-ray scans of the (4,0,0) reflection of
' CoFe.0, are summarized in Table 1. Peak widths Aq have been corrected for instru-

ment resolution.

Tabie 1

SUMMARY OF EXPERIMENTAL RESULTS OF POLARIZED NEUTRON
AND X-RAY STUDY OF THE (4,0,0) BRAGG REFLECTION OF CoFe,0,
COLLOIDAL PARTICLES IN A MAGNETIC FIELD OF 4.5 kOe

9 . Neutron-Sampie | Neutron Scan | Flipping % X-Ray Particle Radius
¢ Sample Polarization q Width Ratio | Magnetization | qWidth | Ro=2.71/aq, (A)
; agn (A7) R M aq, (AH
; CoFe,0, + P 0.08 +0.003
{ 34203 | G7x0% | 0092 £0.003 29 £1
{ Oleic Acid 11 0.085 +0.003
COFon‘ 1 ! 0.069 +0.001
38201 ) (39 +D% | 0.065 £0.001 42 206
After Heating t 0.070 +0.002

V. DISCUSSION

There are three striking features of these data. First, the percent magnetization of
the ferrite derived from the flipping ratio is unchanged by boiling off most of the sur-
factant, and its value is approximately that derived from magnetization experiments on
the uncoared particles [1). Second, the neutron scan widths are, within statistics,
polarization-independent, indicating that the magnetization is uniformly distributed
throughout the coherently scattering part of the crystallite. Third, the size of the
coherently scattering region of the particle R, is significantly incre~<ed by boiling off
most of the surfactant. As it seems unlikely that annealing CoFe,u, at 300°C for ten
minutes can result in significant melting and recrystallization, we tentatively interpret
this apparent ‘‘particle growth’’ as a relaxing of a seriously strained surface back to
normal ferrite lattice positions with the removal of the surfactant.
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These observations and those of reference 1 are consistent with a model in which

the chemisorption of oleic acid on the surface of CoFe,0, causes spin pinning at the
surface and simultaneously distorts the surface region of the ferrite such that those
molecules can no longer participate in the Bragg scattering from the crystallite. This
surface layer is approximately 10 & (~2 molecules) thick. The percent magnetization
of the inner unstrained region of the particle is lower than that measured for bulk
CoFe,0,, and while it is consistent with magnetization measurements on very smali
particles, this indicates that even when uncoated, no region of these tiny particles is
truly “‘bulk like’’ in character.

In these respects, these resuits are similar to recently reported NMR studies of

chemisorption on tiny platinum particles [10], leading to the following questions:

o How large must a particle be to be “‘bulk like’’?
¢ How do material characteristics depend upon particle size?

e Is the surface of a large particle similar to that of a very small one, or is the
curvature of the surface as important (or more important than) the simple
density discontinuity?

The need for more work, both theoretical and experimental, is recognized.
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Crystallization of Amorphous Fe,¢Si; B,
Ribbon and Powder

J.L. Walter, A.E. Berkowitz, and E.F. Koch

1. INTRODUCTION

The alloy FesSi sBip (atom percent) has been
formed as amorphous ribbon by chill casting and as
amorphous powder by spark erosion in organic dielec-
trics.!!'=* The spontaneous magnetization, o,, and
the Curie temperature, T, were lower in particles of
similar dimensions as the ribbon and both decreased
with decreasing particle size. Mossbauer spectra taken
at 295K and 77 K showed a reduction in peak and
mean hyperfine fields and an increase in line width
from the ribbon through the smaller particles. These
resuits were interpreted to mean that the chemical
short range order (CSRQ) of the ribbon was greater
than that of the particles and that the CSRO decreased
with decreasing particle size.?’ It was concluded that
the reduction in CSRO was the result of an increase in
metalloid concentration around some iron sites in the
amorphous matrix.®’ Recent measurements of the
radial distribution function of both ribbon and parti-
cles by the energy dispersive X-ray diffraction tech-
nique are also consistent with decreased compositional
short range order in the particles compared with the
ribbon.*

The crystallization temperature, as measured by
differential scanning calorimetry (DSC), increased
from ribbon to particles and increased with decreasing
particle size.” This difference in crystallization tem-
perature, together with differences in the number of
crystallization events in DSC,® indicated significant
differences in the mechanism of crystallization which
could arise from the structural differences in these
amorphous Fe,8i 5By alloys. For this reason, we
have examined samples of ribbon and powder at vari-
ous stages of crystallization using X-ray diffraction and
transmission electron microscopy.

2. EXPERIMENTAL PROCEDURE

The starting material for ribbon and powder
preparation was a 1.2 cm thick slab melted and cast
under argon into a copper chill moid. The constitu-
ents were 99.9% Fe, 99.8% B, and Si with 1 ppd impur-
ities. The ribbons were cast on a 15cm diameter

* Messurements and interpretations by S. Aur and T. Egami of

the University of Pennsylvania. To be published in ‘‘Physical
Review."

Manuscript received November 19, 1982,

copper drum at surface speeds of 30 and 43 m/s.'®
Ribbon thicknesses were 17.5 and 27 im, respective-
ly, and they were 1-2 mm wide.

The powders were produced by spark erosion
which consists essentially of maintaining a repetitive
spark discharge between two electrodes immersed in a
dielectric fluid as discussed in References2 and 4.
The dielectric fluid was dodecane (CH;(CH,) (CH3).
The spark discharge caused smail regions of the efec-
trodes to be heated rapidly above the meiting tempera-
ture to produce small molten dropiets or vaporized re-
gions which were ejected into the dielectric to be rap-
idly quenched. The particles were generally less than
40 microns in diameter. Size fractions in the range
9.5 microns to 38 microns were prepared by sieving.
All ribbon and powder samples were examined by
X-ray diffraction initially to be certain that they were
amorphous. Samples of ribbon and powders were an-
nealed in two ways. The long term anneals were per-
formed by sealing the sample in glass or quartz tubes
which were evacuated, backfilled with purified nitro-
gen, and sealed. Other samples were annealed in va-
cuo. All of these samples were annealed isothermally.
Other sampies of approximately 5 mg weight were
heated in a Perkin-Elmer DSC at 40°C/min. to deter-
mine the crystallization temperatures and characteris-

“tics. New samples were then heated in the DSC to a
predetermined temperature corresponding to some
fraction of ccmplete crystallization. These annealed
samples were also examined by X-ray diffraction.

Magnetic properties of all samples were measured
with a vibrating sample magnetometer (VSM) in fields
up to 25 KOe. An atmosphere of nitrogen was main-
tained in the instrument during measurements above
room temperature. The usual heating rate was about
7°C/min. Curie temperatures, T, of the amorphous
phase and any crystalline phases formed on heating
were determined by temperature sweeps in the VSM
in 50 Oe applied field. T, data provided information
concerning the crystalline phases formed on anneal-
ing.

Both ribbon and powder samples were examined
by transmission eiectron microscopy (TEM) in the
as-formed state and after partial and complete crystal-
lization. The technique for preparation of the powder
samples for TEM is described elsewhere. ®’
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3. EXPERIMENTAL RESULTS

Figure 1 shows a scanning electron micrograph of
particles of Fe,sSijsB,o formed by spark erosion in
dodecane. They are generally smooth and spherical
with no surface structure or coating. Etched sections
of unscreened particles, Figure 2, show no sign of
crystals except for the largest particles, those in excess
of about S§Omicrons in diameter. An X-ray
diffractometer trace is shown in Figure 3a for particles
less than 38 microns diameter and in Figure 3b for
27 um thick ribbon. The diffractometer pattern for
both showed two broad maxima. Tablel lists the
d-values for various powder and ribbon samples.
These d-values yield an atom-to-atom distance of
about 2.47 A which is related to Fe-Fe pairs. In the
size range up to 38 um the particles are completely
amorphous. The cast ribbon is similarly amorphous.

3.1 Loug Term Anneasls Below the Crystallization
Temperature

Samples of ribbon and particles were annealed at
633K and 648 K for 27 and 21 days, respectively, in
purified nitrogen. Examination of the annealed sam-
ples by transmission electron microscopy (TEM)
showed no variations in microstructure except for the
ribbon sample heated at 648 K. In this sample were a
very few alpha-iron crystals similar to those in the hy-
poeutectic Fe-B alloys heated to the first stage of crys-
tallization.” These crystals existed only near the edge
of the ribbon. The d-values (listed in Table I) are shar-
ply reduced for the ribbon by the 21-day anneal at
648 K while the d-values for the particles, initially the
same as the ribbon, did not change on annealing. Fig-
ure 4 shows a transmission electron micrograph and

Table [

d-VALUES OF AMPOPHOUS PHASE
OF RIBBONS AND POWDERS

Particles
Annes! Ribbon 10-20u  20-30 4
None 2,03 2.04
1.22 1.21
1.03 1.03
633K-27 days 2.02
1.22
1.02
648K-21 days 1.95 2,04
1.16 1.20
0.99 1.04

Beginnining Cryst. 2.00 2.04 2,04
1.20 1.22 1.21
1.03 1.08

50% Crysmallization 2.04

the selected area diffraction pattern of a particle of 20-
30 micron powder heated for 21 days at 648 K. There
was no evidence, either in ribbons or particles, of the
formation of microcrystals of supersaturated solid
solutions observed by others'®~'? in alloys of similar
composition annealed at similar temperatures for
similar lengths of time. .

Maossbauer spectra were obtained at 295K and
fitted with a distribution of hyperfine fields, p(H),
determined by the Fourier series method of Win-
dow.!" The data for H ., from as-prepared ribbon
and powder and after the 21-.day anneal at 648 K are
given in Table II.

Table 11

MOSSBAUER DATA FROM AMORPHOLUS Fe;Si;sB,,
RIBBON AND PARTICLES

H megn (295K) kOe

Sampie As-prepered  648K-2] days % change
Ribbon 245 243 0.8
20-30 um 205 223 +9.0
10-20 um 186 202 +9.0

3.2 Differential Scanning Calorimetry

Figure 5 shows examples of DSC thermograms for
the ribbon and various size fractions of the powders.
The heating rate was 40°C/min. There are two
differences between the ribbon and the powder. First,
the thermogram of the ribbon exhibits two crystalliza-
tion events as is indicated by the two peaks. There is
also a third broad exothermic feature at higher tem-
peratures. Kemeny et al!'? have reported two exoth-
ermic peaks for amorphous ribbon of this composition
and attributed the second peak to the ordering of the
off-stoichiometric equilibrium Fe;Si phase. The ther-
mograms of the particles (Figure 5) show a range of
crystallization behavior depending upon the particle
size. The 20-30 um particles crystailize at the lowest
temperature for the particles with a small shoulder on
the high temperature side of the peak. The <10 um
particles exhibit a sharp crystallization peak at about
the temperature of the shoulder of the crystallization
peak of the 20-30 um particles. The 10-20 um parti-
cles appear to have components of both the high and
low temperature events. The temperature of the start
of crystallization, T,, and of the peak of heat evolu-
tion, Ty, increased with decreasing particle size. The
values of T, are plotted as a function of particle diame-
ter and ribbon thickness in Figure 6. The 17 micron
thick ribbon was cast at a higher wheel speed than was
the 27.5 micron thick ribbon. There is no significant
effect of ribbon thickness on T, but there is a marked
effect of particle diameter on T,. Similar differences
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also appear in the measurement of the heat of crystal-
lization, AH, made in the DSC using the heat of fu-
sion of In as the standard. Values of AH for the parti-
cles are plotted in Figure 7. Included in the plot are
values of AH for the first crystallization peak of the
ribbon (R1) and AH for all three exothermic peaks
(R2). The presence of multiple peaks in the DSC test
of the ribbon makes it difficult to compare directly
with the powders. However, in the case of the parti-
cles, there is a marked decrease in the heat of crystalli-
zation with increasing size.

3.3 Transmission Electron Microscopy

3.3.1 Crystallization of Ribbon

Samples of ribbon and powders were examined by
transmission electron microscopy. All samples were
thinned by ion milling. Figure 8 shows a TEM of a
sample of as-cast ribbon. The electron diffraction pat-
tern of this area is shown in the inset. The diffuse na-
ture of the diffraction rings indicate the amorphous
nature of the ribbon. The d-values of the ribbon are
listed in Tabie I.

Approximately 5 mg samples of ribbon were crys-
tallized by heating in the DSC at 40 K/min to the
desired temperature at which point the samples were
rapidly cooled. Figure 9a shows crystals in a sample of
ribbon heated to 832K, the temperature at which
crystallization just begins. The electron diffraction
pattern of the crystal indicated by the arrow is shown
in Figure 9b. The pattern reveals both a highly perfect
single crystal and the amorphous rings of the matrix.
The crystal is Fe,Si with a <321> normal. There are
aiso present crystals of different morphology, an ex-
ample of which is shown in Figure 10a. The electron
diffraction pattern (Figure 10b) of the crystal indicat-
ed by the arrow in Figure 10a shows it to be alpha iron.
Thus, both Fe;Si and alpha iron occur as initial crystal-
lization products in the ribbon.

Other samples of ribbon were heated to 890 K and
rapidly cooled in the DSC. This temperature includes
all of the exothermic events for the ribbon. It is as-
sumed that all of the crystallization and transforma-
tion events have been compieted. Figure 11 shows an
area of ribbon given this anneal. There is no amor-
phous material remaining. The grain size averages
about 0.05 micron and it is difficult to distinguish one
grain from another. Analysis of the diffraction pattern
of this area, (inset, Figure 11), shows the presence of
both Fe,B and Fe;Si grains. Additional samples of rib-
bon were annealed at higher temperatures for longer
times to increase the grain size to the point where
selected area diffraction patterns could be obtained
from individual grains. Figure 12 shows an area of rib-
bon which was annealed for 1 hr at 973 K in nitrogen.

The grain size has increased by a factor of two as a
result of the anneal. However, as the electron
diffraction pattern of this area in Figure 12 (inset)
shows, the grain size is still too small for crystal struc-
ture determination by selected area diffraction of indi-
vidual crystals. Another ribbon sampie was heated at
1073 K for 24 hrs in nitrogen. As Figure 13 shows,
there has been considerable grain growth during this
anneal and grains of both phases are clearly delineat-
ed. The electron diffraction pattern, Figure 13b, ob-
tained from the grain containing the stacking faulits
(marked #1) shows this grain to be b.c.t. Fe,B. The
crystallographic normal of this grain is <513>. The
diffraction pattern of the speckled grain adjacent to the
faulted grain in Figure 13a (marked #2) is shown in
Figure 13c. This grain is orthorhombic Fe;(Si,B) with
a <513> normal and ap = 5.35, by = 6.66, and c,
=447 A.

3.3.2 Crystallization of 10-20 Micron Diameter
Particles

Samples of 10-20 micron diameter powder were
heated to 843 K in the DSC. According to the thermo-
grams, this is the temperature at which crystallization
is just beginning in the § mg sample. The number of
crystals in the particles ranged from none to the
number observed in the particie shown in Figure 14.
These crystais are aiso the largest ones found in this
sample, ranging from about 400 to about 800 A in di-
ameter. The most representative distribution of crys-
tals in this sample is similar to that shown in
Figure 15a, a region in another particle of this sample.
The diffraction pattern of the crystal marked by the ar-
row in Figure 15a is shown in Figure 15b. This crystal
has the b.c.t. Fe;B structure!* as do all of the crystals
formed in the early stage of crystallization of the 10-
20 micron powder. As discussed elsewhere ' and ob-
served in Figure 14, some of the spark eroded particles
contain small (90 to 500 A diameter) voids. It ap-
pears, from examination of Figure 14, that the Fe;B
crystals may favor nucleation at the voids.

3.3.3 Crystallization of 20-30 Micron Diameter
Particles

Samples of 20-30 micron powder were heated to
857 K, the temperature for the beginning of crystalli-
zation for powders of this size, and quickly cooled.
The area shown in Figure 16a contained the largest
number of crystals and the largest crystals of this sam-
ple. Most of the areas contained few or no crystals. It
would appear that most, if not all, of the crystais au-
cleated at voids in this area and the void-nucleated
crystals appear to be much larger than those that
formed in regions free of voids. Each crystal appears
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to be formed of subcrystals growing independently of
sdjacent subcrystals. Dark field transmission electron
microscopy caused only the subcrystals to be in con-
trast, not the entire crystal. The subcrystals consist of
fine strige about 3.5 to 4 nm thick. Electron diffraction
patterns of the crystals indicated by the arrows in
Figure 16a, Figure 16b, show these crymls also to be
b.c. tetragonal Fe;B.

Another sample of the 20-30 micron powder was
heated to $0% of crystallization in the DSC. In this
sample, some particles had not begun to crystallize
whereas other particles were completely crystallized.
Selected area diffraction of the crystallized particies
showed both Fe;(Si,B) crystals and Fe,B crystais.
Other samples of this powder were heated t0 925K, a
temperature well above that for complete crystalliza-
tion in the DSC. An example of the microstructure is
shown in Figure 17. The morphologies of the crystals
are quite different from those of the crystals in the rib-
bon heated to complete crystallization (see Figure 11).
Nevertheless, electron diffraction (inset, Figure 17)
shows the crystals to be Fe,B, Fe,Si, and Fe;(Si,B)
just as in the completely crystallized ribbon. Again, to
differentiate among the grains, additional samples of
the 20-30 micron powder were heated at 1073 K for

~ 8 hrs to increase the grain size. The resulting micro-

structure was very like that of the ribbon given the

same heat treatment in that the annealed powder par-

ticles consisted of weil defined reiatively large grains
of faulted Fe,B and speckled Fe;(Si,B) or Fe,Si.

4. DISCUSSION

4.1 Long-Term Annesls

The long-term low-temperature anneals increase
the average hyperfine field, H,,,, of the particles
while Hp,,, of the ribbon is essentially unchanged by
the anneal (see Table I1). According to previous argu-
ments,'” an increase in Hy,,, indicates a decrease in
the metalloid concentration about the Fe sites. In
essence, the chemical short range order (CSRO) of
the particles is increased by the low temperature an-
neal. The ribbon, already having a greater degree of
CSRO is unchanged by the anneal. Even after the
long time anneal, the extent of CSRO in the particles
is still less than that of the ribbon. The few alpha-iron
crystais that are formed in the ribbon as a result of the
648 K anneal might be expected for an alloy with less
than 20 atom percent boron.” The lack of crystalliza-
tion in the particies in the 648 K anneal may be attridb-
uted to the greater degree of chemical disorder in the
particles compared with that of the ribbon; that is, the
sctivation energy for diffusion may be higher in the
particles.

4.2 Crystallization

The initial formation of alpha-iron crystals and
Fe,Si or Fe,(Si,B) crystals in the ribbon rapidly heated
to just the beginning of crystallization in the DSC
would be expected for an iron-base alloy with a low
concentration of boron. ¥ This assumes that silicon
acts as a substitutional element replacing Fe atoms to
at least 15 atom percent. Thus, the alloy is hypoeutec-
tic with respect to boron and alpha iron crystals should
be expected to form early in crystallization. Silicon
makes it easier to make the alloy amorphous by liquid
quenching than would be the case for the Fe,sBys al-
loy. This is because the silicon sharply increases the
crystallization temperature! and, presumably the
glass transition temperature, while at the same time
decreasing the melting temperature.'® This should
provide a greater glass forming tendency for the
FeqsSisByo alloy compared with the FeisBys alloy
which is more stable than the alloys of Fe with less
than 17 atom percent boron. '’ The chemical disord-
er is greater in the more rapidly quenched particies
than it is in the less rapidly quenched ribbon. Thus,
there is a greater probability for some iron atoms in
the particles to have a greater number of boron atoms
as neighbors compared with the ribbon. It appears
that the boron enrichment is sufficiently great to form
Fe-B “‘clusters’!%!” which act as nuclei for the for-
mation and growth of Fe;B crystals in the particles.
These nonequilibrium crystais are aiso formed in both
the hypoeutectic” and the hypereutectic!!? Fe-B ai-
loys.

When the ribbon is heated to complete crystalliza-
tion in the DSC, the equilibrium phases for this alloy,
Fe,B and Fe,Si, are present®!? as is the Fe;(Si,B)
phase. The last phase does not appear in the chill cast
crystalline alloy. ?®2" The Fe,B phase occurs as fault-
ed crystals and the cubic Fe;Si or the orthorhombic
Fe;(Si,B) phases appear as distinct speckled crystals
(for instance, see Figure 11). These crystals do not
change their morphology when heated for 24 hrs at
1073 K to effect grain growth. The completely crystal-
lized 20-30 um powders also consist of the Fe,B,
Fe,Si, and Fe,(Si,B) phases but the microstructure is
markedly different from that of the ribbon. It appears
that the particles arrive at the same high temperature
phases by a different route than is the case for the rib-
bon. That is, the ribbon transforms directly to the
Fe,B, Fe,Si, and Fe,(Si,B) phases while the particies
first form Fe;B which, at higher temperatures,
transforms to alpha iron and Fe,B while the Fe ;Si and
Fe;(Si,B) grains are forming. This is what the micro-
structure in Figure 17 would indicate. Even so, after
24 hrs at 1073 K, the powder particles consist of fault-
ed Fe,B grains and speckled Fe,Si and Fe,(Si,B)
grains.
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The activation of crystallization is more difficult in
particles than in the ribbon. This is consistent with re-
duced CSRO in the particles compared with the ribbon
since more diffusion would be required for nucleation
and growth of the equilibrium phases in the particles.
The greater degree of order in the ribbon would be
more likely to provide for the growth of the equilibri-
um or near-equilibrium phases Fe, Fe,Si, and
Fe3(Si,B) in the early stages of crystallization.

S. SUMMARY AND CONCLUSIONS

Amorphous ribbons and powders of the alloy
FeqsSi;sB o (atom percent) were prepared by chill cast-
ing and by spark erosion, respectively. Crystallization
characteristics of both forms of the amorphous alloy
were measured by differential scanning calorimetry,
X-ray diffraction, and transmission electron micros-
copy. The crystallization temperature, T, of the larg-
est particles was higher than that of the ribbon. Both
T, and the heat of crystallization increased with de-
creasing particle size. The DSC thermograms also
showed marked differences from ribbon to particles
and with decreasing particle size.

The first crystals to form on heating the ribbon
were the stable phases alpha iron and Fe3Si. At higher
temperatures Fe,B and Fe;(Si,B) crystals appeared
along with the Fe;Si crystals as the final crystallization
product. On the other hand, the first crystals to form
in the powder were the metastable b.c. tetragonal
Fe;B. At higher temperatures Fe,Si, Fe;(Si,B), and
Fe,B crystals formed. Previous work has shown that
the particles are more chemically disordered than the
ribbon leading to the conclusion that there is a greater
probability for the iron atoms in the particles to have
more boron atoms as neighbors compared with the
ribbon. These Fe-B *‘clusters’’ in the particles act as
nuclei for formation and growth of the nonequilibri-
um Fe;B crystals in the particles. Subsequent
transformation of the Fe;B at higher temperatures
produces the final crystailization product of Fe,B,
Fe,Si, and Fe;(Si,B).
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Figure1 Scanning electron micrograph of amorphous
spark eroded particles.
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Figure2 Optical micrograph of etched sections of
unscreened particles.
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Figure 3(a) X-ray diffractometer trace of particles
<38 um.
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Figure 3(b) X-.ray diffractometer trace of 27 um ribbon.

Figure 4 TEM and electron diffraction pattern (inset)

of particle of 20-30 um powder heated 21 days
at 648 K.

41




—

800

powder
Heosting
1

-

}

<i0p
820

fractions.
LN

various
40°C/min.
v

¥ "NNIVEIMIL NOLVDITIVISAND)

900 0880 860
oK
Figure$ DSC thermegrams of
sise
| L
O SPARK ERODED POWOER
s ROBON

v

P s A —— e - s - - . N
.




R Y T T T,
Fors Sin®io A&
% Plixs|
“ -
§32 B
. -
. 3_ W -
’ 3 » POWDER
2 » RIBBON
40 C/min T
| FIRST PEAK ® ]

015 20 25
AVERAGE PARTICLE DIANETER
OR RIBAON THICKNESS, um
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Figure8 Transmission electron micregraph and elec-

t'r:n diffraction pattern (inset) of as-cast rib-
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Figure 9(a) TEM of ribbon heated to 832 K in DSC.
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Figure 9(b) Diffraction psttern of Fe,Si crystal indicated
by arrow in Figure 9a.
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Figure 10(a) TEM of ribbon heated to 832 K in DSC.

Figure 10(b) Diffraction pattern of a-Fe crystal indicated
by arrow in Figure 10(a).
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TEM of ribbon heated to 890K in DSC.

Diffraction pattern of area (inset).

Figure 11
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Figure 12 TEM and diffraction pattern (inset) of ribbon
heated for 1 hr at 973 K in N.
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Figure 13(3) TEM of ribbon heated for 24 hrs at 1073 K
in N.

Figure 13(b) Diffraction pattern of crystal Figure 13(c) Diffraction pattern of speckled crystal
with fault (#1) in Figure 13a. (#2) in Figure 13a.
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Figure 14 TEM of particle of 10-20 um powder heated
to 843K in DSC.
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Figure 15(a) Crystals in another particle of 10-20 um
powder heated to 843 K.
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Figure 15(b) Diffraction pattern of crystal marked
by arrow in Figure 15a.
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Figure 16(s) Crystals in 20-30 um powder heated to 857K.

Figure 16(b) Diffraction  pattern of crystal in  Figure 16(a).
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Figure 17 20-30 u powder heated to 925 K to complete
crysu;llntlon. Diffeaction pattern of area
(inset).
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