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ABSTRACT 

The Zero-g Processing of Magnets Experiment 
(MA-070) was conducted during the Apollo- 
Soyuz Test Project mission to study contained 
solidification of high-coercive-strength magnetic 
materials in the low-g orbital environment. The 
magnetic compounds under study, manganese 
b i smuth  (MnBi) and  copper-cobalt-cerium 
((Cu, Co), Ce), are representative of magnetic 
alloy systems that have the potential for the 
development of high coercive strength and high 
energy product. 

The samples of 50 atomic percent (at.%) Bi-50 
at.% Mn solidified in the low-g environment dem- 
onstrated a substantial improvement in the  
macroscopic chemical homogeneity. The BiIMnBi 
directionally solidified eutectic flight samples ex- 
hibited markedly superior magnetic properties. In- 
trinsic coercive strengths in excess of 14 722 
kA/m (185 kOe) have been measured in the low-g 
processed samples at a temperature of 77 K. This 
strength exceeds the  maximum previously 
published value (8992 kA/m (113 kOe)) by 64 per- 
cent. The average value of inductance was im- 
proved by 76 percent and the energy product by 57 
percent. 

Additional results of this experiment indicate 
that, in the near absence of the gravitational body 
force, contained fluids will assume a lowest 
energy configuration that differs significantly 
from that found terrestrially. These results are of 
significance to any orbital processing that involves 
controlled heat transfer to, or from, a contained 
fluid. 

"rumman Aerospace Corporation, Bethpage, New York;  
Principal Investigator.  

INTRODUCTION 

Although permanent magnets are essential to 
present-day technology, their importance is often 
overlooked. In fact, since the magnets are usually 
located inside equipment, most people either are 
not aware of their presence or take them for 
granted. However, these permanent magnets are 
the key components in many devices that are im- 
portant to everyday life, such as telephone 
rece ivers ,  c o m p u t e r s ,  r ada r  e q u i p m e n t ,  
loudspeakers, electrical meters, microphones, tape 
recorders, hearing aids, electric clocks, scientific 
instruments, magnetic door catches, and even 
children's toys (refs. 25-1 to 25-5). 

In recent years, significant improvements in 
magnetic properties have resulted from the dis- 
covery of the exceptionally high anisotropy con- 
stants in compounds of cobalt (Co) and platinum 
(Pt) and of manganese (Mn) and bismuth (Bi) 
and in the cobalt-rare earth (RE) (and yttrium) 
systems (refs. 25-6 to 25-8). The magnitude of 
these improvements can be seen from table 25-1, 
in which the properties of some commercial mag- 
nets are compared with experimentally deter- 
mined values of high-anisotropy magnets (ref. 
25-9). 

Because anisotropy energy results from the 
coupling between the spin of an electron and its 
orbital motion, the superior magnetic properties 
of high-anisotropy compounds are related to their 
crystal structures. The electron orbits are strongly 
directional and are associated with the lattice sym- 
metry. 

Most high-anisotropy compounds have a com- 
plex hexagonal lattice symmetry. The C-axis is the 
unique direction of easy magnetization, and the 
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TABLE 25-I.-Physical Properties o f  Magnetic Materials 

directions within the basal planes are uniformly 
hard to magnetize (ref. 25-9). The excess energy 
required to turn the direction of magnetization 
from an easy direction to a hard direction is the 
anisotropy energy. The anisotropy constant K is a 
measure of this energy and is related to the 
theoretical upper limit of the coercive strength 

Mater~al 

Alnico 
Barium ferrite 
Copt 

MnBi (direct~onally 
solidified) 

Co5-RE 

where M, is the saturation magnetization (ref. 25- 
11). Values of K range from 5 to 12 ~ l c m '  
(5 to 12 x 10' ergs/cm3) for Co,- RE-type com- 
pounds (refs. 25-4 and 25-9) and result in values of 
HA from 11 937 to 19 894 kA/m (150 to 250 kOe). 
Besides the high anisotropy constants and high 
coercive strength, permanent magnets also must 
have a high intrinsic magnetization ( 4 4 )  and a 
high Curie temperature ( T,). 

Because o f  the brittleness and reactivity of 
most magnetic compounds, powder metallurgy 
techniques principally have been used to fabricate 
high-coercive-strength magnets. Casting and 
solidification techniques have been possible only 
in a limited number of systems. 

Fabrication of high-coercive-strength magnet 
materials from the liquid state could lead to a 
marked reduction in the number of processing 
steps and hence in cost. The magnets would have 
theoretical density, the fine particles would be 
protected from environmental attack, the magnets 
would have a high degree of particle alinement, 
and the magnets would only require a minimal 
amount of final machining. The requirement of 

particle refinement and crystallographic and mag- 
netic alinement has led several investigators to 
consider directional solidification as a means of 
achieving this morphology. 

In space, gravity-driven convection and gravita- 
tionally dependent elemental segregation are ab- 
sent in the liquid state. This fact has important 
consequences in the directional solidification of 
eutectic alloys. When grown on Earth, the rod or 
lamellar structure of the eutectic usually contains 
many imperfections (faults or terminations) due 
to local thermal and compositional gradients 
resulting from convection. It has been suggested 
that eutectic solidification in the absence of grav- 
ity will produce better alinement and fewer imper- 
fections as a result of the reduction of these con- 
vection currents. Directional solidification in the 
orbital environment would then improve the mag- 
netic coercivity and, perhaps, the energy product. 
The work reported here was undertaken to test the 
effect of the reduction of gravitationally depen- 
dent elemental segregation and convection on 
high-coercive-strength magnetic composites. 

a~n,vders 

b~vplcal  values 'Values as htgh as  2228 2 k N m  (28 kOe) were obta~ned In ch~l l  cast specimens of CogCu2Sm (ref 25 10) 

Energy product 

(BH)  "10 3 

MTAI 171 (MGOei 

79 577 (10) 
31 931 (4) 
71 620 (9) 

a58 092 (7 3) 

b190 986 (24) 

EXPERIMENTAL PROCEDURE 

Three sets of three samples were simultaneous- 
ly processed in the course of this experiment. 
Three furnace cartridges, each housing three sam- 
ples, were used. The sample arrangement within 
the furnace and each cartridge is shown in figures 
25-1 and 25-2. Ampoules 1 and 2 were made from 
pyrolytic boron nitride; ampoule 3 was composed 
of fused silica (quartz). The thermal processing 

Coert~ue strength H,, 
kA1rn IkOe/ 

159 2 (2) 
238 7 (3) 
397 9 ( 5 )  

2387 3 (30) 

bc795 8 (10) 

Cur~e  
Temperature, 

K PC) 

973 to 1073 (700 to 8001 
996 (723) 
783 (510) 

623 (350) 

b1143 (870) 
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F I G U R E  25-1.-The ASTP mul t ipurpose  electric 
furnace system. 

was conducted in the multipurpose furnace (ref. 
25-12) located in the Apollo-Soyuz Test Project 
(ASTP) docking module. 

Experiment planning was based on thermal 
results from the prototype test. It was anticipated 
that the thermal environment for ampoule 1 (fig. 
25-2) would be essentially isothermal over the 
temperature range of solidification. Ampoule 2 
was expected to be exposed to a thermal gradient 
of 30 r+: 2 Klcm and ampoule 3 to a thermal gra- 
dient of 60 rt 3 Klcm. The flight samples were ac- 
tually exposed t o  condit ions substantially 
different from planned conditions, and these 
differences will be detailed in the following 
paragraphs. 

The prototype test was the only thermal test of 
the furnace cartridge that was internally instru- 
mented with thermocouples. The prototype fur- 
nace differed from the flight furnace in that it was 
a single-tube furnace. The flight furnace was a 
three-tube furnace with the tubes equidistant from 

the centerline of the furnace and arrayed 120" 
apart. The geometrical difference between the 
prototype, ground-based, and flight furnaces 
resulted in the last two experiments being con- 
ducted in thermal environments that were not 
radially symmetric. This characteristic will be con- 
sidered further in the section entitled "Phase 
Relations and Microstructure." 

The longitudinal thermal profiles from the pro- 
totype test are shown in figure 25-3; Tm is the 
heat-leveler temperature. I'he furnace tem- 
perature histories for the ground-based and flight 
tests are shown in figure 25-4. The time to reach 
operating temperature for the flight test was 
longer than that for the ground-based test, and the 
hold time was slightly shorter (45 minutes com- 
pared to 60 minutes). The cooling rate was greater 
during the flight test. Because all samples are com- 
pletely solidified at hel ium inject ion,  t he  
differences in cooling rate after helium injection 
are not very significant. 

The thermal history deduced for the type 1 
flight ampoules is shown in figure 25-5. Because 
thermal data of this type were not provided for 
the ground-based test, no direct comparison can 
be made. It is safe to conclude, however, that the 
cooling rate of the flight samples was, on the 
average, 10 percent greater than that of the 
ground-based samples. The difference in cooling 
rate was greatest for ampoule 1 and least for am- 
poule 3. 

The thermal gradient was calculated, as a func- 
tion of time, for ampoule 2 and 3. These calcula- 
tions were made from analytical data presented in 
reference 25-13. The variation of the thermal gra- 
dient, including the time during which the sam- 
ples in the type 2 ampoules were directionally 
solidifying, is shown in figure 25-6. The tem- 
perature gradient for ampoule 2 varies from ap- 
proximately 30 Klcm at the onset of directional 
solidification to 23.5 Klcm at the conclusion of 
solidification. 

The variation of the thermal gradient in am- 
poule 3 (ref. 25-13) is shown in figure 25-7 for the 
lifetime of the experiment, and in figure 25-8 for 
the duration of the directional solidification. The 
thermal gradient during the period of maximum 
superheating was 80 Klcrn; however, during the 
period of solidification, i t  varied from only 10.9 
Klcm at the onset to 8.9 Klcm at the conclusion. 
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1. Thermal inser t ,  ZTA graphi te 
2. Ampoule 1 
3. Ampoule 2 
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6. Ampoule 3 
7. Thermal inser t ,  ZTA graphite 

FIGURE 25-2.-Experiment MA-070 cartridge 

The value during solidification is lower than the 
thermal gradient anticipated from the prototype 
test by approximately 80 percent. 

EXPERIMENTAL RESULTS 

Fluid Statics 

The fluid state before and during thermally 
controlled solidification is of critical importance 
to successful plane-front solidification of single- 
phase and polyphase alloys. This fluid state is 
complex and involves both static and dynamic 
components. Many of these fluid effects can be 
shown to be functionally dependent on gravity 
vector and level; therefore, it would be anticipated 
that orbital processing would have a substantial 
influence on them. The measurements required to 
conduct i ~ ?  sittr and postflight dynamic analyses of 
the flight samples, processed during the ASTP 
flight, were deemed impossible. Thus, only static 
fluid analysis was conducted. 

Previous orbital plane-front solidification ex- 
periments, performed during the Skylab Program, 

FIGURE 25-3.-Longitudinal temperature distribution within 
experiment cartridges; prototype test results. 
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---- Ground-based test - Flight test 

'Delayed to f i t  crew 
work schedule 

Time, h r  

FIGURE 25-4.-Furnace temperature compared to elapsed time for the ASTP ground-based and flight tests. 

indicated that the static fluid shape in the orbital 
environment was appreciably different from the 
static fluid shape documented terrestrially (refs. 
25-14 and 25-15). If the static fluid configuration is 
changed, the heat flux, the thermal profile, and 
the solidlliquid-interface geometry may also 
change. Because these factors are critical to the 
plane-front solidification process, the success or 
failure of the experiment may depend on antici- 
pating these changes. Previous work conducted in 
the drop tower facility at NASA Lewis Research 
Center (LeRC) has identified the fluid-crucible 
variables that are of primary consideration in a 
reduced gravity environment (refs. 25-16 to 
25-18). The variables cited in the LeRC work are 
the fluidlcrucible wetting angle 8,  the thermal 
gradient C, the crucible taper, the fluidlcrucible 
fill factor, the crucible diameter to length ratio 

DIL, the gravity vector g, and the magnitude of 
the gravitational acceleration 1 g 1 (refs. 25-4 to 
25-6). The LeRC results on fluid displacement are 
presented schematically in figure 25-9, and the 
static fluid configurations and displacements 
within a cylindrical crucible are illustrated in 
figure 25-10. 

The fluid statics analysis of the samples was 
initiated while the flight ampoules were still in 
place in the experiment cartridges. Before the 
car t r idges  we re  d i s a s sembled ,  e a c h  was  
radiographed twice, at 90" angles, and the results 
were interpreted. A representative radiograph of 
the three cartridges is shown in figure 25-11. 
Several points to be noted in figure 25-11 will be 
detailed in subsequent sections, but may be sum- 
marized as follows. 
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Time, hr 

F I G U R E  25-5 . -Tempera ture  p r o f i l e  for  t y p e  1 
flight ampoules. 

1. The type 1 samples (fig. 25-2) are of differ- 
ing configurations, and the sample in cartridge 9 
has leaked from the inner to the outer crucible. 

2. The type 2 samples appear similar, but the 
sample in cartridge 8 appears higher than the 
other two. 

3. The type 3 samples appear to be at differing 
heights. The sample in cartridge 9 is the highest, 
and that in cartridge 8 is the lowest. It is apparent 
that some material has been lost from ampoule 3 
in cartridge 9, and subsequent analysis showed 
that some material had been lost from ampoule 3 
of cartridge 7 as well. These displacement and 
configurational differences are all explicable on 
the basis of figures 25-9 and 25-10. 

The fluid in the type 1 ampoules (50 atomic 

percent (at.%) Bi, 50 at.% Mn) wet the inner cruci- 
ble (pyrolytic boron nitride), and the crucible had 
a diameter-to-length ratio of approximately 0.71. 
The volumetric fill factors were varied within the 
type 1 ampoules, and the samples were processed 
isothermally (G =O). The fill factor for the am- 
poule within cartridge 7 was 0.95, that within 
cartridge 8 was 0.90, and that within cartridge 9 
was 0.85. It was anticipated that variation from 
type 1 to type 4 fluid configuration would be noted 
(fig. 25-10). Unfortunately, the sample in 
cartridge 9 was lost through a vibrational failure; 
however, samples 7 and 8 were consistent with 
t y p e  1 a n d  in t e rmed ia t e  conf igura t ions  
(type lltype 4 behavior). This result was indica- 
tive of a low wetting angle, as previously men- 
tioned. 

The type 2 ampoules housed a wetting liquid 
(8 at.% cerium (Ce), 92 at.% copper (Cu) and 
cobalt (Co)) within a crucible. These samples, 
which were processed in a thermal gradient of ap- 
proximately 27 + 2 Klcm, were not totally 
melted, but were melted back along the seed 
crystal such that, at peak furnace temperature, the 
fluid was in contact with a seed crystal. Figure 
25-9 shows that a wetting fluid would be expected 
to be displaced toward the colder end of a thermal 

Elapsed time, hr 

FIGURE 25-6-Thermal gradient as  a function of elapsed 
time for type 2 flight ampoules 
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FIGURE 25-7.-Thermal gradient as  a function of time for 
type 3 flight ampoules. 

gradient; that is, toward the seed crystal. Because 
the seed crystal would be mechanically fixed, no 
fluid displacement would be expected. Therefore, 
the upward displacement of sample 2 in cartridge 
8 must be explained on the basis of mechanical 

o1 = 0,  <go" 
(I1 = fr, 

Taper as shown 

N1 = O 2  >9O0 
I l l  = " 2  

Taper as shown 
(1) 

/I1 = 1 j 2  < 90' 
"1 > " 2  

No taper 
(1) (21 

4 

Time of solidification 

Time, hr 

FIGURE 25-8.-Thermal gradient during time of solidifica- 
tion of type 3 flight ampoules. 

displacement of the entire seed crystal, prior to 
the melting and solidification sequence. 

The type 3 ampoules were intended to demon- 
strate the behavior of an unconstrained (no seed 
crystal), nonwetting fluid (97.8 at.% Bi, 2.2 at.% 
Mn) in a thermal gradient. The thermal gradient 
varied from 80 to 10 Klcm during the experiment. 
These fused silica ampoules had been backfilled 

(1, = 0, > 90" 
f r l  > "2 
No taper 

(1) (2) 

fJ l  ' 172 

No taper 
(1) (2)  

H1 < ( I 2  <900 
"I1 = f72 

No taper 
(1) (2) 

FIGURE 25-9.-Results on fluid displacement in a reduced gravity environment, where c i s  surface tension 
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Vapor 

Liquid 

FIGURE 25-10.-Wetting fluid configurations in a cylindrical tank 

with an inert gas (argon) to  suppress the tion, a small amount of contaminant oxygen was 
possibility of thermal cavitation of the bismuth- allowed to enter ampoule 3 of cartridge 8. This 
rich liquid. Apparently, in the backfilling opera- small amount of oxygen was sufficient to alter the 
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Cartridge no. 7 8 9 quent solidification experiments in which the 
fluid expands on solidification. 

Type 1 ampoules @ @ Q" 
- Phase Relations and Microstructure 

Type 2 ampoules 

Type 3 ampoules 

FIGURE 25-11.-X-ray radiograph of the three flight 
cartridges. 

characteristics of the fluidlcrucible interface from 
nonwetting to wetting, with concomitant changes 
in the fluid displacement behavior. 

As would be anticipated from figure 25-9, the 
nonwetting fluid moved toward the hot end of the 
ampoule, whereas the wetting fluid moved in the 
opposite direction. This relative fluid displace- 
ment has been mentioned previously. Fluid dis- 
placement in the outermost ampoules resulted in 
the failure of the ampoules. The bismuth-rich 
fluid expands on solidification. The movement of 
the fluid toward the hot end of the ampoule 
resulted in a condition, during the latter stages of 
solidification, characterized by insufficient free 
volume in the ampoule to house the resultant 
solid. The pressure buildup within the ampoules 
was sufficient to cause cracking. This result 
should be considered in the planning of subse- 

The thermal profile imposed on the type 3 am- 
poules substantially superheated the bismuth-rich 
liquid when the furnace was at peak temperature. 
This superheating necessitated the previously 
mentioned backfilling operation. To check the 
compatibility of the quartz ampoule with the 
iuperheated bismuth-rich liquid, quartz-bismuth 
samples were superheated within a differential 
thermal analysis unit. Results of these studies 
confirmed the compatibility of the bismuth and 
quartz at temperatures as high as 1050 K and 
determined that a liquid phase transition occurred 
in the liquid bismuth. Similar fluid-state transi- 
tions have been reported for other semimetals 
(ref. 25-19), but not previously for bismuth. The 
bismuth transition was characterized by large tem- 
perature hysteresis and was rate sensitive. At a 
rate of 10 Klmin, the transition occurred at 988 K 
(715" C) on heating and 858 K (585" C) on cool- 
ing. 

The samples within the type 1 ampoules (fig. 
25-2) were composed of 50 at.% Bi and 50 at.% 
Mn. Three Bi-Mn phase diagrams have been pro- 
posed (refs. 25-20 to 25-22); all three were con- 
sidered in this experiment. Ground-based in- 
vestigation before the ASTP flight supported the 
liquidus results of references 25-21 and 25-22. In- 
vestigation performed in the analysis of the flight 
samples indicates that the phase diagram of 
reference 25-22, shown in figure 25-12, is prefera- 
ble. This conclusion is based on qualitative 
metallographic evidence, and quantitative thermal 
and chemical analysis is in progress. The quantita- 
tive data will determine whether this preliminary 
conclusion is sound. 

The samples in the type 1 ampoules, hence- 
forth denoted as type 1 samples, were processed 
by isothermal lowering (G =0) from a tem- 
perature above the liquidus temperature. A 
characteristic of the ground-based samples was ap- 
preciable gravitationally dependent macrosegrega- 
tion. This chemical macrosegregation rmulted in 
the location of almost a11 the primary properitectic 
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1200) 1 I I I 
40 MnBi 60 80 100 - Mn pure At.% Bi B i 

FIGURE 25-12.-Proposed Bi-Mn phase diagram (ref. 25-22). 

Mn particles at the top of the sample. The volume 
fraction of the MnBi phase, determined by quan- 
titative areal analysis, continuously decreased 
from the top of the ingot to the bottom. This 
variation, for a ground-based sample exposed to 
the same thermal cycle as the flight samples, is 
shown in figure 25-13. The average value for this 
sample was 29.5 volume percent of primary Mn 
and MnBi particles. The volume fraction of the 
primary MnBi phase in the flight samples was 
more uniformly distributed, and no primary Mn 
particles were identified. The average volume 
fraction of primary particles (fig. 25-13) was 35.7 
percent, which may be an indication that the pro- 

- 
5 5 0 r  0 ASTP flight sample 

L 

3 - 
~ 0 1 1 2 3 4 5 6 7  8 9 1 0 1 1 1 2  

I l l l l l l l l l l l  

Distance from top of sample, m m  

FIGIJRE 25-13.-Precipitate volume fraction as a function of 
distance from top of ground-based and flight samples. 

peritectic Mn had reacted with the Bi-rich liquid to 
form MnBi. Because the samples are being con- 
served for detailed magnetic analysis (discussed in 
the following subsection), these measurements 
were made only on the upper and lower ends of 
the samples. 

The flight samples were found to have large 
primary MnBi particles, lying on or near the sur- 
face, transverse to the longitudinal direction of the 
samples. This characteristic was unexpected and 
was not typical of the ground-based samples. The 
structure might indicate that the radial gradient 
experienced by the flight samples was greater than 
the longitudinal gradient and thus caused the pri- 
mary crystallites to grow radially, in the direction 
of heat extraction. It is possible that gravita- 
tionally dependent convective flow caused a more 
uniform thermal distribution in the ground-based 
samples, or at least prevented alinement of the 
primary crystallites. 

Some of the ground-based and low-g primary 
MnBi crystallites appeared to be composed of two 
distinctly different microstructural regions, as 
shown in figure 25-14, whereas others did not. 
This anomaly can be explained on the basis of the 
phase diagram shown in figure 25-12, in which 
two compositional modifications of MnBi are pro- 
posed. The first, MnBi (I), forms at a temperature 
of 719 K (446" C) and is manganese rich. The 
stoichiometric ratio proposed for this compound 
is Mn, .,,Bi/Bi, ,,,. This phase decomposes eutec- 
toidally to MnBi (11) plus Mn at a temperature of 
613 K (340" C). The MnBi (I) phase forms 
directly from the melt at a temperature between 
719 K (446" C) and 628 K (355" C). The MnBi (11) 
phase is equiatomic and forms directly from the 
melt at a temperature between 628 K (355" C) and 
542 K (269" C), the eutectic temperature. 

When the flight samples are considered, the 
crystallites forming at temperatures between 719 
K (446" C) and 628 K (355" C) would be expected 
to react with residual liquid between 628 and 613 
K to form MnBi (11). This reaction would be sub- 
ject to the same diffusion barrier limitations com- 
mon to all peritectic or peritectoid reactions and 
would not be expected to go to completion. The 
MnBi (I) core would then thermally decompose at 
a temperature below 613 K (340" C) to Mn plus 
MnBi (11). The MnBi (11) formed by way of the 
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FIGURE 25-14.-Primary MnBi crystallite showing discrete 
morphological regions (900>9. 

peritectic reaction would then  act as a 
heterogeneous nucleus for continued MnBi (11) 
precipitation at a temperature below 628 K (355" 
C). Sections of crystallites undergoing the preced- 
ing sequence would be expected to have a duplex 

appearance. The MnBi (11) formed at a tem- 
perature below 628 K (355" C), by way of elther 
peritectic reaction (fig. 25-15(a)) or proeutectic 
precipitation (fig. 25-15(b)), would be expected to 
appear monolithic, whereas residual MnBi (11) 
would be expected to show some evidence of the 
eutectoid decomposition. Crystallites forming at a 
temperature below 628 K (355" C) would be ex- 
pected to be monolithic throughout. 

The secondary MnBi (11) crystallites were 
found to be almost normal to the primary MnBi 
crystallites in the low-g samples (fig. 25-15(a)), 
whereas they were typically skewed in the one-g 
samples (fig. 25-15(b)). This may be an indication 
of decreased fluid motion, although other hy- 
potheses may be proposed to explain the  
phenomenon. 

In  add i t i on  t o  h a v i n g  morpho log i ca l  
differences, the secondary crystallites were finer 
in the flight samples than in the ground-based 
samples. One might have expected the opposite to 
be true because the rate of cooling through this 
temperature range was slower for the flight sam- 
ples than for the ground-based samples. (See 
figure 25-4). 

Processing of the samples in the type 2 am- 
poules was hampered by experimental limitations. 
The peak furnace temperature available was 1323 

FIGURE 25-15 --Primary and secondary MnBl part~cles (a) Fllght sample (3750% (b) Ground-based sample (1500% 
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K (1050" C). To process most metallic-rare earth 
(M, -RE)  compo~inds would have required a 
furnace temperature of 1773 K (1500" C) to 1873 
K (1600" C). This experimental constraint re- 
quired that a serious alloy development program 
be undertaken. In the development program, 
varying combinations of copper, cobalt, and iron 
were considered as the metallic component, and 
varying combinations of cerium, samarium, and 
misch metal were considered as the rare earth 
component. On the basis of the alloy development 
data,' the maximum copper content, with cerium 
or misch metal alloying additions, provided the 
lowest liquidus temperatures, but sacrificed mag- 
netic performance to experimental expediency. 

In addition to thermal problems, cruciblelfluid 
compatibility problems were encountered. In 
short, all rare earth liquids are extremely reactive 
and hence difficult to contain. The results of 
ground-based studies and literature surveys iden- 
tified pyrolytic boron nitride as the most promis- 
ing crucible material. This crucible material did 
react with the melt but seemed to establish a sta- 
ble reaction product at the cruciblelfluid interface 
that acted as a barrier to further reaction. Results 
of ground-based studies showed that the copper- 
cerium fluid was the least reactive of the fluids in- 
vestigated. 

The thermal and compatibility considerations, 
in concert, dictated selection of the cop- 
perlcopper-cerium eutectic as the eutectic com- 
posite material for this experiment. 

Analysis of the samples processed in the type 2 
flight ampoules indicated that  directional 
solidification was not achieved in this experiment. 
The reaction product at the fluidlcrucible inter- 
face acted as a heterogeneous nucleation point 
ahead of the advancing solidlliquid interface, and 
coordinated eutectic growth was not achieved. 
Crystallites grew into the melt from the crucible 
wall. 

Directional solidification of high-performance 
rare earth magnetic composites in orbit is still con- 
sidered by the author to be an attractive 
possibility. Ideally, however, it would be con- 
ducted in a floating-zone directional-solidification 

apparatus that could impose steep thermal gra- 
dients on the samples and achieve an absoiute 
temperature of 2000 K (=1750° C). This would 
eliminate most of the experimental constraints, 
and the experiment could be performed properly. 

The samples in the type 3 ampoules, hence- 
forth denoted type 3 samples, were 97.8 at.% Bi 
and 2.2 at.% Mn, the eutectic composition. These 
samples were totally melted and were solidified in 
a temperature gradient of approximately 10 Klcm. 
Although the temperature gradient was substan- 
tially lower than anticipated, coordinated eutectic 
growth was achieved. 

The microstructure in the region of initiation of 
solidification of ground-based and flight samples 
consisted of large primary bismuth dendrites with 
BiIMnBi (11) eutectic in the interdendritic regions. 
The eutectic in this region was not well alined 
with the imposed thermal gradient, as is shown in 
figure 25-16 for a ground-based sample. As the 
solidification progressed in the ground-based and 
flight samples, the primary bismuth dendrites 
became fewer in number and the interdendritic 
eutectic became progressively better alined with 
the thermal gradient, as shown in figure 25-17 for 

'13. J .  Larson, Jr., ASTP MA-070 Experiment Final FIGURE 25-16.-Primary bismuth dendrites and secondary 
Report, in press. MnBiIBi eutectic ( 6 5 0 8 .  



ZERO-6 PROCESSING O F  MAGNETS 46 1 

FIGURE 25-18.Transition from dendritic to coordinated 

FIGURE 25-17.-Primary bismuth dendrites and alined sec- growth (75>9. 

ondary MnBiIBi eutectic (325>9. 

a ground-based sample. Ultimately, there was a 
transition from dendritic to coordinated growth in 
both sample sets, as shown in figure 25-18 for a 
ground-based sample. The latter region of 
uniformly distributed and alined magnetic parti- 
cles was analyzed magnetically. 

The BiIMnBi eutectic system is a doubly 
faceted system (ref. 25-23). The rod shape, in 
cross section, is dependent on the growth rate dur- 
ing solidification. At slow growth rates, the rods 
have a cross section reminiscent of a chevron; 
whereas, at rapid rates, the cross section is nearly 
circular. 

The rod cross section of the ASTP ground- 
based samples was chevronlike, as shown in figure 
25-19. This result is consistent with previous find- 
ings (ref. 25-24). The rod diameter, however, was 
smaller in the flight samples than in the ground- 
based samples, and the cross section was circular. 
Particle sizes in the flight samples were typically 
0.75 to 2.00 pm, whereas the ground-based sam- 
ples had particles of 2.0 to 4.0 pm diameter. This 
result is somewhat surprising as it is generally un- 
derstood that the rod diameter varies in a manner 
such that the square of the diameter ( d 2 )  times the FIGURE 25-19 --Transverse section of ASTP flight 
growth rate R is a constant, over wide ranges of sample 8C (2000% 
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growth conditions (ref. 25-25). It was not antici- 
pated that the growth rate would vary signifi- 
cantly between the ground-based and flight ex- 
periments; therefore, the cause for this variation 
in d would seem to reside within the "constant," 
which was not expected to vary. 

Consideration of the various possibilities that 
would lead to a difference of this magnitude is 
continuing. One distinct possibility is thermal 
transport, which should be enhanced in a convec- 
tionless environment. This could impact both the 
solute profile ahead of the advancing interface 
(i.e., the diffusional coefficient in the previously 
mentioned constant) and the dendritic to coordi- 
nated transition. Although thermal transport 
would seem to be a likely source of difference, the 
lower limit of influence has been predicted 
analytically (ref. 25-26) and the experimental 
parameters for the ASTP flight experiment would 
seem to predict only a small influence. Investiga- 
tion in this area will be pursued. 

The refinement of the particle size in the flight 
experiment was also reflected in the magnetic 
results. These results will be detailed in the follow- 
ing subsection; however, it is important to note 
that the flight samples behaved magnetically like 
samples grown terrestrially about six times faster. 
This is equivalent to saying that, if d2 was deter- 
mined by the ratio of the constant to the growth 
rate, then, for magnetic equivalence, the flight 
samples should have a particle diameter approx- 
imately 40 percent of the ground-based value. This 
conclusion is reasonably consistent with the parti- 
cle size data, when the scatter bands are con- 
sidered. 

Another set of measurements was made to 
compare the flight samples with the ground-based 
samples. These measurements were of the MnBi 
lattice parameter. It was assumed in these 
measurements that all the MnBi used had 4 
atomslunit cell and was of a Dlh - P6,Immc hex- 
agonal structure. The bismuth was assumed to 
have 2 atomslunit cell and a Did - ~ 5 m  structure. 
A bismuth rhombohedra] angle a of 57'14' was 
assumed throughout this study. 

Measurements based on the MnBi (10 - 0 )  and 
(21 . 0)reflecting planes were used to calculate the 
MnBi lattice parameters. Because of the low 
volume fraction and crystallographic anisotropy 

of the samples, i t  was impossible to consistently 
use lines other than these. The lattice parameter 
measured from the ground-based samples, in the 
coordinated growth region, was a,, =0.4255 2L 
0.0003 nm (4.255 2L0.003 1). This value did not 
vary, within experimental error, over the length of 
the coordinated growth region. The value 
measured for the coordinated growth region of 
one of the flight samples was 0.4306 k0.0003 nm 
(4.306 k0.003 k ) .  This difference is well beyond 
experimental error and is worthy of further con- 
sideration. 

Slowly cooled bulk MnBi samples have been re- 
ported to have a, lattice paramoeters varying from 
0.425 to 0.427 nm (4.25 to 4.27 A). Rapidly cooled 
bulk samples, and samples quenched from high 
temperatu:es, have a, parameters as large as 0.433 
nm (4.33 A) (quenched from 673 K). The lattice 
parameter from the flight sample would indicate 
that it is equivalent to a sample quenched from an 
intermediate temperature or grown at a higher 
growth rate. This result is consistent with the in- 
vestigator's magnetic and particle size conclu- 
sions. 

Magnetic Analysis 

The optimum morphological array for a mag- 
netic composite consists of fine, elongated, single- 
domain magnetic particles alined in a matrix, with 
the easy axis of magnetization parallel to the parti- 
cle axis (ref. 25-27). The greater the mag- 
netocrystalline anisotropy constant for the mag- 
netic phase, and the finer the discrete magnetic 
particles (ref. 25-28), the higher the magnetic coer- 
civity. 

Directional solidification of magnetic com- 
posites is promising because the particle size of 
the magnetic phase in a rod eutectic is typically on 
the order of 1 pm, the finely dispersed magnetic 
phase is protected from contaminating environ- 
mental effects, and the easy axis of magnetization 
of the magnetically anisotropic dispersed phase is 
frequently the crystallographic growth direction 
of the magnetic phase. Directional solidification 
of magnetic composites thus offers the potential 
for protection, alinement, and refinement of the 
dispersed magnetic phase. 
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As mentioned in the section entitled "Phase 
Relations and  Microstructure," directional 
solidification was not achieved in the type 2 sam- 
ples, and the magnetic properties of the ground- 
based and flight samples were essentially the 
same. The measured intrinsic coercivity Hci of the 
magnetic phase was 82.8 kA/m (1.04 kOe) in both 
cases (within experimental error). As mentioned 
previously, the evolution of new experimental 
hardware is required to successfully accomplish 
the original goal of processing high performance 
rare earth magnetic composites. 

The type 3 samples, however, were successfully 
processed; and because of their high performance, 
particularly at cryogenic temperatures ,  all 
measurements were made at the Francis Bitter 
National Magnet Laboratory of the Massachusetts 
Institute of Technology. 

A typical Bitter magnet facility is shown in 
figure 25-20. The large cooling capability is re- 
quired because 5 to 10 MW of power is passed 
through these magnets, depending on which unit 
is being used. 

A standard two-coil pickup was used to make 
the measurements on the full length of the coordi- 
nated growth region. Sample sizes were approx- 
imately 2.5 cm long and 5 m m  in diameter. A flux 
integration technique was used to map the B-H 
cu rves .  T h e  coi l  c i rcu i t  u sed  i s  s h o w n  

schematically in figure 25-21 and the integrator 
circuit is shown schematically in figure 25-22. The 
H-axis was calibrated from the known calibrated 
field parameters, and B was calibrated using a VP 
grade pure nickel standard. Measurements were 
made with this diagnostic system at 295, 197, and 
77 K. Thermal loss problems prevented the in- 
vestigators from making lower temperature 
measurements with this apparatus. Measurements 
were made of field strengths as great as 18.5 T 
(1 85 kG) . 

A typical set of B-H loops for rapidly grown 
ground-based material, based on test temperature, 
is shown in figure 25-23. These curves are typical 
of directionally solidified MnBi dispersed in a Bi 
matrix. The duplex curve at 77 K was analyzed 
using the theory of superposition, and the data are 

Side-by-side 
matched coil system 

Out . > 
200-turn 

coil 

Out 0 

\ 

200-turn 
coi I 

resistor 

FIGURE 25-21.Schematic of pickup coil circuit. 

l ntegrator 
coif _ _ L  . H-1 171 

output X-Y recorder 

FIGURE 25-20.-Typical magnet facility at  the Francis Bitter 
National Magnet Laboratory. FIGURE 25-22.Schematic of integrator circuit 
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FIGURE 25-23.4round-based-sample MnBiIBi eutectic composite B-H plot for three test temperatures. 

reported in the manner of reference 25-24. The 
duplex loop reduces to two simple B-H loops as 
shown in figure 25-24. 

H ,  kAlm IkOeI 

FIGURE 25-24.-Ground-based-sample B-H component 
loops at 77-K test temperature. 

The apparatus previously described was 
relatively insensitive and prevented further reduc- 
tion in sample size to enable more selective 
analyses in the coordinated growth region. A low- 
frequency vibrating-sample magnetometer was 
made available, and the general facility and the 
gearbox that changed the rotary motion to a verti- 
cal displacement in the field are shown ir. figures 
25-25 (a) and 25-25 (b), respectively. The measure- 
ment technique and the hardware are fully de- 
scribed in reference 25-29. This apparatus substan- 
tially increased the resolution and enabled reduc- 
tion of sample sizes by a factor of five. Also, 
measurements transverse to the magnetic flux 
lines could be made and the region of coordinated 
growth could be selectively analyzed. An addi- 
tional advantage was use of the world's largest 
continuous-fieid magnet (23.5 T (235 kG)) and in- 
clusion of measurements at a test temperature of 
4.2 K .  

The  average room-tempera ture  data  for 
ground-based, flight, and literature samples are 
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FIGURE 25-25.-Low-frequency vibrating-sample magnetometer. (a) Installation. (b) Gear mechanism. 

presented in figure 25-26; the literature data are 
from reference 25-24. The square root of the 
growth rate was selected as the abscissa because it 
is a solidification parameter that should be propor- 
tional to the intrinsic coercive strength H,,. It 
should be noted, however, that the literature data 
shown were measured on samples grown in a ther- 

955 
112) r o Ref 25-24 (one¶) 

ASTP ground based (one?! 9 
796 1 A ASTP flight (zero-g) 

I 
I 

110) I 
I 
I 
1 

FIGURE 25-26.-Intrinsic coercive strength H,, compared to 
the square root of growth rate R ' / ~  for as-grown BiIMnBi 
eutectic composites. 

ma1 gradient G an order of magnitude greater than 
that of this experiment. Although a steeper ther- 
mal gradient might be expected to impact the 
physical properties, no definitive study to quan- 
tify this effect has been made. To that extent, the 
comparisons are imprecise. 

Representative B-H loops for ground-based 
samples have been shown for the eutectic com- 
posite at temperatures of 295, 197, and 77 K in 
figure 25-23. The configuration at 4.2 K is virtually 
identical to that at 77 K, except that the intrinsic 
coercive strength is slightly lower. 

The magnetic anisotropy energy (ref. 25-30) 
and the intrinsic coercive strength, of the room- 
temperature magnetic phase, have been shown to 
decrease with temperature. These values are re- 
ported to reach zero at temperatures of 85 and 80 
K, respectively. Neutron diffraction measure- 
ments (ref. 25-31) have suggested that small posi- 
tive values may be found even at very low tem- 
peratures. The H,, data for the ASTP ground- 
based and flight samples support the latter conten- 
tion to a temperature as low as 4.2 K. Representa- 
tive curves showing the temperature dependence 
of the room-temperature magnetic phase, from 
ground-based and flight samples, are shown in 
figure 25-27. 

At temperatures below room temperature, a 
second magnetic component having extremely 
high coercivity appears (ref. 25-24). No magnetic 
property data, as a function of growth rate, have 
been published for cryogenic temperatures; 
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0 ASTP heat treated 
ASTP as recelved 

A One-g as received P 

0 40 80 120 160 200 240 280 320 
Temperature, K 

FIGURE 25-27.-Intrinsic coercive strength H .as  a function 
C! of temperature for the room-temperature MnBl phase. 

t h e r e f o r e ,  t h e  A S T P  f l i g h t - s a m p l e  
low-temperature data have been superimposed on 
the temperature-dependence results of reference 
25-32, as shown in figure 25-28. The literature data 
shown in figure 25-28 are from samples grown at a 
rate of 75 cmlhr. It has been reported that the 
low-temperature component appears only in sam- 
ples grown at freezing rates in excess of 75 cmlhr 
(ref. 25-24); however, the ASTP flight data for 
samples grown at a rate of 3 cmlhr are not consis- 
tent with this conclusion. 

The average values of intrinsic coercive 
strength for the ASTP ground-based and flight 
samples are shown in table 25-11. Work has con- 
tinued, however, in the analysis of selected sam- 
ple sections. An unexpected result, but confirmed 
by other experts on MnBi behavior,* is illustrated 
in figure 25-29. Sections of this type, from the 
coordinated growth regions of the flight samples, 
demonstrate the high field coercivity associated 
with the low-temperature component, but show 
positive-field "collapse" when field strength is 
reduced. 

Thermal cycling of this sample showed that the 
positive-field collapse occurred at lower positive 
fields at 4.2 K than at 77 K. Restated, these results 
show a wider hysteresis in field strength at 4.2 K 
than at 77 K. 

'C. D. Graham, Jr.,  and M.  R .  Notis, personal 
communication. 

0 ASTP as grown 

0 Ref. 25-32 

Temperature, K 

FIGURE 25-28.-Intrinsic coercive strength H,, as a function 
of temperature for the low-temperature component. 

Some samples were heat treated at 90 percent 
of the absolute melting point for a period of 24 
hours, then furnace cooled. This heat treatment 
has been reported to substantially improve the 

TABLE 25-11.-Intrinsic Coercive Strength as a 
Function o f  Test Temperature 

[Average ualues] 
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FIGURE 25-29.-As-grown flight sample 9C B-H loop at  77-K test temperature. 

room-temperature intrinsic coercive strength. The 
H,, of this sample increased from 912.8 to 1655.2 
kA/m (1 1.47 to 20.8 kOe), an 80-percent improve- 
ment. The heat treatment squared the B-H loop 
and increased the value of HCi at room tem- 
perature, as reported in reference 25-24. The tem- 
perature behavior of the room-temperature com- 
ponent of the heat-treated flight sample is shown 
in figure 25-27. Essentially, the magnitudes are 
different but the behavior as a function of tem- 
perature is consistent. 

The heat-treated value of intrinsic coercive 
strength as a function of rod diameter is shown in 

figure 25-30. Rod diameter has been selected for 
the abscissa in this case because the thermal- 
mechanical state of the composite should be 
equilibrated. The results indicate that the heat 
treatment is a determining factor in the final value 
of H,,. The ASTP data points are entirely consis- 
tent with those presented in the literature for simi- 
lar heat treatments. 

A final room-temperature measurement was 
made on the heat-treated sample. A B-H curve, 
with the rods transverse to the magnetic field, was 
measured and is shown in figure 25-31. As may be 
seen, the sample was not saturated even at the 
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0 Mechanically ground samples 
lref. 25-30] 

Annealed ingot center (ref. 25-24] 
A Annealed low-field sample lref. 25-24) 
0 ASTP annealed f l ight  sample 

79. 6 
111 .1 . 2  . 4  1 2 4 6 810 20 40 

Rod o r  particle size, p m  

FIGURE 25-30.-Intrinsic coercive strength HCi at room tem- 
perature compared to MnBi particle size, for heat-treated 
MnBiIBi eutectic composites and mechanically ground MnBi 
particles. 

FIGURE 25-31.-Room-temperature B-H loop, with 
transverse field, for flight sample 11C (heat treated). 

highest field strength 22.3 T (223 kG). This result 
was entirely expected because theoretical esti- 
mates (ref. 25-33) of the coercivity in a transverse 
field predict that saturation will not occur until a 
field strength of 15 915 to 19 894 kA/m (200 to 250 
kOe) has been attained. It would appear that a 
field of 25 T (250 kG) would be barely adequate 
for saturation studies. 

In addition to intrinsic coercive strength, the 

magnetization of the ASTP ground-based and 
flight samples has also been measured. The 
average magnetization, for magnetic MnBiIBi 
eutectic composites, is reported in the literature to 
be 6 nWb1g (0.6 emulg) (ref. 25-24). The average 
value for the ASTP flight samples of 10.5 nWb/g 
(1.05 emulg) is a substantial improvement over 
the previously mentioned value; however, mag- 
netizations an order of magnitude greater were 
measured within these samples, on their first ex- 
posures to a magnetic field. These results could 
not be reproduced, and subsequent measurements 
gave the value of 10.5 nWb1g (1.05 emulg). This 
variation in magnetization has been noted in a 
previous study (ref. 25-32) but remains unex- 
plained. The variation indicates that, although the 
ASTP average value of magnetization has shown 
improvement over the literature value, an addi- 
tional improvement may well be possible with 
proper processing. 

In summary, orbital processing of the eutectic 
MnBiIBi composite has led to enhanced values of 
critical magnetic parameters B and H through par- 
ticle refinement and alinement. The average im- 
provement within these parameters was 60 per- 
cent. Although the precise reason for these im- 
provements has not been ascertained, it seems 
reasonable to presume that the reduction of detri- 
mental gravitationally dependent phenomena, 
during solidification, has resulted in these im- 
provements in the as-received composites. 

The magnetic results from the as-received type 
1 samples showed duplex behavior at room tem- 
perature. This behavior could be the result of a 
sh i f t  in  t h e  onse t  t empera tu re  of  t h e  
low-temperature magnetic component from 240 
to 295 K, or could result from particle size effects. 
In addition, substantial differences in magnetic 
behavior were noted, depending on the orienta- 
tion of the sample in the field. Because the 
microstructural analysis of the flight samples has 
shown that the microstructure is complex but 
nonrandom and that there are substantial 
differences in the MnBi particle size, it was 
decided to defer the magnetic analysis of these 
samples until all the necessary magnetic analyses 
of the alined, constant-particle-size eutectic sam- 
ples have been completed. 
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SUMMARY AND CONCLUSIONS 

The intent of this project was to study the con- 
tained solidification of magnetic materials in a 
low-g environment. Although the work is not yet 
complete, the following conclusions may be 
drawn. 

1. Fluid static configurations in a low-g en- 
vironment were appreciably different than in 
one-g, but were found to agree well with theory. 

2. Bismuth undergoes a liquid phase transition, 
with large hysteresis, at temperatures of 988 K on 
heating and 858 K on cooling. 

3. The Mn-Bi phase diagram presented in 
reference 25-22 is to be preferred. 

4. Macroscopic chemical segregation due to 
gravitationally dependent buoyancy forces is 
minimal in a low-g environment. 

5. The number and size distribution of or- 
bitally processed primary crystals is significantly 
different in the flight samples. 

6. The intrinsic coercive strengths of as-grown 
low-g MnBiIBi eutectic samples greatly exceed 
any values previously reported for this magnetic 
composite ( >60 percent). 

7. The solidification product from the orbital 
processing of the BiIMnBi faceted rod eutectics 
differs in particle size and shape, lattice parame- 
ter, and magnetic properties from equivalently 
processed terrestrial samples. 
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