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CHAPTER I
INTRODUCTION

This investigation 1s concerned with the growth of
oriented ceramic composites by unidirectional eutectic so-
lidification and the relationships between the microstruc-
ture, crystallographic orientations, plastic deformation,
fracture, hardness and thermal expansion of such composites.

This problem was chosen because it was felt that
eutectic unidirectional solidification, recently developed
in metallic systems, might provide a valuable technique for
fabrication of uniform, oriented ceramic and ceramic-metal
engineering materials., Furthermore, if simple two-phase
ceramic microstructures could be grown, they would provide
a valuable intermediate step in the process of relating
single crystal ceramic properties to those of isotropic
polycrystalline ceramic aggregates.

It was hypothesized that (1) binary eutectic mix-
tures of ionic compounds could be unidirectionally solidi-
fied to form microstructurally and crystallographically
oriented tWo-phase ceramic composites with a fibrous or
lamellar dispersed phase and that (2) the structure-sensi-
tive physical properties of these two-phase ceramic com-
posites would vary with orientation but be related by some
mixture rules to the properties of similarly oriented
single crystals of the component phases.

The idea for this work came from observing small
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regions of & fibrous dispersion of MnO in an impure man-
ganese sulfide'(MnS) ingot prepared for a study of the
MnO-MnS phase diagram.l Therefore, in order to capitalize
on the phase data as well as the preparation techniques
and physical property data available for MnS, the major
portion of this study was performed on the MnO-MnS system.
The microstructure and crystallographic orientations of
the phases in the FeO-FeS, NaCl-NaF, NaBr-NaF and LiF-NaF
eutectics were also studied in order to determine whether
the growth and orientation results of the MnO-MnS study
were generally applicable to ionic compound eutectics with
different crystal structures and ion size ratios.

Kndop and Vickers micro-indentation hardness proce-
dures were chosen as the principal physical property tests
since they are relatively nondestructive, well suited to
the scale of the microstructures obtained and can provide
information on both plastic deformation and fracture mecha-
nisms. Thermal expansion was studied by x-ray and dilato-
metfic techniques since it was felt that an understanding:
of the thermal stresses cauéedLby cooling the composite
from the eutectic solidification temperature to room tem-
perature would be necessary to the analysis of the inter-
action of the individual phase properties ih the composite

structure.



CHAPTER II
LITERATURE REVIEW

This literature review éummarizes and discusses preQ
viously reported material which was utilized in this inves-
tigation or which contributes to the understanding of the
results obtained.
| The review is divided into four main sections:

A. Eutectic Phases Relationships

B Eutectic Microstructure

C. Crystallographic Relationships
D. Property Relationships

A. Eutectic Phase Relationships

The eutectic reaction is defined as "the iso-
thermal, reversible reaction of a liquid that‘forms two
different solid phases (in a binary alloy system) during
cooling."2 The MnO-MnS phase equilibrium diagram is a typ-
ical binary eutectic (Figure 1). The phase equilibrium
diagrams for FeO-FeS, NaCl-NaF, LiF-NaF and YaBr-NaF-NaI
were also used in this study to determine approximate eu-
tectic com.positions.3

Various theoriesu’ ! have been proposed to predict
the phase ratios at which eutectic compositions will occur.
Stockdale in 1935 first suggested that the compositions of
binary metallic eutectic points corresponded with simple

whole number ratios of the two kinds of a.toms.l‘L Gorb‘off5

(1909) and Desch6,(l9lo) had earlier observed that in
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5
certain organic, inorganic and intermetallic compound sys-
tems the eutectic phase proportions seemed to be such that
one of the.cémponents was equally distributed between the
pPhases. No theoretical basis has been found for this pro-
posal, however, and it does not apply at all to eutectics
formed by terminal solid solutiohs such as those used in
this study.

| Hume-Rothery and Anderson7 have recently re-examined
all available experimental data on eutectic alloy propor-
tions and have concluded that Stockdale's original propos-

al seems to have some merit for predicting the most proba-

by
.

ble eutectic composition ratios.

The alkali halide eutectic compositions of this study
were melted in graphite crucibles, bﬁt since no significant
crucible-melt interactions were suspected or observed, car-
bon-alkali'halide phase equilibria will not be discussed.
The FeO-FeS and MnO-MnS eutectics were melted in high puri-
ty Ferrovac iron crucibles, however, and there waé evidence
of iron distributed in the eutectic microstructures. The
iron-oxygen and iron-sulfur systems have been discussed in
great detail by Darken and Gurry.8 The Fe-Mn-S-0 quater-
nary system9 and the Fe-S5-0 ternary systemlo have been dis-
cussed qualitatively by Hilty and Crafts. Their results
are sufficient to serve at least as a guide to the analysis

of the crucible-melt interactions in these systems.



B. Eutectic Microstructure

The earliest commercisl eutectics_were probably used
as solders, at least as early as the Roman occupation of
Gréat Br:l.ta.:!.n.l:L However, the earliest scientific study
of minimum melting point mixtures was on the properties of
"eryohydrates" of salt and water as reported by Guthrie in
_1875.12 These solids were originally thought to be com-
pounds, but according to Bra.dy,13 Ponsot in 1895 proved
them to be intimate mixtures of the primary phases. The
eutectic microstructure develops on solidification by a
proéess of nucleation and subsequent simultaneous growth
of the primary phases in directions and with morphologies
determined by impurities and growth conditions. The nucle-
ation phenomena are less important to microstructural mor-
phology than to crystallographic orlentation; therefore,
they will be discussed in that section.

Several empirical attempts have been made to group
the many known eutectic systems on the basis of similari-
ties in the appearance of their microstructures.lB’ 14, 15,
16, 17 The most recent review, by Chadwick,17 chooses to
divide eutectics into the following microstructural clas-
ses:

1. "Continuous" microstructures, wherein both
phases are essentially continuous in the growth direction,
as in the fibrous and lamellar cases in this study.

2. "Discontinuous" microstructures, wherein there
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is no continuity in the phase which is dispersed as dis-
crete particles in the matrix phase.

3. "Spiral" microstructures, wherein interlocking,
_spiral plateletsiof the two phases exist.

Since all five of the ceramic eutectic systems i1n
this investigation exhibited the continuous or first type
of microstructure, this review will be limited to the 1it-
erature applicable to this type.

A study of the microstructure of metallic eutectics
can be found as early as 1912 in the work of R. Vogel18 who
related solidification rate to the scale of the eutectic
microstructure. He unfortunately worked with the zinc-
cadmium system and observed only the colony or eutectic
grains and their boundaries without resolving the fine la-

13

mellar primary phases. This was rectified by Brady who

used magnifications to 800X on etched specimens to prove
that the colonies noted by Vogel were themselves made up of
an intimate mixture of zinc and cadmium phases as fine la-
mellae. Brady also noted that the eutectic lamellae became
finer with increased severity of quench and that the scale
of the microstructure increased from the center to the edge
of the colonies. He then attempted to account for the for-
mation of widely varying eutectic microstructural shapes by
relating the various shapes noted to the relative surface
tensions and melting points of the liquid phases.

Lamplough and Scott'? in 1914 first noted that there

were differences in the appearance of the eutectic
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microstructure adjacent to primary particles of the two eu-
éectic phases which correlated with undercooling data, in-
dicating that only one of the two phases was effective in
heterogeneously nucleating the eﬁtectic.

Since these earliest studies there have been many
attempts to catalog eutectics in terms of their microstruc-
tural appearance and to relate microstructure to crystallo-
graphic and surface energy relationships between the phases
and to various solidification variables. >’ 14, 15, 16, 17, 18,19

It has only been since the advent of the zone-refin-
ing process for purifying materials, however, that there
has been any real progress in underStanding eutectic micro-
structures. The very high purity metallic and covalent
elements which have been produced by this process have made
possible the preparation of binary eutectics in which third-
element effects on microstructure can be essentially elimi-
nated or, at-least, controlled. The understanding of sin-
gle phase solidification phenomena resulting from zone re-
fining research has provided the necessary basis for exten-
sion of this work to the two phase solidification occurring
in eutecﬁics. The unidirectional solidification technique
which is an outgrowth of the zone-refining téchnique per-
mits the growth of microstructurally and crystallographi-
cally 6riented eutectics in which the effect of solidifi-
cation variables on structure can easily be studied.

For obvious reasons most of the eutectic research

done to date has been on low melting point metal and metal-
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intermetallic compound alloys. In fact, the only other
references found on oriented ionic cémpound eutectics up
to the time of this report were those of Hellawell, et al,
on the NaCl-NaF and LiF-NaF alkali halide systems.zo’ 21,
22, 23 '

Pfann's24 original work on zone-melting was an ex-
tensibﬁ of earlier treatments25’ 26, 27 of solute segrega-
tion in normal freezing in which it was shown that the
concentration, C, solidifying was a function of the ini-
tial solute concentration, Cos the fraction solidified, g,
and the ratio of the solute concentration in the solid +to
thét in the liquid, k:

C=kCo (1-g)f 2t
These derivations were based on assumptions that (1) aif-
fusion in the solid is negligible, (2) diffusion in the
liquid is complete, and (3) k is constant. Pfann's work
showed that it was possible to enhance or eliminate solute
segregation by varying growth conditions when traversing a
relatively long charge of solid alloy with a small molten
zone. Rutter and Chalmer328 observed and studied a cellu-
lar substructure in unidirectionally solidified metal sin-
gle crystals which indicated that a non-planar solidifica-
tion interface could be stabilized under certain conditions
not predicted by previous theories.

Tiller, Jackson, Rutter and Chalmer329 extended the
'understanding of single phase solidification by showing

that when convection in the liquid was limited, the finite
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liquid metal diffusion coefficients'(l-lo cme/day) caused
local build up of rejected solute ahead of the solidifica-~
tion interface for distribution coefficients less than one.
This local solute build up decréased exponéntially from the
solidifying interface into the liquid with a form governed
by the rate of diffusion of solute into the liquid and the
rate of emission of solute at the solidifying interface.
They also showed that the solute concentration retained in
the solid would be very rate sensitive since increased
solidification rates would give locally increased solute
concentration in the solid and decreased rates would give
lower concentrations. This transverse banding or periodic
variation in solute concentration in the direction of soli-
dification due to growth rate variations has also been ob-
served in eutectics, notably those of this study.

Rutter and Chalmersjo showed that the constitutional
supercooling and associated cellular interface occur in
single phase solidification if the growth rate, R, is too
rapid or the temperature gradient, G, in the liquid at the
interface is too low for a particular impurity content. Til-
ler and Rutter31 showed that such supercooling could sta-
bilize a cellular interface if random growth projections
in a planar interface created radial impurity rejection,
lowering the freezing temperature of the projection bound-
aries.

The developments in the understanding of the single

phase unidirectional solidification discussed above have
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been very important to subsequent understanding of two
phase eutectic solidification. Weart and Mack32 first
pointed out the correlation between the "cellular" inter-
face observed in dilute single phase alloys and the "colo-
ny" substructure which was the major disturbing influence
in the othérwise ordered eutectic microstructures previous-
ly obtained. They further pointed out that eutectic grains,
which grow from a single nucleus in a manner analogous to
single phase grains, must be differentiated from eutectic
"colonies." The colony structure is a disturbance in the
phase mQrphology within the essentially monocrystalline
matrix phase of a single grain or over a polycr&stalline
region of several grains. 'Decanting experiments32 proved
that each "colony" was caused by a single cell dome in the
non-planar, cellular solidification interface. The cellu-
lar front is stabilized by the presence of a constitution-
ally supercooled impurity zohe ahead of the interface in
impure alloys at high growth rates and low temperature gra-
dients. Because of the dome shape of the solidification
front of each colony and the evident tendency for the indi-
vidual phase particles to grow perpendicular to the dome A
surfaée, the phase particles must grow in a curving direc-
tion towards the boundary of each colony (Figure 22).

Since the overall cell groove velocity in the direction of
growth must be approximately equal to the growth velocity
at the center of each cell, the phase particle growth rates

perpendicular to the dome (or cell surface) must decrease.
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Previous explanations of the thickening of eutectic phase

particles as they curved toward colony boundaries had been
based on decrease of surface tension,13 liberation of la-
tent hea.t,33 supercooling effeqts,l5 and displacement from

32

the eutectic composition.34 Weart and Mack concluded,

however, that the major reason for the thickening was the
decrease in solidification rate at the boundaries since
other studies35’ 36, 37 showed that lamellar thickness was
inversely proportional to growth rate.

The coarsened lamellae or rods of adjacent colonies
behind an advancing‘inter-colony‘grbove gives this region
the appearance of a grain boundary, but Fraser and Burr,38
using a semi-microbeam x-ray technique, and Eastwood,39
using slip lines, showed that a maximum of 1-2° misorien-
tation existed across colony boundaries.

TillertO

had previously shown theoretically that
constitutional supercooling could occur in even pure two
component alloys such as binary eutectics. This would
mean that it would be iﬁpossible to eliminate the cellular
interface, and therefore the colony substructure, by elimi-
nating impurities in eutectic alloys. However, recent ex-

41

periments by Chilton and Winegard on zcne-refined lead-

tin eutectic alloys have shown no evidence of the forma-
tion of colony boundaries in even chill-cést sections of
these high purity alloys.

Chilton and Winegard, however, verified the predic-

tion of Tilleruo that the lamellae thicknes§, A, would
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increase with the decrease of the growth rate, R, as des-
cribed by |

, A Rl/2 = constant.
Tiller's prediction was based on the necessity for redis-
tribution of solute ahead of the lamellae in the liquiad
and surface energy requirements of the solid eutectic phase
interfaces. Chilton and Winegard concluded, fherefore,
that the reason for the failure of Tiller's colony predic-
tion in "pure" binary eutectics was that lamellae can con-
tinue to subdivide to relieve the concentration gradient in
the liquid at even high rates of growth, and thus super-
cooling and the resultant cellular solidification front
cannot develop. This argument should also hold for the
three constituent ionic compound eutectics of the present
study.

The effects of growth conditions, colony formation
and impurities on the micromorphology of the individual
phases in the eutectic microstructure have been the topic
of recent intensive investigations.ue’ 43, L4 Botﬁ rod-
like and lamellar dispersions of the two eutectic Phases
have been observed in many different metallic eutectics.
In fact, both morphologles have been observed in the same
alloy, with intermediate regions suggesting that under cer-
tain conditions the lamellae broke down into the rod struc-
ture. 17

Hunt and Chilton45 proved that metal eutectic sys-

tems such as Pb-Cd, Sn-Cd, Cd-Zn and Sn-Zn, which had
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previously been observed to form rod-like microstructures,
could be grown with a completely lamellar phase morphology
at all growth rates if the alloys were zone-refined to
higher purities. They further showed that the lamellar
structure could be forced to break down into rods if a eu-
tectic grain were grown around an obstacle so the solidifi-
cation interface would curve in a direction normal to the
lamellar interface. Rods formed in this way in zone-re-
fined alloys did not extend significantly beyond the dis-
turbed region, however. Solidification front curvature
which altered the lamellar growth direction in the plane of
the lamellae did not cause the lémellae-to-rod transforma-
tion. They concluded tﬁat the rod-like areas in the colony
boundaries of impure eutectics were due to the curvature of
the colony solidification front. Subsequent work by Chad-
wick37 has indicated that there is probably another mecha-
nism of rod formation. Chadwick has applied the constitu-
tional supercooling meéhanism developed to explain the cel-
lular solidification front formed in impure single phase
and binary eutectic alloys to the formation of rod-like
morphology. Brady13 had previously proposed that the phase
-with the highest surface tension, which was also supposed
to be of the smallest volume ffaction, would form globules
or rods to minimize interphase surface area. Hunt and
Chilton™® and Chadwick’' had also shown that interphase
surface area would be minimized by transforming from the

lamellar to rod structure at phase volume ratics gréater
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than about 2:1. However, it appears that this is a minor
effect since eutecticts with phase volume ratios up to 12:1
have been sﬁown to prefer the lamellar morphology. |
The mechanism proposed by Chadwick to explain the
lamella-to-rod transition is based on the assumption that
present in the eutectic is an impurity, x, which has dis-
tribution coefficients k% and kﬁ in the two phases. Assum-
ing that kﬁ( k%( 1, at a steady growth rate the B phase’
will reject more impurity on solidification than the a
phase. The excess solute, X, built up ahead of the B la-
mellee, will then lower the equilibrium freezing point of
the liquid in contact with the B phase, thus causing the B
lamellae to grow a finite distance behind the o lamellae
(Figure 2a). Experimental support for the hypothesis of a
leading phase has been recently ﬁreseﬁted by Davies.uu The
rejected solute can never distribute itself evenly across
the interface at even the slowest gfbwth rates since the B
phase will always reject more soluté&é than the a phase.
This will lead to the solute distribution in the liquid
shown schematically in Figure 2b and equilibrium freezing
temperatureé in the liquid shown schematically in Figure 2c

56 The critical temperature gradient below

after Chadwick.
which long range constitutiénal supercooling will occur
ahead of the solidification interface is shown by tangent
Gi. The steeper temperature gradienf, GB represents the
limiting value for local constitutional supercooling ahead

of the B lamellae. Thus, as the temperature gradient is
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decreased below GB’ any random protrusions of the lamellar
B phase will be stabilized, Just as the long range super-
cooling stabilizes the cellular colony interface. The sta-
bilized B phase protrusion wili_then reject the a component
atoms redially and cause bridging of the more advanced a
lamellae around the B protrusioﬁ to glve the rod-like B
morphology in an o matrix. For temperature gradients be-
tween Gy and GB’ the B rods can be stabilized in an over-
all planar growth front without the existence of a cellu-
lar colony structure. At temperature gradients less than
Gy, long range superccoling will stabilize the cellular
colony structure while, due to local supercooling, the rod-
like structure remains. Chadwick has further hypotheslzed
that the reason for the tendency of otherwise lamellar eu-
tectics to break down at colony boundaries into the rod
form is that the balance of the distribution coefficients
of the two phases for impurity, x, changes at higher con-
centrations of x to gilve kﬁ = k% = ky at lower x concentra-
tions. Thus, when the cellular colony structure stabilizes
and begins rejecting more impurity to the cell boundaries,
the resultant change in distribution coefficients could
permit local supercooling and thus stabilize the rod-like

B phase. The geometric effect of increased cell curvature
at the colony boundary proposed by Hunt and Chilton also
probably contributes to the lamellar breakdown, but the
relative importance of the two effects cannot yet be esti-

mated.
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Other microstructural features have been observed in
continuous eutectics, primarily as perturbations or faults
in the previously described hierarchy of grains, colonies
and phases. Kraft and Albright43 noted "lamellar faults"
analogous to edge dislocations caused by the presence of
extra lamellae on one side of a fault line. Yue42 has ob-
served a lamellar tilt boundary analogous to low angle °
boundaries deséribed aé linear arrays of edge dislocations
in singie phase solids. Yue attributes this structure to a
shallow indentation in the solidification front which will
increase in depth, and thus in tilt angle, with increasing
growth rate. .

It has further been noted by Kraft and Albright43
that the microstructural appearance of binary eutectic in-
gots tends to be divided into three zones: at the begin-
ning, center and end of a length of unidirectionally soli-
dified material. The first region contains a relatively
disordered array of fairly isotropic eutectic grains caused
by'many initial nuclei. As growth continues into the cen-
ter of the ingot, those nuclei which ‘are favorably oriented
tend to elongate, and a few dominanf grains will normally
persist until another disordered region is reached at the
end of the ingot. If a colony substructure is present,
this too will be elongated in the growth direction, and of
course the rods or lamellae of each phase grow parallel to
the direction of solidification except where locally per-

turbed. The disordered region at the end of the ingot is
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due to the entrapment of all the impurities rejected in
previous solidification which have a very strong disorder-
ing effect at all levels of the microstructure.

Virtually all the research discussed above has been
conducted on two component metallic eutectics. An original
ocbjective of this study was to determine whether two and
three component ionic compound eutectics would behave
siﬁilarly to two component metallic eutectics. However,
prior to the completion of this study, Loxham and Hella-
well20 published photomicrographs of rod and lémellar mi-
crostructures in unidirectionally solidified, two component
alkali halide eutectics. Subsequently, Penfold and Hella-
well®2 have reported that these same alkall halide eutec-
tics (LiF-NaF and NaCl-NaF) exhibited a dependence of in-
terlamellar spacing on growth rate and formation of a
colony structure caused by impurities similar to metallic

23 indicat-~

two component eutectics. Truelove and Hellawell
ed that all the alkali halide eutectics they studied ex-
hibited a (111) interface coincidence between the phases in

lamellar microstructures.

C. Crystallogfaphic Relationships

Probably both nucleation and growth are important in
determining the possible and preferred interfacial orienta-
tions and growth directions in binary eutectics. It seems
natural to describe the process of solidification of a

eutectic as follows:
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l. PFormation of a nucleus of phase A of sufficient
size to continue growth and resultant depletion of its sur-
roundings of phase A ions. B

2. --The resultant increase in concentration of
phase B ions around the phase A nucleus, leading to het-
érogeneous nucleation of solid phase B on the phase A nu-
cleus at preferential sites or on preferred planes.

-3. Growth of the two phases in directions governed

by:

a. thermal diffusion gradients,
b. concentration gradients,
c. preferred growth directions of the nucleat-

ing and/or leading phase, and
d. interfacial surface energy minimization.

The factors involved are probably similar to, if not
the same as, those in oriented overgrowth from a liquid or
vapor phase on a solid substrate. The regular forms of the
phase particles in the lamellar eutectics have led investi-
gators from the beginning to assume that the interfaces
between phases represent low index crystallographic planes.
It would then follow, by analogy with epitaxial growth,
that this is the result of nucleation of one phase by the
other from a plate-like nucleus and resultant growth of the
lamellae in preferred crystallographic directions parallel
to the lamellar interface. _Tammann46 first proposed that
the growth occurred nofmal to the lamellar interface with
progressive build up of alternate plates of each phase By
renucleation on the previous phase lamellae. Rosenhain and

Tuckerju assumed that dendrites of one phasée formed and
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ihat the second phase solidified in the interstices of the
first phase at a later time. Vogel18 was the first fo pro-
pose simultaneous crystallization of the two phases in the
growth direction, but he proposed a polygonal prism rather
than lamellae as the phase form. Straumanis and Brakss47
experimentally verified that.the correct growth mechanism
was by simultaneous edgewise growth 6f the lamellar phases
in the direction of heat flow. Several mathematical models
based on numerical solutions of the thermal and mass diffu-
sion equations involved in eutectoid growth have been pro-
posed, involving simplified assumptions and boundary condi-
tions.uB’ 49 These models have been extended to eutectics
by Tiller,50 Li and Weart,51 and Jackson and Chalmers.l’
All involve the assumption of an undercooling or energy ab-
sorption caused by the formation of the interphase boundary
in the eutectic solid. Thus, from the beginning, it has
seemed natural to assume that nucleation_and growth would
result in certain preferred crystallographic orientations
and bounding planes for the lamellar eutectic phases,
whether a mechanistic or thermodynamic viewpoint was taken.
Brady13 gave the first evidence that the orientation
of the crystal structure of eutectic phases might be con-
stant. He presented four types qf evidence: (1) homoge-
neity of surface etching, (2) euhedral form of many discon-
tinuous phases, (3) continuity of slip bands as found by
Ewing and Rosenhain, and (4) uniformity of polarization

color in naturally occurring nonmetallic eutectics of quartz-
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feldspars. Since the utilization of x-ray diffraction tech-
niques for crystai a}ientation, many studieé have been per-
formed which have for the most part verified the fact that
low index planes and directions of both phases of binary la-
mellaf eutectics are orthogonally related to lamellae inter-
faces and growth directions. However, there has not always
been agreement among different experimenters as to precise-
ly what the orientations were for a particular system. This
is not to be completely unexpected, however, since studies
of heterogeneous nucleation have shown many inconsistencies,
due to impurity effects and also due to the fact that more
than one crystallographic orientation can be nucleated in a
single system.

Sundquist and Mondolfo have utilized the finely sub-
divided liquid droplet technique developed by Turnbull and
his associates to study heterogeneous nucleation of one phase
by the other in binary metallic eutectics in the absence of
impurity effects.52 They first studied the undercooling
possible in hypo- and hypereutectic alloys by observing the
freezing of finely divided alloy drops in a hot stage micro-
scope. The undercoolings observed verified the findings of
Lamplough and Scott19 in a study of metallic eutectics in
1914 that only one of the primary phases in a binary system
was effective in nucleating the eutectic, if any effect was
observed at all. Sundquist, et al’®? further concluded that
the relative solid-liquid interfacial energies of the cata-

lyst and nucleated solid is the important factor in
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determining nucleation effectiveness, and not lattlice mis-
fit as was formerly believed. They were thus able to re-
late the nucleating power of metals to their gram-atomic
solid-liquid interfacialAenergies, crystal structures, en-
tropies of fusion, and for tﬁe same crystal structures, to
their melting point. For the metallic and intermetallic
systems studied they concluded that phases with higher
solid-liquid interfacial energies, entropies of fusion‘and
melting points would readily nucleate, but not be nucleated
by phases of lower values with the same crystal structure.
They further concluded that phases with more "complex"
(directionally bonded) crystal structures should tend to
nucleate those of simpler structure but not the reverse.
They explain the fact that the relative solid-liquid inter-
faclal energies for anisotropic crystal structure phases do
not always indicate their relative nucleating power by the
contention that their measured interfacial surface energies
are only average values due to the directional anisotropy
of this property. Sundquist and Mondolfo53 extended this
work in a combined study of undercooling and relative
crystallographic phase orientations of self-nucleated eu-
tectic alloys of lead. They concluded that a multiplicity
of orientation relationships can occur, but they will
usually tend to be between low index planes with low linear
lattice misfits in simple crystal structures. However, the
lowest possible misfit was not the most frequent orienta-

tion relationship; therefore, they concluded that other
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factors were involved. Good symmetry relatiohships between
mating planes seemed to be a second important factor, cor-
responding to the findings of previous experiments on
epitaxial overgrowth.su However, the amount of undercool-
ing observed did not seem to vary with orientation rela-
tionships or lattice disregistries. '

The above findings indicate that the nudleation pro-
cess probably does not constrain eutectics to dnly one pos-
sible set of crystallographic mating plané;;petween the
phases as was previously assumed. However, virtually all
the eutectic phase orientation results reported: to date
have proposed a single set of felationships for a particu-
lar system. This situation may have occurred because of
the general assumption that a single equilibrium relation-
ship should exist and a reluctance to accept and report
contradictory results. It should be noted, howevei, that
different workers have reported different orientation re-
~sults for the same systems.17
| Additional constraints due to the unidirectional
growth process have not yet been studied in as great a de-
tall as the nucleation effect on orientation, bﬁt they
could also contribute‘to-the reduction of the number of
possible crystallograﬁhic orientations between lamellar
_eutectic phases. Kraft and Albright43 have indeed shown
that in the Al-CuMl, system a preferred crystallographic

orientation 1s developed gradually between the phases as

the lamellae grow along the length of the ingot. Cooksey
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gﬁ_glel have observed a similar tendency toward a pre-
ferred orientation during unidirectional eutectic growth
which they ascribe to a process of reﬁeated nucleation re-
sulting from larger undercoolings which exist at the non-
equilibrium freezing'interfaces. Kraft has proposed a
general rule for predicting fhe lowest energy or equili-
brium form for lamellar eutectics based on his detailed
analyses of the Al-CuAl, and Mg-MgoSn systems:

"The unit cells in each phase tend to assume an
orientation relative to one another such that the
interface between them is parallel to actual physi-
cal planes or puckered planes of atoms of wide
spacing and nearly equal atomic densities."55

He contends that such configurations would minimize the
solid-solid interfacial energy, which would in turn mini-
mize the depth of the interlamellar groove at the solid-
liquid solidification inte}face, according to the theory of
Tiller. This, in turn, would facilitate lateral diffusion
in the liquid by forming a more planar solidification front.
The growth direction in a normal eutectic, in which
the lamellae grow normal to the solidification front, must
"be one which lies in the crystallographic plane of the la-
mellar interface. It is not so élear, however, why one
direction seems to be preferred to another in such a plane.
Barrett has summarized the available data on the preferred
growth directions of columnar grains in single phase metal
castings.56 For face-centered cubic and body-centered

cubic metals [100] was the preferred growth direction.
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Edmunds57 has explained these results on the basis that the
natural crystal facég\that tend to develop are the planes i
of maximum atomic density, {111} in face-centered cubic,
{110} in body-centered cubic, and (0001) + {2110} in close-
packed hexagonal. The maximum growth velocity should thus
be in the direction of the maximum dimension of the solid
formed by phese bounding surfaces. This would be the [100]
direction for the octahedra and dodecahedra of cubic crys-
tals and'é direction dependent on the ¢/a ratio for close-
packed hexagonals. Kraft has used this theory to explain
the preference of the Al-CuAl, eutectic lamellae for a
[112] growth direction by postulating that the constraint
of one opposing pair of (111) planes as interlamellar
boundaries would indeed stabilize the [112] direction as
the maximum dimension of an octahedra parallei to these two
planes (Figure 3).58 Further restriction of charge balance
requirements will, however, probably be involved in the |

application of this theory to three component ionic com-

pound eutectics.,
D. Property Relationships

This section will review the pertinent literature on
the physical properties studied in this investigation under
the following headings: hardness, deformation and fracture

and thermal expansion.
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1. HARDNESS

The hardness tests used in this study were Knoop and
Vickers micro-indentation types applied by a Tukon hardness
machine. This review will therefore be limited to indenta-
tion hardness and primarily to the meaning of this type of
hardness as applied to ceramic or ionic materials. The in-
dentation hardness technique has been used extensively in
the characterization of polycrystalline materials, and a
vast literature has resulted which has been summarized in
several books.>9’ 60, 61, 62 Much less work has been re-
ported on hardness and hardness variations in single crys-
tals. - Perhaps this is because even the most isotropic,.
highly symmetric single crystals show marked variations in
hardness with respect to shape and orientation of the in-
dentation, thus requiring much more detailed analysis to
produce meaningful results. Recent use has been made of
Vickers and Knoop indentation for the study of plastic de-
formation and fracture in single crystals of various ma-
64 Al,65 Mg,66 Zn66

terials, including Mgo,®> Mns, and

qua.rtz.67

| Greater hardness has-generally been empirically
assoclated with a greater strength in materials, and many
,attempts have been made to establish useful correlations
between hardness and other measures of the resistance of a
solid to deformation. This is because hardness is a simple
value to measure, and the testing can usually be done in a

nondestructive way in very small samples. Unfortunately,



29A
moét hardness tests probably measure some complex combina-
tion of elastic properties, tensile or compressive strength
and plastic flow properties such as yield stress and capa-
city to work harden.68 In metals the yleld strength is.
usually much smaller than the elastic moduli,69 and there-
fore their hardness values are principally a function of
their plastic deformation or compressive stress-strain
curve.61 In the covalent and ionic materials, however,
elastic and fracture behavior become important in determin-
ing the measured hardness in addition to plastic charac-
teristics. © Empirical correlations have also been ob-
served between hardness and (1) melting point,7l’ 72
(2) surface energy of the indented materials,73’ 4, 75,88 and
6

(3) the energy needed to create new surfaces at fractures:z

7

Westbrook reported a linear relationships between

the yield stress of NaCl-type crystals and their Vickers
indentation hardness of the form

Y.S. = Hy/35,
where Y.S. is the yield stress in kg/'mm2 and Hy is the
Vickers hardness in kg/mme. Gilman has reported a similar
linear relationship between microhardness and elastic

78

modulus of other NaCl-type crystalé. Thus, microhardness

can be used in these materials to estimate these more fun-
damental properties.

Moore studied the change in hardness of NaCl with
temperature from room temperature to 1075°F.79 Chao, et

ElBO have measured the indentation hardness of MnS versus
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temperature from room temperature to 1000°C.
In recent years attempts have been made to study
modes of plastic deformation of ceramic single crystals

63

around various kinds of indentations. Keh innovated the

use of etch pit techniqués to study deformation patterns
around indentations in MgO at various temperatures.63 This
technique had been used previously to study etch pit
rosettes caused by hard particle impacts on cleaved sur-

faces of LiFSL and Mg0.52 Chao et al studied indentation

rosettes and cleavage in MnS single c:rys1:als.6lL

Chao et al also reported work on the variation of"
the hardness of single crystal and polycrystalline MnS with
temperature and the variation of hardness across the phase
diagram of the MnS-FeS system.BO They found only slight
changes in hardness of the MnS phase as the iron content in
solution was increased until FeS was.precipitated as a Wid-
manstétteﬁ phase on the {111} planes of MnS. Then the rate
of increase of hardness was greater at all temperatures up
to 1000°C as the FeS content .increased. They were unable

to measure the hardness of FeS alone due to its extreme

%
brittleness, but they concluded that it was harder than the

MnS phase.

2. DEFORMATION AND FRACTURE

-~

e

The mechanical properties of ceramic materials mani-

fested in their deformation and fracture behavior have only

recently been intensively studied.63’ 64, 81, 82 This work
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has to a great extent grown out of, and followed the same
course as, the efforts of physical metallurgists to relate
the complex behavior of polycrystalline metals to the atom-
istic mechanisms of slip and fracture deduced from single
crystal studies. Since the realization of the great impor-
tance of mechanical constraints at grain boUndaries on the
operation of these meqhanisms in polycrysta15833 8k, 85’énd
the formulation by Taylor® of the theory of multiple slip
to explain polycrystalline béhavior,-a‘gfeaf déal of:pro-
gress has been made in relating single crystal properties
to those of complex polyérystals in metals, and more recent-
ly, in ceramics. A moét valuable experimental means of
bridging the gap between single crystals and random poly-
crystals has been the study of deformation and fractufe in
single-phase bidryétals with various relative crystal
orientations across the singie grain boundary involved. It
is proposed that the two phase, crystallographically and
microstructurally briented eutectic polycrystals grown in
this study can prdVide an additional bridge between the
studies of bicrystals and true multi-phése random polycrys-
tals. Therefore, this review ﬁill include a discussion of
the known behavior of single crystals, polyCrystalline
aggregates and-orientgd bicrystals, insofar as they might

apply to the understanding of eutectic properties.

a. Single Crystals .
Plastic deformation in metallic single crystals
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generally occurs by slip or twinning. Twinning has not
been observed in NaCl structure crystals; therefore, fhis
review will be limited to the s1lip mechanism. S1lip occurs
by the relative movement of planes of atoms or ions on a
slip plane;‘{hki}, by means of the propagation of linear
defects or dislocations in a slip direction <hkl>. Many
investigators have shown that there is a critical resolved
shear stress necessary to cause slip to occur in a particu-
lar plane and direction which’is not sensitive to stress
components normal to the glide plane and direction.

Gilman's78 review of the plastic deformation of
"NaCl-type crystals indicates that, except for the highly
polarizable PbS and PbTe, all are reported to have primary
<110>{110} glide with a secondary(llO){lOO} glide in some
systems. A.<110>{111} glide has been reported by Buerger87
in sodium haiides. Keh63 found only the <llQ>{llO} glide
system in MgO. However, Chao gz_gl64 found a secondary
<1107 §111} glide system in addition to the primary
<110>{1103 glide system in MnS.

Fracture occurs most easily by cleavage on {100}
planes in all NaCl-type crystals.78 A phenomenological ex-
planation for this has been proposed by Kuznetsov88 based
on the observation that any shear displacement of one {100}
pPlane over another would cause very high like-ion coulom-
bic repulsions between the planes because of the arrange-
ment of alternating positive and negatiVe ions on these

planes. In fact, Kuznetsov contends that even when
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cleavage is constrained to the {110} or {111} planes, the
surfaces of the cleavage planes are made up of tiny {100}
facets. Gilman78 and Keh,63 however, have reported secon-
dary cleavage on $110} planes. Keh attributed the {110%
cleavage cracké around indentations to the interactions of
dislocations moving on {llQ} rlanes inclined 45° to the
{100t indentation surface.

Chao g£_§l6u observed that grain boundary fracture
occurred easily in polycrystalline MnS when MnO was present
as an impurity segregated in the grain boundaries. He also
observed that although {100' cleavage was primary in the
crushing of MnS, the {llO§ fracture was primary around in-
dentations. It was deduced that this fracture was due to
the interaction of (01I) and (10T) slip near the (001) in-
dented surface. A minor amount of fracture was observed on
$110% planes lying 90° to thegindented (001) surface caused

by the interactions of {lll% slip planes.

b. Polycrystals
The plastic deformation of random isotropic poly-

cryétal%ine aggregates has been studied extensively.89’ 90,
91 Recently the effect of the variation of grain size in
such aggregates versus the yield point of flow stress has
been investigated.ge’ 93, 89 Early suggestions as to this
effect were made by Kochendorfer,94 Nabarro95 and Kocks.91
Armstrong §3_2l89 ~have summarized the work on yield point
versus grain size in metals in which several systems obey

the relation,
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where Ojyp is the lower yield stress, 0p and k are con-
stants and £ 1is the grain diameter. They suggest that a
similar relationship should hold even in materials which
do not exhibit yield point behavior for flow st;ess at con-
stant strain, of, as follows:

ofr = oo + k£-1/2,
The constant o, is the stress a slip band could sustain if
there were no effective resistance to its passage at the
grain boundary. This would equal the friction resisting
the mofement of an isolated dislocatioh‘on the slip plane
in the simplest case. The relationship involving the grain
diameter, £, is derived directly from the analysis by
Eshelby 53_2296 that the stress concentration factor a
short distance, r, ahead of a slip band of length, £, is
(l/hr)l/e, assuming similarity between a slip band and a
crack in relieving stress. They attribute this behavior to
the grain boundary resistance to propagation of slip bands
between grains which reaches a limiting value proportional
to 2'1/2 when plastic deformation is induced at the end of
the slip band. They89 also proposed for the constant of
the previcus equation the equation

k = m2torl/2,

in which m is an orientation factor dependent on the crys-
tal structure and polycrystalline constraints, To 1s the
shear stress required to operate a source or force a dislo-

cation across the boundary, and r is the distance ahead of
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the élip band at which the maximum shear is generated.
These factors determine the sensitivity of flow stress to
grain size, and they in turn are determined by the number
of possible slip systems, the shear modulus, any diéloca-
tion locking, and possibly by the dislocation density, ac-
cording to Armstrong.89 Thus, it is claimed that this ré-
lationship explains the principal differences in the sensi-
tivity of flow stress to grain size observed in various
alloys. For instance, the smaller the number of slip sys-
tems, the greater is m, since poorly oriented slip planes
must operate. This would be significant in the case of
NaCl-type structures since the possible slip systems are
greatly reduced compared with metallic crystals due to cou-
lombic restraints. Furthermore, since the shear modulus,
W, is a principal factor in determining the shear stress,
Tc, 1t is certain that the value of k will be different
whén propagating from MnO to MnS compared with the reverse
case since MnO and MnS have different shear moduli. In
general it would appear that, it this analysis developed
for metals is applicable to ceramics, there should be a
strong dependénce of flow stress, and therefore of hardness,
on grain size in the MnO-MnS system.

Taylor's analysis86 of plastic deformation of poly-
crystals was based on the assumption of homogeneous strain
throughout the aggregate, and it led to the deduction that
at least five independent slip systems would have to

operate in the general grain to permit all the randomly
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oriented grains to conform to the overall shape change. He
then used a "least work" concept to propose that the speci-
fic combination of five slip systems that would operate for
a partiqular imposed strain in a given grain would be the
one which could satisfy the shape change with the minimum
total shear. It will later become apparent that the number
of independent slip systems required is reduced for the
general bicrystal and even further reduced for the "sym-
metric" bicrystal and eutectic lamellae due to the fewer
constraints involved.

Bishop and Hi1197 have mathematically formulated
Taylor's hypotheses and assumptions and applied them in de-

tail to the face-centered cubic crystal structure.

c. Bicrystals

| Considerable attention has been paid recently toAthe
plastic deformation and fracture of single phase bicrystals
with various relative orientations of the two crystéls.83’
84, 98, 99, 100 Since the lamellar two phase eutectics in
thié study are probably more like an array cf bicrystals
wit% a constant low misorientation between the crystals
than like a random polycrystalline aggregate, it is sug-
gested that the results of these studiles .are pertinent to
the analysis of the mechanical behavior of the eutectic.
This 1s especially true since MnO and MnS phases have the
same NaCl-type crystal structure, differing only in unit
cell size. Of course the physical properties of MnO and

MnS phases are different in terms of elastic moduli,
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hardness and flow stress, but their plastic deformation
mechanisms are quite similar. v

Unfortunately most of the testing of bicrystals re-
ported to date has been in simple tension, which is much
easier to analyze than indentation hardness.

Livingston and Chalmers98 have applied a form of
Taylor's polyslip plasticity theory to the tensile deforma-
tion of "isoaxial" (both crystals having a common crystal
direction parallel to the tension axis) bicrystals of
aluminum. Using a macroscopic continuum model of é bicrys-
tal (Figure 4), they contend that for the two grains to re-
- main contiguous, the compatibility conditions for the
strains Ejj across the boundary must hold; i.e.,

Ezz = Eoz, Egx = ERy, Eiy= ED,.
If the above conditions apply to grains A and B when
strained separately, they are considered compatible in
terms of the macroscopic average strains at the grain
boundary. In single phase bicrystals this implies only
mirror image crystallographic orientafiéns_across the grain
boundary, but due to differences in elastic moduli, criti-
cal shear stresses and lattice parameters, this is not suf-
ficient when a bicrystal of two different materials is con-
sidered, even when the crystal structures are the same. -
They use a microscopic model in which they assume that a
pile up of dislocations on one side of a bicrystal grain
boundary imposes a pure shear stress across the boundary.

They then resolve this shear stress by'standard tensor
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Figure 4. Bicrystal tensile specimen with loggitudinal
boundary. After Livingston and Chalmers.
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tfansformation on the various slip systems on the other
side of the boundary tb predict which such system will
operate. They of course predict that the system in the
second crystal with the highest resolved shear stress,
caused by the dislocation pile up, will operate. They use
Taylor's analysis to show that for the general, incompati- -
ble isoaxial bicrystal to deform in tension and still main-
tain macroscopic contihuity at the grain boundary, the
operation 6f four independent slip systems in the two crys-
tals will be required; disfributed with three in one crys-
tal and one in the other or with two in each. Recent in-

101 verify that com-

vestiéations by Fleischer and Backofen
patible, isoaxial bicrystals do give stress-strain curves
coinciding with those of single cryétals and that slip lines
occur for the primary slip system only. Several investiga-
tors, however, have found that the rate of work hardening,
%g, is greater in isoaxial, non-compatible bicrysfals than
in single crystals due to the operation of more than one
slip system adjacent to the grain boundary.log’ 103
Fleischer and Backofen ®l also noted that a size effect
exlisted since bicrystals with a small dimension normal to
the grain boundary, where duplex slip could extend over the
entireicrystal, exhibited higher work-hardening rates than
wider bicrystals. Elbaumlou further demonstrated that for
isoaxial, incompatible tri- and quadrucrystals, progres-

sively higher strain hardening rates occurred, with more

complex slip patterns than in bicrystals.
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Dorn and Mote83 have summarized the findings on

*metallic bicrystals:

1. "The grain boundary per se offers no re-
sistance to plastic deformation. Isoaxial
bicrystals having compatible orientations

have the same stress-strain curves as simi-

larly oriented single crystals.

2. "The yield strength of incompatible as

well as compatible iscaxial bicrystals is
identical with that for similarly oriented
single crystals. Thus, the differences in
orientation of each grain of incompatible iso-
axial bicrystals does not increase the stress
for initiation of plastic deformation.

3. "Incompatible isoaxial bicrystals strain-
harden at a much higher rate than similarly
oriented single crystals. The increase in
the rate of strain hardening canm be ascribed
principally to the operation of multiple slip
(at least four systems) in the vicinity of
the grain boundary, a condition which is im-
posed by the necessity of satisfying the com-
patibility relationships in the grain boundary
region.

L, "Multiple slip is most prevalent in the
immediate vicinity of the grain boundary of
bicrystals and multicrystals. Consequently,
the rate of strain hardening increases as the
grain size of multicrystals decreases.

5. "Multiple slip occurs almost exclusively
on the usual slip systems found operative in

single crystals, but occasionally new slip
systems become operative."

Studies on Mg0 bicrystals having the same NaCl struc-
ture as MnO and MnS have been performed 6y Johnéton, Stokes
and Li.-84 They examined the effect of slip propagating
from a line source into bicrystal boundaries with a range
of tilt and twist misorientations on the compression side
of‘a bend specimen. They were able to distinguish three;

processes occurring at the boundary in three ranges of
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misorientation:

1. "The shear stress concentration ahead of
the pile-up nucleates dislocation loops and
thereby slip bands in the {110} planes of the
adjacent grain. This relaxes the stress con-
centration and cracks do not form. This pro-
cess occurs preferentially when the slip
planes on either side of the boundary are al-
most coplanar.

2. "The tensile stress concentration beneath
the blocked slip band nucleates a {110}
transgranular crack in the adjacent grain.
Under macroscopic compression, the cleavage
crack decelerates and generates dislocation
loops which subsequently develop into slip
bands in the adjacent grain. This process
occurs when the misorientation is such that
the resolved tensile stress concentration due
to the pile-up exceeds the cohesive strength
of the {110} plane before the resolved shear
stress concentration exceeds the theoretical
shear strength to nucleate slip.

3. "The tensile stress concentration beneath
the blocked slip band nucleates an inter-
“granular crack. Under macroscopic compression
the crack is stable. This process occurs
when the resolved tensile stress concentra-
tion exceeds the intergranular strength be-
fore 1t exceeds the cohesive strength of the
cleavage plane. As the misorientation
changes from small to medium to large, then
the predominant, though not exclusive, process
changes from (1) to (2) to (3)." :

These results indicate that at the low misorienta-
tions which exist between the eutectic phases in the sys-
tems of this study there is 1little possibility of inter-
granular or even transgranular cracks being created by the
pile up of dislocations. Westwood,105 howevér, concluded
that cracks may be nucleated at a low angle grain boundary
in MgO bicrystals through the superposition of tensile
stress filelds caused by two dislocation pile ups occurring

within a range of one or two microns of one another on
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either side of a bicrystal boundary.

Day and Stokesgo have reported a great deal of work
on Mg0 in single crystal, bicrystal and polycrystal forms
Thelr conclusions can be summarized as follows:

1.. MgO crystals are plastic only in the presence of
suitably oriented mobile slip dislocation sources.

2. In the absence of slip sources bicrystals are
strong and elastic but are weak and brittle in tension when
mobile sources are present because of crack nucleation
caused when the slip bands are blocked by the grain bound-
ary.

5. Only simple tilt boundaries of a few degrees
misorientation can relax the stress concentration by trans-
fer of slip from one grain to anocther.

4._ The increased ductility of MgO above 1700?0 is
due to three factors:

a. increased ability of {110}<110> slip systems
to interpenetrate and operate concurrently.
b. increased number of slip planes on which the

<110> slip vector can operate. Factors (a) and (b)

combine to permit sufficient slip systems to operate

in a given volume of polycrystalline MgO to satisfy
the von Mises criterion.

| ¢c. polygonization and recrystallization pro-

cesses which relieve internal local stresses can

operate. ;

5. Pores act as stress raisers to cause crack
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nucleation and therefore more brittle behavior in less §

than 100% dense Mg0.

5. THERMAL EXPANSION

This section will review the pertinent literature on

(1) the thermal expansion of NaCl structure crystals and (2)
the thermal expansion of two phase composites.

Austinlo6 has reviewed the fundamental significance
of thermal expansion and its relationships to crystal struc-
ture ;n nonmetallic crystals. He concluded that the ther-
mal expansion of crystals such as the NaCl types of this
study should be isotropic and vary in direction proportion
to the melting point or heat of formation in an isomorphous

107 observed that the expansion coefficient

series. Wooster
for binary compounds with the same cation increased with
anion size. Thus, the thermal coefficient of MnS would be
expected to be larger than that of MnoO.

The therma% expansion coefficients for MnO, FeO and
MnS have been reported by Ellefson and Taylorlo8 over the
range of 100 to 200°K where certain expansion anomalies
occur 1n these materials. The thermal expansion of MnO hés
been reported by Foex109 from -120 to 700°K. However, ther-
mal expansion data has not been published for MnS above
200°K.

The apparent thermal expansion of a two phase com-
posite should be some value intermediate between that of
the two phases involved according to -experiments by

Kingery.llo
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Turnerlll and Kerner112 have formulated mathematical

models to predict the thermalhexpansion of composites when
the expansivities‘and modull of the individual phases are
known. |

The microstresses due to thermal expansion differ-
ences in multi-phase composites have been discussed in de-
tail by Laszlo113 and more recently by Kingery.llo The
calculation of these stresses is a matter of balancing the
strains imposed by each phase on its neighboring phase par-
ticles and the amount of relief of such strains which can

occur by the various mechanisms of viscous flow, diffusion,

. 81lip and fracture.

Measurement of internal micro-strains by x-ray and

14

other methods has been discussed by Fulra,thl and

Lauchner.115



CHAPTER IIT
EXPERIMENTAL PROCEDURE

A. Sample Preparation

1. RAW MATERIALS

The manganous oxide (MnO) was prepared by reduction
of reagent grade manganese dioxide (MnOs) of 99.9% purity
" 1n hydrogen at 950°C. The reaction can be represented by

MnOos + Hp — MnO + H20T.

The manganous sulfide (MnS) was prepared using a
technique previously reported by Chao and Van Vlack.64
This involved the‘deoxidation of reagent grade manganous
sulfate monohydrate powder (MnSO4:Hp0) of 98.8% purity by
sulfur according to the reaction

MnSOy+Hy0 + Sp—MnS + 2S0,T + H,O0%.
The sulfur was vaporized at 410°C by a small resistance
furnace in the lower part of a vitrified silica tube. The
sulfur vapor then reacted with the charge of MnSOy powder
in the upper part of the furnace tube held at 900°C by a
second resistance furnace. Mechanical stirring of the
MnS0) powder speeded éompletion of the reaction. A sche-
matic diagram of the apparatus used is shown in Figure 5,
after Chao.64 The MnS powder was then melted into ingots
in an induction furnace using a graphite crucible-susceptor.
Neither optical examination nor x-ray powder patterns indi-

cated that phases other than MnS were present. The lattice:

L5
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5
7
6
2
3
-8
x4 -l 1
1. Lower furnace, 410°C 2 Upper furnace, 900°C
3. MnS0, charge 4. Liquid sulfur
5. SO,exhaust 6. Reaction tube
7. Stirrer 8 Support of graphite

felt and porcelain
filter to hold charge

Figure 5. MnS purification. Stoichiometric manganese
sulfide has been prepared most satisfactorily by the

above method.
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constant, ag, for the MnS was checked by calculating ap's
for a series of powder pattern lines and extrapolating the
curve obtained to 6 = 90° versus the Nelson-Riley factor,
l/2(°°se9 + cog29). The value obtained was 5.223& compared

sin 6
with 5.2258 reported by Chao,®" 5.22u8 by astM,216 ang

5.165 to 5.2608 by Boniszewski and Baker.ll7

Some of the MnS used in this study was zone-refined
in a horizontal induction furnace under a purifiéd argon
atmosphere with a final pass of one inch.per hour és pre-
viously described by Chao and Van Vléck.64

The iron:sulfide (FeS) was prepared by-réacting
stoichiometric ratios of high purity (99.98%) ferrovac iron
-wire and U,S.P, grade sulfur to completion in an evacuated
and sealed Vycor tube,64 according to the reaction

2Fe + Sp — 2FeS.

The iron wire in one end of fhe tube was held at 880°C and
the sulfur liquid in the other end was held at 440°C in a
furnace temperature gradient. X-ray powder patterns indi-
cated that the iron was completely reacted and no other
s phases were present.

All of the other raw materials used in preparation
of the five eutectics of this study were reagent grade
chemicals with no further preparation and purification.

These include reagent grade NaF (99.0%), NaCl (39.9%), NaBr
(99.5%), LiF (99.9%), and Fe203 (99.0%).

2. EUTECTIC INGOTS

The raw materials described above were mixed as
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powders 1in the proper weight ratios as indicated by the
pPhase diagram for each eutectic. The powders were then
mixer-milled together in steel canisters containingvsteel
balls in a Spex Mixer-Mill. The eutectic mixtures were |
then charged into Ferrovac iron crucibles for MnO-MnS and
FeO-FeS, and into spectroscopic grade graphite crucibles
for NaCl-NaF, NaBr-NaF and LiF-NaF The crucibles were
usually 1/4 inch i.d., 1/2 inch o.d., and 18 inches long.
An ingot of 1/4 inch o.d. and about 6 inches in length was
obtained in all cases if the crucible was charged complete-
1y full of eutectic powder.

The general procedure involved completely melting
the powder charge by passing the crucible slowly through a
silicen carbide resistance or high frequency induction fur-
nace under an argon atmosphere. This initial melting was
performed while moving the crucible vertically upward
through the furnace. The unidirectional solidification was
performed by withdrawing the crucible and its refractory
envelope vertically downward from the heating zone of the
furnace. In the case of the induction furnace the relative
motion of the crucible and heating coil was accomplished by
moving the coil instead of the crucible. Thé induction
heating method was very difficult to control, and although
it originally appeared to offer advantages over resistance
heating, it was eventually abandoned in favor of the appa-
ratus shown in Figure 6. The crucible was transported

through the silicon carbide resistance furnace by the drive
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Figure 6. Eutectic unidirectional solidification apparatus.
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mechanism of an Instron testing machine permitting syn-
chronous speeds of down to 0.002 inches/min. The actual
solidification front speed was not usually equai.to the
nominal speed of crucible withdrawal due to changes in the
temperature profile along the crucible as it was withdrawn
from the furnace. Platinum-lo% rhodium thermocouples were:
used to instrument some of the Ferrovac iron crucibles to
determine the true rate of movement of the solidification
front for correlatibn with laﬁellar widths in MnO-MnS in-
gots. |

All the ingots were melted and solidified in open
top crucibles except the FeO-FeS eutectic. This ingot was
prepared by mixing FeS with the proper amount of reagent
grade FepO3 and sealing the mixed powders in a Ferrovac
iron crucible. The crucible was sealed by Heliarc welding
a Ferrovac iron plug into its top. The necessary iron té
react with the Fep03 to form the desired FeO was supplied

by the iron cruéible.

~

5. SECTIONS

The eutectic ingots were prepared for testing By re-
moving them from.their crucibles and cutting out transverse
and longitudinal sections. The oxide-sulfide ingots haa to
be removed by cutting longitudinal slices from the Ferrovac
iron crucibles and splitting the crucible slices away from
the ingot individually since iron has a higher thermal ex-
pansion than oxides and sulfides. The alkali halide ingots

could be slipped out of their graphite. crucibles very
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éas}ly at room temperature since graphite has a lowér ther-
mal coefficient of expansion than alkali halides..

High speed, resin-bohded sllicon carbide cutting
disks 0.010 inch thick were used in sectioning the oxide-
sulfide ingots, and a bandsaw was ﬁsed in sectioning the
alkali halide ingots.

In most casés the ingot sections were imbedded in
cast polyester resin mounts for polishing and microstruc-

tural examination prior to testing.

B. Testing

1. MICROSTRUCTURAL ANALYSIS

The mounted ingot sections were prepared for micro-
structural analysis by standard metallographic polishing
techniques. The oxide-sulfide eutectics were rough polished
on increasingly finer silicon carbide polishing papers
(from 240 to 600 grit) and then on 8 micron and 1 micron
diamond wheels. It was difficult to remove all scratches
sincelsmall particles of ceramic would occasionally break
out of the polished surface at unsupported edges during
fine polishing, causihg‘coarse scratches. The alkali
halide eutectics were rough polished on 600 grit paper and
then fine polished on a silk wheel with Linde B alumina
polishing powder in alcohol-water solutions. The polished
sections were then examined and photographed on standard
reflected light microscopes and metallographs. It was nec-

essary to observe the microstructure on two adjacent
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sections at right angles in order to determine the three
dimensional form and orientation of the rod-like or lamel-

lar phases.

2. CRYSTALLOGRAPHIC ORIENTATION

The crystallographic orientation of selected regions
of the eutectic ingots was determined by back-reflection
Laue and Buerger precession transmission x-ray techniques.
The NaCl-NaF and NaBr-NaF eutectics gave excelient back-re-
flection Laue results with well defined spots and low back-
ground intensities, permitting unambiguous orientations
with respect to growth direction and microstructural orien-
tation. For these eutectics selected regions of uniform
lamellar microstructure were chosen at the intersection of
two polished surfaces of each ingot for cleavage of an X-ray
transmission specimen. A small glaSs fiber was then ce-
mented to the desired region and a small fragment cleaved
out of the ingot with a razor blade under a stereomicro-
scope. The cleavage zone was photographed before and after
cleavage, and the cleavage fragment was photographed from
several angles so the orientation of the lamellae with re-
spect to: the—cleaved and poiished surfaces of the fragment
and with respect to tﬁe glass fiber was recorded.

The cleavage fragment was ﬁhen‘mounted on a two-
circle goniometer head and optically oriented by means of
reflections from its various cleaved and polished surfaces.
The goniometer head was then transferred to a Buerger pre-

cession x-ray camera made by the Charles Supper Co.
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Several low precession angle (1l0°H) exposures were then
made to gulde the final precise orientation of the lamellar
: eutect;c fragment with respect to the x-ray beam and film.
‘Theh severél O-level precession x-ray.exposures were made
of the lbw index crystallographic planes parallel and per-
pendlicular to the eutectic lamellae. A1l exposures were
made on North American Philipé Co. Xx-ray generators using a
molybdenum target tube (Serial No. 20168) at 40 kv and 15
ma settings. Exposure times were one-half to two hours for
orientation shots and 5 to 20 hours for O-level exposures.
The procedu;;s used for taking:and gpaly;;ng_jpg#preqeséion
x-ray photographs were those described in the text by
Buergerll8 and the manual by the Charles Supper Co.ll9 The

usual settings used are given in the table below.

TABLE I
Precession X-Ray Camera Settings
Orientation O-level
Precession angle, T 10° 20°
Film-to-crystal distance, F 60 mm . 60 mm
Screen-to-crystal distance, s 28.4 mm 41,2 mm

Radius of screen, r 6.0 mm . 15.0 mm

Precession photographs were taken of at least two
low index planes for one cleavage mounting and of one other
plane with the cleavage mounted at right angles to its
original orientation. The NaCl-NéF and NaBr-NaF eutectics
were also checked by this technique to verify the Laue

orientation results.
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3. THERMAL EXPANSION DETERMINATION

The thermal expansion coefficient of manganous sul-
fide (MnS) was determined by using high temperature x-ray
powder patterns to determine the change in lattice para-
meter from room temperature to 1200°C. A Rigaku-Denki high
temperaturé X-ray camera with provision for recording pow-
der patterns for seferal temperatures on a single film was
uéed in this study. The MnS powder was ground to -325 mesh
in an agate mortar and inserted in a 0.2 mm vitrified sili-
ca tube. The silica tube wés then sealed and cemented to
an alumine rod 1.5 mm in diameter and 3.5 cm long with a
Saﬁéfeisen cement. A 28 gauge platinum wire was cemented
alongside the silica tube to serve as a standard for cali-
brating the temperature of the specimen. The furnace was
evacuated by a mechanical vacuﬁm pump to reduce air scétter
and oxidation. Unfiltered chromium radiation was used at
35 kv and 10 ma to obtained the maximum number of back-re-
flection lines for measurement. Standard methods of preci-
sion lattice parameter determination by extrapolation of ap
versus the Nelson-Riley function to 6 = 90° were utilized.
.The specimén temperatures indicated by a platinum-10% rho-
dium thermocouple adjacent to the specimen were corrected
to the actual specimen temperature by calculating the lat-
tice parameter of the platinum standard at each temperature
and deférmining the true temperature of the specimen from
the linear expansion versus temperature.curve for platinum

reported by Campbell. 20
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The thermal expansion coefficient of a polycrystal-
line MnS specimen was determined by the same dilatometric
procedure used on the MnO-MnS eutectic specimen to verify
the x-ray results. A Leitz HTV dilatometer was used which
compared the linear expansion of a 50 mm long specimen with
that of & 50 mm Chronin standard at a 200X optical magnifi-
cation. The linear expansion of the Chronin standard was

121

reported in the Leitz manual from room temperature to

100°C so that the Chronin could be used as a temperature

callibration.

4. DEFORMATION AND FRACTURE ANALYSIS

The deformation and fracture modes of single crystal
MnO and lamellar MnO-MnS eutectic grains were determined
from cleavage and Vickers indentation hardness tests. The
fracture behavior was determined by attempting to cleave
the MnO and MnO-MnS samples along various crystallographic
planes with a sharp blade and by observing the predominant
form of fragments caused by crushing. The fracture patterns
observed around large Vickers indentations also contributed

to this analysis.

The deformation behavior of MnO and the MnO-MnS eu-
tectic was studied by observing the slip lines around Vick-
ers indentations in oblique reflected light at 100 to 500X
magnifications. The MnO sample used was a flame-fusion
grown single crystal boule obtained from the Marubeni-Iida-
America Co., Chicag&, Iliinois. The low index crystallo-

graphic planes on which the indentations were made were
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cleaved or ground and checked with Laue back-reflection

X~-ray photographs.

5. HARDNESS TESTING

The same ground or cleaved planes of the MnO crystal
and the MnO-MnS eutectic ingots were used for the Knoop
micro-indentation hardness tests. The Kﬂﬁop indenter is a
pyramid with a longitudinal angle of 172°30' and a trans-
verse angle of 130°0!'. It gives a diamond shape indenta-
tion with diagonals of an approximately 7 to 1 length ratio.
Very little elastic recovery occurs along the long diagonal
of the Knoop indentation; therefore, the measured length of
this diagonal and the dead weight applied load were used to
determine the ratio of applied load to unrecovered project-
ed indentation area in kg/mm2. This is called the Knoop
Hardness Number (KHN). A calibrated filar eyepiece was
used to measure the indentation length, and a taeble of KHN
values versus indentation lengths published by the Wilson
Mechanical Instrument Co. was used to convert the lengths
to KHN. Both the Vickers and Knoop hardness indentations

were made on a Wilson Tukon Hardness Tester.



CHAPTER IV
RESULTS AND DISCUSSION

The eutectic microstructufes of this study consisted
of a continuous matrix phase with crystallographically re-
lated discontinuous plates or rods of a second phase uni-
directionally arrayed in the matrix. A single crystal
graln of the matrix phase along with the related rods or
plates of the discontinuous phase is considered a eutectic
grain. A eutectic colony is a region bounded by a layer of
coarse eutectic rods in a fan-like array generated by a con-
vex dome-shaped solidification front cell. A colony cell
may include a part of a grain, an entire grain or many
grains of the eutectic. A lamella is made up of a plate of .
each of the two eutectic phases in a two layer composite.

This section wili first discuss the results of this
study in terms of the crystallographic and microstructural
phase relationships for the MnO-MnS, FeO-FeS, NaCl-NaF,
NaBr-NaF and LiF-NaF systems, and then the property rela-
tionships for thermal expansion, deformation and fracture,

and hardness of the MnO-MnS system.

A. Phase Relationships

1. CRYSTALLOGRAPHIC ORIENTATIONS

This section will discuss the results of crystallo-
graphic orientation studies on MnO-MnS, FeO-FeS, NaCl-NaF,
NaBr-NaF and LiF-NaF. The nominal orientation of each

57
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phase of the eutegtics with respect to the interface plane
between lamellae and the growth direction of the ingot will
be summarized in the notation of Kraft;2S i.e.,
Interface || (hkl)q Il (h'k'1l')g
Growth Direction | [h"k"1"]q 1 [h"k"1"]g
The symbol || means "is parallel to." The crystal planes are
indicated by their (hkl) Miller indices in parentheses, and
crystal directions are indicated by their [hkl] lattice in-

tercepts in square brackets.

a. MnO-MnS
Interface || (111)png I (221 )yn0
Growth Direction || [112]yng N [112]vno
Continuous Phase = MnS

The MnO and MnS phases exhibit a common (111) plane
interface and an approximately common [112] growth direction
(Figure 7). A twist misorientation corresponding to a 3°
rotation about the common [111] interfaée normal was consist-
ently observed between the [112] growth directions of the
two phases as shown in the X-ray precession camera photo-
graphs of Figure 8. The twist direction indicates that the
MnS phase tends to have a greater lattice rotation towards
the crucible wall than the MnO phase at all points in the
eutectic. The MnS phase is the leading phase according to
the microstructural appearance near transverse bands and the
fact that it is the continuous phase, as 1s discussed later.
There is also a slight mosaic substructure evident in pre-

cession photographs normal to the lamellar interface or in
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Figure 7. Crystallographic orientations of MnO-MnS and
FeO-FeS eutectic phases in relation to lamellar inter-
faces and growth directions.



(b) Parallel to Interface Normal [111]

Figure 8. Buerger prececsion sero-level x-ray transmission
=] [ 3 )
photographs of lame¢llar MnO-MnG eutectic.
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the [112] direction with a simultaneous rotation of both
phases of t 3°-about the growth axis (Figure 8).

A schematic cross section of an MnO-MnS ingot showing
the curving solidification front and resultant curved grains
along with the misorientation amounts and difections ob-
| served across a typical cross section is shown in Figure 9.
The fact that the direction of the misofientation corres-
ponds with the direction in which the lamellae are curving
indicates that the factor controlling the misorientation may
be the tendency for each phase to grow normal to the solidi-
fication front. This mechanism might also be used to ex-
‘plain the constant misorientation value of 3° if it is hypo-
thesized that the solidification front of one phase could be
rotated by as much as 3° relative to the other phase. This
would involve a variation in the distance that the MnS'phase
leads the MnO phase along the ingot radius (Figure 9). How-
ever, the 3° misorientation found in the MnO-MnS system
would only require that the MnO phase lag behind the MnS
phase by about 0.0065 inches more in the center than at the
periphery of the 1/4 inch diameter ingot. A mechanism for
such a lag can be postulated on the basis that the dome-
shaped solidification front would force radial diffusion,
and consequently a radial impurity gradient, across the soli-
dification front. Chadwick has postulated that the lamellae
of phase B will grow a finite distance behind phase a when
an impurity, x, has a smaller partition coefficient in the

B phase, kB, than in the a phase, k2.°° This leads to a
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Figure 9. Schematic diagram of crystallographic misorienta-
tion between MnO and MnS lamellae versus radial curva-
ture direction of solidification front.
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greater concentration of solute, x, ahead of the B lamellae
and thus a lower equilibrium freezing point for the liquid
ahead of B, causing it to grow behind a. If a radial concen-
tration gradient of the solute, x, is imposed upon Chadwick's
- model, 1t is only necessary to postulate that the ratio of
kg/k% varies with the absolute concentration of x to define
a system in which the lag distance of phase B behind phase a
would vary along the radial concentration gradient. This

in effect would mean that each phase would have a different
radius of curvature at its solidification interface; thus,
the phase with the flatter growth front would grow with the
least lamellar curvature as the lamellae grow normal to the
solidification front. The postulate that the ratio of kﬁ/k%
varies with the absolute concentration of x is precisely the
one which Chadwick uses to explain the premature lamellar-
to-rod breakdown at colony b(hnunda.ri'es.j7 Therefore, it seems
appropriate to use it here since this breakdown phenomenon
is also observed in the MnO-MnS colonies (Figure 25). The
radial lamellae which seemed to predominate around the outer
radius in the central section of the MnO-MnS ingots would
also be favored by the above mechanism since the lateral dif-
fusion would tend to disturb the concentration gradients
ahead of non-radial lamellae, thus causing them to break
down into the more easily curved rods which would presumably
grow out to the edge of the ingot and disappear. This coin-
cides with the observation that lamellae in small colonies

tend to break down into rods more easily when they are not
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radially oriented (Figure 25).

Many attempts were also made to determine the crys-
tallographic orientations of MnO and MnS phases by Laue back-
reflection x-ray methods, but due to excessive background
and smearing of the Laue spots, the patterns were not unique-
ly interpretable. The smearing of the Laué spots seems to
support the hypothesis that severe interlamellar strains due

to cooling the eutectic from the solidification temperature

td room temperature are present.

b. FeO-FeS
Interface || (100)pgq Il (0001)peg
Growth Direction || [110]Feo | [10TI0]Fes
- Continuous Phase = FeS

The FeO-FeS system was chosen for study since it in-
volves an NaCl structure compound (FeO) and an NiAs struc-
ture compound (FeS) which differ primarily in the stacking
of their hexagonally arrayed, close-packed anion planes.

FeO can be considered a stack of hexagonally arrayed (111)
planes in an ABCABC sequence. FeS can be considered a stack
of hexagonally arfayed (0001) planes in an ABAB sequence.
Since the dense (111) planes were the interface planes in
the MnO-MnS system it was expected that (lil) and (0001)
might be the respective interfaces in the FeO;FeS eutectic.

The FeO-FeS microstructure was made up primarily of a
rod-like dispersion of FeO in the FeS matrix. The rods
generally tended to be aligned in rows, however, aﬁd occa-
sionally exhibited a ribbon-like cross section with small

regions of true lamellae (Figure 15). There were no regions
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in which cellular colony structure was absent as in the
MnO-MnS ingots; therefore, it is concluded that the equili-
brium orientaﬁions of the phases might not have beén com-
pletely established. |

The region studied by the Buerger precession teéh-
nique is shown in Figure 15, and the orientations of the
Phases with respect to the psuedo-lamellae and the growth
direction are shown in Figure 7.

The interface blane of the FeS matrix phase was found
to be the (0061) Plane in this NiAs structure, agreeing with
the findings in the MnO-MnS_system described above. How-
ever, the coincident plane in the FeO phase was found to be
approximately equal to the (100) plane. A 5° rotation about
the [110] axis of the FeO phase normal to both the growth
direction and interface normal was the only misorientation
Observable between the phases. This is the direction of ro-
tation required to bring the (111) FeO plane into coinci-
dence with the (0001) plane. This rotation would also give
the same [112] growth direction in FeO which was found in
both the MnO and MnS phases.

Laue back-reflection x-ray photographs were also
.tried on the FeQ-FeS system but without succesgidue to exces-
sive background and smearing of the spots.

The observation that the matrix phase is oriented as
expected while the dispersed phase is tending toward the ex-
pected orientation would correspond with the observation of

Kraft regarding the Al-CuAls system.58 He observed that the
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matrix phase échieved its equilibrium orientation very quick-
ly but that a greater growth distance was required for the
dispersed phase to become properly oriented. In this work
the marked colony structure prevented detection of any fur-
ther re-ofientation of the FeO phase towards the [1172]

growth direction than 5°. It may also be that a slight mis-
orientation between the phases is a low energy configuration

due to the difference in latticeparameter of the phases.

c. NaCl-NaF

Interface | (110)ya01 | (220)y,p

Growth Direction |l [001]yacy Il [001])NaF
Continuous Phase = NaCl

The NaCl-NaF eutectic was checked for crystallo-
graphic orientation by both Laue back-reflection and Buerger
precession x-ray techniques. Four different grains were
checked by the Laue method in the ingot studied, and all
four exhibited a [001] growth direction and a (110) inter-
face plane between lamellae (Figure 10). Three of the four
also exhibited a 3 fo h° rotation of one phase pattern about
the [001] axis towards a [112] direction and the same amount
about the [110] axis towards a (111) interface plane.

There was much less smearing of the Laue spots in this sys- -
» tem compared with the oxide-sulfide Laue photographs, -indi-
cating'that less internal strain and mosalc are present at
room temperature. The microstructure in the region where
the Laue study was made consisted-éf a very regular lamellar
array parallel to the growth direction with little curvature

of lamellae. However, the region checked was only from



67

2°titt | __
NaCl - NaF . ./ (110) Interface

/ A Plane

2 twist

oo P ,
| .

[110] [Growth D'rectior]

110]

Interface
Normal]

[Normal to Growth in .Interface]

NaBr - NaF LiF - NaE
/ ' 2°
twist
_ d
byl
)_A [110]

[i12]

A

(110) Interface 111) Interface
Plane Plane

Figure 10. Crystallographic orientations of NaCl-NaF,
NaBr-NaF and LiF-NaF eutectic phases in relation to
lamellar interfaces and growth directions.
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1 1/2 to 3 cm above the bottom of the ingot; therefore, the
stable crystallographic orientation may not have.been
achieved. There did not seem to be.any greater rotation
than 3 to 4° towards the (111) and <112> orientations any-
where along the ingot length studied.

A very clear doubling of all the spots of the primary
pattern was observed in all Laue photographs of this system
(Figure 11).

A single cleavage fragment was studied by the preces-
sion x-ray technique, and the orientations indicated by the
Laue study were confirmed. The misorientations indicated by
this method were a 2° tilt of the interface plane and a 2°
twist about the lamellar interface normal. These are the
same misorientations indiéated by the Laue photographs, but
they are of smaller magnitude. The cleavage fragment was
taken at 5 cm above the ingot bottom, and the grains were
curving towards the crucible wall.

Penfold and Hellawe1122 have reported observation of
lamellae which lie in two lateral directions at an angle of
approximately 70° to each other in transverse sections of
LiF-NaF and NaCl-NaF colonies. Truelove and Hellawell23
have determined that the interphase boundary in these two
eutectics corresponds within T 10° to a {111} plane, accord-
ing to Laue x-ray back reflection photographs. They noted
that all their patterns could be indexed as two cubic lat-

tices with a misorientation of less than 4°. They further

observed that precipitates of NaF in an NaCl matrix had an
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Second Pattern

Doubled Spots

Figure 11. NaCl-NaF Laue exhibiting doubling of spots and
second cubic pattern rotated 2° from primary pattern.
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octahedral habit with the {111} planes of the octahedra
6riented parallel to the {113 planes of the NaCl matrix.
They attribute the tendency for {111} interlamellar planes
to the homopolarity of such planes, although they note that
there is not an exclusive preference for homopolar habit
planesAin other alkali halide diqursed particle systems.

Sundquist et a15> have shown that the formation of
regular lamellar or rod-like metallic eutectics with Simple
crystallographic relationships between the phases is due to
nucleation of one phase by the other. However, they found’
as a rule that a multiplicity of different, simple crystallo-
graphic relationships could occur. It would not be expected,
therefore, that all grains of a eutectic ingot would nucle-
ate and grow with the same crystallographic relationships
unless some influence such as an impurity were causing a
>particular relationship to be preferred throughout the in-
got. It is well established that certain impurities can
"poison" or inhibit growth on certain planes of growing crys-
tals, completely changing their external shape. Thus, dif-
ferent impurities in the cruclble or charge might cause
different relationships of the severai possible to be pre-
ferred in the same eutectic system.

d. NaBr-NaF
Interface ll (110)Ngpr | (110)NaF

Growth Direction || [1T1lyggr V| [1T1]yaF
Continuous Phase = NaBr

The NaBr-NaF system was studied by Laue and preces-

sion techniques in a limited region where a lamellar
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microstructure was obtained. The Laue photographs indicated
that the growth direction was approximately a.[lfl] axis and
that the interface was a (110) plane as in the case of NaCl-
NaF (Figure 10). Wéll defined Laue spots with a fine doubl-
ing as in the case of NaCl-NaF were also observed. |

" A cleavage fragment taken from the same region and
carefully oriented with respect to the lamellae verified the
growth direction and interface indicated by the Laue photo-
graphs. There were no slight misorientations between
phases in this case.- The grbwth front, however, did not
have a ﬁell defined curvature in the region studied in this

system. -

e. LiF-NaF .

Interface || (111)pip N (111)gap

Growth Direction || [110]14Fr |l [110]naF
Continuous Phase = NaF

The LiF-NaF eutectic was studied by both back-reflec-
tion and precession techniques. The back reflection photo-
graphs were very similar to those obtained for the oxide-
sulfide systems. The spots were smeared and spotty, indi-
cating that residual internal strains and mosaic substruc-
ture were more pronouhced in this system than in the other
two alkali halides.

The precession orientation of a cleavage fragment
taken from a section 7 1/2 cm above the ingot bottom and 7
cm above the beginning of a unidirectionally oriented region
indicated that the lamellar interface was a (111) plane as

in the MnO-MnS system. The growth axis, however, was found
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to be a «1107 direction (Figure 10). A twist misorienta-

tion of 2° about the interface normal was also observed.

This would be the proper rotation to bring the <112>»axis
around as the growth direction, but the rotation was not ob-
served to increase along the length of the ingot. The growth
front had a slight curvature in this ingot which might be

the cause of this misorientation by the same mechanisms pos- ..

tulated for the MnO-MnS system.. -t

2. MICROSTRUCTURE

This section will discuss the results of microstruc-
tural observations of the five eutectic systems in terms of
thelr phase morphologies, colony structures, and microstruc-

tural irregularities.

a. Phase Morphology

The observed phase morphology for the MnO-MnS eutec-
tic is a uniform array of nearly continuous lamellae or
piates of manganous oxide (MnO) in a fuily continuous matrix
of manganous sulfide (MnS) (Figure 12). Lamellar regions
were also observed in LiF-NaF (Figure 13), NaCl-NaF (Figure
14) and FeO-FeS (Figure 15). Flattened ribbons and linear
arrays of rods suggesting an impurity-modified lamellar
structure were observed in the NaBr-NaF system (Figure 16).

It has been previously reported17 that the lamellar
structure is the stable morphology for most two component

metallic eutectics when the third component impurity level

is very low. The boundary energies of the rod and lamellar
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Figure 12. Lamellar microstructure of the MnO-MnS eutectic.
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Figure 13. Larﬁéllar microstructure of the LiF-NaF eutec-
tic. 5H00X.
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Transverse Section

e Lightest Phase = Fe
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Darker Phase = MnO

Growth D_j rection

Lamellar microstructure of.the FeO-FeS eutec-

100X.
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Figure 16. Microstructure of the NaBr-NaF eutectic. 500X.
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morphologies cannot be coﬁpared since the variation of solid
interphase boundary energy with coystallographic orientation
oannot as yet be quantitatively evaluated. Various
authors2l’ ko, U5 have attempted to show geometfically that
the interphase surface area can be lowered by forming rods
instead of lamellae if the volume ratio of the discontinuous
to continuous phase 1s less than about 0.3. The volume
ratio and idenfitiés of the discontinuous phases. for the

five eutectics studied are shown in Table II.

TABLE II
Volume Ratios of Discontinuous Phases
Eutectic Discontinuous Phase Volume Ratio (ggi:: giiz:
LiF-NaF LiF 0.95
MnO-MnS MnO 0.77
FeO-FeS FeO 0.52
NaCl-NaF NaF 0.30
NaBr-NaF NaF 0.20

The two eutectics in which the volume fractioh'of the
discontinuous phase was highest gave very uniform 1amé11ar
microstructures, while only small regions of less uniform
lamellae were obtained in the other three eutectics in
which the volume fraction of the discontinuous rhase was 0.52
or less. However, the rod morphology of the FeO-FeS, NaCl-
NaF and NaBr-NaF eutectics may be due to the third component
impurity modification mechanism postulated by Chadwick,37'

Lamellar phase morphologies have been obtained in high
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éurity metallic eutectics in ﬁhich_the volume ratio of the
discontinuous phase Was as low as O}l,37 while eutectic
phases with volume ratlos close to 1.0 have been solidified
in the rod-like morphology by adding :i.m.purities.)43 The
presence of impurities is indicated in all of the eutectics
studied by the existence of éolony structures, which Chilton
and Winega.rdu1 have shown 6ccur only in the presence of im-
purities. The colony structures of the FeQ—FeS (Figure 15),
NaCl-NaF and NaBr-NaF eutectics were generally more exten-
sive than those of the LiF-NaF and MnO-MnS eutectics.

The width of the lamellae, A, in the MnO-MnS micro-
structure is increased by decreasing the solidification
rate, R (Figure 17). This effect has been observed in
metallic eutecticsBS’ 17, 33, 45 as well as in the LiF-NaF
system. The curve of logarithm A versus logarithm R for
LiF-NaF obtained by Penfold and Hellawell®® is shown in
Figure 17 for comparison with the MnO-MnS data. A single
measurement of solidification rate versus lamellar spacing
was made for each of the alkali halide eutectics in this
study (Figure 17). The LiF-NaF data poinp fell close to but
not on the LiF-NaF curve of Penfold and Hellawell. The

22 and MnO-MnS curves have approximately the same

LiF-NaF
slope, but the spacings of the MnO-MnS lamellae are slightly
smaller for any particular solidification rate than the
spacings of the LiF-NaF lamellae. This could indicate a
difference in the liquid phase diffusion coefficients and/or

the interphase boundary energies of the two eutectics. This
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would not be unexpected, but data are not available on their
diffusion coefficients or solid interphase boundary energles
for correlation. The same data as in Figure 17 can-be plot-
ted in the fashion of T:I.ller,LLO Chadwick,17 and Yue36 as
lamellar spacing, A, versus the inverse square root of the
growth rate, R™1/2 (Figure 18). Both the LiF-NaF data of
Pehfold22 and the MnO-MnS data of this study can be repre-
sented by straight lines drawn through the origin of this
plot. This type of curve has been observed empirically in
all the metallic eutectics studied to date, but the reason
for it has not been well established theoretically.

It can be concluded, therefore, that the lamellar
phase morphology is the stable form for the MnO-MnS and LiF;
NaF eutectics. The evidence further indicates that the la-
mellar morphology occurs in some regions of the FeO-FeS,
NaCl-NaF and NaBr-NaF eutectics and thus may be the equili-
brium morphology for these eutectics at lower impurity
levels than those of this study. The most uniform lamellar
microstructures were obtained for the eutectic systems in
which the volume ratio of the discontinuous to the continu-
ous phase was above 0.5, where the lamellar morphology can
provide a lower interphase boundary area than the rod mor-
phology in addition to providing a lower energy, crystallo-
graphically oriented plane boundary. ‘

The translucent ceramic phases present in the eutectic
ingots of this study permit an additional method of micro-

structural analysis not available in the metal eutectics of
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previous investigations. Alternating light and dark bands
were observed in high angle sections.of MnO and MnS plates
at high (500X) reflected light magnifications with the use
of a green filtered (Wratten 57) tungsten filament light
source (Figure 12). The separation of the bands increased‘.
as_the angle of sectioning approached 0° with respect to the
.plane of the lamellae. The bands were more closely spaced
in the MnS phase, which has a higher index of refraction
(nMns = 2.70) than that of the MnO phase (nypo = 2.16).
Careful examination also shéwed that the tip of the MnS
wedge was a dark band and the tip of the MnO wedge was a
light band. These observations indicated that the bands ob-
-served weré Newton or Fizeau bénds. They are caused by in-
terference (dark) or reinforcement (light) of the light waves
reflected from the polished upper surface of the lamellae
and the internal phase boundary between the plates. Inter-
ference occurs when there is an integral number of waves in
the optical path between the two surfaces for the MnS plates.
This is becau§e the light is reflected at the upper surface
of the MnS from a medium of greater index (nMpg - 2.70) than
that in which it is traveling (ngj, 1) while at the inter-
" nal surface fhe reverse is true (nyno = 2.16). When a

" train of Wavesvis reflected at a surface of a medium of a
higher index the reflected wave train loses half a wave-
‘1ength.122 Thus, at the tip of the MnS wedge where the plate
thickness is less than a wavelength of light, the optical

. path length is negligible, and the only effect is the loss
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of the half wavelength for the waves }eflected at the first
surface. Therefore, the tip of the MnS wedge will remain
dark for all wavelengths since the waves reflected from the
second surface of lower refractive index do not lose a half
wave. In the case of the MnO plates the half wave loss
occurs at both the first and second surfaces [optical path =
air (1.0) = MnO (2.16) — MnS (2.70)]; therefore, the tip
will always be a light band. This also means that the dark
bends in MnO occur at thicknesses of an integral number of
wavelengths plus a half wavelength in contrast to MnS. The
spacing of the bands is a function of the wavelength of the
light, index of refraction of the phase, and angle of sec-
tion of the lamellae. It appears that these phenomena could
be used as alds in determining precise thicknesses or angles
of lamellae or the identity of translucent phases in lamel-
lar eutectics. This permits anaiysis, not possible in

opaque solids, of a third dimension from a two dimensional

surface.

b. Colony Structure

Each of the ionic eutectics;studied showed colony
structures similar to those encountered in metallic eutectic
microstructures (Figures 19 and 20). It is assumed from
studies of metallic eutectics17 that these colonies were
generated by an impurity—controlled, cellular solidification
front. Colonies can be identified by their boundary zones
where the discontinuous phase forms coarse rods curving away

from the primary direction of solidification. In the
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Colony Boundary N

Darkest Phase = MnO
Lightest Phase = Fe
Matrix Phase =MnS

Figure 19. Transverse cross section of MnO-MnS eutectic
colonies. 100X.
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Colony Boundary

Darker Phase = NaF

Figure 20. Transverse cross section of NaBr-NaF eutectic
colonies. 500X,
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initial portion of all ingots each colony tends to consist
of a single grain, and there are many such grain-colonies.
As solidification continues some colonies become elongated
in the growth direction (Figure 21). The number of colonies
and grains in an ingot cross section éradually'decreases as
some are squeezed 6ut by chers which may have more favor-
able orientations (Figure 22). Repeated nucleation of
grains as noted by Cooksey 23_2121 in metallic eutectics
was not observed beyond the short initial region of random
colonies.

The solidification front very qﬁickly stabilized as
a single large cell extending across the entire ingot cross
section (Figures 23 and 24). Transverse bands or discon-
tinuities in the microstructure (Figure 23) similar to those
reported by Kraft43 in the Al1-CuAl, system were observed in
the MnO-MnS ingots at locations which correlated with inter-
ruptions in crucible traverse rate or furnace conditions.
Kraft was unable to trace all such banding in his eutectics
to process variations and therefore concluded that some
banding was inherent in the solidification process. The
fact that the bands observed have a curved shape which is
always normal to the rod or lamellar growth directions in a
longitudinal cross section indicates that thej represent the
shape of the domed solidification front at the time of the
perturbation which caused the banding.

The rapid. formation of a single cell or domed solidi-

fication front across the entire cross section in all the
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Figure 21. Colony development along MnO-MnS eutectic ingot.
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Figure 22. Longitudinal section of grain and colony bound-
aries in MnO-MnS eutectic. 75X.
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Transverse Band
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Darkest Phase = MnO
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Figure 23. Longitudinal section of MnO-MnS eutectic ingot
showing transverse band outlining domed solidification
front. 100X. :
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Boundary
Layer at
Crucible
Wall

- (a) Transverse Section

Outline of Solidification Fr

A
A

(b) Longitudinal Section

Figure 24, Transverse and longitudinal sections of MnO-MnS
eutectic ingots showing microstructure and outline of
solidification front near crucible wall. 75X.
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ingots made in this study may be due to thermal as well as
impurity diffusivity effects. The thermal conductivity of
iron and graphite 1s about 35 and 100 BTU/hr/ft2/°F/ft,
respectively, while the oxide-sulfide and alkall halide eu-
tectics, which are relatively good insulators, would be ex-~
pected to have much lower values. Thus, & radial tempera-
ture gradient probably exists along the ingot-crucible
radius, causing the non-planar solidification front. The
~effect of the convex solidification front described above is
to cause a slight longitudinal curvature:of the eutectic
grains and their lamellae towards the crucible wall. This
curvature becomes more severe as -the solidification front
radius of curvature ﬁecomes smaller near the crucible wall
(Figure 24).

The variation in the effect of a curving growth ffont
on the lamellaréto-rod breakdown within a single colony cell
is shown in Figure 25. The lamellae which extend radially
to the boundary of the cell and thus must curve oniy within
the plane of the lamellae evidently do not degenerate into
the rod morphology as easily as do those which must curve in
.a direction normal to thelr plane. This seems to support
the hypothesis that the low index colncident planes at the
phase interfece have such a2 reduced solid surface energy
compared with any high iﬁdex or complex boﬁndary that they
stabilize the lamellar structure even when a rod-like or
. 8lobular morphology would permit reduction in interphase sur-

face erea. Thus, as long as the solidification front normal
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A‘I;e Growing Radially

to Colony Boundary

Figure 25. Transverse section of MnO-MnS eutectic colonies
showing stability of lamellae growing radially to
colony boundary. 150X.
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remains in the plane.of the lamellae, so that the low index
phase boundaries are retained, there is no tendency for
breakdown into the rod morphology. When the front normal
bends sﬁfficiently out of the lamellar plane, it apparently
forces the interphase boundary away from the low index, low
énergy planes, and the total phase boundary energy can then
be feduced by formation of the rod morphology which reduces
the phase boundary area. This éxplanation agrees with the
findings of Hunt and Chilt0n45 that curvature of the solidi-
fication front around an obstacle causes the lamellar-to-rod
transition if the curvature is in a direction normal to the
plates but does not cause the transition if the curvature is
in the plane of the plates. Chadwick's hypothesis37 that_
the lamellar-to-rod transition at colony boundaries is pri-
marlily due to segregation of impurities to the boundaries
by the radial component of diffusion from a colony cell tip
is not supported by this data. Chadwick's impurity modifi-
cation mechanism is noﬁ, however, refuted by the data. The
geometrical effect seems to be the primary factor in the
case studied h;re.

There also;seemed to be a tendency for the lamellae
in the grains around the pgriphery of the ingot cross sec-
tion to become radially oriented (Figure 26), while the la-
mellar regions in the center of the ingot cross section re-
tained a random orientation about the growth axis. This
effect is probably felated tQ the convex solidification

front which would tend to favor grains with radially
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Outer Periphery of Ingot

Darker Phase = MnO
Lighter Phase =-Mn>S

Figure 26. Transverse section of MnO-MnS ingot showing
lamellae growing radially to the outer periphery of
ingot. 75X.



96

oriented lamellae since they would be least disturbed by_the
radially curving growth pattern imposed by the convex front.

The overall microstructural appearance of all the
completely solidified ingots showed fhe three characteris-
tic zones observed by previous investigatorsl7’ 2 in metal-
lic eutectics: (1) an initial zone of many small, isotropic,
randomly oriented grains caused by random nucleation, (2) a
central zone of increasingly fewer elongated grains.of well
deVeloped.unidirectional structure, and (3) a final region
of marked colony formation caused by impurity segregation‘
to the end of the ingot. Some typical cross sectioné of

these three regions are shown fbr the MnO-MnS eutectic in

Figure 21.

c. Irregularities

Irregularities observed in the eutectic microstruc-
ture of the MnO-MnS ingots include dendrites of the primary
phases, voids and iron particles.

Primary dendrites of MnO, MnS and Fe were observed
in various parts of the MnO-MnS ingots melted in Ferrovac
iron crucibles (Figure 27). Typical branched appearances
were noted for all three materials. A fairly thick halo of
MnS appears around the MnO dendrites (Figure 27a), while
only a thin, discontinuous halo of MnO appears around MnS
dendrites (Figure 27b). Sundquist §§_§£123 have studied the
relationships between dendritic halos and relative under-
coolings of hyper- and hypoeutectic metal alloys. In a pre-
vious study52 they concluded that eutectic solidification
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(a) Near Bottom
of Ingot
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(b) Near Top
of Ingot

Figure 27. Dendrites ol MnOQ, 0 and Fe in transverse
sections of MnG-:nJ eutectic “‘ngots. 100X,
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would occur at a low undercooling in the présence of pri-
mary particles of only.one of the two phases in most binary
eutectics. This indicates that only one of the tﬁo phases
can nucleate the eutectic in the absence of-impurities.

They correlated the presence of thick halos of the second
phase around primary dendrites of the first phase with large
undercoolings, and thin or discontinuous halos with small
undercoolings. Thus, primary MnS must cause the eutectic to
nucleate at less undercooling than MnO, indicating that MnS

is the primary nucleating phase. Sundquist et all23

also
noted that the eutectic radiates away from primary particles
of the nucleating phase but not from those of the other
phase. Continuous eutectic roas or lamellae radiate from
the MnS particles but not from MnO particles in the random
zone at the beginning of MnO-MnS ingéts (Figure 2la). It

is concluded that MnS nucleates the MnO-MnS eutectic and
that MnO does not.

In addition to the branched MnS dendrites a second
form was observed. These consisted of a single thin disc
oriented with its radius generally iﬂ the growth diréction.
Sometimes they contaihed a thin, dark central line which
could be a plate of MnO (Figurev28).

MnS dendrites of both types were segregated to the
upper portioné of the ingots, while MnO dendrites were seg-
| regated to the bottoms of the eutectic ingots. The forma-

tion of primary dendrites of both eutectic end-members in

the same ingot could be explained several ways. The two
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Lighter Phase = MnS$S
Darker Phase = MnO

Figure 28. Pronounced colony structure and MnS "discs" in
transverse section at top of MnO-MnS ingot. 25X.
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primaries could‘form in different regions of the melting eu-
tectic mixture due to inadequate mixing of the pure powder
phases and insufficient subsequent mixing of the nominally
eutecfic liquid. They could also form at different times
in the solidification process due to differences in the
effects of impurities on the two phases and in impurity
levels in the melf as ;olidification proceeds. On the other
hand, the observedwdistribution could be the result of seg-
regation of previously formed dendrites. Mechanisms_for

124

such segregation have been summarized by Davies:

1. "Differences in the density of the solid den-
drite and the liquid, i.e., a gravity effect.

2. "Convective stirring caused by temperature
gradients in the liquiad.

3. "A surface energy gradient effect such as

that reported by Kawal and Keller in explana-

tion -of discrepancies in density measurements

of polymer single crystals."

Kawai and Keller'®> have shown that a particle will
come to rest in a liquid where a surface energy gradient
caused by temperature or composition variations exlsts at
the level where the forces due to gravitétionai and ihter-
facial free energy balance. The surface energy effect be-
comes significant wheh’the surface-to-volume ratio of the
particles is large. The platelike MnS dendrites at the top
of some of the MnO-MnS ingots have diameter to width ratios
of 100/1 with a high inherent surface-to-volume ratio. This
effect has not been quantitatively evaluated here, but

Daviesl24 has shown that it could be significant in segrega-

tion effects in copper-tin alloys. The MnS plates are
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almost all oriented with thelr long axie parallel to the
growth direetion, supporting the above hypothesis since this
is the direcfion of both the composition and temperature
gradlents. _ |

Cole and W:l.nega.rd126 heve considered the effects of
both thermal and solute convection on macrosegregation in
unidirectionally solidified alloys. Solute convection is
caused by lnherent density differences between alloy consti-
tuents in the 1liquid, while thermal convection is due to
local density inversions caused by temperature variations in
- the liquid. Thermal convection should be minimal in verti-
,cal solidification from the bottom to the top of an ingot
since the positive temperature gradient should not tend to
cause convection currents. 1In the experiments in this
study a positive temperature gradient existed at the solidi-
fication front. A negative gradient, however, might exist
above that. Thie could have induced convective stirring and
~interacted with the inherent density differences of the
phases or with solute convection to give the macrosegrega-
tion observed. According to Cole and Winegard'5126 analysis,
the high temperature gradients and low solidification rates
"used in this study to minimize the microsegregation oaused
by cell formation would tend to promote macrosegregation by
thermal-solute convection. ,

Many of the MnO-MnS ingots possessed a boundary layer
at the crucible wall.(Figure 24). This layer exhibited a

coarse microstructure with a curvature away from the
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crucible wall in some cases, indicating a curved solidifi-
cation front (Figure 24).

Uniform distributions of small iron globules and
fibers occurred in some regions of the MnO-MnS eutectic in-
gots (Figures 19 and 24); The fact that the fibers and
strings of globules appeared’to be oriented with the growth
direction of the eutectic indicates that they are probably
solidifying simultaneously with the eutectic pPhases at the'
same solidification front. Some iron of the crucible would
be dissolved very rapidly in the éutectic liquid formed
above 1232°C since the melting point of the iron is only
1535°C. The iron particles appear to lie primarily in the
MnS phase but are almost always adjacent to MnO particles.
This might indicate that an Fe-MnO phase boundary has a
lower energy than an Fe-MnS phase boundary.

The ingot region where the iron, MnO and MnS phases
solidified together could be considered a ternary or three
. component metal-ceramic. eutectic. The presence of some of
the iron phase as fibers elongated in the growth direction
suggests eutectic solidification as a method of creating a
| metal fiber reinforced ceramic in which the metal fibers
would be uniformly distribute& and oriented in the ceramic
"matrix. This is difficult to achieve by mechanical disper-
sion of fibers. 1In addiéion,_the metal fibers should tend
to place the ceramic matrix in compression below the eutec-
 tic temperature since the thermal coefficients of metallic

phases tend to be higher than those of ceramic phases
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(Figure 33).

It appears, however, that the iron particles may be
the cause of, or at 1east tend to associate with, flaws in
the lamellar microstructure (Figure 29). They also tend to
segregate at grain boundéries (Figure 30) and transverse
bands (Figure 23).

Small spherical voids were usually present in both
phases of the MnO-MnS eutectic (Figures 12 and 21b). The
‘volds tended to occur in the MnS phase but adjacent to MnO
Phase particles. This might be caused by vacancies and
small voids being squeezed out of the MnO phase_as it is
compressed by the MnS matrix during cooling due to the dif-
ference 1n thermal expansion of the two phases. Fewer voids
are noted when a large number of iron particles are present,
suggesting that iron might diffuse into the‘voids under cer-

tain conditions.

B. Property Relationships

1. THERMAL EXPANSION

| The thermal coefficients of expansion of the individ-
ual phases in a eutectic ceramig composite are important
since the phases must cool from the eutectic solidification
temperature to room temperature,.with maintenance of the
structural integrity of the composite across the interphase
boundaries, in order to form a useful material. The line;r
thermal expansion in percent of the manganese oxlide (MnO)

phase after Foexlo9 is shown in Figure 31. Data for the

.
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Lightest Phase = Fe
Matrix Phase = Mn3S
Darkest Phase = MnO

Figure 29. Iron globules associated with lamellar flaws in
*  MnO-MnS eutectic. 500X.
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Darkest Phase = MnO
Matrix Phase = MnS
Lightest Phase = Fe

Figure 30. Iron globules segregated to low angle boundaries
in MnOanS eutectic. Transverse section. 250X.
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thermal eXpansion of MnS was not available in the litera-
ture, however, except for a narrow temperature region below
room temperature. The change in lattice parameter of MnS
with temperature determined by a back-reflection Xx-ray tech-
nique is shown in Figure 32 along with the data for the
platinum standard used to celibrate the temperaturelao and
the data of Foex109 for MnO converted to a lattice parameter
basis. The room temperature (25°C) lattice parameter of the
MnO detérmined in this study was used to convert Foex's dats
to change in lattiqe parameter versus temperature. The per-
cent linear expansion of MnS and of the MnO-MnS eutectic

127 are also shown in Figure 31.

along with data for Fe

A fused silica rod dilatometer was used to measure
the thermal expansion of the MnO-MnS eutectic ingots in the
growth direction only. The expansion of polycrystalline MnS
was also measured by this technique to assure that the two
types of measurement were directly comparable. The expan-
sion curve for the eutectic and for the polycrystalline MnS
used to correlate the x-ray and dilatometric results are
plotted in Figure 31 for comparison. The X-ray data indil-
cate a value of 15 ¥ 1.0 x 1076/°C, while the dilatometer
data indicate a value of 14.5 t 0.5 x 10-6/°C for the ther-
mal expansion coefficient of MnS over the range from 25 to
1000°C.

The estimate of precision for the x-ray data is based

on a possible 260 angle measurement error of T 0.02° for the

platinum temperature standard and a variable factor for the
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uncertainty of identification and measurement of the dif-
fraction lines at the higher temperatures for the MnS phase.
This was due to the severe broadening of the MnS lines and
the presence of additional phase lines as the temperature
and time at temperature increased.

The mean thermal coefficient of the MnO-MnS eutectic
between 25 and 700°C was found to be 12 T 0.5 x 10'6/°C'by
the dilatometric method. The data of Foex1©9 indicate fhat
the value for MnO is 13.5 x 10'6/°C over this same range.
Thus, the MnO-MnS eutectic exhibits a lower thermal coeffi-
cient than MnS, as would be expected, but also a lower value
than that of MnO, which would not‘be expected if Foex's data
is correct.

Several models have been proposed for predicting the

128 Aa linear

thermal expansion of a multiphase composite:
mixture equation, Turner's equation,129 and Kerner's equa-
tion.130 The linear equation assumes a linear volume frac-
tion (Vi) relationship between the thermal expansion of the
composite (a,) and its component phases (aj):

2 aiVy

ac—izv—i
i

Turner takes into account the difference in bulk modulus of

the component phases:

aiPiK4i
o = __4i 2
© 1 pyry
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where a. and aiAére the linear expansion coefficients of the
composite and the i-th phase; Pjy is the weight fraction, K4
is the bulk modulus, and dj is the density of the i-th
phase. Thus, Turner's equation réduces to a volume fraction
relafion for phases with the saég buik modull and to a
weight fraction relationship for phases of the same modulus
to welight ratios. Kerner's equation includeé the volume

fraction, Vi, shear moduli, Gj, and bulk modulus, Ky, of the

included phases, the composite Ke» and the matrix, Kp:

ac =§ aiVy * % f » ﬁgm-f%m (am - a1) Vi]
Unfortunately, modulus data are not available for MnS or MnO,
but Gilman81 has shown that the shear compliance, Cyy, for
NaCl-type crystals varies logarithmically with interatomic
distance; therefore, the Cyy value for MnO and MnS can be
estimated to be 3.2 and 1.9 x 1011 dynes/cm2 respectively.
Assuming elastic isotropy where (S11 - Sio - 1/2 Syu) = O,
the shear modulus, G, is equal to thé shear compliance, Cyy.
Young's modulus, E, and bulk modulus, K, can be calculated,

assuming Poisson's ratio, v, of 0.3; from the relationships:
¢ =B/ {2(1 + v)} anak =E/{3(1 - 2v)}.
A plot of the mean linear thermal expansion of MnS,
MnO and the MnO-MnS eutectic between 25 and 1000°C versus
atomic, weight volume, and stress equilibrium calculations
of thermal expansion variation predicted by the above equa-

tions 1s shown in Figure 33.
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181 Values predicted by various -
” mixture rules for eutectic
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Figure 33. Experimental mean linear thermal expansion coeffi-
cients of MnO, MnS and the MnO-MnS eutectic compared with
various calculated eutectic values,
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‘The linear mixture rule line predicts a mean coeffi-
cient of 14.1 x 10'6/°C for the eutectic. Turner's equation
predicté a value of 14 x 10'6/°C. Kerner!'s equation in-
volves too many'unknown quantities to permit evaluation for
the MnO-MnS system. It appears, theréfore, that the appli-
cable ﬁixturé rules cannot be used to predict the low ex-
pansion coefficient observed. '

The expansion measurements.wefe made in an evacuated
chamber which;was constantly evacuated by a mechanical
vacuum pump. The MnS specimen had a surface layer of oxida-
tion prdduct, and the eutectic specimen exhibited slight in-
ternal and external oxidation and coalescence of the MnO
prhase at colony boundaries 6n microstructural analysis sub-
sequent to dilatometric testing. The dilatometric data of
Figure 31 was obtalned on the heating cycle, but no signi-
ficant éifference was noted in the cooling curve. Foex's
data for MnO was assumed to be correct and was not checked in
this study.

Rosenfield and Averbackl’®! nave shown that elastic
stresses can affect the apparent thermal coefficient of

materials according to the relationship

where a 1s the thermal expansion coefficient, o is the
elastic stress and E is the glastic modulus. For materials
in which the elastic modu}us decreases with increasing
témperature, elastic stress effect should cause the expan-
sion coefficient to increase under tension and decreaée

under compression. Thus, the coefficient of MnS would bé
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increased and that of MnO would be decreased under the
stresses due to cooling in the eutectic composite. 1In
Rosenfield and Averbach's work the coefficient of expansion
of invar is decreased about 20% and that of 1020 steel in-
creased about 5% at their elastic limits by this effect;
therefore, it could conceivably cause an effect of the order
of magnitude of that observed in the MnO-MnS eutectic if the
decrease of the expansion coefficient of MnO were sufficient-
ly greater than the increase effected in the MnS phase.
Since the Young's modulus, E, of MnO would be expected to be
higher than that of MnS, it would not be predicted that the
change in a would be as great in MnO as in MnS.

It does not appear that extensive plastic deformation
should occur at the small differential strains between the
phases indicated by their similar expansion coefficienﬁsw-
Rosenholtz and Smith,l32 however, have shown that the linear
thermal expansion of a polycrystalline solid can vary by a
factor of 10 to'20 percent according to the amount of plas-
tic stralin caused or relieved_by the previous thermal and
stress history of the part. In particular, they found a
sharp.drop in tbermal expansion in steel and magnesium when
they were stressed just beyond the yleld point and a more
gradual decrease at large plastic strains. Hordon 22_21}33
also observed eignificant changes in thermal expansion with
plestic strain in various aluminum alloys. They also ob-
served changes in the elastic modulus in an inverse rele-

tionship to the thermal expansion changes, which they
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attributed to pinning of mobile dislocations by solute and
vacancy diffusion and annealing out of vacancies in small
and largg.strain regions, respectively. Therefore, if there
are even local regions of plastic strain in the eutectic
solid, they could contribute to the decrease in thermal ex-
pansion of either or both phases and the resultant low
total value observed for the eutectic.

The most 1ikély causes of the anomolous behavior of
the eutectic thermal expansion are the previously mentioned
oxidation effect and the coalescence of the MnO rods at
colony boundaries into large globules which were observed
subsequent to dilatometric testing. These effects have not
been analyzed quantitatively. However, the coaléscence
effect would be expected to cause differences in the
measured ;hermal dilatation during the heating and cooling
cycles. No significant difference was observed. The dif-
ference might have been masked by instrumental hysteresis,
however. The oxidation of the MnS dilatometer specimen
seems to be only on the surface,.and its expansion value
appears to be valid since it agrees with the x-ray determi-
nation. Manganese oxide is only stable in the presence of
& eignificant partisal pressure of oxygen above 500°C. 1Its
equilibrium vacancy content is also a function of the oxygen
partial pressure. The eutectlc surface oxidation appeared

to be primarily in the outer 0.001 inch layer of the MnS

phase only.
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2. DEFORMATION AND FRACTURE

The plastic deformation and fracture results obtained
in this study are discussed in terms of their apparent re-
lationships with the crystallography and microstructure of
MnS, MnO and the MnO-MnS eutectic composite.

a. Crystallographi; Effects

The deformation and fracture of MnS single crystals
when indented on various crystallographic planes with a
Vickers microindenter have been studied by Chao, Thomassen
and Van Vla.ck.éLL They found that the primary glide system
was <ﬁld>§}lo}, as in most NaCl-type crystals. They also
observed an unusual <llO>iLll} system subsequent to {110}
- fracturing but no other secondary glide systems. The primary
fracture mode for unconstrained MnS crystals was on {}OQ} as
~ found in other NaCl types, but {}lO}-fracture occurred
around indentations on {}OO} surfaces and was attributed to
the interaction of (011) and (10I) slip near the surface.
A minor amount of fra;ture occurred on {;10} planes at 90°
to the {;OQ} indented éurface{ They also noted that a minor
amount of MnO in the grain boundaries of polycrystalline MnS
caused grain boundary fracture.

The deformation and fracture study fbr the MnO phase
was performed on ground and polished or cleaved faces of a
single crystal, flame-fusion grown boule obtained from
Marubeni-Iida-America, Inc} The boule unfortunately had a
relatively high percentage of a dispersed—phase in a globu-
lar or dendritic form. The dispersed phase appeared lighter
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than the MnO matrix in reflected light and was located pri-'
marily near the surface of the boule and in low angle bound-
aries (Figure 34). The dispersed phase probably does not |
greatly affect the plastic deformation and fracturé modes
around the Vickefs'indentations used in this study, however,

Vickers diamond pyramid indentations on a (100) sur-
face of the MnO boule are shown in Figure 35, Slip traces
parallel to L100» directions around the 10 kg indentations
appear identical to those observed in MnS due to glide on
{}10} planes at 45° to the (100) surface.64' As in MnS, a
45° rotation of the indenter does not affect the slip modes
observed.

The slip lines around indentations on the (110) sur-
face also were consistent with those observed in MnS and
with the hypothesis of slip on {;10} planes (Figuré 36).
Although some difficulties were encountered in polishing a
{;11} surface on the specimen available, the slip lines were
visible and consistent with the {Uﬁ%’glide system. Since
all slip lines observed on the {100}, {110} and {111} planes
were consistent with {ild} glide and no slip lines which in-
dicated {;00} or‘~ﬁJJ§ slip were obgerved, it is concluded
that {ﬁld} is the primary slip mode in MnO, at least in a
constrained plastic field around a hard indentér. Some of
the slip lines in the above figures can be observed to pro-
pagate through the dispersed phase particles without appar-
ent change in direction. This might indicate that the par-

ticles have a similar crystal structure and that some of
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Kink at Low
Angle Boundary

Figure 34. Dispersed phase particles in low angle boundary
and kKink in crack at Vickers indentation in MnO single
crystal. 100X. :
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4 Kg Indentation 7 \-10 Kg Indentation

Sliplines

. .
Lo~ : R
. -

(100) Surface

(110) Fracture Planes

(110) Slip Planes

(100) Indented Plane

(100) Fracture Planes

Figure 35. Slip lines and fractures around Vickers inden-
tations on (100) surface of MnO single crystal. 100X.
Oblique light.
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(100) Fracture

~ ’

(110) Slip Planes

(100) Fracture Plane

(110) Indented Plane

Stereographic Proiection

Figure 36. Slip lines and fractures around Vickers inden-
tations on (110) surface of MnO single crystal. 100X.
Obligque 1light.
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them are crystallographically oriented with respect to the
MnO phase. This hypothesis is further supported by the ob-
servation that the branches of the dendrites tend to be
aligned in £110» directions throughout the matrix. Thus,
the unknown phage is probably a cubic or tetragonal higher
oxide of MnO with a higher index of refraction than MnO
which causes its;higher reflectivity. It also appears to be
more brittle than MnO since.large cracks appear in the par-
ticles ahead of even very fine slip traces in the matrix.
The exact composition or crystal strﬁcture was not deter-
mined, however.

Several methods of etching the MnO were attempted,
but it was not possible to produce visible etch pits on the
surfaces tested.

The MnO boule fractured completely several times dur-
ing indentation tests on various {;OO} or multiple {ioo}
surfaces; therefore, it is concluded that priméry fracture
is by {100} cleavage as in most NaCl-type crystals, includ-
ing MnS.

Fracﬁure behavior of MnO during lndentation on the
various planes differed from that of MnS, however. At light
loads (4 kg) only €100 cracks were observed on the {?OQ}
surface (Figure 35). Since this was not observed in MnS,
there must be a significant difference in the relative ease
of operation of the various fracture modes in the two sys-
tems. Since {lOO} cleavage 1s relatively easy in MnO and

the above cracks occurred at low indenter loads, and thus
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lower levels of plastic-strain than the {;10} fractures, it
1s postulated that the {}OO} cracks may be simple tension
cracks rather than fractures caused by multiple slip inter-
action. In any case, a dislocation interaction mechanism to
explain these cracks is not readily apparent. At larger
plastic strains &£110 fractures appeared in addition to the
<€100> cracks mentioned above (10 kg indentation, Figure 35).
These cracks corresponded to those observed on i}OQ}sur-
faces of MnS by Chao gﬁ_g;éu and presumably are due to the
same mechanism of interaction of (011) and (101) slip near
the (001) surface in MnO. When both types of fracture
occur around large indentations the 100> and €110> cracks
tend to predominate on opposite sides in the indentation
(Figure 35). This may be due to the fact that the indenta-
tion was not made exactly normal to the crystallographic
plane, but it could also indicate that the initiation of one
of the two types of fracture relieves the strains contribu-
ting to the other. The presence of dispersed particles may
also interfere with the normal fracture behavior around an
indentation. All the 110> cracks appeared significantly
wider than the 100> cracks, but it is not clear why this

a

occurred.

Fractures around indentations on the {;10} surface
were entirely on i;oo} planes, but the"{;lo} slip was not as
extensive around an indentation as on the {}OO} planes (Fig-
ure 36). The cracks parallel to the growth axis of the

boulé were also wider and longer with more branches and jogs
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than ‘those normal to the growth axis on this surface. This
may be due to asymmetry of internal strain caused by the |
fiame fusion growth process. .

On the {@ll} surface very asymmetric fraéture pat-
terns were obtained. Again, thislmay have been due to the
-asymmetric indentations on the small and somewhat non-
Planar surface available. However, those indentations with
the points of the Vickers diamond in the <110> directions
gave primarily <110> cracks, while those with their points
in 'Ehe <100> direction gave primarily £100>. Some of both
types of crack, however, are observable around all the in-
dentatioﬁs. Since all the cracks observed were eonsistent
with either {}10} or Q;OQ} cleavage, it can be concluded that
these are the two primary modes of fracture under the con-
strained conditions of the indentation test for MnO and that

- the occurrence of one tends to suppress the other.

b. Microstructural Effects

Vickers indentations were also made on the transverse
(112) and longitudinal (110) and (111) sections of the la-
mellar MnO-MnS eutectic regions. The purpose of this study
was to determine how the oriented lamellar microstructure
might affect the slip PQQ fracture patterns, especially
around & Vickers pyramid indenter compared with the results
on single crystals of the two phases.

The first observation was that fracture tended to
propagate along the (111) interphase boundary when indenta-

tion was performed near a free edge of a specimen or when
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cleavage with a sharp blade was attempted. This effect was
used to advantage in the preparation of x1r£§ precession
specimens and was cbserved in all the eutectics in which or-
defly lamellar regions existed. The cleavage path was eﬁ—
tirely in the MnO phase adjacent to the MnS boundary in all
MnO-MnS cases checked. Indentations at sufficiently light
loads and in the interior of transverse (112) cross sections
where a more symmetric constraint was present exhibited less
(111) fracture and more (100) fractures (Figure 37). Inden-
tations on (111) surfaces ﬁormal to the lamellae did not
show cracks (Figure 38). 1Indentations on longitudinal (110)
surfaces caused fractures primarily at the interphase bound-
aries in a [117] direction (Figure 38), although for a
"heavier indenter load a crack in a [111] direction normal to
the lameliae was observed. This latter type of crack might
be due to the interaction of (0ll) and (101) slip near the
‘(110) indented surface (Figure 38). The cracks observed in
the eutectic composgte in many cases were very complex with
many Jjogs across lamellae joining short sections along la-
mellar boundaries, but a consistent change in direction be-
tween phases was not observed.

Siip traces at about 66° to each other were observed
on the transverse {}12} surface which corresponded within
the angular variation of the lamellae to (10I) and (011)
slip planes (Figure 37). There were no ncticeable slip
lines around indentations on the (110) cr (111) surfaces.

The slip lines on the transverse surface were very straight
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ipline
(100) Cracks (110) Sliplines

Lamellae Normal — : — (112) Indented Plane

Stereographic Projection

Figure 37. Slip lines and fractures around Vickers inden-

tations on (112) surface of MnO-MnS eutectic. 100X,
Oblique 1light. .
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A
(111) Surface (110) Surface

Longitudinal Section
Interlamellar (111) Fractures only
No Sliplines Evident

Figure 38. Vickers indentations on (111) and (110) sur-
faces of MnO-MnS eutectic. 100X.
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and apparently not affected by crossing the lamellar phase
boundary.

The above results indicate that the plastic deforma-
tion of the MnO-MnS eutectic results primarily from slip on
{;10} planes and is relatively unaffected by the necessity
of operating through two different phases and their phase
boundary. The fracfure behavior seems to be more signifi-
cantly altered by the two phase composite since a fracture
mode along the phase boundaries 1s observed in addition
to §100¢ fracture as in the MnO and MnS single crystals.

No well defined {lld} fracture was observed in the eutectic

microstructure.

5. HARDNESS
The hardness results obtained in this study are dis- .

cussed in this section iﬁ térms of their variation with crys-

tallographic and microstructural orientation.

a. Crystallographic Effects.

The variation in hardnéss'With orientation of the
Knoop indenter-on the (111), (110) and (100) planes of sin-
gle crystal MnS has beeh‘reported by Chao, Van Vlack, Oberin
and‘Thomassen.8O Since MnS with a maximum of.1.8% oxygen in
solution is one of the major phases of the MnO-MnS eutectic,
thelr results are replctted in Figure: 39 for comparison
with the MnS and MnO-MnS hardness.

The vgriation in hardness with direction on the (111),
(110) and (100) planes of single crystal MnO has been
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determined in this study, and the results are also plotted
- in Figure 39. Figure 39 was constructed from this data
with the assumption of six-fold symmetry on a (111) plane,
two-fold symmetry on a (110) plane and fourefeld symmetry
on a (106) plane. These symmetries have been observed in
all previous hardness studies on NaCl-type crystals.88
Hardness indentations taken at random orientations between
the low index directions on each plane all gave values in-
termediate between the highest and lowest of the low index.
values, indicating that the data reported in Figure 39 in-
clude the maxima and minima on the planes tested. The hard
directions on each plane of MnO also corresponded with the
hard directions on the same planes of MnS, suggesting

that the controlling plastic deformation modes are proba-
bly the same in both materials. This would be expected
since their crystal structures and bonding are the same
type.

The folloWing differences between the relative hard-
nesses of the two single crystals can be observed in Fig-
ure 39:

1. The hardness of MnO is signifieantly higher than
that of MnS for all planes and orientations. This is as ex-
pected since Wooster107 has shown that in an isomorphous
structurel series of compounds, the hardness generally in-m
creases with melting point, and MnO has a higher melting |
point (1830°C) than does MnS (1620°C).

2. The hardness on the (111) plane of MnO varies
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more than that of MnS (t 8 KHN for MnO, * 1 KHN for MnS) and
is relatively higher compared with the (110) and (100) plane
hardnesses than is the (111) hardness in MnS. (KHN refers
to Knoop Hardness Number.)

The MnO-MnS eutectic hardness was definitely deter-
mined on only the longitudinal (110) plane in the [117] and
[111] directions, the interfacial (111) plane in the [110],
[1lO]l+ 45°-and [112] directions, and the transverse (112)
plane in the [110] and [111] directions of the lamellar in-
got regions. Therefore, from a crystallographic standpoint,
the Knoop hardness on these planes with the long axis of
the indenter oriented in these directions is all that can be
compared between the single crystals and the oriented eutec-
tic polycrystals. For this reason only the hardness on the
(110) and (111) planes of single crystal MnO and MnS are
plotted for comparison with the eutectic data in Figure 40.
In the MnO and MnS single crystals, the Knoop hardness is
lower when the long axis of the indenter is aligned in a
<100> direction than when it is aligned in a <110 direction
on the {110} surface (Figures 39 and 40). Measurements at
intermediate indenter orientations gave hardness values

- Intermediate between the [100] and [110] value;; therefore,
it was assumed that these represent the minimum and maximum
hardness directions on the (110) surface. A significant
sampling of hardness values was taken af 111 orientations
inte:rmediate between 1107 and 100> directions for plot-
ting in Figures 39 and 40. The hardnesseé in the 111
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MnO (111) plane
280 - -2 P _

zw .
ZT)ashed lines represent single crystal hardness results from
240 |- Figure 39 for comparison with eutectic data.

l—MnO-MnS lamellar eutectic (111) plane

220 - (interface plane). Actual data obtained for

~ 6 micron lamellar thickness.

m.E'?\---’*—-“\aﬂ
Appearance of curve if 6 - fold symmetry on (111) plane is

180 — assumed as in case of MnO and MnS single crystal data.
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ma Angle of indenter from 112)  (10] _
I Growth Direction —_— Transverse Direction
2 ——t—— ~< MnO (110) plane
280~ ~ -

325 ~— ~ SQ - (two possible rotations
M 00 ~~o o _ from [112) direction)
S 240 Range shown reflects the variation in ha{dness with lamellar spacing
f [ shown on Figure 41 for ail (110) and (112) plane data on this page.
= 20 — MnO-MnS lamellar eutectic (110) plane
E (longitudinal plane normal to interface)
x 200 .
g - Mn$ (110) plane
>3 (two possible rotations

: 160 from (112] direction)

g‘ 45° 90° :
ni2] Angle of Indenter from [112] a1y
Growth Direction - ransverse Direction
(parallel to lamellae) (perpendicular to lamellae)

MnO - MnS lamellar eutectic.(112) plane
{plane normal to growth direction)

180 '
™ MnO and MnS single crystal
160 data were_not obtained for the (112) plane
0 45° - °
[10] Angle of Indenter from [1}0] [y
“ (parallel to lamellae) —_— perpendicular to lamellae)

Figure 40. Knoob_hardness versus direction on the (111),
(110) and (112) planes of the MnO-MnS lamellar eutectic
and comparison with MnO and MnS single crystal hardness
results.
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directions are only slightly lower than those in the €110
directions. 'It is assumed that the hardness in the <1122
directions would also be intermediate between those of the
€110 and L100» since no values higher than the £110>» or
lower than the <1002 were observed in hardness ﬁests at ran-
dom orientations between these directiéns. In the MnO-MnS
lamellar eutectic the Knoop hardness 1s lower when the long
indenter axis is aligned perpendicular to the lamellae which
is the [111] direction on both the (112) and (110) surfaces
(Figure 40). The hardness measured with the indenter axis
parallel to the lamellae or in the [112] and [110] direc-
tions on the'(llo) and (112) surfaces, respectively, was
significantly higher than in the [111] direction. Hardness
values for indenter orientations intermediate between the
parallel and perpendicular orientations were intermediate
between the higher parallel and lower perpendicular values
but are not plotted in the figures since a significant num-
ber of tests was not made. The MnO and MnS single crystal
hardness curves for the (110) and (111) planes shown in Fig-
ure 40 do not show the same type of variation with direction
as do the eutectic hardness curves. The hardness variations
for indenter orientations parallel and perpendicular to the
eutectic lamellae on the (110) and (112) planes are very
similar to each other buf are quite different from the vari-
ations observed in the single crystals of the two phaSes.
Therefore, it must be concluded that the lameilar microstruc-

ture i1s more important in determining directional hardnesses
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in the eutectic than the crystallographic hardhess charac-
teristics of the single crystal eutectic phases.

The crystallographic 6rientation effect observed in
' 64

MnS by Chao and Van Vlack was explained on the basis of

the strong preference for<<qu>iTlO} slip in this crystal -
and the number of such slip planes required to operate to
accomodate the indentation for each indenter orientation.
Since the hardness variations and slip lines observed in MnO
are so similar to those of MnS, as discussed previously, it
must be assumed that the same explanation holds for the crys-
tallographic hardness variation in MnO. The deviation from
the single crystal hardness versus orientation relationship
in the oriented eutectic of the two phases must therefore

be due to some influence which interferes with the above

slip patterns.

b. Microstructural Effects

The microstructure of the MnO-MnS eutectic in the re-
gions where hardness tests were performed consisted of
parallel lamellae or plates of the two phases from 3 to 10
microns in width (Figure 12). The crystal structures of the
' two phases were of the same NaCl-type and were similarly
oriented with reference to a common boundary, as discussed
above. It would be expected, however, that the inter-lamel-
lar boundary orientation, ‘previous deformation, internal
stresses‘and defects would have some effect on the'Knoop in-

dentation hardness versus orientation of this two phase’ccm-

posite.
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The hardness with the Knocop indenter axis parallel .
and perpendicular to the lamellae on both the trénsverse,
(11Z), and longitudinal, (110), section of several MnO-MnS
ingots is summérized in Figure 41 for the range of lamellae
spacings observed. The curves indicate that when the in-
denter is parallel to the lamellaé on both the longitudinal
(110) and transverse (112) surfaces the hardness is 35 to
Lo kg/mm2 greater than when it is perpendicular to the la-
mellae. This seems consistent with the observation in ran-
dom polycrystalline materials that indentation hardness in-
creases as grain size decreases, since the major deformation
should occur at right angles to the elongated Knoop indenter.
Thus, the primary slip planes ‘are blocked every one to five
microns by interphase boundaries when deformation must
occur perpendicular to the lamellae, and not blocked signi-
ficantly at all when slip can propsgate parallel to the la-
mellae. However, for both parallel and perpendicular in-
denter orientations, the hardness decreased about 3.kg/'mm2
per micron decrease in lamellar width (Figure 41). This
does not support the above qualitative explanation predict-
ing that the hardness should increase for @ecreasing la-
mellae width at least for the parallel indenter orientation.
It does not refute the above explanation, however, since the
lamellae width range studied (»v3 to 10 microns) is so small
compared with the difference between the effective inter-
phase boundary width between the parallel and perpendicular

orientations (Allefo ratio) that the width effect could well
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be masked by other changes occurring as the lamellae width
" decreases. Whatever the factor or factors;responsibie, they
‘must be equally effective in reducing the hardness for both
parallel and perpendicular orientations, and they must in-
crease their effect with decreasing lamellar width, A, which
could also mean with increasing solidification rate. Theré
are several effects which might behave in the above manner,
such as (1) impurity distribution, (2) age-hardening, (3)
thermal strains, and (4) microcracks. |

The distribution of impurities can be affected by
altering the solidification rate. If the impurities have a
partition coefficient, Ky, less than one, higher solidifi-
catlon rates mean less time for redistribution of rejected
impurities away from the solidification front, so that more
impurity is retained in the solid. If the solute is re-
tained in solution it will generally tend to cause solution
hardening to occur, unless the solubility limit is exceeded
and the-é;cess solute precipitated as a softer third phase
distributed throughout the eutectic. The only visible third
phase in the MnO-MnS eutectic was low-metalloid iron from
the crucible which, according to the data of Chao et al,SC
has a room temperature Vickers hardness of 80 kg/'mm2 com-
pared with 145 kg/mme for MnS and 225 kg/mm2 for MnoO.
Metallographic examination did not indicate a significant
variation in iron particle content with lamellae width.

Another type of third phase is the tiny spherical voids dis-
tributed throughout the phases. Variations in void content
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from grain to grain of the same lamellar width were greater
than variations due to lamellar width change alone, making
it impossible to correlate the two factors. In addition to
acting as a zerb-strength prhase, such voids could act as
crack initiators.

Slower solidification rates might also give an age-
hardening effect, while faster rates might not give time for
precipitation to occur in the finer spaced lamellae.

. The thermal stresses and strains which occur on cool-
ing a two phase lamellar or rod-like eutectic from the eu-
tectic splidification temperature to room temperéture could
also significantly affect the physical properties of the
composite. The change in dimensions of the different pﬁase
particles for the same temperature change, AT, would be dif-
ferent if each particle were unconstrained and had a dif—1
ferent thermal expansion coefficient. If the solid compos-
ite is to maintain its structural integrity, however,.all
phases present must contract at the same rate and for the
same total amount as the overall unit, if shear between the
pPhases is negligible. Turner129 has postulated that stres-
ses acting on individual phase particles under the above
conditions are a function of the coefficient of expansion
of the composite, ., and the phase i, a4, the temperatufe
difference, AT, and bulk modulus, Ki of the phase considered,

as below:

ol = (o, -~ a3) AT K4
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This relationship assumes that the linear thermal expansion
is directly proportional to the cubical expansion coeffi-
cient. Using values of the bulk modulus of MnO and MnS cal-
culated from Cyy shear compliances, the shear stress due to
a 1200°C AT and a 2 x 10-6/°C Aa would be about 12,000 psi
iIn MnO and 7,200 psi in MnS. This calculation is very
approximate, however, since it does not take into account the
dhanges in both elastic modulus and thermal expansion coeffi-
cient with.temperature over the large temperature range con-
sidered, in addition to the many assumptions involved in
the estimaﬁion of room temperature moduli. Values for the
~critical shear stress and fracture stress are not available
-for either MnS or MnO; therefore, it is not possible to
state whether plastic deformation or fracture are likely
under the imposed thermal stresses.

The total strailn for the 1200°C AT from the eutectic
- temperature to room temperature can be calculated on the
basls of thermal expansion data reported in another section
of this report. It is found to be of the order of 0.24% on
a linear basis. This does not appear to be beyond the range
of* possible elastic strains, but since the yield stress of
iénic so1ids can vary widely due to its sensitivity to the
number, type and distribution of defects in the crystal,
local plastic strain relief cannot be discounted.

The stress for fracture in a perfect crystal should
be about E/'rr,78 where E is the elastic modulus normal to

the cleavage plane. Due to prior plastic flow and surface
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defects, however, the actual fracture stress may be as low
as E/105, which would be below the possible thermal stress
levels for the MnO-MnS eutectic. The primary cleavage
planes in both MnO and MnS are the §100} planes. There are
three {}OO} planes symmetrically arrayed at angles of 54,7°
to the {lll} phase boundary on which cleavage might occur.
Microcracks were not observed on any planes in the eutectic
prior to cleavage or indentation, but {100} cracks were
noted around indentations on the transverse (112) surface of
the eutectic ingots. If microcracks on {100} planes or
parallel to the {;ll} phase boundaries do exist, they must
be more severe in the MnO pﬁase since examination of {;ll}
cleavage surfaces indicates that the fracture propagated en-
tirely in the MnO phase. This would not be unexpected since
MnO seems to behave in a more brittle fashion by exhibiting
{;OQ} tension cracks around small Vickers indentations which
are not noted in MnS.

If microcracks orvincipient cracks were caused by |
thermal stresses it would be expected that the number of
such cracks'per unit area of eutectic would increase with
decreasing lamellar spacing, A. Since a crack cannot trans-
mit shear stresses, it might be expected than an increased
density of such cracks would decrease the apparent hardness
of the overall eutectic. -

It is indicated, therefore, that the microhardness
variation with lamellar spacing of the MnO-MnS eutectic

might be due to an array of microcracks on {JOO} Planes
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along the phase boundary in the MnO phase. The distance be-
'tween such cracks would decrease as lamellar spacing de-
créased, thus qausing é decrease in hardnesé; Such micro-
cracks could also cause the anisbtroﬁic variation of hard-
ness parallel and perpendicular to the indenter by acting as
- low shear strength boundaries parallel to the lamellae but
not perpendicular to them. The above hypothesis has not

been conclusively proven in this study, however.

C. Summary of Results

The'following results were obtained in this study:
1. Crystallographic Orientations |
a. The equilibrium crystallographic orientation of the
two phases in the MnO-MnS eutectic with respect to the inter-
lamellar planes and growth direction has been determined as,

Interface I (111)pno N (111)Mns
Growth Direction )| [112]lmno || [112)mns

where || = is parallel to.

b. Analogous alkali halide compound eutectics with the
same NaCl-type crystal structure did not show the same rela-
tionships as above, bup all had low index interfaces and
growth ‘directions, as summarized below:

NaCl-NaF: Interface || (110)yac1 N (110)naF
Growth Direction || [001]yacy || [001]yap

NaBr-NaF: Interface || (110)yapy W (110)yaF
Growth Direction (| [1T10y,p, W [1T1]gp
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LiF-NaF: Interface |l (111)14F "(lll)NaF.
Growth Direction | [1T0]pip || [1TO0Iyap

In the halide eutectics with a common cation in the
two phases; the interface was a plane containing both cations
and anions so that the cation array was esseﬁtially contin-
uous across the interface. In the system LiF-NaF where the
anion was common to the two phases, an all-anion plane was
the interface. '

c. The FeO-FeS eutectic, in which the two phases have
the NaCl- and NiAs-type stfuctures respeétively, exhibited
an interface made up of heteropolar (IOO)Feo and homopclar
(0001 )peg Planes, as below:

Interface || (100)peo Il (0001)peg
Growth Direction (|[011]peq [} [10T01peg

d. A1 to 3° twist or tilt away from the above exact
relationships was sometimes observed. In MnO-MnS the direc-
tion of the twilst corresponded to the direction of curva-
ture of the eutectic grains.

2. Microstructure

a. Unidirectionally continuous, two phase eutectic mi-
crostructures, analogous to those obtained in two component
metallic and intermetallic systems, were grown in the follow-
- ing two component ionic compound eutectics: MnO-MnS, FeO-
FeS, NaCl-NaF, NaBr-NaF and LiF-NaF.

i, Very uniform, regularly spaced lamellae were ob-
served over large regions of phe MnO-MnS and LiF-NaF eutec-
tics. The FeO-FeS, NaCl-NaF, and NaBr-NaF eutectics
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tinuous phase particles but did not have continuous lamellae

over large regions.
ii. The matrix phase and discontinuous prhase for

each eutectic and their respective calculated volume percents

were as follows:

TABLE III ‘
Volume Percent of Matrix and Discontinuous Eutectic Phases

Matrix Vol. ﬁ Discontinuous Vol.
FeS 63.9 FeO 36.1
MnS 56.5 MnoO 43.5
NaF 51.3 LiF ug8.7
NaCl 76.9 NaF 23.1
NaBr 83.4 NaF 16.6

113i. The relationship between the interlamellar
spacing, A, and solidification rate, R, for MnO-MnS can.be
- represented by a straight line on a plot of logarithm A ver-
sus logarithm R or by a straight line projecting toward the |
origin in a plot of A versus R-1/2,
iv. Newton bands were observed in both MnO and MnS
lamellar phases when they were sectioned at low angles to

the plane of the lamellae.
b. ‘A colony structure developed along the length of the

‘ingots‘in all five systems studied in a manner similar to

metallic eutectics.

1. Initial solidification occurred by random
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nucleation and growth of eutectic grains’in.the bottom of
the crucible. Some of these grains extended as elongated
colonies in the growth direction.

1i. A single cell or convex solidification front de-
veloped across the entire ingot diameter and across many eu-
tectic grains in the central parté of* MnO-MnS ingots.

iii. The final zone to solidify at the top of the
ingots developed a severe colony structure similar to that
observed in metallic eutectics. 1In metallic eutectics this
has been attributed to the effect of impurities segregated
to the upper end of the ingot during solidification.

iv. Lamellae radially oriented to a convex solidifi-
cation front did not break down into rods as was the case
for lamellae of other ofientations to such a front.

c. Irregularities A

Several irregularities were observed in the eutectic

microstructure. o

1. Transverse growth discontinuities or bands were
observed at locations in the MnO-MnS ingots corresponding
to process interruptions. The transverse bands outlined
the solidification front which was normal to the growth
direction of the rods or lamellae of the eutectic at all
points.

ii. Primary dendrites of MnO tended to occur in the
upper ends, and dendrites of MnS tended to occur in the
lower ends of vertically solidified MnO-MnS ingots.

iii. Thick, continuous hdlos of MnS occurred around
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MnO dendrites, but thin, discontinuous MnO halos occurred
around ﬁns dendrites.

iv. Fibers and strings of globules of iron were uni -
formly distributed throughout some regions of MnO-MnS ingots.
The iron particles tended to associate with the MnO phase,
grain bOundaries, trensverse bands, and lamellar flaws.

V. Small, nearly spherical voids occurred in uni-
form dispersions over some regions of the MnO-MnS eutectic.
They tended to occur in the MnS phase adjacent to MnO rods
and lamellae. They were not observed in regions where there
was a high concentration of iron particles.

3. Thermal Expansion

a. The mean thermal expansion coefficient of MnS be-
tween 25 and 1000°C was 14.5 t 0.5 xA10'6/°C.

b. The mean thefmal expansion coefficlent of the eutec-
tic was 12 T 0.5 x 10‘6/°C. This was lower than that of
either the MnS or MnO (13.5 x 10'6/°C) phase.

4. Deformation and Fracture

a. The preferred sllp planes around Vickers indenta-
tions on (100), (110) and (111) surfaces of MnO were all
(110) planes, as in MnS.

b. MnO cleaved preferentially on (100) planes but
around Vickers indentations exhibited (110) cracks normal
to (100) surfaces at the intersections of (110) slip planes
lying 45° to the (100) surface.

¢c. Slip bands corresponding to (110) planes appeared

around indentations on MnO-MnS lamellar eutectic surfaces.



144

The bands were not altered by crossing phase bouhdaries.

d. The lamellar MnO-MnS eutectic fractured in the MnO
phase parallel to the phase boundary, (111), in uncon-
strained cleavage but also exhibited {100} cracks around
indentations.

5. Hardness

a. The Knoop microhardnesses measured on the (100),
(101), and (111) planes of the MnO single crystal are tabu-
lated below for the low index directions at which the long

axis of the Knoop indenter was oriented in each plane.

K -

TABLE IV
MnO Single Crystal Knoop Hardness (KHN units)
Indenter Direction
Plane (010 (011) 101} (111] (112]
(100) 252 282
(101) 252 286 284
(111) 276 259

b. The Knoop microhardness values measured for indenter
orientations parallel and perpendicular to the lamellae on
transverse and longitudinal cross sections of the MnO-MnS
ingots are tabuléted below. The corresponding crystallo-
graphic planes and directions are noted for comparison with

the single crystal data.
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TABLE V
MnO-MnS Eutectic Knoop Hardness (KHN units)

Indenter orientation

to lamellae - parallel perpendicular

to [hkl] direction [_noj) (112] 111]
Indented plane (112) (110) (112) (110)
Ingot cross section trans- longitu- trans- longitu-

verse dinal verse dinal

Hardness value (KHN) 203 215 170 177
Indented plane (111)
Indenter orientation (112] {110]
Hardness value (KHN) N 205 195

c. The Knoop micfohardness of the MnO-MnS eutectic de-
creased at an average rate of 3KHN units per micron decrease
in lamellar width for all cross sections and indenter orien-

tations.



CHAPTER V
CONCLUSIONS

The following conclusions were reached in this study:
1. Low index crystallographic growth directions and inter-
face planes are preferred by all the lamellar eutectic

phases studied.

a. The same growth direction and interface plane occur
in both phases where both phases have the NaCl-type struc-
ture.- |

b. No two eutectics studied have the same combination
of growth direction and interface plane,

c. Slight crystallographic twist or tilt misorienta-
tions (1 to 5°) occur in some cases.

d. For the MnO-MnS eutectic, the direction of twist is

determined by the direction of curvature of the solidifica-
tion front.
2. Unidirectionally oriented lamellar and rod-like micro-
structures can be grown in binary alkali halide and oxide-
sulfide ceramic compound eutectics by unidirectional soli-
dification.

a&. A lamellar phase morphology is established in the
MnO-MnS and LiF-NaF eutectics. A tendency towards this
- morphology is observed in the other eutectics studied.

b. The phase of lower volume fraction is discontinu-

ous, and the phase of higher volume fraction is continuous

in all cases studied.

146
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c. The interlamellar spacing, A, of the MnO-MnS eutec-
tic increases as the solidification rate, R, decreases,

according to a relationship of the type observed for metal-

lic eutectics:
A = AR-1/2 .

d. Newton bands are observed in thin, wedge-shaped
sections of translucent ceramic phases which could be use-
ful in two dimensional microstructural analysis of lamel-
lar eutectics.

3. The eutectic colony structure and its develophent as
solidification proceeds along the length of an ingot is
very similar to that.obée;ved in metallic eutectics.

a. Many eutectic grains nuéleate in an ihitial zone.
Some of these continue to grow as single elongated colonies.
A single colony cell forms in the center of the ingot and
finally breaks down into manj small colonies due to im-
purity concentration at the end of the ingot which solidi-
fles last.

b. Lamellae oriented radlally to a curved solidifica-
tion front and grains cbnsisting of arrays of such lamel-
lae persist in the eutectic microstructure in preference
to those with non-radial orientations with respect to thgd
growth front.

4, M;crostructural irregularities occurred in the MnO-MnsS ..
lamellar eutectic which were useful in analyzing the eutec-
tic solidification process.

a. Perturbations of furnace conditions or of crucible
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motion through the furnace cause transverse discontinuities
outlining the solidification front in the eutectic micro- .
structure.

b. Primary MnS dendrites with densities less than the
eutectic liquid segregate to the top of the ingot, and the
MnO dendrites with higher densities segfegate to the bot-

tom.

c. The MnS phase nucleates the MnO-MnS eutectic, but

\
the MnO phase does not.

d. ExXcess metallic iron from the crucible is uniform-
ly distributed as fibers and strings of globules parallel
to the rods or lamgllae of the ceramic phases in the MnO-MnS
and FeO-FeS eutectics under certain conditions. The iron
particles tend to be associated with the MnO phase,:eutec-
tic grain boundaries, transverse bands and lamellar flaws.
5. The mean thermal coefficient of expansion from room
temperature to 1000°C of the MnO-MnS eutectic (12 x 10‘6/
°C) is significantly less than that of either the MnS phase
(14.5 x 10‘6/°c) or the MnO phase (13.5 x 10-6/°c). This
1s probably due to modification of the eutectic by oxida-
tion or coalescence of non-lamellar phase particles dur-
ing high temperature dilatometry.

6. The preferred slip planeé in MnO and in the MnO-MnS eu-
tectic are {110} types as in the case of MnS.

7. The preferred cleavage plane in the MnO‘phase is the
{ioo}, &s in MnS. The MnO-MnS eutectic exhibits both §100}
cleavage and cleavage parallel to the {111} interlamellar
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planes in the MnO phase.
8. The Knoop indentation hardness of single crystal MnO

and the MnO-MnS lamellar eutectic vary with indentation
direction and the scale of the eutectic microstructure.

a. The Knoop hardness of MnO is higher than that of MnS
but varies with orientation of the indenter in a manner
similar to the variation in MnS.

b. .The Knoop hardness of the MnO-MnS eutectic vgries
primarily with the orientation of the indenter to the lamel-
lae and does not correspond to the crystallographic varia-
tions noted in single crystals of the two phases. |

c. The Knoop hardness for both perpendicular and
parallel orientations of the indenter to the lamellae de- .

creases with decreasing lamellae width.
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