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ABSTRACT

This investigation is concerned with the determination of slip mechanisms,
fracture characteristics, and hardness relationships of compounds of manganese
with Group VI elements. These compounds include MnO, MnS, MnSe, and MnTe, al-
though the emphasis of this study is on MnSe, MnTe, and solid solutions in the
systems MnSe-MnS and MnSe-MnTe.

Single crystals were grown by a Bridgman technique, oriented by the back-
reflection Laue method and sectioned parallel to selected planes. The selected
surfaces were then polished and indented with either a Vickers or Knoop diamond
micro-indenter. This testing method was chosen because it was well suited to
the size of the crystals utilized and readily provides information on plastic
deformation and fracture mechanisms as well as on hardness. Plastic deforma-
tion mechanisms were studied by observing (1) slip traces around indentations,
(2) the formation of dislocation etch pit rosette patterns, and (3) the Knoop
hardness anisotropy associated with single crystal specimens. Fracture was
studied by observation of cleavage planes and slip interactions around indenta-
tions. Tests were made over the temperature range -196°C to 135°C.

Sodium chloride-type MnSe exhibits {111}<1io> and {llO}<liO> as primary
and secondary slip mechanisms respectively, in contrast to the {llO}<liO> mech-
anism preferred by MnS and MnO. As with MnO and MnS, the primary and secondary
cleavage planes for MnSe are {100} and {110} respectively. Around surface
indentations MnSe shows primarily {100} fracture due to dislocation interac-
tions on {111} slip planes in contrast to {110} fracture in MnS resulting from
dislocation interactions on {110} planes.

Around Vickers indentations on MnSe and MnS, a crystallographic pile-up
of material occurs which is related to flow on the crystal slip systems. While
the appearance of the pile-up is similar in both MnSe and MnS, the mechanisms
are different due to the different slip modes.

In the continuous solid solution system MnSe-MnS, the primary slip mech-
anism changes gradually with composition. Manganese selenide is much softer
than manganese sulfide. Substitution of sulfide for selenide ions in MnSe re-
sults in a large positive solid solution hardening deviation. The {llO}<liO>
slip mechanism of MnS hardens much more rapidly with decreasing temperature
than the {111}<1io> mechanism of MnSe. At liquid nitrogen temperature MnS shows
appreciable amount of {111} slip.

Manganese telluride, with the hexagonal NiAs-type structure, shows three
modes of plastic deformation around Vickers and Knoop indentations: (1) (1012}
twinning, (2) basal glide, and (3) pencil glide in <1120>. Primary and sec-
ondary cleavage planes are {0001} and {1010} respectively.

xiii
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The Knoop indentation hardness varies with crystal orientation in a dif-
ferent manner for MnSe than for MnS. A rigorous analysis of Knoop hardness
anisotropy and the flow of material associated with the indenter is an ex-
tremely complex problem which was not satisfactorily solved in this study.
However, a theory is postulated which improves for FCC and BCC metals on the
only known published attempt at analysis—that of Daniels and Dunn.

The changes in deformation, fracture, and hardness characteristics in
Mn( Group VI) compounds are relatable to changes in other properties, and re-
sult from a regular decrease in the ionic character of the chemical bond in
going from MnO to MaTe.

xiv






CHAPTER I

INTRODUCTION

This investigation was undertaken to determine plastic deformation mech-
anisms, fracture characteristics, and hardness relations among compounds of
manganese with Group VI elements, both for the pure compounds and, where pos-
sible, for binary substitutional solid solutions. The compounds include MnO,
MnS, MnSe, and MnTe although the emphasis of this work was on MnSe, MnTe, and
golid solutions in the systems MnSe-MnS and MnSe-MnTe.

Such a study allows one to compare mechanical behavior to other material
properties in a series of compounds in which the anion shows a systematic var-
iation. Also, it serves as a first step in a much broader investigation on
the role of these compounds, when present as inclusions in metal, on the plas-
tic deformation behavior of the metal matrix (e.g., as in free machining steels).

A Vickers or Knoop micro-indentation hardness procedure on single crystal
specimens was chosen as the principal testing method because it is well suited
to the size of the crystals utilized and readily provides information on plas-
tic deformation and fracture mechanisms as well as on hardness.

The results for each compound or solid solution system are presented in
the following manner: (1) plastic deformation (slip) mechanisms, (2) fracture
characteristics (due both to cleavage and slip interaction), (%) diamond pyr-
amid (Vickers) hardness, and (4) Knoop hardness. Results are supplemented with

photomicrographs and plots.



Finally, observations are rendered concerning the nature of plastic flow
around and adjacent to the Vickers indenter, and attempts are made in an ef-
fort to explain the anisotropy associated with Knoop hardness tests on single

crystals.



CHAPTER II

LITERATURE REVIEW

The following literature review summarizes previous work related to this
thesis topic. It is divided into three main sections. The first covers the
deformation and fracture of nonmetallic materials, while the second gives a
review of hardness and hardness testing. The third section provides pertinent
information on the materials considered in this investigation, namely MnO,

MnS, MnSe, and MnTe.

A. Deformation and Fracture of Nonmetallics

Within the area of deformation and fracture of inorganic nonmetallic mate-
rials, the mechanical behavior of ionic crystals has been the most extensively
studied and is probably known in greater detail than for any other crystal type
(Gilman, 196la, 1963). One reason for the relatively good understanding of
ionic crystals is the simple nature of their chemical bond. Also, they can be
readily cleaved to simple shapes and can be easily studied by means of direct
observations of their dislocations (Gilman, 196la).

Because the materials used in this study are predominately ionic and be-
cause MnO, MnS, and MnSe possess the NaCl-type structure on which most of the
previously reported work has been concentrated, much of the following will be

devoted to NaCl-type ceramic materials.



1. DEFORMATION AND FRACTURE MECHANISMS

Plastic deformation in crystals generally occurs by slip or twinning.
S1lip occurs by the relative movement of planes of atoms or ions on a slip
plane {hkl} by the propagation of linear defects or dislocations in a slip di-
rection <uvw>. Deformation by twinning consists of shearing movements of the
atomic planes over one another so that the twinned and untwinned portions of
the crystal are joined together with a definite mutual orientation. The twinned
portion is either a mirror image of the orientation of the parent crystal in
a plane called the twinning plane, or related by a rotation about an axis called
the twinning axis, or both (Barrett, 1952).

Rock salt-type ionic crystals usually deform by translation gliding on
{110} planes in <110> directions, which are the shortest translation vectors
of the crystal structure and do not require like charged ions to pass over
each other (Gilman, 196la). The {110} planes are favored over the more widely
spaced {100} planes probably because glide on {100} is accompanied by electro-
static faulting as first explained by Buerger (1935).

Buerger (19%5) and Tammann and Salge (1927) report (111} <110> as a sec-
ondary slip system in the sodium halides at higher temperatures. Chao et al.
(196La) found that {111) <110> was a secondary slip system in MnS when in-
dented with a Vickers diamond at room temperature. Moore (1965), however, did
not detect {111} slip around Vickers indentations in MnO.

At high temperatures, most rock salt-type crystals glide readily on {100}
planes. Some crystals such as PbS and PbTe show {100} <011> slip at room tem-

perature (Buerger, 1935; Gilman, 196la). This is due to their high ionic



polarizability and shows that there is a tendency toward more {100} slip as
the ionic character of the bonding decreases.

Silver chloride and silver bromide often show little preference for any
glide plane (Gilman, 196la; Nabarro, 1964). Instead, slip appears to take
place upon any plane of which the slip direction is zone axis. This is called
pencil glide (Cottrell, 1953; Groves and Kelly, 1963).

Uranium carbide (Van Der Walt and Sole, 1967) and titanium carbide (Wil-
liams and Schaal, 1962; Hollox and Smallman, 1966; Van Der Walt and Sole, 1967)
have the NaCl-type structure but slip primarily on {111} planes. The bond in
these appears to be largely a combination of metallic and covalent as evidenced
by their high melting points and good electrical conductivity.

Van Der Walt and Sole (1967) have attempted to explain the deformation of
all crystals with the NaCl structure. They conclude that the behavior of ionic
crystals is controlled by the electrostatic nature of their bonding, but that
the behavior of covalent crystals is directly related to the metallic-nonmetal-
lic radii ratio. Crystals with r/R < 0.4l slip on {110}; for 0.41k < r/R <
0.633, slip is on {111} and for r/R > 0.633, slip occurs on {100).

Fracture occurs most easily for NaCl-type crystals by cleavage on {100}
(Gilman, 196la). Van Zeggeren and Benson (1957) calculated the surface energy
of {100} to be lower than {110}. Secondary cleavage planes are {110} although
no {111} cleavage has been reported (Gilman, 196la, 1963).

Chao et al. (196k4a) found that {100} cleavage is predominant in MnS but

that the {110} fracture system becomes primary around surface indentations.



Such fracture develops by interaction of (011) and (101) slip near the (001)
surface by a mechanism first proposed by Keh (1959, 1960). Chao et al. (196ka)
also noted that minor amounts of {110} fracture can occur through the interac-
tion of dislocation movements on the {111} slip planes. MnO also cleaves
preferentially on {100} and shows {110} cracks normal to {100} around Vickers
indentations (Moore, 1965).

Of the many nonmetallics not possessing a NaCl-type structure, the one
material most extensively studied with regard to deformation mechanism has prob-
ably been alumina, which has a hexagonal structure. Wachtman and Maxwell
(1954, 1957, 1959) found that above 900°C, creep can occur on the {0001}<1120>
system. The <1120> directions in Al-05 are taken in the direction of close
packing of interstitial holes at 30 degrees to a row of closely packed oxygen
ions. Kronberg (1957) also found that slip occurred in Al,05 on {0001} <1120>
at high temperatures. He also reported that basal twinning could be induced
by mechanical deformation. Conrad (1965) found that, in the range 1000-2000°C,
sapphire deforms plastically in tension, compression, and bending by basal
slip, and that twinning occurs on {Oill} when compressed. Fracture generally
occurred on a (Oill} twinning plane. Slip hag also been found to occur above
2000°C on the system {1210)<1010> (Klassen et al., 19k2).

Some other materials which have been investigated and for which deforma-
tion mechanisms have been identified are Si0O; (Bailey et al., 1958), diamond
(Nabarro, 1964), InSb (sphalerite structure) (Nabarro, 1964), CaFs (CaF, struc-
ture) (Phillips, 1961; Burn and Murray, 1962), TiO, (SnOs structure) (Wachtman
and Maxwell, 1957; Ashbee and Smallman, 1963), and CsBr (CsCl structure) (John-

son and Pask, 196L4).



2. COHESIVE STRENGTH

The chemical binding energy of a crystal determines its maximum theoretical
strength limit. A convenient measure of the chemical bond strength of crystals
is provided by their elastic moduli (Gilman, 1963). Tests have shown that the
cohesive strength equals about ten percent of the modulus. This is an order of
magnitude greater than the highest strengths which have been observed (Stokes,
1962).

An important relationship is that between cohesive stress and interatomic
spacing. This arises because the primary cause of binding is electrostatic at-
traction—a fact which is especially clear in icnic crystals where about 90
percent of the binding energy results from the electrostatic attraction of op-
positely charged ions. The two factors most important in determining inter-
atomic spacing are atom size and chemical valence (Gilman, 196la, 1963). In-
deed, Gilman (1963) shows that, for several types of binding and crystal struc-
tures, elastic moduli are very sensitive to interatomic spacing, often inversely
proportional to the fourth power of interatomic distarnce. High strength is al-
ways associated with high valence and short interatomic distance.

Gilman (1963) has also shown an exponential relation between hardress and
elastic modulus for covalent and metallic crystals. In both cases, the hard-
ness is proportional to the elastic modulus, but the proportionality constants
differ by a factor of 500, giving some evidence that cohesion may be strongly
affected by dislocations (Gilman, 1961t). For metals, in which dislocaticns
can move easily, the hardness is a small fraction of the modulus (about 0.5

percent), while in covalent crystals, it amounts tc around 10 percent of the



modulus (Gilman, 1963). This is close to their cohesive strength and indicates
that dislocations have great difficulty in moving through covalent crystals.

The effect of increased temperature in lowering the elastic modulus is
quite marked and has been investigated by a number of authors (Durand, 1936;
Galt, 1948; Hunter and Siegel, 1942; Stephanov and Eidus, 1956; Tannhauser et
al., 1956).

Also, internal defects such as grain boundaries, cracks, and inclusions
disrupt the normal short range binding and drastically lower the strength of

ionic crystals (Gilman, 1963).

3. PLASTICITY

Characteristically, ionic crystals are brittle (Gilman, 1963). However,
when natural dislocation sources are reduced by annealing and when surface de-
fects are removed by chemical polishing, ionic crystals can undergo appreciable
plastic flow before fracture (Stokes, 1962). Indeed, Gorum et al. (1958) found
that FCC and BCC ionic materials are inherently ductile rather than brittle.
The greatest ductility and plastic deformation is associated with NaCl-type

ionic crystals and it is on this variety that most studies have been performed.

a. Dislocation Mechanisms
It has been proved beyond any reasonable doubt that plastic deformation
in crystals takes place through the motion of dislocation lines (Gilman, 196la).
The macroscopic deformation of a crystal is governed by three factors: (1)
how many dislocations are in motion, (2) their average velocity, and (3) their

individual effect (i.e., Burger's vector) (Miles, 196L).



Very large numbers of dislocations are needed to obtain sizable macro-
scopic strains, and these large numbers of dislocations are not often initially
present in the crystal but must be formed during the plastic deformation proc-
ess. Crystals grown under ordinary circumstances usually contain grown-in
dislocations which, as Stokes (1962) found in Mg0O, are quite immobile and play
a passive role in most deformation processes. Digslocations can be formed
homogeneously by the action of stress alone, but this process is expected to
occur only at very high stresses. In real crystals, small precipitates or
other discontinuities can act as stress raisers and cause heterogeneous dislo-
cation nucleation (Gilman, 1959b). Even heterogeneous nucleation cannot ac-
count for the vast bulk of dislocations that finally participate in a large
plastic deformation. These appear to be formed through regenerative multipli-
cation by either the Frank-Read (1950) mechanism or by a multiple cross glide
mechanism first proposed by Koehler (1952) and Orowan (1954). In the case of
LiF, there is good evidence that the multiple cross glide process provides
most of the dislocation multiplication that occurs during plastic straining
(Johnston and Gilman, 1959).

Cross glide and dislocation intersections are also ways in which kinks
and jogs can be formed. Seitz (1951) points out that kinks and jogs in ionic
crystals can sometimes be charged.

Under some circumstances, intersecting dislocations can react to form a
new dislocation. An example is the reaction % [Oii] + % {iOl] > % [iiO].
The two dislocations lying on oblique {110} primary glide planes meet along a

[lli] direction and unite to form a new dislocation with the primary glide



10

vector, but lying on a {112} plane. This dislocation is relatively immobile
(Kear et al., 1959), and is a type of Lomer-Cottrell lock.

In MgO, slip is observed to take place by the development of dislocation
bands which are usually nucleated at surface defects and widen by a disloca-
tion multiplication mechanism. When two orthogonal dislocation bands inter-
sect, one band produces a kinking in the other at the intersection and a crack
may develop (Argon and Orowan, 1964). However, if all slip bands are paral-
lel, or if a large number of slip bands are present, cracks become stabilized

and a high ductility occurs.

b. Yield Stress

It was shown by Johnston and Gilman (1959, 1960) that if fresh dislocations
are introduced at the surface of NaCl-type ionic crystals, the macroscopic
yield stresses are determined by the stresses required to move these disloca-
tions in the crystals. The yield stresses are not determined by (1) the stress
to pull dislocations away from impurity atmospheres, (2) the stress to push
dislocations through a forest of other dislocations, or (3) the stress to op-
erate Frank-Read sources. Rather they are determined by the frictional resis-
tance of the crystal to dislocation movement (Gilman, 1961a).

Yield stresses in ionic crystals are quite sensitive to temperature be-
cause of the sensitivity of dislocation motions to changes in temperature.
This is shown in Figure 1 for LiF single crystals (Gilman, 196la). However,
it may be noted that only part of the yield stress is temperature dependent,

ag indicated by the fact that the curves for different LiF crystals lie paral-
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lel to each other as their hardnesses vary with temperature. The hardness

difference is caused by different impurity contents of the crystals.
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Figure 1. Variation of yield stress with temperature
for ionic crystals (Gilman, 1961la).
Chao et al. (196L4b) have shown that the hot hardness of pure MnS and MnS

containing one percent Ca impurity in solution gives a similar behavior.

c. Yielding Versus Slip System

An intrinsic effect of the crystal structure is the variation in yield
stress with glide plane. Stepanov and Bobrikov (1957) measured this effect
in NaCl single crystals between room temperature and 500°C, and found that the
required stress for slip on {111} and {001} planes is higher than for {110}
glide in the same <110> direction. Gilman (1959a) observed the same behavior
in LiF crystals and concluded that, since the Burger's vectors for all these
slips were <110> and the elastic strain energies were essentially the sane,
only the difference in the core structure of dislocations can explain the

large dislocation mobility differences.
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d. Plasticity and Strain Hardening

Because the number of dislocation sources in the surface controls the
glide, it also controls the rate of strain hardening. As the number of in-
terfering glide bands increases, the rate of strain hardening increases, as
was demonstrated by Stokes (1962). Barriers such as impurities, boundaries,
and Lomer-Cottrell locks can obstruct dislocation motion. Dislocation pile-
up at a barrier can cause a "back-stress' which would oppose the applied stress.
Thus the stress acting on the source and causing the generation of dislocations
would tend to become neutralized (Parker, E. R., 1958). The rate of cross slip
and therefore of both multiplication and debris formation increases with the

stress applied to the crystal.

e. Plasticity Versus Surface

Surface conditions appear to have an appreciable effect on the plasticity
of ionic crystals because "brittle" materials may fracture due to surface flaws
before they have a chance to deform plastically. Also surface conditions can
determine the distribution of slip and consequently, control the ductility in
this way.

Coblentz (1903) reported that NaCl crystals can be plastically deformed
after they have been wetted. This is the well-known Joffé (192L4) effect which
may be largely due to the removal of gross surface defects such as microcracks
and products of chemical reactions rather than due to a characteristic of
ionic crystals (Gorum et al., 1958; Class et al., 1959).

Milch (1909) reported that sticks of rock salt could be bent very readily

after heating.
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Schmid and Boas (1936) and more recently Vaughn and Davisson (1959) have
found that surface conditions, per se, do not have a strong influence on the

fundamental event in plasticity-—the mobilities of dislocations.

f. Yielding and Impurities

Eshelby et al. (1958) found that the addition of divalent impurities to
NaCl would cause maxima and minima in the yield strength versus temperature
plot. Differences in ion size cause difficulties in dislocation movement.
Different valences of impurities cause both charge and size effects which lock
dislocations. Results show that divalent impurities in a monovalent structure
are about two orders of magnitude more effective than monovalent impurities in

raising the yield stress of NaCl-type crystals (Gilman, 1961a).

g. Plasticity Versus State of EStress

The ability of ionics to deform plastically is dependent on the stress
state. Bridgman (1952) has shown that the introduction of large hydrostatic
pressures markedly increases the ductility of metals. He (1947) has also shown
that the strength and ductility of NaCl and Al,05; are increased by the appli-

cation of hydrostatic pressure.

L. FRACTURE

For a perfect crystal, the theoretical stress required for fracture along
a cleavage plane is about E/w where E = elastic modulus normal to the cleavage
plane (Gilmen, 1963). Usually the stress is far smaller, as small as E/10°.

Low fracture stresses are caused by surface defects in the crystals or by plas-
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tic flow which precedes fracture and which creates very high stresses in
localized regions. When both plastic flow and surface defects are eliminated,
ionic crystals require very high stresses to make them fracture (Stokes, 1962;
Johnston, 1963).

The fracture process is considered to occur in two parts: (a) nucleation
of cracks and (b) growth or propagation of cracks. Both of these will be con-

sidered separately.

a. Nucleation

The most important source of cracks or flaws in crystalline ceramics is
the external surface. Surface deposits or reaction products can provide inter-
faces at which cracks may form. Stokes et al. (1960) have demonstrated that
surface precipitates formed on improperly dried NaCl crystals lead to pre-
mature failure.

Evidence now seems conclusive that cracks form as a result of plastic
flow in regions where the motion of dislocations is impeded by some sort of
barrier (Parker, 1963). This barrier may be the intersection of glide bands
or the intersection of a glide band with a boundary. In each case, a stress
concentration is provided by the nonhomogeneous nature of the slip process,
wherein a region of localized plastic shear is constrained within an elas-
tically strained matrix (Johnston and Parker, 1963; Low, 1963).

Stokes (1958) and Washburn et al. (1959) concluded that cracks often form
at the intersection of two slip bands in MgO crystals. Stokes (1958) attri-
buted the crack formation to a Stroh (1954) mechanism whereby dislocations

which piled-up at a kink band coalesced to nucleate a crack. Washburn et al.
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(1959) associated the crack formation with a Cottrell (1953, 1958) mechanism
where dislocation pile-up on two intersecting {110} slip bands leads to crack
nucleation along a {100} plane. Keh et al. (1959) suggested that the mechanism
for {110} cracks might be that dislocations on two intersecting {110} planes
pile-up against the resultant immobile dislocation on the (112) plane with a
[liO] vector and initiate a crack in a third {110} plane.

Stokes et al. (1961) and Johnston (1963) showed that MgO crystals are
brittle or ductile depending on the slip distribution. If, for example, de-
formation in MgO proceeds by nucleation and growth of a single glide band which
spreads along the gauge length, the crystal may exhibit 7 percent or more plas-
tic strain before fracture. However, if just two glide bands intersect at the
onset of yielding, complete fracture can occur with very small macroscopic
strain.

Work on MgO bicrystals misoriented from each other by varying amounts
showed that cracks may form at a grain boundary due to a stress concentration
resulting from the inability of a glide band to penetrate a neighboring grain
( Johnston et al., 1962) or from the interaction of two slip bands (one from
each grain) which intersected the boundary a few microns apart (Westwood,

1961).

b. Growth
When Griffith's (1921) theory of crack growth by the release of elastic
energy is applied to NaCl-type ionic crystals, it is found that the calculated

critical crack length for propagation is much larger than anything one might
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expect to remain undetected in the crystal (Stokes and Li, 1963%; Miles, 1964).
Yet fracture still occurs. It has now been shown, however, that plastic flow
is itself nucleated by the microcracks and enables them to grow (Stokes and
Li, 1963%; Miles, 196L).

Screw dislocations also have a large effect on crack propagation. A crack
running perpendicular to a screw dislocation can split into two cracks (cleav-
age step) when it strikes the dislocation line (Gilman, 196la).

The principal energy absorbing mechanisms appear to be (1) the creation
of cleavage steps as the crack advances and (2) localized plastic deformation
by dislocation nucleation and movement (Gilman, 1957; Amelinckx, 1958) at the
tip of the crack. 1In single crystals, the controlling factor in the growth
of cracks is the resistance to plastic deformation at the crack tip which, in
turn, is influenced by temperature, composition, and microstructure (Low,
1963). The process of blunting the crack tip and replacing the concentration
of elastic stress by a more diffuse distribution of stress associated with dis-
locations depends upon dislocation mobility. At lower velocities, the propaga-
tion of a crack is unstable (Gilman and Stauff, 1958). Appreciable amounts of
plastic flow may take place if sufficient time is available after dislocations
have been nucleated by a moving crack.

In the absence of cleavage step formation, dislocation nucleation, etc.,

a crack moves through a crystal by causing successive breakage of atomic bonds
acrogss the plane of the crack. The energy required to do this is related to
the cohesive energy and i1s sometimes defined as the true surface energy of

the crystal (Gilman, 1961a).



17

Cracks which form in MgO at the intersection of two orthogonal {110} slip
bands and propagate over a {110} plane are often blocked by neighboring glide
bands (Stokes et al., 1959). The ability of a glide band to arrest a crack
was first observed in NaCl by Melankolin and Regal (1956) and stems from the
fact that the crack has to cut through the screw components of a very large
number of dislocations making up the band. The consequence of this crack sta-
bilization is that the total deformation preceding fracture depends critically
on the distribution of slip at the onset of yielding.

Temperature strongly influences the ease of crack propagation in ionic
crystals. Raising the temperature increases the ductility of a crystal by in-
creasing the mobilities of dislocations. Even when the dislocation mobility
is essentially zero, however, as in silica or alumina at room temperature,
cracks toc small to propagate can grow progressively at a constant stress

through the action of an active enviromment such as water vapor (Johnston,

1963).

B. Hardness and Hardness Testing

The indentation hardness test is probably the simplest method of measuring
strength of materials but it is also the least understood in terms of stress
and strain distribution (Keh, 1960). Indentation hardness tests have been
used extensively to characterize polycrystalline materials and a large amount
of literature has resulted which has been summarized in several books (Lysaght,
1949; Tabor, 1951; Mott, 1956). Some progress has been made in analyzing the

stress and strain distribution of several types of indenters, but the results
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cannot be applied directly to single crystals having well defined slip sys-
tems (Hill, 1950) because even the most symmetric crystals show marked aniso-
tropy with respect to hardness and plastic flow around the indenter.

Since Vickers and Knoop hardnesses were used exclusively in this study,

the review will be confined to these two tests.

1. VICKERS HARDNESS

The Vickers hardness test utilizes a square base diamond pyramid as the
indenter. The included angle between opposite faces of the pyramid is 136
degrees. The diamond pyramid hardness number (DPH) or Vickers hardness num-
ber (VPH) is defined as the load divided by the surface area of the indenta-
tion, calculated from microscopic measurements of the impression diagonals, and
is expressed in kg/mﬁ% The versatility of the test is due to the fact that it
provides a continuous hardness scale, for a given load, from very soft to very
hard materials (Dieter, 1961). Theoretically, the DPH should be independent
of applied load, but in reality it decreases with increasing loads up to about
1 kg (Bickle, 1959). Care should thus be taken to specify loads when report-
ing microhardness readings (i.e., results for loads less than 1 kg).

Of the many factors which affect the quality of microhardness readings,
the most important are: (1) preparation of the specimen (polishing is neces-
sary), (2) vibration, (3) measurement of the impression, (4) load and loading
rate, (5) shape of the indenter, and (6) sensitivity of equipment (Bickle,
1959).

Hardness can become a measure of the yield stress or the ease with which

dislocations can move through a crystal. Westbrook (1958a) found that the
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yield stress of NaCl was related to its Vickers hardness as: Y.S. = Hy/35,
where Y.S. 1s the yield stress in kg/mm? and H, is the Vickers hardness in
the same units. A linear relation between hardness and elastic modulus for
other NaCl-type crystals has been shown by Gilman (196la). Empirical corre-
lations have also been obtained between hardness and (1) melting point (West-
brook, 1958b; Wolff, 1958), (2) surface energy of the indented material
(Kuznetsov, 1957; Kolsky, 1957), and (3) the energy needed to create new sur-
faces at fractures (Roesler, 1956).

Marsh (1963) has tried to draw a consistent picture between the DPH and
the general mechanical behavior of glasses and other highly elastic isotropic
materials. Tolansky and Nickols (1949, 1952) and Bickle (1954, 1959) found
that Vickers indentations gave distorted impressions on single crystals of tin
and aluminum and that material pile-up around the indentations is crystallo-
graphically directional and independent of the indenter orientation.

Warrick (1963) studied the change in hardness of NaCl with temperature
from room temperature to 1075°F. The hardness of MnS, as well as of certain
types of iron and steel, has been determined between 20° and 1000°C by Chao
et al. (196Lb).

Keh (1960) innovated the use of etch pit techniques to study the deforma-
tion patterns around Vickers indentations in MgO at various temperatures.
Chao et al. (196La) studied dislocation rosettes and slip in MnS single crys-

tals by this technique.

2. KNOOP HARDNESS

The Knoop indenter ig a diamond pyramid in which the included conical
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angles subtended by the longer and shorter edges, respectively, are 172°30'
and 130°. In the plane of the specimen, the indentation has the shape of a
parallelogram in which the longer diagonal is about seven times the shorter
diagonal (Tabor, 1951). The construction is such that very little elastic
recovery takes place in the direction of the long diagonal. The long diagonal
becomes the basis of the hardness measurement which is defined as: Hy = W/A,
where Hp = Knoop hardness number, W = dead weight load applied and A = unre-
covered projected area of the impression.

Because of the shape of the Knoop indenter, the hardness numbers are in-
fluenced by the orientation of the indenter on single crystal specimens. This
hardness anisotropy of single crystals has been investigated by numerous authors
on materials such as Al (Petty, 1963; Garfinkle and Garlick, 1967), Ti (Feng
and Elbaum, 1958; Partridge and Roberts, 196L), Mg (Schwartz et al., 1961;
Partridge and Roberts, 1964), Zn (Daniels and Dunn, 1949; Partridge and Roberts,
196k4), Fe (Daniels and Dunn, 1949), Cd (Partridge and Roberts, 1964), Co (ibid.),

Be (ibid.), Os (ibid.), W (Garfinkle and Garlick, 1967), and Nb (ibid.). 1In

addition, Chao et al. (196L4b) and Moore (1965) have measured the orientation
dependence of Knoop hardness on the (001), (011), and (111) surfaces of MnS
and MnO respectively. Because of the complex nature of this deformation
problem, none of the authors has stated a successful quantitative theory to ex-
plain their results.

Daniels and Dunn (1949), who investigated the hardness anisotropy on single
crystals of silicon ferrite and zinc, are the only persons who have attempted

to formulate a theory to explain this behavior. Their analysis is based on
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calculating a resolved shear stress on slip planes and in slip directions as-
suming that four tensile forces act in directions parallel to the steepest
slope of each facet of the indenter and cause material to move to the surface.

This assumption has been the subject of some criticism (Mebs, 1949).

C. Pertinent Information on MnO, MnS, MnSe, and MnTe

1. STRUCTURE AND PHASE RELATIONS

The MnS and MnSe utilized in this investigation have the face-centered
cubic NaCl-type structure. Both show two other unstable allotropic modifica-
tions (Baroni, 1938; Taylor and Kagle, 1963): a cubic zincblende (sphalerite)
structure and a hexagonal wurtzite form. Manganese oxide also has the NaCl
structure. Manganese telluride at room temperature has a hexagonal NiAs struc-
ture depicted in plan view in Figure 2, with a c/a ratio of 1.621. The dif-
ference between the NaCl and NiAs structure is merely one of stacking anion
and cation layers. For the NaCl structure the sequence 1s AcBaCbAcB etc...
along <111> while for the NiAs structure it is AcBcAcBc etec...along <0001>.
The capital letters represent anion layers and the lower case letters, layers
of the smaller cations. The exact crystal structure of MnTe may not be of the
simple NiAs variety, however, because of the possible "super-lattice' often
associated with NiAs-type materials as outlined by Wyckoff (1965). In addi-
tion, the problem is further complicated by a slight amount of nonstoichiometry

in MnTe as reported by Johansen (1958). He found that the compound was a tel-



Figure 2. Diagram of the hexagonal NiAs-type structure of manganese
telluride looking down the c-axis. The smaller circles represent
manganese atoms and the larger, tellurium. The numbers at the
centers of the circles designate fractional distances above base
level along the c-axis.

lurium excess material with a composition range MnTe; . ooz to MnTe;,p13. To
a very good approximation, however, the structure may be assumed to be the
simple NiAs-type. MnTe transforms to the NaCl structure above 1040°C (Johnston
and Sestrich, 1961).

The systems Mn-S, Mn-Se, and Mn-Te all show two compounds—MnS and MnS,,
MnSe and MnSep, and MnTe and MnTep, (Furberg, 1953; Hansen, 1958), respectively,
all of which appear to be very nearly of stoichiometric composition. Blitz
et al. (1933) state that the Mn*? ion is very stable and it is therefore to be
expected that MnTe and MnTes, in contrast to analogous compounds of related
metals, have a very small homogeniety range. Kelly (1939) and Kiessling (1966,

1967) report that both MnS and MnSe are stoichiometric.
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The system MnO-MnS was studied by Chao et al. (196%) and their results
are presented in Figure 3. Mehta et al. (1967) studied the MnS-MnSe system
and found a continuous series of solid solutions as shown in Figure 4. Tien
et al. (1967) investigated the system MnTe-MnS and found the results shown in
Figure 5. Panson and Johnston (1964) and Makovetski and Sirota (196L4) studied
the system MnTe-MnSe, although the latter authors determined solid solubility
limits at a temperature of 800°C only. The diagram of Panson and Johnston
(1964) is shown in Figure 6 where it is seen that there is extensive solid
solubility above 550°C and that above 1040O°C a single phase solid solution of
the NaCl-type structure exists for all compositions. Kiessling et al. (1966,
1967) have investigated the solid solubility limits at 1150°C for systems of
the type (Mn, Me)S and (Mn, Me)(S,Se) where Me represents the metal Ti, V, Cr,
Fe, Co, or Ni. This limit was found to vary continuously with a maximum for

Cr and Fe substituted in the MnS, MnSe, and MnSy,sSep.s lattices.

2. OTHER PROPERTIES
The compounds of manganese with Group VI elements are all antiferromag-
netic with Néel temperatures as shown in the following table (Squire, 1939;

Kittel, 1957):

Néel Temp.
Compound ( °K)
MnO 122
MnS 145-154
MnSe 150-165

MnTe 307
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Above the Néel temperature, the magnetic moments of the Mh+2 ions are ran-
domly oriented and the material appears paramagnetic. For MnO, MnS, and MnSe
below their Néel temperatures, the magnetic moments of the Mh+2 line up anti-
parallel along the <100> directions giving a magnetic unit cell with twice

the dimensions of the chemical unit cell as shown in Figure 7.

e
MAGNETIC — CHEMIGEL
UNIT CELL UNIT CELL

Mn ATOMS iN MnO

Figure 7. Antiferromagnetic structure of MnO below its Néel tem-

perature. Only Mn ions are shown (Shull et al., 1951).

The antiferromagnetism may also result in a slight distortion of the unit
cell from cubic symmetry. Changes from FCC symmetry to (1) a slightly distorted
FCC (i.e., rhombohedral) cell have been observed for MnO (Tombs and Rooksby,
1950; Shull et al., 1951), MnS (Tombs and Rooksby, 1951), NiO (Tombs and Rooks-
by, 1951; Slack, 1960), and FeO (Tombs and Rooksby, 1950) and to (2) a tetra-
gonal structure in the case of CoO (Tombs and Rooksby, 1950; Greenwald, 1953).

Greenwald (1953%) and Grazhdankina and Gurfel (1958) have investigated the
thermal expansion of MnTe by X=ray lattice parameter measurements and both found

a sharp contraction in the c-axis at around 310°K on cooling. The a-axis con-
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tinued to change linearly with temperature. This is due to the antiferromag-
netic transformation at this temperature and suggests that the magnetic moments
of the Mh+2 ions are parallel to the c-axis but anti-parallel to each other

on successive (0001) planes.

Also investigated have been the magnetic susceptibilities of MnO (Bizette
et al., 1938; Banewicz et al., 1961), MnS (Squire, 1939; Banewicz and Lindsay,
1956), MnSe (Squire, 1939; Lindsay, 1951; Banewicz et al., 1961), and MnTe
(Squire, 1939; Banewicz et al., 1961). Of particular interest are the suscept-
ibility results of Lindsay (1951) and the thermal expansion results of Mako-
vetski and Sirota (1963) for MnSe. Lindsay's magnetic susceptibility measure-
ments show a large thermal hysteresis in the range -196°C to 25°C and a de-
pendence of susceptibility on field strength—phenomena which are not observed
in MnS (Banewicz and Lindsay, 1956). He proposes a theory to explain this in
terms of three phages which hypothetically exist in the experimental tempera-
ture range and which possess different susceptibilities. He does not explain
the nature of these phases.

Makovetski and Sirota (1963) noted anomalous behavior in the thermal ex-
pansion coefficient at low temperatures and attributed it to a polymorphic
change in addition to the known antiferromagnetic transformation. X-ray dif-
fraction patterns were taken at room temperature and at 197°K after quenching
in liquid nitrogen. At 197°K several additional peaks appear but the authors
do not speculate on the nature of this "second phase."

Kelly (193%39) also observed anomalies in the specific heat-temperature

curve for MnSe. The temperatures specified by Lindsay (1951), Makovetski and
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Sirota (1963), and Kelly (193%9) for the anomalous behavior differ significantly
in each case. More recently, however, Makovetski and Sirota (1966) have re-
ported that MnSe transforms to the sphalerite (cubic ZnS) modification at low
temperatures.

Thermal expansion coefficients have been measured for MnO (Moore, 1965),
MnS (Moore, 1965), MnSe (Makovetski and Sirota, 1963), and MnTe (Greenwald,

1953%; Grazhdankina and Gurfel, 1958).



CHAPTER I

EXPERIMENTAL PROCEDURE

A. Raw Materials

Manganous sulfide (MnS) was prepared by the sulfur deoxidation of reagent
grade manganous sulfate (MnSO4-Ho0) of 99.6% purity in an apparatus shown
schematically in Figure 8 (Chao et al., 196ka; Moore, 1965). Sulfur was va-
porized at 410-430°C and one atmosphere pressure in a vycor tube and contacted
the MnSO, powder at 900°C. The inside of the vycor tube was lined with graph-
ite felt around the MnSO, charge and the charge itself was held on a piece of
graphite resting on alumina saddles. The following reaction appears to be

appropriate:

MnSO, + Sp » MnS + 250, .

Chao's (1964a) analysis of the green NaCl-type MnS prepared in this way
showed 36.8 £ 0.2% sulfur compared with 36.9% for stoichiometry. To prevent
the slow oxidation of the MnS powder to MnSO,, the product was melted and
solidified under vacuum into ingots weighing about 60 grams each.

Manganese selenide was prepared in a way similar to that used by Kelly
(19%9), Panson and Johnston (196L4), and Mehta et al. (1967). Manganese metal
powder and selenium powder, 100 mesh or more, were mixed in appropriate por-
tions, placed in a vacuum degassed graphite crucible and encapsulated in a
pyrex tube under a vacuum of about 10 microns. This was reacted at 600°C for

several days.

29
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The manganese powder was prepared by triply vacuum distilling 99.9% elec-
trolytic manganese to remove oxides and then crushing under a nitrogen at-
mosphere.

High purity selenium shot supplied by Canadian Copper Refiners Limited
was also crushed under a nitrogen atmosphere. A typical analysis of the

selenium was:

Hg 0.5 ppm
Te 1 ppm
Pb 1 ppm
Fe 0.5 ppm
Cu 0.08 ppm

The MnSe prepared in this way was kept in the pyrex tube until ready for
use. In general, 0.5 to 1% excess selenium over the stoichiometric amount was
used in the initial MnSe reaction. This excess Se could be conveniently re-
moved by placing the MnSe at the far end of a vycor tube attached to a vacuum
pump. This end was then heated to 800°C and the excess Se drawn off.

X-ray examination revealed no other phases but microscopic examination re-
vealed minor amounts of MnO in spite of precautions taken during MnSe prepara-
tion.

Manganese telluride was prepared in a manner exactly analogous to that
used for MnSe. A typical analysis of the high purity tellurium shot, also

supplied by the Canadian Copper Refiners Limited, was:

Se 370 Ppm
Pb 5 PPm
Cu 0.3 ppm
Al 2 ppm

Mg 1 ppm
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The MnTe also revealed minor amounts of MnO on microscopic examination.
The reaction: Mn + Te > MnTe was more exothermic and uncontrollable than

that for MnSe but the graphite crucible provided an effective heat sink.

B. Materials Purification

Manganous sulfide was further purified by a zone refining procedure.
About 60 grams of the previously solidified MnS were crushed and remelted under
a purified argon atmosphere in a graphite boat within a horizontal moving coil
induction furnace. After four or five passes at a speed of 3in./hr, the MnS
developed a coarsely crystalline grain size. Microscopic and X-ray examina-
tion revealed no other phases and X-ray data, extrapolated to © = 90° using
the Nelson-Riley factor, % (cos®0/sin @ + cos®e/0), gave a lattice parameter
of 5.224R compared with 5.224& reported by ASTM (Card 6-018), 5.2258 given by
Chao et al. (196ka), and 5.22562’\ reported by Wyckoff (1965).

Manganese selenide and manganese telluride were also purified by a zone
refining technique using an apparatus like that shown in Figure 9. Both MnSe
and MnTe, when melted in graphite under argon at one atmosphere total pres-
sure, slowly decomposed to elemental Se or Te with the formation of manganese
carbide. The manganese carbide decomposed upon exposure to air into a complex
hydrated manganese oxide.

It was necessary, therefore, to seal the graphite crucible containing the
MnSe or MnTe in a fused silica tube under a pressure of about 200 mm of pur-

ified nitrogen. With this procedure, a back pressure of Se or Te was built
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up which prevented the reaction of Mn with the crucible. The partial pressure
of nitrogen was necessary when zone refining MnSe so that, at the zone refining
temperature, a total pressure slightly greater than one atmosphere existed
within the fused silica tube. The tube was thus prevented from slowly col-
lapsing around the graphite crucible.

The secondary furnace around the two-turn induction coil was necessary
to prevent cracking of the fused silica tube due to phase changes in devitri-
fied material on cooling (General Electric Co., 1964). This furnace was main-
tained at 650°C for MnTe and 700°C for MnSe.

Fight to ten passes were made at a speed of BiJL/hr for both MnSe and
MnTe. In each case the first 60 percent of the resultant ingot was used as
the purified raw material.

Microscopic examination revealed no other phases in either MnSe or MnTe
except for an occasional inclusion which apparently was MnO. Chao et al.
(196%) showed that the maximum solubility of MnO in MnS is only 1.7 weight
percent. Therefore, it can reasonably be assumed that, because of the much
larger ion size differences involved (ionic radii: O-2 = 1.328, 8-2 = le7hﬁ,
Se'2 = 1.91%, and Te_2 = 2.118) (Van Vlack, 196k4), the oxide solid solubility
in MnSe at room temperature is very small and would be smaller yet in MnTe.
Furthermore, Chao et al. (1964b) found that the effect of MnO on the hardness
of MnS was small from room temperature to 1000°C. On this basis, it is as-
sumed that the very small amounts of MnO encountered have very little effect

on the properties studied.
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X-ray powder patterns gave a lattice parameter for the NaCl-type MnSe of
ao = 5.4634 which compares with 5.4628 reported by ASTM (Card 11-683) and 5.458
by Taylor and Kagle (1963). Manganese telluride, which has a hexagonal NiAs-
type structure gave ap = 4.138& and co = 6.7068. This compares with average
values of ag = 4.1378 and co = 6.7068 as reported by ten separate authors.

Chemical analyses were performed on MnSe and MnTe using methods described
by Kriege and Theodore (1966) and Vogel (1961). Manganese was determined by
an EDTA titration using Eriochrome Black T as indicator and selenium and tel-
lurium were determined gravimetrically by precipitation from SO> saturated solu-
tions. The reader is referred to the original articles for procedural de-
tails.

For MnSe, the results gave L0.5 to 41.%% Mn and 59.4 to 60.0% Se by weight.
Stoichiometric MnSe is 41.0% Mn and 59.0% Se. Kelly (1939), Kiessling et al.
(1967), and Panson and Johnston (196L4) report nearly stoichiometric MnSe.

For MnTe the results gave 30.0 to %0.4% Mn and 69.5 to 69.8% Te by weight

compared with 30.1% Mn and 69.9% Te theoretically.

C. Crystal Growth

1. PURE COMPOUNDS

The MnS as zone purified provided grains of sufficient size to be used
in the single crystal studies.

With the MnSe or MnTe about 30 grams of the material was placed in a 5

in. long x 5/8 in. I.D. vacuum degassed graphite crucible and encapsulated
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under a pressure of 200 mm of purified nitrogen in a fused silica tube. This
tube was placed in a larger vycor tube and the whole assembly lowered through
an induction coil at the rate of about 5/8 in./hr. This produced single
crystals of sufficient size to be used in this study.

The growth of single crystals of MnTe proved to be difficult because MnTe
undergoes an inversion from a NaCl-type structure to a hexagonal NiAs-type on
cooling below 1040°C (Johnston and Sestrich, 1961; Tien et al., 1967). 1In
addition, a sharp contraction of the c-axis occurs at 307-310°K due to an
antiferromagnetic transformation (Greenwald, 1953%; Grazhdankina and Gurfel,
1958). As a result, good quality single crystals were not obtained. Rather,
a coarse-grained structure was found in which individual grains tended to be
misoriented from each other by, at most, 8 to 10 degrees. For instance, when
looking at a (0001) back-reflection Laue photograph, bands of spots were seen
rather than rows of single spots, the total band scatter being 8 to 10 degrees
at most. This could be described as a coarse mosaic structure. Quite often
a "crystal” would show only two or three separate mosaic parts differing by
not more than *3 degrees from a mean value. These crystals were used when-

ever possible.

2. BINARY COMPOSITIONS

For single crystals of other than the pure compounds, the individual com-
ponents were crushed to around 50 mesh, mixed in the desired portions, placed
in a graphite crucible, and sealed in fused silica as before. Each of the com-

positions was chemically analyzed for Se or Te or both Se and Te by the methods
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already outlined (Vogel, 1961; Kriege and Theodore, 1966) utilizing at least
two samples for each analysis. Compositions in single phase regions of the

systems MnS-MnSe and MnSe-MnTe were studied.

D. Sample Preparation

1. ORIENTING AND CUTTING

Single crystals were cleaved from the solidified ingots, placed in a
graphite crucible, sealed in a vycor tube under a vacuum of 10 microns, and an-
nealed for 12 hours at 1000°C.

Following the annealing treatment the crystals were mounted on a goniometer
and oriented to the desired crystal plane by the Laue back-reflection tech-
nique. They were then transferred, maintaining orientation, to another holder
and slices cut with a 0.010 in. thick rubber bonded alumina wheel on a Dimet
cut-off machine.

For the cubic structures (001), (011), and (111) planes were studied and
the orientations were accurate to within 2 degrees. Investigated in the hex-
agonal systems were the (0001), (1010), and (1120) planes. These orientations

were accurate to within about 8 to 10 degrees.

2. MOUNTING AND POLISHING

The samples were mounted in bakelite (or solder for low temperature test-
ing) preparatory to polishing. Samples were polished on 400 and 600 grit sil-
icon carbide paper and then on 8 micron and 1/2 micron diamond wheels. Next

they were polished with Linde B alumina powder under alcohol on a Syntron
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vibratory polisher and etched with a solution of composition 1% conc. Ho80,,
1% phosphoric acid,and 1% of a solution of saturated oxalic acid. Repolishing
with 1/2 micron diamond paste and Linde B on the Syntron followed twice more.
Because of the softness of the samples (about that of pure Cu or pure Fe)
this procedure proved necessary to obtain good surfaces and to remove residual
stresses. Subsequent Laue photographs showed no significant residual stresses
in the crystals.

Many electrolyte solutions were tested in an effort to develop an elec-
trolytic polishing technique but none proved satisfactory.

Throughout the polishing procedure the samples were checked for parallelism
of opposite faces of the mounting material. This was necessary to insure good

hardness measurements.

E. Testing and Examination Procedure

1. DEFORMATION

The mounted and polished samples were then indented with either a Vickers
or Knoop diamond indenter on a Wilson Tukon Hardness Tester and the hardness
meagured. For the Vickers test the loads used were 200 or 500 grams while for
the Knoop test, 100 or 200 grams. The long axis of the Knoop indenter was made
parallel to the several low index crystallographic directions on each of the
planes tested.

Upon microscopic examination in obliquely reflected light, slip lines
were directly observable around the indentations. By noting the angles which

these slip traces made with each other and with known crystallographic direc-
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tions, and by plotting these traces for a given plane on a stereographic pro-
jection according to the method described in Barrett (1952), one could deter-
mine the indices of all planes capable of making such traces. By comparing
the results from the different crystallographic surfaces, one could uniquely
determine the plane or planes upon which slip occurred.

Slip mechanisms were also studied by dislocation etch pit techniques on
the (001) plane of MnSe, MnS,and compositions in the system MnS-MnSe. Chao
et al. (196ka) developed an etchant for MnS of composition 1% HzPO4, 1% HoSO,
and 1% of a saturated oxalic acid solution which showed a preference for etch-
ing edge dislocations intersecting {100} surfaces. The etchant also appeared
to work well on {100} of MnSe, giving etch pits, as in MnS, composed of the
four {101} facets which intersect a {100} surface at 45 degrees. The etchant
was generally ineffective in showing dislocations on surfaces other than the
cube faces. By observing dislocation etch pit rosettes around the indenta-
tions, insights into the slip mechanism could be obtained and changes in the
slip system followed.

A third method utilized to study slip was that of observing Knoop hardness
variations as a function of indenter orientation and sample composition. Knoop
hardnesses showed anisotropic effects and were found to change relative to
each other as well as in absolute value as primary slip systems changed.

An interferometric technique was also used to study flow and pille-up a-

round Vickers indentations on MnS, MnSe, and MnTe.
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2. FRACTURE

Fracture was studied by attempting to induce cleavage on several of the
crystallographic planes of the samples and by noting fracture surfaces on
crushed fragments. Also, if fracturing was in evidence around indentations,
the type of fracturing was noted and attempts were made to relate this to slip

interactions.

3, TEMPERATURE EFFECT

In addition to measurements at room temperature, Vickers and Knoop hard-
ness tests were attempted for MnS, MnSe, and MnS-MnSe binary compositions at
temperatures of 135°C, -70°C, and -196°C. For these tests, the sample mounts
were cemented in a stainless steel cup and the cup filled with a suitable liquid
which covered the top of the specimen and at least 1/8 of an inch of the bot-
tom portion of the indenter. A schematic diagram of the apparatus is shown in
Figure 10.

In the 135°C tests, a small heating coil was placed around the sample and
the sample covered with vacuum pump oil. Hardnesses at room temperature with
the specimen immersed in 0il did not differ from those obtained in air.

For low temperature tests it was found necessary to mount the samples in
solder in order to prevent sample deformation by the squeezing action of the
bakelite mold. Bakelite has a thermal expansion coefficient of 40O x 10_6/00
(Van Vlack, 1964) compared with 18.5 x 10_6/°C for MnSe (Makovetski and Sirota,
1963), and 1k x 10-6/°C for MnS (Moore, 1965). This resulted in the sample

being exposed to a large compressive stress on cooling, sufficient to cause it
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1. Indenter.

2. 0il, alcohol or liquid nitrogen.
3., Insulated stainless steel cup.
4. Sample and mount.

5. Transite board.

Figure 10. Diagram showing technique used for
hardness testing at -196°C, -70°C, and 135°C.
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to deform in the mold. This does, however, provide an interesting way to study
plastic deformation mechanisms in low yield strength materials.

In the -70°C tests, specimens were immersed under an alcohol-dry ice mix-
ture. Room temperature hardnesses under alcochol agreed with those found in
air.

Those tests at -196°C were made under liquid nitrogen.

L. LOW TEMPERATURE X-RAY STUDY

Finally, low temperature Debye-Scherrer X-ray diffraction patterns at -84L°C
and -130°C were obtained in an attempt to explain anomalous behavior in MnSe
at low temperatures as observed in this study and previously by Kelly (1939),
Lindsay (1951), and Makovetski and Sirota (1963). An ordinary Debye-Scherrer
camera was modified to allow nitrogen vapor to pass over the specimen. The
temperature was controlled by adjusting the current input to a small heating
coil immersed in a dewer of liquid nitrogen. This in turn controlled the rate
of vaporization of nitrogen which would then pass out of the dewer and over the
sample. The lowest temperature attainable was -135°C. This was measured with
a chromel-alumel thermocouple placed directly over the specimen in an apparatus

shown schematically in Figure 11.
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Figure 11. Schematic diagram of apparatus used to obtain low temperature X-
ray powder patterns of manganese selenide.



CHAPTER IV

EXPERIMENTAL RESULTS

A. Manganous Selenide
1. PLASTTIC DEFORMATION

a. Mechanism

The observation of slip traces around Vickers indentations on the (001),
(011), and (111) planes of MnSe revealed that the primary glide planes are
{111}. The glip directions were taken to be the close-packed directions on
these planes, giving a Burgers vector % <110>. The sglip mechanism {111}
<110> corresponds to that found in FCC metals and in the NaCl-type compounds

uranium carbide (Van Der Walt and Sole, 1967) and titanium carbide (ibid.).

This is in contrast to the {110} <110> primary glide mechanism found in MnO
(Moore, 1965), MnS (Chao et al., 196Lka), and, indeed, in most NaCl-type mate-
rials where the chemical bonding is largely ionic. Figures 12, 13, and 1k
shiow the slip lines around Vickers and Knoop indentations on the (001), (011),
and (111) planes of MnSe respectively.

On the (001) plane (Figure 12), the slip lines extended in <110> direc-
tions. This is consistent with the intersections of {111} planes as may be
seen from Figure 15, which shows two cubic unit cells together with several
low index planes. On the (011) plane, the traces were in [011] and <112>

directions (Figure 13a shows only [Oil] traces) and unequivocally identified

Ly
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Figure 12. Slip traces around Vickers indentation (500 gm
load) on the (001) surface of MnSe single crystal. Oblique
lighting. X200.

(a) X250 (b) X500

Figure 13. Slip traces around Knoop and Vickers indenta-
tions on the (0ll) surface of MnSe single crystal.
Oblique lighting.
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Figure 14. Slip traces around Vickers indentation (500 gm
load) on the (111) surface of MnSe single crystal. Oblique
lighting. X250.

(1TO & e . (001)

Figure 15. Two cubic unit cells showing several low index planes and their
intersections with other planes.
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the slip planes as {111)}. Slip lines on the (111) plane were in <110> direc-
tions, consistent with {111} slip, but they do not provide any additional in-
formation since slip on either {100} or {110} planes would also show the same
traces.

Chao et al. (196ka) found that the primary slip mechanism in MnS was {110}
<110> with a secondary mechanism {111}<110>. With MnSe, {110}<110> slip was
observable as a secondary mechanism as seen in Figure 16. The lines in <110>
directions are attributable to {111} slip while the traces in <100> directions
connecting the <110> lines reveal where cross slip on (110} planes has occurred.
The specimen shown in Figure 16 was mounted in bakelite and quenched to -70°C
in an alcohol-dry ice solution. The differential thermal contraction between
the bakelite (a = 40O x 10'6/°c (Van Vlack, 1964)) and MnSe (a = 18.5 x 10'6/"0
(Makovetski and Sirota, 1963)) was sufficient to create a compressive stress

in the MnSe great enough to cause deformation in certain regions.

b. Pile-up and Sinking-in Around the Indenter

For certain orientations of the Vickers diamond pyramid relative to the
surface of indentation, impressions of unusual shape were observed. Two ex-
amples are shown in Figures 17a and 17b for indentations on the (001) and (011)
planes respectively. Blickle (1954, 1959) observed the same shaped impression
as shown in Figure 17a on the cube face of an aluminum single crystal when the
indenter was oriented with its diagonals in <110> directions relative to the
surface. Using an interferometric technique to observe surface contours, he

concluded that the star-shape was not due to extensive elastic recovery, but
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Figure 16. The (001) surface of MnSe single crystal mounted
in bakelite and quenched to -70°C. Slip traces due to {111}
glide and {110} cross slip are evident. X250.

(a) (b)

Figure 17. Examples of Vickers impressions of unusual shape on (a) the (001)
and (b) the (011) surfaces of MnSe single crystals for certain orientations
of the indenter. X500.
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rather, was caused by a directional piling-up and sinking-in of material dis-
placed by the indenter.

Interference photomicrographs of Vickers impressions on the (001) surface
of MnSe also revealed extensive piling-up and sinking-in of material around
the indentations. Figures 18a and 18b show these elevation contours for im-
pressions in which the indenter diagonals were in <100> and <110> directions
respectively. Figure 18a is the same indentation as that shown in Figure 12.
These figures indicate four hills or piled-up regions out <110> directions on
the (001) surface and regions where a sinking-in occurred in <100> directions.
That the areas in <110> directions were actually at a higher elevation was
confirmed by microscopic focusing measurements performed at high magnification.
The behavior is independent of indenter orientation and is thus a crystallo-
graphic phenomenon. The apparent abnormal pile-up in the lower right of both
pictures is due to a slight "out-of-levelness" possessed by the specimen dur-
ing the indentation process but is not indicative of any intrinsic effect
associated with the hardness test itself.

Thus, the indenter penetrating the surface causes crystallographic plas-
tic flow leading to a piling-up and sinking-in, the form of which depends upon
the symmetry of the slip systems of the crystal. The manner in which the in-
denter cuts these regions determines the shape of the impression.

A consequence of this preferential pile-up is that, on the (001) surface,
for instance, most of the slip traces were seen where the most extensive pile-

up occurred and significantly fewer were visible elsewhere.
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Figure 18(a). Interference micrograph around Vickers indentation
(500 gm load) on the (001) surface of MnSe. Indenter diagonals
are in <100> directions. The top photograph shows more clearly
the shape of the impression. X2G0.
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Figure 18(b). Interference micrograph around Vickers indentation
(500 gm load) on the (00l) surface of MnSe. Indenter diagonals are

in <110> directions. The top photograph shows more clearly the
shape of the impression. X200.
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The concentration of slip lines in certain regions is not unique to MnSe
however. It was observed by Keh (1960) in MgO at high temperatures and in MnS
utilized in this study, both of which have {llO}<liO> as the primary glide
mechanism. For example, a Vickers indentation on (001) of MnS is shown in
Figure 19. Keh (1960) also observed by interferometry four hills of material
in <110> directions around indentations on (001) of MgO. This was also de-
tected on MnS as shown in Figures 20a and 20b where the indenter diagonals
were in the <100> and <110> directions respectively. In Figure 20a, the pile-
up concentrated at the center of the sides of the indentation with no detect-
able sinking-in in the <100> directions. When the indenter was rotated 45
degrees (Figure 20b), material was found to be piled-up all around the indenta-

tion, but again the most extensive pile-up occurred out <110>.

Figure 19. Concentration of slip lines around Vickers in-
dentation (1000 gm load) on the (001) surface of MnS single
crystal. Oblique lighting. X150.
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Figure 20(a). Interference micrograph around Vickers indentation
(1000 gm load) on the (00l1) surface of MnS. Indenter diagonals
are in <100> directions. The top photograph shows more clearly
the shape of the indentation. X250.
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Figure 20(b). Interference micrograph around Vickers indentation
(1000 gm load) on the (001) surface of MnS. Indenter diagonals
are in <110> directions. The top photograph shows more clearly
the shape of the indentation. X250.
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2. FRACTURE

Manganous selenide shows fracture primarily as {100} cleavage in crushed
fragments with some secondary {110) cleavage also evident. Chao et al. (196kLa)
found these same results for MnS and indeed, these observations are directly
relatable to the behavior of other materials with the NaCl-type structure
(Gilman, 196la).

Surface indentation tended to produce primarily {100} fracture as may be
seen in Figure 21. It should be noted that the cracks are not concentrated at
the center of the indentation edges where the greatest sinking-in occurred and
consequently where one might expect the greatest "parting" tendency to be, but
rather, they are concentrated near the corners of the impression in regions
"where perpendicular intersecting slip traces are also concentrated. These areas
are the ones into which most of the displaced material has been moved and the
ones where more complicated problems involving the flow of material arise.
Consequently, it is likely that the {100} cracking is the result of a slip or
dislocation interaction mechanism rather than simply a {100} tension cleavage
crack. This will be considered in more detail in the Discussion section.

In addition to the {100} fracture, minor amounts of {110}900 (i.e., a
(110} plane at 90 degrees to the plane of indentation) fracture were also ob-
served.

An interesting observation was made on a sample etched with an agueous
solution of composition 1% conc. HoSO,, 1% HgPO,, and 1% of a solution saturated
with oxalic acid used to reveal dislocation etch pits. Lines of dislocations

were seen eminating from the tip of a {100} cleavage crack (Figure 22). The
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Figure 21. {100} fracture around Vickers indentation on
the (001) surface of MnSe single crystal. Oblique light-
ing. X450.

Figure 22. Dislocation etch pits in (00l) surface re-
flecting dislocations nucleated at the tip of a {100}
cleavage crack in MnSe. X250.
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dislocations apparently were nucleated at the tip of the crack in an effort
to replace the concentration of elastic stress by a more diffuse distribution

of stress associated with dislocations (Low, 1963).

B. The System MnSe-MnS

1. PLASTIC DEFORMATION

a. Slip Traces

Manganous selenide and manganous sualfide were found to form a continuous
series of single phase solid solutions (Mehta et al., 1967). The lattice
parameter varied linearly with composition. Since each possesses a different
primary glide mechanism, {lll}<liO> for MnSe and {llO}<liO> for MnS, it becomes
possible to investigate the change in mechanism with composition.

While {llO}<liO> slip was observed as a secondary mechanism in MnSe, it
was not detected as slip traces around Vickers indentations. With as little
as 10 a/o (atomic percent) substitution of sulfide in selenide, however, traces
due to {llO}<liO> slip were detected. As the sulfide content increased, the
amount of {110} slip became more pronounced. Figure 23 shows slip traces on
the {C0l} surface of a sample of composition 75 a/o MnSe-25 a/o MnS. Those
traces in <100> directions forming a square pattern are due to {110} slip while
those in <110> are the result of {111} slip. Figures 24 and 25 show impres-
sions on the cube face of samples of composition 50 a/o MnSe-50 a/o MnS.
Again traces due to both types of slip are visible but the amount of {110}

glide has increased. The apparent variability in the density of the slip
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Figure 23. ({111} and {110} slip traces around Vickers in-
dentation (1000 gm load) on the (001) surface of 75 MnSe—
25 MnS single crystal. Obligque lighting. X250.

Figure 2L. (111} and {110} slip traces
around Vickers indentation (500 gm load)
on the (001) surface of 50 MnSe—50 MnS
single crystal. Oblique lighting. X250.

Figure 25. Similar to Figure
2L but showing a {100} crack.

X150.
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lines on different sides of the indenter is due to the oblique lighting tech-
nique used to illuminate the specimen. Figures 26 and 27 display the (001)
and (011) surfaces of a sample of composition 25 a/o MnSe-75 a/o MnS while
Figures 28 and 29 reveal the (001) and (01l) surfaces of pure MnS, which show
no evidence of {111} slip. Thus the primary slip mechanisms were found to
change gradually with composition, both mechanisms being operative for all

intermediate values studied.

b. Dislocation Etch Pit Rosette Patterns

It was also possible to follow the change of glide mechanism by the ob-
servation of dislocation etch pit rosette patterns around the Vickers indenta-
tions. This technique has been used successfully by Keh (1960) on MgO single
crystals and by Chao et al. (196ka) on MnS. Figure 30 shows this disloca-
tion etch pit rosette pattern on the cube face of MnS as taken from Chao et
al. (196ka) and may be interpreted as follows.

The indenter displaces MnS along the {110} planes in <110> directions,
and, in effect, provides a dislocation "loop" which swings under the indenta-
tion emerging on the other side. Both edge and screw dislocations are iden-
tified, the edge dislocations emerging perpendicular to the {001} surface and
extending out <110> directions on that surface and the screw dislocations
emerging at 45 degrees to {001} and extending in <100> directions. For MnS,
the edge dislocations are more readily etched than the screw dislocations and
are revealed acceptably only on the cube plane. This apparently is a con-
sequence of the stability of the surface to the etchant which was an aqueous
solution of composition 1% conc. HsSO,, 1% HgPO,, and 1% of a saturated solu-

tion of oxalic acid.
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Figure 26 Figure 27

Figures 26 and 27. {111} and {110} slip traces around Vickers indentations
(1000 gm load) on the (001) and (011) planes, respectively, of 25 MnSe—75
MnS single crystals. Oblique lighting. X150.

Lioj

Figures 28 and 29. {110} slip traces around Vickers indentations (1000 gm
load) on the (00l) and (0l11) planes, respectively, of MnS single crystals.
Oblique lighting. X150.
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Figure 30. Dislocation etch pit rosette pattern on (00l) for MnS.

(A) Etched after indentation.

{110}900 planes.

gers vector b is along <110>.

X280. (B) Edge dislocations on the
(c) (110}gpe planes and dislocation lines. Bur-
(Chao et al., 196ka).
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This same etchant also revealed dislocations on the cube faces of MnSe
as evidenced by the appearance of random dislocations, small angle boundaries
and, for instance, dislocations nucleated at the tip of a moving cleavage crack
(Figure 22). Crystal faces other than (001} failed to reveal good etch pits.

Around Vickers impressions on MnSe, however, no rosette pattern developed
although random dislocations and small angle boundaries were still in evidence
(Figure 3la). Further investigation led to the conclusion that the disloca-
tion mechanism was as important as the surface stability in determining the
etchability of the dislocations; that is, apparently only those dislocation
lines intersecting {001} with glide plane {110} could be satisfactorily re-
vealed by these etching techniques.

This allowed a study of the change in slip mechanism by observing the de-
velopment of the rosette pattern characteristic of {llO}<liO> glide. The re-
sults are shown in Figures 3la, 31lb, 3lc, and 31d for Vickers indentations on
the (001) plane of MnSe, 90 a/o MnSe-10 a/o MnS, 75 a/o MnSe-25 a/o MnS, and
50 a/o MnSe-50 a/o MnS specimens respectively. The gradual development of the
rogsette pattern confirms the previous conclusion of a gradual change of pri-

mary slip mechanism with composition.

2. FRACTURE

The fracture modes associated with surface indentation also appeared to
vary gradually with composition from primarily {100} fracture for MnSe to {110}
fracture for MnS. For example, in a specimen of composition 90 a/o MnSe-10 a/o

MnS (Figure 3%1b), {100} fracture was evident while in 50 a/o MnSe-50 a/o MnS
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samples both {100} and {110} fracture were observed (Figures 25 and 31d re-

spectively).

3. DIAMOND PYRAMID HARDNESS

Figure 32 shows the variation of diamond pyramid or Vickers hardness with
composition for MnSe-MnS solid solutions at -70°C, room temperature, and 135°C.
No additional slip mechanisms were found over this 205°C temperature range and
and it was impossible to tell if significantly different amounts of {110}
<110> or {111}<1io> glide took place with the temperature variation by the ob-
servation of slip traces alone.

Since indentations produced distorted impressions due to pile-up around
the indenter, especially on (00l) in MnSe, the diagonals varied slightly in
length depending on the orientation of the indenter relative to the surface.
For (001) tests, the hardnesses reported were measured with the indenter diag-
onals in <100>, giving an impression like that shown in Figure 18a. TUnder
these conditions, the Vickers hardnesses on the (001), (01l), and (111) planes
were the same within the #4% limits of the experimental error.

Manganese selenide is softer than manganese sulfide (47 kg/mn® vs. 1L45
kg/mm? at 20°C). 1In addition there is a large positive deviation from linearity
in the solid solution hardening which accompanies the substitution of sulfide
for selenide ions. The substitution of selenide for sulfide ions also pro-
duces a positive, although somewhat smaller, deviation. There is no special
significance attached to the maximums which appear other than that they repre-

sent an averaging out of the two solid solution hardening effects.
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It is also evident that the hardness of MnSe is much less sensitive to
temperature than that of MnS. The behavior of MnSe apparently is similar to
that of FCC metals which maintain their ductility down to very low temperatures.
The hardness of the selenide changed about 0.0h%/°C while for the sulfide it
varied about 0.14%/°C based on room temperatur: hardness values.

A cross-plot of the hardness vs. temperature curves is shown in Figure 33.
For MnS, satisfactory hardness results were obtained at liquid nitrogen temper-
ature (-196°C). It was found that the DPH dropped off somewhat from its pre-
viously linear DPH-temperature behavior. Observation of the impressions made
under liquid nitrogen showed significant amounts of ({111} slip with extensive
{110}900 cracking. This is shown in Figure 34. Once again it should be
pointed out that the oblique lighting technique enhances the visibility of some
slip traces but decreases the visibility of others.

The {111} slip traces can be explained as follows. The {llO}<iiO> slip
mechanism, characteristic of MnS, apparently hardens much more with decreasing
temperature than the {111}<iio>, and it thus becomes possible to reach temper-
atures where (lll]<iiO> slip, the secondary mechanism at room temperature, can
be just as easily activated in appreciable amounts as {llO}<iiO> glide.

The hardness-temperature curve for MnS agrees well with the hot hardness
results of Chao et al. (196Lb) over the temperature range in common.

Attempts were also made, without success, to study MnSe and the other com-
positions at liquid nitrogen temperature. When MnSe was cooled to -196°C
either by quenching or slow cooling, whether mounted or unmounted, the surface

was striated and cracked, similar to that which is shown in Figure 35. The
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Figure 34. Vickers impression (500 gm load) made under
liquid nitrogen on the (001) surface of MnS single crys-
tal. Oblique lighting. X250.

Figure 35. The (001) surface of MnSe after quenching in
liquid nitrogen. X250.
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room temperature hardness after cycling was around 80 kg/mm? while at -196°C
it measured about 300 kg/mm?. Similar results, but less drastic, were also
obtained with the other compositions except for MnS.

This suggests the possibility of a polymorphic phase change in addition
to the antiferromagnetic transformation already known to exist. This explana-
tion was offered by Lindsay (1951) and Makovetski and Sirota (1963) in an ef-
fort to explain anomalous behavior in low temperature magnetic susceptibility
and thermal expansion measurements. Neither was able to explain the nature of
any second phase.

In a more recent paper, however, Makovetski and Sirota (1966), using neu-
tron diffraction, discovered that MnSe transforms to its sphalerite (cubic
7nS) modification at low temperatures. They found, in experiments at -158°C,
that both the antiferromagnetic form of a-MnSe (NaCl-type) and B-MnSe ( spha-
lerite modification) were present together, and that the amount of each varied
depending on the thermal history of the sample.

Attempts were made to obtain low temperature back-reflection Laue X-ray
photographs of single crystals of MnSe by dripping liguid nitrogen on them dur-
ing exposure. These results were inconclusive. A slightly different looking
cubic pattern was found which may have been twinned but which, for the most
part, corresponded quite closely to that found at room temperature. It was
found that the crystal could be repeatedly cycled and still remain as a single
crystal. However, because of the small region of the stereographic net covered
by the photograph and because of the similarity of the two patterns, no con-

clusive results could be obtained.
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An attempt was also made to get a diffractometer trace of a powder speci-
men while cooling with liquid nitrogen. This too was not successful.

The best results were obtained by blowing evaporated nitrogen gas over a
powder specimen in a Debye-Scherrer camera as shown previously in Figure 11.
Relatively good temperature control was attained (#4°C), but the lowest temper-
ature achieved was -130°C and a powder pattern at that temperature showed no
new phases. In fact, although the lines on the photograph were sharp, no line
splitting or broadening was observed resulting from a slight atom shift char-
acteristic of the antiferromagnetic transformation (Shull et al., 1951; Tombs
and Rooksby, 1950, 1951) which is supposed to take place about -120°C. It was
possible to calculate the thermal expansion coefficient from lattice parameter
measurements. This was 18.5 x 10—6/°C and agrees well with a value 18.0 x

-6,
10 7/°C determined by Makovetski and Sirota (1963).

L. KNOOP HARDNESS

The variation of Knoop hardness with orientation of the long axis of the
indenter on anisotropic materials is a well known phenomenon (see Literature
Review). On sirgle crystal specimens, the hardness anisotropy is some compli-
cated function of the particular slip systems of the crystal most favorably
oriented toaccommodate the shape change imposed by the indenter. Because of
the difference in primary slip mechanism, this function is different for MnSe
than for MnS. The room temperature Knoop hardness results for these materials
are tabulated in Tables I and II, where it is seen, for instance, that, on the
(001) plane, MnSe is softer when the long axis of the indenter is parallel to

<110> than when it is aligned in <100>. The reverse is true for MnS.
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TABLE I

KNOOP HARDNESS OF MnSe

Plane of Direction of Long Axis of Indenter
Indentation <100> <110> <111> <112>
{001) 65. L3z,
{011} T3. L48. 5h. 5h.
{111} 57 57
TABLE II

KNOOP HARDNESS OF MnS

Plane of Direction of Long Axis of Indenter
Indentation <100> <110> <111> <112>
{001} 122 k2
{011} 119 142 142 140
{111} 140 140

Recently, Garfinkle and Garlick (1967) observed that the variation of
Knoop hardness with crystallographic orientation depended mainly on the direc-
tion of the long axis and not on the plane of the indentation; that is, if
<uvw> is a hard direction on one plane, it will also be a hard direction on
another plane. This is seen to be approximately true for MnSe and MnS also,
even though "hard" and "soft' directions are reversed for each.

It thus becomes possible to follow the transition of primary glide mech-
anism in the MnSe-MnS solid solution series by plotting the Knoop hardnesses
for two indenter orientations. Room temperature results are shown in Figures

36 and 37 for two indenter orientations on the (00l) and (0ll) planes. The
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behavior shown on both plots is essentially the same—a cross-over occurs and
the general shape of the curves is like that for the Vickers hardness vs. com-
position plot.

Figure 38 indicates that similar tests at -70°C on the (00l) plane showed
a slight increase in the hardness of the selenide but a marked increase in the
sulfide hardness, and resulted in a shift of the cross-over point of the two
curves toward higher percentages of MnS. Conversely, Figure 39 shows that in-
creasing the temperature lowered the hardness of MnSe slightly, drastically
lowered the hardness of MnS from its room temperature value, and shifted the
cross-over to the left.

Again the results show the [llO}<liO> glide mechanism to be much more
temperature sensitive than the {lll}<li0>. This would mean that, with decreased
temperature, the {111}<1io> system should give a greater contribution to the
overall deformation for all compositions and the cross-over should be shifted
to the right—the effect actually observed. Alternately, at higher tempera-
tures, the Knoop anisotropy characteristic of {llO}<liO> slip should extend
over a greater range of compositions as {llO}<liO> deformation becomes greater
and the cross-over should be shifted to the left-—again the effect actually
observed. The results appear consistent.

It is interesting to speculate on the nature of the deformation associated
with Knoop indentations on single crystal specimens and to try to postulate
relative hardnesses as a function of indenter orientation. This 1is an ex-
tremely complicated problem and its consideration will be reserved for the

Discussion portion of this work.
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C. MnSe-Rich Portion of MnSe-MnTe System

1. PLASTIC DEFORMATION

Panson and Johnston (1964) studied the system MnSe-MnTe (Figure 6) and
found that tellurium could be substituted for selenium in the MnSe lattice
to the extent of about 15 a/o at temperatures below 500°C.

In this investigation, samples containing 7 a/o and 13 a/o MnTe were
studied and both compositions showed slip traces due to {lll}<li0> and (110}
<110> glide. Figure 40 is a Vickers indentation on the (00l) plane of a 9%
a/o MnSe-7 a/o MnTe specimen where it was found that {110} glide was somewhat
more extensive than that observed in 90 a/o MnSe-10 a/o MnS samples. Figure
41 of a Knoop impression on the (0ll) plane of a sample of the same composi-
tion, however, revealed traces due only to {111} slip. This is a consequence
of the ease of accommodating most of the lateral displacement caused by the
indenter by simple {111} slip on each side of it. Figure 42 shows slip traces
around a Vickers indentation on the {011} plane of an 87 a/o MnSe-13% a/o MnTe

sample where both {111} and {110} glide are evident.

2. FRACTURE

As with pure MnSe, both compositions showed primarily {100} cleavage with
some {110} cleavage evident in crushed fragments. Around surface indentations
it was found that {110}90° fracture occurred somewhat more frequently than the

{100} fracture characteristic of MnSe, especially in the 13 a/o MnTe samples.

3. DIAMOND PYRAMID HARDNESS

While the Vickers hardness was essentially the same on the (001), (011),
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Figure 40. Slip traces around Vickers impression (500 gm
load) on the (001) surface of 9% MnSe—7 MnTe crystal.
Oblique lighting. X250.

Figure 41. Slip traces around Knoop Figure 42. 8lip traces around Vick-
indentation on the (011) surface of ers indentation (500 gm load) on the
93 MnSe—7 MnS crystal. Obligue (011) surface of 87 MnSe—13% MnTe

lighting. X250. crystal. Oblique lighting. X250.
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and (lll) planes, the values for the two compositions were higher than the
values observed for comparable substitutions of sulfide for selenide ions.
This is shown graphically in the left hand portion of Figure 43. The size of
the tellurium ion is 2.11R8 (Goldschmidt) vs. 1.914 for the selenide ion and
. . . -2 -2
1.748 for the sulfide. Thus, the size difference between S ~ and Se (based
-2 . . . -2 -2,

on the Se ~ radius) is 8.9% while that between Te and Se is about 10.5%.
This slightly larger mismatch in the case of the telluride ion may be enough

to cause the higher rate of hardening observed.

L. KNOOP HARDNESS

The Knoop hardness results for both compositions followed the pattern ob-
served for Vickers hardness. The left side of Figure 4l gives results for the.
(001) plane where, as with pure MnSe, the hardness is lowest when the long
axis of the indenter is aligned parallel to <110>. Also, like the Vickers
hardness results, the rate of hardening is greater than that observed during
the substitution of sulfide for selenide ions. Similar results were found on

the (011) plane.

D. Manganous Telluride

1. PLASTIC DEFORMATION

Three modes of plastic defcrmation were observed in MnTe. Indentation
of the basal plane produced patterns which could be attributed to {1012}
twinning and which were exactly like those observed by Partridge and Roberts

(1964) on single crystals of magnesium. Twinning on {1012} planes is common
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with HCP metals (Barrett, 1952) and geometric construction has shown that it
can also occur in the compound MnTe. Basal indentations are shown in Figures
L5 and 46 and the possible orientations of {1012} twin traces on the basal
plane in Figure 47. The appearance of the twinning on only one side of the
indenter reflects a slight misorientation of the surface which, as explained
previously, because of the difficulty in growing the crystals, was accurate
for the basal planes to within only about three or four degrees. It was noted
that different twin systems could be activated by changing the orientation
of the indenter on the surface. While reoriented twinned material may provide
planes that are more favorably oriented for further deformation by slip, no
slip traces were observed in these regions. In fact, no slip traces at all
were seen on the basal plane, giving evidence for a <1120> slip vector.

Interference photomicrographs showing surface contours around Vickers im-
pressions on (0001) revealed that a general sinking-in or compaction took place
all around the indentation (Figure 48). The interference fringes showed 6-
fold symmetry with the sides of the hexagon rotated 30 degrees from <1120> di-
rections. Twinned regions were higher than untwinned regiong which is as ex-
pected since {1012] twinning produces an elongation along the c-axis with
c/a < JS. The few piled-up regions that were observed (e.g., points A and
B in Figure 48) occurred at or near locations of extensive twinning. The rea-
son(s) for the general sinking-in is not understood however.

Vickers indentations on (1010) and (1120) planes revealed extensive amounts
of basal slip as indicated by traces parallel to [ilOO] in Figure 49. Also ob-

servable in Figure 49 are semicircular wavy lines extending out [ilOO] direc-
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Figure 45. Twinning around Vickers indentation (500 gm load)
on the (000l) surface of MnTe crystal. Oblique lighting.

X250.

Figure 46. Twinning around Knoop impression on the (0001)
surface of MnTe crystal. Oblique lighting. X500.
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Figure 47. Possible orientations of {lOiZ} twin traces in
the basal plane of MnTe.

Figure 48. 1Interference micrograph around Vickers impression
on the (0001) surface of MnTe. X250.
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tions. This is shown more dramatically for two orientations of the Knoop
indenter on (1010) in Figures 50a and SOb. In Figure 50a, with the indenter
parallel to [iEiO], the basal slip is observed, but for the indenter rotated
90 degrees, the wavy slip lines are seen. These are attributed to pencil
glide—that is, slip taking place on numerous planes having the slip direction,
which most probably is <llé0>, as zone axis. Deformation by simultaneous slip
on many planes using a common slip direction may also be described as extensive
cross slip and is quite common at elevated temperatures for many materials
(e.g., Mg (Bakarian and Mathewson, 1943) and Al (Petty, 1963)). Wavy slip
lines have also been observed at room temperature in AgCl (Gilman, 196la),

AgBr (Gilman, 1961a), a-Fe (Barrett, 1952), and Hg (Greenland, 1937). Man-
ganese telluride itself is quite soft (DPH = 65) and consequently is labeled

as a material in which dislocations can move fairly easily. It thus becomes
apparent that MnTe provides the additional slip systems necessary to accommo-
date the indenter by this sort of extensive cross slip mechanism, otherwise
called pencil glide.

No twinning was evident on the prism planes.

2. FRACTURE

The primary cleavage plane in MnTe was {0001} and fracture on this plane
revealed bright shiny surfaces. It was also possible to induce (lOiO} cleav-
age with a knife edge revealing a lusterless surface. Both types of fracture
were evident in crushed fragments.

Around surface indentations, both (0001} and (1010} fracture were com-

mon at low indenter loads, but irregular cracking, which could not be inter-
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Figure 49. Slip traces around Vickers indentation (500 gm
load) on the (1120) surface of MnTe. Oblique lighting.
X150.
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Figure 50. Slip traces around Knoop impressions on (lOiO) surfaces of MnTe
single crystal with (a) long axis almost parallel to [1210] and (b) long axis
about parallel to [0001]. Oblique lighting. X250.
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preted, developed at higher loads.

E. MnTe-Rich Portion of MnSe-MnTe System

1. PLASTIC DEFORMATION

Figure 6 indicates that the maximum solid solubility of manganese selenide
in the telluride at room temperature is less than 20 a/o. Two compositions
studied in the single phase region were 91 a/o MnTe-9 a/o MnSe and 81 a/o
MnTe-19 a/o MnSe and both showed the same three modes of plastic deformation
as found in pure MnTe, namely, {1012) twinning, basal glide, and pencil glide

in <1120>.

2. FRACTURE
The fracture mechanisms were also the same as those found in pure MnTe—

{0001} and {1010} cleavage.

3. DIAMOND PYRAMID HARDNESS

The diamond pyramid hardness results for the single phase MnTe-rich por-
tion of the MnSe-MnTe system are indicated in the right hand portion of Figure
L3,

The DPH on (0001) is about 65% greater than that on (1010) for pure MnTe
(107 kg/un® vs. 65 kg/unf) and about 53% greater for the 81 a/o MnTe-19 a/o
MnSe sample (165 kg/mm® vs. 108 kg/mnf ). The higher hardness of the basal
plane reflects the difficulty of activating slip systems capable of moving

material up to the surface to make room for the indenter-—something which can-



88

not be done by glide in <1120> directions alone because they are all parallel
to (0001) and surrounding material strongly constrains such movement. The rate
of hardening on both planes was greater than that found when MnSe was added

to MnS, as shown.

L. KNOOP HARDNESS

Knoop hardness results for the system are shown in the right hand portion
of Figure 4. All orientations of the indenter on the basal plane gave the
same hardness within the limits of the experimental error. The basal hardness
was about 80% greater than for the orientation [1210] on (1010) for pure MnTe
(115 kg/mnf vs. 64 kg/mn®) and 72% greater for the 81 a/o MnTe-19 a/o MnSe
sample (184 kg/mmf vs. 107 kg/mn® ). The orientation [1210] on (1010) was
slightly harder than [0001] on (lOiO) which reflects the larger number of slip
systems activated by pencil glide characteristic of the latter orientation than
can be supplied by basal slip which tends to be activated by the former orien-
tation (Figures 50a and 50b).

Similar tests on the (1150) planes gave results virtually identical to

those found on (1010).



CHAPTER V

DISCUSSION

A. Deformation Associated with the Vickers Indentation

Around a Vickers indentation one would normally expect the slip and pile-
up to be the most pronounced at the center of each of the four sides of the
indenter regardless of orientation, since it is near these fegions under the
indenter where the greatest material displacements must occur. Tolansky and
Nickols (1949a) found this to be the case for polycrystalline, nearly iso-
tropic specimens of sintered tungsten carbide and selected steels. When they
tested single crystals of tin, however, they found a crystallographic distor-
tion resulting in a piling-up and sinking-in of material around the indenta-
tion (Tolansky and Nickols, 1949b, 195k).

These and other results are similar to the pile-up and sinking-in reported
here for MnSe (Figures 18a and 18b) and MnS (Figures 20a and 20b) and must be
related to the nature of the plastic flow taking place on the individual slip
systems of the single crystal specimens.

Figure 51 indicates how the pile-up might be related to the plastic flow
taking place around the indenter for MnSe. Since the slip occurs on {111}
planes, the nature of the pile-up on the {001} planes would imply that the
glide direction is <112>. The Burgers vector in <112>, however, is~/§ times
that for <110> glide and from geometric considerations one can conclude that

<110> slip is much more likely than slip in <112>. Thus slip in two 110

89
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(001)

[oi0]

[100]

Figure 51. View of a (111} plane showing how flow in two
<110> directions can result in net <112> movement.

steps seems much more feasible than a <112> motion and could result in ex-
actly the same net displacement, as shown in Figure 51.

This same sort of pile-up was previously observed by Keh (1960) on MgO
when indented at high temperatures and on MnS as previously mentioned. Both
these compounds possess the {110)}<110> primary slip mechanism. Keh (1960) at-
tempted to relate these hills and slip line concentrations to dislocation in-
teractions. Dislocations on neighboring {110} planes at 45° to {001} [desig-
nated {llo}h5°] interact and tend to pile-up. If the temperature is high enough

and the dislocations can acquire enough energy, some segments of the piled-up
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dislocations will cross glide on other {110}u5o planes and form new disloca-
tion sources on parallel glide planes. Thus dislocation pile-up and subsequent
cross slip cculd lead to a movement of material that is equivalent to slip on
two adjacent {110}h50 planes, each of which has one <110> slip direction. The
overall effect would be a net displacement of material in a <112> direction in
the same manner as for MnSe except that now slip must take place on two planes
of the {110} type instead of being able to occur in two <110> directions on

a single {111} plane.

An additional factor must be considered in the case of MnS and MgO how-
ever. Von Mises (1928) showed that for general homogeneous strain, the opera-
tion of five independent slip systems is necessary. The {llO}<liO> primary
glide mechanism can provide only two (Groves ard Kelly, 1963). This means that
some other slip mechanisms must necessarily be operating in order to produce
the shape change imposed by the indenter. Chao et al. (196ha) identified {111)
<110> as a secondary slip mechanism in MnS. Altrough direct evidence for its
operation at room temperature was not seen here, it is likely that its opera-
tion in material below the surface could also lead to a crystallographic pile-
up around the indentation like that found for MnSe.

It was previously mentioned that fracture around Vickers indentations in
MnSe occurred predominately on {100} planes. Indentations on MnS (Chao et al.,
196Lka) and MgO (Keh, 1960), however, showed primarily ({110} fracture (Figure
20b). Keh (1960) attributed this to an interaction of dislocations on adjacent

{101} planes such as, referring to Figure 52a,

a/2 [011] + a/2 [101] » a/2 [110] .
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[ov0]

(a)

Figure 52. (a) Dislocation or slip interaction on two adjacent
(110} planes. (b) Dislocation or slip interaction on two adjacent
{111} planes.
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The result is an immobile edge dislocation lying on a (112) plane. There-
fore, the dislocations generated on the two intersecting slip planes, (011)
and (101), will pile-up against this barrier and initiate a crack in the
(liO) plane. If sufficient thermal energy is available, portions of the piled-
up dislocations could cross glide to other parallel glide planes, reducing the
tendency for crack formation and leading to a material pile-up in certain
crystallographic directions as explained éarlier. A somewhat simpler way of
viewing this problem is to note that, in Figure 52a, upward slip on two adja-
cent {101} planes tends to separate material along a {110}900 plane.

In a similar manner, the {100} fracture in MnSe may be viewed as a con-
sequence of the tendency for the material to undergo net <112> flow around the
indenter which, as shown in Figure 52b, separates material along a {100}900
plane.

It is also possible, however, to postulate several energetically favor-
able dislocation interactions forming sessile diglocations which act as bar-
riers and lead to a dislocation pile-up and, in the absence of sufficient cross
slip, to eventual fracture on {100}. Referring to Figure 52b, two of these

are as follows:

(1) a/2 [110] + a/2 [110] » a/2 [020] = a[010]

(2) a/2 [110] + a/2 [011] > a/2 [101] .

Both of the resulting dislocations are of the edge variety and lie along
the [101] intersection of the two {111} planes. The first has a glide plane
(101) and the second (010). Thus both would be expected to be relatively im-

mobile.
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It may be seen, therefore, from the preceding discussion that the plastic
deformation leading to a material pile-up is quite intimately related in an
inverse manner to fracture caused by barriers to plastic flow. Where slip and
cross glide are easier (i.e., at higher temperatures or in MnSe vs. MnS) frac-

ture is less and pile-up more pronounced.

B. Comparison of Deformation, Fracture, and Hardness
Characteristics of Mn(Group VI) Compounds

The compounds of manganese with Group VI elements differ sufficiently
with regard to deformation, fracture,and hardness characteristics that it be-
comes informative to review these differences and to try to relate them to
some more basic characteristic of the compounds. Briefly, MnO (Moore, 1965)
and MnS (Chao et al., 196ka), both NaCl-type materials, were found to have
{llO}<liO> as a primary slip mechanism but MnS also showed {lll]<liO> as a
secondary mechanism. Manganese selenide, on the other hand, revealed the pri-
mary mechanism_{lll}<lio>, that of the FCC metals, and {110} <110> as secon-
dary. Manganese telluride does not possess a NaCl-type structure, but rather,
has the hexagonal NiAs structure more characteristic of selenides and tel-
lurides of the transition metals (Taylor and Kagle, 1963).

Manganese oxide showed extensive (100} tension cleavage cracking around
Vickers indentations in addition to {110} fracture produced by slip interactions
on {011} planes. The more ductile MnS showed almost exclusively {110} frac-
ture around indentations while the still softer and more ductile MnSe gave

(100} fracture due to multiple slip interactions on {111} planes.
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The increased ductility and softness with increased anion size point to
a decrease in the ionic nature of the chemical bonding as the major factor
giving rise to the more metallic behavior. Numerous other properties and
characteristics of these materials are listed in Table III, and all these sub-
stantiate the idea that increasing the size of the anion decreases the strength
and stability of the ionic bond, thus leading to a bond wmore covalent-metal-
lic in character. In going from MnO to MnTe, the melting point and hardness
decrease, the color changes from light green to opaque brown-black, the elec-
trical resistivity and band gap energy decrease, and the anion polarizabilitieg
increase to high wvalues.

One can estimate the degree of ionic bonding in these compounds by elec-
tronegativity calculations as outlined by Pauling (1948). These results are
shown in the last column of Table IIT and indicate that the amount of ionic
bonding decreases from about 65% ionic in MnO to around 10% in MnTe.

Using Goldschmidt ionic radii, one can calculate theoretical lattice param-
eters for these compounds assuming that they are totally ionic. A comparison
between calculated and measured cation-anion distances (r+R) is shown in Table
IV along with (r+R) values assuming atomic rather than ionic radii. Once more
the results indicate a departure from imic bonding toward a more covalent or
metallic structure.

Pauling (1948) says of such a situation:

"There is little evidence for a direct transition from the extreme
ionic type of bond to the metallic type; in every sequence of sub-
stances which suggests itself, transition from ionic to covalent bond
type first occurs followed by transition to the metallic type. This

provides support for the concept of the metallic bond as similar in

nature to the covalent bond, with added freedom of motion of the

electrons."”
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TABLE IV

CATION-ANION DISTANCES FOR Mn(GROUP VI) COMPOUNDS

Compound Tonic (r+R) Measured (r+R) Difference Atomic (r+R)
(1) () (£) (%)
MnO 2.23 2.02 0.01 1.72
MnS 2.65 2.61 0.05 2.18
MnSe 2.82 2.7% 0.09 2.28
MnTe 3.02 2.92 0.10 2.55

Thus it is felt that the regular variation in hardness and plastic defor-
mation behavior is due to a change in the nature of the chemical bond which
varies from an ionic-covalent bond in MnO to a largely covalent-metallic type
of bond in the case of MnTe. A more metallic bond results in an increased
ease of dislocation movement, a characteristic of pure metals (Gilman, 1963),
and subsequent decreased hardness and increased plastic deformation before

fracture.

C. Knoop Hardness Indentations on Anisotropic Materials

1. DATA AVAILABLE

It is well known that Knoop hardness tests on single crystal specimens
give a periodic variation of hardness with crystallographic direction depend-
ing on the symmetry of the plane being tested. Results for numerous crystals
and crystal structures appear in the literature and are generally uncorrelated

in any fundamental way with the deformation behavior of the material. A sum-
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mary of some of the data appearing in the literature for cubic materials is
presented in Tables V and VI. The first column in the tables gives the di-
rection of the long axis of the indenter and the second, the plane on which the
test was made. Table V shows data for FCC and BCC metals and for MnSe which
slips on {111) planes. Table VI gives hardnesses for NaCl-type materials with
the glide mechanism {llO}<liO>. These two classes of material illustrate two
general types of behavior. In Table V, the hardnesses are greatest when the
long axis of the indenter is in a <100> direction and least when in <110>,
while the reverse is true for the materials in Table VI. Garfinkle and Gar-
lick (1967) note that the hardnesses themselves, on any given material, seem
to depend for the most part on the direction of the long axis of the indenter
and not on the plane of indentation. It must be remembered, however, that when
the long axis of the indenter is in a certain direction, one is actually meas-
uring the hardness or resistance to deformation perpendicular to that direc-
tion since material is essentially pushed laterally normal to the long axis.

It is also interesting to note that close-packed FCC metals slipping on
{111} planes show hardness anisotropy behavior similar to that in BCC metals.
Tnis 1s understandable, however, if one realizes that a common slip mechanism
in BCC materials is {llO}<lil>, the inverse of that found in FCC metals. Both
mechanisms provide the same number of slip systems, and stresses and strains
are related to each other by the same (cos A cos ﬁ) resolving factors. To
determine if the percentage variation in hardness is the same for all the mate-
rials in Table V, it is helpful to plot on semi-log paper hardness vs. indenter

orientation. This plot is shown in Figure 53, where the spacing of points on
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TABLE VI

KNOOP HARDNESS DATA FOR NaCl-TYPE MATERTALS
WHICH DEFORM BY {110}<110> SLIP

Direciiiintatioilane MnS Mns-19% Ca” 0" LiF”
[010] (001) 122 166 252 88
[110] (001) 142 184 282 9l
[100] (011) 119 163 252 89
[011] (o11) 142 196 286 93
[111] (011) 142 19% 28l
[110] (111) 140 276
[112] (111) 140 259

1. Chao et al. (1964D).
2. Moore (1965).
3. Garfinkle and Garlick (1967).
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the abscissa or "indenter orientation' scale was proportioned to the measured
hardnesses on MnSe which was taken as a standard. The slopes of the various
curves do not vary appreciably, indicating similar anisotropic hardness behavior
in spite of crystal structure differences.

Data are also available in the literature on Knoop hardness anisotropy re-
sults for hexagonal materials although these have not been tabulated here
(Daniels and Dunn, 1949; Feng and Elbaum, 1958; Schwartz et al., 1961; Part-
ridge and Roberts, 196k4).

In certain cases, one can see in qualitative terms why some indenter
orientations give higher hardnesses than others for a given slip mechanism.
Consider, for instance, a Knoop indentation on the (00l) plane. For (110}<110>
glide, the slip planes are as shown in Figure 5hka, which, in plan view, would
appear as in Figure Skb. When the indenter is aligned with its long axis par-
allel to the [100] direction, relatively simple lateral displacement by slip
on two [llo}h5° planes on each side of the indenter can occur. When aligned
parallel to [110], however, the load must be relieved by complex slip utilizing
several slip planes on each side of the indenter. The result is that the mate-
rial is harder in <110> than <100> when the primary slip mechanism is {110}
<110>.

For materials gliding on {111} <liO>, the slip planes are oriented as in
Figure 55b. When the indenter is parallel to [100] on the (00l) plane, the
load can be relieved only by slip on at least two planes on each side of the
indenter. When parallel to [110], slipping in two <110> directions on (111}

planes on each side of the indenter can accommodate most of the shape change.
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This multiple glide on two planes might be expected to occur more easily
than slip on four planes and would lead one to predict that <110> directions
on (001) are softer than <100> for [lll]<liO> glide.

The situation becomes more complex for indentations on {011} planes, but
the hardness anisotropy can still be quite easily rationalized for materials
showing {lll]<li0> slip. The {111} glide planes are shown in Figure 56a. Two
of these will intersect a (1io) plane at 35.3 degrees in the [110] direction
and the two others at 90 degrees in [112] and [ii2] directions. An edge view
of the (110) plane is shown in Figure 56b with the (1I11) and (111) planes
intersecting in the [110] direction. Thus, when the indenter is aligned par-
allel to [110], most of the lateral displacement can be accomplished by rela-
tively simple slip on each side of the indenter on these two planes. When
parallel to [100], however, the {111}900 planes must now play a more prominent
role, and cne would therefore expect the material to be softer when the long
axis is in a <110> direction.

It becomes much more difficult to visualize this for {011} indentations

on materials showing primarily {llO]<liO> glide.

2. SCOPE OF THE PROBLEM

An accurate gquantitative analysis of the deformation associated with the
Knoop indenter, however, represents a problem of tremendous complexity. A
necessary first step is to define the state of stress underneath the indenter.
Because of the shape of the indenter, the stress state is not uniform but de-

pends on position in the material relative to the indenter. In addition,



(1)

(1

Figure 56. (a) Orientation of {111} planes with respect to the (110)
plane. (b) Edge view of the (110) plane with intersecting {111}
planes. The shaded planes in (a) are shown as lines in (D).
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anisotropy inherent in the single crystal means that strains and yield stresses
vary in another complex manner.

In order to solve this problem rigorously for a given indenter orienta-
tion, it would be necessary to determine all physically possible flow paths on
the known slip systems capable of accommodating the shape change caused by che
indenter, to calculate the work of deformation on each,and to pick the partic-
ular flow path which requires the expenditure of the least amount of work as
the one most likely to describe the actual indentation process. If this were
done for all orientations of the indenter, the "minium work" values at each
orientation should give the relative hardnesses.

An additional complication arises when the known slip mechanism cannot
provide the five independent slip systems necessary to produce an arbitrary
shape change with conservation of volume. The {llO}<liO> mechanism of NaCl-
type ionics, for instance, gives only two (Groves and Kelly, 1963%); conse-
quently, for these materials, it is necessary to know what other mechanisms
operate in order to solve this problem accurately. Also, work hardening, in-

denter end effects, and possible material rotations add further complications.

3. TREATMENTS OF PROBLEM

Apparently Daniels and Dunn (1949) are the only persons who have attempted
a comprehensive treatment of the hardness anisotropy of single crystals. Re-
ferring to Figure 57A, they assume that the force causing deformation around
each facet is a tensile force, F, parallel to the steepest slope of the facet.

This assumption has been the subject of some criticism (Mebs, 1949). They
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resolve this force for each facet on each of the slip planes and slip direc-
tions of the known or assumed glide mechanism using the relation:

Effective Resolved Shear = ERS = F/A (cos A cos $ cos V) where

A = the angle between the slip direction, S.D., and the effective
force
$ = the angle between the normal to the slip plane, N, and the ef-

fective force

¥ = the angle between the direction, A.R., in the slip plane
perpendicular to the slip direction, and the direction,
H, in the "indenter-facet" plane perpendicular to the
effective force.

The factor, cos V¥, is supposed to evaluate the constraint imposed by the
indenter as material tries to rotate about axis A.R. but indenter constraints
try to force it to rotate about axis H. The larger the angle between these
axes, the more difficult the deformation becomes. The particular slip system
with the largest resolving factor (m = cos A cos é cos V) is the one assumed
to be activated first. Because of the geometrical similarity of the indenter,
this "m"-factor will remain essentially the same throughout the test and it is
assumed to be the one primarily responsible for determining the hardness. High
"m" means low hardness so the hardness becomes proportional to (1/m).

Computations based on their model apparently predicted the hardness anisot-
ropy found in silicon ferrite. Recently, however, Garfinkle and Garlick (1967),
in re-examining this model, found that Daniels and Dunn (1949) had failed to
consider certain slip systems of their assumed {112)<111> glide mechanism.

When these were included, little agreement was found between calculated and

measured results. Similar attempts involving {110)}<11l> and {123}<111> slip

revealed equally poor correlations, indicating a discrepancy in their theo-

retical treatment.
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Feng and Elbaum (1958), in modifying the Daniels and Dunn treatment, as-
sumed that the effective force causing deformation was a compressive force
acting perpendicular to each indenter facet (Figure 57B). Garfinkle and Gar-
lick (1967) again found little agreement between predicted hardness anisotropy
and the experimental results using this technique.

It was our desire to view this problem in terms of shear stresses rather
than normal stresses since it is the differences in principal normal stresses
which determine the shear stresses responsible for deformation (i.e., hydro-
static stresses cause no deformation). The slip line field analysis technique
was selected as a logical approach to the problem. Previously Hill et al.
(1947) calculated the locus of maximum shear stress for the plane strain in-
dentation of an isotropic material by an infinite wedge. Figure 58 shows this
field on both sides of an infinite wedge of included angle 130 degrees, the
same as that of the Knoop indenter. This field was assumed to approximate the
stress state around the indenter for the first attempt at characterizing the
deformation.

In triangle OAE, the principal shearing stresses are in the directions EA
and OA. The principal normal stresses, always at 45 degrees to the shears,
are P and Q, and, by coincidence, P = 2Q for this specigl case. In the fan
shaped region OAB, the directions of maximum shear rotate through an angle of
57.2 degrees, while in triangle OBC, the principal directions are OB and BC.

The field is symmetrical about the center of the indenter.
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a. One Lateral Shear

In the first technique, a net shearing stress was assumed to act on each
side of the indenter in directions EC and ED and to be the stress primarily
responsible for the deformation associated with the indenter. These partic-
ular directions were chosen because they seemed to be consistent with a con-
tinuity of material flow and to represent a satisfactory combination of the
downward shear stresses in directions EA and EF and the upward stresses in
directions BC and GD. This shear stress was resolved on all twelve slip sys-
tems of the type {111}<1io> and all six systems of the type [llO}<liO> for each
orientation of the indenter. This was accomplished by use of a stereographic
projection such as that shown in Figure 59 for a Knoop indentation in the [010]
direction on the (001) plane. The axes 'y" and "x" are parallel and perpen-

dicular, respectively, to the shear stress on one side of the indenter. The

stress was resolved using the standard formula:

™D = TXy(ﬂxDﬁyN + EXleD)
= Txy( m)
TND = Yresolved shear stress
fyp = cosine of the angle between the "x"-axis and the slip direction
fyy = cosine of the angle between the "y'"-axis and the normal to the

slip plane, etc.

The particular slip system with the maximum value of "m" was assumed to

be the first to operate and the one contributing most to the total deforma-

tion. The hardness was thus assumed to be proportional to (1/m) and the hard-
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—gT0

Figure 59. Standard (001) stereographic projection of a cubic crystal
showing the intersection ABCD of the facets of the Knoop indenter
with the plane of projection when the long axis is in the [010] direc-
tion. The lateral shear stress is assumed to act in the "y" direc-
tion on one side of the indenter.
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ness anisotropy could be estimated by comparing the minimum (l/m)'s for var-

ious indenter orientations.

b. Two Shear Stresses
In a second method of analysis, it was assumed that two shearing stresses

on each facet, one downward and the other in an upward direction, were primarily

respongible for the plastic flow., Each facet was taken to be one gide of an
infinite wedge with a corresponding slip line field associated with it. The
two directions of shear were assumed to be EA and BC (Figure 58) which are the
directions of principal shear stress in the triangular regions OEA and OBC of
the slip line field, respectively. This is shown in stereographic projection
for facet 1 in Figure 60. Lines PQ and RS are along the radii of the great
circles which designate the intersection of the facets with the plane of pro-
Jjection. It is out these directions that the stresses are assumed to act.

They are shown for facet 1 along the directions y; for the downward shear stress
(EA) and y, for the upward stress (BC). The directions x; and X, are normal

to y1 and yo respectively. Each of the shear stresses on each facet was then
resolved on each of the twelve {lll}<li0> systems and six {110)<110> systems
(for orientations showing 4-fold symmetry around the indenter, it was necessary
to evaluate the "m" factors for only one facet, etc...). The minimum (1/m)
values for each shear at each orientation were combined as % (l/mEA + l/mBC)
which was then taken as proportional to the hardness. This particular mode

of combination was chosen because of the interdependence of both steps in the

shearing process. For instance, if all the m's for one shear were zero, the
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long diagonal
of indenter

Figure 60. Standard (001) stereographic projection of a cubic crystal

showing the assumed shear stress directions for facet 1 and the inter-
section of the Knoop indenter with the plane of projection for the

"two shears" method of analysis when the long indenter axis is in the
[010] direction.

two step deformation could not occur and the hardness would be infinite. This

. : 1
would still be reflected in the term.E(l/mEA + 1/mpo) -

c. Integrated Average of Resolved Shear

It can be shown for the indentation of an infinite wedge on an isotropic
material that about half the work of deformation takes place in the fan-shaped
region OAB (Figure 58), which was completely neglected in the previous treat-

ment. It was felt that a better analytical description of the deformation
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would be obtained if an average (l/m) value could be computed for this center
region of the slip line field and weighted with the values from the "two shears”
method. Accordingly, the minimum (l/m) values were found at 10 degree inter-
vals ag the directions of maximum shear rotated from EA to BC and these were
plotted vs. the degrees of rotation, ©. An integrated average value was oOb-

tained and weighted with the end-point values to give one net resolving factor

of':

The minimum (1/m)'s varied in value and the particular slip system on
which they occurred usually changed several times during the 57.2 degree rota-
ticn. The total factor given in the above equation was taken as proportional

to the hardness.

L. RESULTS

The resultant hardness factors for the above three procedures together
with similar calculations by the Daniels and Dunn and Feng and Elbaum methods
are shown in Tables VII and VIII. Table VII is for {111}<1io> slip with the
hardnesses of MnSe added for reference. Table VIII shows results for {110}
<110> glip and includes the measured hardnesses of MnS and MnO for comparison.
Relative hardnesses calculated by the "two shears' method of analysis matched
most closely the measured values for materials listed in Table V (i.e., FCC

and BCC metals and MnSe). Figure 61 shows a graphical correlation for three
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of these materials—aluminum, manganese selenide, and silicon iron. The abscissa
is the measured Knoop hardness normalized to the maximum value, which occurred
at the same indenter orientation in all three materials—[100] on (011). The

ordinate is the calculated hardness, (l/m) , normalized by the cal-

equivalent
culated value at the indenter orientation giving the highest measured value—
[100] on (011). If the theory is correct, all the points should fall on a
curve of slope equal to unity. While there is considerable scatter, the trend
does seem to be along lines with this slope, although the softest orientation,
[110] on (001), falls way out of line.

It was thought that the "integrated average" method would provide a better

correlation, but a plot similar to Figure 61 shown in Figure 62 indicates much

greater scatter than in the "two shears" approach.

A comparison between calculated and measured hardness in MnSe for all five
calculational methods is shown in Figure 63. Here again, the hardness of MnSe
is normalized by the highest value measured, and the calculated hardness by
the calculated value at the same indenter orientation. It is clear that the
"two shears" technique provides the best correlation (open circles).

Similar plots for materials exhibiting {llO}<liO> glide show almost no
correlation between measured and calculated hardnesses. This is not extremely
surprising, however, since the {llO]<liO> mechanism alone cannot provide the
five independent slip systems necessary to accommodate an arbitrary shape

change, while {lll}<li0> slip can. If the results are not good in the latter

case, they can hardly be expected to improve when other slip systems of un-

known character must come into play.
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Figure 61. Comparison of calculated and measured Knoop hardnesses
on single crystals of manganese selenide, aluminum, and silicon
ferrite using the "two shears" method of analysis.
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In summary, several approaches were attempted in an effort to explain in
more fundamental and quantitative terms the deformation and hardness anisotropy
asgsociated with Knoop indentations on single crystals. Good results were not
obtained although the best correlation wag found for materials slipping on
{lll}<liO> when it was assumed that two shear stresses, one downward and the
other upward, were responsible for initiating a majority of the plastic de-
formation. The problem is so complex, however, that it is now felt only an
extremely complex theory will ever be able to explain the deformation assoc-

iated with the Knoop indentation on single crystals.



CHAPTER VI

CONCLUSIONS

The following conclusions may be drawn from this investigation:

1. Cubic, NaCl-type manganous selenide, MnSe, exhibits {lll]<liO> and
{llO]<liO> as primary and secondary slip mechanisms respectively. This is in
contrast to the {llO}<liO> mechanism preferred by MnO and MnS.

2. As with MnO and MnS, the primary cleavage plane in MnSe is {100} with
some secondary {110} cleavage also evident. Around surface indentations, how-
ever, MnSe shows primarily {100} fracture due to dislocation interactions on
{111} planes, in contrast to {110} fracture common in MnS due to dislocation
interactions on {110} planes.

3. Around Vickers indentations on MnSe and MnS, a crystallographic pile-
up of material occurs in certain regions and a sinking-in of material in others.
The pile-up directions are independent of indenter orientation and unusual
shaped impressions result depending on how the indenter penetrates these piled-
up regions. This phenomenon is related to the flow of material on crystallo-
graphic slip systems.

a. For an indentation on the (001) plane of MnSe, for instance, material
prefers to flow in two <110> directions on each (111} slip plane giving
an apparent Burgers vector in <112> and resulting in four piled-up
hills out <110> directions on (001).

b. The pile-up in MnS is like that found in MnSe. In this case, how-
ever, the apparent <112> flow may be due to cross slip and disloca-
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tion climb on adjacent {110} planes in addition to secondary slip

on {111} planes.

The preferred flow paths resulting in pile-up also result in the ap-
pearance of a majority of the slip traces being concentrated in the
piled-up regions.

For both MnSe and MnS, dislocation interactions forming barriers can
lead to dislocation pile-up and eventual fracture. Where cross slip
and climb can occur, material pile-up occurs and the tendency for
fracturing near indentations decreases.

In the continuous solid solution system MnSe-MnS, the primary slip

mechanism changes gradually from {lll]<liO> for MnSe to {llO]<liO> for MnS.

5.

Substitution of sulfide for selenide ions in MnSe results in a large

positive solid solution hardening deviation. Substitution of selenide for sul-

fide ions in MnS also results in a positive, although smaller, solid solution

hardening effect.

MnSe is much softer than MnS (L7 kg/mn® vs. 145 kg/mn®).

Within the limits of experimental error, the diamond pyramid hardness
is the same on the {001}, (011}, and {111} planes for all compositions
in the MnSe-MnS system.

The {llO}<liO> slip mechanism of MnS hardens much more rapidly with
decreasing temperature than the {lll]<li0> mechanism characteristic

of MnSe such that, at liquid nitrogen temperature, MnS shows an ap-

preciable amount of {111} slip.
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6. The addition of telluride ions to MnSe results in an early appearance
of {110} slip and produces a slightly higher rate of solid solution hardening
than for a comparable substitution of sulfide ions.

7. Manganous telluride, MnTe, having the hexagonal NiAs structure, shows
three modes of plastic deformation around Vickers and Knoop indentations: (1)
(1012} twinning, (2) basal glide, and (3) pencil glide in <1120>.

8. Fracture in MnTe occurs on {0001} primarily but also on {lOiO], both
in crushed fragments and around surface indentations.

9. Solid solutions formed by substitution of selenide ions in the MnTe
matrix show the same plastic deformation and fracture characteristics as MnTe.

a. The basal plane is much harder than the prism planes which is a re-
flection of the difficulty of activating slip systems by basal in-
dentation.

b. The rate of hardening is greater than for the comparable substitution
of selenide ions in the MnS matrix.

10. Knoop hardness anisotropy behavior is evident on the single crystal

specimens studied.

a. Manganese gelenide is softest when the long axis of the Knoop indenter
is in a <110> direction and hardest when it is in <100>. The reverse
is true for MnS.

b. The reversal of hard and soft directions in the MnSe-MnS system pro-
vides a qualitative means of following the gradual change of primary

glide mechanism with composition.
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11. A rigorous treatment of Knoop hardness anisotropy and the flow of
material associated with the indenter is an extremely complex problem which
cannot be explained in a manner as simple as that proposed by Daniels and
Dunn.

a. Of several additional procedures tried in an effort to explain this
behavior, the method giving the best correlation between theory and
measured results for FCC metals is one which assumes that the majority
of plastic flow is caused by two shear stresses around each facet of
the indenter, one acting in a downward direction, the other, upward.
The correlation was much better than the Daniels and Dunn procedure
but still was not considered good.

b. The same approaches on NaCl-type ionic materials gliding primarily on
{llO}<liO> showed poor correlations for all methods attempted because
five independent slip systems are not available from this slip mech-
anism alone.

12. The changes in deformation, fracture, and hardness characteristics
in compounds of manganese with Group VI elements are relatable to changes in
other properties such as electrical conductivity and melting point and result
from a regular decrease in the ionic character associated with the chemical

bonding as one goes from MnO to MnTe.



APPENDIX I
TABULATION OF HARDNESS DATA

Part I, Knoop Hardness Numbers- 200 gram load
(Compositions are atom percents)

MnSe 3 25°C 91MnSe=-9MnS 25°C
Long Axis Direction Long Axis Direction
Plane [¢o10x[<011y K111> [a12)| [F12ne Korov[oi1n a1 Ki12)
{0013 | 64.9 43, {oo1f | 91. | 73.
fo11¥ | 73. | 48. |54. |54. {o11] | 94, | 82. | 87. | 84.
{111} 57, 57. {111] 90, 93.
75Mn Se-25MnS 25°¢@ 50MnSe~50MnS 25°0
Long Axis Direction Long Axis Directlon
Plane 175105011y K111 K112>] |FX2R€ [3010)[K0112[<11 12 [K112)
fo017 | 114.] 96. {001] | 149.] 138.
{0118 | 114.] 112.0110.]109.| |{o11} | 148 { 146.] 149 | 14T
{111} 116, 110, {111} 147. 141,
25MnSe-75MnS 25° ¢ MnS 25°C
1 Long Axis Direction 1 Long Axis Dirsctlon
ane ro1oyko1 1y K111y K112y]  [F1e2e {o10y[01 12111y [K112Y
foo1l | 157 | 160. Joot1S | 122.] 142.
fo117 | 161.| 176.1170. 172, ({0112 | 119 | 142.] 142.] 140.
{1118 171, 1711 1111 140. 140
MnSe =70°C 75MnSe~25MnS =70°¢C
Long Axis Directlon | Long Axis Directilo
Plane 7510501 D [ 112 K112y|  [Fia2ne forovKo1d [11n [K112)
foo1f | 72, | 48, {001¢ | 127.] 109.
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50MnSe-50MnS -70°¢ 25MnSe-T5MnS. -70° ¢
Long Axis Direction | Long Axis Direction
Flane [ TR0 D KITKI12Y|  [P2288 1751 05k01 B [ 115 K1 1oy
{001§ | 165.] 155, {o01f |172.]172.
MnS ~70°C MnSe 135°¢C
Long Axis Direction Lo Axis Direction
Flane 7510501 >[I0 [(112]  |[FX2Re [76105K01 1> [ 117 K112>
{o01§ | 169.| 188. {001} | 56. |39,
75MnSe-25MnS 135°C  50MnSe-50MnS 135°0
Long Axls Direction Long Axls Direction
Plane \@o1oyR0T 1I7RIT D[ A 12>  [FL2Be K5105K01 12 K111 K112
foo1¢ | 102.] 90. {0017 | 130. | 127.
25MnSe-75MnS 135°¢C MnS 135°¢Q
Lo Axls Direction | Long Axis Directio
Flane Z51o5N01 1 KITD <11Z> Flane 510501 n[a11|a1z
foo1] | 136.| 145 foo1} | 107. | 107,
1
93MnSe~TMnTe 25°C  87MnSe-13MnTe 25°¢
Long Axis Direction Long Axls Direction
Flane a5705k011) [(11151A120] | Flaneliios oD kI I 12
{oo1# | 101. | 83. [{oo1¢ [ 139.] 108,
011§ |100.|88. |89, fo117 | 132.] 120.] 128,




MnTe
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25°C

91MnTe~-9MnSe

25°0

Plane

Long axis direction

210y

100>

<0001

Plane

Long axis direction

120>

a1007

L0001

{0001f

113.

118,

11070}

51.

65.

§ 0001}

149.

151,

{1010}

T30

90.

{1120}

53.

64,

Part II,

81MnTe-19MnSe

25°C

Plane

Long axis direction

(210>

<1100,

<0001

{0001}

180,

181,

{1010}

95.

107.

500 gram load

Diamond Pyramid (Vickers) Hardness

25° ¢

Plane

Composition

f001¢

{011}

§1113

Fure MnSe

47,

47,

46,

91MnSe-9MnS

79.

84,

85.

75MnSe~25MnS

108,

1154

115.

50MnSe-50MnS

146.

148.

148,

25¥nSe-T5MnS

165.

169.

169-

Pure MnS

144,

144.

146.

Composition

Tempersature, ° C

-198

-T70

135

Pure MnSe

50.

43

91¥nSe-9MnS

75MnSe=-25Mn3

~300

121.

100.

50¥n Se-50MnS

~330

156,

131,

25MnSe-75MnS

~270

173.

144,

' Pure MnS

207,

187.

105,
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25°¢
. Plane
Compositlon |ronrTio117 TN
Pure MnSe 47, 47, 46,
93MnSe-TMnTe 83.| 8o.
87MnSe-13MnTe | 111, | 115.
25°0
Plane
Compositlon |raportToT07 RIT207
Pure MnTe 107.| 64, 65.
81MaTe-19MnSe| 165. 108.]/110,

All of these hardness numbers represent an average of at
least five readings, and, in most cases, they are the aver-

age of ten or more.




APPENDIX II

SUMMARY OF KNOOP HARDNESS ANISOTROPY THECRIES

1. DANIELS AND DUNN METHOD
The Daniels and Dunn (1949) procedure has been explained quite extensively
in the text. For further reference, the reader is referred to the original

article.

2. FENG AND ELBAUM METHOD

The Feng and Elbaum (1958) method is similar to the Daniels and Dunn
(1949) method except that a compressive force perpendicular to each facet is
assumed to be responsible for most of the deformation occurring during indenta-

tion.

3. ONE SHEAR STRESS METHOD

This procedure has also been described extensively in the body of this
report but a sample calculation will be included here. A portion of the in-
denter and the slip line field associated with the indentation of an infinite
wedge in an isotropic material is shown in Figure 64. The direction of the

assumed shear stress, T is along a line from E to C on this side of the in-

Xy’

denter. This direction is labeled "y" and direction "x" is perpendicular to

it. Figure 65 is a stereographic projection showing the intersection of the

facets of the indenter with the plane of indentation; the directions "x" and

"y"s a slip plane normal, N; and a slip direction, D. The shear stress Txy?
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A

Figure 64. Assumed slip line field around Knoop indenter and direc-
tion of shear stress for the "one lateral shear stress" method of
calculation.

long diagonal
of indenter

Figure 65. Stereographic projection illustrating calculational
procedure for "one lateral shear stress” method.
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is resolved in the direction, D, on the plane whose normal is N by the formula:

Y Txy<£xNzyD * lxDﬂyN)

™D T Txy(m), where

o " resolved shear stress

oy = cosine of the angle between the "x"-axis and the normal to the
slip plane

lyD = cosine of the angle between the "y'"-axis and the slip direction,
etc.

For this hypothetical case:

Oy = 5h4°
@yD = 82°
@XD = 55°
@yN = 510
o - Txy(O.hES)
~m = 0.425

This factor was calculated for all the slip systems of a given type at
each particular indenter orientation and the maximum "m"-value at each orienta-

tion was assumed to be inversely proportional to the hardness.

4. TWO SHEARS METHOD
In this procedure, two shear stresses, X1 V1 and szyg shown in Figure 66,
were assumed to be primarily responsible for the deformation associated with

the indenter. These stress directions are shown in stereographic projection

for facet 1 in Figure 67. Each facet was assumed to be one side of an in-
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Figure 66. Assumed slip line field around Knoop indenter and direc-
tions of shear stress for the "two shears" method of calculation.

long diagonal
of indenter

Figure 67. Stereographic projection illustrating the calculational
procedure for "two shears" method for the (111)[011] slip system
when the long axis of the indenter is in the [010] direction on the

(001) plane.
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finite wedge with a slip line field assoclated with it.
A sample calculation will be performed for the slip system.(lll)[oil] for
an indentation on the (00l1) plane with the long axis of the indenter in the

[010] direction.

: - -
Tx1y1 TND TXlYl(lxlNZYID lxlDZY1N)

= 7 (0.766)(0.342) + (-0.407)(0.629)

X1¥1

Tlel(0.006)

TX2Y2: o T TX2y2(lx2N£y2D " £X2D£Y2N)
(0.078)(0.342) + (0.866)(0.629)

T
Xo¥2

T (0.571)

Xo¥e2

It

At this particular indenter orientation the largest value of "m" for the

downward stress, T happens to occur on the system (111)[011] (m = 0.61k)

X1y’
and for the upward stress, Txoys’ OB the system (lll)[lOi} (m = 0.842). Thus

the hardness is proportional to:

(1/0.614 + 1/0.842) = 1.408 .

nt -

S (Lfm + 1/me) =

In this procedure, any effects associated with the fan-shaped region of
the slip line field, OAB, were completely neglected. It may be shown by
means of a hodograph, however, that about half the work done in deforming an
isotropic material takes place in this region. A hodograph is a vectorial

plot of velocities of indenter and material as it deforms.
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The stress perpendicular to the side of the indenter along OE (Figure
68) happens to be Lk where k is the yield stress, assuming an isotropic,
nonstrain hardening material. The force per unit length, EL’ is P (OE).

This force resolved in a vertical direction is the force the indenter en-

counters as it moves downward with velocity V. (Figure 69). The rate of work

7 (

done on the indenter as it moves downward is:

FyVI = VI(uk)(OE)cos 25° .

This equals the sum of the work done on the material by the indenter in the

three portions of the slip line field, OEA, OAB, and OBC.

= Zk_ * 3
%NI : A\
= k[VEA EA + V¥ BC + work in region OAB]
now
v¥ EA = V¥ B
EA BC
and, by the law of sines,
v v
EA I
sin 65° sin 45°
V;A = V (sin 65°) 2
and,
- £EO

e

EO
— k i °
work on leg FA (V151n 65 Jé) J2 - 0.25

total work hk(VIcos 25°) EO
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Figure 68. Diagram of slip line field to be used as an aid for
calculating the work done in indenting an isotropic material with
an infinite wedge.

Figure 69. Hodograph for the indentation of an isotropic
material by an infinite wedge of included angle 130 degrees.
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Therefore, l/h of the work is done in region OAE, l/h in OBC, leaving

1/2 in the fan-shaped region OAB.

5. INTEGRATED AVERAGE METHOD
It was felt that a better analytical description of the deformation would
be obtained if an average 1/m value could be computed for this center region

of the slip line field and weighted with the results from the shears T 71 and

T as found in the "two shears" method. Accordingly, the directions of
X2¥2

principal shear stress were rotated between EA and BC and the stresses resolved
at 10 degree intervals during the rotation. At each position the minimum (l/m)
value was found. A plot of (l/m)min vs. angle of rotation © 1is shown in Fig-
ure 70 for {lll}<li0> slip and for the indenter in [010] on (00l). Each con-
tinuous curve represents the variation of (l/m) with © for one slip system.

An average value over this region was calculated by a graphical integration

and weighted with the results of the "two shears' method as:

(1/m) ) )

1 1 1
- = (1 + = (1) +=(1/
equiv L ( /mEA)min L ( /mBC min 2 ( /mG aver

which was then taken as proportional to the hardness. In this case,

(1/m9)aver = 1.670 and (1/m)equiv = 1.539.
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DEGREES ROTATION FROM HORIZONTAL

Figure 70. Plot of the minimum (1/m) vs. orientation of shear stress
for the "integrated average' method when the long axis of the indenter
is in the [010] direction on the (001) plane. The particular slip
system responsible for the minimum value in a particular region is
identified. An average value was found over the 57 degree rotation
by means of a graphical integration.



APPENDIX IIT

OTHER SYSTEMS INVESTIGATED

At the onset of this investigation, several solid solution systems were
selected as showing potential for a deformation study. The growth of single
crystals was attempted for almost all these systems but several failed to give

satisfactory results. These are listed as follows:

1. MnTe-MnS SYSTEM
The MnTe~MnS system, shown in Figure 5, shows such limited single phase
regions that no single crystals, other than of the pure end members, could be

grown.

2. MnSe-FeSe SYSTEM

Kiessling et al. (1967) have found that Fe may replace up to L2 percent
of the Mn atoms in MnSe at 1150°C. It was therefore hoped that the solid
solubility at room temperature would be large enough to allow single crystals
of one or two compositions to be grown in the single phase region. Powders
of Mn, Fe, and Se were blended, placed in graphite crucibles, sealed in vycor
under vacuum and reacted at 700°C to give material of compositionsf%EW/o MnSe-
8 w/o FeSe, and 85 w/o MnSe-15 w/o FeSe. Some of the reacted material was
placed in another graphite crucible, sealed in fused silica tubing under vacuum,
and lowered slowly through an induction coil, bypassing the zone refining step
Jjust to see if the process used with MnSe and MnTe was feasible here. It was

anticipated that there would be a strong tendency to form iron carbide. Ap-
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parently iron carbide did form, releasing selenium which has a high vapor pres-
sure at 1500°C, approximately the temperature used in this run. The silica
tube could not hold this pressure and exploded. The compound FeSe is thus not
as stable as MnSe.

Another run was attempted using an alumina crucible rather than graphite.
The alumina crucible reacted extensively with the selenium in the charge, and,
after a short time, the fused silica capsule shattered again.

As a result, this system was abandoned.

3. DMnSe-CrSe SYSTEM

Kiessling et al. (1967) found that Cr may replace up to 47 percent of
the Mn atoms in MnSe. Powders of Mn, Cr, and Se were mixed and reacted at
700°C in a graphite crucible sealed in vycor to give compositions of 92 w/o
MnSe-8 w/o CrSe, and 85 w/o MnSe-15 w/o CrSe. When attempts were made to
grow single crystals, the fused silica tube again exploded.

It is felt that single crystals in the above two systems could be grown
in a high pressure chamber utilizing argon or some inert gas at 150 to 200
atmospheres pressure. This, however, would have required extensive and costly
construction and revision of equipment which was not deemed appropriate at

this time.

4. MnS-FeS SYSTEM
Iron sulfide, FeS, was prepared by reacting sulfur with high purity iron
wire in an evacuated pyrex tube but no attempt was made to grow single crystals

because of the explosions encountered in the previous two cases.
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5. MnS-CrS SYSTEM

Attempts were made to manufacture CrS as a raw material by reacting
stoichiometric amounts of sulfur and chromium powders. Some of the sulfur
did react with the chromium, but much of it would not react even over long

periods of time at 500°C (e.g., a week or more).
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