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ABSTRACT

Knoop and Vickers microhardness values have heen
determined at different loads for over 200 mineral species.
The microhardness data have heen applied to a system of
mineral identification, and some of the more theoretical
nroblems associated with mineral hardness have bteen investi-
gated, Although the minerals studied exhibited consideratle
variation in microhardness, the determination of the micro-
hardness and reflectivity ranges and their mean values was
found to be diagnostic for most of the minerals studied.
Methods of mounting polished sections were investigated, and
microhardness values of softer minerals have been shown to be
appreciably affected by the stresses involved in thermonlastic
methods., Cold-setting »nlastic mounting media were used in
the present studies. The miqrohardness values were found to
be strongly devendent upon the load applied during testing,
and unon the physicel anisotropy of the minerals, and a theory,
based on the relative immortances of runture during indentation
and subseauent elastic recovery, has been put forward to explain
this ohenomenon. Detailed studies have been carried out on

over 50 oriented mineral species to investigate the extent of
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their microhardness anisotrovism, The results indicate that
the microhardness and deformation »nroperties can be correlated
with the orientation of the glide, twin and cleavage plones

of the minerals, with respect to the indentation direction,

A special study of the indentation features has shown that
ohservation of the indentation shape and elongation and glide
and fracture patterns czn be usefully employed in systematic
mineral identification based on microhardness and reflectivity
determinations. Corrclaetion of oriented indentation character
istics with oriented microhardness values has yielded new
trensliction data for certain minerals. Indentation properties
are considered as an indicstion of the hond tvpe predominating
in the mineral structure; covalent bonding producing brittle-
ness, and metallic bonding giving rise to plastic deformetion.
Considerahle microhardness variations have been found in analy-
sed members of some isomorphous series, and these have teen
attributed to differences in lattice structures bought about

by changes of chemical composition. The microhardness
differsnces found between membhers of sceveral isostructural
series have been correlated with corresponding differences

in their interatomic distances. Comparison of microhard-
ness values with other physical properties reveals a funda-
mental interdenendence btetween the physical properties

of minerals and their crystael chemistry, The inves-

tigetion shows that whilst a2 remarkable
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parabolic relationship exists between Mohs scale valucs and
Vickers values for the staondard minerals, published Talmage
and Mohs wvalues for the onague minerals are inaccurate,
Cther factors affecting the hardness of minerals have been
reviewed, and a formula proposcd for thc calculation of

mineral hardness from crvstallochenical data.
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INTRODUCTION

The assessment of hardness, as an aid to mineral
identification, has almost certainly been in use for many
hundreds of years. Agricola in 1529 in his book "Bermannus"
mentions how galena could be distinguised from native
bismuth on differences of hardness. The first quantitative
scrle of hardness was that proposed by Mohs in 1824, and this
system is still used in present day mineragraphic techniques.,
With the development of the polarising microscope in the
20th century, new methods for determing the hardness of
minerals were evolved. These methods were, however, rather
empirical being still bhased on scratching techniques. It
was not until 1936 that indentation hardness techniques, well
known in the metallurgical field, were adapted so that they
could be used in mineralogical research work. This
technioue has been considerably improved with the massing of
time and several workers have indicated that indentation
microhardness testing may be successfully used in mineral
identification,

During the past two and a half years, the writer, in
conjunction with Mr, I.M. Gray, has been engaged upon a
programme of determinatin the microhardness and

reflection characteristics of zbout 200 fully authenticated



ore minerals. This work was carried out in the Mining
Geology Devartment of the Royal School of Mines, London,
under the supervision of Dr. A,.P, Millman. The present
thesis embodies the results of investigations into the
microhardness of opaque minerals carrded out by the writer.

The vurposes of the research work were fourfoldy
Tirstly, to establish a reliable set of microhardness values
and indentation characteristics for as meny ore minerals as
possible; secondly, to explore the avplications and
limitations of the technique in the identification of unknown
minerels in polished sections; thirdly, to correlate the
information collected with other vroperties of the mineral
such as atomic structure and btonding; and fourthly, to
attempt to solve some of the more theoretical problems
associated with micro-indentation hardness testing and ore
mineralogy.

Microhardness determinstions were carried out on over
200 different mineral species, and more detailed investi-
gations were carried out on oriented seetions of about 50 ore
minerals, Two types of indenters were used in this work,
the Knoop and the Vickers. A special study was made of the
deformation characteristics of the Vicerks indentation,
Particular attention was paid to the shape and dimensions of

the impressions and to the type and amount of attendant
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fracturing and/or tranisation twinning or gliding.

The methods of mounting and polishing ore minerals
were investigoted and the effects of these processes upon
the microhardness were examined. A new set of microhardness
values were mnde for the softer minerals at differcnt loads
i.e. 15 g. - 100 g. in an attempt to reduce the minimum grain
size of a mineral for testing. A serious drawback to mineral
identification techniques incorporating microhardness testing
is the large overlap of the microhardness values. However,
by studying as many different species of the minerals, and by
making at least 10 impressions, each of which were made in a
grain of differing orientation, fairly compl:zte ronges of
values have been obtained. In this way the rangcs themselves
have becn shown to he of diagnostic wvalue. Similarly it has
been shown that the indentotion characteristics of minerals
may be used as an aid to mineral identification.

Voriation of microhardness values with changes in
chemical commosition werc examincd for the following
isomorphous series; Fe poor - Fe rich sphalerite, hilbnerite-
ferbterite, and thc columbite-tantalite series. In addition
several other isomorphous serics werc examined.

Research has been directed towards answering some of the

following »roblems associated with the microhardness testing



of minerals; the causes of the variation of the microhardness
with load, the nature and mechanism of the deformation of
minerals during indentation; the relationship botween the
scales of scratch hardness and indentation microhardnesss

the factors affecting the microhardness of minerals; general
problems associatad with the classification of the ore

minerals.



CHAPTER T

THEORY OF HARDNESS

General

Hardness has been given many definitions but it is
impossible to define it in precise terms because of the
number of different nhysical properties which it embraces.
The best general definition is vrobably that given by
Ashby (1951): '"Hardness is a measure of the resistance to
permanent deformation or damage". Actual values of hardness
depend on the method of testing employed, and it is often
difficult to correlate the results from one method with
those of another, unless conditions of testing are similar,
For example, the results obtained from a scratching technique
diverge from those of an indenting method. Hardness
measurcments are thus dependent on the combination of
physical properties that have been brought into play during
the testing of the material.

Deformation in minerals mav be plastic, elastic or

both. Hence properties such as elastic limit, yield point,
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tensile and compressional strength, brittleness and cohesion
are all related to hardness. Practically no data on such
physical properties arec available for minerals, apart from
the native metals., It is therefore more convenient to
discuss hardnecss in relation to the atomic structure of
minerals, upon which these other physical propertics are
fundamentally dependent.

The strength of a crystal is dependent on the nature
and strength of the bonding between atoms or ions, and
hardness will be determined by the strength of the weakest
bonding. Microhardness indentation measurements will be
dependent on certain characteristics of the minerals, which
are an expression of the crystal structurec. Deformation of
minerals during indentation will be controlled by the
attitude of glide planes, translation twin planes and
cleavages to the indenting dircction. Basy gliding or
twinning will result in pcermanent deformation and low hardness
values, Considcrable anisotropy of microhardness values
is thereforc to be expected in minerals. Different shapes
of indenters will cause variations in amount of deformation

and hence differging results for hardness values.

Nature of bonding forces

Evans (1939) lists four types of interatomic bonding
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forces and gives an account of the relationship of hardness
to bond strength. These four types of bonding are as
follows:

(2) The ionic bond

The ionic bond arises from the electrostatic attraction
between opnositely charged ions, as for example in halite
Na C1, Strength of bonding is related to two factors,
(2) the distance between the ions and (b) the valency
charges of the anions and cations. Goldsmidt (1928) and
Ephraim (1931) showed the relationship between the A-X
distarce, i.c. the distancc between cation and anion, and
Mohs' hardness for the structurally similar oxide series
BeO, MgO, Ca0, Sr0, and BaO (Table I), the hardness decreasing
with increasing A-X distance. Evans shows the same trend,
as the result of substitution of the anion by one of
grcater ionic radius, on the hardncss in the series CaO,
CaS, CaBe and CaTe (Table II), Tables III and IV, also
after Evons, show that increasing valency of the ions
causes an incrcase in hardness in the series NaF, MgO,
ScN, TiC, LiC1l and Sr0; LiBr and MgSe. Similar results
have been obtained by Povarennykh (1957), In this
marner it should bz possible to prediet the hardness of

ionic minernls of simple structure.
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TABIE I BeO Ng0 Cal Sro Bal
A~X distance 1.65 2,10 2,40 2.57 2,77
Hardness 9,0 6.5 k.5 3.5 3.3
TABLE II Cal CaS CaSe CaTe
A-X Distance 2,40 2,84 2,96 3.17
Hardness 4,5 k.0 3.2 2.9

+ ++ +++ ++++
TABLE IIT NaF MgO SeN T1C
A-X Distance 2.31 2.10 2,23 2,23
Hardness 3,2 6.5 7-8 8-9

+ ++ + ++
TABLE IV 1ict  sro LiBr MgSe
A-X Distance 2.57  2.57 2.75 2.75
Hardness 3.0 3.5 2.5 3.5
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(b) The homopolar bond

The homopolar bond arises from the mutual sharing of
electrons between atoms. Diamond, C, exhibits this
type of bonding. Figure 1 shows the atomic configuration,
Each carbon atom is surrounded by four others arranged at
the corners of a tetrahedron. Sphalerite, ZnS, has a
similar structure (Figure 2).

The strength of the bonding is related to the
‘characteristic bond length"; the shorter the bond length,
the greater the strength. In addition, the strength of
the crystal is dependent upon the perfection or completeness
of the bonding. Thus diamond, heving a fully chemical
and satisfied type of bonding, is extremely hard.
Sphalerite, bv contrast, is relatively soft, due to a
large bond length, Zn = 1.31 and 3= 1.04%, (C= 0.77), and
a chemiccl dissimilarity, even though the structure is

identical.

(¢) The metallic bond

The metallic bond arises from the attraction between
atoms of chemically identical or similar elements, the
strength of the bonding being dependent on the metallic

radii of thec elements concerned. It is generally a
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weak bond resulting in compounds of low hardness, such as

gold, silver and copper,

(d) The Van der Vaal's bond

The Van der Vaal's bond ariscs from the attraction
between atoms and molecules. It 1s generally a very weak
force and results in compounds of low hardness such as

granhite and molybdenite.

Hordness in relation to volishing

When certain materials, particularly metals, are
polished, the polished surface is "work-hardened"
i.e., the surface has been deformed by the polishing
technique and made harder. Beilby (1921) postulated
the theory that such hardening was due to the formation of
an amorphous layer of material that flowed over the surface,
bridging chasms and filling up irq%ularities producing a
thin non-crystalline veneer over the surface of the section.
This theory has been rejected by Samuels (1952) in favour
of the theory of rscrystallisation of the polished surface
during polishing.

Such work-hardening can be quite considerable.

Gogoberidze and Kopatski (1950) found that the microhardness



-15-

of halite was raised by 354 from the normal by polishing.
Mitsche and Onitsch (19%48) found considerable differences
in miecrohardness values between results obtained on natural
crystal faces and polished crystal faces of minerals.

The denth of the deformation is dependent on the
material being polgihed and the method of polishing used.
Softer minerals deform more easily than hard ones, so that
the amount of work-hardening decreases with increasing
hardness. Values for the thickness of the deformed layer
have been given by several authors for different materialsy
for example, Bulian and Fahrenhorst (1944) found that the
layer was 400 microns dcep for magnesium and Buckle (1954)
gives values of 30 - 80 microns for copper and silver, and
2 - 5 microns for hardened steel.

Work hardening has been shown to be due to heavy
abrasion in the initial stagesAof grinding and improved
techniques embodying finer abrasives have been found to
reduce the deformation considerably, Samuels (1954%).
Stanton (1957) developed the technique described by Samuels
for the polishing of ore minerals and found that such a
method of polishing rendered what was considercd to be
optically isotropic pyrite, anisotropic.

From this brief resume it can be appreciated that the

technique of polishing is of paramount importance in the
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preparation of polished sections for microhardness testing.

This subject is discussed more fully in Chapter II.

Assessment of hardness

There are basically two methods of meesuring hardness;

(a) comparative and (b) absolute.

(2) Comparative

These methods depend upon the comparison of the
hardness of one mineral relative to another. Two methods
are at present being used in sconomic mineralogy.

(1) The Mohs' scale of hardness

(ii) The comparative polishing hardness.

(i) Mohs' scale of hardness

Mohs (1824) postulatcd his now famous scale of

hardness for minerals. The scale is given belows
1. Talc
2. Gypsum
3. Calcite
4, Fluorite
5. Apatite
6. Orthoclase
7. Quartz
8. Topaz
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9. Corundﬁm

10. Diamond

Eich mineral is harder than the one numerically
below it in the scale and can only be scratched by one
above it, Using these ten minerals as standards, any
other mineral can be classified according to a Mohs' scale
of hardness number. For example, cwbaltite, H = 5.5,
will scratch apatite, H = 5, but will be scratched by
orthoclase, I = 6. Such a method, admittedly crude, is
_still extremely useful for hand specimen mineral identi-
fication, but it is not sufficiently discriminating to
detect subtle differcnces in hardness, such as between
tetrahedrite and tennannite, In addition, such a method

cannot he anplied to omne microscopy.

(1ii) Polishing hardness

This method was first described by Van der Veen (1925)
for the determination of "resistance to polish", Under
normal polishing conditions some rclief is produced on the
polished section, hard minerals tending to be raised above
the normal level of the section whilst soft minerals are
reduced to a level slightly below the normal. When two

minerals are found adjacent to one another in a polisned
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section it is possible to determine which is the harder of
the two using the test described by Van der Veecn;

"When the tube of the microscope is raised a bright
line of light is seen to move from the hard towards the
soft mineral; when the tube is lowered the reverse takes
place™.

It is thus possible to compile a 1list of relative
polishing hardness values similar to Mohs' scale, This
method is quite useful in ore-microscopy in helping to
identify unknown mineral grains providing that the mineral
grain is in contact with other known minerals. It does
not give any absolute values and can only glve results
relative to those minerals in the polished section.
Uytenbogaardt (1951) uses such a method in preference to

Mohs or Talmage values.

(v) Absclute potheds

In these methods an actual numerical value can be
assigned to the hardness of the material being tested.
Several methods of tecsting exist (Mott 1956 p.2) but only
the following methods have been used extensively in
mineralogy

(i) Seclerometric Methods

Mohs'! method of scratch testing was developed on a
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more scientific basis in an instrument designed by

Martens (1890). A loaded indenter is kept on the surface
of the specimen, whilst the stage below is moved in a
direction parallel to ths cutting cdge of the indenter.

The size of the scratch produced is noted. No wvalues
were given for different materials and hence the method was
still comparative.

This apparatus was further modified by Poschl (1909)
and Bierbaum (1920) and in 1925 Talmage (1925) developed the
technique to produce numerical values for different ore
minerals. Talmage preferred to give minerals letters
rather than numbers, soft minerals being A,B and C and
hard ones, F and G. Short (1940) lists the Talmagne
hardness values for all the ore minerals but these
results are not reliablec,. Uytenbogaardt noted many
anomalies in the values listed by Short. This method is
slow - one measurement takes 15 minutes and is cumbersome to

use.

(ii) Indentation methods

In these methods an indenter, usually made of a
hard material, is pressed into the surface of the material

being tested, under a given load. The size of the
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resultant indentation is measured and the hardness
cxvressad as the ratio of the load to the surface area
of the impression rultiplied by a known factor dependent on the

shane of the indenter,

Thus
H =K, L
A,
where H = Hardness
K = Constant
L = Load applied
A = The area of thc impression produced.

In the Brinell test, Meyer (1908), a steel ball is
used as the indenter and loads up to 3000 Kg. are used.
In microhardness indentation testing a specially cut
diamond indenter is used and loads do not exceed 5000 g.

Two types of indenters were used in the present work,
the Vickers and the Knoop. Several other types of
indenters have bgen used by other authors. Berkovieh (1950)
used a triangular pvramid indenter and Grodzinski (1952},

a "double-cone' indenter.

The Vieckers indenter

The Vickers indenter consists of a square=based

nyramid, the included angle between opposite faces being
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136°00", Hence the shape of a perfect impression is
that of a square,

From the previous definition,

H, = W
zd,% sin & (1369)

I

2L, sin 680
dy?

1

1.854k I,

dy2
where HV = Vickers microhardness number
d, = Mean diagonal length
Ly = Load applied

The Vickers indenter has been used extensively in
the mineralogical field:-  Siebel (1943), Mitsche and
Onitsch (1948), Taylor (1949), Tertsch (1950(a), 1950(b)),
Hnkhla (1956), Henriques (1957), Bowie and Taylor (1957,
1958), Shazly and Saleeb (1959), and Mookherjee and Szhu (1960)

The Knoop indenter

The knoop indenter consists of a pyramid elongated such

that the angles between the long and short edges are 172°301
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and 130000' respectively. A perfect impression has the
shape of a parallelogram for which one diagonal is

approximately seven times the length of the other,

Lx
HK =
cot 5(172%30") tan +(130Y) de

o

_ LK
tan 3IOL5T tan 65UdKZ

ol

Lx
0.07028 d;2

where Hr = Knoop microhardness number

= Load applied

=
=~
|

Length of the long diagonal

The following authors have used the Knoon indenter
in mineralogical work; Robertson and Van Meter (1951)

and Winchell (1945),

Microhardness testing instruments

For routine ore-microscopy it is most convenient

. secltions .
to have the surface of the polished(under continuous
visual observation for control purposes, and this is

a serious drawback in the "inverted" tvpe of instrument.
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Secondly it is important to be able to view the section
under polarized light., Many different types of hardness
testers are marketed and the following have been used in

mineralogical research,

(a) Durimet hardness tester.

This is an "upright" instrument where the polished
surface is unpermost, and is manufacturcd by E. Leitz Ltd.,
Wetzlar, Germany. The present study has been made using
this coauipment which is described in detail later in the
text, Nakhla(1956), Henriques (1957) and Mookherjee and
Sahu (1960) used this machine togzether with a Vieckers

indenter.

(b) G.K.N., tester

This tester is manufactured by Hall Telephone
Accessorics Ltd., and can be fitted to any normal ore
microscope. Like the Durimet, it is an "upright" tester,
It has been used by Bowie and Taylor (1957, 1958) together

with a Vickers indenter.

(¢) The Tukon tester

This instrument is manufacturcd by the Wilson Instrument
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Company of America and the Kentron tester is a modification
of this equipment. It has been used in conjunction with

a Knoon indenter by Winchell (1945) and Robertson and

Von Meter (1951).

(d) The Zeiss-lthncmann tester

This is an "inverted" instrument sinilar to the C.T.S.
tester. It has been used by Mitsche and Onitsch (1951) with

a Vickers indenter,

(¢) The C.T.S, tester

The instrument is similar in principle to the Zeiss-
Hanemann tester being of the "inverted" tvpe. It has

bsen used by Tavlor (1949) with o Vickers indenter,
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CHAPTER II

EXBEE RTIMENTAL PROCEDURE

A. Metlhods of: Mounting Secticns

In microhardness testing, it is essential that the
mounting medium of the waterial heins taested is rigid. if
the mount is not rigid then anomalous low hardness values
result, For example, if a polished section mounted on
plasticene is tested under normal conditions, an extremely
small impression is formed “due to the "give" or deformation
of the plasticene when compressed unider lecading. Several
different types of mounting media have been used in the present
work, ranging from dental plaster to cold-setting plastic.

L.

Each medium used is considered to be rigid under the stress

conditions existing during low-~load herdness testing.
Plastic "ice-cube" containers were used as moulds for

dental plaster, cold-settinz plastic and the low-melting-

point alloy. The resultant mounts were not larger than

2 em, ¥ 3 cm., X 4 cm, For the purposzs of description, the

tvpes of mounts can be Jivided into two groups;s

a. Those which are used with previouslv polished specimens

of minerals and
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b. Those which are used prior to the polishing of the mineral

specimens,

a. Mounts used with previously polished specimens

1. Dental Plaster

Approximately equal amounts of powder and water are mixed
up together in a single plastic mould so that a paste of a
fairly stiff consistencv resulss. The polished section,
its polished surface uppermost, is s%lowly pressed into the
paste so that the hese of the section is deeply embedded in
the mixture. By sently tilting the section, the polished
surface 1s roughly levelled and is fixed in this position
using pieces of plasticene. The plaster sets hard in about
30 minutes.

Mineral specimens mounted in this medium include cleavage
fragments of wolframite and sphlerite, and also a crystal
of native sulphur which could not bc mounted in cold-setting

plastic.

ii. Low Meltinz Point Alloy

The alloy used in the work is known as “Cerrolow 117"
and is manufactured by Mining and Chemical Products Ltd.,
London. It is composed dominantly of bilsmuth and has a

melting point of 47°C i.e. it can he melted in warm water,
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A 500 cc., beaker half filled with air-free water (air-
free fo reduce the formation of dross) is warmed on a tripod
and gauze using a bunsen burner until the temperature of the
water rises to about 50°C, Alloy 1s then adcded and the water
further heated until the temperature of the water reaches
about 80°¢C,

Water is used as a means of preventin: the alloy from
becoming overheated durin: t“c meltin: process an” also to
insulate the metal from the air. The molten metal and the
water are quickly poured into a plastic mould and the excess
water is removed from the mould. Using metal tongs the mineral
specimen with its polished surface uppermost, is lowered gently
into position using pieces of plasticenec. Br cérefully
tiltinz the specimen the polished surface is levelled as accur-
ately as possible, The allov is then allowed to cool and
solidify (15 minutes) and the plasticens is removed, To
release the specimen from the mount, the mount and specimen
are immersed in a beaker filled with hot water until the alloy
melts.

Such a2 medium has enabled work to be done on different
crystal faces of the same ialena crystal. This method would
be usefrl in the studv of other minerals with well defined
cryvstals for detailed orientation work.

It has also been used for mounting specimens too small

to be securely gsrinped in the rotating sub-stage.
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b. Mounts uscd with unpolished specimens

Three types of mounting media have been used.
(i) Bakelite
(ii)  Clear Thermoplestic
(1ii) Clcar cold-setting plastic
Prior to mounting, the mineral svecimen is flattened and

csround rouzhly to shane on a diamond-impregnated wheel.

(i) Bakelite

The bhakelite used was supnlied by Bzkelite Lt41., London
and is known as "Bekelite Mouldins Material No, ¥386/21",

The mountinz press was suvnnlied by Nash & Thompson Ltd., Surrey.

The polished section is placed face downwards in the
bottom of the nress and bakeclite powder added, Both are
then slowly heated and compressed until the bokelite powder
licuifies, & mavimum temperaturc of 170°9C is attained and the
pressure is not allowed to evceed 3,500 1bs/sq. in.  The
mount 1s cocled slowly and then rcmoved ready for polishing.
One mount cen be made in 20 minutes,

This method of mounting was rejected for routine work on
minerals bhecnusc of the hich temperatures and pressures
involved, However microhardness measurements were made on
over 100 alreadv e~isting nolishcd sections mounted in

bakelite,
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(i1) Clear Thermonlastic

Clear thermoplastic mounts are made in exactly the
same wayv as bakelite mounts except that the process takes
~a longer time, about one hour. No new mounts werec made in
view of the high temperaturcs an? pressures involved and only
13 polished sections alrcadv mounted in this medium were used
for microhordness determinntions. The thermoplaestic compound

used was supplied by Griffin and George Ltd., London.

(iii) Cold-setting plastic

Several different types of cold-setting plasties were
tried and "Ceemar", sup»nlied by Cromwell ond Co. Ltd., Bishop
Stortford, was found to be the most suitable. The method
described below was established as the standard procedure for
mounting all new mineral specimens.

The ground section is placed face downwards in the bottom
of the mould. 100 ¢c. of "Embedding Resin' are throughly
mived with 8 ce, of "Hardener'" and 10 drops of "Accelerabor'" and
added. If incorrect proportions of the ingredients are used
heating and cracking of the mount occurs. The resultant liquid
is poured into the plastic mould and allowed to set,. This
takes about 24 hours. Hormally 15 - 20 mounts ere made atb
one time, cnd larger proportions of the liquids are made up,
Using the ice-cube container travs, o large number of mounts

can bhe made at one mixin:z. The two chief adventazcs of such
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a system are that no high temperaturcs and pressures are

involved, and crystals can be accuratcly oriented in the plastic

Relative Merits of the Mounting Mcdia used.

The ideal mounting medium should be rigid, able to
take a good polish, removable from thec mineral specimen, and
not affect in any wayv the physical proverties of the material
mounted None of the mounting medie used can fullfill all
of these conditions, but if sufficient materia® is available
then the cold-setting plastic is usually versatile enough to
deal with work on detailzsd oricntation studics. “Then small
and rere crystals are beins dealt with, then the low-melting
point alloy is the best medium for orientation studics. On
theoretical considerations, thermoplastic mounts were not used
for normal mounting. The effects of the high temperatures
and prcssures involved in the thermoplastic mounting on the
nroperties of the mincral specimens were investigated. A
small crystal of galena, polished on the octahedral face (111),
was mounted in the low-msltingz-point alloy and ten Vickers
indentations were made rondomlv over the polished surface.
Orientation effects were eliminatsd by maintsining the north-
south diagonals of the indenters parallel to one of the three

cleavage traces. The same crystal was removed from the alloey
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and mounted 1in clear thermoplastic in the same orientation,
and repolished. Similar indentations were made using the
same orientation control. An attempt was made to make the
polishing processes as similar as possible, The results are

ziven below in Table V.

TABLE V
Mounting Medium. vV, 1, Range V,41.H, Mean
Kg/mm2 Kg /mm
Alloy 63 - 68 66,0
Clear 95 - 125 109.,0

Thermoplastic

The difference of over 40% in values for the means and
for the reonges connot be accounted for by normal statistical
errors, Values for other gzalena swecimens mounted on the
octahedral face (111) in both dental plester and alloy agree
to within + 3% of the value obtained on the alloy mounted
crystal. It mizht be eccounted for by a difference in
chemical composition of the galena, For evample non stoich-

iometry of the crystal exposed by the repolishing. However,
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the crystal was etched with dilute mitric acid and no zoning
was observed.

It is also interesting to notc that the range of values
in the thermoplastically mounted case is much larger (30 V,.M,H.
units for the thermoplastic as opposed to 5 V.¥,H, units for the
alloy). From these values it would apnear that high nressures

ané temperatures involved in thermovnlastic mounting have affecte

in some way the microhardness valuss for the zalensz. This is
nrobable becesuse under conditions of high stress the mineral
becomes deformed and "work-haordenedl, Clenvage and parting
are accentuated, rendering the mineral more brittle and
resulting in a larger scatter of the hardness values. If
this supnosition is correct, the amount of work-hardening or
defrrmation will decrease with incrcasing hrrdness of the
minerals. Thus for hard minerals the effect is probably
negligible as any difference due to deformation will be less
than the probable error of thec results, However, 1t seems
from these results that substantiasl differences may occur with
soft minerals. This tonic is discussed more fully in

Chapter VII.

C. Griniing and Polishing Techniques

It has already been shown that materials can be considerably
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deformed and "work hardened" bv coarse abrasion. After
reviewing the literature on ore polishing, & method described
by Stanton (1957) was investigated, using a war-abrasive lap
and diamond impregnatcd carrier pastes on navless cloth,
Stanton divides the method into four parts?i-

1. Preliminarv abrasion using a sudéssion of gilicon carbide
abrasions, starting at about 400 mesh. on a rot-ting gun metal
lapsy finishing with Ancrican O-~tical Compnany 303.,5 and 305
srades on stationary glass plates.

2 Intermediate abrasion using a c¢~st abrrsive-wex lap. The
lap is used stationory with 10 - ZQ/u_silicon carbide.

3. Polishing with diamond abrasives in carrier nastes using
n-pless cloths, the diamond abrasives starting at 4 - %/A& and
finishing with 0 - %/ﬁ . The 4 - %ﬂ& stage is used on a
rotating lap. (150 r.p.m.) ond the final steoge (0 - %/£) is
done by hond.

4. Final polishing using nopped cloths =nd a paste of fine
megnesium oxide on a stationary lav.

Attempts were mnde to crst o wax-abrasive lav as described
by Stonton but 1little sucress wos nachieved. In most cases the
wax-abrasive lap cracked on coolingZ. This problen was over-
come by pourin: the molten wax-abrasive mixture on to a
preheated lap and allowing the mixture to cool slowlv,It was

found that the wex abrasive surface was extremely uneven and
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resulted in very rough abrasion. One reason for this was
the segregetion of abrasive from wax during the slow cooling.
As this method was difficult to carry out successfully it

was decided tbh use a modified forn of the method described by
Barringer (1953). This method is at present employed in

the ore-polishing section of the Mining Geolozy Devnartment

at the Imperiel Céllege. This method is summarised below,

Grindinz Stages,

1. Crinding on a copper plate usin; 500 mesh silicon carbide
and water,

2. Grinding on a copper plate usin;; 850 mesh silicon carbide
and water,

3. Grindinz on a glass »nlate with 850 mesh alumini~ and
water.

Polishing Stages

1. Polishing on a linen covered lap rotatinz at 500 r,p.m,
using 850 mesh alumina and water.

2. Polishinz on a nylon sueded simplex covered lap at

300 r.p.m. using a 1/5¢adiamond naste with a few drovs of
thin oil. ’

3, Final polishing on a nylon sueded simplex covered lap at
150 r.p.m., with 0/%.:.diamond paste with a few drops of thin
oil.

It can be seen that the two methods are very similar
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apart from the cast abrasive-wax lap stage. However, the
grades of abrasives used in the early staze of Barringer's
modified method are very fine and eliminate the need for the
wav-abrasive lap stage. Stanton judges the quality of polish

by the anisotropism of pyrite and other minerals, and by the
lack of scratches produced by his tcechnique. Gray (1961) finds
that bythis modified Barrinzer method a very high quality of
volish is obtained. A1l the »nyrite studied wes found to be
anisotronic, in addition to menv other minerals formerly
suprosed to be owntically isotronic.

Tor microhardness measurewents it was found desirable to
have a number of fine scratches left on the polished surface so
the microscone could be accuratelvy focussed.

It was anticivated that some small rare crystals of
minerals would be encountered in detailed orientation work and
that this would present a special problem for the vpolishing
of individual crystal faces. A special polishing holder was
designed for such crystals (Figure 3). This apparatus consists
of a thick eylindrical rinz of persvex with a circular plate,
also perspex, screwed to one end of the rinz. 4 brass rod
passes through a central hole in the plate and at its lower
end its diameter is increased so that it fits and moves smoothly
inside the perspex ring. A spring tends to push the brass

rod downwards so that its lower end is made flush with the open



2
o

POLISHING HOLDER FOR SMALL CRYSTALS

Natural size

L (£

b

Perspex
Ring

AW

NN

Spring SECTION

Brass __—
holder

Low MP
alloy —

NNNIN

Crystal

PLAN
"Worm's eye view’




_36-

end of the ring. Thus the rod is free to rotate ad move up
and down at the same time, The lower part of the brass rod
is hollowed out to rec%gve the low-melting point alloy.

To mount the crystal, the anparatus is inverted with the
spring removed, The wide en? of the brass rod is pozitioned
about 1/16" below the surface of the ring. Molten alloy is
then poured into the cavity until filleé just to overflowing,>
The crystal, with the required facc upvermost, is gently dropped
into the alloy. A zlass slide is plec:zd over the open end of
the ringz so that the crystal free is alizned parellel with the
end of the rincg, Due to the hizh specific cravity of the
alloy, nearly all érystals float and duc to this buoyancy
effect the crystal is pressed against the glases slide and
maintained in this position until the alloy solidifies, When
the alloy 1s cold the spring is replaced and the whole avvaratus
is then ready for pnolishinz.

. . . . o
This method gives an orientation accuracv of +3°,

D. Orientation of Sections

(a) Accuracy of Orientation of Mineral Crystals
The accuracy of the mountcd crystals depends to a large
extent on the perfectness of the crystal faces, Smooth faces

inerease the accuracy of the work. Where possible actual
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crystal faces are used, so that the particular face to be
polished is laid face down on the bottom of the mould,

With large crystaels, particular directions can be cut and
ground using a contact goniometer to check the accuracy.
With these types of crystal faces, the accuracv is about j2°.

For very small crvstals the accuracy of zrinding is

prob~blv of the order of +50,

(b) Crientation and Levelling of the Polished Section

4

For detailed orientation studies, it was necessarv to
have means of rotating the polished szection in a horizontal
nlene, and to be able to level the surface of the polished
section at right angles to the indenting direction. In
addition, a means of securely gripping the section during
the hordness determinations is necessary, A sub-stage, to
fullfill these requirements, was designed to work in conjunction
with the Durinet hardness tester (Fizurce 4).

The apparatus consists of three parts, 2 base plate,
a triangular rotating upper plate and a top plate for supporting
the polished section.

The base plate is circular in shape having a diameter
of 33" and is gradusted every five degrees around its edge
It is marked every 10° from 09-360° in an anticlockwise

s Ulse,
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A triangular platé fits concentrically over a small
central boss on the base plate so thet it can rotate in the
horizontal plane. It can be cleomped in position by a central
locking screw. At the apices of the triangular bhase are
three foot screws, cach of which has o full travel of approxi-
mately 3", The top ends of thc foobt scrcws are cone-shaped
to accomodate the top plate.

The top plate is also triangular in shane and rests on the
foot screws, A clamping device, consisting of a shaped block
of metal and a horizontal scrcw clamp, is Titted by means of
screws Lo the top plate.

The whole apvaratus is made of brass. No lubrication oil

[

is used anywhere on the stare to prevent any "give" effects
that may occur during indentation. A scries of tests were
carried out to see if there was any ‘give®" in the stage during

he fal

indentation. Three minerals, differing

(@

considerablv in
microhardness from one another, and mounted in different media,
were tested both on and off the stage. In each case the
orientation wes kept constant. The rcsults are ziven in
Toble VI, Microhardness values ziven are the means of ten

hardness measurements.



TABLE VI

Mineral Mounting Vickers mH, Kg:/mm2
Medium On stage Off stage

Golenal C.Th,P 109 106

Wolframite® Bakelite L2 451

Pyrited Dental P1. 1250 1270

1. Galena. Locality-unknown, Orientation ~ octahedral

face (111) N-S Diagonal parallel to a cleavage trace.
Mounted in clear thermonlastic,

2. Wolframite. Locelity - Castle-on-Dinas Minc, Cornwall.
Orientation - unknown. N-5 diagonal parallel to dominant
cleavarec trace., Mountcd in hakelite.

3. Pyrite. Localitv - unknown. Orientation - Qctahedral
face (111). N=-S diazonal marallel to edge of crvstal.
Mounted in Dental plaster.

From these results 1t wns concluded thet thsr: was no
significent difference in the microhsrdness values for
nolished sections when mounted on the sub-stage. The small
differences in the voluss of mierohardness werc attributed
to local vrriations of hardness in the polished sections as

they are well within the probablc crror of the results,
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(a) Vickers Microhardness Testing

Routine Procedure for Levelling
|
The polished section is securely clamped on the top
plate and a small circular bubble level placed on the polished
|
surface. By adjusting the footscrews the bubble is brought

to a central position and the level then removed,
‘ |

(b) Xnoon Microhardness Testing

Knoop testing requires a more accurate method for levelling
the polished surface.

The surface is roughly leve’led usinzg the method desecribed
above for the Vickers microhardness work and the circular
bubble level replaced by an eloncated bubble level. A
modification of the standard procedure for levelling a theodolit
is used. The bubble level is turned on the surface of the
section so that its aris is parallel to two foot screws and
quickly levelled usinzg those two foot screws. The level is
then turned through 90° and levelled usin: the remaining foot
SCrew, This procedure is repeated (usually twice) until the
bubble is level in both directions. The bases of the bubble

levesl are kept clean to avoid scratching of the polished
L+

surface,
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(c) Orientation of Crystals in the Horizental Plane
Orientations of the impressions relative to the position
of crvstallographic faces are fixed by setting the diagonals
of the impression to some observable feature of the crystal,
such as a cleavage trace, crystal edge, slip or twin plane
etc, The indenters are fixed in the hardness tcster so that
the diagonals of a Vickers imprcssion arc always north-south
(N-S) and east-west (E-W) and the long diagonal of a Knoop

impression always east-west (E-W),

5. Measurement of Micrpohardness

The tester used is known as the "Durimet" and is
manufactured by E. Leltz Ltd., Wetzlar, It is a standard
bench-type instrument designed primarily for metallurgical
work, A full description of the instrument is g iven in various
operating manuals and also in a paper by Broschke (1952),

Mott (1956) zives an excellent description (Figures 5,6) of
the instrument:-

"The base (1) carries a table (2) and 2 column (3) on
which 1s fixed the microscope (4) and the indenting mechanism (9
The indenter carrier 1s a double arm lsver, the bearings of
which consist of two stcel points resting on two polished sin-
tered carbide plates and is connceted at ons end to the lever an
at the other to the housing. Any tendency for lateral movement
as the indenter is brouzht into contact with fthe specimen is
counteracted by steel wire springs, so that the indenter is
flexibly positioned. The lever is actuated bv a spring acting
throuzh o camshaft and an intermediate lever, The arm carrying
the indenter is 1ifted by a Bowden cable (19) and at the same
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Diagram illustrating special eyepiece on Durimet tester! 12

A—Screw for rotary movement
B and C—Screws for crosseslide
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F—Measuring screw



~4o-

time the spring is preloaded. When the spring is released

the indenter apnroaches the specimen at a specd controlled

by an oil brakc. The spring pressure is automotically cut
off when the full load is applied and the load is left on for
10 scconds before the indentecr is withdrewn. The indentation
is measured to an accuracy of #0.5 by meons of one of two
objectives (11) and (12) which are mounted together with the
indenter on a rotating hecad (16) and a special cyepicce shown
in Figure 6, This consists of a rotating part which con be
clampod by means of a serew (A), latcral movement on a cross
slide being obtained by screws (B) and (C). Two graticules
(D) and (E) are arranged in thc image plane of thc evepicce
and are moved independently over a wedge by g mea2suring serew (F)
Loads of 1%, 25, 50, 100, 200, 300 and 500 zkemres can be
applied and scratch hardness %ests can be carricd out by
moving the table (2) with the micrometcr. Screws (6) and (7)
the movement of thc table being on balls in cross-slides!, .

A green filter in bthe micrometer eyepiece was removed
and no significant differences werc found in the resolution of
the optical system. The filtecr was fitted into an aluminium
cap that could he vlaced over ths eyeniece if necessary.
A polaroid disc was placed into the optical svstem with its
axis east-west, and anothcr polaroid disc fitted into an
aluminium cap that could be placcd over the eyepiecc. In
this wav the grain boundaries of some of the more strongly
bi-reflectant mincrals could be observed, but because of the
limited strcngth of the 1izht source ploochroism and anistropism

in weakly bi-reflcectant mincrals could not bc detected.

F. Houtine Proc. dure
The following proccdurc was made standard for all work in

an attempt to obtain consistent rcsults.
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1. The 1light is switched on and the bransformer scale sct
to 0,6 amps so that lizhting conditions are constant,
2, The low power objective is swung into position and focussed
on the levelled surfacce of the policshed scetion,
3, The area required for indentation is selected by moving the
table using the two micromcter screws.
4. The high-power objective is swung into position, focussed
and the area required 1s positioned coincident with the cross-
wircs using the micromcter scrcws.
5. The indenter is swunz into position nnd the Bowden cable
recleased, After 30 scconds the indentcr is withdrown by
turning the knurled knob (20) .
6. The lengths of the diagonals of the impression are
accurately mcecasured clther twice or four times using the
optical micrometer eyepicce,

The spced of indentation wns fixed at 0.05 mm./sec.
It was dceided at the outset that Vickers and Knoop values
should be determined for about 200 minerels. Orientation
studies were to be carried out on minerals whose orientation
could be accuratcly determined,

For unoriented mineral scctions, it was decided that
10 impressions made where v»ossible on differently oriented
mineral zrain, would :zive a reasonably complcte range of the

mnicrohardness valucs., A balance had to be struek between
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the number of impressions necessarv to give a complete
ranze and the time that could be spent on each mineral section.
To obtain as complete a range as possible for any mineral it
was decided to work on as many specimens from different
localitices as possible,

For oriented minerals sections, 10 imprcssionswere
made on any particular face usually rotating the crystal through
10° for each impression, With highly symmctrical minerals
the rotation interval was reduced to 5°.

Whenever an impression was measured the shape of the
sides was noted together with the amount and type of deformation
i.e. cracking, thc prescnce of dislocation plancs (glide and
twin planes and their orientation) and fracturing. The sizes
of the smallest and larg:est impressions were noted and the
mean impression size calculated. Using standard tables the
meon and range of microhardness for o particular material is
determined. In some cases, where testing extremely soft and
extremely hard minerals, the hardness values had to be computed
from the original formulosz.

Two standard forms (Figures 7, 8) were drawn up and
duplicated so that the data could be recorded concisely.

A number of precautions were token to avold anomalous values,
These were as follows:

1. The minerals grain size (diameter) was not allowed to fall
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below 3X the size (diagonal lengzth) of the impression.

2. The impressions were made wcll away from crystal boundaries,
crack, flows, twin planes and cleavage tracecs. When indenting
small grains the impressions werc kept as closc to the centre

as poasible.,

3. Impressions were kept more than 10 diameters apart from one
another to prevent any mutual interference effects,

Y. Any impressiony thnt developed excessive cracking and
fracturing around itsedres wese re¢jected for measuring purposes.
5. Any imprcssion made whilst the instrument was subject to
vibration was also rejected.

G. Accuracy and Reproducibility of Results.

(a) Instrumental Errors
Mot ¥ (1956) has described the various tvpcs of instrumental
errors that can ocecur in microhardness testing.
i, Deviation of 1oading from the nominal value.
ii. Incorrect profile of thc incdenter
iii Effect of tilt.
iv Lateral movewent of the indenter

v Measurenent of the impression,

i. Deviation of loadingz from the nominal value

As far as could be ascertained the instrument had no
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loading errors due to defects in its manufacture. On a few
occasyions the instrument was subjected to vibration whilst
indentation was taking place. Resnltant impressions were
anomalously large and not measured, They were often
accompanied by an unusual amount of cracking. Such cascs
were rarce and it was considored uq@cessarv to construct a
"vibration-proof" table for thec instrument.

The time of indentation was kept constant in all tests,
at 12 seconds + 1 second. Mitsche and Onitseh (1951) give
a series of values of the diagonal lengths for halite, gnlena
fluorite, calcite and corundum on varyins the times of
indentation. They show a gradual increase in diagonal length
with time, By standardising the time at 12 seconds such errors

are climinated,

ii. Incorrect profile of the indenter

The pofiles of the Vickers and Knoop indcnters were
considered to be satisfactory but on recciving the instrument
from the manufacturers it was found that the Knoop diamond had
been inaccurately set in its mount so thet Iimpressions produced
were pronouncedly asymmetric and gave anomalously low hardness
readings. The diamond wes remounted bv Leitz so that a

symmetrical impression was produced.

iii., Effect of tilt

The effect of tilt 1s discussed by Mott and he concludes
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that for a Vickers indentation the mean hardness is a constant,
whatever the tilt of the indented surface, provided that both
diagonals of the indentations are measured, In detailed
orientation work the effects of tilt had to be eliminated
especially when studying the shape of the impressions and the
relative lengths of the diagonals.

The effect of tilt on Knoop imprcssions is far more
pronounced. Thcorctically if the angle of tilt is 3045!
then an impression of infinite length should be produced with
a Knoopn diamond. A serics »f Scsts were carricd out on a
standard stcel block using a 20C g load. The block was
tilted about a horizontel avis at right anglecs to the long
diagonal of the Knoop indentecr, and indentations made a varving
anglcs of tilt, The lengths of the two halves of the
impression, A and B, were measured separately. In Figure 9
A+ B is plotted against 4 - B, From this graph it can be
seen the maximum permissible ratio of A to B is 634. This
means that the maximum amount of ti?& is less than 1°,

It is poarticrlarly important to eliminate tilt effect
in detailed orientation studieg whirc it is necessary to
rotate the polish:d surface t™rough a horizontal angle of 90°,
If tilt does exist in such tests, apparent microhardness
anisotofpism will result end this will either diminish,
accantuate or confuse real mincral ani#}ropism.

Localised tilt often occurs on polished surfaces where
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excessive polishing relief has becn produced. On some
occasfions using a Knoop indenter, it was found impossiblevto
indent small soft grains of one mineral set in a matriv of a
hard one. Under such conditions Knoop impressions were only
made on lerge arcas of such soft minecrals. Hard minerals

were indented towards the centres of the grains.

iv, Lateral movement of the indenter

One of the chief features of the design of the tester is

to avold any lateral movement of the indenter.

v. Measurement of the imprcession

If we take the formula for dférmination of hardness,

H=XL
az
where H = microhardness
K = constant
L = load

d = diagonal length.

then differentiating with rcspect to d

g = - 2KL

dd 42
= 28
d

or ol = =224
H d
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From this it can be seen that the error in hardness
number for a given measurement of a diagonal is directly
proportional to the hardness of the material.

For example, with hematite of V.M.H., = 1000, an error
of O,Sﬁa in the measurement of a 13.5,4 indentation diagonal at
a load of 100 g.,, results in an error of 8%, whereas in the
case of galena with V.M.H. = 75, an error of 0.94.1in the
measurement of a 49°5gg indentation diagonal gives an error
of 2%. |

A series of tests were carricd out to try to eliminate
any personal error or bias in the messuremcnt of impressions.
15 Vickers indentations wcrc made on a test stoel block at
100 g load and each diagonal length was measured 10 times,

For any given diagonal length the average spread of the
readings was about 0.5m, but it was impossible to say

whether the readings were assuming a log-normal distribution.

A further set of 50 readig% of 10 diagonal lengths were
measured and histograms plotted. In all cases the histogrems
were svmmetrical and on average 80% of the readings were
within 0.05 of the arithmetic means. From this data it was
concluded that the author had no particular tendencv to measure
too high or too low ani that the measvring was rcasonably
consistent.

Other observers were then askced to measure the same
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diagonal lengths independently ond their results agreed in all
cases to within O.gﬂu,of the authors recsults., From these
results 1t was concluded that for medium and large sized
impression i.e. greater than 15.<¢ , two mecsurcments of the
diagonal lengths werce sufficient, whilst with very small impres-
sions 1.e. less than 1E/u’ Tour mecasuremcents of the diagonal
lengths were necessary.

A number of points werc brought out in thesc tests:
1.) The edges of the indentations shotld be focussed as sharply
as possible each time 2 mceasuremcnt is made and the measurenment
sould be made quickly.
2.) The ecross-hairs should be kept as fine as nossible and
frequently readjusted.
3. ) The instrument and beneh, other than the me-suring cvepiece,
shouldl not be touched during thc measurinz of a diagonal length.
4.) The lighting should be kept constant (0,6 amps).
5.) Not more than two hours microscope work should be done
without a break. It was found that after this period, recadings
took longer to make and were less accurate,

It should bc stressed that in many mincrals, fracturing
occured arosund the imprcssions and reduced the accuracy of
mensuring the disgonal length to about iO.zﬁL . It was also

found difficult to obtain consistent measurcments of diagonal

lengths for mincrals of low reflectivity.
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(L) Erreors dependent upon the nature'of the material

Minerals in polished sections ~re seldom flawless, and
these imperfections often lerd to anomalous hardness reaults
Siebel (1943) considered that cavities and inclusions just
below the surfaoce indented affcet the microhardness valucs,

It has been notcd that an increcase in scattecr of hardness
values of galena may be brought about by the high pressures

and temperature involved in thermoplastic mountings. Cracks
and cleavages n.otic.aly rcduce microhardness results and

result in uneven indentations. The values of microhardncss
for small inclusions of mineral arc considerably lower than the
standard values, ond impressions arc accompanicd by extensive
cracking.,

Thus in order to obtain a represcntative value for the
microhardness 1t is nccessary to make a number of impressions
and take a mean of these values. The prcecise number of
impressions required will depend on the tyvpe of testing involved
and on the nature of the minerals being tested.

Henriques (1957) discusses this problem in the determination
of Vickers microhardness values on oriented scctions of
sphalerite crystols, In a statistical survey, he shows
(Table VII) that error in microhardness valucs is considecrably
rcduced by increasing thce number of indcentations, From this

table it would appear that the optimum number of impressions



—52-

is 10, It is interesting to note that he considercs that
70 - 95% of the spread in values fo£WSphaleritos is due to
v~riations inm%he"hardness of thc mineral an@ only 10 -~ 25%
is due to ths measﬁfﬁhg‘tecﬁﬁique.

For unorientcd mincrals it was decided that 10 impressions
at random orientations would give a reasonably complete spread

of the valucs,

TABLE VIT
Number of
Mzgsurements Error of neans Average error
of diagonal of means expressed
length in wicrons in H.V.
11 0.4+03 L
2 0.285 3
3 0,233 2
5 0.180 2
10 ©0.128 1
15 0.10% 1
20 0,090 1
25 0,081 1
50 0.057 1
100 0,040 1
1

200 0.029

After Henrigues 1957,
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CHAPTER III

VARIATION OF MICROHARDNESS WITH LOAD

A, Variation of the Microharidness Values with Load

a).@.@.—’&ﬂ.

It is now an establishe? faet that microhar-ness
values are ‘lepen-ent uvmon the loa” applied during inlent-
ation - Mott (1956). Many conflictin.: theories have heen
put forwar? to exnlain this phenomenon, particularly in
the metallurgical field, Mott (1956) describes the
oprosing concepts of Onitsch an? Grodzinski and condludes
that more detailed and accurate results are needed before
definite conclusions can be ‘rawn. In the hope of throwing
sore licht on this subject, from a mineralogical point of
view, a serics of tests were carric? out on oriented sections
of certain minerals, The inrdenting load was varied from
15 g. to 300 g. end the results plotte? in graph form,
(Figures 10 - 16).  In adlition, results have been obtained
at varving loals on sections, mostly unoriented, of the
remainin: ore minerals. Details of these results are given

in Volume ITI,
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Another met-ol of expressing the variation of micro-
hariness with loa? is by plotting "Mayer lines".
Meyer (1908) found in Brinell hariness testing, using a
spherical stesl ball as the inlenter, that for a given

Jiameter of impression the followingz relationship was true:s

L = ad®
where,
L = loa” apnlicd,
d = “lametcer of the impression,

and a and n are constants, for a siven material.

""" was termed the "logarithmic index" and found to
vary hetween 2.0 an? 2.5 depending upon the condition of the
surface tested. The value was foun? to be nearer to 2.5
for a fully softene? state an?® nearer to 2.0 with incrcasin-
amount of cold-working apvlied to the material. Meyer
consiered thot the value of "n" was representative of the
copacity of work har“ening of the material., It coul” he
determined experimentally by plotting log L against los A,
an’ measuring the slope of the line, since

Log L = log a + n log 4 (Fig. 17 )
This test is known as the "Meyer Line “nalysis",
Nakhla (1956) publishes a serics of Vickers micro-

herdness values ror loals ran-ins from 25 g. to 300 Floy
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TABLE VITT

GALENA (VICKERS INDENTER)

Relationship of orientation to the microhariness and the
logarithmic in”ex.

Orientation of Surface MH. (100 ¢) "n"
Kg /mm2

Cube (100) Polished face " Diags. at 45° 86.4 1.98
to cleav. traces.

Cube (100) Polished facel® Diags / cleav. 79,5 1.91
traces '

Cube (100) Crystal facel* Diags. at 45°  77.6 1.89
to cleav. traces

Cube (100) Polished face®* Diags./ cleav. 69.1 1.92
traces

Cube (100) Crystal facez° Diags. /f cleave, 69.1 1.92
traces -

Rhomhdodecaheral (110) Diags. at 45° to 68,4 1,94
cleav. traces

Rhomblodecahedral (110) Diags.// to cleav. 62.9 1.96
traces

Octahe 'ral (111) Diazs. %o cleav. traces 63.95 1.92

Octahedral (111) Diags. at 15° to cleav. 63.1 1.92

traces
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TABLE TIX

GALENA (KNOOP INDENTER)

Relationship of orientation to the microhardness and the
logarithmic in’lex.

Orientation of Surface MH, (100g) n"
Kg/mm

Cube 100 Diags. at 45° to cleav,trace 79.5 1.80

Cube 100 Diags. &f cleav, traoces., 84,9 1.8%

Rhombdodecaheiral (110) Diags. at 45° 664 1.82
to cleav. traces

Rhomblodecahedral (110) Diags./ to 68.3 1.78
cleav. traces of ESOJﬂipping
cleavages.

RhombAolceahedral (110) Diags.. to cleav. 61.3 1.79

,‘S°
traces of vertically “inping
cleavages,

Octahedral (111) Diags. at 30° to cleav. 62.4 1.80
troces,

Octaheral (111) Diags. clezv, traces 62,5 1.80
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TABLE X

SPHLARERITE (VICKERS AND KNOOP INDENTERS)

Relationship of orientation to the microhariness and the
logarithmic index.

Orientation of Surface MH, (10Qg) npt
Kg /mm

VICKERS
Sph. 10. (110) 186 1.92
Sph. 1. (110) 167 1.91
Snh, 1. (111) 151 1.86
Sph, 1. (100) 133 1.87
KNOOP
Sph, 10, (110) 170 2,05
Sph., 1. (110) 158 1.91
Sph. 1. (111) 158 1.85
Sph, 1. (100) 139 1.77
N.B.

Sph. 1. contains 0,08% Fe,
Sph., 10, contains 10.70% Fe.

For Vickers and Knoop values, the (E-W) “iajsonzls were
maintained parallel to prominent cleavage traces, for all
orientations.
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TABLE XTI

(VICKERS INDENTER)

Relationship of orientation to the microhariness and the
lojarithmic index.

Mineral and Orientation V.M, H, nnpu
(100g)
Kg /mm?
Golca, (001) 63.8 1,87
(111) 75.7 2.18
(110) 43,7 1.91
Chalcocite (110) 7,3 1.89
(001) 79.3 1.86
Stibnite (001) 80,3 1.86
(010) ol 3 1.98
(100) 123 1,84
Bismuthinmite (001) 130.0 1.71
(110) 101.0 2,07
(100) 138, 1.76
Stevhanite (001) 08.5 1.96
(110) 61.9 1.83
(010) 67.0 1.82
Bournonite (001) 164 1,85
(010) 181 1.87
(100) 176 1.88
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TABLE XTI Contd.

Mineral an? Orientation

V.M. H, tty
(lOOg%
Kz /mn
Cunrite (001) 192 1.96
(111) 189 1.94
(110) 187 1,92
Rutile (001) 283 1.80
(111) 1015 1.80
Magnetite (001) 590 1.80
(110) L6 1,84
(111) 563 1.90

N.Bb

The indenter was rotated through 90° on each crystal face
for the above minerals. After each impression has bcen
measured, the crystal face was rotated horizontally through
10°, and a subsequent impression made.

obtained on polished secetions of abtout 50 ore minerals.
These results were examined with a view to plotting Meyer
line analyses but thcy werce found to be inconsistent. No

mention was made of the orientation of the minerals, cxcept
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in one case, or of the number of mcasurements taken.
Consequently these results were considered unsuitable for
the “determination of "n" values.

In the prosent work, logarithmic indices were determined
for oriente?® sections of the following mineralsy galena,
sphalerite, stibrite, bismuthinite, gold, stephanite,
chalcocite, hournonite, cunrite, rutile an? magnetite,

Volues for the logarithmic indices of these minerals may

be found in Takles VIII, IX, X and XI,

() Rusults.

(1) Accuracy

Before discussing the results it is first necessary
to assess the accuracy of the values obtained, BEach
value of microhardness is given in Tables VIII, IX, X and
XI ani Figs. 10 - 16, and is the mean obtaincd from the
mcasurement of ton imprcssions, The probable error of
the means for thassc results were caleulate? from the

following formulaj

E = 0,6745 [ a2

+/ n(n=1)



wh] =

where
E = probable error of the mean
sum of the s~uares of the Jdeviations
of the individual measurements from the

mean

N = number of measurements taken.

Table XII gives the ranzes of nrobtatle crrors of the mean
valuss of microhariness obtained from the oriented sections
of the minerals listed, Prokable errors of the logarithmic
Cindicces were calculated in a sinilar manner,

On ran'omly oriente? sections of minerals, no probable
errors have bheen assigne? to the mean valucs of microhardness.
A mean¥ is the average value obtaine? from ten impressions
male in ;rains of Jdifferent orientations.  Thus, in
anisotrovic mineranls, the nrokable error of the mean would
denen? largely on the randomness of the orientation of the
mineral groins indented.

It should be stresse? that in all microhariness 'eter-
minations it is often only a measure of the self-consistency
of the results anl docs not take inbto account anvy introduced
biasses errors cousel by 1nadequacies of the human eye,

This is particularly important when testin: at low loads
where relatively small errors in the measurement of the size
of an impression rcsults in large errors in microhardness

values,
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TABLE XTIT

Probable Zrrors of Mean Microhardness Values and Logarithmic

Indices
Mineral Mox. Prob. Rangze of Probaltle

Errcr in error cxpressed in

"n" + M.,H. units +
Galena 0.01 0.2 - 1.0
Sphalerite 0,02 1 -3
Gold 0.02 1 -2
Chalcocite 0,02 1 -2
Stibnite 0.05 3 =7
Bismuthinite 0.05 3 =7
Stephanite 0.03 3 =7
Bournonite 0.03 1 -3
Cunrite 0.01 0.5 - 1.0
Rutile 0.02 10 - 15
Magnetite 0.01 5 -7

cleavage traces (100), and when the lon. diagonal is at 45°

to the clcavage traces,

different mechanisms of 7eformation of the

(110). Such “ifferences indicate

zolena during
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The probable errors of the logarithmic indices are
depenient upon the accuracy of means of the microhardness
values. "n" is deternined by Irawing the best fitting
line throuzh a number of points, normally four, tut five
in the case of galena, and measuring the slope of the line.
Thus the error is dapendent upon the deviation of the
points from the "best line'". “here the points are close
to the best line a small orobakle error, about +0.01,
will resulst. On stronily anisotronic mineral face, as
for examole on the (010) face of stibnite, the probable

error may he as large as +0.9,

(11) Results obtained on priente: secticns of minerals

Golena

In all the results, microhariness values increase
with decreasin:; load, whatever the orientation. The
Knoon values show a greater range of microhariness than
the corresnonding results for the Vieckers intenter.
This is reflecte? in the Aifference in values for '"n";
1.78 - 1.82 for the Knoon inlenter, and 1.89 - 1.98 for
the Vickers inienter. It is interesting to note the
difference in nrofiles bhetween the Knoon values on the

cuke face (100), when the long diagonal .is parallel to the
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indentation for these two positions, Minor irregularities

in the other profilss are prob-hly Jue to measuring errors.
The prohable error of "n" for this mineral is very small,

less than +0.01. There anpears to he no correlation of

the logarithmic index with orientation, According to

Mott, the effect of polishing or cold-working is such as to
increase the logarithmic index of the materials. The

present results on a natural an? polishzd cube face of galena
indicate if anything the reverse in the case. No explanation

can te given for thesc anonalics.

Sbhalerite

In most cases an increase in nicrohardness results
from a decrease in the load, The profiles of btoth the
Knoop and Vickers are sinilar, the Knoop teniing to be
slightly stsepcr, giving risc in btwo cascs to lower values
for the logaorithmic index. Whercas an incrcease in nmicro-
hardness occurs for all orientations of both sphalerite
from 100 g. to 50 g., onl from 50 g. to 25 g., a marked
variation occurs from 25 g¢. to 15 gz, Of the eizht profiles
plotted, five show an increase of hardness from 25 g. to

15 g. whilst threc show o Jecreasc. Therc appears to bc

n the nrofilcs obtained from

e

no significant differcncces

Aifferent orientations of sphalerite or from Aifferences



in chenical composition. The large variations in
microhardness for the octahedral facec (111) of sphalerite

L. may be accountcd for by differences in chemical composition,
as this particular nolished scction of sphaleritec showed
colour zoning, The high value of "n'", 2,05, for the (110)
section of sphalerite 10, (Knoon indenter) may be accounted

for by anomalous microhardncss valucs at 15 g.

Stibnite - Bismuthinite

On the (100) an' (001) an increase in hardness is
assocliated with a decrease in load, The profiles for the
(010) faces arc very irrcgular, showin: no particular trend,
These irregularitics correspond with large probablc errors
of the means for the (010) faccs, bein; considerably larger
than for the other two faccs. Thesc irregularities are
reflected in the large difference hetwoen the values for
"n" on the (010) faces. The slovncs of the profiles for
the (100) and (001) faccs of bismuthinite arc steeper,

i.e. resulting in a lower '"n" value, for bismuthinite than

for the corresmon?ling stibnite profiles,

Gold.
Tre profiles for the (001) and (110) faccs are

similar, the microhardness increasin; slightly with
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decreasing load, down to 25 gz. Below this load the
microhardness decreases but such a change 1s small and

within the probatle error of the means of the microhardness
values. The profile for the (111) face shows an increase

in microhardness with increasing load rcsulting in a
logarithmic index value greater than 2.0, This increase is
greater than the probabl: errors of the means and is therefore
significant.

A possible explanation of this anomalous increcase of
microhardness with incrcasing loa? may be sought in theory of
"work hardening" of metals Auring deformation. However,
it is Jifficult to unierstand why this »roccss should
onerate only when the crystal is oriented narallel to the
(111) plane., Further work on oriented secétions of metals
of the same structure, (cubic close packed), i.e., copper,
silver, iron an?! platinum would nrovide interesting

comparisons,

Stephanite

On all faces an increase in microhardness occurs on
reducing the loa?l from 100 z. to 295 g. Fronm 25 g. %o
15 g., the (001) an? (010) faces show dccrecases in micro-
hardness whilst the (110) face shows an increcase.  Such

anomalics are nrobably not siznificant as the nrobatle
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error for stephanite can be as large as 7 V.M.H. units.
A high hardness on the (001) corresponds with a high

value for "n",

Chalcocite

Both faces, the (001) anl (110) show slight increases

in microhardness with decrease in load.

Bournonite

For all three faces an incrcase in nicrohardncess occurs
on lecrcasin;; the loa? from 100 z. to 50 2. From 50 g. to
25 ., the (001) an? (100) faccs show incrcases in micro-
hardness whilst thc (010) shows a correspondinc decrease.
From 25 . to 15 g., the (001) and (010) faccs show incrcases
in microhardness whilst the (10C) shows a corresponiing
decrease. Bournonite is an extremecly brittle mineral
exhibiting pronounce? crackinz around imprcssions even at
15 g. loads, The proralkle errors of the means are fairly
hizh and anomalous results can thcerefore be exneeted, The
mincral shows suprisingly 1little variation in the logarithmic

index with orient-tion.

Cunrite

On the (111) anl (110) faces, a consistent increase
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in microhardness occurs with decrease in load, The (001)
face, whilst showing a genceral increase in microhardness
with Jecrcase in load, shows a maximum microhardness at

50 . load. Such a variation cannot be completely
cccounted by wmrobablc errors in the mean valucs, The
logarithnic index values are very sinilar and corresvond

to similar small diffcrences in the microhardncss results.

Rutile

The (001) and (111) faces exhibit similar microhardness/
load profilecs., Large increases of nicrohariness occur on
decreasing: the load from 100 g, to 50 g., but from 50 g. to
15 g., the microhardness valucs remain practically constant.
As in cuprite, these unusual profiles cannot be fully
accounted for by probable errors in the means. Logarithnic

indices are similar for btoth faces anl are very low -1.80,

Magnetite

The (001) face srows a stealy inercase in microhariness
with decreasins load, Both graphs for the (111) and (110)

faces show similar »nrofilcs i.e. increasinz nicrohardness

oo to 25 g. an? deercasing microhardness from 25 g.

[

fronm 100
to 15 g. Once again, thc shanes of the graphs cannot he

fully accounte? hy probahlc errors in the means. The
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variation in the logarithmic index with orientation is not

couples with any corresponding mierohardness differenccs.,

(iii) Results ohtained on randomly oriented sections of
rminerals

As it was anticipate? that the logarithmic index of a
mineral conld be denendent upon orientation, no detailed work
was carrie? out on unoriented winerals. In an attempt to
reduce the minimum grain size, nmicrohariness values for some
minercls were determined at two, an?l in some cases three,
different loads, In such “determinations attempts were made
to indent grains in as many Adifferent directions as possible
to obtain the fullest possitle ran‘e. Over 100 minerals
were tested in this manner an? over 95% of the resﬁlts showed
that a decrcase in load gave risc tozén“increase in micro-~

hardness.

Discussion of the results

In zeneral the results show th-ot for most minerals an
inerease in wicroharincess results from a rlecrease in the
load. Unoriented studies show that this trend is true for
over 95% of the minerals tcsted. The typec of variation of
mierohariness with load for the oriented minerals is given

in Table XIII. In the load range 25 g. to 15 ., 28% of the
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TABLE XITT

Variation of Microhar’ness with Loa? on Orientes Sections
of 10 Minerals

By

Loa? Range Increase of Decrease of Total

M. H. M.H.

15 - 25 ¢. 36 1k 50
25 - 50 g. Ly 5 50
50 - 100 2. y7 3 50

microhariness values recrease with decrease in load.
From 50 g. to 25 g., only 10% of the values decrcase with
decrease in load and 100 g. to 50 ., only 6% of the values
show a “ecrease,

Lot us consiter the possikle causes of a variation
in microhardness values with loa?l. Firstly, the micro-
hardness may in fact “epen? upon the loal either increasing

or lecreasin; with the load, Secon?ly, the microhardness

may ke in“ependent of the load. Thirdly, instrunental
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anl human errors may introduce errors which would lead to
either an increase or a decrease of nicrohariness with the
load.

Let us assume that a certain mineral x has a micro-
hardness of 100 V.M.H. units which in theory is inlenenient
of the load. Let us also assume that the ohserver measures
an impression 0.5 microns smaller than the actual size.
Takle XIV shows the error expressed in microhardness units
that would occur for Aifferent loads, The maximum error,
at 15 g., is only 6 V.M.H. units. Similarly it can he
seen that if the observer measures an impression 0.5 micron
too large, then a similar error will be introduced. In
this way an apvrarent lncrease or Jccrease in microhariness
will result on varying the load,

If, however, we take another mineral y with V.M.H., = 1000,
then the change in microhariness with loa? (Table XV) for an
error of 0,5 micron, is consi‘eratle, The change,

150 V.M.H". units, is of the same order of <ifference as was
found for rutile.

It has been stated previouslv that the author measured
the impressions to within 0.2 microns of several other
inlependent observers. Hence the error that is likely to
he present in the results is less than 50% of the valuus

siven in Tahles XIV an? XV. Thus the variations in
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TABLE XIV

Effect of Error in Measurement of the Diagonal Length on the

Microhardness
Mineral x, V.M,H. = 100
Loan Correct 7lagonal Measured diagonal Avnparent
length length V.M, H,
15 16.7 16.2 106
25 21.5 21.0 1.05
5C 304 29.9 10k
100 43,0 42.5 103
200 60,9 60, 102
TABLE XV

Effecct of Error in Measurcment of the Diagonal Length on the

Microhariness.

Mineral y, V.M.H.

= 1000,

Load Correct “diagonal Mcasured diagonal Apparent
length length V.M.H,
15 5.3 5.8 1208
25 6.8 763 1168
50 9.6 10.1 1120
100 13.6 1%.1 1051
200 19.3 19.8 1050
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microhardness on galena cannot be attributed to errors in
measurement, In harder mincrals such as cuprite,
magnetite and rutile the errors in measuring the impressions
are comparatle with the Jifferences observed, and 1t is
interesting to note the irregular profiles of some of the
zraphs of these minerals in Figs. 15 and 16, It is
significant that veriation in microharincss at lower loars
in Teble XITTI hrecome less well defined. This may well be

a reflection of introduce?! me~suring errors.

Rokertson an? Ven Meter (1951) foun? en increase in
Knoon microhariness with decrcase in Jload for many ore
minerals, Their exnlanntion is as followsy; "The eye ‘loes
not resolve the cend noints of the impression pcorfectly, and a
micron loss in svall lengths woul? be larger percentage
wise than in greater length'. They also foun? that a
compensatinz flat increase to the diagonal lengths, as
recomnendes by the U.S5. Bureau of Stanlards, 4id not it
for all minerals.

Mott (1956) explains the variantion as follows:

"The most rerson-hle basis on which results can be
explaine? is that the deformation mechanism overating on a
smr1l localises? v~lume of material is liffcrent to that
of a more cxtended ZJeformation',

Veorious other authors have put forwar? theorics for
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variation in microhardness with 1oad kase? on many Aifferent
factors. A promincnt explanation put forwar? by Schulze (1954%)
an? others, is that elastic recovery causcs a contraction in
the diagonal length, the contraction being indepcnilent of
the size of the impression. Exnerimental work, however, is
not conclusive and other authors (Groizinski(1952) Winton 1956),
have shown the recoveryv is proportional to the size of the
impression.,

Most authors agrce that soft materials have hizh logari-
thmic inlices, and harl materials low logarithmic inlices.
In the present stuly it has hecen note? that a similar relation
holds, In Fig. 18 the mecan logarithmic has been plotted
against the mean Vickers nicrohordness value for the oriente?
mincrals tested. These results agrce with results of
Onitsch (1953), an? Mott (1956) »nlotting data 7letermine? by
Fitzer (1952). |

It has been note? that Jeformotion of the soft minerals
is essentially »nlastic, inlentations exhititing straight or
comnlex curving sides. Har? minerals usually exhibit concave
sides indentation accompnanied by slizht fracturing. Thus
most minerals “eform by o combination of elastic and pi:stic de-
fornation. In soft minerals plastic deformation is Aowminaont
with minor elastic recovery, In harder ninerals some plastie

deformation orcutrs but stron: elastic recovery takes nlace
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after the indenter has hecn removed.
In searching for a solution of the loai/hariness
variation protlem the following cvidence must be horne in

mind,

1. Soft minerals, partienlarly the nmetals, anpcar to deforn
perfectly by vnlastic processes. Some elastic recovery

takes plnce.

2, Harder minerals, avnpear to deform at first plastically
but this mrocess of Jdeformation is supersede? by rupture
of the crystal structure. Fracturing is increase? on

increasing the load,
3. Fracturing can be reduced to zero on Jecreasing the loa”.

The following theory 1s tentativelv put forward in an
attemnt to explain the phenomcnon.

To ohtain permancnt (non-clastic) deformation a certain
threcshold stress has to he evceeled. For soft materials
the thresh~ls? veolue is extremely smcll; for harder materials

the value is hicher. (Brown (1952) shows thot for netals

%

the initial slip requires a lower shcaring stress than after
sore decformation has taken place, According to these facts
nicrohariness for mctals should inerease with inereasing loar.

This ‘locs not azree with published ‘ata or with the present
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work). Thus “eformation in soft naterials is domin ukly
plastic with relatively minor elastic recovery. Since gliding
in soft materials is casy no runture of the atomic structure
should occur. Thus elastic recovery shonld be pronortional

to the size (or Aiameter) of inlentations made in soft
materinls, Runture of the structurc woul? prevent propor-
tional elastic rccovery to toke place.

With harder nminerals, clastic recovery relative to
plastic deformation, tecomes increcasingly important, In
addition fracturing aroun?l indentations is norc prevalent in
harder minerals than in softer ones, btul the amount may be
decrcase ! on decrcasing the load, As the load 1s Jdcecrease?
the threshol? stress valuc is approached? and the amount of
clastic rccovery incrcascs rclative to the amount of plastic
Aeformation. For soft mincrals the threshol? value is so
low that in normal testinz it is alwavs cxccedc?. Rupturing
of the structurc occurs in nearly all the harder ninerals
~n1 thus the c¢lastic rccovery is not pronortional to the
diameters of the intentations.,

These two factors, (a) the increasing importance of the
elrstic recovery rclative to the plastic deformation on
decreasing the load for harder mincrals and (k) the indep-
enlence of the amount of elastic recovery on the diamcters

of indcentation for harder minerals, arc considerct to be
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main causes of the dependence of the hardness on the load.
This theory 1s in general agreement with the sugzestions

of Onitisch ani Mott that the mechanism of Adeformation during

indentation on small arcas is different from that on

larger arcas.

(d) Conclusions

The unorientc? work on over 100 minerals together
with the tulk of the oriented studies shows that micro-
hardness values increcase with decrcase of 1load, A real
incrcase in microhardness has teen “etected for some of the
softer minerals with onc or two exceptions. The data for
hardcer minerals 1s not so well -lefined and neasuring errors
may have aggravatcd the uncertainty of the rcsults.
Definite correlotions can now bte male between the logarithmic
index and the oricntation for gold an? stibnite-rismuthnite.
Althouzh the relationship between orientation, microhariness
values and logarithmic indices for most mincrals is comnlex,
a general theory has hecn evfgved to explain the load -

microhardness variation.
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B, The relationship ketwecn load and zrain sizec.

(a) General

Mierohardnesss mcasurcrients are particularly useful in
the ilentification of small grains of minerals in polished
sections, Grain size 1s particularly immortant as there is
a ninimum grain size on which nmeasurements ceon ke accuratcely
anc reliably produce?., The sraller the grains that can be

tested, the greater the scope of the work,

consilercd that the ninirmuim grain size for all nmincrals was
0,05 mm. (50 microns) at 30 g. load, an? 0.10 mm. (50 microns)
at 120 g. loal. The lowest ratio, (Dg/Di), minimum grain
size (Dg) to indentation size (Di) ;iven was annroxinately
2/1. Microharancss valuesg for all the ninerals were given
for 100 gz, load, It has bcen shown in the previous section
thnt microharincss valucs are lenenient on the load avnlied.
Thus nicrohardness values nade say at 30 2. will not bhe the
came ns those nade at 100 g. Hcnee 1t would be incorrect to
assume that the values listed by Bowie and Taylor would be
velld at lower loads. For this reason it was decide”d to

svbdivide the minerals according to hardncss into four

zeparate groups. The softest group were indented at 15 g.
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load and the hardest at 100 g, load. (Table XVI shows

the hardness 1limits for the load groupings of the mincrals for
Vickers and Knoop indentors). Minimum hardness for each
mincral speclies was noted and from this value the minimunm

grain size was determined, seec Table XVI,

TABLE XVI
Indenter Load Range of Vickcrs
£. Microhardncss of
Mincrals K:/mm2
Vickers 15 0 - 60
25 60 - 120
50 120 -~ 600
100 :3-600
Knoop 15 0 - 120
50 120 - 1000
100 ™ 1000

(Dg/Di) should he 3/1.

For the present work it was decided that the minimum ratio
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Hence,
M.G.S. = 3 x d
riax
where
M.G.5, = Mininum grain size for a particular load
dmax = Mean diagonal length of the impression

giving the lowest hardness.

Table XVII ;iSminimum grain sizes for
loads of 15 g., 25 ., 50 g., and 100 g,
It wrs decided to vary the loa? for Knoon microhardness
studi- s(Takrle XVI) so that the diagonal lengths for softer

mineral did not htecome unmanagearly large.

(r) Piscussizn

pl
et 2

In Aiscussing; the relationship between grain size an?d

optimunm loa? the following facts nust ke horne in mind.

1. The size of the impression is dependent upon the hardness
of the mineral. For o given load, the softer the mineral

the larger thce impression.

2. The size of the inpression is depenient upon the load;
for 2 given hariness, the larger thc load, the larger

the impression,
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TABLE XVII
MINIMUM GRATIN SIZE (u)

LOAD
Mineral 15g. 25g. 50z,  1000g,

Acanthite 113 - —— 292
Acschynite - - - 51
Aikinite -— - 65 101
Alabandite - - 73 111
Allanite — - . 51
Altaite 88 - - 222
Amalgam 81 - - 187
Anatase - - 36

Andorite - - 67 100
Anglesite - 59 - 126
Ankerite - - 49 69
Antimony 58 79 - 162
Apatite - - 37 61
Argyrodite - - 7L 110
Arsenic - 78 - JRIRTS
Arsenopyrite - - - 53
Awaruite - — 62 88
Arinite - - - L0
Barite - - 72 117
Berthierite - 50 79 12%
Beryl -— - - 38
Bismuth 141 - _— 375
Bismuthinite 55 73 112 158
Bixbyite - - - Lh
Bornite - 63 -- 140
Boulangerite —— 57 84 121
Bournonite 38 L9 69 1%
Braggite - - - 57
Brannerite - - - 55
Braunite . - 28 62
Bravoite — - - 39
Breithauptite - —-—— 39 61
Br8ggerite - -— 50 83
Brookite - - - 45
Calaverite -— -- 65 99

Calcite - 58 - 127
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XVIT Contd.

MINIMUM GRATN STZE (i)

LOAD
Mineral 15g. 25g. 50g.  100g,

Cassiterite - - - 37
Cerussite - - 73 110
Chalcocite 59 76 - 160
Chalcophanite - 69 89 153
Chalcopyrite - - 67 98
Chalcostibite - - 61 ol
Chromite - - —— 37
Cinnabar - 61 - 194
Clausthalite 73 okt —-— 191
Cleveite - - 57 86
Cobaltite ——— - - 43
Cohenité - - - 40
Colaradoite 104 - — 279
Columbite-Tantalite -~ - —_ 5L
Colusite - - Lo gg
Cooperite - . _

Copper 6L - _ 188
Coronadite - - Lo 69
Corundum - - —_— 28
Corynite -— - L0 58
Cosalite - 65 101 151
Covellite 59 7 - 190
Cryptomelane -- - 38 57
Cubanite - - 65 106
Cuprite 37 L7 66 98
Cylindrite 89 118 - 253
Davidite - - - 50
Desclolzite - - L7 71
Diaphorite - - 63 93
Digenite 59 79 - 161
Dolomite - . Lo 69
Domeykite - -~ 59 92
Dyscrasite - -- 77 105
Electrum 6L — - 165
Emplectite - - an 100
Enargite - -- 71 95
Eskolaite -— - — 27
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TABLE XVII Contd.

MINIMUM GRAIN STIZE (u)

L.O 4D
Mineral 15g. 25g. 50z.  100g.,

Bucairite - 73 - 176
Eucryptite - - —_— 56
Euxenite - - —_ 56
Famatinite - - 51 74
Ferberite - - Ly 70
Fergusonite - - _ 50
Ferrite -— - 58 85
Fluorite - - 68 98
Formanite - - - iy
Franckeite 93 - - 354
Franklinite - - - Lo
Freibergite - —_— 8l 76
Gahnite - - - 33
Galena 63 81 117 166
Geocronite - 57 79 113
Germanite - - L7 67
Gersdorffite - - - 55
Goethite - - 38 57
Gold 72 - - 208
Glaucodot —_ - - L
Graphite 213 - - 615
Gratonite - - 7L 105
Grossularite - - - L0
Gypsum 79 -- - 235
Halite 119 150 - 320
Hauverite - - 40 60
Hausmannite - -- 38 59
Hematite - - - L6
Hessite 100 - - 265
Hercynite - - _— 35
Hetaerolite - - 34 53
Hollandite - - —_—

Huebnerite - - 50 79
Idaite - - 68 98
Ilmenite - - - 51
Ilmenorutile - - - L6
Ilvaite - - - 49
Iridosmine -- - 37 59
Jacobsite — - _ L5
Jalpaite 96 — - 288



MINIMUM GRAIV SIZE (p)

8l

TABLE XVIT Contd.

e s o

LO!‘D
Mineral 15¢ 25¢., 50g.  100g.
Jamesonite sl 86 _— 159
Jordanite - - 70 97
Kermesite 8l 108 - 256
Kobellite - 61 - 126
Krennerite - 60 82 127
Kyanite - - _— 58
Laurite - . - 31
Lead 162 —-—— - 606
Lepidocrocite - - 49 107
Linnaecite - - 39 57
Livingstonite - 76 _— 151
L8llingite - - 36 68
Mangantantalite —~— - 52 71
Magnesite -— -- 48 67
Magnetite 21 27 39 59
Manganite - - 35 52
Marcasitec - - - Lo
Maucherite - - 37 53
Mcneghinite - 57 82 122
Merumite - - - 31
Metacinnabar - S 60 93
Miagyrite - 70 91 138
Millerite - - 61 58
Molybdenite 135 - - 615
Monazite - - - [TRe
Nagyagite 79 a - 208
Naumannite 90 - - 233
Niceolite - - L8 70
Nigerite - - - 3L
Orpiment 82 - _ 277
Orthoclase - - - 52
Osmiridium-Iridium  -- - 46 76
Pararammels-bergite -~ - - 50
Patronite - —_— - 65
Pearceite -— 54 76 109
Pentlandite -~ - 61 89
Perovskite - - - Ll
Petalite - - - 133
Pitchblende - - L6 73
Platinum - - 61 98
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TABLE XVIT Contd.

MINIMUM GRAIN STZE ()
LOAD
Mineral 15g. 253, 50z. 100;.
Polybasite - 57 82 114
Proustite - — - 1helt
Pyvracvrite - 72 100 130
Pyrochlore - - Lo 63
Pyrolusite - Lo 73 122
Pyromorphite - - 59 95
Pyrite - - - L
Pyrrhotite - -- 53 85
Quartz - - - 36
Rammelsbergite - - —-— 51
Realgar 70 89 - 190
Henierite - - 51 75
Rhodochrosite - - 60 85
Rhodonite - - 39 56
Rutile 15 19 oL Lo
Safflorite - - - 53
Samarskite —— - -— 53
Scheelite - - L5 73
Schulzenite Bl 72 . 204
Semseyite - 57 85 124
Siderite - - L8 72
Siegenite — - L1 60
Silver 73 - - 192
Skutterudite - i - 56
Smithsonite - - L1 67
Sperrylite -— - - Lo
Sphalerite L0 51 78 109
Sphene - - - L8
Spinel - - - 36
Stannite - L6 65 111
Stephanite 64 92 123 193
Sternbergite 87 103 - 550
Stibarsenic - - 73 102
Stibiotantalite - - Lk 62
Stibnite 61 76 109 168
Striiverite — - - Lo
Sulphur 118 - — 238
Sylvanite - - 66 103
Talce 185 - - 720
Teallite 59 76 - 233



TABLE YVIT contd.

MINIMUY. GRAIN SIZE ()

LOAD
Mineral 15g. 25g. 50g.  100g.
Tellurium 93 — - 250
Tennantite - - %9 7
Tenorite - - 61 91
Tetradymite 81 - - ol
Tetrahedrite ~ - ~— 50 73
Thoreaulite - —— 7 60
Thorianite - - - 43
Tiemannite 102 ~— - 253
Titanohematite - - - )
Topaz — - - 3l
Tourmaline - - ~ 38
Trevorite - - 38 55
Ullmannite - - Lo 58
Umangite - 73 —_ 146
Vallereiite - - an ol
Violarite - — 51 gl
Wittichenite —— - 71 100
Wolframite - - L5 27
Wurtzite - - 7 108
Zincite - _ 6 98
Zinkenite - Lo 76 100
Zircon - - -~ 36



3. The hardness value for a given mineral is Adependent on

the load, In general, the lower the load, the higher

the hardness and the smaller the impression.

5

%, The rrobsble error in measuring a diazonal is dependent
on the hardncss of the mineral. The harder the mineral,
the smaller the impression an? the greater the probeble

error in the measurewcent of the hariness.

5. The amount of cracking around impressions increases with
incrcasing load, Thus in brittle minerals increasing
load rcesults in inecreasing probeble error in the

neasurencnt of hardness,

To otbain a satisfactory —winimum grain size for minerals
showing a ronge of hardness from 10 - 1800 V.M.H. units, a
system &s described is necessary. This method makes easicr
the identification of small grains of the soft minerals,
for examnle, thc native metals, simple sulphiles, selenides
and tellurides ond some of the sulnhoshlts,

For examplc, in identifying suspecte? native tisrmuth
using a Vickers dianond inlenter, the minimum grain size is

4

reduced by 220 microns, from 360 microns 2t 100 g. load to

629}

140 microns at 195 g. load.
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It may Pe argucd that hisher nicrohardincss values at
lower loads may be compute? from the values at say 100 g,
load, This problem was discussed by Robertson and
Van Meter (1951) as describe’ previously in the text,

Whilst, in general, it is true that nicrohardncss values

are a function of the logarithmic inlex for the whole zroup

of minerals, many exceptions exist. A large sprea? of

values exists and this inlicates that no single commensating
factor coull be confilently apnlied to 211 the values obhtained

a2t 100 :, load.

C. Variation of deformation characteristics with load

Deformation nhenomena are fully Jealt with in
Chapter V and it is w»nronose? only to Jiscuss thec effect of
loal on such phenonena.

As secems losical, the amount of fracturin: around
inprcssions deereasc in lood, Nakhla (1956) found that
loads of over 10" g, on pyrite an? rarmclshergite produced
large shell-shaned cracks whilst at loals of 25 g. and 50 g,
fine cracks only werc pro-luccd,

In the present work, it was foun thot simple sulphides
such as sphalerite, wurtzite an? chalcopyrite no fracturing

occurre? at lower loads -~ 15 g. and 25 g. The sulphosalts,
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scemol to fracture whatever the load, although the intensity
lessened with decreasing load. For example, the "star -
Xfadial" nattern developed in tennantite at 15 g. load is
often superseded by a "shell - fracture" pattern at 100 gz, load.
Minerals which 70 not fracture, but exhibit glide an? twin
planes around impressions usually show inereasing amounts of
these dislocations with increansin: load, Examples of such
minerals inclule antimony, arsenic an? bismuth, At 1oads
from 15 g. to 100 ;. no ohvious slip planes were okscrvohle on
salena crystals, hut at 200 g, slip plancs arc casily seen.
Small grains of minerals are alverscly affected by
indentations made at high loads. Bven g-lena, which under
normal conditions of testing Jdeforms perfectly, Jdevelops

cleavage fracturcs in small prains (less than 100 microns)

at high loads,



CHAPTER IV

VARTATTION OF MICROHARDNESS WITH ORIENTATION

A, General

Several authors have foun® consilerahle anisotropy of
nicrohar 'ness with orientation. Winchell (1945) foun”
anisotropism of Knoon microhar?ness for heryl, talc,
corundum, topaz and tetrahedrite. In the case of molyb
lenite, M,S,, Robertson an? Van Meter (1951) corrclate-
at 5:1 'iffercnce in ratio for Knoop microhariness values
obtaine! on the basal (0001) face an? on the prism (1010)
face. Arsenopyrite was foun' to exhibit a large range of
Knoop microhar’ness, 633 - 11@8, 'epen'ing upon the orian-
tation of the mineral. Kohn, Cotter an? Potter (1955)
correlate? Knoon microhardness values with orientation on
tunisten carki“e (WC) crystals. Nakhla (1956) reported
variations of Vickers microhar’ness on stibtnite ue to
orientation effect. Henriques (1957) showes significant
Vickers nicrohar?ness variations for Aifferent orientation
of sphalerite: the (111) face was foun? to be harilest and
the (100) the softest. Butkovieh (1958) foun? anisotrovy

of microhar'ness in single ice crystals “uc to orientation
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effects, Bowie an® Taylor (1958) gave Vickers microharsness
values for oriented sections of abtout 12 ore minerals,

Bloss, Shekarachi an? Shell (1959) correlate Knoop micro-
hardncss values obtaine? on tasal (001) sections of natural
an? synthetic micas with orientations.

One of the purposes of the prescnt stuly was to increasec
the amount of “ata on oriente? sections of economic minerals,
an? where possihle to relatc this 1ata to the atomic
structures of these minerals. In ad?ition, microhardness
measurcmnents have heen mea’'e to Jefermine the range of
microhar'ness exhihite? by randenmv oriente? minerals.
Investizations were carrie” out on oriente” sections of
akout 50 minerals an? on ranlomly oriented scections of

over 150 minerais. Both Vickers an? Xnoon inlenters were

B, Microharincss Values ‘determins? from randomly oriented
mnincrals

Tahle XVIII 1ists the ranges of Knoop an? Vickers micro-
hardness values Adetermines” at 100 7. 1loats for all the
minerals cexamined. In a'lition, the followin: Jdata are
also .-iven: the perccntage variation of the reflectivity
(pers., comm., I. Gray), the percentaze varistion of the

Vickers microhardness, the range of refleetivity values



Thaohe VITT

Mineral Reflectivity R. aniso  V..MJl. Vi, KJi.He
(white light) /o Range aniso °/o0  ange

Acanthite 27.6 0 19.6-22.0 10.9 2l ,2-31,3
Aeschynite 14;.8-15.6 0.8 661-720 8.2 615-7262
Aikinite 10 .0-0l.8 L.8 165-227 27.3 179-2302
Alasbandite 22.7 0 137-186 26.3 161-1862
Allanite 9.7 0 61,6-1105  L1.3 780-9762 |
Altaito 58,560 .5 2,0 34.1-38.3 10.9 35,146,684 @
Amalgam 85,1-93.0 8.9 1,8.2-80.5 77.5 1,6,6-85 L1 !
Anatase 20,0-21.1 1,1 576-623 7.5 631,~9082
Andorite 33.3-37.5 .2 170-192 11.4 15l4-1702
Anglesite ——— —— 106-128 17.2 101-1662
Ankeri te ——— —— 353-490 27.9 3363-LL68L'r
Antimony 67.2-70.2 3.0 6l;.3-69.9 8,0 59,7-11,6H
Apatite ——— S L5L-606  25.1 [.23-6382
Argyrodite 23,9 0 138-162 15.8 132-171k
Arsenic L7.0 0 81.7-167 50.8 L2.,1-1072
Arsenopyritc 46.3=511.3 8.0 599-1206 50,2 678-13812
Awaruite 68,0 0 220-253 13,1 232-3222
Axinite ———— —— 1097-1187 7.5 975-11611
Darite —— _— 125~190 3L.8 137-1912
Berthierite 35 42=10 .3 5.1 110-213 L8.3 146-23%22
Deryl ——— — 1159-176L  3L.2 1098~15001
Bismuth 65.0-71.0 6.0 10.5-1l1.,3 26,5 10.7-16,84
Bismuthinite 37.3-17.3 10,0 67.3-216 68.9 31.,6-2232



TABLE XVIIT

contd.

Mineral seflectivity R. aniso V,M.H. V.M., Ko J.
(white 1light) %/o Range aniso %/o ilange

Bixbyite 23,7 0 882-981 10.1 921-1138°
BDornite 28.,3-30,5 2.2 85.6-98,0 12.6 105-1212
Boulangerite 37.7-38.7 1,0 116-210 L7 126-1692
Bournonite 33,9-36,1 2.2 13119 32,53 152-2192
Braggite 57 00—59 oO 2 .O 51“-—560 9 .Zl__ —mme——,
Drannerite 16.6-17.1 0.8 572-693 17.5 580-6762
Braunite 12,0-19,1 0.1 1 1-104L8 57.8 976-1120
Dravoite 45.5-47.6 2.1 1105-1343 17.8 807-11962
Breithauptite L8.7-61.3 12,6 L50-569 21.0 5L.3-6152
Broggerite 17.5-19.,0 1.5 21,2-835 71.1 306-9762
Brookitc 21 .,5-21.9 0.4 841-960 12.4 991-1138
Calaverite 63.0-66.5 3.5 172-228 2L.5 127-2812
Calcite ——— - 133-17L 9.L 133-17L4
Cassiterite 11.5-13.7 2.2 1111-1478  22.8 1161-1389+
Cerussite — — 14,0-250 4.8 1%6-21,92
Chalcocite 26,2-30.,7 L.5 59.6-85.L4  18.5 57 .4~1034
Chalcophanite 13,5=-22.6 9.1 72 ,0-19L 62 .9 15.5-4192
Chalcopyritc L5.,0-L7.0 2.0 177-200 11.5 202-2272
Chalcostibite 3L .,0-42,0 8.0 193-266 27.L, 179-3092
Chromi te 11.4-12.7 1.3 1256-1332 5.7 1068-15801
Cinnabar 2%,2-26,L 3.2 Wl 6-133% 66 4 28,0-1092
Clausthalite L3.,1-48,2 5.1 L6.,0-71.9 36,1 59.3-174
Cleveite —— - 227-330 31,1 208-3182
Cobaltite 53.0-55.5L. 2.0 967-1367 29.3 917-1122
Cohenitc 57.5-61.0 345 1081-12n6 13,2 935-122l
Coloradoite 35.0-36.6 1.6 21.6-22.9 5.7 19.7-26.94
Columbite-Tantalite 15,6-18,8 3.2 595-1056 L3.9 615-9012
Colusite 31,7 0 296--376 21.3 297-3562

_£6._



TAapL. XVIII Contd,

Mineral rneflectivity . aniso  V.di H. Void Wi KoM i,
(white light) /o Range aniso %/o  .angc

Cooperite 39.5 0 592-63 6.9 = e
Copper 77.5-92,0 1.5 L7.5-122 60.5 52.,1-101k
Coronadite 25.3 0 359-542 15.3 351-5612 1
Corundum —_—— —_— 2097-2758 23.9 1751—2Mg0
Corynitc 18 .2-19 .6 1.0 1,98-545 8.6 500-615
Cosalitc 38 ,8-L6.5 7.7 73 .6-158 5342 7L..9-1762
Covellite 15.8=27.4 11.6 L6 =151 69.3 85.,-2114
Cryptomelanc ——— —_— 525-698 2L..8 520-9082
Cubanite L3.5-hL .3 0.8 15026l 13.2 163-2822
Cuprite 2L.5-25.3 0.8 176-237 25.7 1542062
Cylindrite 30.7-33.5 2.8 26.3-11l 76.9 21,9-1784
Davidite 17.3 0 693-762 9.0 630-7L0%
bgscloizitc 16,0-17.4 1. 333-392 15,4 351-3822
Diaphorite 3l .2-3618 2.6 197-2L2 18.5 168-2042
Digenite 25,0 6L..8-76.,0 1.7 73 .6-102k
Dolomitc —_— — 358-137 18.1 378-1,512
Lomeyki te 55 .0-56.0 1.0 201-238 15.5 236262 2
Dyscrasite 63.5-65.8 2.3 152-176 13 .6 115-1942
Electrum —_— _— 61.9—106“ L1,7 M7.5—llgh
Emplectite 30.,0-36.8 6.8 169-217 22,1 198-258
Enargite 25 .5-29 .0 3.5 183~370 9.2 155-1012
Eskolaite 19.3-22,5 3.2 2239-3087 26,5 1831-23701
sucairi te — —_— 5L,2-93.6  1;2.0 78.8-1112
Hucryptitc —_—— —_— sh2-748 27.6 ——
Buxcnit e 13.5 0 530-767 30.9 568-6902
Famatinite ' 28 ,8-32,1L 3.6 3G 3-339 8.8 261-3962
Ferberite 17.9-20.7 2.8 3L2-657 L7.9 ————
Fergusonite 15.0 0 689-757 9.0 653-7502

...-176...



TABLE XVIIT Contd.

Mineral Reflectivity Vi J. Vil i, K.dH,
(white light) Rango aniso °/0 .lange

Ferrite 61,5 0 233-288 19.1 2763222
Fluorite — - 1714-203 1.2 166-2202
Formanite 13.3 0 772-870 11.3 615-8762
Franckeite 33.3-36.0 2.7 13.3-68.6 81,1 21, 1-1514
¥rankliuite 18.2-20.0 1.8 720-853 15.5 607-7702
Freibergite 30.7 0 292-322 9.3 223-2982
Gahnite 8.0 0 14,91-1605 7.1 122),-15762
Galcna L2.,0-ll L 2.1 61.2-8l..0 27.2 35.0-91,94
Geocronite 37739 L1 1.7 133-153 13.1 83%.1-18
Germanito 27 .4 0 375-417 10.6 336-101
Gersdorffite L8.1-55,1 7.0 569-907 37.3 7L0-9082
Goethitc 16,.2-17.5 1.3 527~551 L3.5 597-9012
Gola 80.,5-87.7 7.2 38.9-5L,1.  58.7 88 .0-L7.0kL
Glaucodot 49.5-52.7 3.2 8611277 32.3 717-1138
Graphite -35.1 — b li~7.7 L2.8 5.1-21,,L
Gratonite 40 .2-40,7 0.5 153-195 23,2 150-1902
Grossularite 0000 eee- _— 1081-1551 30.7 1110-13891
Gypsum —_—— —— 30.5-545.2 36.8 38 .,0~-156
Halite ——— —— 16.0-:8.2  12.0 1%,4-18 .84
Haucrite 25,1, 0 1;78-528 9.5 L56-5742
Hausmannite 16.7-19.1 2.1 1193620 20.4 LO7-673%
Hematite 23,9-29,0 5.1 813-1039 25,2 81,6-126071
Hessite 3742-37.6 0.4 23.9-%7.2 35,8 2l .G-Lo .1k
Hercynite 6.6-7.6 1.0 1378-15,7 10.9 1283-15701
Hetaerolite 16,7-18.3 1,6 609-817 2L.8 537-10292
Hollandite ——— —— 27 ~79¢ 7L.2 e
Huebnerite 15,1-17.5 1,6 27L-110Z 32.0 315-1562
Idaite 3l ,0~36,2 2,2 176-202 12,9 150-2141

_96_



TaoL . XVIIT Contd.

Mineral aeflcetivity ‘1. Aniso Voo oile Vool oo K eidl oF o
(white light) /0 stange aniso /o lange

Ilmenite , 19.1-22.2 3.1 6L2-752 1.3 602-8212
I1lmenorutily 19.5-23.3 5.8 803-1018 21.1 630-1138%
Ilvaitc 6.40~-10.7 Iy .3 03=-772 8.9 653-750
Iridosmine 57.5=-62.0 L.5 L83-73L 3.2 L03-10052
Jacobsitu 19.7 0 8111-870 3.4 801-8822
Jalpaite 25 .5-30.0 4.5 23 01=5L1.5 57.0 20 5=l 6
Jamesonite 532.7-39 5 6.6 66,8-123 5.8 85 J1-178L
Jordanite 36.7-39.7 3.0 181-198 3.5 153-1912
Kerncsite 23.9-28.1 L2 33:0-77.0 57.1 52,1-165%
Kobellite 38,.7-42.8 L.l 106-160 33.8 115-1152
Krennerite 52.,3-61.0 8,7 105-111 5.0 91.9-138%
Kyanite e _— 500=-21l)y  76.9 359-2323%2
Lauritc 12,7 0 1605-2167 25.9 1580~188B
Leada e - 1'!-05_505 1811 905-13. -
Lepidocrocite 14,0-19.7 5.7 1L7-h01 63.1 2L9-4L07
Linnaeite L6.0-L7.5 1.5 525-502 3.1 577-6612
Livingstonite 30,0-3l1.7 L7 7L.2-119  37.5 87.8-179%
L8Llingite 50 JL=501..0 3.6 368-1048  61:.8 520-11292
Mangantant «lite 1h,7-17.9 3.2 335-627 L6.5 309-1013
Magnesitc — eeae- —_— 373-512 27.1 L54-6572
Magnetitc 20.,0-21,1 1.1 190-661 25.8 1,85-7602
Mangani.tc 1h.,5-22,0 7.5 638-835 23.6 370-8071
Marcasite L3 .8-51.6 7.8 762-1367  LL.2 1077-1470%
Maucheritc 56.3-56,6 0.3 602-6%5 542 615-8122
ileneghinitc 3L .7-38.5 3.8 113-155 27.1 118-1822
Merumite  acee —— 1782-2097 15.6 1267-14811
Metacinnabar =00 aeea- S — 194.-30L,. 25.6 172-2152
alicsyrite 28.,2-38,2 10.0 88.,0-121 27.2 104-1272
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TADLE XVIIT Contd.

Mincral Refloetivity 2. aniso Vil V.M LT, KM i,
(white light) /o lange aniso °/o  .:angc

Millerite 51.8-59.0 7.2 219-317 30.9 227-1072
Molybaciito 16.2-L6.6 30 .4 L i=7.2  9L.1 3.7-80 .11
Monazite - ~— 704L-988 23.7 611-11382
FMagyagite 37.4-L0.2 2.8 38.9-110 6lL.2 1;6.2—163“
Faumanni te 29.5-31.5 2.0 30.9-36.9  16.Z 28.5-82, 1k
Kiccolitc 55.4-59.0 3.6 31.8-533 3L.6 322-5282
Yigeritoe _— — 11,73-1561 L.6 1268-1751+
Orpiacnt 21 ,4-22,0 0.6 21.3-30.1 27.5 3lL,0-59,54
Orthoclasec — _ 642~1L.70 32.0 L23-7172
Osmiriaium-Iridium 69.2-72.0 2.8 297-572 18.1 1109-6152
Pararammclsbergite 57.0=6l,1 7.1 673-82L 18.3 7L0-9082
Patronite 19.5-22,3 2.8 L01-592 32,1 L56-7752
Pearceito 31.,1-31.2 0.1 142-151 5.9 129-1162
Pentlanditc 51.5 0 213-231 7.8 252-.312%
Pcorovskite 16.5-16.8 0.3 900 -995 9.5 831-1138%
Pctalite —_ _— 94.9~703 86.3 —
Pitehblendo 1.0 0 31183 35.0 322-531,.2
Platinum 67.0 0 176-1L33 59.3 239-3172
Polybasite 27.7-30 .0 2,3 131-139 5.7 117-1332
rroustite 28.1-30,7 2,6 81.5-11L 28,1 8L1.,1-1562
Pyrochlorc — — 1,20-703 LO .1 L90-6312
Pyrolusite 3L.3-36.2 1.9 113-3L5 67.1 109-5552
Pyromorphite —— — 186-262 29,0 168-2612
Pyragyrito 211,2-26.9 2.7 106-130 20 0 8L -1562
pyrite 52 J=501..5 2.1 1378-1836  2L..5 980-~16351
Pyrrhotite 10 .8-L9 .1 8.6 23),~363 35,5 2L,0-3682
Quartsz — _— 1266-1561 18,9 890~1307+1
Rammelsborgite 56.2-59,3 3.1 657--830 20.9 L93-8822
scalgar 16.9-17.3 0.L L6,7-52.7 1l.L 51y, 6-65, 74

....L6._



TaBhi: XVITI Contd

Mineral Refleetivity . Aniso Vool Ji Vil 1, KM, I,
(whitc light) /o ange aniso %o :iange

denierite 30 .7-3l.5 3.8 305-L25 28,2 323-3552
hodochrosite —— — 2322115 5.3 2011-323%2
2hodonite ——— —— 518-631 19.5 615-8952
‘utile 20.,7-25.2 L.5 8661132 29.5 59411381
Saffloritc 504.5-53,6 3.1 6G6--988 38.5 716- 11&51
Samarskite 17.1 0 612-6L5 5.1 5314-623
Scheelite 10.7-11.0 0.3 315-46lL 3l 27M-L032
Schulzenite 16.2 0 Lo =149 73,2 L2, 8.172L
Semseyite 36,0-38,.3 2.3 109-173 37.0 127-168
Siderite —— — 330-371 11,0 LO5-5092
Siegenitc 52,7 0 L71-579 18,7 L5l—- 6Ju2
Silver 85.0-93.,5 8.5 L5.,5-70.2  35.0 5h .6~
Skuttorudito 5% .0-55.9 2.9 55L-97 L3.1 53— 790é
Smithsonitc —— —— 383-519 26.1 1193-6952
Sperrylitc Hl.0=-57.5 3.5 97L-1226 19.7 960-11751
Sphalerite 16,1-18,6 2.5 1h2-235 39.5 135-1862
Sphene —— ——— 752-853 11.8 717-9762
Spinel _— — 1378--1505 8.1 1389~ L5lOl
Stanni te 28,530 .8 2.3 140~202 30.7 171-2632
Stephanite 26,6~32,0 5.0 L5,1-107 57.8 37.0--1202
Sternbergite 32.,0-40.0 8,0 5.3-72.0 92,3 27.9-105M
Stibarsecnic 59.2 0 161-205 21,5 121-126
Stibiotantalite 12.0-12.8 0.8 1) 1-603 26,7 3;2-@852
Stibnitec 30.7~-k2.5 1.8 59 .2-129 53,8 30 .,8~1662
Struverite 18.7-20.5 1.8 1048-1123 6.6 8L6~-11961
Sulphur —— — 29,7-66,0 55.1 19 .45l , 61
Sylvanite 62.5-67.5 5.0 158~221 28 .1 17L~21022
Tale, — — 7.0-18.5L 60 3.8-7.k

...86_.



TADLL XVIII Contd,

Mineral Keflectivity e ANiso VMed, . Vod,d,. TN
(white light) ange aniso 9/0 Jlangc

Teallite 39.7-45.2 30 .9~82.5 62 o1 77 .7-1204
Tellurium 52 ,5-61.8 26.9-33.1L 19.4 1y L-60 2k
Tennantite 27.9 333-383 13.1 317-3682
Tenorite 23,5-29,0 203-253% 19.7 171-3592
Tet radymi to 18.9-52.9 07.6-52.l,  L7.o 28,8285 11
Tetrahedrite 3L.7 319-583 16.7 293-351¢<
Thoreaulite 17.6-20 .6 L. 73-87L. L5 .9 LB80-9692
Thorianite 13.7 920-1235 25,6 831,-11382
Tiemannite 29,2 26,2-29,1 9.8 21 ,2-32 .21
Titanohematite 19.2-21.6 981-1056 7.1 890-10681
Topaz | — 1:78-2012 26,6 1238-1815%
Tourmaling —— 1187-1L78  19.7 1011-14811
Trevorite 18.8 569-606 6.1 581-6902
Ullmannite L6 ,6-18,0 1. 500-551 9,2 L93-6112
Umangite 18.3-27.5 9,2 78.8-89.6 12,1 79 ,1,-1092
Valleriitc L3.7-07.3 3.6 189-257 26, 256-2812
Violarite 50.7 0 211-37% 35,0 281,-3882
Wittichenite 3%.%3-36,2 2.9 170-206 17.5 177-1962
Wolframite 11,.9-20 .0 5.1 286-137 1150 329-5372
wurtzite 17.7-18.2 0.5 1L,6-26) Ll .6 133-2812
Zzincite 12,2-12.6 0. 174-309 L3.8 111-3452
Zinkenite 37.0-L0 1 3.l 168-201 16 .0 169-1892
Zircon _— _— 1114-1505  25.9 1141 -14431



~100-

(pers. comm., I. Gray) and the minimum grain size for Vicker
indentations. The percentage variation of Vicker micro-
hardness 1s derive? by lividing the difference in values by

the larger value,

Correlation of Refleetivitv with Vickers Mieroharinass

Minerals cxhibitin: large Aiffercnces in refloctivity
(over 6.0% in some cascs) also ¢xhihit Aifferenccs in Vickers
microhariness valucs, of over 30%. Examnplcs of such mincrals
inclule the followingy covellite, sternbergite, molykdenite,
stibtnitc, bismuthinitce, pyrrhotit:, marcasite, arscnopyrite,
cosalite, éhalcophanite an? jamcsonitc. It is interesting
to hote that all these minerals arc crystallographically,
structurally an' ontically, strongly anisotropic, They
usually exhibit prismatic or lath shaped crystals, frequently
with a well “evelope? cleavage.

Some isometric minerals show small ranges of nmicro-
hariness, i.e. less than 10%. xamples of such minerals
inclulc the following; haucrite, linnaiitc, mancherite,
ulemannite, pentloniite, pearceite, polybasite, freivergite,
gahnite, perovskite ~nd chromite,

The bulk of the results, however show no apparent

corrclation of anisotropism of refleectivity with anisotropism
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of microhardness., Some optically isotropic mincrals are
notably anisotropiec in microhardness; for example, galcna,
clausthalite, sphalerite, ferrite an7d hessite, Similarly,
sonme optically anisotropic minerals show small ranges of
microhardness. A1l these results must be treated with
caution as various factors may influence thc percentage
difference values, Perfection of polish may give rise to
variations in reflectivity values as for example in gold,
silver, conper, amalgam and golena - all isotropic minerals,
It is realised that the ranges of miecroharidness values are
incomplete, However, it is considercd that ten impressions
made on grains of Jdiffering oricentatioh should give a reason-
ahly comnlcte range - prohably 70 - 80% for most minerals,
It can he sesn from Table XVIII that if the percentage
variations of the Knoop miecrohardness ranges had been taken,
even greater microhardiness anisotropy would have been revealed.
Using such values, several other minerals could be included
in the "anisotropie" group. Such minerals would include
the following: umanzite, tellurium, miargyrite, breithauntite
and lepidocrocite. However, no pecrcentage differences have
been listed for the Knoop microhardness ranges, since
different loads werc used for different minerals,

When the more rcliable Vickers valucs are plotted

against one another (Fig, 19), it can be scen that in general
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TABLE XIX

Variation of the Microhardness Anisotropism of Mincrals with
Crystal Syvsten,.

Crystal Systcn. Average of % No of mineral
Aiffs. of M,H. species taken
Isonetric 23.4 62
Tetrazonal 31.9 17
Hexagonal 31.7 Lo
Orthorhontic 37.6 Lo
Monoeclinie 32,8 28
Triclinic 28.9 4

terms the percentapge Aifferences of reflectivitv increases
with increasing percentage Jifference of microhardness.,

The large sprca’l indicates that indivitually there are many
ninerals which show excentions to this trend. Although
ninerals showing wcak optical anisotropism can have large
ranges of microhardncss, the converse is not true to the same
extent. For most minerals, we nay conclule that nicro-

hariness anisotrony and reflcctivity anisotrony are not
y y
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necessarily sympathetically related. Both reflectivity

and microharcness are fundamentally related to the atomic
structures of the minerals. Whilet reflectivity is
dependent upon such factors as the type and density of
packing of the atoms, microhardness 1s mainly controlled ty
the strength of the weakest bonding of the structure.

Hence it is not surnrising that there are exceptions to the
general rule. On the other hand, the fact thatthc average
percentage picrohardness difference for isometric mincrals
(Table XIX) is lorer than the mean ralue for anisotroplc
minerals is significant. Anisotropisk in atomic structure
is likely to nroduce anisotroniem of bond strength bctween
atoms in the structurc, rcesulting in microhardncss anicotronisr,
It is unlikely that an anisotropic atomic structurc will give
small microhardnecss differences, tut a few cases do occury
such as breithauntite, chalcostibite, niargyritc, telluriunm
and wiangite, Such anomalously low microhardness ronges
would disapncar if cquivalcnt Knoop raluecs were plotited.
Isonctric mincrals may havce atomic structures wvhich produce
anisotronism of bond stringth resulting in large mlcrohardness
variations, The strongth of the microhardéness anisotroplsm
of an isometric mincral will depend upon the complexity -nd
eymmetry of the confizuration of the atoms in the structure.

Thus galena, haring a relativcly simple structure shows
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cater hardness anisotropiswm than chromite having a nore
complex structure. Tablc XIX shows hou the degrec of
anisotropisma of microhardncss in anisotropic minerals 1s
¢irectly rclated to the strength of anisotropilsii or symnetry
of the atonic structurc. Thus the mincrals of the orthorhombic
ané nonoclinic crvstallographic systcis show zrcater aniso-
trooy of ricrohardncsc than nincrals belonging to the
tetragonal ané hexagonal systoeiis. The average v lue of

28,9% for the ani=otropy of microharcness for the triclinic

mincrals is not eignificunt, being the mean derived from only

L values.
C. The relationshin during indentation betwecn deformation
processes and criecntation

In the following sections, Knoop 2nd Vickers micro-
hardness results obtained on oriented sections of minerals
will be described -nd discusced in relation to atomic structure.
lio detalled theories hare been nut foruard to cxplaln the
rncchanism of indentation in ninerals. It is therefore
convenient at this point to outline possible mechanisas of
deformation taking place during indentation. The following
factors arc of obvious importances
(a) the typus and characteristics of novencnt mechanisms in

cryetals,
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(b) the oricntation of these movewent pleonces relative to the
indentetion direction.

(¢) the shane of the indenter.

(a) The tynee nd choracteristics of movwaant mochanisis in

crystals

The followinz tyn.c of novement may occur in mincrals
during dcforiation.
(i) tronzlation slip
(ii) trnelation twinningz.
(iii) mo7crent along narting nlancs.
(iv) novencnt alony clcarage nlanes.

() 710 "w.e.ent alon. Trocturc nlance.

(1) Iranslation slivo

Bucrger (1928) has shoown that mo-rciient occurs by the
slipoing of onc portion of ¢ ecrystal, rclative to another, in
crrstallogranhic dircctions which are parallcl to rous of
consceutivoly litu-charged atoms or ionc in the lattice,
(Fig. 20(a)). DMovement in other directions along the slip
vlanc would bring sinilarly charged ato.s, at some stage,
opposite one another and the resaltant repulsion would cause

cleavege (Figs. 20(a),(c)).



FIG: 20

Glide movements inionic bonded crystals.

(q) - V- = - - - — — ¥ Unlike ions opp:-

4 + + _+_ + .{.. + _!_* translation

- (b)- V= + = + = + _*m{/ke 1ons opp.-
*_1_ — _|_. - + — _{_’ no transialation

(c)- b+ — o — + — _,_* Like ions opp.:-

——————————————— cleavage.

| - FIG. 21
Deformation characteristics of galena

(100) (110) (111)
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The glide plancs znd zlide directions nay thus be
predicted from a nowledge of the atomlc structure.

Bucrger (1928) sunmarized the principles upon which predictions
can be made as follovs:

Miranalation may occur only in thosue crystallographic
direcctions which arc parallcl to rous of consccutively like-
charged ions in the latticc,

"Tronelation will occur along that fully of plancs
containing n translation dircction which has the greatost
interplanar sp~cinz".

Easy flowagc occurs in many layer-lattice structurcs.
Whilst the atoms within the laycrs arce firily bonded together,
the forcce o attraction betucen the laycre is sli-ht.

Movenient ocecurs with great ease along the ploncs betweon layers.
lMincrals haring chain structures tend to deforiz along

plones narallcl to length of the chains. In stibnite, the

bonding betwcen different ch-ins is wealr and translation slip

occurs ~lonz (010) planes in the (001) dircction.

—~

(ii) Translation twinninsz

inm e

Transl-tion twinning occurs by the slinping of altcrnate
layers past one another. Tiinning inrolves o rotation of
the cristal structurce throuzh 180°. 3uch proccisses hove been
shown Ly Buerger (1928) to t-kc placc during the deforiiation of

ephaleritc.
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(1ii) Movewnent alony varting nlanes

In the mecheonisms just deseribed, the movencnts caused no
actual rupturing of the structurc, i.c. the deformation is
cntircly plastic. In mdny nincrals no plancs of casy glldac
cxist and rnovement occurs -long nloncs of wealnese by fracturing

If the nincral cxhibits ne clecarage, dceformation ray talke

placc along porting plancs,

(iv) lovement alons cluavasc plances

Deforration in brittle mincrals occurs by “racturing
~long clearagce ploanes. The more perfect the cleavage, tho
pore casily movenent can occur 2long the planc. In sonmc
nincrals a clearage plane is also a translation planc, as for
cxarple in stibaite. If the dircction of novciwent 1s co-
incident with the translation dircction cnly wninor fracturing
will occur, Hoserent in a clecavage planc not co-incicdent

with a translation nlenc results in clecarage frocture,

(v) horement along frocture plangs.

lMincrale poescseing no glide or clearage vlanes deforn

by Tracturing along irrcgolar pl-oncs not rclated to the atomic

structurc.
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(b) The oricntation of the moverient planes relati¢ to the
indentation dirgction

Fuerger (19238) showcd that a naxinue shcaring corwonent
Tor slin alon. -~ singlc nlone occurs when the shearing forces
arc at 459 to the slin plancs, ~nd a minirum cormonent occurs
when the forces arc pernendicul-~r or a2t right angles to the
slip nlanc. This thcor, was cxp-nded to accomnmodate a crystal
(zalena) having throc nlancs of novenent at right =sngles to
one ~nothcr, the« cubc (100) »nlancs. when the shoaring forcces
arc parallcl ond porpendlcular to the slip plancs 1l.c. at
rizht angles to the (1L00) facc, practic-1lly no novenunt takes
placec. If tre slin plines arc at ansles to the shearing
forces, novceiient will take place, the casc of novement being
greater the ncarer the slip planes nppro~ch to the 45° position.

Although the indonter faccs nake nglces of more than
20° yith the indenter, ve nay concsider that for general
purvoscs the shearing forces during indentotion arc cdonlnantly
rertical., dinor non-vcrticesl frictionsl shoar stresses may
be set up duc to contact betucen the indenter ~nd the nineral
but thes. stresces arc in nost casces insignificant, If a
imincral posscesing onc perfect clearzagce 1s orientcd such that
the cleovaze plancs are perpendicular to the indentation
direction, then cicondary “rictional stresses willl becone

inportant.
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(¢) The shape of the in’énter

The Vickers inventer is a square-tase? nyrani’, the
angle hetwecn opposite faces heing 1360. When the in7enter
is pernenlicular to the surface, each face makecs an an-le of
229 with the surface. Thus the in’entation of a mineral
may ke likene! to thet of a stecply facete? chisel heilng
driven into a piece of wool, Matcerial will he move ! Adownwards
an? outwarls from the first point of contact uring the
indentation process. Maxinum movement in a truly isotronic
medium will occur at the contrecs of the sites. Becausc of
the hich symmetry of the Vickers inlentcer, anisotronic effects
on particular faces will he¢ re'uce” an? this rendcrs 1t morc
useful than thce Knoon inlecnter for Jdetermining 1iffercnces of
microharness betwcen 1iffercent crystal faces of the same
mincral. Inienbtation using a Vickers pyra~i?! may he thought
of as a pressure actin~ uvnon an apnrovimately eguitlimensional
area. Due to complex geometrical consilerations, the
interpretation of Vickers microhor?ness anisotronism with
rotation of the inlenter on narticular crystal faces will
ke Aifficult. The proklern hecomes very commlex when “cecaling
with mincrals exhibiting wore than once glile plane,

The Knoop in'cnter is a pyranil! elongated such that the
angles hetweecn the lonz an?! the short clges are 1729 20' and

130° 00! respectively.  Bloss, Shekerchi an? Shell (1959)
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have likencd Knoop inlentation to that of a wedge bteing

pushed into the surfacc. Thiktault and Nyquist (1947) have
shown that maximum stress Jduring the in'entation of an
isotropic me” ium is concentrate” aljacent to the short liagonal.
Thus maxinum novement of materinl during Knoop indentation is
also close to the short diagonal. Because of the lower
symnetrvy of the Knoon indenter ﬁt is potentially more useful
than the Viekers in’'enter in “etecting nicrcharincss aniso-
trovnism on narticular crystal faces, Knoon in“entation is
hest considerc? as a pressurc acting vertically lownwards upon
ate? area, If the areca contains gli'e nlanc traces
prarallel to the clongation, low hariness shoull result since
the pressure 1s acting upon relatively few glide »lones. Ifr
he zlile nlanc traces are at richt anles to the clongation,
hisher har’ness will rcesult as the pressure is distributed
over a greater number of ¢lilc planes. The Aifference of
Knoop microhardncss values on 'ifferent crystal faces of the
samc mineral shoull ke of she sfihe order as thosc values

obtaine? with a Vickers inlenter.

I, Microharlness values obtainc? on orientel secctions of
mninerals,
(a) General

For sone of the mincrals “cseribe? later thc translation

nlanes an? directions are alrealy known, The microhardness
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results for these minerals are “discussed in relation to the
known translation “data, Mincrals are groupcd accoriling to
their crystallogranhic systems and the microhariness results
together with reflectivity values where measurss may be found
in tables XXI, XXII, XXIII, ¥XIV an? Figs, 10, 11, 12, 13, 1k,
15 and 16. For convenience the results are discussed firstly
in relation to microharincss variations on Aifferent crystal
faces anl secondly in relation to microhariness anisotromism

on particular crystal faces,

(b) Discussion of“th: R-osults

(1) Isometric Minerals

Galena,

Buerger (1928) showc? that plastic deformation in galena
took plnece by gliding alonz (100) an? (111) planes, the
(100) »nlanc kein: of much zreater importance. The trans-
lation Airection in the (100) plancs was found to te
nernendicnlar to the (110).

From Figs. 10, 11 it can he seen that the following

relationship has bcen established:

Hii00y 7 Hairo) > H11n)
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Glide planes were observed around impressions male on
all threec faces. In every casc they parallcled the cleavage
trace Jirections. On the eube (100) face, two faint sets of
glide plane traces wcre observed running parallel with
cleavage traces i.c. at right angles to ons another, The
rhontdodecahedral (110) face showe? one promincnt set of
“islocotions coursins parallel to HSO-Jiphing cleavage traces.,
A weoker set were observed parallel to the vertically dipring
clcavage traces. The two sets of 2li’e plancs intersected
at right angles. The octahelral (111) face gave three sets
of dislocations intersectin: one another at 600, also
paralleling the cleavage traces. Figz, 21 shows diazramat-
ically the relationship of the glile plane tracecs to the
crystallozrarhic dirceti ns in the minerals. The glide planes
were male nmore istinct by light etching with a mixture of
alcohol on? dilutc nitric aci? in the ratio (1L : 3).

Takrle XX shows the close comparison of scratch hariness
values obtaine? by Boiarskaiz (1957) with the Knoon and
Vieckers valucs found in the prescent work. Not only do the
values show thc sarne orser of hardncss for the “ifferent
faces but they also show the samc relative differcncce hetwoen
the faces. Such variations of hardness between the different
faces arc realily explainc? by applying the Bucrger theory of

the deformation of =alcna. Busrger showed that 1little

2
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TABLE XX

Comparison of Indentotion an? Scratch Microhariness Values on
the (100), (110) anl (111) Faces of Galena.

Orientation (100) (110) (111)
Knoop in’entation values 85.0- 68, 5- 62,5~
Kg/mm2 100 =, loa” 79.5 61.5 57.5
Range and Mean 82.3 65.0 60,0
R~tio of Mcans 1.00 0.79 0.73
Vickers indentation valucs 86.5-~ 68.5~ 63,5~
Kg/mm? 100 g. loa” 69.0 63.0 63.0
Range an? Mcan 77.7 65.7 63.3
Ratio of Means 1.00 0.84 0.81
Scratch inlentation values 38,5~ 3k, 2~ 32,7-
Kg/mne 5 5. load 28.6 ol 1 22.1
Ranze an? Mean® 33.9 29.1 27.4
Ratio of Mcans. 1.00 0,87 0.82

¥prter Boiarskaia (1957)
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deformation woul?l occur if pressure were applied perpendicular
to the cube (100) face as the glide planc would be either
nerrendicular or parallecl to the shearing stresses. Maximum
shear stress shoul? occur when all threc glitc planes rake
equal ansles with the pressure lircetion i.e. when the precessure
is perncniicular to the octahcdral face (111).

The relationshin of the gliic »lanc to the in’eontation
Airection is shown in Fig. 22. On the cube (100) face
(Fig. 22(a)) there is 1little ten'ency for movement along the
(100) -lancs in the (110) Jirceticns. Deformation that “ocs
occur 1is presumably, from cbserved glide nlanc traccs, either
along (100) or (110) nlancs. The resistance to gliding
results in the high har'ness value for the cube face,

On the rhombdodecahe’ral (110) face, (Fig. 22(b) ),
leformation occurs alongs two glidc nlanes oriente” at 45° to
the inlentation “irection. Some movenment woul” nresumably
take nloce alon: the (100) planc, as the translation Jirection
is co-inci‘ent with the in“entation lircetion. The lowcr
hariness value for the (110) face, comparcd with the (100)
face, is a roflection of ecasy glide along the two L5°%.Aipping
(100) gzlide planes,

On the octahelral (111) face, (Fiz. 22(e) ), all three
glide »lanes make angles of 350 with t he in'entation Aireection,

Honee all three (100) plancs arc canabtle of ecasy glide although



FIG 22
Orientation of (001) dide planes in galena
with respect to the (100),(110) anci(111) faces.
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the maximun shear stress cannot bte applied to one of the glide

planes. The combine? effect of casy glilec on threc plancs

as conpared with two on tho rhombiloiecaheral face results in a
slightly lowcr hariness value for the octahedral face, relative

to.the rhomhodecashedral facce harincss value,

Sphalerite

Buerger, (1928), showe? that sphalerite Jdeforms plastically
by translation twinnin_; alonz (111) nlenes in a “irection
nernenlicular to (112). Henriques (1957) showe? the Vickers
nicroharness of sphaleritc “dencends unon two factors
() the orientation of the surfacc infente? and,

() the armount of iron sukstituting for zinc in the crystal
lattice.

The following forrulae werc derived to exnress the

hariness valucs for the surfaoce exanined

HV(OOl) = 165. + 16 log C

HV(011> = 187 + 18 log C

HV(117) = 193 + 19 log C
where

HV = Vickers Microhardncss

F¢ content of the sphalerite,

I

and C
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Fig. 12 shows the valuss obtalned in the precsent work
comnnred with the results obtained by Henriqucs. Both
Vickers -~n? Knoon indenters werc use” in the present work.
Whilst in agrecrient with Henriques' work, the (100) face was
founl to ke the softest facce in all coses exeent one, there
appcare?! to ke practically no Aiffercnce in microhar?ness
between the (111) an? (110) faces.  In fact, most of the
results inticate that the (110) face is slightly harder than
the (111) face. The differences arc, however, small, and
well within the prohakle errors of the ncans. The relationship
hetween the hariness on the 7ifferent faces may he summarized as

follows:
Hi111) == Heu1o) > Hroo)

No ‘1islocation¥ nlancs wecre observe? aroun? impressions
made on the “ifferent faces.

Assuning thot s»halerite “oes ‘eform hy translation
twinnings alon:z (111), an? that no other nechanisn of Jeform-
ation woull occur, it is —ossihkle to lerive the theoretical
hariness relationships hcetween the faces. Fig. 23 shows the
relationship of the in‘cntation to the transletion twin plane.

On the cuke face (100) (Fig. 23(a) ) there are four

nlanes of nossiklc translation twinning oricnte? at approx-

inmately 359 to the in’entation. Easy nmovenent can occur
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along cach of these planes an' a low haridness valuc is to te
expected, This is in accordance with the results of Henriques
an’ the prcsent work,

On the rhomhiodecahelral face (110) (Fig., 23(k) ) there
arc four (111) planes which intcrgect the face. Two of these
nlanes 1in vertically an? intecrsect one another at akout 1089,
The other two nlancs moke angles of 540 with the in?entation
direction, Movenient can teoke place easily therefore along
only two planes, A hardness hicher than thot obtained on the
(100) is to be expectel anl this is also in accordance with the
results of Ienrigucs anl the present work,

On the octaheiral face (111) (Fig. 23(c) ), therc are
six (111) nlanes which make angles of 20° to the in’entation
direction. Moverient can teke place only relatively casily
alonz all ofbthe (111) plancs. A har~ness hicher than that
oktaine? on the (100) is to ke expecte? and this is also in
accordance with the rcsults of Henriques, an? the present work,
It is impossible to state with confidence whethcr the octa-
hedral face 1s harder than the rhomblo’ecahe’ral face or hot
from theorctical consi‘crations. It is siznificant however
that Henriques! results arc conparable to the results obtained
by Winkler (1950) on the polishing hardncss of Aiamon? on the
(100), (110) an? (111) faces. Winkler also shows that the

relative hardncess of the faces may he Jerived theoretically
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from the nunter of C - C honls which bind the atoms for each
unit surface, the ratio keing (100) : (110) : (111) = 1,00 :
1.41 ¢ 1.73. The errors of microhardness means in the present
work are probkably Jdue to factors such as zoning i.e, variation
of the iron content in the sphalerite an” excessively coarse

grinding in the initial stages of surface prenaration.

The Spinel Minerals,

The spinels frequently exhibit a weak oetahcedral (111)

[

varting. No translation “ata arc known but twinning is
renorte?, Palache et.al. (1944), to occur along (111) plancs,
The microharness results are summarize” in Tablce XXI.
As the probahle errors of the mean valucs are only slightly
lcss than the 7iffercnees hetween the values, it woul’! he
incorrcet to “etuce significent microharincss lifferences
hetween the 7ifferent faces. Vickers an? Knoop valucs for
maghetite an1 franklinitc indicatc that the cubex (100) face
shows greater harincss than the (110) an? (111) faces. The
snall differences in microhardincss valucs with orientation on
hercynite an? hercynitc-chronite arc not significant, since
reasuring errors on nincrals of such hizh har'ness are of the
sane nagnitulc as the 1iffercnces, The more Jetaile? results
obtaincs? on nnznetite (Fig. 16) inticates the following

rclationship:
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S,

Hoooy Hi110) e H(lll)

No glile plancs were observed around impressions on any
of the nminerals.

The microhardnecss values obtained on the (100), (110)
an? (111) faces of the spinel nminerals vary in a similar manner
to the results ortaine? on the samec oricentations of galena.
This indicatcs that translation probakrly occurs along cube

(100) plancs in the sprinel nincrals.

Mctals havine thoe cubic closc-nacked structure

Translation 1i'ing in metals having the cubic closc-
nackel structure occurs alonz octahedral (111) nlancs in a
direction perpendicular to (211). Two nincrals of this groun,
Zol? an? cornpér, were stulic? anl the results are summarized
in Table XXII an? Fiz. 1k,

From Fig. 1% it can he secn that the nicrohariness of
£old is stronnly depensent upon the load. The type and amount

of hariness variation varics from facc to face so that at 15 g.

At 100 z. loal the followin~ rclatiohship hol”s:

a1y o ®aoo) > Herro)
Knoon valucs at 50 z. loa? confirm this relationship.

Although no ‘letaile? loal/microhardness studes have been

carried out, it has been foun? that the microhardness of comnper
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1s also strongly lepen’ent upon the loal. Vick-rs values at

100 g. loa? inlicatc the followinz relationship
1) 22 Hto) == H(1o0)

Knoop values at 15 g. load inlicate the following

relationship
Hia11y 2 H(110) > Hio0)

Octahe ral (111) gli'e planc traces were observe?l around
rost impressions ma'e in copper, G1lilc »nlancs traces observed
aroun? inpressions nale in goll werce much less distinet hut
anpeare”? to parallecl the (111) ‘irections.

The results for gol? an” corper show only a linited
agrecnent with onc another, Several reasons for these
Aiscoriant results may te put forward: inaccuraciles in
oricntation of the crystal, resulting in uneven stress distri-
butions Jurins inlentation; variations in chcmical composition
over the polishe? surface of the sections: inaccuﬂaes in
leternining the nicrohariness values Jdue to insufficilent
rea’inzs,

In sencral the results inlicatc the following relationships

By > Ba10) # Hoo)

The relationshir» hetwcen the micrchariness values on the

(110) an? (100) faces is indistinet.  For gol”, Heygn)>» H(110)s
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but for co-per H<100) or = H<1OO). Theorctically the
relative hardnesses of the faces shouls approximately
corrcsnhonl to those ohtainc? on snhoalerite. The mo'e of
deformation is howcver differcnt. In sphalcrite the “defor-
nation movenent occurs bty translation twinning in o ‘lirection
perpendicular to (112), whilst in £ol? an’ conner the movement
occurs kv translation :1lidins in a “ircction rerpeniicular to
(211). Ignoring the slightly conflieting Aiffercnces hetween
Heicoy an? Hepqgy for g£olt an? silver, the results arc concor-
lant with the values omtainc? on s~halerite.
Cuprite

Accorling to Palache et.al., (194%L), cuprite shows an
interruntel (111) cleavase an” o less prominent (001) cleavage.
No tronslation latc are known for cunrite,

The “iffercncces of Vickers nicrohariness values ohtained
on the (100), (110) and (111) faces at 100 g. loa? are
within the prob-hlc errors of the merns an? are therefore not
signifieant. At 5C g. an? 100 =. load (Fig. 15) the following

relationshin holls
H100) > a1 > Tai10)
At 15 ¢, and 25 g. the following relationshin hol“s

B 111) > B(110) 7 H(100)
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Knoon values at 50 g, loa?l also agree with the latter
relationship.

Gli'e plrnes werc observed around impressions nale on
the cube (100) face, the treces of which par-lleled the
octahedral cleavege traces, No zlide planes were ohserved
on the (110) and (111) frces.,

On tolance, the results indicate that the following

relationship is »rob-hly voli?
Ta11) > Taio) > Haoo)

There is some evidence of “Jeformation along (111)
plancs. If the total “dcformation occurs along the (111)
plencs, then the latter relationship, Ty analogy with
srholerite, is theorctically to he oxncete’, It is of
interest to compare tho results obtaine? from sphalcrite with
those of cunrrite. Both minerals are isometric an? have
anproxinmotely the some microhardness. Sphalerite shows
consi’erarle anisotropy of microhariness with orientation,
whercas the nicrohardness anisotropy of cunrite is small.
The causc of the Aifference may ke found in the differcnces
hretween the atomic structures of the ninerals. Snhalerite
(Fe, Zn)S has a rclatively simnle symmetrical A-X tync
structurc whersas cunrite, Cu,0, has an asymmetric AZX type

structure, In cupritc the structurc givecs rise to a
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relatively even hondling hetween atons in all Jirections
resultinz in snall differcnces of sheor strength with
orientation. The structure of sphalerite tends to nroluce

an uncvengss of ronding which gives rise to anisotropy of shear

strength in 4different dirccetions.

Fluorite anl Pyrochlore

No translation “ata 1s known concerning cithcr nineral.
Fluorite exhitits a perfect oetehedral (111) cleavage and
nyrochlore a less perfect octahe?ral (111) parting.

Vickers an? Knoo~ nmicrohariness values in T-hle *XIII

inlicate the following relationship for htoth winerals:
H111) .~ H(100)

No glide planes were otserved around impressions ma’e
on 2ither mineral.

If 2eformation during indcntation takces place along
the cleavage »lancs, i.¢. planes of wcakest boniing, then
the atove relationship is concor’ant with those foun? in

sphalerite, goll, copner an? cuprite.
P b it L

Perovskite, Skuttermlite an?' Swerrylite.

No translation “ata are known for thcse ninerals. The
ninerals ¢xhibit the following cleavages: perovskite - (C01),
mserfects Skuttermlite - (001), (011) and (111) nerfcet;

Sperrylite - (001), inlistinct.
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TABLE ZXI

Oriented microhardncss valucs obtaincd on some ncmbers of the

zpinel ninerals.

Mineral

42 3 S S e R S

rlagnctite

Orientation .M.H, Range

and i.can
(100g. load)

e SR e NI % LA £ Y1 ATBI ar vm W Al k. e mmmm. m r oL o

(100) 606 - 575
(110) 566 - 530

(111) 535 - 539
7563

Franlddinite

(100) ook - 763
795

(111) 752 - 720
734

Hercynite (100) 1533 - 1478
1500 1413
(110) 1547 . 1378 1570 -~ 1283
1450 1416
Chromite- (100) 1478 - 1366 1530 - 1291
Hercynitc 1ko1 1406
(110) 1461 - 1320 1530 - 10646
1417 1296
(111) 1333 - 1378 1389 - 1231
1468 1237

Kelnotl, Range
and rican
(100 g. load)

760 - 549
631

695 = 587

619

615 - 485
561

770 - 650
4

69

703 - 607
650

1560 - 1323

B N
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TABLE XXIT

Orientcd microharcness valucs obtained on Gold, Copper and
Cuprite,

- s T T R

X.l:.H. Range
and Mean
(50 g. load)

T T IR}

Oricntation “.liw.il. Range
and Mean

(100 g. load)

e i A N T kTR M W3 P

Minceral

Gold (100)
(110)

(111)

e = e . o LR L BT

694 - 57,1
6

55.1 - 40.8
43,7

M.l - 66.0
757

Conper (100)
(110)
(111)
Cuprite (100)
(110)
(111)
®,

Yalucs obtained

92,0 - 61.0
80.1

A o < e A W I . ram IS D 3 A S LT N -

2086 - 10l
192

190 - 135
187

193 - 184

9]
169

<t 195 g. load.

69.8 - 56.2
63.0

55.1 - M.k
47,1

96,2 - 67,3
78a2

1.9 -~ 52.1%

/ 61.05

&5.%4:55600*

101.0 - 73.2%
37.5

200 - 156
180

199 - 154
181

206 - 193
198
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TABLD AATTT

Oricntced mlcrohardness Values

I30LEBTRIC

o

s m— = -

Mineral Oricntatlion V... Rangc

(100 g. load)

a mira w s o

181 - 174
203 - 17%

(100)
(111)

(100) 642 - 420
(111) 703 - 557

B T T T

(100) 1131 - 1003
(111)

Pluorite

Pyrochlore

Pcrovslkzite

1131 - 986

i . S 5 g LT R sk e

i . o e =ty A WY S N NSRS T 85

T e e e

B TC I NEPOR T . e s e

1102 -
1158 -

e . 2T e

4 cam e aoar e o inom

X.oW.H. Range
(1¢C g. load)

U T T N S

188 - 166%
220 - 180%

549 = 490
634 - L93=

53k
976

(100) 694 - 627

(111) 665 - 599

e ST e e . e - A

(100) 1277 - 960
1225 - 1048

Te=clutterudite

Sperrylite

(111)

lc 345 - 260
193 - 113

Pvrolusite

vy s me e —

1
1175 ~ 1039

vk an Ak em Um: ATA TS e ime e semeicze = At

Hh3%
G5

ﬂ

O

(]
]

765 -

098 - 960

555 - 2hhF
432 - 109%

= -
At 50 e

load.
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ToBELE anIll Contd.

Oriented Microhardngss Values

HEXAGONAL

Mmineral Oricntation J7.iv.H. Range L.ri.H. Range
(100 7. load) (100 z. load)

Apatite (0001)
(1010)

Beryl (0G01)
(1010)

606 - L5k
596 - 426

e e RS MW A N RS TR M L ST m S T AT ST T s

1760 - 1160
1590 - 1402

e T TS < M Tt e i o M e

Corundun (0001)
(1010)

Bskolaite (0001)

(Rt

2598 - 2097
2758 - 2341

Pyronorphite  (0COL)

634 - 403F

635 - 4956%

1430 - 1100
1500 - 1360

O A R v SepE R

2166 - 1751
2470 2166

2861 - 2239 2076 - 2011
(1010) 3087 - 2476 2370 - 1681
262 - 225 oy . oL
(1010) o2 . 186 261 - 168%

Quartz (0C01)
(1010)

h A RS L e A e AR L LA Sk R T P

Tourmolinc (0C01)

(1010)

- - P

it 50 g. load.

1465 - 1265
1561 - 1376

e w me e s ek W M A om i R

1330 - 1150
1450 - 1340

1307 - 1039
1231 - 690

1310 - 1100
14,0 - 1010

e AT e R R AR R oA



Oricnted Micrchardness Talues

03THOAI0IBIC

wp  werem i o R A AN T e oMM L ¥ SRS . A AL

fiinceral Oricentation .ii.H. Range KoliaH. Ronge
(100 g. load) (100 g. load)

T SR 3 AT L S D At LM 2 TE . X B A% MNLDA E. S £ W TR ASAR . WA«

Stephanite (001) 107 « 92.0 120 - bS.H%
(110) 77.0 - 45,1 102 - 37.0"
(C¢10) 78,2 - 47,02 101 - 37.4%

N e e

e w = A wmim L W E wa. WAC e, TX L TE X €T S

(001) 2010 - 1670 17%0 - 1390

3
&
P
)
N

(010) 1750 - 1460 1640 - 1360
(100) 18206 - 1620 1810 - 1240

B T T L T T

1:0: OCLII1C

R R e T L L AT o b e RS e M A | e i 8 S8 L Ak omia Ca L CE M & NG ae TACAEL A e G AT L T mLSE. S PR

Gymatn (001) 47,5 - 30.5 156 - 33.0%
(010) 45,2 - 3L.,8 69.3 - 38,07

e A e . ONE SR AR A oA B o el s NI MR

ronazite (001) 288 -~ 73k 1130 - 829
(010) 388 - 772 1136 - 686
(100) ous ~ 704 1045 - 661

Orthoclasc (GO1) 933 - 6i2 655 -~ 531%
(010) 913 - 62 717 - 423%

(110) 832 - 681 717 - L63E

T T LA L SRR s R W 5 6 MG M e w e WA G PR W T MILME A RN L R RGNS AR CED A% 2. whA B DT T CRTMLS o4 gy
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Jricated Microhardness Falucs

TRICLIVIC

Mincral Oricntation V.ii.H. Range K.ii.H. Range
(100 g. load) (100 z. load)

Kyanite (001) 1190 500 1640 - 400

(010) 1730 - 14380 2320 - 1970

H
J

(100) 2140 - 1100 1910 - 360

A VAL T L £ R, T T S e M A T A N T MR R TR P
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The “iffercnces in rmicrohardness values hetween Aifferent
faces, (Table XXIII), arc sufficiently small to ke within the
nrotable errors of the mean values. Henece no significant
correlation can ¢ ma'e tetween oricntation and mierohardness

values,

Gi) Tetraronal Mincrals

Rutile

Two tronslation twin plancs are known to exist in rutile:
the (011) an? (092) plancs (Palachc et.z2l. (1944) ).,  Rutile
also cxhibits a Aistinet (110) cleavage, a less Jdistinct (100)
cleavage an? a poor (011) cleavaze.

Results in Fig. 16 an? Table X¥IV show the following

nariness relationship hetwecn the faces

"

Heoor) #= H(111) » H110)

Gli'e planes wcrc orscrved around only one impression -
made on the (111) facc. No corrclation could ke estahlished
tetween these dislocation plancs an? the known nlancs of
translation.

The Aifferences between the microhardness values for the
(001) and (111) faces arc comparakhlc to thce prokable errors of

the nmcans an henece no corrclation can te made with orientation.
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The relatively isotropie nnture of rutile is surprising in

view of the potential plancs of twinning ani gliling.

Pyrolusite

Pyrolusitc exhihits a perfeet (110) cleavare. No
translation data are known for the nmineral.

No nrecisc oricntations of pyrolusite were obtained,
However, valucs in Tahle XXIIT show that a section cut parallel
to the c-axis is softer than onc cut perpendicenlar to the
c~axis.

Although some cleavage fracturcs were ohkserved around
impressions made on Lhe section cut merpeniicular to the c-axis
no form of “islocations were ohscrve?l aroun’ impressions nade
on the seetion cut parallcl to the e-axis.

If Acformation “urins inlentation takes nlace along (110)
cleavase plancs, the atove relationship is to be expected,
During inlentation on the (001) facc there is no shecaring
stress acting on the (110) clcavage planes, whilst at the
(100) and (010) faccs the (110) plancs are oricnted at approx-
imately 45° to the inlentation Airecction, As some clcavage
fractures wecre observed around inmpressions made on the seetion
perpendiculser to ths c-aris ond not on the secetinn srrallel
to th. c-cvis, it oy 2lso be inferred that transliation move-
ment o ooceur in a direction parallel to the a-axis,

i.e, perpendicular to (110),
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Cvlindrite

The crystallograrhy of this mineral is not known hut it
exhibits cylindrical structurcs which have a tctragonal
symnetry. Cylindritc cxhibits a cylindrical shell-like
parting which runs parallel to the length of the structure.

Microhariness valucs in Table XXIV show that a section cut
parallel to the length is softer than onc cut pernendicular %o
the length,

Deformation during in“entation has heen observed to occur
by zliding along the parting plones (photos 88,89).

The nmicroharincss valucs arc in accoriance with thcoretical
cxpeetations if Jdeformation takes place by movenent along the
parting plancs. During inventation of the "tasal" scction,
there 1s no component actin: along the parting plancs., This
results in a hizh har7ncss for the btasnl scetion. On the
"arism" section, the amount of shcarin; component acting along
the rartings will “coen? unon the "derth of cut" of the section
(Fig.21(2)).In Fig,21(4) (1) 2nd-21 Ha dhich hariness will result
as the shuaring force is cither parallcl or perrendicular to the
narting nlanes. Minimun har”ness is a»»roache” when the nart-
ing nlancs annroach the 459 nwosition. This theory offers an

ex»lanation for thc largc rangce of microharincss valucs,



FlG. 21(A)

THE ATTITUDE OF THE CYLINDRICAL
CLEAVAGES TO THE INDENTING

" DIRECTION ON PRISMATIC SECTIONS
OF CYLINDRITE
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TABLE Xal7

The variation of microhardne<s nd reflcoctivity velues with
oricniation

LERLGUIAD

MoEE R T T XS AT ke A LS TRAE. T L M WMASall A6 A REINN L ETSE A M. b L TR A TR AL it AR WA B R MRS Y | S T B3

inersl Cricatation V.i.H. K. H. ], valucs
T Eup Valucs (white light)
(10C z. (airs.
load) loads)

Lema vt oW TMELeL mox L3 L % e mmmime e b R e e MmO s m 3. wAr W e e vaam ER —m am s N T T T e P

Crlindrite (¢ lenoth)
clage. L
length
ding./ 50,
lengzth

(L longth)  114-74.5 178-94.6 33,5~
05,1 135 31.

[ . m N wtva . v e e

© amra e o, -

Rutilo (001) 1041-933 1138-1005 21.6
983 1078

(111) 1056-974 1138941 22,2=-20,7
1015 104G 21k

e T L W Sl ATl o A SRS W W s e e A L e A N S R e ae et

HI4n GO AL

Covellite (0001) 128-93.&  163-127 17.7
110 12

Henatite (GOOL) 957-914  976-812 26,k
ok0 884

(103o) .
diag. /4 c I 1018-920 1195 23.9

Luiy e

diag./ a | 963 962 25.3

D S e TR G S A W L m e UK TS WL G A S A 00 S D S+ T R i gt b AL 38
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TABLL aXIV_ Contd.

HEAAGONAL

— [P S S e e - LAt

[ -

Mineral Cricntation VelieHa Ko1:aHa Ry valucs
Valucs Valucs (vhitc
(1007, (dairrf, light)
load) loads)

e T T T e T e et e

Molybdenite  (0OOL) 74.0-33.0 23.5-17.0 46,6
5.3 0.5

(1010) |
diag. /c | 9,7l b 50.1 16.2
Clag. fa { 5. 3.7 31.7

3

O T I TS e o L T ey

e SAL s AERARe S e . ACTER A et st rp e J. - - am e o e

Porargyréte (0001) 108-100 177+95.0 31.5
104 107

4 x 26.9
fa ! 119 3h,1 30,0

Oy~
[45)
T
o
-
(S5}
(@]
1
-
O
(@2
-
G
(@2

e

Pyrrhotitc (0001) 3k3-297 368-322 434

-

L5 240 L.kt

A 2 A ot

wurtzite (0001). 26k-245 28%5279 18.2

yES 167-146 227 17.7
¢y 156 133 18.2
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TABLL 3XIV Contd,

0WHORHOWBIC

P N T e - e R | ki s W M A B ME g . S AR LT L. oUe e Sl MLN A W

e mies 4 mmem o e e wEssi

Mincral Oricntation Toliola Keliakia Ry Talucs
Talucs Talucs (white
(100g. (aire. light)
load) londs)

Beurnonite (ooL) 175.-159 199152 34 9- 34.3
164 3k, 6
(01oy btk . ‘o
C 19 'n“'l 3 2 i D
diag 2 J’ 180 175 35.0
(LL0) 133-168 204177 3,73k,
176 187 34.

. w— cwaim m —aemoa A 3 A n A R o, A ALEL A - e e L m e oA

Chalcocite (gel) 85 .4-65.5 94.0-3%.0 29,1=28
793 90.0 28,8

cie el 8C.2-62.7 57 30.7
diag. /o ! 743 103 29.5

M A A i A SA W RS R E e A e A A e S-S . e B T m mim s

L e

Enargite (ool)
cizof o 407-376 363 23.1
€1ag.ﬁ b 391 363 26,8

P

(016) . .
dlqgoﬁ a 4 276-168 367 26,7
diaz. /¢ ) 205 146

(120) |

diag.déb 3028334 %S

e st

dicm.

/

A B A T AR e B A A A RSN LT 4% o Ak oh. AL s LeB. & - S-aat . . s o

Tlvaite (eeL) 772-703 750-653 10.5
741 699

. 3703 569 i
ciag.ffc | 725 832 10.7

T . - N T P P e . T L R e s V)

Jrem—
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TAEPLE XTIV Contd.

ORTHORHOMBLC

FoTHR ST L TRATEL S L R AR LM WL W e e TR T T W MR R AN MG B R e W P 3 M SECGRL WRA ivee A W WS R g G R R MMM M s

Mineral Oricntation TaMl, Ko.li.H. R% Values
“alucs Telues (white
(100g. (airf., 1light)
loxd) loads)

Manganite (Q01)

, H 782-673 465 17.5
ding b | 725 700 15.8

P a 772-651 L00 16.6
ai~g e 727 640 20.8

cicg. /AT C3=703 79P 14,5
dieg. fc 1 700 22,0

A A L Lt e e L AT T L e} AR G T L AR AL i o AT A £ ok R wm. e S e s o Y ORSSE  ecimes  mTie a ais e e AL L G . s . M S

lianganotant- (001) ,
alite diag ﬂ al )1M 363 520 1
olag,[/b 130 1013 1

(1C0)
Ql% .4 D) L38-370 962 15.7
g. el 431 309 16,4

G\

o1
1

(010) ) .
clag. /o 373-335 543 e
(1::,//0 361 3356 —E

A A e B W e AT LR A W mm T R S R e M 6 14 A RO MR R M MMM R el MBI molraaE. W B .M = At A 2

Marcrsite (001)

ul?gaé;d} 1256-797  1185-1093 4k, 0
ai-g. 4y 1043 1135 49,6

(Qlu)/
\1~5 é

(100) .
ding. 4/ b) 1250-1033 1120 4L8.0
diag. f c{ 1135 1470 43.8

- e e . - SR Ll T I 52 AR A - AL RIS e N3 i

1285-742 1321-1077 ba. 2
1053 1183 51.6

\—«.n_..-

arce not concordant with crystollogr-phic
DITLS,

.
}.’,L 1 1‘1 °



~-137=~

TABLE XXI Contd.

OATHOAHOMBIC

Mineral Orientacion

AT AN . LI, TR T Wi S e AR A e T L e S St e

TalwaHe
Valucs
(100,
load)

Stibnite (001) ;

2 o
dimgs. 457 axcs
dlag.f b/

- i L
dlag.ﬁELz

(010)
diag. f,c’
dtg.fa}
(100)
C‘iﬁ.go I/;{C Y
diag. //bj"

e - -

69.0
92-69
80

110-70
82

129-112
120

Biszuthinite (0Q1)
diags.45% axes
ciag. /b
ding, #a>
(910)
diag. 4 c i
diag./ at

(100)
G\.i ag o ,—’,{’! C ‘L
diag. /f b 3

67.0
216-67.0
120

95-60
75

160-120
145

T T W G PR ; R i N

)

P

KoelioH,
Yalucs
(éirr.
loacs)

RY Values
(vhite
1light)

118 30.7
50 36.0
30 40.0

113 37.6
62 42,5

145 3h,5

170 35
32 Ll

75
60

108
217

B ey
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TAPDLE xAT7 Contd.

MOITOCLIITIC

Mineral Orientation T tia1l, Kol H. % Talucs
Talues Talues (vhite
(100 =, (ciff, 1ight)
load) loacs)

Arsenonyrite (Q10)
dia;:a_f/ a s
/e

diag. fc

1060

52,0
1345 3

1206-1056
50.3

1120

(100)
Glag.// by
diag. fc)

(1OL)

~ o (9]
570 L&
1

.0
1350 F6.3

aia’. //’ b

Hubnerito

ddag.d 03
diag. f/c.’

(010)
diag. a

oIS —
397-351
371

302-235
291{,

327-297
307

A 3w A MT.Ms A R MDA SR LY T T WL A ke

807

53.0
1345 ’

—c

500
456
456

15,1
16.1

360
360

%03-315 -
355 -

ER.gx, and Rpip, not concordant with

crystallogrannic axcs.
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(ii1) Hexagonal Minerals

thehexagonal mincrals studic? may ke conventionally
subliviilc! into grours as follows:
(2) those on which refleetivity mcasurenments have been Acter-
ninc? for the hasal (0001) ani prisn (1010) faccs,
b) thosc¢ on which no rcflectivity measursmnents have heen

Agternine?,

(a) Mincrals on which microharincss an’ roflectivity valucs
have hecn corralate

The following rminc¢rals are incluicd in this groun:
Covellite
Haonmatite
Molyhkdcnite
Pyrarsyrite
Pyprhotite

Wurtzitc

The translation characteristics and nmicrohar'ness results
for c¢ach minegral arc “iscusse? below, and this is followed by

a 1lscussion of the rusnlts of the whel: group.

Coveollite

Translation in covellite occurs along (0001) planes in a
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dircetion perpendiecular to "(1010), Randohr, (1951). It
nossesscg a rerfect tasal (0001) cleavage.

The hasal face (0001) shows a higher harncss than the
nrism (1010) face - sce Tahle ¥XIV,

On the hasal facc no well cfine? glile plancs were
okserve? hut on the prism (1010) scetion, markc? slip nlanes
parallsl to the (0001) clcavarc eoul’ ke cloarly scen,

(rhoto 80).

The results are in agreement with thecorctical cxmsctations
tased on the assunmption that Acformation movoment Auring
inlentation occurs alon: hasal (0001) plancs in o (1010)
1irgetion,  On the btasal section (0001), the in'entation
direetion is per-cnliicular to the plane of moverent. The
tronsletion plancs thercfore take no componcnt of the shecring
foreces an? hich hariness rcsults. On the wris~ face (lOTO),
the indentation dirccetion is co-inci“ent with the translation
*ircetion. This moverient occurs morce casily in this dircetion
resultines in lower har’ncss. Refleetivity valucs, (white
light), are hizher on the prism face (1010) than on the rasal

face (N001).

Hematite

Tronslation in hematite is rerorted to occur along (0001)

nlanes in a direetion pcrpeniicular to (1010), Ram?ohr, (1951),
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Hematite exhitits no clcavage btut sometimes shows partings
parallcl to (0001) and (1010) Aue to twinning.

The Jdifferenc.s of microhar’ncss betwecn the hasal and
the nprism faces are relatively small, the nrism facec heing
glizhtly harder than the trasal face, (Tahle XXIV),

No lislocations were ohservel around impressions ma’'c on
egither face,

The results arc not in agresnmont with theoretical expect-
ations btasc¢? on the assumption that Acformation ocecurs along
(0001) planes in “dircctions perpendicular to (1010), It
seems nore likcly that movement may occur along other —lanes
such as the (10T0) ~lanes bty translation twinning. Prossure
twinning in coruniun, which is isostructural with henmatite,
1eforms under pressure alonz (0001) an?t (1010) planes -
Palnche ct.al., (1944), If deform~tion “uring indentation
docs occur along hoth these plancs, then the relative theoret-
ical hardnesses of the faces can he assessci, On the basal
face, six (10I1) planes woul? be orientc? at approximately
45° to the inlentation lircetion. On thc »nrism face, two
(10I1) planes woul? ke oricvnted at about 45° to the indentation
dircetion an? the remaining four woull form very small angles
with the in'entation 1irection. In al'ition some glidling
woull occur alons tho (0001) plancs in the (1010) directions.

The hasal face (0001) shows a higher reflectivity than the
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prism face (1010).

Molvhdenite

Deformation in molyhdenite occurs by translation along
(0001) planss, (Palache et.al, (1944) ), the translation
lircetion is per-endicular to (1010). Molyhienite exhibits
2 perfect basal cloevagc.

Microhariness voluss in Tahle XXIV shows that the hasal
face (0001) is haricr than the prism faoce.

GliZing alonz (0001) plancs was ohserve? aroun’ all
inpressions ma“e on the (1010) face.

The microharlness results, which arc entirely anayéous
with those of covellite, arc in agreement with theorctical
expectations, hasced on the assumption that gliling takes place
along (0001) nlancs, Reflecetbivity velues for the hasal face

(0001) arc hizhcr than those obtaine? on the prism foce.

Pyrarsvyrite

Pyrargyritc exhikits a perfect (1011) clcavage and a less
1istinet (0112) cleavage. Prcssurce twinning occurs along
(10I%) nlancs, (Palache ct.al. (194%:) ).

Microhar'ness valucs in Tahle XXIV in?icate that the

wrism face (1010) is slightly harier than the hasal face (0001),
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No “islocations werc ohserve” aroun? any of the
inpressions.

The results arc in agreerment with the theoretical
assunption that ‘eformation takes placc by gli'in: along
(10T%) plancs, On the basal face, six (10I4) plancs arc
oriente” at about 75° to the inlentation ‘irection. On
the prism face, two (1014) plancs make angles of about 15°
to the in'entation lircction an® the remainin~ four are
oriente? at very small angles to the inlentation ‘irection.
The tasal facc (0001) shows a hirher reflectivity than the

prism face (1010),

Pyrrhotite

Pyrrhotite oxhitrits a parting parallel to (0001),
Translation 31i?ings is reportce? to occur along (0001) plancs
in a 7lirection perpcnticular to (1010), (Ram’ohr, 1951),

Microharincss values in Tablc XXIV in?icate that the
kasal face is harder Tthan thc prism face.

No glile planes werc observe?! aroun?! imprcssions made on
either the prism or the basal faces.,

The r.sults are in agrecrncnt with theorctical expectatlons
base? on the assumption thot zliding during “ceformation occurs

along (0001) in a direction pervenilicular to (1010), It is
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of interest to compare the present results with thosc ohtained
by Bowié anl Taylor, (Takhle XXV).

TABLE XXV
Conmparison of the microharncss valucs obtained by Bowic

and Taylor (1958) an! the present writer, on orientz? sections
of pyrrhotite.

Bowie an? Tayvlor Young
Isotropic 318 - 280 (o0C1) 348 - 297
sections 303 321
Anisotropic 259 - 230 (1010) 259 - 234
scetions 248 2Ly

The results for pyrrhotite show similar iffercnces
of microharincss with orientation comparce? with the values
obtaine' on covellite an” molyhicnite. Raflectivity valucs

on the prism face ar¢ highcer than thosc on the hasal face.

Wurtzite

Wurtzite exhihits a perfeet (1120) cleavage, an’ a
partins parallcl to (0001), No translation ‘ata arc
known for wurtzitc.

Microharincss raesults in Table XXIV inlicate that the

tasal face is considerably harder than the nrism face.
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Dislocations have heen observed (Photo 262) running
parallel to the traccs of the (1120) clcavare.

The results are in azrcencnt with the theoretiecal
expcetntions hasc? on the assumption that movenent Auring
inlentation occurs by gliling alons cither (1120) or (0001)
planes, or toth, On the tasal face (0001), the (0001) planc
igs perpenlicular to the in’cntation lirection and the (1120)
cleavages arc parallel to the inlentation “ircetion, As these
are only ninor shearinsg components on either of thaese planes,
hich hardness results. On the »rism facc (lOTO), the hasal
plane cleavages (0001) arc parallcl to the inlentation direction
and thercefore carry 1little shenring component. Two of the
(1120) cleavage nlancs are oriente” at 60° to the in?entation
Airgcetion.  The third (1120) planc is perpeniicular to the
indentation and carrics 1ittlc shcearing component. Deforn-
ation on the prism face §2 thercfore slightly casier and
results in lower har’ness. Reflcetivity on the rasal

face is slichtly higher than on the prisn face.

Discussion

The minerals may he sub-"ividel into two zroups
according to their mo’le of Acformation. Covecllite,
molytlenite and pyrrhotite all deform by translation along

(0001) plamss in direections perpeniicular to (1010), The
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basal sections for these minerals are considerably harder
‘than the prism faces. Hematite, pyrargyrite and wurtzite
deform along planes other than the hasal cleavage,
<'Pyrargyrite and hematite, having pyramidal glide planes show
greater hardness on the prism faces than on the hasal faces,
- Wurtzite, having prismatic and-‘tasal- glide planes, shows
greater hardness on the basal face than on the prism face.
There appears +to be a united correlation between the
hardness and refleetivity vdlues-btetween the groups. Of the
group - covellite, molybdenlte, pyrrhotitej covellite (in
white light) and pyrrhotite show an ‘increase in reflectivity

from the tasal face to the prism face, and molybdcnite-exhibits

~———

the reverse relationship. Hematlte, pyr#gyrite and wurtzite
all show an increase in reflectivity from the prism face %o
the hasal face, The relationships are summarised in

Table XXVI,
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B TABLE XXVI

A comparison of reflcectivity an! nicroharincss 1ifferences
on the hasal (0001) an? prisn (1010) face of six hexaronal
minerals,

Mineral Reflectivity (white heat)  Microhardness
Besal to Prisn Basal to Prism

Covellite

Fyrrhotite

Molyr lenite
o Wurtzite

Hematite

O g oo g = -
- - O g g uJ

Pyrsrzyritc

I = Increase D = Decrease,

(t) Mincrals for which no reflectivity valucs are availahle

The following minerals are incluilc? in this groups
Apatite
Beryl
Corun”un
Pyromornhite
Quartz

Tourmnaline
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Bervl, Juartz and Tourmaline

Microhardness values in Table XXIII indicate that
there are no significant differences between the basal and
the prism faces for these minerals.

Quartz shows no well defined cleavages., Bervl
sometimes exhibits an imperfect (0001) cleavage and
tourmaline has ill defined (1120) and (1¢T1) cleavages.

No translation data are known for any of the minerals and
no glide planes were observed around impressions made in
the minerals.

The results are in accordance with theoretical

xpectations, None of the minerals has any well defined
structural weakness an exnression of their complex silicate

network type structure.

Pvromornhite and Anatite

Microhardness values in Table XYIII indicate that
the basal faces are harder than the prism faces.

Apatite shows an imperfect (0001) cleavege, and a less
perfect (1010) cleavage. Pyromorphite exhibits weak (1070)
and (10I1) cleavages. No translation deta are known about
the minerals and no glide planes were observed around
impressions.

The results are in accordance with theoretical
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expectations if the assumption is made that deformation during
indentation occurs along cleavage planes. For apatite, on

the basal face, the cleavages (0001) and (1010) are
perpendicular and parallel to the indentation resulting in
high hardness, On the prism face, the (0001) cleavage is
parallel to the indentation direction but the (1010) cleavages
make angles of 300 with the indentation direction. The
combined result:'gives a lower hardness for the prism face
than for the basal faces, For nyromorphite, on the basal
face, the prismatic cleavage is perpendic-ler to the inden-
tation direction but the (1011) cleavages make anzles with
indentation direction.  On the prism face, both the (1010)
and (10T1) cleavages moke angles with the indentation direction.

Thus the basal face is horder than the prism face,

Corundum

Microhardness values in Toble XXIIT indicate that
the prism face is harder than the basal face.

Corundum exhibits a weak parting parallel to (0001).
Pressure twinning is known to occur along (10I1) and (0001)
planes, No glide planes were ohserved around impressions in
corundum.

The results are in accordance with theoretical
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expectations bhased on the assumption th-t gliding takes

place along (0001) and (1011) plenes. On the basal face,

the (0001) plenes are perpendicular to the indentation
direction. Six (10T1) planes form angles of apoproximately
60° with the indentation direction. On the prism face the
(0001) planes are parallel to the indentation direction.

Only two (10I1) planes form angles of approximately 300 with
the indentation., The four remaining (1011) plenes form very
small cngles with the indentation direction. Thus the total
shear component is greater on the(0001) face than on the (1010)
face and this results in the (0001) face being softer than

the (1010) face.

(iv) Orthorhombic Minerals

The following orthorhombic minerals were studied:
Bournonite
Chalcocite
Enargite

Manganite

Manganotantalite

Stephanite

Stibnite-Bismuthinite

Topaz.
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" Bournonite

Iwin gliding in bournonite is reported to occur along
(110) planes, Migge (1920)., Bournonite exhibits a perfect
(010) cleavage, and less perfect cleavages parallel to (100)
and (010), Palache et.al. (1944).

Mierohardness values are given in Table YXIV, No glide
nlanes were observed around the impressions. The differences
of microhardness values are insufficiently large to be
correlated with orientation of the glide planes., Movement
con take place 2long the (110) twin glide planes and also
along the (010) cleavages. It is therefore surprising to

find bournonite relatively isotronic in microhardness,

Chalcocite

Pressure twinning in cholcocite is reported to occur
along (201) and (131) planes, Migre, (1920). Interpe.e-
tration twinning 2nd clecvage occur most commonly along
(110) planes,

Microhardness values in Teble XXIV indicate that the
basal face (001) is harder than the prism face (110), If

deformation occurs by movement along (201) and (131) planes,
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then the hardness of the basal and prism faces should be
approxim~tely the sanme. Strongz perting planes were
observed, photos 52, 53, around indentntions made on both
faces, but no glide plones were observed. These parting
planes are probably due to o fine lamella intergrowth of
digenite along (111) planes.

Oriented Knoop microhardness values obtained on the
(110) fece, Table X¥IV, indicate a plane of weakness where
traces are parallel to the c-axis. Detailed orientation
studies of the diagonal lengths of indentations made on the
(110) face, Fig. 56, also indicate that movement occurs along
planes porollel to the c-axis.

Thus, the results of the present studies indicate that
movement bv translation twinning along (201) and (131) planes
during indentation is not immortant. Rather they indicate
that movement occurs nlong planes perallel to the c-axis,
probably along (110) planes. This conclusion is substan-~
tiated by additional evidence given in Chapter V, based on
the shape of Vickers indentations made on the (110) face,

Fig. 56.

Fnargite

No translation data are known concerning enargite,
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According to Palache et.al. (19%44) enargite possesses a
perfect (110) cleavage, less perfect (010) and (1.00)
cleavages, and an imperfect (001) cleavage.

| Microhardness results in Trble XXIV indicate the following

relationship:

Hooor) > H(o10) == H(100)

Numerous (110) cleavage fractures were observed around
impressions made on 211 the faces, (photos 97 - 102).

The above relationship indicntes that movement during
indentation mny take place by movement along cleavage planes,
particularly the (110) cleavage pl-ancs. On the (100) and
(010) faces, the (10C), (010) and (001) cleavages are either
parallel or perpendicular to the indentation directions.

The (110) cleavages form angles of approximately %5° with the
indentation direction. Maximum shearing component takes
place along the (110) plancs and low hardness for the (100)
and (010) faces results. On the (001) face, the (100),
(010) and (110) cleavages are parallel to the indentation
direction, whilst the (001) cleavage 1s perpendicular to the
dircction. Since no shearing component can occur along any

of the plancs of movement, high hardness results.
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HManzanite

Translotion gliding has been ronorted to occur along
(C10) plancs in a dircetion nerpendicular te (001),

Mgge (1920)., lkanganitc cxhibits a perfcct (010) cleavage
and lcss perfect (1L10) and (COl) cleavages.

Microhardness results in Table XAI/7 indicate the
Tollowing relationship,

Hi100) > H(o1o) == H(po1)

Cleavage fractures wrerc observed around inpressions on
all faccs.,

The results arc consistent with translation rioveilent
during indentation takinz place olong the (010) glide planes
in a dircetion perpondicular to (0CL). Soize novoment may
clso occur along the {110) andé (001L) claavage plancs. On
the (001) fzee, the (010) twin glide plaone and the (110)
cleavages arc parallcl to the indentation dircction. The
(001) cleavage is permendicular to the indentation direction.
Movenent will oceur relatively casily along the (01L0) glide
plene as the translation and indentation directions are
coincicdent.  On the (010) face, the (010) glide planc and
the (001) cleavage ~re respectively pernendicular and parallel
to the indcentation dircction. The (110) cleavages form

Kal
A

anglcs of approximatcly 45Y with the indentation direction.
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On thce (100) face, the geonectrical configuration is sinmilar to
that on the (010) face except that the (010) twin glide planc
is narallcl to instcad of perpendicular to the indentation
dircction. The (001) Tace shows a louw hardncss because casy
translation takes place along the (010) plancs. High hardncess
7alucs on the(l00) face, relatire to those obtalned on the
(010) facc, arc attributed to the difficulty of movencnt along
the (010) pleones, in dilrcctions perpendicular e (100).

On the (010) facc lower hardness is causcd by cas lateral
povement along the (010) nlancs in dircctions perpendicular

to (001),

Mancantantolite

Translation zlidinz in Columbitc-Tantalite is reported
to occur alonz (100) plancs in éircetions perpendicular to
(001) @nd (010)., Migzce (18%90). Columbite-tantalitc cxhibits
a distinct (010) cleavage and a lcss distinet (100) cleavage.

Microhardness results in Table XHIV and indicate the
following relationship

Hego1) == H(zo0) > H(010)

Miarohardness values obftaincd on oriented sections of

various nmei:pers of the colurbite-tantalite serics

(Table R4XT7IIT) show the following relationship,

Heoor) > H1oo) > H(oio)
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The results are in agreement with theoretical
expvectations based on the assumption that translation gliding
takes place along the (100) plane in the (010) plane, but
not, as reported by Migge, in the (001) plane. On the (001)
face, the (100) twin plane and the (100) and (010) cleavages
are parallel fto the indentation. If, as Migge has reported,
slip occurs easily along the (100) glide plane then low
hardness should result. However, the (100) face exhibits
the highest hardness of the three faces. On the (010) face,
the (100) glide and cleavage planes and the (010) cleavage
planes are respectively parallel and verpendicular to the
indentation direction. Miigge revorts that translation occurs
along the (010) direction in directions perpendicular to (100)
which is coincident with the indentation direction. Low
hardness for the (010) face is therefore concordant with this
data. On the (100) face, the (010) cleavage planes and the
(100) twin and glide planes are respectively parallel and
perpendicular to the indentation direction. Deformation
during indentation is presumably restricted to lateral movement
along (100) glide planes in directions perpendicular to (010)
together with slight movement along the (010) cleavage planes,
Such limited movement would be in agreement with the inter-

mediate - high hardness value for the (100) face. The high

hardness value for the (100) face is not in accordance with
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translation perpendicular to the (001) in the (100) glide
planes, It is therefore considered, in the light of the
present work, that translation does not occur easily in a

direction perpendicular to (001).

Stephanite

No translation data has been reported concerning
stevhanite, but twinning along (110) planes is known to
occur commonly. Stephanite also exhibtits imperfect (010)
and (021) cleavages, P=lache, et.al. (194k).

Microhardness results in Fig. 1% and Tahble ¥XIV indicate

the following relationship
Beoor) 22 1o)== Hro10)

Extensive gliding occurs around impressions made on the
(110) and (010) faces, (vhotos 226, 227). On both faces the
glide »lane traces are parallel to the c-axis, suggesting
that movement during indentation occured along nrismatic
planes, No similar glide planes were observed around
impressions made on the basal face,

Microhardness values and observed glide plane data
indicate that deformation during indentation occurs by

translation gliding along (110) plenes. On the bhasal

section (001), the prismatic glide planes would be parallel
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to the indentation direction. No shearing component would
‘occur along these plenes and a high hardness value for the
(001) face will result. On the (010) and (110) faces, some
of the pnrismatic twin planes would make angles of 300 with
the indentation direction. Considerable shearing component
wonld occur along these nlanes and this would result in low

hardness values,

Stibnite~-Bismuthinite

- Translation gliding in these minersls has been renorted
by Mgge (1898) to occur along (010) nlanes in a direction
perpendicular to (001), Stibnite and bismuthinite both
exhibit a perfect (010) cleavage, and less perfect (100)
and (110) cleavages.

Microhardness values in Fig. 13 and Teble XXIV indicate
the following hardness relationship for stibnite and
hismuthinites

Stibnite:-

He100) > H(o10) == H(oo1)
Bismuthinite:

Ho100y > Heoor) > Horo)

In general, the microhardness values obtained on the

(100), (010) and (001l) faces of bismuthinite are equal
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or higher than the corresponding values for stibnite.
Thelgreatest and least differences of microhardness values
occurs for the (001) and (010) faces respectively.

No glide plenes were observed around impressions made on
any of the faces, but considerable cleavage fracturing occurred
around impressions made on the (100) and (010) faces. on
the (001) faces only minor (010) cleavage fracturing occurred
(photos 25, 26, 231, 232). On the (100) faces considerable
fracturing parallel to the (010) cleavage traces was observed,
(photos 27, 28, 233, 23%). A prominent cleavage fracture
nattern, cleavage traces being parallel to the axis, was
developed around all impressions made on the (010) faces,
(photos 29, 30, 230, 235). The cleavage pattern is probably
caused by a basal (001) varting since no known twin or
cleavage planes can account for this phenomenon.

The microhordness results and observations of indentation
characteristics indicate that gliding during indentation occurs
along (010) planes in the directions perpendicular to (C01),
On the (001l) faces the indentation and translation directions
are coincident and the resultant casy gliding during inden-
tation gives rise to low hardness values. The absence of
prominent (010) cleavage fractures around impressions made on
the (001) face is further evidence that the translation

direction is pervendicular to (001), On the (100) faces,
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the indentation and translation directions are perpendicular
to one another. Translation perpendicular to (100) is
difficult and nigh hardness values result. The resultant
strong clecavage fracturing around impressions in accordance
with the principle expressed by Buerger (1928), i.e. that
movement in the glide plane in directions other than the
translation direction results in instantaneous cleavage. On

(010) face, the indentation direction is pervendicular to

(e}

the
the (010) translation plone. (001) cleavage fractures around
impressions indicate that movement has ccecurred by rupture of
the chain structures along preferrcd parting planes. Lateral
movement =2long the (010) planes consceuently becomes casier.
The elongation of the indentations in the (001) direction
indicates flowage olong the (010) planes in directions
perpendicular to (001). Hardness values for the (010) faces
are therefore considerably lower than those obtained on the
(100) faces.

Differences of microhardness between stibnite and bismu-
thiite may be accounted for by differences in the bonding
strengths between atoms. Perfection of cleavage 1s a
function of the strength of the atomic structure of a crystal.

It is wcll known that stibnite possesses a more perfect

cleavage Shon bismuthinite. If the metallic radii of
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bismuth and antimony are compared, Bi = 1.55, Sb = 1,45,

o
It

Evans (1939)¥, it can be appreciated that such a difference
could well account for the difference of cleavability.

The structure of stibnite-bismuthinite is that of a chain
elongated in the direction of the c-axis. An increase in
covalent radii, caused by the substitution of Bi atoms for

Sb atoms would increasc the distance between Bi atoms and

8§ atoms and therefore reduce the strength of the individual
chain structures. However, the substitution of Bi atoms

for Sb atoms wonld also decrease the strength of the repulsive
forces between adjacent chains and would therefore increase
the strength of the weakest bonding in the mineral. Hence
deformation on the (001l) and (100) faces of bismuthinite is
slightly more difficult than on the corresponding faces of
stibnite. This results in higher microhardness values for
bismuthinite than for stibnite. 0On the (010) faces deformatim
is controlled by the ease of ruvture of the chain molecules.
This results in very similar hardness values for btoth minerals,
stibnite, having the higher chain strength being slightly
harder than bismuthinite. The irrecgular nature of the
deformation on the (010) faces is reflected in the large
scatter of the plot of load against hardness for the (010)

ENo data on the covalent radii of Sb or Bi are available. It

is assumed that the covalent radii will have approximately
the samc difference ratio as the metallic radii.
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faces in Fig. 13.
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orientation will be discussed later in the chapter.

Iopaz

No translation data are known for topaz. It exhibits
a perfect basal (001) cleavage, Winchell (1951).

The microhardness values in Table XXIII indicate the

following relationshivo
Too1) 2 Frrooy > H(or0)

No glide planes or cleavage fractures were observed
around any of the impressions.

The results indicnte that deformation during indentation
takes pleoce, to a limited extent, along (00Ll) cleavage planes.,
On the (001) face, the indentation direction is perpendicular
to the cleavage and high hardness results. On the (100) and
(010) faces, the (0C1l) cleavage is parallel to the indentation
dircetion and somec slip along the (001) cleavage planes occurs
resulting in slightly lower hardness values, The slight
difference in values on the (100) and (010) faces indicate

that the direction of easiest slip is perpendicular to (010).
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(v) Monoclinic Minerals

The following minerals were included in the present

studiess
Arsenopyrite
Gypsum
Hubnerite
Monazite
Orthoclase
Arsenopvrite

No translation data are known concerning arsenopyrite.
It exhibits a distinet (101) cleavage and a poor (010)
cleavage, Palache, et.al. (1944).

Microhardness results in Table XXIV indicate the following

relationship:

Ho10) > H100) == Hiiop)

No glide planes or cleavage fractures were observed
around impressions made on any of the faces tested.

The results indicate that movement during indentation
may take place along the (101) cleavage traces. On the (100)
face, the (101) cleavages form two sets of planes meking angles
of ebout 300 with the indentation direction. Similarly on the

(101) face, the (101) cleavage planes form a set of planes
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making angles of about 30° with the indentation direction.
Thus rel-tively easy slip occurs along the (101) planes and
low hardness values for the (100) and (101) result. On
hoth faces, the (010) cleavage is parallel to the indentation
direction, On the (010) face, the (010) and (101) cleavages
are resnectively perpendicular and parallel to the indentation
direction. No shearinz component can tnke nlnace along these
plenes and high hordness results.

There appenrs to ke no correlation between hardness and

reflectivity results.

Gynsum
No translotion deta are available for gypsum, It
exhibits a perfect (01C) cleavage and imperfect clecvages
parakllel to (100) and (I11), Winchell (1951),
Miecrohardness values in Table XXIII indicate the
followving reletionship:

Heo10y 2 Eoon)

The difference of hardness of the two faces is very small,

No glide nlanes were observed. On the (001) face,
(010) cleavege fractures were strongly developed around
impressions,

The results indicate that movement during indentation
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occurs along (010) cleavage planes. Gypsum has a very

weakly bhonded chain tyne structure which gives the mineral

its low hardness. This low strength of the basic unit of

the astructure reduces hardness anisotrony to a minimum, On
the (001) and (010) faces, the cleavage plancs are respectively
parallel znd perpendicular to the indentation direction.

Whilst on the (010) face, the lattice of the mineral presents

a facet of the structurc which has to ke ruptured before
indentation can take place, the (001) fare presents a structure
vher: gliding is immediatelv possible. The difference of
orientation results in o slichtlv higher hardness pernendicular
to the cleavage than parallel to it. This is in agreement
with the hardness data for other minernls posssssing one

perfect cleavage, for example, molvbdenite and covellite.

Muepnerice

Vo translation data are known for the mineral.
duebnerite exhibits = perfect (0LO) cleavage and partings
parallel to (100) and (102).

The microh~rdness values in Tablec ¥7IV and the valucs in

Fig. 65 for various members of ths huebnerite-ferberite series

indicate the following relationship:

H001) 7 Heoro) > Hi100)
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No glide planes were ohserved. (010) cleavage fractures
occurred around impressions made on the (0C1l) and (100)
faces.

The results indicate thnt movement during indentation
tokes ml-ce along (010) clecavage plancs. Basiest
translation takes placec along the (100) direction, On
the (100) and (001) faces, the indentation directions are
parallel to the (010) cleavage plancs. Higher hardness on
the (001) face compared with hardness values obtained on
the (100) face indicote the translation direcction is (100).
Translation perpendicular to this translation direction is
difficult, as described in mangantantalite. On the (010)
face, the (010) cleavagcs are perpendicular to the inden-
tation direction. Indentation on the (010) face 1is
inhibited the resistance of the structure to rupturec.

After rupture has occurred, lateral movement takes place
along the (010) planes in a direction verpendicular to
(100), resultinz in hardness valucs intermediate between
those obtained on the (100) and (CO1) faces,

There apnpcars to be no correlation between hardness

and reflectivitv results.

Orthoclase and Monazite

Vickers and Fnoop microhardness valucs shown no
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significant variation with orientation, The ranges of
values on the faces are more a measure of the irregular
nature of the deformation during indentation. Orthoclasec
exhibits a perfect (001) cleavage ond less perfect (010)
and (110) cleavages; monozite exhibits partings parallel
to (001), (010) and (100). The relative "isotropism of
microhardness’ of these minerals is probably o reflection

of the complex network type structurc of these mincrals.

(vi) Triclinic Minerals

Kvanite

No translation data are ecvailable for kyanite. It
exhibits a perfect (100) cleavage, a less perfect (010)
cleavage and a basal parting (001).

Large ranges of microhardnecss for the individual faces,
(Table XXIII), due to anisotropism with rotation of the
indenter, cause considerable overlap of values.

No glide planes were observed but consideresble cleavage
fracturing occurred on all the faces.

From the results it may be concluded that the direction
of easiest movement is perpendicular to (001), The mineral

exhibits twc good cleavages, (100) and (010), and as the (100)
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cleavage is more perfect than the (010) cleavage, it scems
reasonable to expect morc movement to occur along the (100)
plancs. On the (001) face, these two cleavages are

oriented parallel to the indentation direction, Translation
along these planes in the (001) direction results in low
hardness values.

The old greck name for kyanite is "disthenc", which
literally translated means "two strengths™. Kyanité has come
to be known, in the mineralogical ficld, as the classic
example of a mineral showing hardness anisotropy.

Winchell (1951) gives the variastion of scratch hardness for
the (001), (010) and (100) faces as follows: on the (001)
face, H = 5.5 parallel to the b-axis, and 6.5 porallel to the
a-axis< on the (010) face, H = 6 parallel to the c-axis, and
7 parallel to the a-axis: on the (100) face, H = L4-5
narallel to the c-axis and 6 - 7 parallel to the b-axis,

Knoon =znd Vickers valucs for the (010) face indicate
that movement is difficult in the (010) direction, tn the
(100) face, the indentation direction is parallel to the
(010) cleavage, but perpendicular to the (100) cleavage.
Little movement c¢-n or~ur on the (107) plenes and high

hardness for the (10C) face results,
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E, Varistion of Microhardness on Particular Crystal Faces

(a) General

The Knoop indenter was used in prefercnce to the Vickers
indenter for detailed studies on particular crystal faces
because of its lower symmetry. However, some anisotropy
has been observed using the Vickers indenter on those
minerals showing strong Knoop microhardness anisotropism,
Tables X¥XI - XXIV and Figs. 25 - 45 illustrate the variation
of Vickers and Knoop microhardness on particular crystal
faces.

In the following pages the results shown in Tables X¥III,
XXIV and Figs. 25 - L5 are described and discussed in relation
to the orientation of cleavage and glide plane and directions.
No mention of known translotion data is given except in cases
where the mineral d-ta has not been described in the previous

section.

(v) Theory

No theories have been put forward relating the micro-
hardness anisotrony with rotation of the indenter on particular
crystal faces. It is therefore convenient 2t this point to
discuss the theoretical microhardness variations that would

be causcd by differences of orientation of the glide and
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cleavege planes and directions, different shapes of indentersg,
and valiations in the direction of indentation.

In most of the minerals discussed later, there is usually
one plane of weakness or of easy glide which is more strongly
developed than the others. The following theory has been
Geveloned for Knoop and Vickers indenters used on mincrals

showing one preferred nlane of weakness,

(1) Minerals with onc preferred vlane of weakness

ndenter diagonals narallel and perpendicular to the

(1) I
traces of a vertically divping vplane of weakness
r

ig. 2% shows thot when the long diagonal of the Knoop
indenter is parallel to the cleavnge trace, Position A, the
number of lines (cleavage traces) per unit area is less than
when the lorg dicgonal is at right angles to the cleavage

traces, Position B. The "nressure" of the indentation in
9 I

(

postion A is c-ncentrated on relatively fecw dislocation

planes and deformabtion occurs easily resulting in low hardnesc
velues., In position B, the "pressure" 1s spread over a
considerably greanter numher of dislocation plancs and total
deformation is lcss easy, resulting in higher hardness values.
Due to the higher symmetry of the Vickers indenter, the

Vickers hardness values will be identicnl for these posicions.



Variation of the No.of MPTRAE

with direction of indentation.

VICKERS.
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N
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(2)  Indenter dingonals at 45° to the traces of vertically
dip»ing planes of weakness

From Fig. 2% it can be seen that for the Vickers indenter,
a slightly greater number of planes per unit area are covered
when the diagonals are parallel and perpendicular to the
plones of weakness than when the indenter is in the hSO
position, Position C. 4 lower hardness is thercfore to be
expecte? when the indenter is in the 450 position. TFor the
Knoop indenter, a greater number of movement plane traces per
unit area are covercd in the 45° position, Position C, than
when the long diagonal is parallel to the cleavage traccs.
This results in a higher hardness when the indenter is in the
#50 positicn relative to the hardness value obtained when the

indenter is in Position A,

(3) Indenter diagonals parallel, perpendicular and at 450
to the troces of inclined plancs of movement

The same relative hardness values should result as those
values given for the positions as described in sections (i)
and (ii). Shonld other planes of potential movement exist
then the theoretical hardness values would have to be modified

to take into account movement along these planes.
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(14 ) Indenter perpendicular to the plane of easiest
glide or greatest weakness

Little or no movement can take place along the plane
of greatest weakness and the indenter will tend to pick

out differentially the other planes of weakness.

(ii) Minerals showing two preferred planes of weakness

(1) Indenter diagonals parcllel and_pervendicular and at
459 to two vertically dippving clecavagcs at right angles
to one another.

An example of such an orientation configuration would be
the basal section of a tetragonal mineral showing promin%%
(110) cleavages, The number of cleavage lines per unit
area is greater when the disgonals of a Vickers indentation
are parallel to the clcavage traces than when the diagonals
are at 45° to the diagonal traces. Thus the Vickers
microhardness is greater when the diagonals arc parallel
to the cleavage traces than in the 45° position. With the
Knoop indenter, the number of cleavage lines per unit area
is slightly greater in the 450 position than when the
diagonals and cleavage traces are coincident. Thus the
Knoon hardness in the 450 position is greater than when the

diagonals are parallel with the cleavage traces.
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(2 ) Indenter diagonals parallel, perpendicular and at 45°
to two inclined cleavages that are at right angles to
one another '

A similar example of such an orientation would be the
front pinacoid face of the tetragonal mineral. The
negative hardness results would vary in a similar manner to

those discussed in section (a), (i), (ii) and (iii).

(3) Minerals showing more than two cleavages.

On faces where three or more glide planes intersect
the surface of the mineral, the mode of deformation will
become so complex that no significant differences of Vickers
microhardness will occur. The Knoop indenter will tend to
pick out the small microhardness difference, low hardness
values being coincident with cleavage traces.

It is realised that the above theory has taken no
account of the effect of subsequent elastic recovery after
indentation. As elastic recovery is also dependent upon
orientation, a few apparently incongruous hardness values
may be expected to occur in practice in contradiction to

the theory outlined¥.

% In the later text, for the sake of brevity the word

"No of M.P.T.P.,A.E.I." will be substituted for the phrase
"Number of movement plane traces per unit area enclosed by
anfl indentation".
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(c) Results _and Discussion

(i) Isometric Minerals

The following isometric minerals were examined for

microhardness anisotropism on different crystallographic

faces:
Copper Perovskite
Cuprite Pyrochlore
Fluorite Skutterndite
Galena ‘Sperrylite
Gold Sphalerite
Halite Spinel Group

Cuprite

Fig. 25 shows the relationship between microhardness
and orientation of the indenter on the cube face (100) of
cuprite. It can be scen that the following relationship

is shown by both Vickers and Knoop indenters:
H100) > H(100)

No significant differences of microhardness were detected
on the octahedral (111) and rhombdodecahedral (110 faces.
It has olready been noted that dislocations occur around

indentotions made on the cube face. The traces of the



FI1G. 25-CUPRITE

/ICKERS
(100)

100 100
o . Q //al o
0 100 200 0 200
1604 FlG. 26 FLUORITE
K NOOP
(100)
100 , & /2,
100 180
FIG.28 HALITE 451 /a,
20; la KNOOP VICKERS
(100) 17- (100)
10-
161
0 Ja, //a,
0 20 16 17 18




~175=~

dislocations arc parallel to the octahedral cleavage.
If movement is assumed to have occurred along these vplanes
then Knoop results are in agreement with the proposed theory.

The Vickers results however aore contrary to expectations.

Fluorite
No significant variations of microhardness were found on
the octahedral (111) face. On the cube face, Fig. 25,

Knoop values indicated the following relationship:
T100) > (110

These results are in accordance with results obtained on
cunrite. As the mineral has an octahedral cleavage it 1is
not unreasonnble to expect movement during indentation to
occur along these plancs. If this assumption is correct,

then the results are in agreement with expectetions.

Galen

o

The following results arc indicated from the results
in ¥igs. 10, 11z
Cube face (100);
N t the load
HK(loo) ;ﬁ HK(llO) (Cependent upon the load)

V1100 > HV(100)
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Rhombdocecahedral face (110);

HX H

(110) =~ oy u50y 27 B0y

Bt w50y > 009

Octahedral face (111);
HX HK —
(112) 7 K(llO)
HV- A ':Q': H -
(T20) (at 15° to 110)

The following discussion is based on the assumption that
galena cdeforms during indentation along (100) planes in
directions perpendicular to (110), as described by Buerger(1923).

On the cube face (100), differences of Knoop micro-
hardness results obtained when the indenter is in the (100)
and (110 positions, appear to be dependent upon the load -

(Fig. 11, Vickers microhardness results are not in
accoraance with the proposed theory. The number of cleavage
traces (planes of movement) per unit area is greater in the
{100) nozibtion than in the (110) position. Hence the theor-

etical hardness relationship should he as follows:
7. HV
o0y 2 W (1109

Sich conflicting rcesults are perhaps evidence of movement
along other planes and in other directions, during indentation.

Buerger (1928) shows that deformation can occur also along (110)
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planes. As translation along (001) planes is difficult, the
(001) planes are parallel or perpendicular to the indentation
direction, it seems highly 1likely that deformation would occur
by movement along (110) plancs. If movement 2long these
(11¢) planes does not occur then the No. of M.P.T.P.A.E.I.
in the (110) position is greater than in the (100) pesition
and is concordant with the Vickers microhardness volues,

On the rhombdodccahedral face (110), the Vickers and
Knoon results are in agreement with the proposed theory,
In the (100) position, the No., of M.P.T.P.A.E.I. for both

indenters is a minimum resulting in minizum hardncss. In

2

the 45° position Knoop and Vickers indentations contain a

higher number of movement plancs per unit area resuliing in

ol

higher hardness than the (100) position. Incon indentasions

S

ey

in the (110) vosition contain a maximum No. of ¥,P.7.P.A.E.T.
and give maximum Knoop microhardness.

On the octahedral face (111), the Knoop wvesults ars in
agreement with the proposed theory. In tihe (710) wosition
indentations contain fewer movement planc tracesz per unit
area than in the (112) position rcsulting in o higaer Knoop
microhardness in the (112) position, Due probakly to the
higher symmetry of the Vickers indenter, no significant
differences of Vickers microhardness were cetbzetad. This ic

in accordance with theoretical expectations., as the
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No. of M.P.T.P.A.E.I. for the two positions are approximatcly
the same.

In Fig. 27 the variation of Vickers, Knoop and
Scratch microhardness values with orientation are compared,
gravhically, against one another, Differences between
Vickers and EKnoop values may be ascribed to the differences
in symmetry of the indenters. Thus, on the (111) face,
no significant voariations in Vickers microhardness were
discovered as compared with the six-fold microhardncss
anisotropy shown by Scratch and Knoop microhardness results.
A comparison of indentotion and Scratch hardness results
shows that the positions of maximum and minimum are dependen:
upon the mcthod of determination of microhardness. For
example, on the rhombdodecahedral face (110), the positions
of maximum hardness for the Scratch, Vickers and Knoop
techniques are respectively (001), at 45° to (001) and (110,
The positions of maximum and minimum hardness on the (100 ans
(110) faces for indentation and scrateh techniqdés are
reversed. On the (111) face the positions of hardness
maxima and minima for indentatiocn and scratch techniques
are coincident, minima positions corresnonding to cleavage
trace directions. Summarizing, the diagrams in Fig.
show how the microhardness anisotropism of galena is

devendent upon the individual characteristcis of the method
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" of testing.

Halite
Vickers and Knoop microhardness results, in Fig. 28,

show the following relationshin for the cube (100) face:
H H
(100) 7 H110)

Halite exhibits a perfect cubic (100) cleavage.
Deformation experiments by Buerger (1930), and Tertsch (1930),
have shown that movement during deformation takecs plece along
the following planes: (110) planes, in a direction perpen-
dicular to (110); (001) planes, in a direction perpendicular
to (110); and (111) planes.

As the atomic structure of halite is similar to that of
galen2, and has a similar (001) cleavage, it seems reasonable
to exnect that translation movement wonld occur most easily
along (001) nlanes.

The recsults indicate that deformation takes place mainly
along (110) and for (111) plones - in agreement with the work
of Buerger and Tcrtsch. It should be pointed out that 1little
movement is to te expected to take place along (001) planes
ns these nlanes are oriented parallel or perpendicular to the
indentation directions. The high hardness parallel to (100)

therefore implies that 1little movement takes place along the
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159 dipping (110) planss, and consequently that most of the
deformation movement occurs along (111) planes.

It is surprising to find this reversal of Knoop micro-
hardness maxima and minima compared with similar results
obtained on geolena. However, it is of interest to note
that Boiarskaia (1957), also found a corresnonding reversal ol
scratch hardness anisotronism between halite and galena.

This reversal of microhardness anisotronism indicates a

different mode of deformation for halite.

Other isometric minerals tested.

Many other 1sometric minerals were examined for micro-
hardness anisotropism of particular crystal faces. The
following minerals were examined; the spinels, gold, copper,
pervoslkite, skuttermndite, sperrylite, pyrochlore and sphalerit-
No significant microhardness anisotropy of particular faces
was found on any of the abovc minerals. Considerable
orientation work was carricd out on sphzlerite crystals of
differing iron content but no significant variations of Knoorp
and Vickers microhardness were found with rotation of the
indenters on the faccs tested, i,e. the (100), (110) and (111
faces. These results are in agreement with t-ose obtained

by Henrioues who found no significant Vickers microhardness
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variations on the (100), (110) znd (111) faces with rotation

of the indenter.

(11i) Tetragonal Minerals

The following tetragonal minecrals were examined for

microhardness anisotrovism on different eryvstallographic

Tacess
Anatase Pyrolusite
Cassiterite Rutile
Chalcopyrite Scheelite
Cylindrite

Cylindrite

As exvnlained previouslv, this mineral has been included
into the tetragonal zroup of minerals, because of the
tetragonal symmetry that the cylindrite structures show.

The results in Teble YXIV indicnte the following
relationships for the "bosal" and "prism" faces:

On the basal face,

HK . HX
diog./ cleav. traces) < "a1ag. 1 cleav. traces)

On the "prism" face

HK(diag° 1 cleav. traces) HK(diag.&Vcleav. traces)
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Reflectivity values indicatec the reverse relationship for
the prism faces. No significant Vickers microhardness
variations were found on the "basal'" and "prism!' faces with
rotation of the indenter, duec probably to the higher symmetry
of the Vickers indenter.

The above relationships are in accordence with the
proposed theory on the assumption that movement takes place
along the cvlindrical partings during indentation. On the
basal and prism faces, Knoon indentations whose long diagonal-
are narallel to the cleavage traces enclose more movement
plane traces per unit area than those whose long diagonals

are perpendiculer to the cleavage.

Pyrolusite®

The results in Table XXIII indicate the following
relationshio on the (001) and (100) faccs:

On the (001) face;
HK(diag, 1 cleav., traces)” HK(diag.AV cleav. traces)
On the (100) face;
HE (41ag. 1 cleav, troces) ./ HK(diag.AV cleav. traces)
Thus in bhoth instances the microhardness variations arc

®The specimen of pyrolusite examined showed only one
vrismatic (110) cleavage instcad of the normal two.
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in accordance with thc »ronoszd theory, on the assumption
that movement during indentation takes plzce along (110)
cleavage planes, Minimum microhardness occurs when the
long diagonals are parallel to the plancs of movement and
hence enclose a minimum number of movement plane traces per
unit area.

No signific-nt Vickers microhardness variations were
found on the faces tested due probably to the higher symmetry

of the Vieckers indenter,

Other tetragonal minerals tested

Several other tetragonal minerals were examined for
Viekers and Knoop microhardncss anisotropism but no signi-
ficant variations werc found. They include the following:
anatase, cassiterite, chalcopyrite, rutile and scheelite,

(1ii) Hevazcenal Yinerals

The following mincrals were examined for microhardncess

anisotropism for particular crystal faces:

Apatite Molvbdenite
Beryl Fyrargzvrite
Cinnabar Pyromorphite
Corundum Pyrrhotite

Covellite Quartz
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Descloizite Tellurium
Eskolaite Tourmaline
Hemat ite Wurtzite

The minerals, for the purposcs of discussion arc
divided into three main groups as follows:
(1) Minerals exhihiting a basal cleavage or parting,
(2) Minerale having structural weaknesses in planes
other than the bascal plone,
(3) Minerals which exhibit no vnronounced structural

weaknesses,

(1) Mincrals exhibiting = basal cleavage or parting

The following minerals are included in this groups
corundum, covellite, eskolaite, hematite, molybdenite,
pyrrhotite and wurtzite.

The results in Tables XXIII, XYIV and Figs. 29, 30
for these minerals indiczate a much lorger anisotropism of
microhardness on the prism (1010) faces than on the basal
(0001) frces. Several minerals, for example wurtzite
(Fig. 29) show practically no anisotropism of microhardnecs:
on the basal faces.

Knoon values on the prism faces of wurtzite and pyrrhotite
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show the reverse relationship:

HK HK
(long diag./ﬁ'a—axes)‘:> (long diag.AV c-axis)

These relationships‘indicate that deformation movemen.
occurs more easily 2long prismatic vlancs, than along basal
planes, Additional studies, thc results of which arc giver
in Chavnter V, confirm these conclusions.

Knoop values obtained on the prism faces of hematite,

molybdenite and covellite indicate the following relations”

HK . . HK
(long diag. Jf c-oxis) 7 (long diag.// a~axes)

Corresponding results obtained on eskolaite and corundum
were inconsistent and therefore not considered to bhe
significant.

The results are in accordance with the proposed theory,
on the assumption that deformation during indentation talkes
place most casily along the (0001) planes. When the long
diagonal of a Knoop indenter is made parallel to the hasal
cleavage traces on a prismatic (10IC) face, a small number
of movement plane traces per unii area is enclosed by an
indentation resultineg in low hardness. When the long diag-
onal is verpcndictlar to the clecavage traces, a large nunter
of movement plane traces per unit area is cnclosed and high

hardness results., The percentagc Knoop microhardness
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anisotropism on the prism faces appeors to be related to the
strength of the cleavage or parting, (Table XXVII),

On the basal faces, the microhardness variations are
small due probably to the "isotropic" noture of the structure.
The indentation direction is perpendicular to the planes of
movement and thus deformation occurs with equal difficulty
whatever the orientation of the indenter. If movement during
indentation can occur along secondary movement planes then
slight anisotropism is to be cxpected. Thus pyrrhotite,
Fig. 30, shows a twelve fold Knoop microhardness rosctte on
the basal face, the low values being coincident with the
(1120) cleavage traces and (10T2) twin plane traces.  Such
microhardness symmetry is in full agreement with the proposed
theory.

Vickers microhardness results for minerals showing
pronounced (0001) clcavages or partings i.e. covellite,
molybdenite, pyrrhotite and wurtzite show similar but less
well marked trends to the Knoop results, Prism sections
show a greater range of microhardness than the basal sections.
Corundum, eskolaite and hematite,minerals having vrismatic
and pyramidal glidec, twin and cleavage plancs in addition to
(0001) basal partings, show approximateiy equal mierohardness
anisotropism on the basal and prism faces. Such relative

equality of anisotrovnism is mainly duc to two factors:-



-187-

(a) the complex nature‘of deformation movements during
indentation and
(b) the high symmetry of the Jickers indenter.

The nicrohardness results in sone ways parallel the
rcflectisity values obtained on the same niinernls.  For
exazple, the basal scctions, which give isotropic reflectivity
values, exhibit relatively small microhardness variations.
Prisr: scctions show larger microhardncss ranges which may
be correlated to corresponding anisotropy oi reflectivity
results. The orientation of winima and maxima of reflec~
ti7ity and Knoop microhardness values arce in most minerals
rcversed, l.c. méximum reflectivity is coincidont with

pinirun Knoon microhardness.

(2)  Minerals having structural weaknesses in planes other
than the basal plane

The following minerals are included in this group;

cinnabar, pyrargyrite and tellurium.

Cinnabar
Cinnabar exhibits a perfect (1010) cleavage. Mo
translation data are¢ available concerning the nineral.
Fig. 31 illustrates the variation of Kncop uicro-

hardness with rotation of the indenter on the (12011) foce.
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TAaBL XVIT

Mineral Type of clcavage or parting % Knoop% icro-
Palache et. al (1944) hardncss Aniso-
tropisn.
Molybdenite Very perfect (0001) cleavage 96.5
Covellite Highly perfect (0001) 59.0
cleavage
Wurtzite Perfect (1120) cleavagce; 41.3
poor (0001) clecavaze
Corundur Parting (0001) soictines 29.1
distinct
Pyrrhotite  Parting (0001):less perfect 22.8
(1120)
Uskolaite  dealt parting (0001)F 20.7
Hemntite Jealr partings (0001) and 20.0
1“11§

“ifter Kuaovo ané Tuorelainen (1958)

~

Fat

The percentnze of Knoop micrchardncess anisotropisic is
derived by dividing the raximun differences of Knoopn
ricroharcdness values obtaincd on the (1010) face by the
hizhest Knoop microhardncess 7alues obtained on the prisn

facc,



~189-

On the (10I1) facc the (1010) cleavages Torm two scts of
traccs intersecting at -~ small anzle, 40°, the cleavages
dinoing at akout 65°, The third cleavage dips at a
shallow angle and the traces bisect the acute angle betwoen
the other tvic cleavage traces,

Minima end maxima of reflectivity wvalues corrcspond witl.
ninina and rmaxima of Knoop microhardncess values and they are
oriented at rizht anpgles to one another. Mininun Knoop
nicrohardness occurs vhen the long diagonal of the indenter
is parall.l to the traces of the steeply dippling cleavages.
The results are in accordance with the proposcd theory on tho
assurption that movercnt during indentation takes place alonz
(10I0) cleavages. when the direction of the long diagonal
of the incdenter bisccts the traces of the stecply dipping
(10I0) cleavages, the murber of (1010) vlane troces per
unit arca cnclosed by an indentation is o ninirum, resulting
in low hardncss. shen the diagonal i1s perpendicular to
this nositicn, a noximw. nusber of (1010) cleavage plane
traces per unit arca arce cnclosed by an indentatlon cccurs
resalting in moxinur hardoncss. An unus:ial feature of the
"rosette" cof microhardnoess is the "squarencss™ of the shapc
of the graph. The large range of high micrchardness is
probably duc to the fact that over this particular range of

orientations of tho indenter, the number of novenent planc
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traces per unit area encloscd by indentations, 1s approx-
inately constant, Furtheroore, when the long diagonal
of the indentcer 1s parallel to the position of r.oxipun
hardncess, it 1s also parallel to the cleavage traces of the
shallow dipping (10I0) cleavaze and thus the meximun hardness
is reduced.

ilo significant wvariations of Vickers nicrohardness with

rotation of the indentcer were obscrved.

Pyrarzyrite

Fig. 32 shows the wvariation of Knoop rlcrohardness with
rotaticon of the indenter on the (1010) facc., The following
rclationships arc indicatoc

B (rax) - long diag. J/ c-axis.
HK(’{;in.) - long diag. // aA-0XCS,

Corresponding reflcetirity results show a reversal of
mexima and minima volucs. The nicroharcéncss results
indicatc tThat noverent durinz indentation takes place along
(10I%) twin »lancs and/or (1011) =nd (01I2) cleavag. plancs.
then the long dingonal 1s parnllel to the a-axcs the number
of povement plancs, l.e. (10I%), (10I1) etc., per unit arca

¢nelesed by an indentation is a miniown, resulting in

vininun rnicrohardness values, tThen the indenter is at
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right angles te this position, 2 naxioun nuocber of movement
planc trocecs are onclosed by an irnression and naxinun
nicrohnrdncss results. flo significant variations of

ficlzers microhardness were found on the (1010) Tace.

Telluriun cxhinits a perfect (10T0) cleavage and an
irperfect (0001) cleavage, Palache, ct.al. 194k, Fo
translnation dat~ arc available concerning tellurium,

]n

O

2]

Fiz. 33 ors the variation of Knoop nicrohardness
valucs with rotation of the indenter on the (1010) faces.

The {~1lowvins rclationshios is indicateds
Hﬁ(max) - long diag // 2=aXCS

" . - » 3
HX(:1in) - long dlag.AVc-a31s.

These results are in accordance vith thcoretical
cxpectations based on the assunption that defcrmation during
indentation occurs wmeinly along (1010) »lancs. This
assumption is substantiated by the prescnce of (10T0)
cleavage fracturcs acround the iuzpressicns. Thus, vhen the
long dingon~l of the indcnter is »narallel to the c-axis and

at the same tirce, parnllel to the vraces of the inclined

(1010) clearage plancs, a ninirme o, of L.P.r.P.i.B.I. Occurs

[

and minipun hardness results. Jhoen the indoenter is
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perpcndicular to this position; the nusber of wovement plonc
traces cnclosed 1s a oaxiran ~nd naxirour hardness rcsults.
Ho significant variations of 7ickers rmicroh~rdncss were

detected on the (10L0) face.

(3) Mincrals which exhibit no pronounced structural weaknoess

The follouing nminernls are included in this group;
anatitc, bervl, desclolzitc, nyromornhite uartz and
= 9 9 PR = b
tourcaling,

~

fone ¢f the above nincerals display proninent cleavages

Y

or partings and no tronslaticn dnata arc knowm concerning them.
It is thercforce not surnrising te find that no significant
variations of Knoop or Vickers nicroh-ardness ﬁith rot~tion

cf the indenters on porticular faces were found, Thus thc
results arc o reflection of the isctropic nature of the

physic~l strength of these nincrals.

L o, 3 - -
(iv) Q;ghgdiggp Minerals
The following minernls were cxanined for microhardness

anisotropisr: on particular crystal fnaces.

Bismuthinite Il7aite
Bournonite Mangonite

Brookite Mangantontalite
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Chalcocite Marcasite
Chalcostibite Stenhanite
Cubanite Stibnite
Enargite Topaz

Bisruthinitc-5tibnite

Fig. 3% shows the Knoon and Vickers nicrohardness

T
variations with rotation of the indunter for the (001),
(010) and (100) faces of bisituthinite. In addition
oriented Viclkers anc¢ Knoon microhardness w7alues togcether
vith corrceponding roflcetivity 7alucs ~re given in
Table ZXIV, Fig. 34 shows the relationship betwecn Knoon
1lerochardness valucs :ha reflectisity valucs obtained on the
(001), (010) 2nd (1l00) fT:zces of stibnite.

On the (001) faces, the following Knoop milcrohardness

relationships arc indicatcds

HK .

HR (:-ax.) vhen long diag. }/ b-axis
T s - .
HE(:in.) when long ding. // a-axls

Thest relationships indicatce that casy noveiment during

indent-tion takes place nlong (010) planes in the (001)

direction. wWhen the clongation is parallcl to the b-axis
the No. of .P.T.P.A.L.I. 1s a nmaximu: rcsulting in

raxinue icrohardness. A vinimar: o, of HMLP.T.PLAELI.
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cceurs “hen the elongation is pﬁrallcl to the a-axis
resulting in ninipun hardness.

On the (010) faces, Knoop micrshardness valucs for
stibnite and bisnuthinite arc in poor agrecicnt., For
both nmincrals, naxinuw: Knoop microharéness occurs in the MSO
position, In the cricntations vhere the elongation of the
indenter is parallcl to the ¢ and o axcs, the results are
in juxt-position. This disparity of results oy be
cxplnined as follows: lMoveront during indentation of the
(010) facc is initiatcd by rupturce of the choin structures
along (001) ~nd (100)(?) partings and followcd by lateral
gliding a2lon; (010) plancs in directions perpendicular to
(oo1). ~s the (001) parting is more strongly derclopec in
bisputhinite than in stibnitc, 2 lowcr Knoop microhardness
for the (010) scction of bisputhinitc is to be expected in
the "a" axes direction. Sollg inherent wcakness occurs
prrallcl to the c-~xis, cither in (100) or (110) ploncs as
clearage fracturce were observcd around inpressions whosc
traces parallel to c-cxis. Thus, lowcr harcdncescces
parallcl to the ¢ and a axes, and naxinw: hardness 7alucs in
the 459 nosition, are in ~ccordonce with the proposcd theory
asswiing that noveoocnt talkes place aleng (001) and (100)(%)
partings., If noverent were to take place along only one

se¢t of planes then the positicn of maximurm nicrohardness
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, o .
yould not be at 45 to the axcs.
On the (100) facc, the follouing EKnoop nicrohardncss
rclationshins arc indicated;
1K ; ;
I*(mwx,) when long dlag,/ b-axis

hK(min) vhen long diag. // c-axis.

The rcsults are in accordance with theoretical cxpect
ations bascd on the assunption that novement occurs along
the (010) plancs. The ifo. of 1.P.T.P.4.0.I. 1s a nininun
vhen the clonzation is parallcel to the c-axis nnd o noaxiing
at right angles to this position.

On the (001) and (100) faccs, reflcctivity maxima and
minica are in roversc positions to the Knoop microhardncss
naxina 2nd ninina, On the (010) facces, the positions of
maxirwsi and mininun Knoop ricrohardness arc not coincicent
with the positions of maxima and winine of reflectirit;.

Vickers ricroh-rdncss results show ho significant
‘7eriations on the (100) face. On the (001) and (010)
Taces, the fcllowing relationships are indicatods
On the (001) face,

B.V, (ax.) - diags. / Q¥GS,

H.V, (rin.,) - diags. at 45° to axcs.
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On the (010) face,
H.V. (max.) - diags. at 45° to axes.
H.V. (nin.) - diags. [ axes.

The results on the (001) facc are in accordance with
theorctical expectations but the results on the (010) fac:
arc contrary to expcctations. A greater No. of M.P.T.P..
occurs when the diagonals are parallcl to the axcs than i
the 45° position. Thus the relationship derived from the
proposed theory is directly opposed to the actual result.

No explanation for this contradiction can be given.

Bournonite

No significant variations of Knoop microhardness wex
found on the (100) and (010) faces.

Fig. 35 shows the slight variations of Knoop riicro-
hardness on the (001) face. Minimunm wmicrohardness occur
the 45° position which is coincident with the traces of t
(110) twin glidc planes. A noximur rmicrohardness occurs
when the clongation of the indenter 1s paraliol to the
a and b axes. Thus, on the assumption that movement d
indentation occurs along (110) twin glidc planes, the
results, are concordant with theoretical expectations
i.e. the No. of {.P.T.P.A.5.I. is 2 minimun in the 45°

position and a neximun parallel to the crystallographic »~
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Chalcoclte

Fig. 36 shows the variations of Kncop mlcrohardness
on the (110) and (001) faccs. -

The variations of Knoop microhardncss on the (0Cl) faco
are srall and wvithin the prebable error of the seasurements.
On the (110) face, houever, the results indicatce the folloving

relationships

HK
< (long diag. // a-axes)

HK(lGng, le”Q// n-axis

This relntionship confirms the conclusion made carliler

in this chnpter i.c. that chalcocite deforms during incen-
tation by movenient along (110) planes. The lack of nicro-
hardness aonisotropisi: of the basal face suggests that the

roveront direction is not perpendicular to  (001). A Lore

logical noveient direction would be perpendicular to (11I0)

Cubanite
Iio precisc oriuntations could be obtained on cubanite

but Knoop wmierohardncss valucs indicate the feolloving

relationship;g

y = when long diag.// length of laths.

ara
HK (rnox.

HE

min,) " vhen long diag. 1 lcngth of laths.

The nineral twins along (110) plencs and shows partings

parallcl to (110) and (130) planes. Cubanite deforiis along



-198-

(001) planes, (Raucohr, 1951), and when associatcd with
chalcopyrite, the interzrowth isusually oriented such that
the (001) of cubanite lics parallel to the (111) of
chalcopyritc, Buerger (1934). If deformation during
indentation oceurs zlong (001) plones, thb}; according to
theorctical cxpectatiins, the following relationship shoudd
be found:

HE (1 to (001) ) 7 HK (} to (001) )

The actual rosults are thercfore contrary to expectations
bascd on the assunption of gliding alengz (001) plancs.
Fracturc patterns arcund indentaticns (photo 82) indicate
plancs of wovement perpendicular to the clongation of the
laths. If the intergrouth orlentation rclationship 1is
correct, i.c. (001) of cubanite// (111) of chalcopyrite, then
the prescnt rcsults indicate that deformation during inden-
taticn takes ploce along (110) and/or (130) cleavages ~ad/or

(110) twin plencs.

—

Fig., 37 shous thc variation of Knoop microhardness
valucs with rotation of the indenter con the (001), (010) and
(100) faccs.

On the basal face, ninipw: microhardness occurs whon

the long diagon~l is narallel to the (110) cleavage traces.
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Microhardness riaxima occur in two positions at angles of
about l)o - 20° to the nminina position and internediate
valuces occur when the elongation is parallel to the (100)
and (010) cleavage traccs. The above rclationships are
in accordance with theoretical «xncctations, Maximun
hardness occurs wherc the No. of M,P.T.P.AE.L. 1s a
paxinun nnd ninisun hardness along the (110) clearage trace
dircction where the Wo. of M.P.1.P.L.E.I. 1s a ilninui.
Interncdiate valuos occur when the elongation is parallcl
to the a and b axcs becausc ovencnt 1s presunably nore
difficult along the less perfeet (100) o~nd (010) cleavages.

On the (010) and (100) faccs, wminirum picrohardness
cceurs vhen the indenter elongation is parallll teo the
(110), (100) anda (010) clecavage traces wherc [lo. of ¥M.P.T,
P.A.E.I. is a uinimun. Maxinum micrchardness cccurs when
the indcnter clongation is parcallcl to the » 2nd b axes and
No. of W,P.T.P.Li.E.I. is o nminipun.

Reflectivity naxina and wminins for the (010) and (100)
faces are in reciprocal positions to maxima and ninica of

Knoon microhardness.

Ilvaite
Ilvaitc exhibits two dGistinet cleavagces parallel to

(010) and (001). ilo translation data are available
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concerning the mineral,

On the (001) face, no significant variations of Knoop
microhardness were found. On the prism face (110), Fig.38,
the following relationshin is indicated:

HK(max.) - long diag. 1 c-axis
HK(min.) - long diag. [/(:-axis.

The results indicate that movement occurs more easily
along (010) cleavage than along (001) cleavages. Reflectivit;
maxima and minima are in reciprocal positions to Knoop

microhardness maxima and minima.

Manganite

Fig. 39 shows the vériation of Knoop microhardness
with rotation of the indenter on the (001), (010) and (100)
faces. 4
The following relationships are indicated;
On the basal face,
HK(max.) -~ when long diag./y b-axis.
HK (min.) - when long diag. aporox. / c-axis.
On the (010) face,
HK (max.) - when long diag. at 45° to a and c-axes.

HK(min.) - when long diag.AV a-axis.
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On the (100) face,
HK (max.) - long diag. at 45° o b and c-axes.
HK(min.) - long diag. // c-axis.

The above relationship indicates that easy movement occurs
along (010) planes in the (001) direction. On the basal face,
the No, of M.P.T.P.A.E.I. is a maximum parallel to the b-axis,
and a minimum parallel to the c-axis., On the (010) face, it
would appear that movement occurs more easily along (001)
cleavages than along (110) cleavages. The No. of M.,P.T.P.L.E...
is a maximum at hSO to the a and c-axes assuming that movement
takes vnlace along both (001) and (110) vlanes. On the
(100) face, No., of M,P,T.P.A.E.I. is a minimum parallel to the
c-axis and a maximum in the 450 position, assuming that
movement takes place along (010) and (001) planes.

The results show how movement along (010) planes in the
(100) direction is difficult but how along the known trans-
lation direction, perpendicular to (001), the movement is easy.
In many ways the characteristics of the anisotropnism of
mangenite are similar to those of stibnite-bismuthinite.

Reflectivity maxima and minima on the (001) face are in
reciprocal positions to Knoon microhardness maxima and minir<.,
On the (010) and (1C0) faces, the positions of maxima and min-

ima of reflectivity and Knoop microhaTdness are not coincident.
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Mangantantalite

Fig. 40 shows the variation of Knoop microhardness
with rotation of the indenter on the (001), (010) and (100)
faces. The following relationshins are indicated;

On the (001) face,
HK(max.) when long diag. f/ b-axis
HK (min.) when long diag. f a-axis
On the (01C) face,
HK (max,) when long diag.// a-axis
HK (min.) when long diag. j/ c-axis
On the (100) face,
HK (max.) when long diag. AV b-axis

HK(min.) when long diag. // c-axis.

On the assumption that thé provrosed theory is correct,
the results confliet with existing translation data.
Miigge (1920) reported that translation occurs along (100)
planes in directions perpendicnlar to (001) and (010),  The
results indicate that movement along (100) planes is difficu.
in the (001) direction tut easy in the (010) direction.
Furthermore, easy movement along (010) cleavage plenes in bc™
the (001) and (100) directions is indicated by the results.

Reflectivity maxima and minima are coincident with Knoop
microhardness maxima end minima for the (001) face but are

reversed for the (100) face,
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Stephanite

Knoon microhardness variations on the (010) and (001)
faces are inconsistent. Fig. 41 shows the variation of Knoop
microhardness values with rotation of the indenter on the
(110) face. The following relationships are indicated;

HK (max.) when long diag. /V a and b-axes.
HK(min.) when long diag. J/ c-axis,

The results indicate thet movement during indentation
takes place 2long (110) twin nlanes i.e. the No. of M.P.T.P.A4,
E.TI. is a minimum parellel to the c-axis and & maximum

parallel to the a and b-axes.

Iopaz
Nc significant variations of Knooo microhardness were
found on the (001) and (010) faces of topaz.
Fig. 42 shows the variation of Knoop microhardness found
on the (100) face, The following relationships are indicated;
HK (max,) when long diag. at 45° to the ¢ and b-axes,
HK(min.) when long diag.ﬁy b-axis.
These results indicate that the easiest direction of
movement in topaz is along (100) planes in a direction

perpendicular to (001).
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TABLE XXVIIT

Comparlson of Xnoop microhardness maxima and minima with

reflectivity maxima and minima

HEXAGONAT
Mineral Orientation Reflectivity K.M.H, Value
value
Covellite (1030,
/o Min. Max.
VE) Max. Min,
Hematite (1010)
flc Min, Max,
/a Max. Min.
Molvybhdenite (1010)
fc Min. Max.
/2 Max, Min,
Pyrargyrite (1010)
fe Min. Max.
i a Max, [in,
Pyrrhotite (1010)
i c Max. Min,
Ja Min, Max,
Wurtzite (1010)
/e Max. Min,
/I a Min. Max.
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TABLE XXTIX

Comparison of Knoop microhardness and reflectivity Mexima

and Minima

TETRAGONAL AND MONOCLINIC

Mineral Orientation Reflectivity K.M.H. Values
values
Cylindrite /] length M
dia/g . // length Max, Min.
diag.l length Min. Max,
Arsenopyrite (010)
//a Max. Min
i/ c Min. Ma,
(100)
/o Max. Min,
/e Min. Max.,
Huebnerite (001)
a Min. Intermediate
/T Max, Inteiediatke
(100) 4
y/Ae Min. Intermeliate
//c Max. Intermediate
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TABLE XXX

Comparison of Knoop microhardness and reflectivity maxima
and minima

REFLECTIVITY KNOOP MICROHARDNESS
Mineral VALUES VALUES

(001) (010) (100) (001) (010) (100)

I fa e Ha pe jo o ha fro pa fe fo

Bismuthinite N X X N X N X N X N N X
Bournonite - - X N - = - - X N - =
Enargite N X X N X N = = N X N X
Ilvaite - = - - X N - = - - X N
Manganite N X X N X N X N X N N 7%
Mangantan- X ¥ - -« X N ¥ N N X N ¥
talite
Marcasite X N X N N X - - - = X N
Stibnite N X X N X N ¥ N N X N X
Chalcocite™ - - X N - - - - N X - -
Key
X = Maximum
N = Minima

= No values

I

Values equal

¥(110) face of chalcocite was tested.
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Other Orthorhombic minerals

Detailed orientation studies were carried out on scver:
other orthorhombic minerals but no significant anisotronisu
was detected. These minerals include the following:; Dtrookite

chalcostibhite and marcasite.

(v) Monoclinic Minerals

The following monoclinic minerals were examined for
anisotropism of Knoop microhardness on particular Taces,
Arsenopyrite
Gypsum

Huebnerite

Arsenonyrite

()]
ko

The results in Table XXIV show the varlation Kr:oop

ot

microhardness on the (010), (100) =nd (101) faccs wif
rotation of the indenter.

No transletion data are available concerning crzencyu rite
Knoon microhardness values indicate that movement during
indentation takes place along the (101) and (C10) clica.zge
For the (010) face, the No., of M.P.T.P.A.E.I. is 2 axiiui
parallel to the c~-axis and a minimum parallel to the a-axllsg
On the (100) and (101) faces the No. of M.P,T.P,A.E.I. is &

maximum parallel to the c-axis and a2 minimmm parallel %o the
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c=axis and a minimum parallel to the b-axis and the (101)
cleavage traces,

Reflectivity maxima and minima are in reciprocal positions
to Knoop microhardness maxima and minima for the (010) and

(100) faces,

Gypsum

No significant Knoop microhardness variations were found
on the (010) face.

Fig. 43 shows the variation of Knoop microhardness with
rotation of the indenter on the (001) face. Microhardness
is a maximum when the elongation is pervendicular to the
cleavage traces and a minimum when the elongation is parallel
to the cleaverge traces. Thus the plane of easiest slip in

gypsum avvears to be (010).

Huebnerite

No significant Knoop microhardness variations were found
on the (010) and (100) faces. Fig. 44 shows the variation of
Knoop microhardness with rotation of the indenter on the (001)
face,

The following relationships are indicated;

HK(max.) when the long diag. at 45° to a and b-axes.

HK(min.) when long dilag. // a-axis.



-209-

The results indicate that movement takes place most
easily along (010) planes, For maximum hardness to occur
in the 45° position, the No, of M.P.T.P.A,E.I. must also be
a maximum in this position. This is only possible if move-

ment during indentation occurs along (010) and (100) planes,.

(vi) Triclinic.Minerals

The following triclinic minerals were examined for
microhardness anisotropy on particular crystal faces;
Axinite
Kyanite
Sphene
No significant variations were found on axinite or

sphene.

Kyanite

No significant microhardness variations were found on
the (01C) face. Fig. 45 shows the Knoop microhardness
variations with rotation of the indenter on the (001) and
(100) faces.

On the (001) face, maximum and minimum Knoop microhardness
are coincident with the traces of the (010) and (100)
cleavages respectively. Minimum microhardness is parallel

to the b-axis as the (100) cleavage is more perfect than the
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(010) cleavage.

On the (100) face 1.e. parallel to the best cleavage,
maximum microharness occurs parallel to the (010) cleavage
and minimum microhardness at about 20° to the b-axis or
(001) parting btraces.

Although it appears possible to explain the variations
on the (001) face by correlating the orientation of the
indenter to the direction and strength of the cleaveges, it is
not possible to explain the variation on the (100) face in a
similar manner. Also no explanation can be given for the
apparent "isotropism" of microhardness on the (010) face.

It is interesting to note that scratch and Knoop
microhardness maxima and minima, on the (001) and (100)
faces, are at right angles to one another. This “reverse"
relationshin is comparable with the one found between scrateh
microhardness values and Knoop microhardness values found

on oriented sections of galena,
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F, The Variation of Knoop Microhardness with Reflectivit:

on Particular Cryvstal Faces

During the detailed microhardness/orientation investi-
gations on particular crystal faces it was noticed that in
mony cases Knoop microhardness maxima and minima directicns
were in reciprocal positions to reflectivity maxima and
minima®, Tobles XXVIII, XXIX and XXX glve compariscns of
“noop microhardness and reflectivity maxima and minima for
particular crystal foces of minerals ranging in crysusalloe-
graphy from tetragonal to monoclinic.

Tables XXVIII - XXX show that of the 29 crystal faces
analysed in this manner, 21 showed reversal of microkardncss
and reflectivity maxima and minima, 5 showed concordant
maxima and minima, and 3 showed indefinite relationships.
Thus over 70% of the faces examined were found to exhibil
this reverse microhardness/reflectivity relationship. Ly
exnlanation of this relationship is given as follows.

Gray (1961), shows that tightness of packing of the ~Toms
in a mineral controls its reflectivity value; a hign reilice-
tivity results from a "loosely bonded" structure, e.zZ. 2°
metallic type of bonding; 1low reflectivity results from ::rong
bonding e.g. covalent bonding. It is shown in Chapser V:Z
“#A11 the reflectivity values quoted are for white 1lizht,
(tungsten filament at critical temperature of 30500K), The
photoelectric cell used was a Mullard O.R.P. 11 cadmium

sulphide photo conductive cell, For all measurements, ti- axis
of the polarizer was maintained east-west.
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how the strength of the structure of a mineral is related to
its microhardness; 1in a loose "metallic" type of bonding,
low hardness results whilst a covalently bonded mineral has
a high hardness. By analogy, the reverse microhardness/
reflectivity relationshins, on particular faces, may be
considered in the same 1light. Both maiimum reflectivity and
minimum microhardness are compatible with a structural weakness
or plane of loose bonding of the atomic configuration.
Conversely, the position of minimum reflectivity and maximum
microhardness would be coincident with a direction or zone of the
atomic structure having great strength.

The excentions to the rule indicate that this explanation
is over simplified. In some cases microhardness and
reflectivity values are probably influenced by other features

in addition to the strength of the structure of the mineral.
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G. Variation of the Diagonal Lengths of Vickers Indentations
on Rotation of the Indenter on Particualr Crystal Faces.

For impressions made using a Vickers indenter, the
microhardness is calculated from the mean value of the two
diosgonal lengths. In many cases, where a mineral has strong
physical anisotropism, the measured anisotropism of micro-
hardness is considerably diminished by meaming the lengths
of the two diagonals. For example, on rotation of the
indenter on a crvstal face of such an anisotropic mineral,

(ne diagonal may increase in length as the other correspondingly
decreases. The resultant micréhardness values may remain
constant. In some minerals, for example galena, the aniso-
tropism may be so great that voriations in Vickers micro-
hardness are still apparent.

The manner in which the diagonal lengths vary with
rotation has been investigated for some of the more anisotropic
minerals, Results are shown in Figs. 46-53 and Table XXXI
and the variations are discussed below. For convenience,
the minerals studied have been divided into two groups;

(2) Minerals whose crystals have been accurately oriented

(b) Minerals whosec orientations are not precisely known.,
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(n) Minerals whose crvstals have been accurately oriented

The following minerals were studied;
Galena
Pyrrhotite
Wurtzite
Chalcocite
Enargite
Manganite

Stibnite-Bismuthinite

Galena

No significant differences in dingonal lengths werc
found with rotation of the Vickers indenter on the (100) and
(111) faces. On the (110) face, the differences of diagonal
lengths is a maximum, Fig. 46, when the diagonals are parallel
to the cleavage traces and approaches zero when the indenter
is in the 45° position. In the position of maximum difference
of diagonal lengths, the long diagonal is parallel to the
traces of the vertically dipping cleavages i.e. parallel to the
a, and a3 axes. The change of diagonals length is accompanied

by variations in the shape of the indentations.

Pvrrhotite and “urtzite

Figs, 47 and 48 illustrate the isotronic nature of the
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basal (0001l) faces relative to the anisotropism of the prism
(1010) faces. In both minerals, the difference in diagonal
lengths on the prism faces is a maximum where the diagonals
are parallel to the ¢ and a-axcs and approaches zero at the
450 position. In the position of maximum difference of
diagonal lengths, the long diagonal is parallel to the a-axis.
It 1s interesting to compare these results with corresponding
Knoop microhardness results, Figs. 29,30, The difference in
the Vickers microhardness "anisotropism" between wurtzite and
pyrrhotite compares favourably with corresponding Knoop
microhardness variations. The profiles of the graphs for the
N-S diégonal lengths of impressions made on the prism faces
for wurtzite and pyrrhotite arc quite distinet. On wurtzite
the length decreases sharply but evenly from 0° to 300, but
from 30° to 450 the length decreases very slowly with
rotation. On pyrrhotite, the decrease of length with

rotation is even and small,

Chalcocite

Fig. 49 shows the diagonal length variations for the
(001) and (110) faces. On the basal (00Ll) face, the
variation is small ond inconsistent and compares closely with
Knoon microhardness variations, Fig. 36. On the prism (110)

face, the difference 1s a meximum when the diagonals are
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parallel to the crystallogranhic axcs and apvroaches zero at
the 45° position. In the position of maximum difference of

diagonal lengths, the long dingonal is parallel to the a-axis.

Enargite

Fig. 50 shows the diagonal length variations for the
(001) and (010) faces. The (001) face shows little variation
in values but the difference is a maximum in the 450 position
where the diagcnals are approximately parallel to the (110)
cleavage traces. On the (010) face, the difference is a
maximum where the diagonals are parallel to the crystallo-
graphic axcs and approaches zero at the 45° position. In
the position of maximum difference of diagondl lengths, the

long diagonal is parallel to the a-axis.

Manganite

On plotting the actual diagonal lengths against rotation
for the (001), (010) and (100) faces of manganite a very
confused picture results, Fig. 51 shows a plot ﬁfAtha;-
trend lines for these faceS. Graphs for the (001) and (100)
faces show no significant variations with orientation. On
the (01C) face, a moximum difference of disgonal lengths occurs

when the diagonals are parallel to the axes and a minimum
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difference in the HSO position. In the position of maximum
differcncc of diagonal lengths, the long disgonal is parallcl

to the e¢-axis,

Stibnite and Bismuthinite

Figs., 52,53 show the variation of diagonal lengths with
rotation for the (001), (010) and (1C0) faces., No signi-
ficant differences in diagonal lengths were found on the (100)
faces.

On the (010) face the difference in diagonal lengths is
a maximum when the diagonals are parallel tot he axes and
approaches zero at the 45° position, In the positionof
maximum differcnce of diagonal lengths, the long diagonal ‘is
parallel to the c-axis., On the (001) face, the difference
in diagonal lengths is a2 maximum parallel to the a and b-axes,
the long diagonal being parallel to the b-axis, and approaches
zero at the 45° position,

The ratc of change of diagonal length with rotation
is not constant., On hoth the (010) and (001) faces, the
rate of change is small with the diagonals -at  about 30°
to . the crystallographic axes, but increases rapidly as the

45° position is approached.
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(v) Minerals whose orientations were not precisely known.

The following minerals showed c~nsiderable differences
of the diagonal lengths of Vickers indentations, but no
correlation could be made with glide and cleavage planes.

Altaite
Clausthalite
Emplectité
Jalpaite
Jamesonite
Sternbergite

Stibarsenic

Table XXXI shows the relationship of thc elongation of
indentation relative to the prominent glide or cleavage
nlanes in a further 18 minerals.

In Volume II the "strength of anisotronism" i.e. the
amount of variation of the diagonal lengths of Vickers

indentations is given for all the minerals studied.

(e¢) General Discussion

Of the 25 minerals studied, 24 show elongation of the
indentations in positions where the long diagonals are
perpendicular to the traces of the twin, glide or cleavage

planes, Manganite, the exception, has more than two possible
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planes of movement. Most of the 24 minerals show either strong
cleavages or nrominent glidc planes.

Although no interferometric studies were carried out on
the surface topography around indentations, it was possible,
using oblique illumination, to observe the amount and type
of "piling up" of material (Mott, 1956), or displacement relief
around impressions, For example, it was observed that around
indentations made in bismuth, considerable displacement of |
material occurred in areas where dislocation traces were
nrominent. wWhen the diagonals were perpendicular or parallel
to these dislocations, displaccment relief occurred adjacent
to the sides enclosing the long diagondl, Fig. 56. Where
the disgonals were ot 45° to the dislocation planes, thc
sides of the impression parallcl to these glide planes showed
convexity, Pig, 56 and photo 24, This is strong evidence
for upwards displacement relief,(Mott 1956.  Such induccd
rclief was observed around indentations made in most of the
2% minerals.

Since deformation in these minerals occurs by movement
along the cleavage or glide planes it follows that more move-
ment over the surfacc will take place in a direction at right
angles to the disloeation plane traces than in a direction

parallel to the disloation vlanes, Thus material is moved
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inte 2 vosition clossr to the indenter and results in an
indentation apnarently elongated perpendicular to the
dislocation planes, A characteristic of such indentations
is the ragged nature of the sides, and this is borne out by
photo 27, bismuthinite and photo 58, cinnabar,

No account has been given of the part played by elastice
recovery which may also be anisotrovic in effect. It is
considered that the effect of anisotropism of elastic recocvery

on the dimensions of the indenter is probably small.
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TABLE XXXT

The relationship of the elongation of indentations to movemcnt
plmes

Mineral Orientation Relationship of elongation of
indentation to movement planes

Antimony Unknown Elong. 1 to (1014) translation
twin plane traces.

Arsenic Unknown Elong. 1 to (10I4) translation
twin plane traces.

Bismuth Unknown Elong. 1 to (10I4) and (0001)
movement plane traces.

Cinnabar (1011) Elong. 1 to kite structure,
photo 58,

Cosalite Unknown Elong. 1 to dislocation planes.

Covellite (1011) Elong 1 to (0001) cleavage tracr

Cubanite Unknown Elong 1 to disloc. planes. - als-
length of path.

Cylindrite AYlength Elong. 1 to length and cleavage.

Franckeite (001) Elong. 1 to (010) cleav.

Gypsum (001) Elong.l to (010) cleav.

Huebnerite- (001) Elong. 1 to (010) cleavage.

Ferberite (010) Elong. 1 to (100) cleavage.

(100) Elong. 1 to (010) cleavage.
Kvanite (001) Elong. to (100) cleavage

==

(100) Elong. 1 to (001) cleavage.
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TABLE XXXI contd.

Mineral Orientation Helationship of elongation of
indentation to movement planes.

Columbo- (001) Elong. 1 to (010) cleavage

tantalite

Nagyagite (001) Elong. 1 to (010) cleavage

Stephanite (100) Elong. 1 to (110)? twin planes.
(010) Elong 1 to (110)? twin planes

Teallite (001) Elong. 1 to (010) glide planes.

Tellurium (1010) Elong. 1 to (1010) cleavage.
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CHAPTER V

THE SHAPE AND ASSOCIATED CHARACTERISTICS OF THE INDENTATIONS

L, General

A study of the shapes and deformation characteristics
of the indentations was made for two reasons. Firstly,
it seemed likely, from the results of a preliminary
investigation that some of the characteristics of the
indentations would bec useful in the field of mineral
identification, for further differentiating between minerals
of similar hardness, Secondly, it was hoped that by studying
the relationship between indentation characteristics and
crystal orientation, some evidence would be brought forward
to help exnlain the mode of deformation of the ore minerals
during in@gntation.

During the preliminary investigations, it was found
that Vickers indentations gave considerably more data than
corres~onding Knoop indentations. Hence, in Volume II,
indentation characteriestics have, in most cases, been
given only for Vickers imoressions, Typical indentations,
and their assoclated deformation phenomena, for most of the

orc minerals studied have Tteen photographsd, and these,
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together with brief descriptions, are included in Appendix A.
In the following section, the various different types of

shapes and characteristics are described and examples given.

Freaquent references will bec made to the photographs in

Avnpendix A,

" . Vrriotion in shape of the indontations

Theoretically, the shape of a perfect Vickers inden-
“2tion, made in a substance having perfect plasticity, is
mat of a square, i,e., the sides of the impression are
~sraight. In the present study numerous deviations from
“he ideal shape were observed and in faect relatively few
ainerals exhibited indentations with straight sides.

For convenience of description, the various shapes of
‘ndentations have been classified into 14 different types
(Tig. 54,

The shapes of all these types are essentially composed
~T a combination of five fundamental curves, These are
'3 follows:

‘1)  the "straight" edge, (str.)
">}  the "concave" edge, (cc.), where the deviation is

directed towards the centre of the impression.
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TABLE XXXIT

Ixamples of Minerals Showing Different Indenation Types

Indentation tvpe fineral Photo No.
1 Rutile 202
2 Covellite 80
3 Cuprite 86
h Silver 211
5 Galena 120
6 Niccolite -
7 Sphalerite 217
8 Ferrite 108
9 Sphalerite 220

10 Bismuth ok
11 Copper 70
12 Wurtzite —
13 Acanthite S
14 Acanthite -——
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TABLE XXXITT

bxamples of Minerals Whose Indentations Show Different
Degrees of "Anisotropism"

Mineral Anisotropism Photo No,
Galena zero 115
Altaite v, weak 6
Covnper weak 71
Chalcocite strong 53

Antimony v, strong 12
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(c) the "convex" edge (c.v.) where the deviation is directed
away from the centre of the impression.

(d) the "sigmoidal" edge, (sig.), where concave and
convex curves form an open S shaped figure

(e) the "concavo-convex" edge, (cc-cv), where concave. ar:
convex curves form an open W shaped figure, the bottom

of the W pointing towards the centre of the impression,

The amount of deviation of the curves may be termed the
degree of "strength" of curvature of the edges., In this
way it is possible to differentiate between two similarly
shaped indentations having edges of different strengths of
curvature, In Appendix A, such indentations are differen-
tiated by using the terms "weak" and "strong". Thus in
photo 115, the (100) face of galena exhibits an indentation
of tyve 2(a) strong, whilst in photo 107, fergusonite
exhibits an indentation of type 2(a)weak.

Examples of minerals showing the different types of
indentations are given in Table XXXII together with references
to photogranhs in Anpendix A.

In general, thei metals and alloys give the greatest
variety of types of indentetions and also the strongest
curvature of the edges. Indentations made in the simple

sulphides, the selenides and the tellurides show a lesser
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degree of curvature and variety of types, The sulphosalts
exhibit a considerable variety of shapes of indentations but
the amount of curvature of the edges is relatively small,
Apart from a few minerals, such as niccolite, breithauptite,
zineite and 181llingite, the complex sulphides, sulpharsenides
and sulphantimonides, the oxides and the silicates all show
very limited variations in the types and strength of curva-
ture of indentations. The shape most commonly ohserved in

all minerals was type 2(a) weak.

The variation between the lengths of the diagonals of
indentations has been described and discussed in Chapter IV,
It was decided to classify the variation in the diagonal
lengths of indentations made in different minerals so that
vet another physical property might be examined for utilisation
in ore mineral identification. Thus the differences between
the lengths of diagonals or the "anisotropism" of diagonal
lengths of indentations may be divided into three main groups
as follows:

(a) the "equidimensiohal' or "isotropic" - i.e. no observable
differences between the diagonal lengths,

(b) the "weakly" anisotropic (weak) - i.e. the ratio of
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the diagonal lengths (smaller/larger) is greater than

0.90, but less than 1,00,

(c) the "strongly" anisotronic (strong) - i.e. the ratio of
the diagonal lengths (smaller/larger) is less than 0,90,
Table XXXIII gives examples of minerals whose indentations

show different strengths of anisotropism of diagonal lengths,

with perticular reference to the photographs in Appendix A,

A few minerals, for example, cylindrite, show another
expression of physical anisotropism in their indentation
characteristics, In this case, the indentations show
diagonals which are not perpendicular to one another,.

Tertsch (1950) reported similar phenomena in indentations

made on the (1120) face of calcite. It is.also of interest

to note that the indentations in caléite on a (1011) face,

(Tertsch, 1950) show a remarkably low symmetrv and bear some

resemblances to those obtained by the present author on

cinnabar (ohotogranhs 58, 59). No other minerals studied

showed such remarkably unsymmetrical indentations.

D. Associated defrrm~tion characteristics

Deformation during the indentation of ore minerals
takes place by elastic and vplastic processes and/or by

rupture of the structure and most frequently by a combination
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of all three mechanisms. Hlastic defornation is expresseed
by the recovery of the sides of the impression and is
manifest in many of the more complex concave shaped inden-
tations, These features have been described in the previous
section. Plastic deformation 1s usually expressed by the
movement of material around the impression without fracturing
taking vplace. In many cases, the traces of slip and glide
Dlanes are evident around the impressions. Rupture of the
mineral due to indentation takes place by cracking and
Tracturing of the surface of the polished section. In
minerals where deformation during indentation occurs by a
combination of these processes, the various characteristics
are suverimposed unon one another. |

. Featiures of nlastic defornation

Evidence for vlastic deformation falls into three main
categories
(a) the absence of fractures - photo 120
{b) the vresence of material around the indentation that has
been distorted but is unfractured - photo 237
(¢c) the presence of movement or "dislocation" traces - photol79,
Movement usually takes place by translation or twin

~1iding, or by both mechanisms, along "flat" planes so that
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their traces form straight lines. Sometimes, however, the
dislocetion traces are curved, usually convex towards the
centre of the impression, as in osmiridium-iridium, braggite
pearceite and platinum - photos 177, 179. The dislocations
in such cases have been presumably distorted by subsequeht
lateral plastic movement. In addition, the intersection
tetween the dislocation planes and the distorted surface
immediately surrounding the indentation could also vroduce
curved traces. Twin plane traces were distinguished from
translation gliding plane traces by examination under polarised
light or oblique illumination. Under such illumination the
differences of orientation of the twin lamellae produce a
"striped* struecture, e.g. hessite, photo 138, Typical
translation gliding is well shown by antimony in photo 12,

For oriented sections of some minerals, e.g. galena, it
has been possible to relate the known glide planes with

dislocation plane traces observed on the surface.

F. I'recturing phcnomena

by

Practically all the minerals studied were found to
fracture, to some extent, at 100 g. load, with the
exceptlion of most native metals and alloys, and some of the

simple sulphides, selenides and tellurides., For convenience
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of description the types of fracturing have been categorised
as followss
(a) Radial fractures
(b) Cleavage fractures
(c) Parting fractures
(d) Shell fractures.
The individual characteristics of these types of

fractures are diagrammateically illustrated in Fig. 55.

(a) Radial fractures

Radial fractures are slightly curved fractures, which
as the name implies, radiate from the centre of the indent-
ation, They may be conveniently subdivided into two main
groups: "star-radial" fractures, where the cracks originate
from the corners of the impression, and "side-radiazl", where
the cracks eriginate from the sides of the indentation.
Examoles of these two types of radial fracture are shown by
hournonite in photos 39 and 37. TThen the fractures are
irregular in form and distribution, the term "irregular radial
fractures" is used - for example in famatenite, - photo 106.
"Star radial" fractures are by far the most common form of
radial fracturing and this type is frequently interconnected
by curving fractures from which "simple shell" fractures

are developed.



FlG. 55

INDENTATION FRACTURE CHARACTERISTICS

RADIAL

Star

Side

<D K

!

CLEAVAGE

PARTING

IR
N\

Ly
Lt~ \:—é—

SHELL

Simple Cleavage

Concentric
7

PR

—

A
©




-233~

(b) Cleavage fractures

Well-cleaved minerals, when indented, exhibit inter-
connecting fractures around the indentation parallel to the
cleavage traces. They are recognised by their parallelism
and straightness, Good examples of such features are shown
in covellite - photo 80, In some minerals different cleavag
produce a network of cleavage fractures as for example in
pentlandite, photo 180 and manganite, photos 159, 160, and 16
Cleavage fractures are distinguished from cleavage shell
fractures by angularity and incompleteness of the fracture
system, Photo 98 of enargite and 27 of bismuthinite
illustrete the differences between cleavage shell fractures

and cleavage fractures.

(¢) Parting fractures

Parting fractures occur around impressions made in
minerals in which the dominant planes of weakness are parting
planes. These are similar to cleavage fractures in
appearance, but whereas cleavage traces can usually be
observed before indentation, parting planes can only be
detected after indentation. Good examples of such fracture
patterns are shown by bornite, photos 32 and 33, and chalcoci®.

photos 52 and 53.
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(d) Shell fractures

Shell fractures originate from radial fractures and
connect one fracture with another, They may be categorised
as follows:

(1) Simple shell fractures

(ii) Cleavage shell fractures

(ii1i) Concentric shell fractures.

(i) Simple shell fractures

These are by far the most common type of shell fracture,
The shape describted by a single shell fracture approximates
to that of the outline of a sea-shell, the fractured area
being as large or larger than the indentation itself.
The thickness of the fractured flake is small in comparison
to the diameter, being not usually greater than 1/5 of the
diameter. Examples of minerals exhibiting such fracture
patterns are as follows: ilvaite, photo 1433 pyrrhotite,
parallel to (0001), vhoto 195; wurtzite, porzllel to (0001),
vhoto 263.

(ii) Cleavage - shell frectures

Cleavage shell fractures are intermediate in character
between cleavage fractures and simple shells, The

fractured areas are elongated parallel to the cleavage
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traces., Sometimes the elongation is terminated by curving
fractures as in enargite, photos 98 and 102, and in others

by irregular ragged lines, for example in stibnite, photo 232,

(1ii) Concentric shell fractures

As the name suggests the fracture lines are roughly
circular and sub-parallel to one another. This fracture
pattern is almost entirely confined to indentations made on
sections cut parallel to the dominant cleavage, in minerals
exhibiting one vnerfect cleavage plane. Examples of such
fracture patterns are shown by covellite, photo 79 and

tenllite, photo 240,

G. Varinstions of the shope and defornntion ch-racteristics |
with orientation

Several authors have described the variation of the
characteristics of indentations made on different orientationc
of minerals, Tertsch (1950) showed that a considerable
change cccurred in the shape of Vickers indentations made-?n
different orientations of calcite. Gottardi (1951) extended
the work of Tertsch on calcite and concluded that the elastic
and plastic constants showed maxima and minima in two

directions at right angles to one another.  Attinger (1952),
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working on synthetic corundum, with o Knoop indenter found

a variation in the incidence of fracture on the basal (0001)

face, maxima heing at 60° to one another, Henriques (1957)

found considerable variations in the shape of Vickers

indentations made on different orientations of sphalerite,
Detniled studies were carried out on the following

minerals, all of which showed significant variations of shape

and deformation characteristics with orientation.

Bismuth Gypsum
Bismuthinite Halite
Bournonite Molybdenite
Chalcocite Nagyvagite
Cinnabar Pyrrhotite
Copper Sphalerite
Covellite Stephanite
Cubanite Stibnite
Cuprite Teallite
Fluorite Tellurium
Galena Wurtzite

The results are illustrated in diagrommatic form in

Figs., 56 - 62.
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Discussion

In the light of the results obtained, the main theme
for discussion is the relationship between the variation in
the shape and fracture patterns with variations in the
oricntation of the movement plancs of mineral to.the
indentation direction,

Mott (1956) discusses the causes of concave and convex
sided indentation. During indentation material is moved in
one of two waysj; either the material is "piled wup" around
the indentation or "sinking-in" of material occurs. On the
assunption that contact between indenter and material is
maintained during loading, a convex side will result from the
bulging eassociated with piling up, and a concave side with
sinking in, Subsequent elanstic recovery may alter the
shave of the impression, as this will be a maximum at the
centre of the faces. Thus c¢lastic recovery will incrcase

concavity due to sinkine in and decrense convexity “‘ue to piling
up, TFron this argument, it can thercfore he enpreciatod that
convexity is zood evidence of piling up.

From Figs. 56-62 it can be scen that the sides of the
indentations showing convexity are parallel with the traces
of potentinl movement plane in the minerals. For example,

on the (110) face of stephanite, convex faces occur when the
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edges are parallel to the traccs of the (110) twin planes.

In most cases glide nlane traces were observed running
parallel to thce convex faces and was further substantisted by
the general studies on unoriented minerals such as osmiridium-
iridium, photo 177. It is interesting to note that galena
and halite show different shapcs in the 0° angd 450 positions,
in spite of the fact that both minerals exhibit perfect (100)
cleavage. This evidence, together with oriented hardness
data, indicatcs that halite deforms in a different manner to
galena, probebly along either (110) or (111) plenes.

The (10I0) faces of pyrrhotite and wurtzite, and the (110)
face of gnlena show similar variations of shape of the
indentations with rotation of the indenter. When the
diagonals of the indenter are parallel to the crystallogravhic
axcs, concove sided indentations result; As the indenter
is rotated, the indentation shapes change to 2 combination
of sigmoidal and concave faces, and finally in the 450
vosition, it assumes concavo-convex and straight sides,

The concevo-convex sides are parallel with the traces of the
inclined (1010) cleavage plenes for pyrrhotite and wurtzite

and the inclined (10C) planes in galena. In nzarly all of
the minerals studiad where convex sided indentations have
becn observed, thc convexity is accompanicd by minor slip-

ploane traces,



-239~

In minerals such as cuprite, fluorite and halite, the
chonge from concave faces in one position to c-nvex faces
in another does not involve a transitional stage composed
of sigmoidal face.

Translation data are known for bismuthinite, fluoritec,
galena, halite and sphalerite. In ecvery case the convex
faces of indentations made in these minerals are coincident
with the traces of the known translation planes. Thus
niling up of material around indentations madec in these
minerals ocrcurs in directions normal to the glide nlane traces.
Hence, using this relationship, in conjunction with other
observed features, we may deduce translation data for the
other minerals studied, (Table XXXIV).

Fig. 60 shows a compnarison of ths results obtained by
Henriqués (1957) and the present author on orisnted sections
of sphalerite. The data for the (100) face are in complete
agreement and only small diffcrences occur for the (111) face.
It is surprising to note that Henriques finds diffcrences of
shepe in the 0° and 60° positions on the (111) face, since
these two positions arc identical from a symmetrical point of
view, Henriqucs gives no data for the (110) faces, hut
some differcnces in shope with rotetion of the indenter have

been found in the present work. These results confirm the
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conclusions in Chapter IV that sphalerite deforms by movement
along (111) planes.

The variation of indentatinon characteristics for minerals
exhibiting one good clcavage is well shown in figs. 57 and 59
for covellite, molybdenite, nagyagite etc. On faces parallel
to the dominant cleavage, straight or convex sided indentations
result , accompanied by concentric shell fractures. On
faces perpendicular to the cleavage, concave sided indent-
ations result, accompanicd by strong cleavage fracturing.

In the former oricentetion, lateral deformation movement can
oceur casily and the resultant piled up material produce convex
sided indentations. In the latter orientation, no easy
lateral movement can tcke place. In eddition elastic recovery
along the clcavage plenes occurs casily, resulting in concave
sided indentations. Similor characteristics were observed in
unoriented sections of tetradymite.

Bournonite shows considerable variation in the tyve of
radial fracture systems 2nd in the strength of the concavity
of the sides of the indentation with rotation of the indenmter,
Fig. 56 and photos 35 - 40, In most minerals the radial
fractures originate from the cornecrs of the indentation to
form star radial fracturcs. The independence of the

fractures from the orientation of the indenter indicate fixed
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directions of fracturing in tournonite.

The fracture charactcristics of the stibnite-
bismuthinite series indiccte that casiest movement takes place
along (010)plrnes in a direction perpendicular to the (001)
face, This 1s in accordance with the oriented miecrohardness
results, Photos 25 - 30, and Fig. 61 illustrate that
considerably more fracturing, ond therefore less perfect
gliding, occurs on the (100) and (010) faces, than on the
(001) face.

The asymmetric "kite-tail™ structure around indentations
made on the (1011) face of cinnabaer defiecs interpretation and
deserves closer and more detailed studies on different

orientations of the mineral (Fig. 56, photos 58 and 59).

H. Variation of th: shong and deforretion chorncteristics of
indcnbtotions with minoral svecies.

Deformation characteristies of minerals during inden-
tetion are dependent primarily upon two factors: the
chenical composition and the structure. For analysis of
the results, the minerals studied have been grouped according
to chemical composition and the groups sub-divided according

to atomic structure. The classification of the minerals
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was based on the work of the following authors: the

notive metals - Evans (1939), the sulvhides, selenides,
tellurides and sulnhosalts - Ross (1957), and the oxides,
silicotes and some of the sulnhosalts ete. - Palache, Berman
and Frondel (194h), It was found that cach separate group
of minerals possessed its own set of microhardness charac-
teristics and these are described in detail bhelow.

Table XXXV outlines the broader variations of hardness

characteristics with chemical composition.

» The Metals and Semi Metals

(a) The metals studied may be grouped according to the
type of packing of the atomsy
(i)  The cubic closec packed type
(11) The B sub-group metal packing type.

(1) The cubic close prclzid tvpo

Metals included in this groun 2re as followsj; copver,
gold, lead, silver, iron, platinum, osmiridium-iridium and
iridosmine. A1l these exhibit similar microhardness proper-
tiesy medium anisotropny, indentation types 2(a) str.,

3(a) str., 4(a) weak, no fractures, and weak glide plane

traces,
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(ii) The B sub-group mctal vacking tvves.

The following metals of this structure-type were

studied; arsenic, antimony, bismuth and tellurium,

Arscnic, anftimony and bismuth tecing isostructural show
similar characteristics, i.,e., strong anisotropy, indentation
types 2(a) str., 2(b) str,, 4(a),k(b) str., 6(a), 6(b),

6(e) str., 10(a) str., no fractures, no prominent glide
planes. Tellurium, having = chain structure, has different
vroperties i,e, v, str, anisotronism, indentation tvpes

2(2) str., 6(o) str., medium cleavage fractures, and no

dislocations.

(r) The Senimetals

The following minerals were studied; amalgam, electrum,
domeykite, stibarsenic, dyscrasite and awaruite. Although
these minerals have different structurcs, similer indentation
characteristics were found; med. - str. anisotropism,
indentation types 2(a), 3(a) weak, 4(2) weak - str., no

froctures and weak glide planes,

Simple Sulphides. Selenides and Tellurides

This group contains such a wide variety of structural

type that it wns decided to sub-divide the mineral according
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to indentation characteristics instead of structurc. The
three main groups ore as followss

(2) Those showing "metallic" microhardness characteristics
(b) Those showing slight indentation fractures

(¢) Those showing other deformation phenomena.

(a) Mincrals Showing metallic microhardness characteristics

The following mineral sub-groups are included in this
group: the galena group comprising galena, clausthalite and
altaite; 1c cooperite group comprising cooperite and
bragoites; the sphalerite group comprising sohrlerite,
tiemannite and coloradoites the antifluoritce group comprising
acanthite, naumannite, hessite, digenite, jalpaite and
ancmrite; wurtzite and umangite. These minerals show
similar characteristics to those of the metals i.e. strong
anisotropism, similar shapes, no fracturing, except in the

case of Uncairite, and glide planc traces.

(b) Minerals showing slight indcntation fractures

The following gold tellurides arc included in this group;
calaverite, knennerite, and sylvanite, Indentations are
characterized by wecak - medium anisotropism, indentation
type 2(a) weak - strong, o2nd slight star radial and shell

fractures,
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(¢) Minersls showing other deformation nhenomena

The following minerals have becn included in this groups
cinnebar, molybdenite, nagyagite, orpiment, realgar, and
tetradymite. Large varietions of the deformation phenomena
in this group are duc to the diversity of structures shown

by the minerals,

Complex Sulphides of Cu. Fs, Ni, Ge and Sn

The minerals have heen sub-divided, on a structural basis,
into the following groups:
(a) the "sphalerite - structure" minerals
(b) the "wurtzite - structure" minerals

(¢) the "niccolite - structure" minerals.

(a) "Sphalerite-structure"minerals

The following minerals are included in this group;
chalcopyrite, famatinite, stannite, germanitec and renierite,
Maucherite, although structurally disimilar to sphalerite
hes been included because of its similar indentation
charactcristics. Indentations are charactcrized by zero
to weak anisotropism, type 2(a) weak - strong shapes, and

medium star and side radials with occasional shells.
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(b) "Wurtzite-struecture" minerals

The following minerals are included into this groups
enargite, sternhergite, cubanite, emplectitec and chalcos-
tibite, ‘These minerals exhibit thc following indentation
characteristics; medium = strong aniscotropism, indentation
types 1, 2(a) strong, 5(2) weak, and strong radial and shell

clcavage fractures.

(e) "Niccolite=-structurc!" minerals

The following minerals are included into this group;
niccecli“e, breithauptite, millcrite, valleriite, pyrrhotite
and bornite, Indentation charccteristics are as Tollows;
medium - strong snisotropism, indentation types 2(a) str.,
3(a) weak, 4(a) weak, 6(a) weak,10{a) strong and 12 slight
star and side radials, - Glide plane traccs arc frequently

visible,

The Sulphosalt Minerals

A large number of sulphosalts were studied. However,
the structurcs of the minerals have been established for

only avproximately half of them.
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(a) Sulphosalt minerals of known structure

The minerals of known structure may be sub-divided as
followss
(i) Minerals of the "sphalerite! structure
(ii) Minerals of the "galena' structure

(ii1) Minerals havine a "chain" structurc.

(1) Minerals of the "sphalerite" structure

The following minerals were included in this group:
tetrahedrite and tennantite. Pearccite and polybasite,

although having different structures, are 2lso included in this

};

group 25 they hove similar indentotion choracteristics:
These minerals are characterised by zero anisotronism,
indentation tvpes 1, 2(&) weak, and star and sidc radial

and occasional shell fractures.

(ii) Minerals of the "galena® structure

The following minerals of this group were studied;
teallite, miagyrite and diaphorite, Minerals of this
groun heve few characteristics common to onc anothcr, for
example, teallitec shows strong cleavage fracturcs whilst

niagyrite exhirits only radial and shcll fractures.
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(1ii) "Chain Structurc” sulphosalt minerals

The following minerals of this type were studied;
stibnite, bismuthinite, kermesite, aikinite, bournonite,
berthierite, proustite, pyraréyrite,jamesonite, livingstonite,
cosalite, and kobecllite. These minerals show the following
characteristics; medium-strons anisotronism, radial, simple
shell and cleavage shell fractures, and indentation types

1, 2(a) weak-strong, 6(a) strong.

(b) Sulphosalt minerals of unknown structure

These ninerals have been groupcd according to che~ical
cormposition as follows;
(1)  Sulvhosalts containing Pb, As, Sb.
(ii) Sulphosalts containing Ag.
(iii) Sulphosalts contoining Cu.

(iv) Othcr sulphosalts.

(1) Sulnhosalts having the composition A3BX4 where A = Pb,
B = As, Sb, and X = S.

The following rmincrals of this type were studied,
gratonite, geocronite, jordanite and meneghinite. These
riinerals were characterised by the following features;
weak anisotropisrm, indentation tvpe 1, 2(2) weak, and

irregular radial and shell fractures,
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silver sulphosalts of the formula AmBnXp such that
m+n:p> 4% : 3 and where A = Ag,
B = As, Sh, X = ©

The two minerals of this group studied were argyrodite
and stenhanite, which showed the following characteristies
common to both; strong anisotropism, indentation types 1,

2(a) str.,, 6(a) str., strong star and side radial fractures.

(iii) Covper sulphosalts

Colusite and wittichenite, although having different
structures, show similar indentation characteristicss; very
weak anisotronism, indentation type 1, and strong star

and side radial fractures, and occassional shell fractures.

(iv) Other sulphosalts

The remaining sulphosalts not yet considered i.e.
boulangerite, cylindrite, franckeite,and zinkenite, show

indentation characteristics common to one another,
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sulohides, Sulpharsenides and Sulphantimonides of Co,
Ni, Fe,

Minerals of this group mey te sub-divided, structurally,
into three main sub-dividions:
(a) Minerals having a "nyrite" structure
(b) Minerals having a "marcasite" structure

(¢) Minerals having 2 "spinel" tyve structure.

(a) Minerals of the "pyrite" structure

The following minerals of this group were studied;
pyrite, hauerite, laurite, sperrylite, bravoite, cobaltite,
gersdorffite,ullmannite and corynite. Their indentation
characteristics are as follows; gero anisotropism, inden-
tation types 1, 2(a) weak, strong star radials and shell

fractures.

(b) Minerals of the "marcasite" structure

The following minerals of this group were studied;
marcasite, loellingite, safflorite, rammelsbergite, parar-
ammelsbergite, arsenonyrite, glaucodot and skutterudite.
Their indentation characteristics are as follows; medium =~
'stron anisotropism, indentation tyves 1, 2(a) weak, 6(a)

weak, and strong ster radial and shell fractures.
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(¢) Minerals of the "spinel" tvpe structure

The following mineralsof this group were studied;
siegenite, linnaette, violarite and pentlandite.
Indentation characteristics of this group are as follows;
zero anisotronism, indentation tvpes 1, 2(a) weak, weak

star radial and shell fractures.

Oxides
The oxides have been sub-divided into the following

groups according to crystal structure and symmetry;
(a) the hydrated oxides
(b) oxides of the spinel and hausmannite structures
(¢) other isometric oxides
(d) Hexagonal oxides of the hematite and zincite structures
(e) oxides of the "rutile" structure
(f) Metsmict oxides of Cb, Ta, Ti, Tn and U,

(g) oxides having unique structures.

(a) The hydrated oxides

The following minerals have teen studieds manganite,
lepidocrocite, merumite, psilomelane, cryptomelane,

Chalconhanite, ilvaite, coronadite, geothite and schulzenite.
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These minerals show a variety of indentation choracteristics
which may be summarised as follows: weak - strong aniso-
tropism, indentation types 1, 2(a) wezk, weak-strong star

radial and shell fraoctures.

(b) Oxides of the spinel and hausmannite structures

The following minerals of this type were studied; spinel,
gahnite, hercynite, chromite, magnetite, franklinite,
jacobsite, trevorite, hausmannite and hetaerolite. Inden-
tation characteristics of the grovv are as follows" very
weak anisotronism, indentation tvpes 1, 2(a) weak, occasional

weak star radial fractures and occassional dislocations.

(¢) Other isometric oxides

The following minerals are included in this group;
cuprite, perovskite and btixbyite. Indentation characteristics
of these minerals show the following common features; weak
anisotronism, indentation types 1, 2(a) weak, 3(a2) weak

and occasional star radial fractures,

(d) Hexagonal oxides of the hematite and zincite structures

The following minerals are included in this group;
hematite, titenohematite, ilmenite, corundum, eskolaite and

zincite, Indentation characteristics of the grouv are as
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followsy; weak to strong anisotropism, depending upon
orientation, indentation type 2(a) weak to strong, and

occasional stnr radial fractures.

(e) Oxides of the "rutile" structure

The following minervals have been included in this
group; 1lmenorutile, rutile, pyrolusite, cassiterite and
thorianite. In addition, anatase, trookite, columhite,
tantalite, and struverite have been placed in this group
on the basis of the similarity of their structures to rutile.
Indentation characteristics of these minerals are as
followss weak anisotronism, indentation tvpes 1, 2(a) weak,

no indentation fracturing excevnt for the columbite~tantalites.

(f) Metamict oxides of Cb, Ta, Ti, Th, U

The following minerals of this type were studied;
aeschynite, allanite, brannerite, bréggerite, cleveite,
davidite, euxenite, fergusonite, formanite and samarskite.
Indentation characteristics of these minerals are as follows:
zero - weak anisotropism, indentation type 2(a) weak - strong,

weak star radial fractures.
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(g) Oxides having unique structures

The following minerals were included into this groups
tenorite, braunite and the huebnerite-ferberite series,
These minerals have different indentation characteristics
tut the ranges may be summarised as follows: weak to medium
anisotropism, indentation tvpes 1, 2(a) weak, slight radial

fracturing.

Silicates, phosphates, sulphotes, carbonates and tungstates

In general the minerals of this group showed the following
characteristics: zero - weak anisotropism, indentation type
2(a) weak, strong radial and shell fractures. Mineral
species showing good cleavages exhibit good shell cleavege

fractures,

Lobtionship of indentetion chorocheristics bo atonic

In the following paragranhs a review is given of the
nossible effecty of variations in the structure and bonding of
minerals on the deformoation characteristics.

Indentation characteristics of minerals zre orimarily
denendent uvnon the tyne of movement involved during and after
indentation. In minerals that deform by elastic and plastic

processes, movement takes place along glide planes, the
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positions of which are dependent upon the configuration of
the atoms in the structure, In a similar manner, brittle
minerals deform by rupture of the structure whose character-
istics are also controlled by the atomic configuration.
The ease of deformation is controlled by the type and strength
of bonding between the atoms in the weakest bond of the
structure, Thus it is possible, havingﬂan accurate
knowledge of their atomic structures, to predict the poten-
tial glide planes and glide directions of minerals, and the
ease of movement along the planes. Similarly a knowledge of
the tond tynes and hond strengths between atoms in minerals
should enabtle predictions to be made concerning their
neechanisms of deformation.

In metallic btonding, movement takes place easily due to
a "loose™ electronic configuration. The direction and ease
of movement is controlled by factors such as atomic radii,
coordination number , etc, The easy movement results in
maximum anisotronism, compnlex sided indentations, and an
absence of fractures, In ionic bonding, movement takes
place bv gliding along planes in directions which maintain
the electronic stability. When gliding tokes place in other
directions, cleavage fractures are produced. In some cases
where no glidinz is possible, radial shell fractures arec

produced., The dircetion and ease of movement are controlled
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by the following factors; the atomic structure, the ionic
radii of the atoms, the valency of the atoms and the
coordination number. In covalent bonding, where electrons
are shared, deformation takes place by rupture of the bond
which normally results in non plrnar fractures. Thus one
may conclude thaot covalent compounds are hoth hard and
brittle. DResidual bonding - frequently the bonding across
cleavage planes - is a very weak force and deformation takes
plaoce by rupture along these preferred planes.

The anisotropism of an indentation is a function of
the orientation of the mineral groins tested., The range of
anisotronism with orientation is dependent upon the number
and attitude of the glide planes which are themselves an
expression of the atomic structure and bonding.

The shgpe of an indentotion is thus an expression of the
anisotropism and strength of the elastic and plastic

pronerties of a mineral.

Discussion of the results

The results obtaincd confirm the above suppositions.
It is apvarent that minerals of similar structure and bond
tvpe show similsr indentation charccteristics and that

variations in the characteristics from one group to another
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are dependent mainly upon the chemical composition and the
type of bonding, A detailed comporison of indcntation
characteristics with miérohardness will be made in
Chapter VII.

Few minerals are completely metallic ionic or covalent.
Rather thev contzin some proportion of all the different
tynes, (Goldschmidt, 1954), and it is the dominant bond type
which anneors to control the indentation characteristics.
Thus, the lack of fracturing in somc of the simple sulvhides,
selenides and tellurides is duc to the prcsence of metallic
bonding in the structures. It is also of interest to
compare the different characteristics of the "spinel"
structured sulphides of Fe, Co, Ni e.g. linnaeite, violarite,
etc,, with those of the "spinel" structurzd oxides such as
mognetite ahd chromite. Both groups of minecrals show high
hardness values but the sulphides show considerably more
indentation fractures than the oxides. The difference may
be attributed to the higher percentage of covalent bonding in
the sulvhides than in the oxides.

The gold tellurides, i.e. svlivenite, calaverite and
krennerite show strong fracture characteristiecs in contrast
to the more metallic charancteristics of the tellurides of Pb,
Hg, Ag, and Cn, This may be attributed to the presence of

covalent bonding in their structures which would also explain
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their comparitively hard hardness values. Sulphosalts
having chain structures such as stibnite or btismuthinite
have weak residual bonds linking the chain togethef. These
minerals show strong cleavage fracture characteristics as
compared with the weak and irregular froctures of other
sulphides such as tetrahedrite and tennantite.

The sulphosalts and the multiple oxidds are exceptions
to the general rule that increasing hardness of minerals is
accompanied by increasing brittleness.

The strength of anisotropism of the indentations is an
expression of the symmetry of the structure and hence of the
movement planes, Thus minerals such as copper, gold, galena
and sphalerite show less anisotronism than arsenic, antimony,
stibnite or btismuthinite. Anisotropism is more pronounced
in metallic and ionic ecrystals, and those with residual bonds,
as these bond types a2llow vlastic and elastic movement to
toke place, In general, the amount of anisotropism of
indentation in mincrnls decrcases with increasing harndess.
This is 2lso indirectly due to the effect of the increasing
effect of covalent bonding in the atomic structure with
increasing hardness. Excevptions to this general rule do occur,
e.8. narcasite and 181lingite.

As the movement planes in minerals are a funetion of the

atomic structure and bond type, and not to the density of



-2590-

packing ete,, the "apparently anomalous" anisotropism of
optically isotropic minerals is in accordance with expec-
tations. Conversely the complex covalent network structures
of somc of the silicates, nhosphotes,; etc., result in
indentationsof negligiblc anisotropism.

The vnrintion in the shapes of indentations is a
function of the elestic and plastic provertiss of the minerals.
In the softer minersls, where metallic btonding is important
convex nnd concavo-convex sided impressions are relatively
common showing that extensive plastic deformation takes
nlace. In minerals of intermediate hardness, such as the
sulphosalts, concave and convex sided impressions occur
together with fracturing, indicating that elastic, plastic
and rupture deformation all toke ploce. These minerals have
a complex mixture of bond types. In the harder minerals,
concave sided impressions are common and are often associated
with radial and shell cracks. These indentation character=
istics indicate that el~stic recovery is relativelv more
important than plastic deformation. Exceptions to these

trends do occnur e.g. niccolite and breithauptite,

Use of indentation characteristics in mineral identification

Bowie and Tavlor (1958) showed how, in some instances,

the nature of the indentations could be of diagnostic value
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in mineral identificotion. They found that chalcopyrite and
pentlandite,two minerals of similar hardness, could be
distinguished on thc basis of differ:nces in shape; chalco=
pyrite showing straight sides and pentlandite showing concave
sides. However, such techndques were considered as additional
alds to o system of mineral identificestion based on micor-
hardness and reflectivity values. As a result of joint work
(Gray and Young, 1960), it was concluded that the system
provosed by Bowie and Tavlor for mineral identification was
a useful one. Thus the additionel data from the indentation
characteristics need only be used as an aid to this system.
It has been shown in the previous section that the
minerals caon be grouped according to their particular inden-
tation characteristics, In addition, it was noted that
different mineral species of the same group hove different
diagnostic features by which they may be distinguished from
one another. Such a system, incorporating all the new data,
would assist in pin pointing the identity of an unknown mineral.
However several drawbacks to this system exist:
(a) Rangcs of indentation characteristics occur with differing
orientations.
(b) Indentetion characteristics, particularly fracture

phenomena, are unreliable on very small grains.
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S . . . el
(¢) The fracture characteristics of mineérals, like micor-

hardness values, are dependent upon the load.

T-e differences of indentation characteristics with
orientation are sometimes considerable, in a similar manner
to the anisotropism of the reflectivity and microhardness
values, I a number of indentations are made on grains of
differing orientation, then a more completec rangc of charac-
teristics will result. The fracturing that oceurs around
indentations made on small greins is a serious drawback, and
this would imply that the minimum grain size for identification
using fracturc characteristics would have to be increased.

As the fracture characteristics of minerals decrease in
intensity with decrease of load, several standard loads would
have to be used.

The results obtained so far indicate that thc observations
of the indentation characteristiecs would be useful in helping
to identify unknown ore minerals, and in attributing
possible "bond-type' structures to them. Such data could
perhaps be best employed in a punched card system combining

optical and r:flectivity determinations with microhardness data.
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IABLE Z¥YTV

Translation Data Deduced from the Present Studies

(2) Deduced translation data frorm the present studies compared
with established translation dsta.

Translation data Translation data
Mineral deduced from established by
nresent studites other workers
(7)1 (T)

Bismuthinite (010) (010)°
Chalcocite (110) (201)(131)°
Covper (111) (111)°
Covellite (0001) (0001)*
Cubanite (110) and/or (130) (001)*
Galena (100) (100)*
Gold (111) (111)*
Halite (110) and/or (111) (110) (111)°
Hematite (1010) and (0001) (0001 )*
Kyanite (001) (OOI)/
Manganite (010) (010)°
Mangantantalite (100) (10n)°
Molybdenite (0001) (0001 )*
Pyrrhotite (1010) or (1120) (0001 )*

Sphalerite (111) (111)*
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TABLE XZIV Contd.

Translation data

Translation data

Mineral deduced from established by
present studies other workers
(R)! (T)!
Stibnite (010) (010)°
Teallite (010) (010)°

' Translation plane

O Taken from Palache et.al. (1944)

¥ Taken from Ramdohr (1951)

d Taken from Winchell (1951)
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TABLE XXXTIV Contd

(b) ZIranslation data deduced from present studies (no
translstion data previouslv recorded)

Mineral Translation plane (T)!

Arsenonyrite (101)

Cinnabar (1010)
Corundum (0001) and/or (1011)
Cuprite (111)

Enargite (110)
fskolaite (0001) and/or (1011)
Fluorite B (111)
Franckeite i (610)

Gypsun (010)
Huebnerite (010)
Nagvagite (010)
Pyrargyrite (1074)
Pyrochlore (111)
Pyrolusite (110)

Spinel (100)
Stevhanite (110)
Tellurium (1070)

Topaz (001)

Turtzite (1010) or (1120)
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TABLE XXXV

Deformation Craracteristics of the Main Mineral Groups

Mineral Group

re 5 . L
licrohardness deform= Characteristies

Anisotropism  Shape Practuring
and gliding
Metals and Semi-Metals mediun~-strong cc,cv, f. none.
sig. str, glide
pl. trvs,
Simple Sulphides, selen- mediun-strong cec, cv, slight f.
ides and tellurides sig. sl. glide
cc,-cv. planes
Complex sulphides of weak=-mediun ce-str. slight f.
Cu, Te, Ni cec-cv  some gl,
sig. nl. trs.
Sulphosalts isotropic~ cc,cv, ned-strong
strong sig. f. oce. g1,
str. pl. trs.
Co, Ni, Te, sulphides, isotronic- cec,cv, weak-strong
sulpharsenides, sulnh- strong sig. f. occ. gl.
ant imonides str. pl., trs,
Oxides isotropic- ce, week-med f.
weak str, oce, gl. »l.
trs.
Hydrated oxides weak-strong ce, med, stronz
str. f. no gl.

pl, trs.




-266-

TABLE XX¥¥V Contd.

Mineral Group Microhardness deform? Characteristics

Anisotropisn Shape Fracturing
and gliding

Silicates, phosphates, weak-medium cc- weak to
sulphates, carbonates, str, stronz f. no
tungstates gl. pl. trs,
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CHAPTER VI

Variation of Microhardness with Changes of Chemical Compositi. .

A, Introduction

As described in Chapter I, variations in hardness for
isostructural metallic and ionic bonded minerals can be corre
ted with velency and atomic radii. Hardness decrcnses with
increasing atomic radii and increases with increase of valency.
For minerals with covalent tonding, hardness decreases with
increasing bond length. This early work by Goldschmidt (192¢)
and others, has recently been confirmed by Povarennykh (1959)

Several authors have investigated the variations of micro-
hardness with variations in chemical compositions in iso-
morphous series. Henriques (1957) showed that increasing
iron content in sphalerite could be related to increasing
Vickers microhardness values. He suggested that the variation
in microhardness was analogous to the hardening of iron caused
by the addition of nickel and manganese. The resultant
substitution causes a distortion of the crystal lattice
resulting in increased hardness,

Microhardness variations in pentlandite and the

cobaltiferous analogues of pentalandite have been revnorted

by Kouvo, Hukna and Vuorelainen (1959), but no correlations

Y
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were made with variations in chemical composition.,

The first investigation of the microhardness variations
of a complete isomorphous mineral series was made by
Mookherjee and Sahu (1960), In studving the plagioclase
series, albite-anorthéte, it was found that increasing
microhardness was associated with increasing albite content,
apart from the range, An25 ~ An65. No theoretical
explanation was given for the micerohardness variations,

Variations in structure caused by the non-stoichiometry
of minerals are potential sources of microhardness variations.
The non-stoichiometry of synthetic PbS crystals are considered
by Bloem and Kroeger (1955) to be the cause of microhardness
differences, a minimum hardness being concordant with
minimum non~stoichiometry.

It was decided to investigate the microhardness/chemical
composition relationship for the following isomorphous
series: sphalerite-christophite (varying iron content):
hiitnerite~ferberite (variation in Fe/Mn ratio)j columbite-
tantalite (variation in the Fe/Mn and Nb/Ta/Sn ratios).
Variations of Vickers microhardness on the cube face of a
particular galena crystal were investigated, there being
indications that non~stoichiometrv mav be the cause of the

variations, In addition, several end members of
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isomorphous series - metals, sulphides, sulphosalts, and
axides =~ have also been investigated for mierohardness
variations, The results of this work may be found in

Tables XXXIX - XLIV,

B, Microhardness Variations in Chemically Analysed Isomorphour
Series.,

(a) Svhalerite

Ten crystalline specimens of sphalerite, having
different iron contents, were analysed for Fe, Mn and Cd.
For details of the methods and results of the chemical
analyses the reader is referred to Avpendix B,

Cleavage fragments of the crystals were mounted in cold
setting plastic so that the (110) cleavage faces were
oriented parallel to the bases of the mounts., The crystals
were then polished parallel to the (110) faces, the polishing
technique heing carefully controlled so that each section
was given a similar amount of polish. Ten impressions were
made on each polished section of sphalerite, each impression
being made at an angle of 10° horizontal rotation to the
previous one. Mean microhardness values are given in

Table XXXVI, together with chemical analyses for iron and
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TABLE XXXVI

Microhardness Mean Volues for 10 Analysed Sphalerites

Ref, Sphalerite Chemn. V.M.H. K.M.H. %Fe %Cd.
No. No, Analysis Mean Mean
No.

559 10 5594 181 170 10.70 0.3 -
587 7 5591 189 199 5.96 0.1
561 2 5586 192 185 L,08 0.3
535 3 5587 194 211 2.36 0.2
536 L 5588 199 197 1,20 0.2
598 8 5592 187 191 1.17 0.5
565 6 5590 182 160 0.61 0.1
601 9 5593 156 156 0.20 0.4
606 5 5589 152 151 0.10 0.1
549 1 5585 159 158 0.07 0.1
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cadmium, Fig, 63 shows a graph of Vickers and Knoon
microhardness mean values plotted against the iron content.
Fig. 64 shows similar plots of Vickers microhardness
against iron content obtained by Henriques (1957).

In generai, the present results are in agreement with
those of Henriques, i.e, increasing iron content results in
increasing microhardness up to aporoximately 6%, by weight,
of TFe. In hoth cases the increase of microhardness appears
to he a function of the logarithm of the iron content.
Above 6% Fe however, the present results suggest that the
microhardness decreases with increasing iron content,
microhardness teing a maximum at between 2 and 3% Fe. The
nrobabtle errors of the mean values do not exceed + 4
microhardness units, e¥cept in the case of Sph. 3, whose
microhardness mean values have probable errors of + 7
microhardness units. It is therefore difficult to account
for the large deviation of the graph from the straight
line relationship above 6 Fe, on the grounds of inaccurate
measurement. Henriques (1957), in discussing the causes of
microhardness variations in sphalerite, points out that minor
structural defects, such as sub-microscopic fractures may
ceuse significant microhardness variations, It seems
unlikely that such defects could cause differences of up to

40 microhardness units, between the values extrapolated by
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Henriques and value obtained in the present investigation,
for sphalerite containing approximetely 10% Te,

An alternative explanation of the present results is
that at high iron concentrations in sphalerite, a more
ordered structure occurs., It is well known, Edwards (1947),
that when sphalerite contains excess iron in the lattice, the
iron exsolves as pyrrhotite laths in the (111) plnnes of the
snhalerite. One can visnlaise the state just prior to
exsolution where the Fe and Zn atoms segresate themselves
into a ordered structure i.e. along (111) planes. It has
been shown by Buerger (1928), that deformation in sphalerite
occurs by movement along (111) planes, The result has
also been confirmed by orientation studies, described in
Chapters IV, V, S1lip during indentation will occur with
greatest ease when the (111) movement planes are not distorted.
Minimum distortion occurs when the iron content is zero and
when the structure is ordered i.e., when the Zn and Fe atoms
are segre.gated into separate planes., No exsolution
vyrrhotite was observed in any of the sphalerite crystals
examined.

A similar peak value of microhardness, at between
5-6% Fe is indicated by the results shown in Fig. 6é4. The
mean microhardness values obtained by Henriques on

unoriented aggregates of 15 sphalerite specimens having
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iron contents ranging from 0.39% to 19.5% Fe, are plotted
against iron content. Some of the spread in the results is
undoubtedly due to orientation effects btut in most cases the
mean velues were obtained from lorge ranges of readincs.

The above exnlonation is baosed on the results obtained
from a small number of analysed samnleg, Further work is

recduired to subst-ntiate this theory.

(b) The Huebnerite - Ferberite Series

Ten crystalline specimens of wolframite were analysed
for their iron/mongsnese ratio. Details of the method and
the results are given in Apnpendix 3B.

The crystals werzs cut and then ground such that sections
were obtained parallel to the (100), (010) and (001) faces
of each wolframite ecrystal. These crvstals were mounted in
cnld setting plastic sueh that when polished, cccurately
oriented sections parallel to (1C0), (010) and (001)
resulted. Ten Vickers indentatinons were made on each face,
oriented such that the diagonals of the indentations were
parallel to the crystallogranhic axes of the crystals. Mean
microhardness values for each face are plotted ageinst the
percentage of MnO, by weight, in Fig. 65.

Paloche, et. al. (194%), state that the scratch hardness

in the wolframite series is greatest in the iron rich members.
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The results in Fig, 65 confirm that the ferberites are harder
than the huebnerites. However, there appears to he no
linear relationship, for the wolframites, between micro-
hardness and iron content. In fact, anomalously high
microhardness values were obtained on the wolframites
containing cpproximatelv equal amounts of Mn and Te,

According to analyses listed by Palache et. al, (1944,
there is very little substitution of iron or manganese by
other elements excevt for small amounts of Cb and Ta.
Increased hardness in the series may be caused by such
substitution, However, a more likely exnlanation of these
high hardness values is that high hardness is caused by
distortion of the crystal lattice. In a crystal structure
where random distribution of unequally sized Fe and Mn ions
ocecurs, (Fe't = 0.83, Mn' T = 0.91), distortion should be
a maximum where the ratio of Fe to Mn atoms i1s approximately
equal to unity. Thus maximum hardness occurs in the
wolframite group where the Fe/Mn ratio equals unity.

As only ten analysed wolfromites have been tested no
concrete conclusions mav be drawn at this stage. Further

work is needed to ascertain the structure of the anomalously

hard wolfremites.
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TABLE XXAVTIT

Microhardness values obtained on 10 analyvsed huebnerite-
ferberites

Ref. Chem., Wolf- V.M.H. MEAN VALUES  Calcu- Calcu-
No. Anal. framite lated lated
No., No. (100) (010) (001)  %FeO %MnO
- 1429 5600 6 403 411 478 19.9 3.8
26 5599 1 363 403 456 19.4 4.3
1431 5604 10 330 354 409 19.2 4.5
1425 5602 8 34k 380 389 18.6 5.1
1430 5603 9 305 366 383 10.7 13.0
1424 5601 7 402 457 548 10.3 13.4%
1428 5599 5 442 519 540 8.7 15,0
1427 5598 4 %33 456 484 8.2 15.5
1422 5597 3 UNORIENTED 336 1.7 22.7
1421 5596 2 294 307 375 0.3 23.5
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(¢) The Columbite -~ Tantalite Series

Seven. columbite-tantalite grystals of different
chemical compositions were analysed for their Fe/Mn and
Nb/Ta ratios and for their amount of tin. Details of the
methods and of the results of the chemical analyses are given
in Appendix B.

Polished sections of the crystals were made parallel
to the (100), (010) and (001) faces, in a menner similar to
that described for the huebnerite-ferberite series, Ten
Vickers indentations were made on each face oriented such that
the diagonals of the indentations were made parallel to the
crystallographic axes. The mean microhardness results,
together with chemical analyses, are given in Table XXXVIII,
Fig, 66 shows a plot of the mean microhardness values
plotted against the Mn0/Fe0 ratio.

Palache, et.al. (19%44) note that tantalite (H = 6 & 61)
is slightly harder than columbite (H = 6), The results of
the present work indicate thet the microhardness of the
series is controlled by the Fe/Mn ratio and/or the Nb/Ta
ratio and also by the content of Sn. It is unfortunate
that no crystals of ferro-tantalite or manganocolumbite
were included for analysis. In the samples analysed high

iron content was associated with high niobium content, and
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TABLE XXOWWITT

dicrohardness values for 7 analysed columbite-tantalites and 3 other minerals containing
rare carth eliements

2ef, Chemnm, Coluiabite V Jil., MwAll VALUES

Yo, Anglysis Tantalite MnC Pe0 ]’.‘szO5 Ta205 S0
o, o (100) (010) (001)

1393 ° 5611 C.T.7 829 61z 905 2.4 11.6 6L.6 8.0 1n.d. R
1392 5610 C.1.6 920 680 967 2.2 7.09 35.1 25.8 n.d, b
1390 5605 C.T.1 86l 76l 939 5.21  5.73 37.3 39.1 n.d,

1394, 5612 C.r.8 856 877 871 6.56 1,75 31,1 32.1 0.4

1388 5613 C.T.9 L31 z7L 430 7.00 1.8 1hL.4 50 n.d.

1387 5608 C.o. 505 L05 56 6,90 1.8 14,7 51.2 0,2

1391 5609 C.T.5 876 856 916 6,51 1.8 9,0 0.5 1.1

1381 561l G.7r.10 Unovriented, 9L7- 1. 6.,0 22,9 10,0 2.6L4
ilwenorutile

1382 5615 Cc.T.11 Unoriented, 108i- 1.3 8.32 27,6 12.3 0.7
striiverite

1383 5616 C.t.12 Thoreaulite - 0.8 1.8  L.0 57.0 22.0

mecan Value 637
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manganese with high tantalum. It was therefore impossible to
differentiate between the effect on the microhardness by the
Fe/Mn ratio and the Nb/Ta ratio. By comparison, the effect
of the presence of tin appears to be quite clear, i.e. to
raise the microhardness of the mineral from the normal.
Corresponding differences were observed in the reflection
characteristics of the tin rich columbite~tantalites,

e.g. loss of anisotropism and a lowsr reflecfivity - (pers.
comm., I.M. Gray). (An excevtion to this trend was found in
sample 5608, which contains 0.2% Sn but show no great increase
in microhardness.) The increase in the hardness of these
columbo-tantalites containing tin is probably due to
distortion produced by the introduction of SnH-++ ions.

From a theoretical point of view, the difference in
hardness between ferrocolumbite and mangantantalite is more
likely to be due to differences in the Fe/Mn ratio than the
Nb/Ta ratio. The ionic radii of the elements concerned

are given by Evans (1948), as follows:

w2t = 0.69
Ta5+ = 0,68
re?t = 0.83
2t = 0,91

The difference between the ioniec radius of N‘t35+ ions
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and Ta’' is small - 0.01, and from the Goldschmids Rule
(Goldschmidt, 1926) the presence of Ta ™ ions, having the
smaller ionic radius, should increase the hardness of a
mineral, relative to Nb5+ ions.  The difference between the
ionic radii for an+ and Fe2+ ions is large -~ 0,08, Thus,

Fe2+

ions should raise the hardness of a mineral more than

Mn2 ions, The huebnerite - ferberite series, by comparison,
shows a definite variation in sympathy with the Goldschmidt
Rule. From this argument it may be predicted that
manganocolumbite will have the same hardness as mangano-
tantalite, and ferrocolumbite the same hardness as ferro-
tantalite,

It 1s also of interest to note that a maximum micro-~
hardness occurs when the Fe/Mn'ratio approaches unity, a
manner similar to the anomalously hard wolframite crystals,
However, the results so far underline the need for further

work on this series in order that more definite conclusions

may be drawn.
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(d) Variotions of Microhsrdness across the Cube Face of a
Galena Crystal from Pfatterburg Mine, Harz., Germany

In the course of routine orientation studies,
significant differences of Vickers microhardness were found
across the cube face of a galena crystal from Pfatterburg
Mine, Harz, Germany. The original cube face, before
polishing, exhibited a "stepped-inlay" structure. A
similar scéructure is shown in photograph A of an adjacent

crystnl, The difference in level between the two layers

3

W

&
%)
e

aporoisately 1T mom., and comparable to the difference
shown in photogranh A, The crystal was carefully polished
»v hand parallel to the original cube face such that the
outer "zone" of the inlay structure was just removed. A
seriess of microhardness indentation traverses were made

~ oAt
[ ORI WS

the pelished face at different loads, the orientation
of the diagonals of the indenter being kept constant i.e.

l.@. parallel to the (100) cleavage traces. Plots of the
mean diagonal lengths of the indentations obtained at 25 g,
lond across the face are given in Fig, 67, The crystal

w2s then etched with a 3 : 1 mixture of concentrated nitric
2cid and ethyl alcohol for about ten seconds. Two well
cefired zones were brought out by this etching - photograph B,

It was apnarent that the shape of the zoning was identical

with the shape of the original inlay structure.
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From Fig. 67 it can be seen that the "outer" etched
zone exhibtited a distinctly lower hardness then the
"inner" zone. The boundary between the two etched zones is
marked by a sharp change in microhardness values,

Small amounts of the galena were drilled from the inner
and outer zones and Spechrographically analysed for trace
amounts of the following elementsy Bi, Se, Te, Cd, Cn, Zn
and Fe, No significant amounts of these elements were
detected in either zones.

The crystal was then mounted in cold setting plastic,
repolished, and etched as before with a 3 : 1 mixture of
nitric acid and ethyl alcohol for ten seconds. Two very
indistinct zones were produced, approximately similar in
shape to the first etch zones.

The zone boundariss were then scanned using an X-ray
microanalyser, manufactured Ly Cambridge Instruments Ltd.,
for variations in the content of Pb, Bi, S, Se and Te. No
significant variations were recorded and the amount of Se
and Te was estimated as being less than 1% (pers. comm,

T. Kelly).

Check traverses of indentation were made across the etch
boundaries, but no significant microhardness differences
were recorded. Lack of témé”prevented control work to be

done on another similarly featured crystal.
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(e) Discussion

It scems clear from the results that the microhardness
variations across the original polished face were, in some
way, comnnccted with a variation in the chemical composition.
The possibility that the vatiations were due to orientation
effects was eliminated by observationz m~7z on _hz (100)
cleavage traces, Across the entire surface tested two sets
of (100) cleavage traces;were observed at right angles %o one
another. Spectrogravhic results indicate that the varis>="~=z.
are not due to trace element variations. Results of X-ray
microanalysis indicate that the second polichcd surfzace
contained very low amounts of Se, Te and Bi, the amount of Se
and Te being less than 1%.

An olternative exvlanation of the results is that non-
stoichiometry of the galena crystal is a cruse of the
variations. Bloem a2nd Kroeger (1955) showed that for
artifically produced PbS crystals, a high concentration of
vacancies of either Pb or 5 increases the microhardness.
Minimum hardness occurs when the concentration of vacancies
is a minimum.

If such non-stoichiometry did occur in the original
polished surface then a2 significant diffcrencze in the Pb/S

ratio would have been expected. From the weakness of the
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etch reactions and the lack of microhardness vatriations on

the sec~nd polished surface, it

would appear that the

thickness of the zonecd part of the crystal removed by

volishing is very small - about
The possible causes of the

as followss
(a) Variation due to
(b) Variation due to
(¢) Variation due to

(d) Variation due to

2-3HHHO

microhardness variations are

orientation.
trace element substitution.
substitution of Te, Se¢ and Bi,

non-stoichiometry.

The first three potential causes of non-stoichiometry

have been eliminated and it is therefore suggested that non-

stolchiometry may have been the

cause of the microhardness

variations on the original surilace,.



C. Microhardness Differences Betwecn End-Members of Isomorphoet

or Isostructural Series (not Chemically Analyscd).

The microhardness values obtained for end-members of
isomorovhous series and for isostructural series are given in
Tables XXXIX - XLIV, Tables XLV, XLVI give the atomic,

lonic and covalent rodii for the substituting elements.

(n) Discussion of the Results

The bulk of the results are in agreement with the first
of Goldschmidt's rules (Goldschmidt 1926), in that the
hardness of a mineral in any given isostructural series
decreases with increase of interatomic distance. Several
exceptions to this rule have been found, and these results
are discussed more fully below, The microhardness results
from the present work are comparcd with other hardness data,
particularly those values obtained by Nakhla (1956), Bowie
and Taylor (1958), Uytenbogaardt (1951), Palache, Berman
and Frondel (19%4) and Povarennykh (1959). It is convenient
to discuss the miecrohardness resuits in Tables XXXIX - XLIV
under the following headings:

(1) Native Metals
(ii) Sulphides, selenides, tellurides

(1iiMrsenides, ete.
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(iv) Sulphosalts
(v) Oxides

(vi) Carbonates, phosphates,

(1) The native metals

The microhardness of the native metals examined
(Table XXXIX) are in total agreement with the Goldschmidt
Rule and are in accordance with the Mohs' scale hardness
values given by Palache et, al. (19%4), the Talmage scratch
values listed by Uytenbogaardt (1951), and the microhardness
values given by Nakhla (1959). No "alloy" metals, such as
stibarsenic and arsenical copper, have been included in the
table. Since no check chemical analyses were made, and
only a limited number of specimens were tested, the micro-
hardness values should be only tentatively accepted until
further work has been carried out. The effect of the process
of "alloying" on the hardness of synthetic metals in well
known and this factor probably explains the discrepancies
found by Bowie and Taylor (1958) in the arsenic antimony,
bismuth group:

Hyo»> Hgy > Hgy ...... present work and others.

Hop D Hyg 7 Hy; +e.... Bowie and Taylor.
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(ii) The sulphides., sclenides and tellurides.

The chalcocite, sphalerite and galena groups show
microhardness values (Table XL) which are concordant with
Mohs' and Talmage hardness values, and in agreement with
the Goldschmidt Rule. Similarly, the microhardness values
for the hessite, naumannite, cucairite group reflect the
effect of the substitution of Cm and Te into the structure.
Whilst these microharndess values are concordant with scratch
hardness data, it is interesting to note that Bowie and
Taylor obtained mean values of 148 and 33 for naumannite and
hessite respectively. Thus we may conclude that the high
value of 148 for naumannite is probably incorrect.

Although no differences in scratch hardness have been
resorted betwecen stibnite and bismuthinite, the present
results indicate differences in indentation microhardness.
An exvlanation has already been given, Chapter IV, for this
apparently anomalous hardness relationship. This may be
summarised as follows: The stibnite-bismuthinite series has
a chain structure comprising St or Bi atoms strongly bonded
(covalent) to S atoms. Adjacent chains are weakly attached
to one another by means of Van der Waal bonds. Whilst the
substitution of St atoms (small atomic radii) for Bi atoms

increases the strength of the individual chains, it weakens
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the Van der Waal bond between chains., This results in
casier deformation, (by gliding (010) planes)?and consequently
creater hardness in stibnite thon in tismuthinite

The microhardness values for the siegenite group indicate
that differences of chemical composition cause differenccs in
hardness. The atomic radii of the transition elements in the
sulphide and arsenide groups vary in relation to one another
according to the type of bonding existing between themselves
and the anionic elements. Thus, Evans (1948), Table XLV
gives the ratio of the ionic and metallic radii as being
Fe »Co »Niy Goldschmidt (1954) gives the ratio of the
semi-metallic radii as being Fe 7Ni >Co; Pauling and
Huggins (1934) gives the ratio of the covalent radii as
being Ni »Co > Fe. As the type of bonding is not known for
the siegenite group it is difficult to assess which clements
cause the lower hardness of violarite, If a metallic, lonic
or semi-metallic tvpe of bonding is dominant then the
decrcase will be due to iron, Conversely, if covalent
bonding is dominant, then the lowering of the hardness will
be duec to the presence of nickel. From the high reflect-
ivity of the group, (Gray, 1961), it seems probably that the
metallic type of bonding is dominant,

Tatle XLVII shows the microhardness values and chemical

compositions of three naturally occuring crbalt-bearing
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analogues of pentlandite, (Kuovo, Hukme and Vuoralainen,
1959),  Hardness increases with increasing cobalt content,
and decreasing iron and nickel content, Reflectivity
measurements on pentalandite (Gray, 1961) indicate that the
mineral group has a predominantly semi-metallic type of
bonding. The microhardness values are in agreement with
the Goldschmidt Rule, on the assumption that the bond tvpe
is semi-metallic.

The values for the pyrite group are in accordance with
Goldschmidt, taking into consideration the octahedral
covalent radii of Pauling and Huggins (1934), with the
exception of laurite. No exnlanation can be given, on
crystallochemical grounds, for the extremely high hardness

of laurite.

(ii) The Arsenides

A1l the sub-groups within the arsenides, apart from
niccolise and breithamptite, show microhardness values that
are concordaﬁt with the Goldschmidt rule, assuming that the
bonding in these minerals is dominantly "semi-metallic'" in
character, The cobaltite group exhibit microhardness values
in accordance with Mohs' and Talmage hardness values, and to
microhardness values given by Bowie and Taylor. For the

diarsenide and arsenopyrite groups, Mohs' and Talmage
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hardness values show inconsistencies with one another, but
the microhardness values obtained by Bowie and Tavlor show
good agreement with the present results.l There are no
comperative values for the skuttermndites.

The hardness values of niccolite and breithauptite are
of considerable interest, The present results compare
favourably with other published measured values but are
discordent with the calculated values obtained by Povare-
nnykh (1959), Table XLVIII, In all the different types of
bonding in minerals, the atomic radius of arsenie is always
smaller than that of antimony. Thus the actusl hardness
values are contrary to expectations based on atomic radii.
Zoldschmidt (195%) considers that niccolite has a mixed
metallic~covalent type of bonding. Povarennykh considers
that breilthauptite has a higher percentage of covalent bonding
than niccolite and this is substantiated by the fact that
niccolite has a higher reflectivity than breithauptite
(pers. comm. I.M. Gray). There is therefore some evidence
to indicate that there is a greater degree of covalent bonding
in niccolite than in hreithauptite, and such a difference
could well account for the apparent discrepancies in the

hardness values.
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{iv)The Sulphosalts

The microhardness variations within the sub-groups
are in accordance with the Goldschmidt Rule, with the
excention of bournonite and aikinite. For this group,
the tyme of bonding is not significant since the covalent,
metalliec and ionic radii show the same values in relation
to one another,

Thus,

At ra@Bi;> AL, radSb > A%, radAS

and similarly

At. rad.Ag > At., rad.Cu

Although wittichenite 1s not isostructural with
nroustite-pyrargyrite, and meneghinite has a different
structure from jordanite, both have been included for
comparison purposes.

No microhardness data are available for the polybasite-
pearceite series or for the meneghinite-jordanite group but
Mchs and Talmage hardness values are concordant with present
results, Microhardness volues for chalcostibite and
emplegétite correspond closely to other published values,
According to Uytenbogaardt, the Talmage values are
identical.  For the cosalite - kohellite series no miero-

hardness data are available for comparison. Mohs and
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Talmage values concur with the present results, In the
tennantite-tetrahedrite series the present results are in
egreement with those given by Bowie and Tavlor, and Mohs
scale valu:es given by Winchell (1951) and Palache, et.al,
Considerable veriations for the microhardness of freibtergite
were found between values obtained by Nakhla, Bowle and
Taylor and the present writer. These variations may be
attributed to the variable amount of silver which can be
accommodated in the crystal lattice. From the present result
we may conclude that in the tennantite-tetrahedrite series,
arsenic tends to raisc the hardness and silver, to decrease
the hardness. For the vproustite-pyrargyrite series, the
present results are concordant with Mohs and Talmage hardness
values but Bowie and Taylor, however obtained a reverse
relationship. The present microhardness results are contrary
to the Goldschmidt Rule. Since however, no members .of the
series have been chemically anelysed, and the differences in
microhardness are small, no definite conclusions may be
drawn. The bulk of the evidence indicate the vresent results
show the true relationship.

Bournonite and aikinite show a microhardncss relationship
contrary to expectations. Mohs scale hardness values
(Palache et.al. 1944) indicate a relationship concordant with

cxpectations whilst Talmage values give values which indicate
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a trend similar to the present microhardness results., Bowie
and Taylor give a microhardness value for bournonite very
close to that obtained for aikinite in the present studies,

In view of the confliecting evidence, no significance can be
placed on the present results for these minerals until further
wdrk has been carried out on further specimens of the same

minerals,

(v) The Oxides and Hydroxides

Agreemént with the Goldschmidt Rule in the oxide and
hydroxide groups is not so peffect as, for example, in the
sulphosalts. It has been assumed that the oxides have
dominantly ionic strﬁctures.

In ﬁhe hematite group, the present microhardness values
are concordant with Mohs and Telmage hardness va§ﬁ5§'fo;
hematite, ilmenite and corundum. Microhardness¥§gEue5:

" obtained by Kouvo and Vuorelainen (1958) for eskolaite are in
reasonable agreement with the present values for this mineral.
Apart from eskolaite, the values are in accordance with
expectations. The anomalously high hardness of eskolaite
from Outukumpp may be due to a distortion of the crystal
lattice caused by the presence of small amounts of vanadium.
In oure stoichiometric Cr203 having an undistorted lattice, th

hardness should be less than that of corundum,
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Hausmannite and hetaeralite show hardness values
concordant with the Goldschmidt Rule. This relationship
is substontiated by Mohs and Talmage hardness values.

The spinels show good agreement with theoretical
exnectations, Hardness ap-ears to be mainly controlled
by the ionic radii of the trivalent elements in the

structure,
H +
A13 type 7 HCT3+type > HFe3+ type

Agreement within the individual spinel groups is less well
defined. In the aluminium spinels, the magnesium-rich
members are harder than the ferrous or zine-rich members.
This relationship is concordant with Mohs scale hardness
values and the Goldschmidt Rule. In the ferric spinels,
the microhardness values show a reverse relationship to

the Goldschmidt Rule based on ionic radii. These relation-
ships are substantiated by microhardness values obtained

by Bowle and Trylor for magnetite and jacobsite and Mohs
scale hardness volues given by “inchell (1951). Whilst

it is possible to account for the lower hardness of trevorite
by assuming that the divalent element is bound by cov~lent
bonds, a similar argument cannot explain the high value
obtained on jacobsite. Such anomalies eﬁhphaswc the need

for detailed chemical analyses before definite
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crystallochemical conclusions can be drawn.

Hardness values for lepidocrocite and manganite are
contrary to those values listed by Bowie and Tavlor,
Palache et.al., and Uylenbogaardt and also to theoretical
expectations, However, it is well known that hydrated
oxldes vary considerably in hardness depending upon their
degree of hydration and oxidotion. Pyrolusite when fresh
and crystalline has a Mohs scnle hardness of 6, but when
oxidised it can have a value as low as 2. Sueh variations
have been noted in uraninite, i.e. oxidation giving rise to
o much lower hardness valﬁe. This "softening" effect
explains the apparently anomalous reclationship between
uraninite and thorianite.

In the rutile structural oxides, the present micro-
hardness values show a relationship contrary to the
Goldschmidt Rule, The microhardness values of Bowic and
Taylor indicate that rutile is harder than cassiterite, but
Mohs and Talmage hardness values together with the present
results indicate that cassiterite is harder than rutile.
Nakhla gives a value of over 1400 for cassiterite,
Povarennykh (1959) showed that theoretically rutile should be
harder than cassiterite, hut the present results together with
the bulk of the evidence from the literaturse indicate that the

reverse occurs in ncture. It is tentatively sugzested that
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the greater hardness of cassiterite may be due to a greater
percentage of covalent bonding, or a lower perccecntage of
metallic bonding in the structurc of the mineral, compared
with rutile. Supporting evidence for this suggestion is
as follows. Rutile exhibits a higher reflectivity and a
less pronounced tendency to fracture on indentation. The

brittleness of cassiterite is evidence of covalent bonding.

(vi) Carbonates., Phosnhates.

In the carbonates and phosphates examined, the main
character of the bonding is assumed to ke ilonic, The
~rescent results are concordant with Mohs scale hardness
values, and apart from smithsonite, they are concordant with
the Goldschmidt Rule. There appears to be no theoretical
reason for the high hardness of smithsonite. A similar
cnomalously high hardnsess value is attributed to smithsonite

by Palache et.al., in Mohs scalc hardness values.
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D, Variation of Microhardness with Chemical Composition
Between Different Mineral Species

It is evident from the discussion of the results carlier
in the chapter that one of the fundamental factors controlling
the hardness of a mineral i1s the nosition of the elements in
the mineral in the Periodic Table. The position of an
element in the table governs the atomic radii, the valency
and its polarisability. Nakhla (1956) found that there
was a definite relationship between the atomie radius of an
element and the hardness of minerals containing that element.
With increasing atomic radius, the hardness of the minerals
deereased, Povarennykh (1959) has derived a formula for
caleulating the hardness of 2 mineral from crystallochemical
data., This subjeet will be discussed more fully in
Chapter VIII.

Another factor c-ntrolling the hardness of a mineral is
the relative abundance of the elements in the minerals.

This relationship is well illustrated by the copper-iron
sulphide group (Table XLIX). As the percentage of copper
in the minerals decreases so the microhardness values
increase, irrespective of crystal structure.

Similarly, in thec lead sulphosalt group, (Table L), it

cen be seen that the mierohardness is
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(a) independent of the structure
(b) dependent on the percentage of Pb in the mineral
(c) dependent upon the atomic radii of the B sub-group
mesals,
able LI illustrates how the strength of a mineral is
governed primarily bv chemical composition and not structurs.
Thus although s»nhnlerite and wurtzite have very different

structures, they have similar microhardness values.
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TABLE XXXTX

Native Elements

Mineral Chemical V.M.H. Mean
Compn.
Lead Pb 4.5
Silver Ag 58
Gold Au 67
Copper Cu 85
Ferrite Fe 260
Platinum Pt 04
Bismuth Bi 12
Antimony Sb 67

Arsenic As 124




Sulphides, Selenides., Tellurides
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TABLE XL,

Mineral Chemical V.M,H. Mean
Compn.
Altaite PbTe 36
Cleusthalite PbSe 68
Galena PbS 75
"labandite MnS 161
Fessite Ange 30
Nevmannite Ag28e 34
Thicairite CulgSe 76
Acanthite AgZS 24
Jalnaite (Ag ,Cu)oS 31
Chalcocite CusS 75
Coloradrite HgTe 22
Tiemannite HgSe 28
Sphalerite (Zn,Fe)s 170
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TABLE XL Contd.

Mineral Chemical V.M.H. Mean
Compn.
Violarite NiZFe84 307
Linnaeite 00384 532
Siegerite (Co,Ni)3SH 525
Bismuthinite B1283 140
Stibnite Sb283 90
Pyrite FeS, 1600
Bravoite (Fe,Ni)s, 1224
Laurite RusS 5 1886
Snerrylite PtA52 ‘ 1100

Hauerite MnS, 503
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TABLE XLTI

Arsenides. Antimonides., Sulpharsenides, Sulphantimonides

Mineral Chemical V.M.H., Mean
Compn.

Breithauptite NiSb 520
Niccolite NiAs 420
Ullmannite NisSbs 530
Cersdorffite NiAsS 780
Cobaltite CoAsS 1150
Lollingite Fels, 620
Safflorite (Co,Fe)lds, o4O
Rammelstergite NiAs, 710
Pararammelsbergite NiAs2 720
Arsenopyrite FeAsS 900
Glaucodot (Co,Fe)AsS 1000
Fe~-skuttermdite (Fe,Co,Ni)Asy

Skutterndite (Fe,Co,Ni)As3 672
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TABLE XLIT
Sulnhosalts
Mineral Chemical V.M.H. Mean
Compn.
Polybasite (Ag,Cu)168b2811 136
Pearceite (Ag,Cu)qghs,8qq 146
Proustite Ag3SbS3 96
Pyrargyrite Ag3AsS3 112
Withichenite Cu3BiS3 185
Tetrahedrite (Cu,Fe);pShy,8, 5 347
Tennantite (Cu,Fe)12A54813 375
Braihapes e Ao
Freibergite ((Cu,Ag)Fe)128b4813 305
Bournonite PbCquS3 173
Aikinite PbCuBiS3 198
Chalcostibite Cqu82 230
Fmmlectite CuBiS, 198
Cosalite Pb2Bi285 113
Kobellite PbZ(Bi,Sb)QSS 129
Jordanite PbluAs7S24 188
Meneghinite Pb138b7823 110
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TABLE XLIII

Oxides, Hvdroxides

Mineral Chemical .M.H. Mean
Compn.,
Hematite Fe203 950
Eskolaite (Cr,V),04 2670
Corundum A1203 2390
Ilmenite FeTiO3 700
Putile Ti0, 1000
Pyrolusite MnO, 229
Cassiterite Sn0, 1310
Pitchblende uo,, 398
Thorianite ThO, 1066
Lepidocrocite FeO(0H) 274
Menganite MnO{OH) 736
Hausmannite MnMn, Oy, 556
Hetaerolite Znanou 711
Spinel MgAl,0y 1580
Hercynite FeAL, 0y, 1450
Gahnite Znal,0y 1520
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TABLE XLIIT Contd,

Mineral Chemical V.M, H. Mean
Compn.
Magnetite FeFeZOH 625
Franklinite ZnFe204 772
Jacobsite MnFe204 855
Trevorite NiFe,0p 58l
Chromite FeCrzOq 1290
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TABLEL XLIV

Carbonatzs, Phosphates

Mineral Chemical V.M. H. Mean
Compn.
Calcite CaCO3 110
Dolomite CaCO3°MgCO3 400
Ankerite CaCO3(Mg,Fe)CO3 421
Magnesite MgCO04y 442
Siderite FeCO3 350
Rhodochrosite MnCO, 238
Smithsonite ZnC0s 451
Pyromorphite PbS(P04)301,F 22k

Apatite Cag(POy)4C1, F 530




TADLE XLV

. IONIO AND ATOMIC RADIX

The fonio radii are those for 8-fold co-ordination. The atomic radii aro one-half the distance of closest approach in the element

e

e ammeea

1 2 3 4 5 ) 1 8 :
» H- 154 H :
1 _ H 046 °
g | i 152 | Be 112/ B 087 |C O |N 07l |0~ 18| F 133 e 160
Li* 078 | Be* 034 C#* <02 | N*+01-02{ O 060 :
Sie~ 198 8§ 174 i
3 I Na 188{ Mg 160 | Al 143 |Si I117|P S 104 C- 181 A 191
Na+t 098 | Mg 078 | A+ 067 | St 030 | P+ 0304 S 034 | C 107 ‘
v 130 Mn 118 f
K 231 |Ca 186 |8 151 |Ti 146 | v+ 065 |Cr 125 | Mo*™ 091 [ Fe 124 Co 125 Ni 124 :
K+ 133 | Ca% 106 | S 083 | Titv 060 | V¢ 081 | Cr" 064 | Mn** 070 | Fe+ 083 Co'+ 082 N+ 078 i
o | NEH 143) Titt 064 | V** ca. 04| Cr*03-04| Mnt+ 052 | Fer+ 067 .
Ou 128 | Zn 183 | Ga 122 | Ge 132 | As 125 | Se*~ 191 | Br- 196 1
Cut 096 | Zn* 083 | Ga** 063 | Get+ 044 | As+ 068 [ Se 116 | Br 119 Kr 201 ]
' Astt ca. 0-4 | Set+0:3-0-4
Rb 243 | Sr 215 | Y 181 | Zr 156 | Nb 143 | Mo 136 Ru 1383 Rh 134 Pd 137 .
Rb+ 149 | S+ 127 | Y+ 108 | Zr¢++ 087 | Nb+ 069 | Mot+ 068 | Ma Rut+ 065 RW+ 068 ‘ !
s | Nb*+ 069
Ag 144 | Cd_ 149 | In 162 | Sn+~ 215 | Sb 146 | Tem 211 | I- 220
Agt 113 | Cd** 103 | In** 092 | Sn 140 | Sb* 090 | Te 143 I 138 Xe 220
So++ 074 Tett 089 | P+ 004
Cs 262 | Ba 217 | Ls 186 | Ce 182 Pr 181 Nd 180 I ;
Cs+ 165 | Ba*+ 143 | La*+ 122 | Ce+ 118 Pe+ 116 Na*t 115 i
Cet+ 102 P+ 100 . ;
Sm* 113 Ew+ 113  Gd*+ 111 Tbo* 100 Dy 107 Ho* 105 Er 186 = i
6 Th++ 089 Er+ 104 i
Tm?+ 104 Yb™ 100 LuM 099 | Hf 168 | Ta 143 | W 136 | Re Os 135 Ir 135 Pt 138
Hivt 084 | To'+ 068 | W 068 Os++ 0-67 Irtt 066 :
P+ 215 :
Au 144 | Hg 160 | T 170 | Pb 195 | Bi 185 | Po 85 Rn :
Aut 137 | Hg™ 113 | TI+ 149 | Pbr+ 132 1
TIH 1.05 | Pb+ 084 '
7 |87 Ra Ac Th 180 | Pa U 188
: Th+ 110 U+ 108 ;

After Zvans (1939)

-90¢-
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TABLE XLVI

; ~ “TETRAHEDRAL’ ATOMIC RADIT
(After Pauling and Huggins, 1934)

1 2 3 4 5 8 1
1, Be B | ¢ N 0 F
107 | 080 | 077 | 07 | 086 | 064
I Mg Al 8i P | s a
: 140 | 126 | 117 | 110 | 104 | 099
" Jel o | 20 | @ | G | A | 8 [ Br
; 185 | 131 | 126 | 122 | 118 | 114 | 111
‘ 5 Ag cd In Sn 8b | Te I
5 153 | 148 | 144 | 140 | 136 | 132 | 128
6 | Av | Hg TI Pb Bi
150 | 148 | 147 | 146 | 146
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TABLE XLVIT

Variation in microhardness with chemical composition in some

cobalt-bearing analogues of pentlandite

V.M. H, INi Co %Fe
Mean,

kg 26.98 18.8% 21,10
280 21.10 30,94 15.62
310 9,06 49,33 10,32

After Kuovo, Hukma, and Vuorelainen (1959)

TABLE XIVITI

Comparison of calculated and actual hardness values for

niccolite and breithauptite

(After Povarennvkh, 1959)

Mineral Inter- Degree of Coord. Hardness
atomic dist, Covalency No.
Cale, Actual
NiAs 2.43 97 6 7.68 5.5
NiSb 2.60 100 6 6.82 5.0
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TABLE XLIX

The Variation of Microhardness with Chemical Composition in

Some Copper=-Iron Sulphides

Mineral Chemical Crystal %Cu., V.M.H. Mean
Compn. System Value (100g.)
Chalcocite CunS Ortho. 79.9 71
Digenite CuZ_XS Tsom, 78.8 71
Covellite Cus Hex. 66.0 99
Bornite CuSFeSH Isom. 63.3 92
Chalcopyrite CuFeS, Tetra. 34,6 188
Cubanite CuFe S, Ortho. 23.4 207
Pyrrhotite Fel_XS Hex. trace 298
TABIE L

The Variation of Microhardness with Chemical Composition in

some Lead Sulphosalt Minerals

Mineral Chemical Crystal %Pb.  V.M,H. Mean
Compn. System Value (100g.)
Jordanite Pb14A57824 Mono, 69.2 189
Gratonite PbgAsyS,g  Hex. 70.5 174
Beulangerite PbeSby 511 Mono. 50.0 163
Meneghenite Pby3SbrSp3  Ortho. 62.9 13k
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TABLE LI

The Relationship between Crystal System and Mierohardness in
Minerals having the Compositions ZnS and Fe82

Mineral Chemical Crystal V.M. H, M- -
Compn. System Value (100g)
Wurtzite ZnS Hex, 205
Sphalerite ZnS Isom, 180
Marcasite FeS,, Ortho. 1064
Pyrite FeS Isom, 1600
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CHAPTER VIT

SYSTEMATIC MICROHARDNESS DATA

Ranges and mean values of Vickers and Knoop microhardness
for all the mineral species studied are given in Table YVIII
in ChavnterlV and Vickers values are also presented diagram-
matically, in Fig, 68, (enclosed in the folder at the end
of the thesis), The minerals arc arranged in order of

increasing hardness.

A, Accuracy and Reproducibility of the Results

Microhardness values have been obtained using two
different tvpes of indenters, the Knoop, and the Vickers.
The Knoop indenter has been mainly used in orientation studies,
whilst the Vickers indenter has been utilised primarily in
the determination of the ranges 2nd mean values of micro-

hardness of the ore minerals.

() Vickers microhardness results
‘Values of Vickers microhardness have been obtained for
all the mineral species studied at 100 g. load. It has been

conclusively shown in Chapter III that microhardness values
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obtained at varving loads on the seme mineral are considerably
different from one another, It is thereforc incorreet to
compare values obtained, for example, at 50 g. er 25 g. with
the present results. Only Nakhla (1956), and Bowie and
Tavlor (1958) have obtainecd comparablc microhardness values
for the onacue mlnerals.

The results of Nakh™a (1956) show inconsistent variations
of microhardness with load. In addition, no mention was
made of the number of measurements taken. For the above
reasons, these results have not been uscd for comparison
purnoses, The results of Bowie and Tavlor (1958) are more
comprehensive but thelir mineral speeimens were mountcd in
bakelite, instead of cold setting plastic. The disadvantages
of brkelitec, as a mounting media, have been pointed out in
Chapter II. It was shown that thc hardness of 2 galena
crystal was increased by 40% from its normal value.  Thus,
one nmlght expect the results of Bowiec and Taylor, for the
soft minerals, t§ be higher than corresponding values obtained
from polished sections mountcd in cold setting plastic.

A comparison of the present results, and those of Bowie
and Taylor's indicatss such a trend. Of the minercls that
have been jointly studled, and have m®crohardness values about
200, annroximately 30% give results which agree to within

+5% of ench other, The remaining 70% show microhardness



differsnces greater than +5%.  Of these results, one half
show that Bowie and Taylor's volues are higher than the present,
and the other half show the reverse relationship. However,
of the minerals with microhardness values less than 200,
excluding the native metals, 20% give rcsults which agree
to within +5% of one another, 65% show Bowie and Tavlor's
microhardness values higher than the present, and 15% show
the reverse relationship. The divergence between Bowie and
Taylor's results and the present ones increcases with decreasing
microhardncss. This is further evidence of the "work
harduning™ (i7feebt on ninerals duc to the high temperaturcs and
pressures that occur in bakelitc mounting processes.

Bowie and Taylor found that approximatcly 209 of the
minerals studied exhibited cracking around indentations.
The present studies, however, indicate that over 75% of the
opaque minerals fracture to some extent around the indentations,
tut the present survey has included many more sulphosalts,
and some silicate, and this discrepancy may therefore not be
serious. Only the least fractured impressions were measured
in the p-esent studies, and it therefore seems unlikely t hat
the difference in microhardness values for the softer minerals
could be due to inaccurate measurement of the indentations.

In general, the results are in agrecment with those of

Bowie and Tavlor. The survey of both sets of rcsults suggests



that if standard conditions are applied, i.e. standard load,
mounting media and mcasuring technique, then a microhardness
reproducibility of approximately +5% may be expected. This
value depends mainly upon the hardness of the mineral spceies
and its ability to change in chemical composition. Thus

the reproducibility of the simple sulphides, selenides,
tellurides and some of the sulphosalts is about 3% whilst
those of the harder oxides and sulphides anproach 8 - 107,
Large variations occur in the native metals, due to the
variability of chemical composition.

Seversl notable discrepancies occur between the results
of Bowie and Taylor and the present studies. There are
large differences in the microhardness velues for the oxides
end hydroxides of iron and manganese, This is attributed
to variations in ths state of hydration and oxidation that
may occur in these minerals, Bowie and Taylor's value for
naumennite contradicts the Goldschmidt Rule and is not
concordont with listcd Mohs or Talmage valucs. Differences
in the values obtained for sylvanitce are nrobobly due to

variations in chemical composition,

(b) Knoop_microhardness results

Knoon microhardness valucs hnave been determined at

different loads, i.e. softer minerals were tested at 15 g.
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lo~d and hard minerals at 100 g. load, It is therefore in-
correct to compare directlv the Knoop results with the
Vickers microhardness values obtained at 100 g. 1load.
However, taking into account the effect of the load on the
rmicrohardness values, the Knoop results compare favourably with
the Vickers results. Where identical loads have been used
with both indenters on the same minerals, the Knoop micro-
hardness mean values are usually slightly lower than
corresponding Vickers volues. The differences arc of the
order of 5% but this value variss according to the hardness
end anisotropism of the mincral. Due to the lower symmectry
of the Knooﬁ indenter, Knoop microhardness rangecs are
conslderably greater than corresnonding Vickers values
(Table XVIII).

Robertson and Van Mecter (1951) determined the ranges
of Knoop microhardness vzlucs for 48 ore minerals, using
londs ranging from 2 g. to 300 g. Meny of the minerals
were determined at 15 g., 25 g. and 100 g. load. Yhere
the microhardness rangces, obtoined in the present studles and

by Robkertson and Van Metcr, have been determined at the

lcss than i5%. It is intercsting to note that Robertson
and Von Meter 2lso found much less Knoop microhardness

anisotronism on thc isometric minerals, eg. chromite,
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compared with the anisotropic minerals such as arsenopyrite,

enargite and molybdenite,

B. Comnarison of the Microhardness Values with Eusﬂ%llshpd
Mohs and Talmage Hardness Values

A comparison has becn made of the nmicrohardness results
with Mohs scale of mincral hardness listed by Palache et.al.
(19%%), and with Talmage hardness values listed by
Uyvtenbogandt (1951). The comparisons have been used to
£.886ss apwroximately the microhardness of some of the rarer
minerals, samples of which were not available for the direct

determination of their microhardness.

(a) Comparison with Talmase hardness values

Fig. 69 shows that a reasonably linear reclationshin exists
between the Talmage hardness values of the standard minerals,
i.e. argentite, galena, chalcopyrite, tetrahcdrite, niccolite,
magnetite and ilmenite, and their microhardness values.

A comparison of thc Talmage hardness and microhardness values
of most of the ore minerals shows that many discrepanciecs
occur. For example, minerals in the "B" gzroup show
microhardness values ranging from 26 to 175. However,
within certain limits, the Talmegc and microhardness valucs

for these minerals do show a roughly linear relationshin.
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It is interesting to no%e that the microhordness of
ilmenite (Talmage rating G.) is only %00, Thus-all the
minersls above 700 microhardness units should, according
to the linear relationship, logically have a higher rating
then G. Rutile, chromite, ovyrite andleurite, having
microhardness mean values of 1000, 1300, 1600, 1850
respectively should have Telmage ratings of J7, L+, 0, and
R™. Summarising, we may conclude that for the soft and
nedium=-hord minerals i.e. up to 700, the Talmage and the
microhardness vealues show a general concordance with one
another, For the minerals of microhardness greater than
700, the microhardness and Talmage hardness volues do not
show a linear relationship i.e. the Talmage ratings are
consistently too low relativs to the microhardness values,
It is obvious thot by limiting the Talmage ratings from A
to G, both Talmage (1925), and Short (19%C) introduced large
inconsistencies into their hardness ratings for the harder

minerals.

(b) Comparison with Mohs scale values

As a further check on the accuracy of thc results,
Vickers ond Knoop micorhardncss valucs were determined for
the standard minerals in the Mohs scale of hardness, These

rosults are given in Teble LIT. Table LIII compares the
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TABLE LTI

Vickers and Knoop Microhardness Valuss for the Standard Mohs

Scale Minerals

Mineral Species

VoM ,H, Volucs

K.M.H, Values

Range Mean Range Mean
Tale 7.0-18.5” 10.5 3.8-7.h” 11.8
Gypsum (001 ) 30.5-47.51  39.2  38.0-156% 65.5
(010) 34, 8-48.21 Lo 2 38.0-69.3" 50,2
Calcite (10T1) 105-116% 112 123-1742 155
Tuorite (100) 174-181¢% 179  166-1882 181
(111 ) 17%4-2031 191 182-2202 205
Apatite (0001) 4546061 L L4 98-6382 552
(10710) L76-596L 538 423-6342 536
Orthoclase (001)  642-9331 727 531-6652 608
(110) 681-8821 770 L63-7172 590
(010)  642-9131 770 403-7172 608
Quartz (0001) 1266-14651 1349 1039-13071 1145
(1010) 1378-1561 1457  890-12311 1066
Topaz (001) 1666-20211 1726 1389-17391 1526
(010) 1478-17471 1620 1380-16351 1480
(100) 1620-18181 1734+ 1238-18151 1487
Corundum(0001) 2097-25981 2264 1751-21861 1902
(1010) 2341-27581 2519 2186-24701 2270

1 - Obtained at 100 g. load.
2 - Obtained at 50 g. load
4 - Obtained at 15 g. load.
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TABLE LIII

A Comparison of Vickers Mean Microhardness Data,

Mohs' Mineral V.M.H(mean V.M,H{mean V,M,H(nean V.M.H(mes
Scale Species values) values) values) values)
E.W.Taylor S.H.U,Bowie R.Taylor (B.B,
(1949) (B&T, 1958) (B&T, 1958) Young)

1 Talc L7 L3 43 10
2 Gypsum(010) 60 52 50 41
3 Calecite (1011) 136 126 118 112
L Fluorite 200 193 191 185
5 Apatite 659 552 560 Sh1
é Orthoclase 714 768 764 755
7 Quartz(001L) 1103 1135 1132 1349
7 Quaptz (1010) 1206 1187 1180- 1457
8 Topaz 1648 1699 1640 1693
9 Corundun 2085 2121 2108 2391




-320-

miecrohardness mean values obtained by Taylor (19%9) and

Bowie and Taylor (1958), with the present results.  All

the values were obtained at 100 g, load. Agrecement between
the values obtained by Bowis and Taylor, and E.W. Taylor is
very good, with the exception of apatite,. For the softer
nminerals i.c. From Talc to Apatite, Bowie and Taylor's values
are consistently lower than those of Taylor's, whilst the
values for the harder minerals are in ruch closer agreenent,
The pr:sent values in general agree with the measurements of
the other authors. It is noticeable, however, that the
values for the softer minerals, i.e. from talc to orthoclase
are lower than corresponding values obtained by Bowie and
Taylor, and E.W. Taylor, Present values for quartz and
corundum seecm rather high by comparison, whilst values obtained
on topaz are in close agreement with those obtained bv the
other authors.

Although t he differences between . the various sets of
microhardness values are small, the manner of their variation
is significant when attempting to deduce a relationship
between Mohs seale hardness values and the microhardness
values, Whilst the values of Taylor, and to a lesser
extent, Bowie and Taylor, avvrroach a logarithm/linear
relationship, the present values indicate a logarithm/logarithm

relationship between the hardness scales (Fig. # ).
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Kruschov (1950), investigated the relationship hetween
the Mohs scale hardness values and the microhardness values
and found that a logarithm/logarithm relationship between
the scales existed. He deduced the following relationship;

Hb = 0.6754/ H

Hardness number on the Mohs scale

where HO

H

t

indent»tion hardness number, using a triangular
pyramid.

Tabor (1954), used the results of Winchell (1945) and
E.W. Tavlor (1949), to show that, contrary to the results of
Kruschov (1950), the relationship between the scales was a
logarithm/linear one. He expressed the relationéhip in
the following formulag

Tog H=1.6 M

f

where M = Mohs scale number,

and H

1

microhardness number,

Povarenrykh (1959), investigated in detail the relation-
ship between the scales. Using the microhardness values
obtained by several authors (Table LIV) he found that a plot
of the values formed a curve very close to that of the cubic
parabola, y = x3.

The present results are in very close agreement with
those of Povarenrykh, the curve approximate in shave to the

y = x3 parabolic form, (Fig. 70). When logarithms of the



-322~

TABLE LIV

Microhardness Values Obtained on the Standard Mohs Scale
Minerals.

OTHOCHTEXbHHE YHCANA TBEPAOCTH 3TAAOHMMHX MHHEPAAOB
WKXaxM Mooca, noaxydyeHHHE METORAMM CKAEPOMETPOB
; H BAaBAHBaHMG®

CIJICPOICTPH'I. TBEPAOCTD Taepnocrb M0 MEeTOoAaM BAABAHBAHHA
! Mooea .n§g¢_n3§§‘nosup x%%- Mo Mo Te#-|{Mo Ay-
T by K::; Saymy moBy Kuyny| nopy lppbaxy
1 ) 2 12| - 22 4
2 12 2 5 18 17 2 12
: 3 15 24 2 53 70 62 80
; 4 37 27 23 92 84 9% |. 96
; 5 54 98 215 260 219 | 316 206
6 191 184 380 386 289 343 220
7 254 510 500 543 3% | 568 268
8 459 645 600 692 642 792 457
9 1000 | 1000 - 1000 1000 | 1000 1000 1000
10 — — — ~4900 | 4225 | — 2170

+

% Bce uMcEa TBEpAOCTH NEPECUYHTAHH, PUUIEM YHCAO TBEPAOCTH KOPYHAA hpn-
Haro 3a 1000. ‘

Values recalculated assuming that
corundum has a V.M.H. No. 1000,
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microhardness and Mohs scale hardness values are plotted

against one another (Fig, 71) a straight relationship results

i.e.
Log M = 0,366 log H
or M = g(0.366)
where M = Mohs scale number
H = Vickers microhardness number (100 g.)
0.366 = slope of the line.

Povarenrykh, using the microhardness value of 10,000,
for diamond, obtained by Kruschov, (1950), arrived ot a
figure of 15.0 on the Mohs scale hardness. Using the
present results, the same data gives a Mohs scole hardness
value for diamond of 14,96, As the present results show
such close agreement with those of Povarenrykh, it scems
nrobable that the microhardness values for the softer
minerals obtained by Bowie and Tavlor, and E.W. Taylor are
too high, There are two possible cxplanations for these
discrepancies, Firstly, it is possible that some of the
softer minerals may have been determined at loads lower than
100 g. load, and secondly, the "work~hardening" effect that
anpears to occur in takelite mounting may have produced

increased hardness in the minerals.
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A considerablc spread of the values
occurs particularly for the softer minerals. For example,
in the grons of minerals listed as having a hardness of
2.5 on the Mohs scrle, corresnonding microhardness values
ranve from 12 to 2C0. The spread is less pronounced in
the harder minerals. By comparison, the Mohs scale values
appear to ke slizghtly more reliable than corresponding

Talmage values.,

(c) Assessment of the microhardness of rars minerals from
their Mohs., Talmage and polishing hardncss values

Although microhardness values have been obtained for
over 200 mineral snecies, many of the softer sulphides and
sulphosalts were not examined. Talmage and Mohs scale
hardness values are given for most minerals in the minera-
logical textbooks of Uytenhogaardt (1951) and Polache
et.al (19%'+). Table LV lists the approximete microhardness
values extrapolated from the curves in Figs. 69, 71 for =
further 65 minerals. 4 final extrapolated ¥alues of the
microhardncss for each mineral has also been given. This
value is the mean valuc of the extranolated Talmage and Mohs
values, The accuracv of these hardness values 1s dependent
upon the accuracy of the original delerminations. It should

thereforc be aporeciated that these results arc only
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TABLE LV

Microhardness Values Extrapolated from Mohs and/or Talmage
Values (for 100 g, Ioad)

Mineral Microhardness Microhardness Mean Micro-
from Talmage from Mohs'! hardness

Value Value Value.
Aguillarite 25 - 75 60 55
Alaskaite 200 40 - 150 150
Aramovoite 200 60 130
Baumhauerite 200 100 150
Berzelianite 75 L0 60
Canfieldite 200 60 130
Dufreno;site 200 100 150
Empressite 200 125 160
Mil%ppite - 60 60
Freislebenite 200 50 125
Frohbergite 230 —— 230
Galenobismutite 75 100 90
Greenockite -—— 120 120
Gruenllingite 75 4o 60
Guanajualite 100 100 100

Gudmundite 600 700 650
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TABLE LV Contd.

Mineral Microhardness Microhardness Mean Micro-
from Talmage from Mohs' hardness

Values Values Values
Hauchecornite 400 —— 400
Heazlewoodite 230 —— 230
Hedleyite 25 - 75 - 50
H8gbomite —— 1000 1000
Hutchinsonite -—- 30 30
Joseite 25 - 79 40 L5
Klockmannite 200 100 150
Lautite - 120 120
Lengenbachite 75 - 75
Liveingite -—— 100 100
Lorandite 75 50 60
Maghemite - 500 500
Melonite 15 75 b5
Metacinnabar 75 100 85
Metastibnite ——— 60 60
Montbrayite 200 -—= 200
Niggliite 300 - 400 100 225
Owyheelite 75 60 70
Palladium —— 479 475
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TABLE LV Contd.

Mineral Microhardness Microhardness Mean Micro-
from Talmeage from Mohs' hardness

Values Values Values
Paramelaconite - 400 400
Parkeriite 100 70 85
Penroseite - 80 80
Plagionite 200 60 130
Plattnerite _—— 650 650
Polydymite 550 50