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CHAPTER VIIX

MICROHARDNESS OF CRYSTALS ( GENERAL)

7.1 INTRODUCTION:

Hafdnéss may be broadly defined as the ability
of one Body to resist penetration by another. It is
by defiﬁition a relative property of a materialland
depends on the elastic and plastic properties of both
the penetrated body and the penetrator. In addition,
the comparative hardness of different matérials is
strongly dependent upon the-method of measurement, the
four most general methods being (i} Scratch (ii} Indenta-
tion (iii} Abrasive and (iv) Dynamic methods. All

hardness tests measure some combination of various
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material properties, namely elaétie modulus, yield

stress (which denotes the onset of plastic behaviour

or permanent distortion), physical imperfection, -
impurities,and*work-hardening capacity. The latteér

is a measure of the increase in stress to continue

plastic flow as strain increases. Since éach hardness
test measures a different combination of these properties,
hardness itself is not an absolute quantity and, to be
meaningfﬁl, any statement of the hardness of a body must

include the method used for measurements.

7.2 DEFINITIONS AND MEASUREMENTS:

-

From time to time many definitions have begn
given for hardness but none has been found to be
satisfactory for quantitative interpretation of the
processes takin% place in indented materials. Tuckerman
(1929} explained hardness as a hazily conceived aggregate
or cohglomeration of properties of é material more or
iess related to each other, Best general definition is
given by Ashby {1951}, "Hardnéss is a measure of the
resistance to permanéntNEeformation or damage". The

general definition of indentation hardness which relates

to the various forms of the indenters is the ratio of
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load applied to the surface area of the indentation.
Mayer (1908} proposed that hardness should be definead
as the ratio of the load to the projected area of the
indentation. $So the hardﬁess has the dimension of stress.
SpaetQ (1940} suggested that hardness should’not be
defined as stress but as the resistance to indentation
in the form of the ratio of the specific surface load-
to the unrecovered deformation. In short, the hardness
of a solid is defined by the resiétance agéinst lattice
destruction and is considered to be a function of inter
atomic forces {Tertsch, 1948). Attempts towards a
physical definition of hardness were made by Friedrich

(1926}, Goldschmidt (1927) and Chatterjee (1954).

Chatterjee (1954) defined indentation hardness
as the work done per unit volume of the indentation in
a static indentation test for a definite angle of
indentation. On the basis of this définition and Meyer's
law P = ad” for spherical indenters, he derived a formulq
for the measurement of hardness. Acco?ding to Plendl |
and Gielisse (1962) hardness can be defined as pressure
or force per square centimeter, and thus it can be conceived

as an energy per unit volume e.g. the ratio between the
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input energy and volume of indentation. They have

’

concluded that resistance is a funetion of the lattice
energy per unit volﬁme and called it volumetric 1attice
energy {U/V} having the dimension ergs/cma. U is the
total cdhesive enefgy of the lattice per mole and V

is the mglecular vo lume defined as M/S, where M is a
molecular weight and S is specific heat. The hardness

was thus considered to be the absolute overall hardness.,
Matkin and Caffyn (1963) from their studies on harduess
of sodium chloride single crystals‘contaiﬁing divalent
impurities, correlated hardness with the disiocation
theory. - They redefined hardness in terms 6f generation
and/or movement of dislocations associated with indentation,
‘6r it is the measure of the rate at which the dislocations

dissipate energy when moving through a crysfal lattice,

There are basically four different methods to
" determine hardness of a substance. (1) Scratech (2) Abrasive

(3) Dynamic (4} Static indentation method.

(1} Scratch Hardness:

An eéfly method of measuring scratch hardness
still in wide use today by mineralogists was developed

by Friedrich Mohs in (1822). This gives a relative
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ranking of minera;s based simply on their ability to
scratch one another. The Mohs metnod is not suitable
for‘géneral use with méterials of hardness greater |
than 4, since in thié range the intervals are rather
closely and unevenly spaced. The modificatians of

this -method were overshadoﬁed by other sensitive methods

and experiments.

(2) Abrasive Hardness:

» Abrasi%e hardness is defined as the resistance

to mechanical wear, a measure 0f which is the amount

of material removed from the surface un&er specific
c&nditions. The hardness ma& be foﬁnd by the depth of
penetration. .For ferromagnetic materials hardness
measurements héve been made with attempts to associate
them with the magnetic properties. -It is generally found
that materials with large magnetic céereive force are
mechanically deformed to a greater extenf than the
material with less magnretic coercive force, It ié found
that hardness varies generally in the same wa& as the

electrical resistivity.

~

(3) Dynamic Hardness:

”~

The hardness ﬁeasurement in this method involves

the dynémic deformation of specimen'under study and is
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determined by following different considerations:

(a} Here a steel sphere or a diamoﬁd—tipﬁed hammer is
drépped from a given height, and the height to which
the ball or hammer rebounds is read on a scale. This
is taken to be the measure 6f hardness. The kinetic
energy of the ball or hammer is used up partly in
plasticall}\deforming the specimen surface by creating
a slight impression and partly in'the rebound. This
test is sometimes referred to as 'dynamic rebound test’'.
(b) Here a steel sphere or diamonéftipped hammer is
dropped from a given height, the 'depth and size of the
impression‘producéd and the energy of the impact gives
the hardness 'of the substance, i.e. hardness is given
as ratio of the energy of impact to the volume of
indentation mark. '(c) Chalmers (1941} assessed the
surface hardness inxférms of the reduction in\optical

reflectivity when a known amount of sand was allowed

to impinge on the surface under standard conditions,

{4) Static Indentation Hardness:

/

The most widely used method of hardness testing
is the indentation method. This is the simplest and
a very sensitive method in wﬁich a hard indenter (e.gs

-~
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diamond, sapphire, quartz or hardened steél) of a
particular geometry is applied slowly, and éfter a
certain time of application, is carefully removed,
leaving behind a permanent indentation mark on the
surface of the specimen. Measurement is made either
of the'size of the indentation resulting from a fixed
load cn\the indenter or the load ne cessary to force
the indenter down to a predetermined depth and the
hardness of material is then defined as the ratio of
the load fo the area of the indent mark. The hardness
values so obtained vary with indénter geométry and

with the method of calculations.

Many combinations of indenter, load, loading
procedure, and means of indentation measurement are
used among the various tests in order to accommodate
various shapes, sizes and hardnesses of sbecimens,
and this has resulted in a proliferation of hardness
scales. The most commonly used indeniers are described
in Table 7.1. ﬂiamopd indenters must be used for hard
materials in créer to minimize errors due to elastic
distortion of the indenter. In case ball indenters

are used, the hardness number will be independenf of
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i

load only when the ratio of load to indenter diameter
is held constant. For a cone and pyramid indenters, °
hardness number wili be independent of Ioad for all

loads above a certain minimum depending upon the specimen

material.

T.3 GENERAL INFORMATION ON HARDNESS :

The hardness study undertakeh, so far for
étudying the strength of solids and the effect of various
treatments on the hardness of a solid, have proved some~-
what useful. Mbsf of tge work has been reported on alkali
halides and metals, Freviously, the hardness studies
were made only from the view of material research but as
the expansion in the field of scientific research increased;
the study on hardness hglped in,qnderstanding Varioqg
oether mechanical properties of solids. Gilman and.
Roberts (1961) correlated indentation hardness with the
elastic modulus by gathering the data for various materials.
Their empirical linear relation shows that elastic'modulus”
is an important factor which determines plastic resistivity
against the dislocation metion. The behaviour of the
indented region during the propagétion of stresses which

initiate the dislocations and their motion is not understood
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clearly. VWhen an indenter is pressed on the surface
of a solid, the streéses are noet simply tensiie ér
compressive in nature. Stresses in various directions
are set up and one should treat the resultan£ plastic
flow as a result of these combined stresses. It is
also observed that the fundamental mechanisms éf
deformation can be either slip or‘twin or both or at

times facture.

(i} S1ip is the most common mode of plastic
deformafion, which is characterised by the displacement
.of one part of #we cfystal relative to anothe} along
certain definite crystallographic pianes. The movement
is concentrated in a succeasion of planes’héving the
intermediate planes. The'slip planes are usually of low
indices and the slip direotions are thoge of closely

packed ones in a crystal structure.

(ii) Certain crystals may also deform by twinning,
aﬂmeehaﬁisﬁ ﬁy means of which a portion of a crystal may
change lattice orientation with respect to the other in
a definite symmetrical fashion. Schmidt and Boas (1955)
described the twinning as the simple sliding of one plane

of atoms over the next,the extent of the movement of
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each plane being preoportional to its distance from
the twinning plane. Partridge (1964} studied the micro-
hardness anisotropy of magnesium.and"zinc §ing1e crystals.
He observed twin in above crystals and concluded that
fhe resolved sheér stress criterion is insufficient to
account for the observed di;tribution of twins and any
analysis which éttémpts to relate deformation twinﬂing
with hardness anisotropy must take into account the
dimensional changes which occur during twin formation.,
Indenting diamond flats with diamond indenter Phaal
(1964) reported the slip and twinning of diamonds.
Vahldick et al. (1966) studied the slip systems and
twinning‘in moiybdenum carbide single crystals with the
help of Knoop and Vickers indenter. When indented
crystal is etched ﬁy a dislocation etchantArosettes
are formed on some crystals (usually ;lkali halides})
indicating xhé dislocation distribution around an
.indentation. Dislocation l1oops are also formed around

the indentation maxk in ceasium iodide and sodium chloride

(Urusovskaya, 1965 and Kubo, 1970).

Many workers have proposed some or other

explanation for the microcrack formation during indentation

A}

of a crystal surface.Smakula and Klein (1951} from their



- 124 -

punching experiments on sodium chloride exylained the
crack formation on the basis of shear on slip planes.
Gilman (1958) attributed these microcracks which have

a definite c;ystallographic direction to the piling up

of dislocations on the slip plane. Breidt et al. (1957)
observed that crack formation is lesé at higher ﬂe&pera;
tures (375°C) than at lower temperatures (25°C). The -
cracks are“usually observed to propagate froﬁ ihe éorners

of the impression.

The interferometriec studics of indented surfaces
have revealed the nature of the deformation and the
history of the safiple under test. Votava et al. \1953)
were the first to study the deforme& region on thé -
cleavage faces of mica and sodium chlorige. Tolansky and
Nickols (1949 and 195?) studied the indented éurfaces
of steel; tin anq;bismuth. They observed maximum distortion
along the medians bisecting sides of the square and minimum
along diagonals, showing thereby that no distortion .
projects beyond the diagonal; They ¢ould easily show the
differences between ’piling—up"aqd the 'sinking-in' with
the help of FECO fringes. The§ establisﬂed interfe;ometricaily
that the asyﬁmetry‘in the ffinge pattern is purely crystallo-

graphic and depends on the previous history of the samples,
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and has nothing to do with the orientation of the

square of the indentation. They (1952} concluded that

the convex sides, corresponding té the extended wings

in interference pattern were 'piled-up' regions and the
concaye sides were 'sink-in' ;egions. ”Satyanarayan

(1956) observed barrel or pin—cushion shapekof indentation
marks interferometrically and gave idea about 'sinking-in'

which occurs mostly at faces with very little along the

diagonals of the indentation mark.

il

In erystalline materials plastic deformation

or slip ocours through the movement of line imperfections

called dis locations. As dislocations are multiplied (by

one of several mechanisms) during deformation, their

spacing decredses and the§ interact and impede each

other's motion, thus leading to work-hardening. The

strength of the dislocation interference depends on the
on o

nature of the crystal andhthé ratio of the temperature

of deformation to the melting point of the crystal.

In general, hardening of’crystals can be .
accomplished by the introduction of any barrier to
dislocation motion. This can occur by {(a} work-hardening

(b) impurity hardening (impurities tend to segregate to
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dislocations and pin‘them) (c) decreasing grain size

in a pglycrystal {(grain bdunaaries are barriers to
dislocation motion)y {d) dispersion of fine particles

~+ of second phase‘in the crystal and (e) phase transfor-

mations (by quenching}). ' .

It can be seen from this brief summary that
the amount of plastic deformation induced ' in a gaterial
by an indenter under load depends in a complicafed way
on variety of factors Whiéh éefy simple analysis.

/

7.4 VARIATION OF HARDNESS WITH LOAD:

For geometrically similar shapes of the indent
marks for all loads, it can be shown that the hardness
is independent of load. But this is not completely true.
It is clear that during a hardness test the formation of
indentation mark leads to an increase in the effective
hardness of the material and so the hardness number.'
obtained is not the actual hardness of the materiél in
the ipitial state., This is mainly due to the work
hardening of the subétance during the ﬁrocess of indentation
. which will be varying with the load. Attempts have been
made to détermine the absolute harduess by eliminating

work hardening. This can be done only, if the method does

1
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not appreciably deform the substance plasti&ally.
Absolute hardness was found to be one third of the

normal hardness by Harrise (1922}).

A large number of workers ha&e studied the
variation of hardness with load and the results given
are quite confﬁsing.' Their findings are summarized
below: Knoop et al. (1937}; Bernhardt (1941) etc.
observed an increase in hardness with the decrease in
load whereas Campbell et al. (1948}, Mott et al. (1952)
etc. observed a decrease in hérdness with the decrease
in load. Some authors e.g. Taylor {1948), Bergsman
(1948) reported no significant change of hardness with

ioad.’
In view of these different 6bservations it has

become father difficult to establish any definite

relationship of general validity‘between microhardness

. values and the applied load. There are two ways of

studying this felationsﬁip. Oﬁe is to study wvariation

" of F with HY directly, and otﬁer‘way of studying this

relétionship is by plotting the graph of logP and log d.

Kick (1885) has given an empirical rule

P = ad" ' (1)
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Here P and d represent mean load and diameter (diagonal)
of the impression respectively while ‘a' and 'n' are the
constants of the material under test. From the definition

-

of Vickers hardness number

g = 2.8 687 _ copsiant B oo(2)
v dZ “ ‘ dz

From the above two equations

It has been shown that in the case of Vickers
microhardness the value of exponent n is equal to -2
{Kick's Law, 1885} for all indenters that give geometrically

similar impressions. This implies a constant hardness

value for all loads.

Hanemapn and Schﬁlz (1941} from their observations
concludéd that in the low load région '‘n' generally has
a value less than two. Onitsch (3947)‘f6und such low
values of n (1 to 2.0) by obserVing variation of hardness
with load while Grodzinski (1952) found variation of n
values from 1,3 to 4.9; the“value of n was nearly found

to be 1.8, The standard hardness values thus obtained
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were expected to yield conmstant results, but the actual
results obtained by different workers revealed disparities
amounting to 30-50% . Due to this variation in the fesults,
a low load region was selected which led to the definition
of an independent region of "microhardness", ‘The hardness
.values so obtainedifor this éegion again sﬁowed scattereﬁ
results even though the apparatus had a good mechanical
precision, The scattered observatiogs may be atiributed
to the following reaséns:—

(1) Eéﬁation i.es P = ad® is not valid.

- i

{2) Microstructures excercise a considerable

influence on the measurements involvihg"

. very small indentations.,

(3)vThe experimental errors due to mechanical
polishing, preparation of specimen, vibrations,
loading rate,,shag? of indenter,~measurement‘
of impression, affect the hardness measurements

eonsidefably.

/

The term connected with the aﬁbve test, micfo-
hardness means themicroindentation hardness, as it
'éctually refers to the hardness measurement on fhe micro-
scqpic scale. Some authqrs prefer the term low load‘

hardness for the above term. This confusion has arisen
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because these ranges have not been defined sharply.

However, three possible regions of Vickers diamond

pyramid indentation testing can be defined as follows:i-

(1) Microhardness: From the lowest possible

-

loads upto maximum of 200 gm and diameter
of indentation upto 30-30 microns., The most
characteristic region cbmprises of loads

from 1 to 50 gm (5 to 15 microns diagonal

Al

. length) .

(2)

(3)

Low load hardness: Loads from 200 gm to

-3 kg and diameter of indentations upto about

300 microns. The most characteristic region

comprises of loads from 200 gm to 1 kg.

Standard hardness: Loads of over 3 kg,
This test is also'referred to as the micro-~

hardness testing.

Since the present study is made in the region

of microhardness as defined in (1) ahove; the following

present a brief review of the work reporied on microhardness

of various

crystéls.

In the recent Work‘dqne by mény workers (1960

onwards) the hardness has been found to be incréasing at
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low loads, then remaining constant for a range of

higher loads. Murphy (1969} studied hardness anisotropy:
in copper crystal; variation in hardmness by plastic
deformation is shown %o be in part due to the escape of

primary edge dislocations.

Sugita (1963} while studying the indentation
hardness of Ge single crystal, found that occurrence of
ring cracks was suppressed relative to radial cracks
as the temperature increased and the load required to
produce ithe observable cracks was increased as the
temperature is raised. The feméerature at which the
microscopic slip lines béoome observable was higher in
heavily doped crystals than in high purity crystals,
indicating that dislocation multiplication was strongly

affected by impuritieé.

Kosevich and Bashmakar (1960} studied the
formation of twins produced in Bi, Sb, Bi-Sb, Bi-Sn
and Bi-Pb single crystals underﬂtheﬁactionhof boncentrated
load by a diamond pyramid microhardness tester. They
showed that the length (1) of twins was proportioﬁal to
the diagonal {(d}, of the indentation and the intensity

of the twinning thus given by the coefficient (C in the
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equation 1 = a %+ (€d. The value of OC was more for )
homogeneous alioys and was increased with Sb contept
and remains constant for higher concentration of Sn

and Pb.

The variation of hardness with load was also
studied by Shah and Mathai (1969}, who expla;nea hardness,
in terms of slip taking place due to deformation in the
crystal (telluﬁum}: Edel'man (1964} showed that micro-
hardness of InSb and GaSbnsingle crystalsdecreased
exponentially with teﬁperature. The presence 6f deflection
points on the curves at 0.45—0,50'Tm indicate the deformation
by slip. The éctivation energy for plastié‘flow in InSb

and GaSb was estimated 0.6 ev.,

Samsonov et al. (1970) studied temperature
dependegce of microhardness Bf titanium carbide in the
homegeneity range and found that -the hagdness decreased
with decrease in carbon content in carbide and also
" determined the activation energies of dislocation;

movement by a plastiec deformation.

[

Hardness variation was also studied with respect
to the impurity content, dislocation density and the

change in mobility of dislocation by various workers.
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Mil'vidski et al. (1965) observed decrease in hardness
with increase in concentration of impurity and dislocation
density in silicon single crystals. Kuz'memko et al.
(1963) showed decrease in the hardness due to the change
in the mgbility of thé?dislocations as a result of
excitation of electrons during lighting éﬁd their -
transition to higher enérgetic zone in titanium iodide
and termed this a 'photoméchanical effect', Beilin and
Vekilgv (1963} observed decreased in the hardness up to
60% illumination in Ge and Si. Decrease in the hardness
Waé attributed to the induced phdtoconduotivity, which

altered the widths of the dislocation cores at the sample

surface and in turn altered the plasticity.

Westbrook and Gilman (1963} studied electro-
chemical effect in a number 6f seﬁiconductors. They
observed decrease in the resistance of semiconduéting
crystals to mechanical indentation’in the\presence of a
small electric potential (0.05 to 10 v} between the
lipdenter and the crystal éurface. This was found to be
dﬁe o significant enhancement of tﬁe surface photovoltage

by a longitudinal electric field.

The anisotropic nature of -microhardness of

semiconéueto; was studied by Tsinzerling et al. (1969)
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They observed that the ahisotrOpy was connected with
anisotropic bonding and with the position of the cleavage

planes relative to the movement of the indenter.

The vafiation of hardness in number of gemi-
conductors was étudied in terms of concentration of
charge carrier, mobility and their interaction by many
workers., Osvenskii et al. {1968} oﬁsérved decreased
in microhardness due to inc;easeain'qarrier concentration
for different contents of'donor and accepior impurities
for GaAs and InSb semiconductors. In addition to tpis
they‘éiso‘shoﬁe& that decrease in hérdness was independent
of the type of carrier. Smirnov et al. (1969} studied
the temperature dependeneé of the carrier denéity and
mopility of-Ge crystals after iyradiation with electrons
and during various stages of annealing. They observed «
that the mnicrohardness of .. such crystalé'did not recover
fully their initial value and this was attributed to the
dinteraction between radiation defects and dislocations,
which could act as sinks or condensati&ns for compohents
of Frankel pairs., Seltzer (1966) who studied the influence
of éharged defects on mechaﬁicaiwprcperties of lead sulphide
found that the rosette wing length and hardness were nearly

independent of concentration of free electrons in n-type,
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while had marked dependence on eénéentration of holes

in p-type. For a hole concentration about 8x107" cm—3,
rapid hardening was observed with an attendant decrease
in rosette size. It was suggested that this behaviour

results from an e.s. interaction between charged dis-

locations and acceptor point defects,

Perinova and Urusovskaya (1966) studied the
hardenihg of NaCl single erystalé by X—ra&s and found
the increased in miorohard;ess by irradiation due to
pinning of dislocations in irradiated sam@les and that
the pinning was not deéstroyed by illuﬁination. The
effect of irradiation was also studied by Berziné and
Berman {1964} who have a relationship betwéen the length
6f the rays 6f the etch figure star and proton-:irradiation

dose in LiF, NaCl and KC; single crystals.

Because of subséantial effect of surface layers
on the ﬁicrohardness, the increase in the microhardness
was observed when the applied load was reduced (Upit et al:,
1969). They showed the ratio p/l2 {where ‘1 is the length
of réys in dislocation rosette around an indentation mark)
was not constant (p against 12 was hot linear)‘at low loads
due to retarding influence of the surface on %he motion of

dislocaiions. Further {1970) they estimated the change of
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the mechanical properties of the crystal as the -
indentation depth decreased on the basis of correlation
between the size of an indentation mark and the length

of dislocation beam.

-~ The distribution of dislocations around aﬁ
indentation mark was ‘studied using chemical etch pit
technique by Urusovskaya and Tyagaradzhan {(1965}. They
found large number of prismatic loops. They examined
the process of interaction of dislocations in crystals
having CsCl lattice. Shukla and Murthy (1968) also
studied the distribution of dislocations ig NaCl single
crystals. They found increase in the distance travelled
by leading dislocation with increase gn load. They
further observed the impurity had little effect on the
dimensions of ghe indentation but had a pfonounoed effegt
“on the length of the edge rays of the 'star pattern'
and the ratio of the mean diagonal»lengfh to the mean
length of the edge rays‘was nearly dons?ant. 'Matkin and
Caffyn (1963) observed increase in the.hardness { DUN) with
"increasé in Ca*? concentration in NaCl, while the\distance

travglled by leading dislocation was observed to decrease.

The eifect of impurity on hardness was also
studied by various workers. Dryden et al. (1965} studied

the hardness-of alkali halides when 1qw concentration of
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divalent cations are incorporated in the crystal lattice
on the basis of dielectric measurement of doped alkali
halide: crystals. They observed following effect of the
state of aggregation of the divalent impurities on the
critical resolved shear stress: (1) the increase in

2/3

critical shear stress was proportional to C , where C
is the concentration of divalent ion-vacancy pairs, {2}
there was no increase in hardness as these divalent ion-
vacancy pairs aggregate into groups of three (trimers},

+ and KCl:Ba++ there was no

(3) in NaCl:Mn* ", Ko1:sr*
increase in hardness as these trimers grow into large
aggregates, (4} in LiF:Mg++ there was a large increase in
hardness as the trimers grow into larger aggrcgates and

(5) in NaCl:Ca++ the hardness increaseé as a second region
of dielectric absorption appears. They have also concluded
that the structure of the trimer was same in all these
crystals and the trimer can grow in two ways, one of which
produces an increase in, the resistance to movement of
dislocations. Urusovskaya et al. (1969} investigated the
influence of impurity on the strength of crystals, micro-
hardness, length of dislocation rosette rays and velocity
of dislocation movement in CsI crystals. Takeuchi and

Kitano (1971} reported the softening of NaCl crystal due

to introduction of water molecules. The plastic resistance
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was almost independent of dislocation velocity except

at very high velocities. It was, however, strongly
influenced by temperature, impurities, radiation damage
and structure of the core of dislocation. Gilman (1960)
observed a sharp drop in plastic resistance of covalent
crystals at roughly about two-third of the melting
temperature and suggested that the drop was because the
cores of dislocation in covalent crystal "melt" at this
temperature. Temperature dependence of microhardness

was also studied by Sarkozi and Vannay (1971). They
concluded that besides thermal stress the observed hardening
may be due to dislocation piled-up at various impﬁrities,
to complexes in solid solution and vacancy clusters which
were developed at high temperature and by quenching the
clusters become distributed in the crystals as fine

dispersions.

The above represents a brief review of the work
done 6n hardness of various crystals. The present work
is centred on the study of the variation of load with

“diagonal length of indentation mark, of the variation of
hardness with load and electrical conductivity of natural

calcite crystals and synthetic potassium chloride crystals.
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CHAPTER VIII

VARIATION OF LOAD WiTH DIAGONAL

LENGTH OF INDENTATION MARK

o

8.1 INTRODUCTION:

A variety of useful tests has been devised
wherein some kind of mechanical operation is performed
on the surface of a specimen. Quantities measured by
these surface tests are generally associated with the
term 'hardness'. Hardness as applied to amorphous and
crystalline ma%erials has iong been the subject of
discussion amongst engineers, physicists, metallurgisis
and mineralogists and there are all sorts of conceptions
as to what constitutes hardness. The overwhelming

difficulty of definimg hardness is that it does not
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appear to be a fundamental property of material.
There is no universally accepted single test for hardness
applicable to all materials. Thus there is hardness as
measured by resistance to cutting, by scratching, by
penetration, by electrical and magnetic properties (Mott,
1956}, The fundamental physics of hardness is not yet
clearly understood. The present work is taken up with
the express purpose of critically reexaming the various
formulae connected with hardness by systematically
studying 'microhardness' of natural caléite crystals.
As far asﬁthe author is“aware, no such systematic work
on microhardness of cleavage faces of caleite crystal
has been made so far. In what follows the terms micro-
hardness' and 'hardness' of crystals are used to indicate

the same meaning.

8.2 EXPERIMENTAL:

Natural crystals of calcite obtained from
different localities such as Pawagarh, Chhotaudepur
{Gujarat State), Rajasthan were used for the purpose of
present study. Since the crfystals from different
localities contained different types , and constrations

of impurities, small crystal cleavages from a big block
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of rhombohedral calcite were used in the present
investigation. Every time freshly cleaved surfaces
were used for hardness studies, Further cleaved
crystals of approximately equal dimensions are used
so that a comparison of treated and untreated samples
“can be easily made without introducing other factors,
Freshly cleaved blocks having dimensions 8 mm x 8 mm
i 2 mm were fixed on aluminium-circular discs using
galva cement so that the surfaces were levelied. This
was tested by using a table microscope. Vickers
hardness tester described in Chapter II, ﬁage 26 was
used to produce indentations on the cieaved surface’
by the diamond pyramidal indenter. The filar micrometer
eyepiece was used to measure the surface dimensions of
the indentation marks whereas their depths when required,
were determined by using the multiple beam interferometric
technique. To ephance the accuracy of surface measurements
the indented specimens were silvered by thermal evaporation
technique (cf. Chapter II, page 23). These sil¥ered
indented surféoes were also used for interferometric
studies by matching them with a silvered optical flat
having appropriate reflectivity. 1In order Lo avoid the
influence of one indentation mark én the othef, the

distance between two consecutive indentations was maintained _
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~at a minimum of eight times‘the diagonal length of

the marks and the indentation time for all specimens

was kept 15 seconds. The load was varied from

1 to 100 gm at room teﬁperature. Care was'taken to

see that errors introduced during the work of indentation

and measurement'of the dimensions of indentation mark

are avo;ded or minimized., The indentation marks were

produced by the diamond pyrémidal indenter on thevsurface

in such a way that one of their diagonals always remained

parallel to a specific direction on the cryétal surface.

In the case of caléiﬁe cﬁ&stal, the direction [1117

fepresents thg direction of optic axis and as such it

is a more prominent and useful direction. Its.projection

on a cleavage surface of calcite is a line ﬁith direction
{1101 : Hence one of the diagonalé of the indentation

mark was always maintained parallel. to direction [110] .

L

8.3  OBSERVATIONS:

The diagonél of the indentation marks produced
by variéus loads were measured. Several sets consisting
of a'large number of obéervations—on freshly cleaved
surfaces of calcite indenfed by %arious loads at room

temperature were taken and a typical set of observations,
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recorded in Table 8.1 were studied graphically by
plotting logP vs logd where P is the load in gm and
- ~

d is the average value of the diagonal of indent mark

in micronscFiqe2).

Irrespective\of tﬁe applied load the‘impression
of the indent mark on the cleaved surface is geometrically
similar (Fig.S.i& with the exception of‘concavity or
convexit§<pf the—mark in certain cases. This curvature
of sides depends upon a large number of factors (i}'the
nature of the crystalline material, {(ii) the surface to
be indented, (iii)} orientation of the indenter with
respect to a given direction on thelsurface, (iv) purity
of the surface and the méterial, (v} the previous hisfory
of the specimen etc. However the o%erall shape, viz.

perfect or nearly perfect square impression does not

change significantly.

It is also observed that there is a noticeable
change.in the shape of the impression produced on an
otherwise perfectly levelled specimen., This is due to
several factors operating individuwally of simul taneously.
The& are as follows: {a) flatness of the surface, {(b)
nature and concentratioﬁ of imperfections in crystéls,

(¢} the treatment given to the surface, (d)} elastic and
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plastic properties of crystals, (e) crysfal structure
and the arrangement of atoms on thé surface of the
specimen. There is no concavity or convexity up to a
load of §O‘gm while for loads of 50 gm énd onwards the
concavity is observed. This curvature of the sides of
the mark is duoe to elastic recovery of the strained
crystal. It is observed from the orientation study
of harndess of calcite crystals (Mehta, 1972} that if
the indenter is rotated with respect to the chosen
reference direction [110] through an angle 45°, a
change in the shape of the indentation impressi;n is
Chg#ip). '
noticed, . In the present work this interesting facet

of hardness studies is not touched.

8.4 DISCUSSION AND RESULTS:

There are two ways of studying the relationship
between microhardness values and applied loads. One
way of studying this relationship was given by Hanemann
(1941) in the form of an empirical rule that was believed
fo permit the intercomparison of Vickers microhardness
values. This rule states that the load 'P' is related
to the (diameter) diagonal length of an inaentation mark

by the expression,

P = ad” (1}
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where 'a' and 'n' are constanis of the material under
test; ;a' représénts the ‘standard hardness' for an
indentérwof fixed diametef and 'n' giving the measure
of the variation in hardness as‘a function of 'P' or .
td'. The othgr way is to study the Variation 6f‘
hardne ss { Vickers hérdness number) directly with load.

In what follows, the detailed study on the variation

bf load with average diagonal length will be presented.

The eguation (1} is also known as Kick's Law.

Taking logarithns of/béth sides yields

logP = log a + n log d (2)

The values of constants 'a' and 'n' can thus
bhe detefmined from a graph of 1;g§ Vs 18gﬂd. Since the
relation between logP and logd is linear, the graph is
a straight line; the slope of this line gives the value
of 'n' and the intercept on the axis (1ogP axis) gives
the’vélue of loga and hence 'a'. For all indenters
that give geometrically Similér“shapes (impressions},
Kick's law postulates a constant valuse of n viz. nl= 2.

This implies a constant hardness value for all loads

according to the definition of Vickers hardness number(VHN).
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A careful study of the graph {logP vs logd}
shows that there are two clearly recégnizable straight
lines of different slopes meeting at a kink which is
obtained at a load of about 10 gm. Furtﬁer the first
part of the straight line corresponding to observations
taken at low loads upto load 10 gm at/the kink hgs a
slope {n1 = 2.30) of higher value whereas for the second
part of the straight line for higher loads starting fron
load 10 gm at kink, slope n, is nearlylequal to 2 or
less than 2. Since ‘n’.values are different in different
regions of the graph of logP vs logd, being greater in
the first region, the 'a‘' values also vary in the two
regions, being iess in—tﬁe first region'at low 1loads
and more in the second one at high loads. When both the
regions of the graph are considered, the kink represents
a transition point or a narrow transition region which
lies in the range of 5 to 10 gm. For verifying the
existence of these distinguishablealines in the graph of
logP vs logd, it is desirable to study the oppositely

matched cleavage faces.

8.4.1 Variation of load with diagonal length of indenta-

tion on matched cleavage faces:

It is reported in the study of etth phenomena on

crystal.cleavages that if a crystal is etched by an appropriate
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etchant, there is perfect matching hetween the etch
patterns observed on the oppositely matched cleavagé
faces., PFarther the multiple beam interferometric study
of the topography of the oppositely matched cleavage
counterparts has algo convineingly proved that there

is perfect matching of the topographical features on

the matched cleavage faces. It is interesting to find
out whether the same stavement of reflection of matched
features on opposite cleavage faces holds for the variation
of load with diagonal length of indentation mark on the
matched areas of the cleavage counterparts. With this
point in mind suitable identifiable matched areas on
cleavage counterparts of calcite crystals were selected
and were indented in the usual way for loads ra%&ng from
1 gm to 100 gm. Graphs (ﬁot shown) of logP vs logd were
then plotted. It is observed that the matéhing is almost
perfect with almost equal values of 'ni’ and ‘nz' for
both the regions of the graphs, aoeoﬁpaﬁied b& 1ittle
deviations in 'al' and ’ag‘ values for these regions.
Since it is not passiblé to indent exactly matched spots
on cleavage counterparts the deviations in 'ai' and 'az'

values are understable.
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In order to verify whether the first region
in the graph is due to the deformation {cold working}
produced by the previous indentations of it is the
characteristics of the indéntation load and its
penetration on the éurface‘and the crystal, a series of
experiments were carried out on the matched cleavage
faces. The indentations were made on maiched areas on
cleavage.counterﬁarts with different sets of load. Thus
a cleavage face was indented with (a} 10-100 gm load,
while its counter region on the matched face with 30-100 gm
load. Similarly indentations were made with (b} 50-100 gm
load and 70-100 gm load and (c) 1-20 gm load and 20-70 gm
load. In all the cases the gréph exhibited only one 1line
for iéads beyond the load value,oorresponding to kink énd
that the straight line gave almost equal values of n,
and a,. In cases (a) and (b) the first region in the
graph corfeéponding 1o higﬁe; value of slope 'n' was missing
whereas in the first part of case {c) the first region is
observed with almost eqﬁai values of 'ni' and 'ai'; for
the secbnd part of case (c} the correépoﬁdence«with the

second region of the graph with normal cases {a) and (b)

reported above is excellent. These observations suggest
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independent existence of first and second regions of

the graph of logP vs logd.

The study of the variation of load with diagonal
length of indentation mark on faces of diffefent types
{c-, m—, d- and o-faces) of natural and synthetic barite
crystals (Saraf, 1971) has shown very clearly the existence'
of the clearly recognisable straight lines of the graph
of logP vs logd. It is thus certain that the splitting
of the graph into two straight lines is natural and is
due to varied reactions of the c¢¥ystal surfaces under

5

indentation.

8.4.2 Characteristics of two straight line

ieéions in the graph:

The separafion of the $traight line graph into
two regions with different slopes indicates that in the
first region i.e. up to load of 10 gm, the value of
hardness is sirictly dependent on load and in the second
region from 10 gm load onwards, this dependence on the
applied load is relatively reduced. It appears that
besides this dependence on load, there could also be other

factors contributing to this behaviour.
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In oxrder to determine the relative importance
of these factors affecting the values of 'nm' and 'a' the
study was carried out on the crystal surfécés Whiéh'were
thermally treated - under controlled conditions. The
specimens of almost identical dimensions were slowly
raised to a high temperature and kept at that temperature
for a few hours. They were then guenched to room tempera-—
ture. The rate of.quenching was kept fairly high and
was so édjusted that the crystal did not break into pieces
on quenching them from high temperature to room temperature.
The averaée guenching rates varied from the smallest rate
i.6°C/seo., to 11.6°C/sec. This is indeed a slow rate
of éﬁenching as comééred to those reported in literature
for various crystalliné materials. After this treatment,
the crystals were cleaved and the freshly cleaved specimens
were indented in the usual way at room temperature and a
complete set of observations were recorded and were
graphically studied. %Yhe mean values of 'n' and 'a!
obtained from seversal sets of obéervation;'ére gi;eﬁ in
Table 8.2. 1In this table are also shown the ratio of
ﬁi/n2 and gi/ag and the percentage changes in the wvalues
of ny and n, from the assumed standard value 2 and also

the ratio ait/air and aZt/aZr where a and azt represent

it
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the values of ay and a, at temggrature T°K and 2y

and a are the values of ay and aq at room temperature

2r
{303°K). The table also records the load at the kink

point and the corresponding average diagonal length of
the indentation mark., It is obvious that the values of

'nl' and ’ai' for treated and untreated samples - crystal
K

surfaces - sﬁow comparatively large differences whereas

for the second part of the graph there areé less di fferences
in 'n,' and 'a,' values for these samples {crystals). This
eleérl& indiéates that 'ni' and 'al' values are dependent

on the previous historyhofﬁthe sﬁecimen, whereas the

second part giving 'nz} and 'ag‘ values remains comparatively
less affected by thé pfeviou; history of the specimen.

Hence the two regions correspond in general with the
structure sensitive and structure insensitive properties

of the crystal. They can roughly correspond with the
extrinsic and intrinsic properties of the crystals. Further
the initial inden;ation under low loads i.e. initial plastic
deformation, produces cold working of the crystal. There
will also be certain amount of recovery from this deformation.
As a result the degree of hardening of crystal surfaces
should increase. This is more true for low loads near kink.

Hence with the inecrease in load for indentation beyond 10 gm,

the surfaces should offer high resistance to indentation.
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The hardness in this region will therefore be lower

than that in the first region, mostly near the kink. The
surface is likely to follow Kick's law and the value of
'nz' will be nearly equal to 2. In addition to the cold
ﬁorking and recovery of strained crystals, several factors
such as surface energy, concentration of different types
of imperfections, interactions between like and unlike
imperfections, effect of penetration of indenter'etc. are
also operating in a way unpredictable at present. The
experimentally observed deviations from the above remarks
are therefore likely to be due to these factors which are
not yet clearly understood. It is therefore difficult to
conjecture conclusively the béhavibur of a crystal surface

fron 'ni’ and 'a,' values only.

8.5 CONCLUSTONS @

The following conclusions are drawn from the

above discussion:-

(i) The graph of logP against logd consists of
two clearly recognizable straight lines having
different slopes and inﬁeréepﬁs on the axes.
(ii) The indenter'load corresponding to the kink
representing a transition from one straight line

to another depends upon quenching temperature.



(iii)

(iv)

{v)

{vii)
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The slope of the first part corresponding to the
low l1oad region of the grfaph is greater than that
of the second part. The‘intercept made by the
first line has less value than that made by the
seclondrlinee

fhe slﬁpes and intercepts are temperature dependent
quantities; however, the intercepts ma&e by the
lines are more sensitive to changes in quenching
temperatures. Out of the two intercepts (a1 & az)
made by these lines, the intercept formed by the
first line corresponding to low load region is
more susceptible to quenching temperatures.'

The defect structures operate differently in the
low load and (comparatively) high load regions

corresponding to the two parts of the straight line.

} The indentation study of & identical regions

on the oppositely matched cleavages ciearly
indicate that they offer equal resistances 4o
various applied loads.

The splitting of the straight line into two
parts is independent of the plastic deformation

and cold working produced by low and high loads.
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CHAPTER 1IX
VARIATION OF HARDNESS WITH LOAD

9.1 INTHODUCTION:

It is clear from the discussion of the previous
chapter that 'standard hardness' 'a' is a function of
temperature; 'al' and 'a2' in general vary with temperature.

However variation of ay with temperature is more noticeable

than that of ag e It is now interesting to study in detail

how the hardness changes with temperature.

The Vickers hardness number (VHN), standardized
by ASTM under the more géneral name Diamond pyramidal

hardness {DPH) is defined by the equation,

VEN, H, = 1854.4 p/a% (1)
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where the load P is measured in gm and the diagonal
length d, of the indentation mark in microns. The hardness
number is not an ordinary constant, but a constant having

dimensions and having a deep, but less understood, physical

meaning. Combination of this equation with equation P = aad”
yields
n-2
H = ad’"? or H_ .= aP | {2a, b)

v v

In the case of Vickers microhardness, the value
of the éxponent 'n' is equal to 2 (Kick's law, 1885) for
all indenters tﬁéthgives impressions geémetrically éimilar
"to one another., Thus n = 2 implies that hardness for a
given shape of pyfamid is 6onstant and independent of load.
In order to appreciate the detailed physical meaning of
fhe above equations it will be instructive to consider the
example of 2 solid subjected to uniaxial compresgion. For
such a simﬁle case, the modulus of elasticity (Young'sp

modulus) is given hy,

o]
g

where G 1is the compressive stress defined as load per
wnit area i.e. P/A and the compressive strain ¢ is
defined as the decrease in length per unit length. Now

area of cross-section, A, increases with compression.
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Hence for a constant volume of a solid, length is

inversely proportional to the area of cross-section.
Tf‘Ao represents initial area of cross-section with
é normal length 1., and A the final area with normal

length 1 after small compression, one obtains

1A = IOAO
14
10 A
. ¢ = 1-10 _ AO*A
» --1 ~A

G .
E:-é-—- =A (3)

Hence for a simple uniaxial compressive stress
when thé area is a geometrical function of the deformation,
determined here by constant volume, the resistance to
permanent deformation can be expressed simply in terms
of load and corresponding area. In indentation hardness
work the volume change is very vefy small. Hence the
indentation hardness can be measured by using the above
formula. Indenters are made in various geometrical shapes

such as spheres, pyramids etc. The area over which the
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force due to load on indenter acts increases with the
depth of penetration. ' Thus the resistance to permanent
deformation or hardness can be expressed in terms of

force or load and area alone (and/or depth of penetration}.
These remarks are true for solids which are amorphous

or highly homogeneous and isotropic in all directions,

In the present work, diamond pyramida indenter (DPI} is
used. Hence the discussion is specifically applicable

to the indentation work carried out by DPI.

The above analysis presents a highly simplified/
picture of the process involved because there is a
great difference between deforming a solid in a simple
uniaxial compression and deforming a surface of a solid
by pressing a smali indenter into it. Around the
indentation mark, the stress distribution is exceedingly
complex and the stressed matérial is under the influence
of multiaxial stresses. The shérp corners of a pyramidal
indenter produces a sizable amount of plastic deformation
which may reach 30% or more at the top of the indenter.
Further the surface of contaect is inclined by varying
émounts to the directions of the applied force. In view
of these complications a simple expression corresponding
to that for the modulus of elasticity cannot be derived

for hardness. In the absence of any formula based on
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sound theory, an arbitrary expression is used which
includes both known variables - load and area - in the
present case. Hence the {Vickers) hardness number,

-

HV is defined as the ratio of the lcad to the area of

the impression,

”H§ = P/A (4)

For pyramidal indenters the load (P} varies as
the square of the diagonal, d. Thus for a given shape

of pyramid,
P = bac. {5)

where b is a constant which depends on the material
and the shape of the pyramid. The area of the impression

A, is also proportional to the square of the diagonal,

A = cd® (6)

where ¢ depends on the shape of th8 pyramid. Combination

of the equations {(4), (5} and {6) gives

H = —73 = b/ec = constant.

Hence for a giwen shape of pyramid, hardness is

independent of load and size of indentation (Xick's Law}).

C €CONTD.- 70 180)
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In view of the defining equation {4} for hardness,
hardness number can also be considered as hardening

modulus.

Due to the complicated behaviour of indented
anisotropic single crystals of various materials and
as a result of the development of arbitraryiexpression
for hardness, it is clear that the theoretical treatment
of ﬁhe problem is extremely difficult. Hence it is
desirable to approach this problem via experimental
observations, interpretations aﬁd with a probable develop;
ment of empirical relation{s}j. The present work is taken

up from this phenomenological point of view.

9.2 OBSERVATIONS :

The observations which were recorded for studying
the equation P = ad” are used for the present investigation
{Tfable 9.1}. The Vickers hardness number, H, is calculated
by using equation (1) for thermally treated and untreated
samples. Since the indentation work is carried out at
room temperature and a hot stage and optical components
of microscope to be used with tihe hot stage in a Vickers
hardness tester, are not available in this laboratory, the

quenching work is found to be more useful for studying the
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variation of hardness with temperature. Fox these
experiments, crystals of approximately equal sizes were
used. They were gradually raised to desired temperature
and kept at this temperature for !.identical periods

running into a few hours, They were then quenched'to

room temperature. The quenching rates were so adjusted
that the quenched crystals maintained their shapes. In

the present case the rate of guenching varied fron
1.6°C/sec to 11.6°C/sec. These experiments were conducted
upts a temperaturé of 500°C because beyond this temperature
calcite begins to deéompoge into Ca0 and 002 as shown by
work on thermal etching of calcite cleavages {Mehta, 1972).
Thus the conditions of the crystal kept at a constant
higher temperature are more or less maintained and hardness
value approximatelj corresponding to that at a constant
higher temperature is obtained by carrying out hardness
determinations at room temperature. The observations thus
obtained are graphically studied by plotting graphs of

hardness number vs load (Fig.9.1}.

9.3 DISCUSSION AND RESULIS:

It is eclear from the graphs that contrary to

theoretical expectations, the hardness varies with load.



The hardness at first increases with load, réaches a
maximum value then gradually decreases, and attains a
cqnstant value for all loads. The theoretic;1 conclusion,
thus appears to be true at higher loads only. This
behaviour is shown by all samples whether they are
thermally treated or not, The maximum value of hardness
corresponds with a load which is nearer the value of the
load at which the kink in the graph of log P vs log d is
observed. The graph of Hv vs P can be conveniently divided
in%o three parts OA, AB and BC where the first pért
represents the highly linear relation between hardness

and load, the second part, the non-linear portion of the
graph and the third part the linear portion: It should

be noted that there is a fundamental diffefencé between

the linear portions OA and BC of the graph OABC. This
possibly reflects varied reactions of the cleavage surface
to loads belonging to different regions. It is also
obvious from the graphs that for various higher loads.
hardness values of quenched samples are usually less than
those of thermally unireated samples, whereas for lower
loads reverse is the case. It also suggests the promi—
nence of different factors operating in these load regions.

~ Besides it supports to a certain extent the earlier view
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about the splitting of the graph of log P vs log 4 into

two lines.

Qualitatively the complex behaviour of micro-
hardness with load can be expléined on the basis of the
depth of penetration of the indenter. At small }oads
the indenter penetrates only the surface layers, hence
the effect is shown more sharply at these loads. However
as the depth of impression increases, the effect of the
surface layers becomes less sharp and after a certain
depth of penetration, the effect of inner layers becomes
more and more prominent than those of surface layers and
ultimately there ig practically no change in the value

of hardness with load.

It is elear from the observations of hardness
of quenched and unquenched samples that hardness value
is effected by the thermal treatment of the specimen
i.e. hardness number is a temperature dependent quantity.
In qrder to find out the experimental mode of variation
éf hardness with temperature, several sets of hardness
observations - determinations - were gombined with

temperature so that hardness could be a (i) Ieaser [inear

(ii) quadratic (iii) multinomial and (iv) exponential
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function of temperature and calculations were made to
indicate the different modes of variation. In thisiway
the quantities TH_, HV/T, Iog(ﬂv/T), log(H T} were
determined., It is found that some functions show 1éss
variation in their values. lence several graphs were
then plotted by taking these‘functions against tempera-
ture (T}, reciprocal of temperature {1/T) and logT.

From amongst these graphs selections were made about

the graphs showing a linear and highly linear characters.
The graphs of 1ogHvT vs loghl and 1ogH& vs logT for
different loads are shown (Pigs. 9.2 and 9.3). It is
clear from the graphs that fhe variations of'theée
functions with one another are linear. However there

is one fundamental difference between these bvo linear
characteristics. The graph of 10gHVT vs logT for difforent
Eaeds are straight lines which for different loads are
parallel to one another with different intercepts on axes
whereas graphs of logHV vs logT do show linearity but

the intercepts made by them on the axes and their slopes
are different for different loads. IHence so0 far as the
slopes are concerned, load is apparently not associated
with the variables-hardness and temperature - in the former

case whereas in the later case the applied load is involved
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as one of the parameters aloné with hardness and
temperature., TIig. 9.4 shows the plot of logHvT vs 1/7.
Again these plots exhibit straight lines which are

almost parallel to one another having identical slopes

and di fferent intercepts on the axes. All these three

sets of graphs indicate that hardness 1s closely connected
with temperature. However it is difficult to derive a
definite function involving hardness, load and temperature.
The slopes of thgse lines are given on the cérresPOHding

plots.

There are several temperature dependent crystal
properties. One such property is electrical conductivity
which varies in an exponential fashion with temperature,
The comparison of electrical conductivity measured at a
temperature T to the microhardness value of phe same sample
determined at the same temperature could provide a clue
about the possible relation between the two quantities
hardness and temperature and also between hardness and
electrical conductivity of calcite crystals. Hencc a
study of the eclectrical conductivity of calcité crystals

is made.
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CONCLUSIONS:

(i)

(ii)

(iidi)

For all treated and untreated samples, the
graph between hardness and load consists
of three portions - linear, nonlinear and

linear portions.,

The hardness values of quenched samples
for low loads are higher than the corres-

ponding values at room temperature; for

¢
3

high loads, the reverse is the case.’

The hardness is a temperature dependent

quantity.
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CHAPTER X

ELECTRICAL CONDUCTIVITY OF CALCITE CRYSTALS

10.1 INTRODUCTION @

On scanéing through the literature it is found
that very less work is reported on the study of electrical
conductivity of calcite crystals. It is therefore decided
to carry out a detailed systematic étudy'of electrical

conductivity of the natural crystals of calcite.

10.2 EXPERIMENTAL:

Small cleaved specimens of calcite crystals were
obtaingd from a fairly big rhombohedral crystal of calcite.

It may be remarked here that from.the same big crystal
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small cleaved specimens were used for hardness studies
reported earlier., This is -done with the definite
intention of re?aining as a common factor the same
concentration of impurities of different types in natural
crystals so that comparative study of hardness and

conductivity could avoid their major consideration,

The dimensions, viz. length, breadth and
thickness of calcite specimens used for determination
of conductivity were measured by a micrometer screw and
the Qonductivity was studied along <100)> direction,
The crystal surfaces {100} in contact with the conducting
ﬁlates of a crystal holder (Fig. 10.1) were coated with
aquadag or silver films for 6btaining good electrical
contacts. The silvered samples could not he used for
high temperatures (ﬁ3200°C) because of the 0x1dat10n of
silver films. Platinum f01ls with or without graphite
paint were also used as contact electrodes. The crystal
holder containing crystal in close contact with metal
plates and leads was placed in a furnace designed by the
‘author and the conductivity was determined by the impedence
bridge {LCR bridge} described in Chapter II, page 23 at

the ambient crystal temperature.



" TABLE 10.1

T - log T 10% /1
453 4.395x10~ 12 5.2991 2.208
463 4,923x107 12 5.3579 2,160
473 5.603x10™ 12 3.4227 2.114
483 5,404x10” 1 5.7327 2,070
493 1.213x10” 1 3.0840 2.028
503 1.547x10~ 11 5.1897 1.988
513 1.804x10” 1t §8.2562 1.949
523 2.151x10"11 8.3326 1.912
533 4.686x10" 1 5.6708 ° 1.876
543 6.668x10" 1 5.8240 1.842
553 1.014x107 0 7.0200 1.808
563 1.386x107 10 7.1417 1.776
573 1.660x10~ 10 7.2200 1,745
583 3.,787x10" 10 7 .3440 1.715
593 6.715x10” 10 7.6000 1.886
603 9.326x10"10 7.7500 1.658
613 2.051x16™° 6.0995 1.631 .
633 3.152x107° 5.3000 1.580
648 4.879x107° 6.5000 1.540

contd. ..



. PABLE 10.1 {contd.}

.-

7 G log 6T 103 /1
663 1.408x10~8 5.9701 1.508
678 1.484x1078 5.0025 1.475
693 3.234x10”5 5.3505 1,443
708 '5.441%107° 5.5856 1.442
723 5.984x10™ 5.6361 1.383.
738 1.087x10" 7 5.9047 1.355
753 1.368x107" 1.0128 1.328
768 1.995x107 " 7.1852 1.302
783 2.601x10™ " 1.3090 1.277
798 3.324x1077 1.4237 1.253
813 4.986x107" 1.6079 1.230
828 5.567x107" 1.6636 1.208
843 6.469x10 " 1.7366 1.186
858 7.252x107" 1.7940 1.166
873 8.399x10™ " 14,8652 1.145
888 9.768x107 " 7.9382 1.126
903 1.041x107° 1.9730 1.107
918 1.140x107° 3.0196 1.089
933 1.260x10~5 3.0702 1,072
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10.3 OBSERVATIONS, RESULTS AND DISCUSSION:

Several sets of observations were taken and
a typical set of the observations recorded in the
Table 10.1 is graphically studied by plotting a graph
(Fig.10.2) of 1og6T vs 1/T . The plot consists of
three straight lines with different slopes and

intercepts on the axes of loggT and 1/T

It is clear from the general study of electrical
conductivity of ionic erystals that the activation
energies calculated for the I, II and III parts of the
graph are 0.90 ev for room température to 300°C, 1.3 ev
for the region 310°C to 540°C and 0.6 ev for %emperatures
beyond 540°C. It is well kédwn that calcite (Cacog)
starts dec;mposing at a temperature ¢ 500°C. The rate
of the decomposition increases with tempe;ature. The
thermal etching of calcite cleavage faces (Mehta, 1972)
has shown very clearly that it could be effected and
studied under controlled conditions only within a restricted
range of temperature viz. 520°C to 560°C. Hence the third
part of the graph‘indicating(%emperatu;es aﬁove 500°C
shows the effect and onset of thermal etching. As é result

of etehing the slope of this line is comparatively less
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than those of lines belonging to regions I and 1T, In

accordance with the general understanding of the behaviour
of ionic crystals the jump activation energy is 0.9 ev )
while the formation energy for the Schottky defect pair

is 0.8 ev, However it is not possible to present a much
more detailed interpretation of the actual mechanisms

operating inside the calcite crystals yielding these-

energy values for the following reasonsi-

(1) This work is carried out onm natural crystals
of calcite obtained from different localities in India;
hence the number, type and concentrations of various
impurities associated with the crystal during its growth,

their interactions among themselves and with other defects

and the precise conditions of growth are not known.

(2) Although calcite is considered to be an
ionic crystal, it is not yet definitely known to what

extent it is 'ionic’.

The work on the electrical conductivity of
calcite is a deviation from the present work on hardness,
This deviation has arisen due to apparently strange
dependence of hardness on temperature. It is also

known that point defects which exists in crystal in
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thermal equilibrium,in contrast to thermodynamically
unstable defects 1ike.dislooatioﬁs and grain boundaries,
may contribute to mechaniecal properties through diffusion,
e.g. creep at high temperatures. Hence it is desirable

to review briefly the part played by point defeets in
'hardening' the crystalline materials. It is found that
ﬁore direc% effects on mechanical properfies of point
defects, e.g. an increase in the yield stress, are caused
by non-equilibrium concentrations of point defects, and

on formation, their aggregates. In the present case the
non-equilibrium concentrations of'point defects in calcite
are produced by rapid cooling from high temperatures, the
resulting hardening is called 'quench hardening' as
distinct from radiation hardening produced by ifradiation.
The 'gquench hardening'! is simpler émongst the two . The

quenching experiments introduce the following few or all

effects in a crystal:-

(i)} Excess vacancies (equilibrium concentré%ion
of the vacancies at higher temperature}.
(ii)} Possible aggregation of some vacancies,
{iii) Annihilation of vacancies.

(iv) Quenching straing.



- 172 -

(v} Pinning of vacancies at dislocations,
graipn boundaries and impurities.

{vi) Effect of interstitials and their small
aggregates,

~

The concentration and formation energy of
egcess vacancies can be studied at low temperatures
by measuring the electrical resistivity. The main
disadvantage in this procedure is the possible aggregation
or annihilation of some of the vacancies during quenching.
Implicit in this method is the correetion or avoidance
of loss of vacancies together with any production of then

, .

e.g. by quenching strains and the effect of impurity and
the formation of the more mobile vacancies. The guenching

strains are associated with the production of vacancies.

This will be clear from the following consideration.

Puring the quenching of specimen, the surface
is cooler than the inside and hence it is in tension while
the inside is in compression., If thé stress due to thermal
gradient is large enougﬁ, the specimen will be deformed
plasticaily. Since the yield stress is usually lower at
higher temperature, the inside section of the material

will then undergo plastic deformation. When the quenching
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is completed and the temperature is again uniform,

the plastically deformeq inside material compresses

the surface layer and vice versa, The thermal stresses
thus set up are both axial and radial. Hénee the
deformation of the specimen is thus complex. Usually
point defects are produced by deformation. Hence the
production of vacancies by quenching strain must be

taken into account in any assessment of the number of
vacancies quenched into a crystal. Further the mechanical
“properties of -a crystal are largely &etermined by the
number, geometrical configurations, interactions and
mobility of dislocations contained in it. The mobility
of dislocations is mainly determined by theiy interactions
with other defects - structural and/or otherwise. \It is
this interaction which produces 'hardening'. This

production will now be reviewed briefly. -

Non-conservative motion of Jogs on dislocations
and annihilation of two parallel edge dislocations of
opposite sign, one atomic plane apart, are the main
mechanisms suggested for point defect formation during
deformation by mechahical means or by quenching. The

non-conservative motion of Jogs is possible both on edge
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dislocations and on screw dislocations. For deformation,
howevér, Jogs on screw dislocations are more important.

Jogs on a screw dislocation are geometrically short segments
of edge dislocations. The slip plane of these Jogs is not
the slip plané of the parent screw dislocation. IHence as
the screw dislocation moves, Jogs should move in a non-
conservative manner in order to move along the screw, These
fundamental mechanisms of point defect formation are well
established geometrically, but the theory cannot predict

as yet how many of a particular species of defect are
produced under certain conditions. This is a very difficult
problem,ﬂeeause the number and‘behaviour of moving dislocatioﬂs
are very complicated functions of the deformation temperature,
the strain rate as well as other conditions of the. specimen.
A complete understanding of work hardening is required to
solve this problem. Thus quenching produces dislocations,
grain boundaries segregation of impurities as well as point
defects. It is also observed that a physical property
suitable to detect the excess vacancies is also affected

by plane and volume defects. Hence it is necessary to
separate the effect of a particular kind of defect from the

digeriminalion
effects of others. The procedure for effecting this disleeation

Specimen
varies in a finer way from specimen to maferigls, materials
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to materials. This is not yet perfected for all types
of materials. The interstitials act in a somewhat similar

fashion as mentioned above for vacancies,

The above presents briefly the possible effects
of quenching processes on the materials. It is now
interesting to consider the effect of these processes
on crystals. It is observed that no noticeable increase
or change in hardness is found for quenched and aged
metallic crystals. This is in marked contrast to the,
pronounced change in yield stress. The reason of this
apparent contradiction is found in\the observed stress~
strain curve of the quenched hardened crystal i.e. the
effect of quenchingrhardening disappears after a moderate
amount of deformation. Since hardness is a measure of
the resistance to deformation, microhardness measureménts
using very small loads might detect gquench hardening.
However use of small loads would determine the hardness
6f only the surface layers probably a few microns deepl
It may be remarked that even in the low load region,
local deformation would be severe. ©Since vacancies
escape to the surface during quenching, no hardening is

to be expected in the thin surface layers in order to

detect hardening. It is therefore imperative to remove



- 176 =

the surface layers in order to detect hardening using

small load microhardness measurements. It is from this
view that Aust et al. (1966) gquenched zone-refinéd lead
from near 300°C into water. Hardness was measured using

a load of 1 gm; this resulted in a depth of the indentation
of about 3/u.‘ The specimen showed no hardening when

tested without removing the surface layers. Further
hardening was observed when surface layers.oqf SO/u thickness
were removed. They also found that the region near the
grain boundary showed no hardening., This is mosﬁ likely
s téf%he escape of vacancies to grain boundaries during

I

quenching.

As far as fthe author is aware there does not
appear to be any systematic work on ionic crystals
reported in 1itera§ure on the determination of micro-
hardness of quenched ionic crystals. The present work,
therefore, repfesents a systematic attempt to relate
the microhardness of quenched materials with quenching
temperature. Since vacancies anneal out at the surface
during quenching,the first few layers will not exhibit
'quenching effect. As calcite has perfect cleavage plane

(100 ) , the quenched samples were cleaved and the
hardness studles wefe carried out on these freshly cleaved

specimens.,
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The graphs of logH T vs 1/T and loge T vs 1/T
for ¢éalcite crystals have élose resemblance with one
another. Hence it appears that similar mechanisms
are likely bto operate in the crystal. Further the plots
of'logHvT vs 1/T are parallel to one another for loads
upto 5 gm. Beyond this load the parallelism is lost
for the lower teﬁperature region of the graph. Hence
it can be conjectured that the point defects are mainly
responsible for increased hardness of calecite crystals
due to quenching, With the increase of the load dis-
locations which are produced on cleavage face by
indentation would start interacting with the quenched-in
point defects. As a result the effect of load on indenter
is reflected in the lost parallelism of graphs after a
load of about 5-7 gm. This effect is observed upto a
load of about 12-15 gm. After that again the graphs of
1ogHvT vs 1/T bécome parallel to one another. It is thus
cleér why the graph of hardness against load is divided
into three regions. In the first region which comprises
hardness values for 16ads upto 5-7 gm (i.e. linear region
0A} the quenched in point defects operéte through grown
and aged dislocations ignoring to a greater extent the

contribution of fresh dislocations introduced by indentations



TABLE 10.2

P logTa
in g meeee e RSP SR——
303°K 4T3°K  573°K 673°K T73°K
1. 3.0835  3.2770  3.3168  3.3722  3.4623
5 3.2413  3.4048  3.4572  3.5048  3.5649
3 3.2589 3.4530°  3.5079 3.5580 3.6286
4 3.3183  8.4983  3.5711 3.6147  3.6840
5 3.3773 . 3.5568  3.6184  3.6489  3.7252
6 3.4234  3.5973  3.6603  3.6955  3.7843
7 3.4593  3.6291  3.7002  3.7311  3.8046
10 3.5177  3.6855  3.7843  3.8280  3.8934
15 3.6117  3.7928  3.8721  3,9291 4,002
20 3.6855  3.8652  3.9623  3.,9930  4.0569
30  3.7879  3.9649  4,0480  4.1076 '4.3523
40 3.8526  4.0390  4.1294 - 4,1604 - 4.2377
' 50 3.8964  4.0919  4.1895  4,2172  4.2025
60  3.9513  4.1412  4.2206  4.2653  4.3032
70 4.0079  4.1801  4.28905  4.3088  4.,4099

100 4.0766 4.2632 4.3322 4.3843 4.4623 .,
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to hardness; at higher loads (from 12-15 gm and onwards
corresponding to lincar portion BC) the freshly introduced
dislocations are more active thaﬁ érown and aged dislocations
in 'hardening' the crystals. For medium loads (associated
with the regién AB) there appears to be a complicated
interaction between guenched-in point defects, aged dis-
locations and freshly introduced dislocations, resulting

in the non-linear behaviodr of hardness vs load. It should
be remarked here that the line of demarcation hetween low
loads and medium loads, between medium loads and high loads

is not well defined.,

The value of the load at which the hardness
'aoquireé a maximum value is not constant but changes with
the quenching temperature., It shifts towards the lower
load value. This is more clear from the graph of logP vs
log d and oan~be inferred to a certain extent from the
graphs of Hv vs P. In order to gct a better picture,
calculations were ma&e for different functions involving
load, average diagonal length of the impression and the

guenching temperature.

It is found that the function logTd/logT has a

constant value (Table 10.2) hence graphs of logTd vs logT

. CRig 10
are plotted,. The interesting aspects of graphs are.
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the following:-

(i)} They are parallel to one another for all
loads.
(ii) At a given temperature the spacing between
' consecutive‘parallei straight lines goes on
decreasing with the increase of load.
(iii) There is no overlapping ﬁetwéen any two lines.
(iv} A11 straight lines have identical slopes;
' intercepts on the axes have difierent values

for different lines.

Calculations show that although spacing between
two consecutive lines decreases with the increase of
load, it is not zero at comparatively high loads; it
attains a minimum non-zero value. These features appear
to be connected in some way with the size and/or the

£

average length of diagonal of an inden tation mark. This
is also shown by the shifting of the kink portion of
graphs of logP vs log d for various quenching temperatures
and the minute shi{ting of the peak value in the graph

of hardness against load. All these indiéate the optimum
value of size or average length of diagonal of indentation

mark at which there is a transition {ef. logP vs logd graph}

or there is a decrease in hardness value from its peak



TABLE 10.3

P Logg-

e er 573°K  673°K 1739k
1 17Z.6836 12.3122 11.9919 9.1914
2 14.6992 12.2906 11.9561 9.0961
3 14.5588 12.2166 11.8876 9.0472
4 14.5523 12.2175 11.8759 9.0334
5 11.5451 12.2153 TT.8472  5.0194
6 14.5345 12.2217 11.8614 9.0576
7 14,5434 12.2324 11.8649 9.0318

10 14,5012 12,2575 11.9039 9.0543

15 14.5399 12,2455 11.9300 9.,0955

20 14.5597 12.3010 11.9321 9.0797

50 14.6191 12.3579 11.9831 9.1532
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value (cf. Hv vs P graph). YFor fixing up the.optimum
value i1t is necessary to have the consideration of other
unknown factors such as the various typeg of treatments
given to the specimens {Saraf, 1971}. Further, is the
optimum value a universal constant for ail cryétalline
materials? This and other questions cannot be answered

from the data available on a single crystal.

It is also clear from the above discussions
that the behaviour of hardness is similar to that of
conductivity for various gquenching temperatures. Further
the low-load hardness values in the first region are
governed by the nature, distribution and concentration of
quenched-in point-defects, and their interactions with
grown and aged dislocations. Further the third region
BC of the plot of hardness vs ioad is governed mainly by
freshly introduced dislocations. Hence it is desirable
to discuss the comparative behaviour of these two
quantities with respect to temperature. Out of several
combinations of these quantities to form different
functions, the function (1og§;}/logT has almost a constant
value { Table 10.3}. Henée grgéhs of—logﬁt vs logT are
plotted‘for diffefent values of loads including loads of

CF@_\— 1o &)
wedium range, . It is observed that there is one straight
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line only which represents the variations of these
functions with each other for all loads. It is thus

clear that for a given crystal O/H_ has a constant

value at a constant temperature for different values

of loads on an indenter. Since electrical conductivity

is proportional to the diffusion constant (Nernst-Einstein
equation} it can be concluded that for a given ionic
crystal, the ratio of diffusion copnstant to hardness
{number) at a conétant temperature is constant for all
applied‘loads. This also indicates thaf defect strgcture
of the material iﬁ general and in particﬁlar equilibrium
concentration of point defects at the quenching temperatufe
for the same material for which two different gquantities
are determined is more or less identical. However, in
view of the data available for one crystalline material,
it is not advisable to jump to this conclusion. It is
desirable to study ionic crystals of different ma?erials
and structure, grown under controlled conditions énd for
which precise data is available atleast about the variation
of one physical quantity. On going through the literature
it is observed that there are a very few papers on studies
of hardness incorporating the present view point. However

there is a large amount of literature available or the
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electrical conductivity of ionic crystals, 4 glance
at the literature will indicate that the work on alkali
\
halide crystals is gquite exhaustive. It is therefofe
decided to take up hardness work on pure and doped

potasium chloride crystals.

10 .4 CONCLUSIONS:

(1) The comparative study of hardness and electrical
conductivity of the cleavage specimens at
different temperatures indicate that the plot
between hardness and load can be qgualitatively
divided into three portions, viz., low-load
region corresponding to highly linear part,
medium load region associated to non-linear
portion and high load region corresponding to
the linear portion of the graph. It is also
shown gualitatively that the (a) in the low load
region the quenched-in point defects operate
through their interactions with grown and aged
dislocations, (b} the complicated interactions
between quenched-in point defects, grown and aged
dislocations and freshly introduced dislocations
give rise to non-linear portion and (c) the
freshly initroduced dislocations by indentations
at higher loads control the linear portion of the

graph.
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(2) For different loads on a diamond pyramidal
indenter, the ratio of eleectrical conductivity
to hardness {number) of calcite crystal is

constant at constant temperature.
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CHAPTER XI

MICROHARDNESS AND-ELECTRIéAL CONDUCTIVITY OF

PURE_AND DOPED POTASSIUM CHLORIDE CRYSTALS

11.1 INTRODUCTION: . '

The general information on potassium chloride
crystals is presented in Chapter I, and the work on
microhardness of different types éf crystalsyin general
and of ionic crystals in particular has been reviewed
earlier (cz. Chapter VII). The pfesent work is taken
up with a definite intention of verifying the results
obtained from a study of the microhardness and electrical
conductivity of natural crystals of calcite reported in

the previous chapters.
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11.2 EXPERIMENTAL:

A.R. quality potassium chloride (BDH)} was used
in the present investigation. Kyréguloé ﬁethod was
employed for growing single crystals of potassium
chloridé. The whole crystal growing unit was fabricated
in the laboratory.' It consists of a seed rotation ‘
arrangement alongwith the pulling arrangement. The rate
of rofation and rate of pulling can be adjusted to any
desired value. The furnace diameter is 7 cm, and depth
5 cm. The stabiliged power'(250 watts) is supplied t&
furnace so that its temperature can be maintained fairly
constant. A firé brick of 10 cm height is used as a
base for platinum crucible of 20 ml. capacity used to hold
the melt. When the temperature of the melt is 100°C to
200°C above the melting point, the KCl-seed (2cm x 0.5 om
X 0:5 cm) is lowered in the melt. A few outermost layers
of the seed were lost due to contact with the fused mass;
the temperature of the furnace is‘then'decreased so that
it is just a few.degrees above the melting point. 1In
order to keep the crystal diameter same the temperafure
was slowly decreasgd with the advancement of growth fronts.
The rate.of pulling was 4 mm/hour.and the seed was rotated

at the same rate (4 rev./hour). The pulling unit has been

&
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designed and used to allow the seed crystal and/or

melt to be rotated as the crystal is pulled. The
advantages of this method over phe conventional vertical
pulling with zero relative speed between the melt and

the growing crystal are as under:- (i) melt is effectively
stirred, (ii} spurious crystal nuclei formed or being
formed on the melt surface are ejected centrifugally,
(iii) pulling is without any obstruction or jerks and

. (iv) radial temperature gradient is eliminated. This
method was also used for'groﬁing doped crystals. A
definite amount of dopant (A.R. éuality ( BDH} SrCl,}

by weight was mixeﬁ with a known,amoun; of potassium
chloride, The temperature of the furnace containing a
platipumlcruciﬁle with the_(solid) pixture was then .
gradually raised and maintained} to a desired temperature.
The crystals were then grown in the usual way as mentioned
ébove. The grown cylindrical ingdts of single crystals‘
of 'pure'! KC1l and KC1l:Sr were cut aloﬁg the cleavage
directions [100] and rectangular plates with dimensions
2emx 1 cm X 1 em were prepafed. The cry;tals were
transferred to an annealing furnace with a vertical
temperature gradient. ‘The temperature of the furnace

was maintained constant with variation of iiO“C by feeding

a highlyvstabilized power supply to the furnace. The
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pyrometer with Rh-Pt thermocouple indicated -the furnace
temperaturet Its temperature was slowly and gradually
raised at a rate of 20°C/hour upto 700°C. The crystals
wére kept at this temp;réture for 24 h;urs for annealing.
The furnace temperature was then lowered at the same rate.
After ensuring that all parts of furnace were at room
temperature, the crystals were taken out for detailed

study of microhardness and electrical conductivity.

11.3 OBSERVATIONS

, RESULTS AND DISCUSSION:

*

The present study is carried out on the cleavage
faces of pure and doped potassium chloride crystals and

is divided into three parts, viz.,

(1) Variation of load with (average) diagonal
length of indentation mark. ,

(2) Variation of microhardness with load, and -

(3) Electrical conductivity.

These parts are presentéd separately in the following

sections,

11.3.1 Variation of load with {average) diagonal

length of indentation impression:

The observations (Table 11.1) are taken on

freshly cleaved surfaces of thermally treated and untreated
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potassium chloride crystals by indenting them in the

usual way by Vickers hardness tester. They‘are graphically

fig -
recorded by plotting logd vs logP (@a%%e 11.1). From the

discussion

on the study of variation of load with average

diagonal length of indentation mark on cleavage faces of

¥ -

‘calcite and a careful study of the present plots, the

following conclusions are obviousi-

(i)

(i1)

(iidi)

(iv})

The ( straight line} graph is split up into
two Qistinguishable straight lines having
different slopes and intercepts on the axes:
The load on indenter corresponding to the
kink representing a trénsition from one
straight line to another depends upon quenching‘
temperature.

The slope of the first ﬁart corresponding to
the low load region of the graph is greater
than that of'the,seoond part. The intercept
(ai) made by the first, line has less value
than that (az) made by the second line,

The slopes and interéepts are temperature
dependent quantities; hbwever the intercepts
made by the liﬁes aré more sensitive to

changes-in Quenching,temperature. Out of
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the two intercepts made by these lines,
the intercept formed by the first line
corresponding to low load region is more
susceptible to quenching temperature.

(v} The defect structures operate differently
in the low load and comparatively high load
regions corresponding to the two parts of
the straight line.

{vi} The splitting of the straight line into
two parts is independent of the plastic
deformation and cold working produced by
low and high loads.

(vii) The indentation study of identical regions
on oppositely matched cleavage faces clearly
indicate that they offer equal resistances

to various applied loads.

The conclusion% (vi} and {(vii} were obtained by
carrying out the studies on the cleavage faces of
potassium chloride crystals in a way similar to the one
described in Chapter VIII (pages 148 and 146). 1In addition
to the above conclusidﬁs, é careful study of Tables 8.2

(cf. Chapter VIII, reproduced here for quick comparison)
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and 11.2 reveals the following fine differences:-

(a) The slope of the second region in case of KC1
crystals has comparatively a larger value than
the one obtained for calcite crystals. Further
its value at all temperatures except at room
temperature is exactly two - tihe theoretical
value reported earlier {cf. Chapter VIII, page
145}, Even the room temperature value is not

much different from the 'standard' value 2.

{b) The percentage changes in 'n ' values from
t'standard' value 2 are more noticedble in the
case of Kélwcrystalslthan those for calcite
crystals. However, for each crystal the
ratio (ni/nz)ﬂdoes not exhibit much variation.
IF'or calcite crystals 'ni' values increase with

the quenching temperature; such is not the case

for KC1 crystals.

(c) When the ratios of the intercepts made by two
straight lines on the axis of logP for treated
and untreated samples are considered, it is found
tha? although variations in these ratios are quite

small, they do not show any regularity. 'This is
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also true for ratios (ait/air} and (agt/agr)
obtained for both crystals. Due to'irregular
variations of ay and a, in both cases for
egual changes of, and values oif, quenching
temperatures it is difficult to draw any
meaningful conclusion except for the facet that
they depend on temperature. As far as the
absolgte values of 'ai' and 'a2' for bhoth crystals
are cancerned, it ié féund that'these values for

KC1l crystals are lower by a factor of 100 than

those for calcite crystaiso

(a) In the case of calcite erystals the variation
in the load at kink for specimens guenched from
different temperatures is from 5 to 10 gm whereas
for the same quenching temperatures, there is

not much variation for pure and doped KC1 crystals.

(e) For KC1 crystals containing strantium fons, the
slope of tﬁe first part of the straight line graph
corresponding to low load region shows a significant
increase over that mentioned for relatively very
'pure' samples of KC1 and the corresponding intercept
has a-lower value. However with increased amount

of dopant, the slope decreases and the intercept
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inereases. For the straight line graph
corresponding to high load region concentration

of the dopant affects slope values to a certain
extent. For low concentration the‘slope value

is not at all affectéd. "This is not the case

at higher concentration. Further the introduction
of dopant into the host crystal (KC1} under
controlled conditions affect the values of load

at kink.

It may be remarked in passing that several workers
have reported visible scattering in 'n' values (e.g. see
Hanemann and Schultz (1941}, Onitsch {1947), Grodzinski
(1952})). However, none has emphasized on the splitting
of the graph into two straight lines and on its characteri-

stics.

The fine differences observed in the behaviour
of indented specimens - pure and doped - indicate that
there are a number of factors which could be responsible
for the reactions of these treated specimené. The factors
are as follows:- (i) size of a specimen receiving the
treatment, {(ii) time during which the specimen is subjected
to this treatment, (iii)} constancy of quenching tenperature,

(iv} structure of samples {crystals), (v) inherent impurity
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in materials, (vi) non-uniferm radial and axial concentra-
tion of added impurities in doped crystal. It is desirable
to discuss the possible contributions of these factors one

by one:-

The first three factors viz., size of the specimen,
time during which the specimen is given heat treatment
{(i.e. time required to raise it to a desired high temperature,
time spent in maintaining it at this temperature and the
time during which quenching is completed) and maintenance
of constant temperature from which it is quenched, are
scrupulously kept common for calcite and KC1 crystals; hence
for comparative study of these cryétgls they could be
ignored in the discussion. It is known that crystal structures
influence hardness properties of materials (e.g. graphite
and diamond). The structures of these crystals are therefore
likely to affect thelr hardness behaviour. KC1 has a face
centred cubic structure whereas calcite hés'a rhombohedral
structure. However a rhombohedral structﬁre can be produced
by introducing a desired amount of deformation of a f.c.c.
st}ucture along‘a diagona'.l.K+ and C1~ ions\in KC1 struoture\

are replaced by Ca’’ and €O~ ions respectively; CO, radical

3
1s not having a completely planar structure. These
differences would partially or completely afféct their

hardness values. However, the present study is unable to



throw light on hardness behaviour of these crystals

on the basis of their structures.

'Chemical purity' of a substance is an ideal
concept. Every chemicai contains a certain amount of
impurities, %This is more so for mineral crystals which
are grown under unknown conditions. No reliable
information abqut the amount, nature and distribution
of impurities in natural crystals of calcite is available.
Strantium chloride (SrClg) and strantium are heavier than
potassium chloride and potassium. Hence a highly uniform
homoéeneous m?xture of molten mass 6ou1d not be prepared.
This was detected in the grown crystal. IHence during
annealing partially successful attempts were made to have
uniform distribution of dopant in KC1. Due to limited
facilities available in the laborafory tﬁe actual amount
of impurity present in studied samples { crystals) could
not be determined. Hence the dopant amount mentioned in
the graph simply indicates the maximum amount in the
grown crystal; the actual awount is bound to be less,

It is clear from the graph ( fig. 1i.1} that its splitting
into two straight lines 1s more prominent at 1owér concen-

\

tration than at higher concentration of dopant,
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11.3.2 Variation of microhardness with load:

The Vickers hardness numbers are determined

from the observations recorded in Table 11.1 and.

microhardness variation is graphically studied from plots

of hardness vs load (Fig.11.2}.

From the previous study

on the variation of hardness with load for natural calcite

crystals and from a study of the present plots, the

following conclusions are drawn:-

(1)

(2}

(3)

N
; ’

For thermally treated and untreated samples
(crystals), the graph between hardness and
load consists of three parts -~ linear, non-

linear and linear portions., ' ‘

The hardness values of quenched samples

{of XC1 erystals) for low, loads do not show

~

any significant difference from the corres-

ponding values of untreated samples at room
temperéturei this is also true for médium
loads. Héwever for high loads the hardness
is eonstént and independent of quenching

temperatures.

For low and medium loads hardness depends

on temperature.
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In order to bring out subtle differences

between the behaviour of these {KCi and Ca003) crystals
which were given id;ntioal heat treatment a table is
prepared showing approximately the characteristic ranges
of applied loads (P gm) and hardness~(Vickers hardness
numbers, H_ kg/mmz) for three different regions of the
g¥aph of Hv vs P, %iz., linear, non-linear and linear
portions (Table 11.7}. In addition to the conclusions

mentioned above, a careful study of this table reveals

the following:~

b

(a) For the first region (linear) of the graph the
fange of applied loads for calcite is greater
than that for KC1l; hardness numbers of calcite
exhibit a very large range of values compared .
to that of KC1l. For identical loads, Hv is
approximately 10 to 20 times more for calcite
than for KC1. Furtﬁer hardness number of calcite
in general incréases with quenching temperature
except for 773°K where it registers a lower
value and rangé. This indicates the onset of
dissociation of calcite at this temperature.
Hardness numbers for KCl crystals show a little

variation towards decreasing side so far as the

range and value are concerned. However there



(b}

(e)

(a)
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does not appear to be any consistancy in the
changing values of hardness numbers with gquenching

temperatures.

The range of applied loads in the non-linear range
of the graph is more for both crystals. The
hardness numbers of calcite exhibit a downward
trend in their values with increasing load and
increase with quenching temperature, whereas
irregular fluctuations in their values are observed
for KC1. This suggests that Vickers hardness
number ( VAN} changes with load and. temperature of

quenching.

For the third region {linear part) of the graph,
ﬁardness of calcite crystals in gehefal increases
with quenching temperature at a constant indentation
load., %This is, however, not true for KC1l ecrystals
for which VHN has practically a constant value for

£

all loads and qguenching temperatures.

For doped KC1 crystals, the first region exhibits

a behaviour which has a close resemblance with that
of calcite at low loads. However the behaviour at’
medium and high loads is noticpably'different from

that of calcite; VHN inereases with increasing load
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at medium loads and is constant at high loads.
This is in sharp contrast with the hardness
of pure KC1 crystals, where VHN decreases with

increasing load and atiains a constant value.

The effect of impurity on hardness was studied
by several workers (e.g. see Matkin and Caffyn (1968),
Dryden et al. {1965), Urusovskaya et al. (1969},
Takcuchi and Kitano (1971)). Temvmerature dependence of
microharndess was studied by Sarkozi and Vinnay (1971).
They concluded that besides thermal stress the observed
hardening may be due to dislocations piled-up at various
impurities, to complexes in solid solution and vacancy
clusters which were deveioped at high temperature and by
quenching tpe clusters became distribﬁted in the eryétal
as fine dispersions. The present study suggests that
structure and @mpurify appreciably influence the hardness
of KC1 ana CaCO3 crystals. The major contribution to
har&ness in the present case appears to be due to impurity
in the crystal. Thermal treatment affects the distribution
of impurities of %arious types and induces changes in
hardne ss of crystals (Calcite). The present study is
unable to thfow light on how the pinning of dislocations

at various impurities, complexes, vacancies and their
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aggregates takes place. It has removed the erroneous
impression created from a study of the variation of load
with average diagonai length of indentation mark, viz.,
second part of the graph of logd vs logP is due to
structure insensitive property of crystals (cf. see page
151). The hardness study has indicated different behaviour
of crystals indented by low, medium and high loads and
qualitatively suggested different types of interactions
between point defects, aged dislocatibns in grown crystals
and dislocations freshly introduced by indentation. The
distribution of dislocations around an indentation mark
’was studied by many workers {e.g..see Urusovaskaya and
Tyagaradzhan {1965}, Shukla and Murthy (1968}). The
importance oi'different regions of the graph betwéen
hardness and load is not yet clearly quantitativély under-

stood in terms of the defect structure of crystals.

11.3.3 Electrical conductivity of pure and

doped KC1l crystals:

Tonic 6onductivity‘of alkali halides in general
and of potassium chloride in particular is studied in
muich more detalls and hence comparatively extensive and
precise data exist for these crystals. They are now
available in standard books on solid sta{e physics (e.g.

see, Levy (1968}, Dekker (1967}, Van Buren {1960)}.
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The conductivity of pure and doped KC1 crystals
at various temperafures is determined in the usual way
as described in the previous chapter {page 167}. The
data is recorded in Table 11.4 and graphical répresentation
is shown in plots (Fig.11.6). The activation energies
for the formation aﬁd migration of point defects { Schottky

defects)} are also given in the graph.

11.4  DISCUSSION : { GENERAL}

Since crystals quenched from high temperatures to
room temperature show variation in Vickers hardness
numbers and the present work on KCl crystals is carried
out to support work on calecite and to bring out fine
differences, the graphs of (1} log H, vs log T (fig.11.4)
(2} log H T vs log T (fig.11.3) (3} log H T vs 10°% /m
(fig. 11.5) (4) loge/H_ vs log T (fig.11.8) (5) log Td
vs log T ( fig.11.7) and (6) logo T vs 10°/T {fig.11.6)
are plotted for pure KC1l crystals. The comparison of
these plots with those for calcite (figs. 9.3, 9.2, 9.4,
i0.4, 10.3 & 10.2) shows close similarity between them,
In order to bring out fine differences between these
plots, a table (11.8} is prepared giving the slopes of
these graphs for calcite and KC1 crystals. The detailed

analysis of this table and the plots for calcite and KC1
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crystals has revealed the following:

(1) The study of plots of log H, vs log T for calcite
(£fig.9.3}) and KC1 (fig.11.4} shows that in the
former case the dependence of hardness on tempera-
ture is more prominent than in the latter case.
The slopes of straight lines for different loads
are not equal. This shows that applied load is
an important parameter to be considered in the
analysis. Further at low loads VHN is more
influenced 5y thermal treatment. Gradually this
dependence reduces with the increase ol applied
loads and particularly for KC1 at high loads say,
30, 40 gm etc.; the hardnesé is‘independent of

temperature.

(2) The graphs of log H T vs log T (fig. 9.2 for
calcite and fig. 11.3 for KC1l) indicate that'they
are better plots than thosé mentioned above; here
the scattering of points about a straight line
is less than for plots of log H& vs log T. Further
the straight lines are almost parallel to eéch other
for all applied loads. The slopes of parallel
straight lines are 1.2 ahd 1,0 for calcite and KC1

respectively. The higher slope value for calcite
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shows that VIN is more sensitive (o thermal
treatment of specimens {calcite crystals). The
graph can be fitted into equation’y = cxb where
¢ and b are constants characteristics of a
straight line., Thus log y = 1log ¢ + b log x.
In the present case y corresponds to HVT and
x to T. Hence the equation will be HVT = ch
or Hv/c = ™1 yhere b is the slope and ¢
the intercept on the axis of log HVT. Since
the value of b is 1.2 (calcite) and 1.0 (KC1),.
H /c = 1°°% (calcite) and i /c = 100 (xc1).

Thus at a constant temperature (Hv/c} is a

constant (3.0 (calcite, 303°K) and 1 (KCl, 303°K})

T?e study of graphslof log HVT vs 103/T (fig.9.4
for calcite and fig. 11.5 for KC1) shows that it
consists of two straight lines with different
slopes. At low loaés the str;iéht lines are
parallel to each other. AT medium loads this is

not true and again at high 1loads (graphs not shown}
the straight lines are again parallel. This
sapports the conclusions drawn from a study of the
variation of hardness with load viz., hardness

behaviour can be divided into three parts - linear,
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non-linear and linear - corresponding to three
ranges of loads, low, medium and high loads.
Assuming the exponential relation between (HvT)

-E
and (1/1), viz. HT OC e /KT

it is possible to
calculate the activation energies for the pla;tic
flow in calcite and KC1 crystals. For low quenching
temperatures they are about O.B\GY for beth erystals
whereas for high temperatures the values are 0.8 eV
{calcite) and 0.9 eV (KC1}. In view of approximately
equal wvalues 1% can'be‘conjecfured that the mechanisms
operating within these crystals giving rise to these
values are likely to be more or less similar., This
remark requires more critical examination by collecting
and stuﬁying data on different crystals. At present
little data is available from literature {(cf. Chapter
VII}. Rdelman (1964) showed exponential dependence

of miecrohardness of InSb and GaSb single crystals on

temperature and estimated the activation energy for

plastic flow in both these crystals to be 0.6 eV.

I3

The plots ef 1og67Hv vs log T are straight lines
with slopes 20 (fig.10.4) and 16 (fig.11.8) for
célcite and KC1 crystals respectively. Unlike the
previous cases (1), (2) and {3), there is only one

straight line in both the caées. This shows that
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" for a crystal (67ﬁ§) is constant at constant

temperature for all applied loads. This law
suggests that point defects which are active
in exhibiting the conductivily property of a
cerystal are also involved in some way with the

¢ ef chapldh X))
hardness behaviour of treated orystalg( It is
necessary to have the hardness work on different
crystals which in turn will lead to a better

appreciation and interpretation of the proposed

law.

CFig 10:38 1n.%)
The graphs of log Td vs, log T consist of a

éeries of parallelrstraight iines corresponding

to different applied loads. The spacing between
any two consecutive parallel iines is not constant.
These graphs closely resemble = those of log HVT
ﬁs log T. This also explains the physical fact’ '
that hardnéss number and diagonal length of inden-
tation mark are intimately connected with each
other. The graph can be fitted into an equation

y = wx' ﬁhere w cand v are constants of a
straight line. The 1ogarethmié equation will
therefore pe log y = log w + v log x. Here Yy

corresponds to Td and x $o T. Hence the equation

S
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is Td = wI' or d/w = V"1, Tence at constant
temperature, d/w is constant. This ratio is
independent of load. 'w' is the intercept on
the axis of log Td {(d/w = 0.56 (calcite, 303°K),

d/w = 1.0 (KC1, 303°K}}. :

(6)  From the plots of logg T vs 10°/T (figs. 10.2
& 11.6) the jump activation energy is 0.9 eV
for calcite whereas it is 0.8 eV for 'pure' KC1
crystals. The formation energy for défect pair
is 0.8 eV for calci?e and 2.2 eV for KCl crystals.
Electrical properties of non-cubic ionic crystals
are rather less investigated. This is more true
for natural and synthetic calcite crystals which
form a highly complicated system compared to the
cubic system. NaNO3 which is isomorphous to
calcite was studied for ionic conductivity
( Ramsastry and Murti {(1968)}. Studies of electrical
conduc%ion in pure and dopéd KC1 crystals were
made by many workers {(e.g. see Dreyfus and Nowick
(1962}, Allnatt and Jacob (1962}, Jain and Dahake
(1963, 1964}, Fuller (1966), Beaumon and Jacob
(1966), Lidiard (1970)) for obtaining information
concernihg the defect solid state. Dr. Lidiard's

article (1957) lucidly summarized the work done'
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in ionic transport upto about 1957. With the
development of ionic solid state devices,
interest is now renewed with more enthusiasm
to examine in greater detail the existence and
, properéies of the well established and newly
proposed transport mechanisms (Fuller, 1970).
The present author would not 1ike to touch
these meciianisms as his main interest was to
trace the supporting experimental evidence on
the law, proposed in the present work, pertaining.
to the relation between electrical conductivity
and VHN, The conclusions which were drawn from
hardness and conductivity study of calcite were
supported to a greater extent by the work on

KC1 crystals.

There is a certain amouat of repeatation of text
of the preyious chapters in this chapter. This could
not be avoided since the present work was planned with
a twin objective of realiziﬁg {1) confirmation of results
on microharndess of calcite cr&stals and (2} a comparative
study of hardness of natural calcite and synthetic KC1
crystals to bring out subtle differenées due to structiure

etc. The work on KC1 crystals simply supported the
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conclusions obtained from a study of microhardness and

electrical conductivity of natural caleite crystals.

It should be remarked here that the present
approaoﬁ to the study of microhardness of calcite crystals
is essentially phenomenalogical in nature and that work
on microhardness of KC1 crystals was taken up for the
purpose of verifying the general conclusions arrived at
from VHN study of calcite cerystals. It suffers from a
serious disadvantage that the data reported in the present
work was for two crystals {calcite and KC1) of different
structures. Further not much work of this type is available
in 1iterature; Hence the present data is qﬁite inadequate
in view of the féct that actual impurity content in hoth
these crystals is not known with certainty. Natural calcite
may contain impurities of different types and concentrations.
In case of doped KC1l crystals, the amount added to the fused
éharge is known; however the actual amount in d'given sample
could not be ascertéined with certainty due to limitations
of laboratory. It is therefore desirable‘to have an extensive
reliable and accurate data on several crystals of idegtical
and difrferent structures. This work is being actiwvely pursued
in’this laboratory. Besides a model theory is also being
developed to account for the dependence of VHN of ionic crystals

on several factors including temperature of quenching.



