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4,1 INTRODUCTION

Of all the mechanical properties of materials,
hardness is least understood, It may be broadiy defined
as the ability of one body to resist penetration by
another, It is by definition a relative property of a
material and depends on the elastic and plastic properties
of both the penetrated body and the penetrator, "In addition,
the comparative hardness of different materials is strongly
dependent upon the method of measurement, All hardness
tests measure some combination of various material
properties, namely elastic modulus, yield stress (which
denotes the onset of plastic behaviour or permanent
distortion), physical imperfection, impurities and
workhardening capacity., The latter is a measurs of the
increase in stress to continue plastic flow as strain
incfeases. Since each hardness test measures a different
combination of these properties, hardness itself is not
an absolute guantity and, to be meaningful, any statement
of hardness of a body must include the method used for

measurements,

S - W S A g S T S U MO S A DR G B PO S o

From time to time many definitions have been given
for hardness but none has been found to be satisfactory

for gquantitative interpretation of the processes taking
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1 'explained

place in indented materials. Tuckerman
hardness as a hazily conceived aggregate or conglomeration
of properties of a material more or less related +to each
other, The best general definition is given by Ashby2
" Hardness is a measure of the resistance to permanent
deformation or damage ". The general definition of
indentation hardness which is related to the various forms
_of the indenters is the ratio of load applied to the
surface area of the indentation, M@yer? proposed that
hardness should be defined as the ratio of load to the
projected area of the indentation. Hence the hardness
has the dimensions of stress, Spaeth4 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
resistance function of inner atomic forces (Tertsch®).
Attempts towards a physical definition of hardness were
made by Friedrichs, Goldschmidt7 and Chatterjees.
Chatterjee8 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 definition and Méeyer's law P = ad"
for spherical indenters, he derived a formula for

measurement of hardness. According to Plendl and Gielisse9



79

hardness can be defined as pressure or force per sguare
centimeter, and thus it can be conceived as anlenergy
per unit volume, e.ge. the ratio between the input energy
and volume of indentation. They have concluded that
resistance is a function of the lattice energy per unit
volume and called it volumetric lattice energy (U/WV)
having the dimension ergs/c.c. U is the total cohesive
energy of tﬁe lattice per mole and V is the molecular
volume 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 Ca£fynt®
from their studies on hardness of sodium chloride singlé
crystals containing divalent impurities, correlated
hardness with the dislocation theory. They redefined
hardness in terms of generation and/or movement of
dislocations associated with indentation. It is the
measure of the rate at which the dislocations dissipate
energy when moving through a crystal lattice, It is now
realized that (Westbrook and Conradll) hardness is not a
single property but rather a whole complex of mechanical

‘ properties and at the same time a measure of the intrinsic

bonding of the material.

Hardness measurements

There are basically four methods to determine

hardness of materials., They are as follows :
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(i) Scratch hardness tester,
(ii) Abrasive method,
(iii) Dynamic method and

(iv) Static indentation method,

They are briefly reviewed here,

(1) Scratch hardness

An early method of measuring scratch hardness still
in wide use today by minerologists was developed by
Friedrich Mohs in 1822, This gives a relative ranking
of minerals based simply on their ability to scratch one
another, The Mohs method is not suitable for a general
use with materials of hardness greater than 4, Since in
this range the intervals are rather cloself and unevenly
spaced, The modification of this method ﬁere overshadowed

by other sensitive methods and experiments.

(ii) Abrasive hardness

Abrasive hardness is defined as the resistance to
mechanical wear, a measure of which is the amount of
material revioved from the surface under specific condition.

The hardness may be found by the depth of penetration,
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(iii) Dynamic hardness

The hardness measurement in this method involves
the dynamic deformation of specimen under study and is

determined by following different considerations :

(a) Here a steel sphere or a diamond - tipped hammer

is dropped 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 of hardness. The
kinetic energy of a ball or hammer is used up partly
in plastically deforming the specimen surface by
creating a slight impression and partly in rebqund.
This test is sometimes referred as 'dynamic rebound

testt,

(b) Here a steel sphere or a diamond - tipped hammer
is dropped from a given height, the depth and size
of the impression produced and the energy of impact
gives ratio of the energy of impact to theﬁvolume

of the indentation mark.

12 assessed the surface hardness in terms

(c) Chalmers
of the reduction in optical reflectivity when a known
amount of sand was allowed to impinge on the surface

under standard conditions,



(iv) Static indentation hardness

The most widely used method of hardness testing is
the static indentation method. This is the simplest and
a very sensitive method in which a hard indenter (e.g,
diamond is applied slowly, and after a certain time of
application, carefully removed, leaving behind a permanent
indentation mark on the surface of séecimen. Measurement
is made either of the size of the indentation resulting
from a fixed load on the indenter or the load necessary
to force the indenter down to predetermined depth and
the hardness of material is then defined as the ratio of
the load to the area of the indentation mark. The hardness
values so obtained vary with the indenter geometry and

with the method of calculations.

Many combinations of indenter, load, loading
procedure, and means of indentation measurement are used
among ihe various tests in order to accommodate various
shapes, sizes and hardness of specimens, and this has
resulted in a proliferation of hardness scales, The ﬂpst
commonly used indenters are described in table 4.1.

Diamond indenters must be used for hard materials in order
to minimize errors due to elastic distortion 6f the indenter.
In case ball indenters are used, the hardness number will

be independent of load only when the ratio of load to

indenter diameter is held constant. For cone and pyramidal
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indenters, hardness number will be independent of load
for all loads above a certain minimum value depending

upon specimen material,

U - - T ] S - W D TS WD Wls A ST PP S0y S s P W D T S > W L0 €

The hardness study undertaken, so far for studying
the strength of solids and the effect of various treatments
on the hardness of a solid, have proved somevhat useful.
Most of’the work has been reported on alkali halides and
metals., Previously, hardness studies were made only from
the view of materials research but as the expansion in
the field of scientific research increased, the study
on hardness helped in understanding various other
mechanical properties of solids., Gilman and Robertsi3
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 motion. The behaviour of the
indented region during the propagation of stregses which
initiate dislocations and their motion is not vet
understood clearly. When an indenter is pressed on surface
of a solid, the stresses are not simply tensile or
compressive in nature, Stresses in various directions

are set up and the one should treat the resultant plastic
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flow as a result of these combined stresses, It is

also observed that the fundamental mechanisms of

deformation can be either slip or twin or at times

fracture,

(1)

(ii)

8lip is the most common mode of plastic deformation,
which is characterised by the displacement of one
pért of crystal relative to another along certain
definite crystallographic planes. The slip planes
are usually of low indices and the slip directions
are those of closely packed ones in a crystal

structure.,

Certain crystals may also deform by twinning, a

mechanism by means of which a portion of a crystal
may change lattice orientation with respect to the
other in a definite symmetrical fashion, Schmidt

and 803314

described the twinning as the simple
sliding of one plane of atoms over the next, the
extent of the movement of each plane being proportional
to its distance from the twinning plane, Partridgels
studied tbe microhardness anisotropy of magnesium

and zinc crystals, He observed twin in above crystals.
and concluded that the resolved shear stress criterion
is insufficient to account for the observed
distribution of twins and any analysis which attempts

to relate deformation twinning with hardness



anisotropy must take into account the dimensional
changes which occur during twin deformation.
Indenting diamond flats with diamond indenter
Phaal16 reported the slip and twinning of

7 studied the slip

diamonds, Vahldick et al.,1
system and twinning in molybdenum carbide single

crystals with the help of knoop and Vickers indenters.

When the indented crystal is etched by a dislocation
etchant rosettes are formed on some crystals (usually
alkali halide) indicating the dislocation
distribution around an indentation, Dislocation
loops are also formed around the indentation mark

in ceasium iodide and sodium chloride (Urusovskaya18

and Kubolg).

Many workers have proposed some or other explanation
for the microcrack formation during indentation of a crystal
surface, Smakula and Klein20 from their punching
experiments on a sodium chloride explained the crack
formation on the basis of shear on slip planes. Gilman21
attributed these microcracks which have a definite
crystallographic direction to the piling up of dislocation

22 observed that crack

on the slip plane. Breidth et als,
formation is less at higher temperature (375°C) than at lower
temperature (25°C). The cracks are usually observed to

propagate from the corner of the impression.
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The interferomatric studies of indented surfaces
have revealed the nature of deformation and the history

23 were the

of the sample under test, Votava et al.,
first to study the deformed region on the cleavage focus
faces of mica and sodium chloride, Tolansky and

Nick01324

studied the indented surfaces of steel, tin
and 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 established interferometrically
that the symmetry in the fringe pattern is purely
crystallographic and depends on the previous history of
samples, and has nothing to do with the orientation of
the square of indentation mark. They (1949) concluded
that the convex sides, corresponding to extended wings

in the interference pattern were 'piled-up' regions and
concave sides were 'sinked-in' regions, Satyanarayan25
observed barrel or pin-cushion shape of indentation marks
inferferometrically and gave idea about ‘'sinking-in' which

occurs mostly at faces with very little along the diagonals

of the indentation mark.

In crystalline material plastic deformation or slip
occurs through the movement of line imperfections called
dislocations. As dislocations are multiplied (by one of

several mechanisms) during deformation, their spacing
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decreases and they interact and impede each other's
motion, thus leading to work hardening, The strength
of dislocation interference depends on the nature of the
crystal and on the ratio of temperature of deformation

to the melting point of the crystal,

In general, hardening of crystals can be
accomplished by introduction of any barrier to dislocation
motion. This can occur by (a) work hardening (b) impurity
hardening (impurities tend to segregate to dislocations
and pin them) (c) decreasing grain size in a polycrystal
(gain boundries are barriers to dislocation motion)

(d8) dispersion of fine particles of second phase in the

crystal and (e) phase transfomations (by gquenching),

It can be seen from this brief review that the amount
of plastic deformation induced in a material by an indenter
under load depends in a complicated way on variety of

factors which'defy simple analysis.

4.4 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., However this is experimentally
incorrect for certain ranges of applied load. It is clear

that during a hardness test the formation of indentation
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mark leads to an increase in effective hardness of the
material and so the hardness number obtained is not
actual hardness of the material in the initial state.
This is mainly due to work hardening of the substance
during the process of indentation which will be varying
with the load., Attempts have been‘made to determine the
absolute hardness by eliminating work hardening, This
can be done only, if the method does not appreciably
deform the substance plastically. Absolute hardness was
found to be one third of the normal hardness by

Harrise.26

A large number of workers have studied the variation
of hardness with load and the results given are quite
confusing., Their findings are summarised below : Knoop

et al..27 : Bernhardt28 etc, observed an increase in

hardness with the decrease in load whereas Campbell et al.29

Mott et al..ao etc, observed a decrease in hardness with

decrease in load. Some authors e.g. Taylor31, Bergsman32
reported no significant change of hardness with load, 1In
view of these different observations it has become rather
difficult to establish any definite relationship of general

validity between microhardness values and applied load.

There are twWwo ways of studying relation between

hardness (H) and applied load (P) or relation between load
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and diagonal (d) of the indentation mark. An empirical

formula is given by eguation,

el

P ad ceeen (401)

i

where 'a' and 'n'® are constants of the material under test.

From the definition of hardness number,

H = rp/dz [ XX X1 (402)

where *‘r' is a constant and depends upon the geometry of

the indenter. The combination of the above equations

yvields,
H = al dn -2 sone (403)
H = az pn = 2/1’1 *oe (404)
where, al £ r a seee (405)
az = r az/n ceee (4.6)

It has been shown that in case of Vickers micro-
hardness the value of the exponent n is equal to 2 for
all indenters that give geometrically similar impressions.

This implies a constant hardness wvalue for all loads,

33

Hanemann and Schulgz from their observations

concluded that in the low load region *n' generally has a



value less than two, Onitsch34 found such low values

of n (1 to 2) by observing variation of hardness with

35 found variation of n wvalues

load while Grodzinski
from 1,3 to 4.9 ; the value of n was nearly foﬁnd to be
1,8, The standard hardness values thus obtained were
expected to yield constant results but actual results
obtained by different workers revealed disparities
amounting to 30 - 50%, Due to this variation in the
results, a high load region was selected which led to
definition of an independent region of microhardness, The
hardness values so obtained for this region again showed
scattered results even though the apparatus had a good

mechanical precision, The scattered observations may be

attributed to the following reasons

(1) Eguation i.e. P = ad” is not valid.

(2) Microstructures exercise a considerable influence

on measurements involving very small indentations,

(3) The experimental errors due to mechanical polishing,
preparation of specimen, vibrations, loading rate,
shape of indenter, measurement of imperssion, affect

the hardness measurements considerably.

The term connected with the above test, microchardness

means microindentation hardness, as it actually refers to
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the hardness measurement on the microscopic scale. 3Some
authors prefer the term low load hardness for the above
term, This confusion has arisen because these ranges

have not been defined sharply. However, three possible

regions can be defined as follows

(1) Microhardness : From lowest possible loads upto

maximum of 200 gms.

(2) Low load hardness : Loads from 200 gms to 3 kg,

The most characteristic region comprises of loads

from 200 gms. to 1 kge.

(3) Standard hardness : Loads over 3 kg.

S8ince the present study is made in the region of
microhardness as defined in (1) above ; the following
presents a brief review of the work reported on microhardness

of various crystals.

In the recent work reported by many workers (1960

onwards) the hardness has been found to be increasing at

low loads, then remaining constant for a range of higher

loadse. Murphy36

studied hardness anisotropy in copper
crystal ; the variation in hardness by plastic deformation
is shown to be in part due to the escape of primary edge

dislocations.
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Sugita37 while studying the indentation hardness

of Ge crystal, found occurrence of ring cracks and radial
cracks and that the load required to produce the observable
craéks increased with the temperature, The temperature at
which the microscopic slip lines become observable was
higher in heavily doped crystals than in high purity
crystals, indicating that dislocation multiplication was

strongly affected by_impurities.

Koserich and Bashmakov38 studied the formation
of twins produced in Bi, S8b, Bi-Sb, Bi-Sn and Bi-Pb single
crystals under action of concentrated load by diamond
pyramid microhardness tester, They showed that the length
(1) of twins was proportional to the diagonal (d) of the
indentation and the intensity of -twinning thus given by

the coefficient « in the equa%ion
L = a + A4

The value of X was more for homogeneous alloys and
increased with Sb content and remained constant for higher

concentration of Sn and Pb,

The variation of hardness with load was also studied

i39

by Shah and Matha , wWho explained hardness in terms of

slip taking place due to deformation in the crystal

40

(tellurium), Edelman showed that microhardness of



33

InSb and GaSb single crystals decreased exponentially
with temperature, The presence of deflection points on
the curves at 0445 ~ 0,50 Tm indicate the deformation

by slip. The activation energy for plastic flow in InSb

and GaSb was estimated to be 0,56 ev.

’

Samsonov et ai.,41 studied temﬁerature—dependence
of microhardness of titanium carbide in the homogeneity
range and found that the hardness decreases with decrease
in carbon content in carbide, They also determined the
activation energies of dislocation movement by plastic

deformation,

Hardness variation wWas also studied with respect
to the impurity content, dislocation density and the
change in mobility of dislocation by wvarious workers,
Milvidski et al.,?? observed decrease in hardness with
increase in concentration of impurity and dislocation
density in silicon single c¢rystal, Kuz'menko et al.,43
showed decrease in hardness due to change in .mobility
of dislocations as a result of excitation of electrons
during lighting and their transition to higher energetic
zone in titanium iodide and termed this a 'photochemical

effect', Beilin and Vekilov44

observed decrease in the
hardness upto 60% illumination in Ge and Bi, Decrease in

hardness was attributed to the induced photoconductivity,
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which altered the widths of the dislocation cores at

the sample surface and in turn altered the plasticity.

Westbrook and Gilman45

studied electrochemical
effect in number of semiconductors. They observed decrease
in resistance of semiconducting crystals to mechanical
indentations in the presence of a small electric potential
(0,05 to 10 V) between the indenter and the crystal surface,

This was found to be due to significant enhancement of, the

surface photovoltage by a longitudinal electric field,

The anisotropic nature of microhardness of semi-
conductor was étudied by Tsinzerling et al..46. They
observed that the anisotropy was connected with anisotropic
bonding and with the position of the cleavage planes

relative to the movement of the indenter,

The wvariation of hardness in number of semiconductors
was studied in terms of concentration of charge carriedy
mobility and their interaction by many workers, Osvenskii
et al.,47 observed decrease in microhardness due to
increase in carrier concentration for different contents
of donor and acceptor impurities for GaAs and InSb
semiconductors. In addition to this they also showed
that decrease in hardness was independent of the type of

carrier, Smirnov et al..48 studied the temperature
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dependence of carrier density and mobility of Ga crystals
after irradiation with electrons and during various

stages of amnealing, They observed that the microhardness
of such crystals did not recover fully their initial value
and this was attributed to the interaction between
radiation, defects and dislocations, which could act as
sinks or condensations for compounds of Frankel pairs,
Seltzer49 who studied the influence of charged defects

on mechanical properties of lead sulphide found that the
rosette wing lenéth and hardness wWere nearly independen;
of concentration. of free electron; in n-type, while it
haad marked_depeﬁdence on concentration of holes in

-7 cm"B,

p-type. For a hole concentration about 8 x 10
rapid hardening was observed with attendent decrease in
rosette size, It was suggested that this behaviour

results from an e.s, interaction between charged dislocations

and acceptor point defects,

Perinova and Urusovskayaso studied the hardening
of NaCl single crystals by X-rays and found the increase
in microhardness by irradiation due to pinning of
dislocations in irradiated samples and that the pinning
was not destroyed by'illumination. The effect of

51

irradiation was alsc studied by Berzina and Berman who

gave a relationship between the length of rays of etch
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figure star and proton irradition done in LiF, NaCl and

KCl single crystal,

Because of substantial effect of surface layers
on the microchardness, the increase in the microhardness
was observed when applied load was reduced (Upit et al.sz)
They showed the ratio P/ﬂgz (vhere 1 is the length of
rays in dislocaﬁion rosette around the indentation mark)
was not constant (P against 22 was not linear) at low
loads due té retarding influence of the surface on the
motion of dislocations, Further they (1970) estimated
fhe change of 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 an indentation
-mark was studied using chemical etch pit technique by
Urusovskaya and Tyagaradzhan53. They found large number'
of prismatic loops. They examined the process of
interaction of dislocations in crystals having CsCl latticé.

Shukla and Murthy>*

also studied the distribution of
dislocations in NaCl single crystals, They found increase
in the distance travelled by leading dislocations with

increase in load, They further observed that impurity had
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| little effect on the dimensions of the indentation but

had a pronounced effect on lengtg of the edge rays of

the ' star pattern ' and the ratio of the mean diagonal'
length to mean length of the edge rays was nearly constant,

Matkin and Caffyn>>

observed increase in the hardness
with increase in Ca*+ concentration in NaCl, while the
distance travelled by leading dislocation was observed

to decrease,

The effect of impurity on hardness was also studied
by various workers., Dryden et al..56 studied the
hardness of alkali halides vhen low concentration of
divalent cations are incorporated in the crystal lattice
on the basis of dielectric measurement of dogped 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
critical shear stress was proportional to 02/3, where C
is thg concentration of divalent ionvacancy paifs,

(2) there was no increase in hardness as these divalent
ion-vacancy pairs aggregate into groups of three (trimers),
(3) in NaCl : Ma*Y, kc1 : s’ and RC1 : Ba** there was
no 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 aggregates and
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++ . '
the hardness increases as a second

(5) in NaCl : Ca
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. Urusovskayva et al..S7
investigated the influence of impurity on the strength

of crystals, microhardness, length of dislocation rosette
rays and velocity of dislocation movement in CsI crystals.

Takeuchi and Kitano58

reported the softening of NaCl
crystal due to introduction of water molecules, The
plastic resistance was almost independént of dislocation
velocity except at very high velocities, It was, however,
strongly influenced by temperature, impurities, radiation
damage and structure of core of dislocation. Gilmans9
observed a sharp drop in plastié resigtance of covalent
crystal 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 Vannayso. They concluded that
besides thermal stress the observed hardening may be due
to dislccations piled~up at various impurities, to

complexes in solid solution and vacancy clusters which
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were developed at high temperatﬁre. And by quenching,
the clusters become distributed in the crystals as fine

dispersions.

Temperature dependence of microhardness was also
studied by Shah61 who found that hardness of calcite
cleaVage'faces increases with the temperature, Acharya62
found that the hardness of Zn and KBr decreases with-
the gquenching temperature while the hardness of TGS

increases with the quenching temperature.

Comparative study of Vickers and Knoop hardness
numbers has been investigated in detail by Mohrnheim63
on metallic materials. An analysis of Knoop microhardness fd

65 law correlating

Hays and Kendaﬁ64 to modify[ﬂe#mfs
applied load to the long Knoop diagonal by term which
accounted for the resistance offered by the test specimens.
Results were also discussed for usage of modified ngﬁfs
law to obtain Knoop hardness numbers independent of
applied load. Comparative study of Knoop and Vickers
hardness numbers was also reported by Tietz and Troger66.

The above represents a brief review of the work done
on hardness of various crystals. The present work is

centred on the study of variation of load with diagonal

length of indentation mark, of variation of hardness with
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load of synthetic sodium nitrate crystals grown from
melt at various quenching temperatures by using Knoop

and Vickers diamond pyramidal indenters.
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5,1 INTRODUCTION

- ———— 53

A varietf of useful tests have 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 crystélline
materials has long been the subject of discussion amongst
. engineers, physicsts, metallurgists and mihérologists and
there are all sorts of conceptions as to what constitute
hardness. The overwhelming difficulty of defining hardness
is that it does not appear to be a fundamental property of
material. There is no universally,accépted single test for
hardness applicébie to all materials., Thus there is hardness
as measured by resistance to cutting, by scratching, by
penetration, by electrical and magnetic properties (Mot 1).
The fundamental physics of hardness is not yet clearly
understood. The present work is taken up wiﬁh the express
purpose of criticall§ reexamining the various for@ulae
comnected with hardness by sﬁséematically studying
‘microhardness® of synthetic single« crystals of sodium
nitrate (NaNO,). It is an extension of the work reported

3. Bhagia4)‘ Further it also aims

earlier (Shah2, Acharya
at comparing the hardness wvalues and behaviour of two types
of diamond pyramidal indenters viz. Vickers and Knoop

indenters on NaN03 cleavages. As far as the author is aware
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no such systematic work on NaNo3 crystals is . reported
so far. In vwhat follows the terms 'hardness' and
‘microhardness® of crystals are used to indicate tﬁe same

meaning.

5.2 EXPERIMENTAL

Single crystals of sodium nitrate grown from melt
and solution by methods described in Chapter II1 were
used for the present study. Small crystal cleavages
from a big block of rhombohedral sodium nitrate were used
in the present investigation, Every time freshly cleaved
crystals of épproximately equal sizes are used so that a
comparision of treated and untreated samples caﬁ be easily
made without introducing other factors, Freshly cleaved
 blocks having dimensions 10 mm x 10 mm x 2 mm were fixed
on glass plates with an adhesive, The levelling of fhe
specimens was tested by using a table microscope. The
hardness tester described in Chapter II ﬁas used to produce
indentations on a freshly cleaved surface by using square
" based Vickers pyramidal and rhomb-based Knoop pyramidal
indenters. 7The filar micrometer eyeplece was used tb
measure the surface dimensions of the indentation mérks.
In order to avoid the influence of one indentation mark on
the other the distance between two consecutive indentations

was maintained at least eight times the diagonal length
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of mark ; the indentation time for all specimens Was

kept 15 seconds. The load was varied from 1.25 gm, to

120 gm, Care was taken to see that errors introduced
during the work of indentation marks are‘avoided or
minimized, The indentation marks were produced by diamond
indenters on the surface in such a way that one of their
diagonals always remained parallel to [100] direction on
the crystal surface, Further the indentations were
produced by Knoop and Vickers indenters on the same sample
to facilitate comparision. Due to non-availability of a
hot stage and optical components of microscope to be used
with it in hardness tester, the indentation work was |
carried out at room temperature for annealed and/or quenched
crystals'for studying the variations of harénéss with
temperature, For these experiments, crystals of
approximately equal sizes were used. They‘were gradually

. raised to a desired temperature and kept at ﬁhis temperature
for identical periods running into a few hours (24 hours in
the present case). They were then quenched to room
temperature. The gquenching rates Qere made as high as
possible and were adjusted so that the quenched crystals
maintained'their shapes. In the present case the rate of
quenching varied from 1.6°C/sec to 11.6°b/bec. These
experiments were conducted upto a temperature of 260°C
because beyond éhis temperature sodium nitrate begins to
decompose,



5.3 OBSERVATIONS

The diagonals of the 1hdentation marks produced by
various load were measured, Several sets consisting of a
large number of observations on freshlf cléaved surfaces
‘of virgin or thermally treated sodium nitrate crystals
indented by various loads at room temperature were taken
and a typicél set of observations, recorded in Table 5,1
ané 5.2 was studied graphically by plotting log d versus
log P. *'d' is the average value of the diagonal length
of the iﬁdentatidn mark in microns and P is the load in
grams (Figs, 5.1a, b to 5,8a, b), It should be noted that
irrespective of the magnitude of the load the impressions
of the indentation marks on cleavage surface of NaNO3 are

geometrically similar (Fig. 5.90and 5.9D).

5.4 RESULTS AND DISCUSSIONS

A G U SO 1 W B O D W W B Sy Y Y SN S B SO W

There are two ways of studying the relationship
between microhardness and applied léads, ©One way of
studying this relationship was given by H’anemann5 in the
form of an empirical rule that was believed to pemmit the
intercomparision of microhardness values, This rule states
that the load P is related to diagonél length of an
indentation mark.- by the expression

P = a dn ese e (501)
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Fig. 5.9 (a,b) show the photomicrographs of indentation
marks produced by Vickers and Knoop indenters on

cleavage counterparts of melt grown sodium nitrate

crystal.
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where 'a’ and *n' are constants of the material under

test ; 'a’ represents the *standard hardness® for an
indenter of fixed diameter and ‘n' giving a measure of

the variation in hardness as a function of 'P' or 'd'. The
other way is to study the variation of hardness (Knoop and
Vickers hardness numbersf directly with load.

The equation (5,1) is also known as(ﬂ%?%fss law,
Taking logarithms of both sides yields

logP = loga + nlogd veees (5.2)

The values of ébnstants ‘a' and *n' can thus be
determined from a graph ofllog d versus log P. 8Since the
relation between log P and log 4 is linear, the graph is
a straight line, the slope of this line gives thé value of
'n* and the intercept on log P axis gives the value of
log a and hence *a', For all indenters that give
geometrically similar shapes (impressions), ﬁﬁgﬁxs law
~ postulates a constant value of *n' viz. n =2, This
impllies a constant hardness value for all loads according
to the definition of Knoop and Vickers hardness numbers
(KHN ang VHN),

A careful study of the graphs (log d vs log P) shows
that there are two clearly recognisable straight lines of

different slopes meeting at a kink which is obtained at a
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load of 15 gms, for KnéOp and about 20 gms. for Vickers
indenters at room temperature. These loads will
henceforth be referred to as transition loads Pg. As
quenching temperature increases, the kink is found towards
lower loads, Further the first part of the straight line
corresponding to observations taken at low loads upto Py
at room temperature has slope (ny) of highef value whereas
for the second part of straight line for higher loads, the
slope (ny) has values less than 2, Since n values are
different in different regions of the graphs of log d
versus log P, being greater in first region, the 'a"values
also vary in two regions being less in first region of low
loads and more in second region of high loads, The values
Of ny, 0, and corresponding intercepts a; and ay for Knoop
and Vickers indentations are recorded in Tables 5.3 and 5.4
respectively, Tables 5.3 and 5,4 also show the load at

kink for various quenching temperatures.,

It may pe remarked in passing that severgl workers
have reported visible scattering iﬁ 'n' values., e.g. see
Hanemann and Schultzs, Onitsch7, Grodzinskia. However,
none has reported the splitting of graphs into two straight
lines and their characteristics, The study of variation of
load with diagonal length of Vickers indentation mark on

faces of different tYﬁés (c-, m~, d- and o- faces) of

natural and synthetic barite crystals (Sarafg) has shown
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very clearly the existance of two clearly recognisable
straight lines of the graph of log 4 versus log P. later,

10, Shah2 and Adharya3

Mehta verified the splitting of
graph of log 4 versus log P on calcite, zinc, TGS and KB;
crysfals. In the present investigation, the author has
verified the splitting of the graph into two regions using.
Knoop pyramidal indenter also, It is thus certain that

the spiitting of the graph into two straight lines is
natural and 1s due to varied reactions of the crystal

| surfaces to different applied loads used for producing

indéntations,

Sedel .Characteristics of two straight line regions in

the graph

The separation of the straight graph into two regions
with different S;Opes indicates that in the first region
of low loads, the value of hardness is strictly dependent
on load and in the second region of high loads this
dependence on appliedxloads is relatively reduced, It
appears that besides this dependence on load, there could

also be other factors contributing to this behaviour.

In order to determine the relative importance of
these factors affecting the values of 'a' and 'n', the

study was carried out on crystal surfaces which vere quenched
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from high temperatures to room temperature, it is
obvious from'Tabies 5.3 and 5,4 that the values of ay

and ny for low load region show comparatively large
differénces at all gquenching temperatures whereas: : for .
the second part of the graph there are less difference

in ‘az‘ and ‘nz' values. This clearly indicates that 'nl'
" and ‘al',values are dependent on the previous history of
the sample,where as the second part of the graph giving
'nz‘ and 'az' values remain comparatively less affected
by the previous history of the sample, It should be
remarked here that ny Qalues iﬁ case of Vickers indenter
(Table 5,4) show less variation with quenching temperature

whereas for Knoop indenter, marked variation of n, values

1
with guenching - temperatures are noticeable (Table 5,3).
Hence the two regions correspond in general with the
structure sensitive and structure insensitive properties

of the crystal, They can roughly correspond with extrinsic
and intrinsic properties of the crystals, Further, the
initial indentation under low loads i.e. initial plastic
deformation produces cold working of the crystal. There
will also be certain amount of recovery from thi;
deformation. As a result the degree of hardening of crystal
surface should increase, This is mofe true for low loads
near kink. Hence with an increase in applied load the

surfaces should offer high resistance to the indentation.

The hardness in this region will therefore be lower than
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that in first region, mostly near king. The surface is
likely to follow&ﬁﬁg&ts law and the value of 'nz‘ will be
nearly equal to 2, In addition to the éold working and
recovery of strained crystals; several factors éach as

- surface energy, concentration of different types of
imperfections and their interactions, 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 ie
therefore difficult to conjecture conclusively £rom ‘nl'
and ‘al' values only, the behaviour of crystal surface.

The marked wvariation of n, with the temperature of quenching
in case of Knoop indenter indicates that surface 1ayers

of the specimen are more susceptible to change in quenching
temperature because the Knoop pyramidal indenter, in
general, measures the hardness of surface layers; It
should be mentioned here that although the indentation work
was carried out on freshly cleaved surfaces of gquenched
crystals with the intention of removing surface hardening

of quenchéd specimens, the hardness study of the cleaved
surfaces which were once the inner parts ot interiors of
quenched crystal has shown a noticeable change with
quenching température i.e. *body' hardness is affected by
heat treatment, of course this change is obviously smaller

than that of surface hardening of the quenched specimens.
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5,5 CONCLUSIONS

The following conclusions are drawn from the above

discussion :

(1) ~ The graph of log d versus log P consists of two
clearly recognisable straight lines having different

slopes and intercepts on the éxes.

(1i1) The indenter lo0ad Py corresponding to kink
representing a transition from one straight line to

another depends upon quenching temperature.

(iii) The slope of first part corresponding to low load
gegion of the graph is greater than that of the
second part, The intercept made by the first line

has less value than that made by second line,

(iv)  The slopes 'nl' corresponding to low loads are
 more succeptible to gquenching temperature, In
particular for Knoop diamond pyramidal'indentér
'nl' is more susceptible to gquenching temperature

than for Vickers pyramidal indenter.

(w) The defect structures operate differently in low
and high load regions corresponding to two parts
of the graph of log 4 vs. log P.



1.

2.

3.

4.

5.

6.

8.
D

10.

Mott, B,W,

Shah, R,T.
Acharva, C.T,
Bhagia, LeJ.

A

Hanemann, H, and
Schultz, P,

M egorjl .

'OnitSCh, E.M.

Grodzinski, P,
Saraf, C,L.

Mehta. Bo J. »

REFERENCES

'Microindentation hardness
testing®, Butterworths Scientific
Publications, London, Ch.l1, 1956,

Ph, D, Thesis, M,S, University of
Baroda, Baroda, 1976.

Ph.,, Thesis, M,8, University of
Baroda, Baroda, 1978,

Ph.D», Thesis, MsS. University of
Baroda, Baroda, 1982,

Z, Metalkunde, 33, 122-34, 1941,

Quoted in 'The Science of
hardness Testing and Its Research
Applications', American Soc. for
Metals, GChio, 1973.

Microsckopie, 2, 131-4, 1947.

i3

Schwalz, arch. angew wiss, 18,
282-92, 1952, .

Ph.,D, Thesis, M.S. University of
BarOCia, BarOda' 1971.

Ph,D, Thesis, M,5, University of
Baroda, Baroda, 1972.



CHAPTER . VI

VARIATION OF HARDNESS WITH__LOAD




CHAPTER - VI

s s ;W S (o B 2 > -

VARIATION OF HARDNESS WITH LOAD

6.1 Introduction so s ces sun see eee
642 Observations see ses YY) ‘ ®ee eee
6.3 Results and Discussion ‘ see o ees sse

6.3¢1 Relation between hardness and
quenching temperature tee  see

6e32e2 Relation betwWeen microhardness
and electrical conductivity ...

6.4 ConcluSionNsS eee ees ese eces ose swe

REFERENCES

PacE

ees 111
oee 115
e 116
L N 117
eee 131
cee.ld2



- - oty

It is clear from the discussion of the previous

chapter that *Standard*' hardness *a' is a function of

$

2y 2
quenching temperature (Tg), However, the variation of a

gquenching temperature ; * and ‘a,' in general vary with

1
with gquenching temperature is more noticeable than that

of aye In particular, a, in case of Knoop indentation is
more susceptible to gquenching temperature than that obtained
by Vickers indentation. The present Chapter reports
detailed study of changes in hardness number with quenching

temperature,

The Knoop and Vickers hardness numbers (Hy, and Hy)
are defined by equati,ons,1

KHN, H, = 14230 P/a ceess (641)
VHN, H, = 1854,4 P/a’ ceees  (642)

where load P is measured in grams and the diagonal length

d, of the indentation mark in microns. The hardness number
is not an ordinary number, but a constant having dimensions
and has a deep, but less understood, physical meaning., The

combination of these equations with

P = a dn XXRX) (603)
vield,

H = a d YR EX) (634)



'ox:
H = a ﬁ’rl - 2)/2 @se o (6'5)

In case of Vickers microhardness, the value of
exponent n equals 2 for all indenters that give impressions
geometrically similar to one another, Thus, n = 2 implies
that hardness for a given shape of pyramidal indenter is
constant and independent of load. For a solid subjected
to uniaxial compression, the modulus of elasticity

(young*s modulus) is given by

E = 07(: “eser e (6’6)

where 6 is the compressive stress defined as load per

unit area

6— = P/A oo (697)

and the compressive stréin € 1is defined as the decrease

in length per unit length. Now the area of cross-section,
A, increases with compression. Hence for a constant volume
of a so0lid, length is inversely proportional to the area of
cross—-section, If Ay represents initial area of cross-
section with a normal length L; , and A the final area

with normal length { after small compression, one obtains

£ a = la Ao

/Q./‘Lc = AQ/A XXX N (608)
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Therefore,

E = (9."10 )//Q = (AO-A)/A . ceonve (609)

substitution of ¢ and ¢ from equations (6.7) and
(6.9) gives,

E = d‘/e = P/(Ao - A)' enrnse (6010)

Hence for a simple uniaxial compressive stress vhen
the 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 very small, Hence the indentation
hardness can be measured by using the above formula (6.10).
Indenters are made in various geometrical shabes such as
spheres, pyramids etc, The area over which the force due
to load on indenter acts increases with the depth of
penetration, 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 fof solids which are amorphous or highly homogeneous

and isotropic.

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
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compression and deforming a surface of a solid by pressing
a small indenter into it, Around the indentation mark,
.the stress distribution is exceedingly complex and the
stressed material is under the influence of multiaxial
stresses, The sharp 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 contact is inclined by varying amounts to the
directions of applied force. In view of these complications
a simple expression corresponding to that for fhe modulﬁs
of elasticity cannot be derived for hardness. In the
absence of any formula based on sound theory, an arbitrary
expression is used which includes both known variables -
load and area - in the present case, Hence the hardness
number, H, is defined as the ratio of the load to the area

of impression,

H

P/A cease (6.11)

For pyramidal indenters the load (P) varies as the square

of the diagonal (d)., Thus for a given shape of pyramid,

P = bdz *ssee (6012)

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

proportional to the square of the diagonal,

2

A Cd LB NN J (6.13)

B



J15

vwhere C depends upon the shape of the pyramid, Combination

of equations 6.5, 6,6 and 6,7 gives,

Hence for a given shape of pyramidal indenter
hardness is independent of load and size of indentation.
This statement represents M¢JtZ's law., In view of defining
equation (6,5) for hardness, hardness number can also be

considered as hardening modulus,

Due to complicated behaviour of indented anisotropic
single crystals of various materials aﬁd as a result of
the development of arbitrary expression for hardness, it
is clear that the theoretical treatment of the problem is
extreemely difficult, Hence it is desirable to approach
this problem via experimental observations, interpretations
and with a probable development of empirical relation(s).
The present work is taken up from this phenomenological
point of view and is an extension of the work carried out
by Saraf?, Mehta®, Shah?, Acharya® and Bhagia® in this
laboratory.

6.2 OBSERVATIONS

( The observations which were recorded for studying

the equation P = a d® are used in the present
)
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investigation (Table 6.1 and 6,2)., The Knoop and Vickers
hardness numbers are calculated using equation (6.1) and
(6,2) for thermally treated and untreated éamples. The
observations are graphically studied by plotting the
graphs of hardness number (Hy or Hy) versus load (P),
(cf. Fig, 6.1a,b to Fig. 6.8a,b)s In what follows the
hardness and hardness number will be used to indicate the

same meaning.

6.3 RESULTS AND DISCUSSION

A - S . 4t W D SYL I SO T T AW W FED TR CW 5 S

Ittis clear ffom the graphs of hardness number (H)
versus load (P) that contrary to theoretical expectations
the hardness varies with load, The hardness at first
increases with load, reaches a maximum value then gradually
decreases, and attains a constant value for all loads. This
behaviour is found for both types of hardness numbers viz.
Knoop hardness number (Hy) and Vickers hardness number (H,)
The theoretical conclusion that hardness is independent
of load thus appears to be true only at higher loads. The
maximum value of hardness corresponds with a load which is
nearer the value of the load at which kink in the graph of
log 4 versus log P is observed (cf. Chapter V). The graph
of H versus P can be conveniéntly divided into three parts
Ag, BG and &D where the first part represents linear

relapion between hardness and load, the second part, the



non-linear relation and the third part the linear one,

It should be noted that there is a fundamental difference ’
between linear portions AB and €D of the graph (ABCD. This
possibly reflects varied reactions of the cleavage surface
to loads belonging to different regions, Besides it
supports, to a certain extent, the earlier view about the
splitting of the graph of log d versus log P into two
recognizable lines (cf, Chapter V).

-

The complex behaviour of microhardness' with load
can be explained gqualitatively on the basis of the depth
of penetration of the indenter, At small loads the
indenter penetrates only'surface layers, hence the effect
is shown more sharply at these loads. HowWever as the
depth of the impression increases, the effect of surface
layers becomes less dominant 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 is practically no change in value of hardness with
load. This is clear from graphs of knoop hardness numbey
and'Vickersigg;;:r versus load for different gquenching

temperatures,

6.3.1 Relation between hardness and quenching temperature

It is clear from the observations of hardness of

quenched and unquenched samples (Tables 6,1 and 6,2) that
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hardness depends upon the quenching temperature (TQ).
Hardness in high load region (HLR) is independent of load.
Hence -average values of hardness (H) in high load region
are computed and are recorded in Table 6.3. Fig., 6,9
shows the plot of log (H Tq) versus log Tg. The plot is a
straight line for Knoop as well as Vickers hardness
number, Further both the lines are falling on one another
having constant slope and constant intercepts on 1og4ﬁ Tq
axis., The straight line graph follows the equation,

—

10g H TQ = m log TQ R 109 C Geecasse (6.15)

where m is the slope and C is an intercept, Therefore,

§ TQl - m = c X XN N (6016)
or

- k

H Ty = C cveee (6417)

vwhere k = 1 - m, The value of k is -~ 0,17 for sodium

nitrate crystals.,

It is clear from table 6,4 that Knoop hardness
number is almost same as the Vickers hardness number of
freshly cleaved faces of sodium nitrate in HLR region,

Purther for both indenters, the hardness number increases
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with quenﬁhing temperature, However the pefcentage
increase in hardness at 533°K with respect to hardness at
room temperature (303°K) is quite small. This percentage
change for Knoop hardness and Vickers hafdness are 8,2%
and 7,14% respectively, The mean ratio ofiﬁk/ﬁv is 1.0

at different quenching temperature (Table 6.3).

It is desirable to ascertain how far the relation,

Constant,

H TQ

is true for individuél observations on gquench ﬁardness.

This constant is designated by C and the subscripts k and

v indicate respectively use of Knoop and Vickers indenters
for obtaining the hardness values (Table 6.4}s The
percentage changes in hardness from its mean value are

small, Further the comparision indicates that the percentagel
changes for Knoop hardness number are almost the same as
those of Vickers hardness number, Since the Knoop indenter
is normally used for studying crystalline amisotropy, the
large deviations are found for Knoop hardness number
compared to those for Vickers hardness number. The author
had consistently tried to find the'rééson for these small
deviations by repeating the work several times, However,

the results were not significaﬁtly different from the
present ones. At present there is no theoretical explanation

for small deviations.
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From the empirical formulae for Knoop and Vickers
hardness numbers i; is obvious that hardness number is
inversely proportional to square of the diagonal of the
indentation mark for a constant load. Since hardness
depends upon temperature of gquenching, the dilagonal length
of the indentation mark would also depend on the gquenching

temperature, Thus for both the indenters,

H

it

R P/dz dens e (6018)

where R is a constant depending upon the geometry of the

indenter, Further,

HTQ

]
Q

ecese (6419)

Combination of above equations gives,

=] TQk/dz = C/R = Constant = S ... (6620)

or,
TQ/dz » P TQk -1 = S soseee (6.20)
TQ/dz = (S/P)TQI - k [ X XN J (6021)

]

or log Tgy/4° log (5/P) + (1 - k) log Ty

or log Tg/a® (1 =X) log Ty + 1og § = 1og P +,.. (6422)

it

or log Tg/a® = m, 10og Tg * 100 A  seess (6.23)



on simplifying it one gets (using equation 6,20),

T 1
Q
1 o e 2 o o o = A = "'§"" = “'gﬁ"‘ ) 0000.(65243)
2
d
or, k
TQ = C/RP - A ..oon(6g24b)
/32

It is obvious from the above equation that for a
given applied load if a graph of log (TQ/dz) is plotted
agaiﬁst log Ty, the slope of the graph will be (1 - k).
However if this is repeated for reveral applied loads, it
is evident from above equation that graph of log (TQ/az)
versus log Ty should consist of straight lines parallel to
one another having slope (1 - k) and different intercepts.
Further, the slope of any one plot (Fig, 6.10 and 6,11) .
is 1.17

ieeo i - k - ml = 1.17

Hence the value of k is ~ C,17 which is identical with
the value of the exponent k in the equation (6,19)

connecting hardness number and guenching temperature.

In Chapter V the variation of applied load with
diagonal of an indentation mark was studied by critically

examining empirical formula, known asiﬂ@fﬁ!s 1aw.7

P = a dp .rooo(slzs)
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It was shown that'a’and n’ are constants and the
straight line represented byuthe.plot of log 4 versus

log P consists of two straight lines with slopes n, and

1

n, and intercepts ay and gz'respectively. The slope n2

and intercept a, approximately correspond to HLR region
of the graph of hardness versus load. (Fig. 6.1a,b to

\

6.8a,b)., The combination of equations 6,20 and 6.25

yields,
n (J:
2 K
324% To |
- 2 - - = S ®onee (6026)
d
2 ny, =2
substituting 4~ = g/éz.d ’ in equation 6,24(a),
one gets
(g 1p ) x a, d 2 = A eeee (6427)

Since n, is not having an integral value, it is necessary
to have a different approache " If graph of logf(a2 dzk/TQ)
versus log TQ are p;otted, they consist of a series of
parallel lines corpesponding to different intercepts
(Fig. 6.12 and 6,13 ; Table 6.7 and 6.,8): Thus each straight
line follows the general equation,

a, a2

1 S 0 m lo T 4‘ lo B XY X ] (6.28)
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Slope of straight lines are m, = = 1.1, Simplification

of the above equation ylelds,

2. = (m, + 1)
4a TQ 2

]
s o)

23 cesese (6429)

Combining above equation with Eqn. (6.25) one obtains

- - *+
P ﬁz n TQ (mz v = B tes00 00 (6030)
Comparision of Mey®'s law (Eqn. 6.25) with formulae for
hardness number (Eqn. 6.1 and 6,2) clearly suggests that
the constant a and hardness numbers are related. Inspection

of the variation of various functions involving H, a_, and

2
T, has disclosed that the graph of log (H To/a,) versus

log TQ would be a straight line, following the equationm,

HT
log _..g..g- - m3 log TQ 4 log B [ EXEEY ] (6031)
2 .

where m, is slope and E is constants These plots for Knoop
and Vickers hardness numbers are presented in Fig, 6.14

k)

(Table 649).

The values of slope m, are 1.1 for Knoop and Vickers

indenters.

2-

Substitution of equations a, = (P/dz)x d B2 ana

H = R(P/dz) in equation (6.31)
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YieldS;

E = (R TQI - ma ))‘) d?z - 2 Seese (6.32)

Combination of the above three equation gives

He,h — M3

——— - - == E [ AN NN (6.33)
22

i.e.

— = 0.

HT

—— .y " s - = E [ X N W ] (6034)
22

Multiplication of eqn. (6,27)by eqn. (6.30) gives

- (m1 # mz)
3.2 TQ = AB = Constant ... (6.35)

Thus the intercepts a, could be associated with the
quenching temperature, This can also be understood from
a graphical plot of log (a2 TQ) versus log T, which follows

the equation,

log (a2 TQ) = m, logT, + logD ..., (6.36)

The graphs of log (a2 TQ) versus log T, for Knoop and

Vickers indenters are shown in fig., 6415 (Table 63 and 6.4).

Thus,
D} s s (6.37)

vwhere m; is slope of line (fig. 6.15).
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The value of m, are 1.07 for Knoop and Vickers

indenter. Hence the above équation becomes,

a, T,m % = b ceess (6.38)
substituting,

a, = (p/a®) x a? " P2 gy, eqms .... (64,37)
one gets

(pra®) x & -ny TQ1 T b .. (6.39)

Slight dependence of a, on quenching temperature can be
expected because value of a, is (Table 6,4 and 6,5) quite
small, It is suggested from the form of equation (6425)

and (6,18) that there must be some relation between hardness
number and a,e After considering several functions '
containing H and a, it was found that the plots of

log (a2 Hy) versus log Hk and log (a2 H,) versus log Hy
give a better straight line, obeying the general equation

log (32 H) = mg log H + log F eeese (6,40)
on simplification one gets

-—1 “ms
az H = F esesee (6041)

Slopes (ms) of the above plots (fig, 6416 ; Table 6,9)
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are 1,75, Hence the above equation becomes

H F esecee (6,42)

22
This shows very ciearly that hardness number and the

inteicept of the straight line (c£f, fig. 6.16) corresponding

to HLR are intimately connected,

It is thus clear from above equations that Mgg@ﬂs
law and formulae for hardness numbers are intimately
connected in the HIR region of the graph of hardness

numbelr versus applied load.

It is interesting to examine the accuracy of each
obserVafion in the above plots by considering the
coefficient of variation for different constants asscciated

‘with different equations above,

The values of A, B, E and D are computed for each
observat;oxi using 'equations 6427, 6.29, 6.32 and 6,39
respectively and are presented in Tables 6,10,1 to 6,10,16,
« For these tables the above equations are collected here

and are given 1n sequence with new equation numbers.

A Im e ee o o - x az d 2 sone (6043)
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R P (2 -m, -m,) ,
DE = -az-‘- TQ 3 4 i esre (6050)
& - 30 R o2 oMy oMy L (6.50a)
Dk a 2 Q
13
. 1854,4 P @ -my-m)
DE 5 T, 3 4’ sseee (6,50D)

The mean values of constants are summerised in

Tables 6,11 and 6,12,

A careful study of méan values of ‘constants! and
their deviations from the corresponding individual
observation clearly indicates that the deviations are
within experimental errors., A glance at Table 6.11 and

6.,12 shows that,

D = AB eosves (6451)
AP = -%E— TFeoseon (6052)
c
E = - Br s 009 05
= (6.53)

From tables 6,3 and 6,4 we have,

c Hye
W5k~- = . == for all temperatures.
v v



Thus for all loads in HIR for Knoop and Vickers
indenters, the wvariation of hardness number H and the

variation of hardness constant a, with quenching temperature

2
and also with each other follow the equation,

H TQk = C = Constant senese (6.55)
az TQr = D‘ = CQnStant sesoe (6056)
32 Hs = F = Constant csnose (6.57)

vhere k, r and s are different and numerically less
than unity. The signs for these constants decide the
nature of the crystal, For sodium nitrate they are
negative as shown above. Further quenching can also be
carried out by bringing a crystal from very low

temperature to room temperature. Thus for Ty = loK,

H = Constant seses (6.58)

Constant eeses (6,59)

"

)

These values can be considered to characterise a

crystalline material, Thus for sodium nitrate, the

quench hardness number and quench hardness constant - -
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are given by,

»

Hk = 6.95 Kg had m..z sresse (6060)
and .
Hv = 6‘95 Kg — m-z sesees (6061)
-3 -2
ak = 10804 X 10 Kg - mm (X EEXX] (6.62)
and
av = 10.45X 10-3 Kg - mm-z "R R (6063)

6.,3,2 Relation between microhardness and electrical

conductivity

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
temperature T to the microhardness value determined for
the same quenching temperature could provide a clue about
the possible relation between two guantities, hardness

and electrical conductivity,

The values of electrical conductivity, OE ., are
given in Table 6,13 (taken from a paper of C., Ramasastry

and V.V.G.S. Murti®).



*
Table 6,13

Temperature Electrical 3
T og conductivity Log 6 T o/
S. amho ci!
~12 —
373 1 x 10 10,5717 2,68
-12 —
398 7.5 x 10 9.4749 2,512
-11
423 5 x 10 £.3253 2.364
-10 -
448 1 x 10 8.6512 2,232
-10 -
473 7 x 10 7.5199 2,114
498 2 x 1072 7.0082 2.C08
533 4 x 1078 6.3287 1.876

* The values of electrical conductivity of sodium
nitrate crystals grown from melt are taken from

a paper of C, Ramasastry and Y.V.G.S. Murti,
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It is clear from a study of electrical conductivity

of sodium nitrate crystals8

that the activation energy!

is 0,94 ev for 100%C to 260°, Beyond 260°C values of
electrical conductivity are not dependable because of

the onset of phase transformation in sodium nitrate, The
same type of behaviour has been observed by present author
in this laboratory. It should further be remarked that the
data on electrical conductivity for solution-grown and

melt grown crystals of sodium nitrate has shown that the

former crystals were of inferior quality.g

It is known that the point defects vhich exists in
crystal in thermal equilibrium, in contrast to
thermodynamically unstable defects like dislocations and
grain boundries, may contribute to mechanical properties
through diffusion, e,g, creep at high temperatures, Hence,
it is desirable to review briefly the part played by point
defects in ‘hardening® crystallinie materials, It is
found that more direct effects of point defects on mechanical
properties, e.g. an increase in the yield stress, are caused
by non-egquilibrium concentrations of point defects, and on
formation of their agreegates. In the present case non-
equilibrium concentrations of point defects in sodium nitrate
are produced by rapid cooling from high temperatures, the
resulting hardening is called *quench hardening' as distinct

from radiation hardening produced by irradiation. The quench
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hardening is simpler amongst the two, The guenching
experiments introduce the following few or all effects

in a crystale

(1) ~BExcess vacancies (equilibrium concentration of

vacancies at higher temperature).

~

(i1) Possible aggregation of some vacancies.

(1ii1) Annihilation of vacancies,

(iv) Quenching strains.

(v) Pinning of vacancies at dislocations, grain

boundaries and impurities,

(vi) Effect of interstitials and their small aggregates.

The concentration and forﬁation of energy of excess
vacancies can be studied at low temperatures by measuring
electrical resistivity, The main disadvantage in this

.procedure is possible aggregation or annihilation of some
of the wvacancies during quenching, Implicit in this method
is the correction or avoldance of loss of vacancies together
with any production of them e.g. by quenching strains and
the effect of impurity and the formation of the more mobile
vacanciess The guenching strains are associated with the

production of vacancies., This will be clear from the

following consideration.

During quenching of the specimen, the surface is
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cooler than the inside and hence it is in tension while
the inside is in compression, If the stress due to thermal
gradient is large enough, the specimen will be deformed’
plastically, Since the yield stress is usually lower

at higher temperature, the inside section of material will
then undergo plastic deformation, When the quenching is
completed and the temperature is again uniform, the
plastically deformed inside material compresses the
surface layers and vice versa, The thermal stresses thus
set up are both axial and radial, Hence 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 assessmegt of the number of vacancies quenched into
a crystal. Further the mechanical properties of a crystal
are largely determined by the number, geometrical
configurations, interactions and mobility of dislocations
contained in it. The mobility of dislocations is mainly
determined by their 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 dislocation and

annihilation of two parallel edge dislocations of opposite
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sign, one atomic plane apart, are the main mechanisms
suggested for point defect formation during deformation

by mechanical means or by quenching, The non =
conservative motion of jogs is possible both on edge
dislocations and screw dislocations, For deformation,
however, jogs on screw dislocations are more important.
Jogs on screw d;slocation are geometrically short segments
of edge dislocations, The slip plane of these jogs is
not the slip plane of the parent screw dislocation. Hence
as the screw dislocation moves, jogs should move in a |
non-conservative manner along the screw., These
fundamental mechanisms of point defect formation are well
established geometrically, but the theory cannot predict
as yet how many of particular species of defect are
produced under certain conditions, This is a very difficult
problem because the number and behaviour of moving
dislocations 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
quencﬁing produces dislocations, grain boundries segration
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 effect of others.
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The procedure for effecting this discrimination varies
in a finer way froms specimen to specimen, materlals to
materials, This is not‘yet perfected for all types of
materials., The interstitials act in somewvwhat similar

fashion as mentioned for vacancies,

The above presents briefly the possible effects of
quenching processes on materials., It is now interesting
to consider the effect of these processes on crystals,

It is observe@ that no noticeable increase or change in
hardness is found for quenched and aged metallic crystals,
This is in marked contrast with the pronounced change in
yield stress. The reason for this apparent contradiction
is found in the observed stress-strain curve of the
quenched hardened crystal i.e, the effect of quenching
on hardening disappears after a moderate amount of
deformation. Since hardness is a measure of resistance
to deformation, microhardness measurements using very small
loads might detect quench hardening.‘ However use of small
loads would determine the hardness of only the surface
layers probably few microns deep, It may be remarked
that even in the low load region, local deformation w%ll
be severe, Since the vacancies escape to the surface
during quehchiﬁg, no hardening is to be expected in the
thin surface layers. It is therefore imperative to remove

the surface layers in order to detect hardening using small
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load for microhardness measurements, It is from this
view that Aust et al.,10 quenched zone-refined lead

from near 300°C into water. Hardness was measured using
a load of 1 gm.,this resulted in a depth of indentation

of about 3 4, The specimen showed no hardening when
tested without removing surface layers. Further hardening
was observed vhen surface layers of 50 u were removed,
They also found that the region near the grain boundry
showed no hardening. This is most likefy to be due to
the escape of vacancies to grain boundries during
quenching, Since the vacancies anneal out of the surface
during quenching, the first few layers will ﬁot exhibit
quegching effect, As sodiuﬁ nitrate has a perfect
cleavage, the quenched samples were cleaved énd the
~hardness studies were carried out on these freshly cleaved

specimens,

The graphs of log Tyd versus 1/Tg and log 0. T
versus 1/T (fig. 6.17) for sodium nitrate crystals showed
close resemblence with one another (Fig, 6,18 ; 6.19,
Tables 6,14 ; 6,15). Hence it aﬁpears that similar
mechanisms are likely to operate in the crystal, Further,
the plots of log Tpd versus 1/T, are parallel to one
another except for the load where maximum hardness is |
observed. Hence it can be conjectured that the point

defects are mainly responsible for increased hardness of
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éodium nitrate crystals due to quenching., This is
supported by the empirical relation between hardness

and Schottky defects in alkali halides at room temperature.11
With the increase of applied load dislocations which are
produced on cleavage face by indentation would start
interacting with quenched-in point defects, As a result
the effect of load on indenter is reflected in the lost
parallelism of graphs near the loads where Kink in log P
vs log D graphs is observed, For higher loads, the
graphs of log TQd vs 1/'13Q are again parallel to one another.
It is thus clear why the graph of hardness against load

is divided into three regions, In the first region CCAfﬁ)
the quenched-in point defects operate through grown and
aged dislocations ignoring to a greater extent the
contribution of fresh dislocations introduced by indentations,
at higher loads (€D portion of the graph) the freshly
introduced dislocations are more active than grown and

aged dislocations in ‘hardening'lthe crystals, For
intermediate loads (associated with portion fEﬂof the graph)
there appears to be a complicated interaction between
quenched-in point defects, aged dislocations and freshly
introduced dislocations, resulting in the non-linear
behaviour of hardness versus load. It should be remarked
here that the line of demarcation between low loads and
intermediate loads, between intermediate loads and high

loads is not well ~defined,



139

The value of load at which hardness acquires a
maximum value is not constant but changes with the
quenching temperature, It has slight shift towards
lower load value with higher quenching temperature, This
is more clear from the graph of log P vs log 4 and can be
inferred to a certain extent, from the plots of hardness

versus load.

It is clear from the above discussion that the
behaviour of hardness is similar to that of electrical
con@uctivity for various quenching temperatures. Further
the low load hardness values in the first region are
governed by nature, déitribution and concentration of
quenched-in point defects, and their interactions with
grown and aged dislocations. Further the third region
EP of the plot of hardness versus load 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 io form different
functions, the function (log 61,4h/10g T has almost a
constant value (Table 6.,16) in a high load region (HLR),
Hence the graph of log Oc/H versus log T are plotted for
HLR (Fig, 6220), The graph is a straight line for Knoop
as well as Vickers hardness numbers. It is thus clear

that for a given crystal Oc/H has a constant value at
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a constant temperature for HLR, 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 constant
to hardness (number) at a constant temperature is
constant in high load region, This also indicates that
defect structure of the material in general and in
particular equilibrium concentration of point defects
at the quenching temperature for the same material for
which two gquantities are determined is more or less

identical.

To verify the results cobtained from hardness
studies, the data on hagdness is combined with the data
on electrical conductivity. The electrical conductivity
of sodium nitrate crystal is basically ionic in character.

At temperature T it is given by

6 .
G‘C_ = “‘lgs—"' exp ("’ E/KT) sesee (6064)

E
log 6; T = - logloe + log'é}c eee (6.64a)
KT

where Ooc is a constant independent of temperature,

K is Boltzmamn's constant and activation energy is 0,94 ev,
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Combination of eqn. 6.64 with

HTF = Constant yields

- Ge - Goc ‘

——————— = e (‘-E

- k T x constant *P /KT)

HT - ‘

5 él - k)
log . - = (log 0oc - log Constant)
H

, B
‘ ' - -gz~ 109)0°

E‘
= . - S - LR 4 . 5
log D FF ,109108 (6.65)

where logD = log 6o =~ 1log Constant.

It is obvious that if the value of 'K' ‘calculated.
from hardness studies is substituted in edn. (6.65) a

plot of

iog ----------- versus -%- (Fig. 6.21, Table 6,17)

should be similar in all respects to that of conductivity
plot except for the intercept. The slope of the graph(Tab 6,17)
(Fig. 6421) is 4880, It is equal to E/AK log,pe. This on

simplification gives the value of E to be 0,97 ev which is
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almost equal to the observed from conductivity plot (fig.
6.17) of log 6. T versus 1/T (eqn. 6.64a) in the temperature
range of 100°C to 260°C, This result clearly supports the

earlier empirical formula viz..

H Tk = Constant,

in the high load region where hardness is constaﬁt and
independent of applied load. The above procedure was
followed while studying Quench hardness and electrical

conductivity of KCl and KBr5 crystals.

(1) The study of hardness of untreated and thermally
treated specimens (quenched from different temperatures
to room temperature) indicate that the plot between
hardness and load can be qualitatively divided into
three portions vig. low load region corresponding
to linear part, intermediate load region corresponding
to nonlinear part and high load region corresponding

to linear portion of the graph.

(2) Hardness depends upon quenching temperature. A
relation between hardness and quenching temperature
iin the high load i:‘egion is given by,

K .
(a) H T, = Constant where K = - 0.17 for NaNO,

crystals.
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B r '
(b) al’TQ = Constant where r = - 0,07 for
NaNOB crystals.,
(c) a, HS = Constant vhere s = = 0,75 for
NaNOB crystals.

(3) Knoop hardness number has almost the same value as
that of Vickers hardness number at any given

temperature.

(4) The mechanism of hardness and electrical conductivity
in ionic crystals in general and sodium nitrate

crystal in particular are more or less similar,

(5) The ratio of hardness (Vickefs or Knoop hardness
number) to electrical conductivity of an ionic
crystal in generél and sodium nitrate crystal in
particular is conétant at constant tempeféture,

in the high load region.
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7ol  INTRADUCTICN

- — O U W T N i T

It is clear from the previous chapters V and VI on
the studies of variation of diagonal length of indentation
mark with applied load and of %ariation of hardness with
appliéd load for thermally treated and untreated s§mples'of
synthetic single crystals of sodium nitrate that the high
load region of the graph of hardness versus applied load and
second part of the‘straight line plot of log P versus log d
' are amenable to interpretation to a certain extent and
that it is possible to provide empirical relations between
quench hardness @), guenching temperature (TQ) and
diagonal length of indentaﬁion (d) and Té’ana a}so to
determine the value of exponent n. Hénce the graphical
analysis of the straight line plots corresponding to the

high load region is presented here.

A o e S A . v

7.2 ANALYSIS OF PLOT OF LOG P vs. LOG 4

It is obvious that for most of the guenching
temperatures varlations in the exponent value represented
by the slope n, (cf., Table 53 and 5,4) in the high load
region is small except for a few gquenching temperatures,
This is particularly most noticeable for indentation
produced by Knoop indenter (e.g. percentage change in slope

value for quenching temperatures 3030; 3982 and 448%K
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to 7.5
(Table 7.1). It is difficult to account for these variations
A

on the basis of a few factors only,

7,3 ANALYSIS OF PLOT OF LOG H T, vs. LOG T

Tables 7.6 A,” B, C, D, E are prepared to analyse
the straight line plot of Log H TQ versus log TQ. Table
7.5A presents effect 5f the spread of the extreme
observations on the slope. In the method of visual
estimation of the best straight line the mean values of

Log H T, and Log T, (cf, Table 7,6A) are calculated for

Q
the Knoop and Vickers indenters used to determine quench
hardness in the high load region from the table 6,3 and

the graph (fig. 6.9). The extreme observations which
indicate a large amount of scattering from the straight

1iﬁe plot are mentioned in table 7,6A, The slopes are
determined f£rom these pairs of observations and are compared
with the slopes obtained froﬁ the graph. The percentage
changes in the slopes from the graphical values are
mentioned in the last column, It should be noted that
except for a large. percentage change (14.2%) in value of
slope from actual graphical value (Table 7.56A) where a Knoop
indenter was used for hardness work, the changes in the slope

value calculated by applying various methods such as zero sum
method (Table 7,.6B), centroid method (Table 7.6C, and C2),

data used in specific manner (Table 7.6D) and regression
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coefficients (Table 7,6E) are small (2 to 3%) and within
experimental errors. The relaﬁively lafge change in value
) (14.2%) suggests not only the reexamination of the extreme
observations but also the consxderatlons of several
experimental errors. and physxcal and chemlcal properties
of the crystal. Since this remark is of general nature,

it is considered in detail in article 7,5.

pl-k
7.4 ANALYSIS OF PLOT OF LOG (-... vs. 10°/T

. o e e e e __,,,_,_,.‘,,,,-————-
-

The graph of Log (oo M) g, 103/ is to
determine the activation energy for conduction of electricity
through sodium nitrate. The activation energy calculated
by employing method of visuai estimation (Table 7,7A),
" Zero-sum method (Table 7,7B), Centroid method (Table 7,7C)
and statistical method (Table 7.7D) is shown in respective
tables al@kﬁ&&ﬁpits percentage deviation from the actual
plot (fig. 6.21). The variation is from 12 to 19%. This
indicates that the mechanism of conduction of electricity
is not completely identlcal with that of hardness. Since
the scattering of points around the actual plot is tolerable,

the mechanisms are likely to be similar in certain respects.

7.5 GENERAL REMARKS

It is worthwhile to consider in general the analysis

of straight line plots made above by employing the known
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‘methods of fitting the lines, Besides personal errors, -
there are errors which eould creep in due to physical

properties of sodium nitrate crystal and due to certain
basic requirements for taking observations with the help

of microscope and indenter,

While carrying out the indentation work several
precautions are regquired to be taken e.g. the surface to
be tested should be normal to the axis of the indenter
and the microscope' The specimen should be firmly fixed
on the glass slide, The'centre of gravity of the appliéd
load should be on the vertical axis of the indenter and
microscope., The vibrations due to fan etc, should be
stopped during the experimental work of indentation and
measurement of the diagonal length., The micrometer eyepiece
divisions Shoulé be set on one of the ends of a diagonal
of indentation mark without introducing error due to
backlaéh. Thg region to be indented should be free from
cleavage lines,‘cgracks, twins etc., for carryving ou£ the
entire hardness work, which is normally spread over a
period of about 6 hrs, The speed of fine motion . . '°
should be constant and maintained at o3fw ptr second so
as to maintain the static nature of the test. The
clearance of the indenter should bét;gvolution. Strict
count of the revolution should be made as fine motion is

advanced. The contact of the indenter with the specimen
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surface should be maintained for a fixed period ( 15 sec,)
for all applied loads, ©On removing the indenter speed
should be identical with the forward speed towards the
specimen, When a series of indentations are to be made
the distance between any two consecutive indentations
should not be less than twice the length of diagonal. In
the present casé this distance is kept about eight times
the diagonal length, As a result plastic flow around an
indentation is not affected by that of other indentation.
The indentation mark should be a square or a rhombus
depending upon the use of the indenter, namely Vickeré or
Knoop. If an errors exists in the axial setting of the
pyramid or the levelling of the sample to be tested, it
should be checked first.

There are certain difficulties in working with the
single crystals of sodium nitrate. It has a perfect
rhombohedral cleavage, Hence with a little pressure along
a cleavage direction, cleavage surface can be easily
produced. It is soft, can be shattered into pieces by a
small blow and sensitive to the litﬁle touches made
unintentionally while fixing it on a glass slide by araldite
or galva cement, Further its power to absorb water wvapour
from atmosphere at ordinary temperatures is more noticeable ;
its surface 1s therefore easily affected by the water

‘vapbure present in the atmosphere. The literature survey
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reveals that not much work has been reported on this
crystal, This is likely to be due to such fundamental
natural difficulties. To overcome ﬁheée difficulties, the
’eXperimental work was éonfined for about eight months in
a year, Further studies were carried out in a small room
(about 8 ft xvs £t) which was not exposed directly to the
atmosphere, The exhaust fans, room heaters, wvapour ‘
absorbers like calcium chloride were used to control the

hunidity in the room,

The author has taken extra care to avoid difficulties
associated with the preparation of thé‘Specimen (crystal)
and with the indéntation.WOrk described above., However
there is a distinct possibility that enough attention
might not have been given to one or a couple of factors
mentioned above, leading to large percentagé deviationn
from the actual graphical plot, observed in some of the
tables mentioned above, It should also bé remarked here
that a large number of observations give results which,
when analysed by various methods are within experimental
errors. This is more so in view of the fact that the
requirements of a particular method of analysis are not

completely satisfied by the sets of observations.



