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9,1 INTRODUCTION

Of all the mechanical properties of materials,
hardness is least understood, It may be broadly
defined as the ability of one body to resist
penetration by another, It is by definition a
relative property of a material and ddpends 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 combina;ion of various
material properties, namely elastic modulus, yield
stress (which denotes the onset of plastic behawiour
or permanent distortion), physical imperfection,
impurities and workhardening capacity, The latter
is a measure of the increase in stress to continue
plastlc flow as strain increases, Since each
hardness test measures a different combination of
these properties, hardness itself is not an absolute
quantity and, to be meaningful, any statement of
hardness of a body must include the method used for

measurements,

9,2 DEFINITIONS AND MEASUREMENTS

From time to time many definitions have been
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given for hardness but none has been found to be
satis factory for gquantitative interpretation of

the processes taking place in indented materials,
Tuckerman (1929)1 explained hardness as a hazil§
conceived aggregate or conglomeration of properties
of a material more or less related to each other

The best general definition is given by Ashby (1951).2
" 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, Mayer (19£B)3 proposed that hardness
should be defined as the rakio of load to the
projected area of the indentation, Hence the

- hardness has the dimensions of stress, Spasth (194€»4
sugoested 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 against lattice
destruction and is considered to be a function of

5-7

inner atomic forces (Tertsch, 1948 ; Tertsch,

1951 ; Tertsch, 1952), Attempts towards a physical
definition of hardness were made by Friedrich (1926)8

Goldsmith (1926)2 and Chatterjee (1954),1°
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Chatter jee (1954)10 de fined indentation
hardness as the work Aone per unit volume of the
indentation in a static indentation test for a
definite angle of indentation, On the basis of this
definition and Mayer's law P = ad® for spherical
indenters, he derived a formula for measurement of
hardness, According to Plend;l and Gielisse (1962)11°
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 input energy and volume of indentation. They
have concluded that resistance is a function of
the lattice energy per unit volume angéalled it
volumetric lattice energy (UA) having the dimension
ergs/c.c, U 1is the total cohesive energy of the
lattice per mole and V is the molecular volume
defined as M/S, where M is molecular weight and S
is specific heat, The hardness was thus considered
to be the absolute overall hardness, Matkin and
Caffyn (1963)12 from their studied on hardness of
godium chloride single 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
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which the dislocations dissipate energy when
moving through a crystal lattice, It is now
realized13 (Westbrook and Conard, 1973) that 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,

9,2,2 Hardness measurements

There are basically four methods to determine

hardness of materials, They are as follows :

(1) Scratch hardness tester
(11) 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
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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 closely and unevenly spaced.
The modifications of this method were overshadowed

by other sensitive methods and experiments.

(i4) Abrasive hardness

Abrassve hardness is defined as the resistance
to mechanical wear, a measure of which is the amount
of material removed from the surface under specific
conditions. The hardness may be found by the depth

of penetration,

(iii) Dynamic hardness

The hardness measurement in this method involves
the dynamic deformation of specimen under study and
is determined by following different considérations :
(a) Here a steel sphere or a diamond-tipped hammer
is dropped from a given height, and the height to
wvhich the ball or hammer rebounds is read on a scale,
This is taken to be measure of hardness, The kinetic
energy of a ball or hammer is used up partly in

plastically deforming the specimen surface by creating
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a slight impression and partly in rebound. This

test is sometimes referred to as '

dynamic rebound
test ', (b) Here a steel sphere or diamond-tipped
hammer is dropped from a given height, the depth
and size of the impression produced and the energy
of 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. (¢) Chalmers

(1941)14

assessed the surface hardness in terms
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 indentation method, This is the simplest,
and a very sensitive, method in which a hard
indenter (e.g, diamond, sapphire, quartz or hardened
steel) of a particular geometry is applied slowly,
and after a certain time of application, is carefully
removed, leaving behind a permanent indentation mark
on the surface of specimen. Measurement is made

either of the size of the indentation resulting from

a fixed load on the indenter or the load necessary to
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force the indentor down to a predetermine@ 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
procedare, and means of indentation measurement
are used among the various tests in order to
accommodate various shapes, sizes and hardnesses
of specimens, and thié has resulted in a
proliferation of hardness scales, The most commonly
used indenters are described in table 91 , Diamond
indenters must be used for hard materials in order
to minimize errors due to elastic distortion of
the indenter, 1In 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 indenters,
hardness number will be independent of load for all
loads above a certain minimum value depending upon

specimen material.

9,3 GENBERAL INFORMATION N HARDNESS

The hardness study undertaken, so far for studying
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the strength of solids and the effect of various
treatments on the hardness of a solid, have proved
somewhat 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 stwWy on hardness
helped in understanding various other mechanical
properties of solids. Gilman and Roberts (1961)13
correlated indentation hardness with the elastic
modulus by gathering the dats 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 stresses which initiate dislocations
and their motion is not understood clearly. When
an indenter is pressed on a solid surface, the
stresses which initiate the dislocations and their
motion are not yet understood clearly, When an
indenter is pressed on a crystalline surface, 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 fiow

as a result of these combined stresses. It is also



observed that the fundamental mechanisms of

deformation can be either slip or twin or both or

at times a fracture.

(i)

(ii)

S8lip is the most common mode of plastic
deformation, which is characterised by the
displacement of one part 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 Boas (1955)1% describea
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.
Partridge (1964)17 studied the microhardness
anisotropy of magnesium and zinc crystals., He
observed twin in these crystals and concluded

resolved shear stress crdéterion to be insufficient



to account for the observed distribution of
twins. Any analysis which attempts to
relate deformation twinning with hardness
anisotropy must take into account the
dimensiomal changes which occur during twin
deformation. Indenting diamond flats with

diamond indenter Phaal (1964)18

reported

‘the slip and twinning of diamonds. Vahldick
(1966)19 studied the slip systems and twinning
in molybdenum carbide single crys%als with the
help of knoop and vickers indenters, When

the indented crystal is etched by a dislocation
etchant, rosettes are formed on some crystals
casually alkali halides indicating the
dislocation distribution around an indentation.
Dislocation loops are also formed around the

indentation mark in ceasium iodide and sodium

chloride., (Urusovskava, 196520 and KubO,Vﬁ%)'

Many workers have proposed some or other
explanation for the microcrack formation during
indentation of a crystal surface., Smakula and
Klein (1951)%% from their punching experiments on
sodium chléoride explained the crack formation on

the basis of shear on slip planes. Gilman (1058) 23
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attributed these microracks which have a definite
crystallographic direction to the piling up of
dislocations on the slip plane. Breidth et al,
(1957024 observed crack formation to be less at
higher temperatures (375°%C) than at lower temﬁeratures
(25°C), The cracks are usually observed to
propagate from the corners of the impression,
3

The interferometric studies of indented surface
have revealed the nature of the deformation and the
history of the sample under test, Votava et al.

(1953) 25

were the first to study the defqrmed
region on the cleavage faces of mica and sodium
chloride, Tolansky and Nickols (1949, 1952)26:27
studied the indented surfaces of steel, tin and
bismuth, They observed maximum distortion along the
median®s bisecting sides of the square and minimum
along diagonals, shoWwing thereby that no distortion
projects beyond the diagonal, They could easily
show that difference between ' piling-up ' and the

* sinking-in ' with the help of FECO fringes, ‘They {
established interferometrically the aéymmetry in the
fringe pattern to be purely crystallographic and

dependent on the previous history of samples, It
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has nothing to do with the orientation of the square
of indentation mark. Further they concluded that
the convex sides, corresponding to extended wings

in the interference pattern were 'piled-up'’ regions
and the concave sides were ' sinked-in ' regions,
Satyanarayan (1956)28 observed barrel or pin-cushion
shape of indentation marks interferometrically and
gave idea about * Sinking-in ' occuring mostly at
faces with very little along the diagonals of the
indentation mark. Detailed study of dislocation
rosette structure on various crystallographic planes
and determination of microhardness at high temperature

(1200%, 1600°% anad 1800°%C) of Y_Al_O, . revealed

375712

local plastic deformation around the indentation
mark29 (Voinova and Berezhkova, 1985)., They observed
that (112) plane of Y Al 0 , exhibited highest value

of microhardness at 1800°C,

In crystalline mterials plastic deformation
or slip occurs through the movement of the
imperfections called dislocations, As dislocations
are multiplied (by one of several mechanisms) during
deformation, their spacing decreases and they
interact and impede each other's motion, thus leading

to work-hardening. The strength of dislocation
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interference depends on the nature of the crystal
and on-the ratio of temperature of deformatiOn of i

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 aggregate to disdocations and pin them) - (c¢)
decreasing grain size in a polycrystal (grain
boundries are barriers to dislocation motion) - (&)
dispersion of fine particles of second phase in the

crystal and (e) phase transformations,K (by quenching).

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 complicated way

on a variety of factors which defy simple analysis.

9.4 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 not completely

true, It is clear that during a hardness test the
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formation of indentation mark leads to an increase
in effective hardness of the material and so the
hardness number obtained is not the actual hardness
of the material in the initial stage. This is
mainly due to work hardening of the substance during
the process of indentation which will be varying the
with the load. Attempts have been made to detgrmine
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 hardnessBQ (Harrise, 1922).

A large number of workers have studied the
variation of hardness with load and the result given
are quite confusing, Their findings are summarised

below : Knoop (1937)31, Bernhardt (1941)32

etc,

observed an increase in hardness with decrease in

the load whereas Campbell et al. (1948)33. Mott (1956)3%
etc, observed a decrease in hardness with decrease in
load. Some authors e,g, Taylor (1948)35, Bergsman

(1948)36

reported no significant change of hardness
with load, In 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 two ways of study i.rig relation between
hardness (H) and applied load (P) or relation between
load (p) and diagonal (d) of the indentation mark.

Mayer3 (198) gave an empirical formula

LR B N J (9'1)

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

test. The hardness number is given by

H = —Eg- sese (9.2)
a
where r is a constant and depends upon the geometry
of the indenter, The combination of the above two

equations yields

H = amdnuz Y (903)
n - 2
H - a2 P -"-ﬁ-- sess (9,4)
where a, = 1ra eees (945)

and az = ra seon (906)

187
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It has been shown that in case of vickers
microhardness the value of the exponent n is equal
to 2 for all indenters that give geometrically similar
impressions. This implies a constant hardness value

for all loads,

Hanemann and Schulgz (1941)37 from their
observations concluded that in the low load region
*n* generally had a value less than two, Onitsch
(194738 found such low values of n (1 to 2) by
observing variation of hardness with load while

Grodzinski (1952)32

found variation of n values
from 1,3 t0 4,9 ; the value of n was nearly found

to ke 1,8, The standard hardness values thus

obtained were expected to yield constant result,

but actual results obtained by different workers
revealed disparities amounting to 30-50%4, 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 appératus had a good mechanical

precision, The scattered observations may be

attributed to the following reasons
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(1) Equation 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;kmeasurement
of impression, affect the hardness measurements

considerably.

The term connected with the above test,
microhardnesé means the microindentation hardness, as
it actually refers to the hardness measurement on
the microscopic scale, Some authors prefer the term
low load hardness for the above, This confusion has
arisen because these ranges have not been sharply
defined., 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 Kg.
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(3) Standard hardness : Loads over 3 kq.
Since 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 récent work réported by many workers
(1960 onwards) the hardness has been found to be
increasing at low loads, then remaining constant for
a range of higher loads, Murphy (1969)40 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.

Sugita (1963) 1 hile studying the indentation
hardness of crystals found occurrence of ring cracks
and radial cracks. PFurther load required to produce
the observable cracks increased with temperature.
The temperature at which the microscopic slip lines
hecame observable was higher in heavily doped
crystals than in high purity crystals, indicating
that dislocation multiplication was strongly

affected by impurities.

Koserich and Bashmakov (196£042 studied the

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

l = a + ® 3, The value of ¥ was more for
homogeneous alloys and increased with Sb content
and remained constant for higher concentration of Sn

and Pb in alloy crystals of bismuth.

The variation of hardness with load was also
studied by Shah and Mathai (1969)*3 who explained
hardness in terms of slip taking place due to
deformation in tellurium crystal. Edelman (1964)%%
showed that microhardness of InSb and GaSbhb single
crystals decreased exponentially with temperature.
The presence of deflection points on the curves at
0,45 = 0,50 Tm indicate the deformation by slip.
The activation enerqgy for plastic flow in InSb and

GaSbh was estimated to be 0,6 &V,

Samsonov et al, (1969)45 studied temperature
dependence of microhardness of titanium carbide in

the homogenjcdty range and found that the hardness



decreased with decrease in carbon content in
carbide. They also determined the activation

energies of dislocation movement by plastic deformation,

Hardness variation was also studied with respect
to the impurity content, dislocation density and
the change in mobility of dislocation by various
workers, Mil'vidski et al. (1965)%® observea
decrease in hardness with increase in concentration
of impurity and dislocation density in silicon single

crystals, Kuz'menko et al. (1963)47

showed decrease
in hardness due to change in mobility of dislccations
as a result of excitation of electrons during
lighting and their transition to hgigher energetic
zone in titanium iodide and termed this a

' Photomechanical effect '. Beilin and Vekilov

(1963) 48

observed decrease in the hardness of Ge &
Si upto 604 by illumination. Decrease in the hardness
was attributed to the induced photoconductivity, which
altered the widths of the dislocation cores at the

sample surface and in turn altered the plasticity.

Westbrook and Gilman (1963)49 studied electro-
chemical effect in a number of semiconductors. They

observed decrease in resistance of semiconducting
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crystals to mechanical indentations in the presence
of a small electric potential (0,05 to 1OV) 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.

Many workers studied variation of hardness in
a number of semiconductors in terms of concentration
of charge carriers, mobility and their interaction.
Osvenskii et al. (1968)°° 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 the& also showed that decresase in
hardness was independent of the type of carrier,
Semirnov et al. (1969)°! studied the temperature-
dependence of carrier density and -mobility in Ge
crystals after irradiation with electrons and during
various stages of annealing. They observed that the
microhardness of such crystals did not recover fully
and this was attributed to the interaction between
radiation, defects and dislocations, which could act

ag sinks or condensations for components of Frankel

pairs, Sellzer (1966)52 who studied the influence
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of charged defects on mechanical properties of
lead sulphide found that the rosettee wing length
and hardness were nearly independent of concentration
of free electrons in n-type ; while they had marked
dependence on concentration of holes in p-type. For

a hole concentration about 8 x 10'7 3

em -, rapid
hardening was observed wWith an attendant decrease

in rosettee size, It was sugaested that the behaviour
resulted from an e,s. interaction between charged

dislocations and acceptor point defects,

Perinova and Urusovskaya (1966)53 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 6f irradiation was also

studied by Berzina, et al. (1965)°%

who gave a
relationship between the length of rays of etch
figure star and proton irradiation dose in LiF, NaCl

and KC1 single crystals.

Because of substantial effect of surface layers
on the microhardness, the increase in the microhardness
was observed when applied load was reduced>> (Upit

et al, 1969), They showed the ratio PAlz (where 1 is
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the length of rays in dislocation rosette around
the indentation mark) was not constant at low loads
due to retarding influence of the surface on the
motion of dislocations. Further they (1970)
estimated the 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 b=am,

The distribution of dislocations ar¥ound an
indentation mark was studied using chemical etch pit
technigue by Urusovskaya and Tyagaradzhan (1965) 36
They found large number of pri,fnatic loops, They
examined the process of interaction of dislocations
in crystals having CsCl lattice, Shukla and Murthy
(1968)°7 also studied the distribution of dislocations
in NaCl single crystals. They found increase in the
distance travelled by leading dislocation with increase
in load. They further observed that impurity had
little effect on the dimensions of the indentation but
had a pronounced effect on length of the edge rays
of the ' star pattern.' and the ratio of the mean
diagonal length to mean length of edge rays was nearly
constant. Matkin and Caffyn (1963) 58 ,pserved increase

4
in the hardness with increase in Ca concentrotion in
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NaCl, while the distance travelled by leading

dislocations was observed to decrease,

The effect of impurity on hardness was also
studied by various workers. Dryden et al. (1965)°°
studied the hardness of alkali halides having low
concentration of divalent cations on the lasis of
dielectric measurement of a doped alkali halide
crystals, They observed following effects of the
state of aggregation of the the divalent impurities
on critical resolved shear stress (1) the increase
in critical shear stress was proportional to 02/3,
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), (3) in NaCl : Mn*#,

KC1 : Sp'" and KC1 : 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 (5) in NaC31 Ca*# the hardness increases as a
second region of dielectric adsorption appears. They
have also concluded that the structure of the trimer
was same in all these crystais and the trimer can

grow in two ways, one of which produces an increase

in the resistance to movement of dislocations.
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Urusovskaya et al. (1969)6o investigated the
influence of impurlty on the strength of crystals,
microhardness, length of dislocation rosettee rays
and velocity of dislocation movement in Csl crystals.

Takeuchi and Kitano (1971)61

reported the softening
of NaCl crystal due to introduction of water
molecules, The plastic resistance was almost
independent of dislocation velocity except at very
high velocities, It was, however, strongly influenced
by temperature, impurities; radiation damage and
structure of core of dislocation. Gilman (1960)%2
observed a sharp drop in plastic resistance 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 Vanmay (1971) .83 They
concluded that besides thermal stress the observed
hardening might be due to dislocations piled~up at
various impurities, to complexes in solid solution
and vacancy clusters which were developed at high
temperature. BY quenching the clusters become

distributed in crystals as fine dispersions.
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Quench~hardness of single crystals of different
materials was studied by a number of workers in the
laboratory. Shah (1976)64 found increase of hardness
of calcite cleavage faces with gquenching temperature.
Acharya (1978)65 found that the hardness of Zn and KBp
decreased with querching temperature while converse

was the case for hardness of TGS & InSbh,

Many workers reported microhardness studies on
piezoelectric and ferroelectric crystals Anbukumar
(1986)67 worked on ADP type crystals. Work on
ferroelectric crystals such as TGS, TGSe (Martin et al.
1985)%% Rochell salt (Pastor et al. 1981)%2
gadolinium (Mgbutovskava, 1969) 7 etc, was also
repor.-'ted. Variation of hardness number was marked

at curie temperature,

Comparative study of vickers and knoop hardness
number was investigated in detail by Mohrnheim

(1973) 7

on metallic materials. An analysis of

knoop microhardness led Hays and Kendall (1973) 72

to modify law correlating applied load to the long
knoop diagonmal by a term which accounted for resistance
offered by the test specimens, Results were also

discussed for usage of modified law to obtain knoop



hardness numbers independent of applied load.
Comparative study of knoop and vickers hardness
numbers is also reported by Tietz and Troger (1976) 73,
In continuation of the problem on the study of various
important, interesting and useful facets of hardness
of crystalline materials in this laboratory.

Bhagia (1982)7% and Shah (1984)7% carried out the
comparative study of vickers hardness number and

knoop hardness number on the cleavages of natural

calcite crystals and synthetic sodium nitrate crystals,

The variation of hardness on different faces
of the same crystal is very well-known if the
indentations are made along different directions on
the same face, values of hardness are not usually
found to be identical. The shape of the indentation
mark also changes in many cases. Different values
of hardness on the same face are attributed to the

anisotropic nature of the crystal surface.

The dependence of the shape of indentations on
the crystallographic direction was first reported by

O'Neill (1923)7¢ for Brinell impressions in aluminium

)77

crystals and later by Pfeidl (1927 for Brinell

133
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indentations in single crystals of iron, Pfeil
described the impressions as ‘square' on a cubic
face, slightly oval on a rhombododecahedral face
and circular with a tendency to be hexagonal on an

octahedral face, Roth, Meyer (1950)78

reported

the slip marks on lead and aluminium. He found

two sets of slip lines at right angles on a (100)
face and three sets at 60° intervals on both (110)
and (111) faces, Variations in appearance of the
indentation marks with orientation of the grain were

also noted by Roth, Meyer for lead, aluminium and

zinc,

Berggan (1945)7° observed a little variation
in hardness values with respect to change in
orientation of inczlenter for single crystals having
high symmetry, However, Hendriques (1957)8© reported
the dependence of hardness with the crystallographic
directions for sphalerite, Mokievskii (1966381 and
others related the nonsquare shape of the indentation
mark to the anisotropy of elastic properties of the

crystals, while Boyarskaya (1962)%2

and his group
related it to the anisotropy of the plastic property.
The hardness anisotropy was studied on super pure

and polycrystalline aluminium crystal with the help
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three different indenters by Petty (1962).83 e
observed peaks for the regular interval of 90°,
The variation was attributed to the pressure resolved

)84

in the surface. Partridge (1964 and Roberts

(1963)8°

reported the asymmetrical shape of
diamond-~impression on magnesium and zinc crystals
and attributed this to the basal slip, pyramidal
slip and twinning produced aue to indentation. For
beryllium and wurtzite compounds hardness variation
with orientation were reported by Kahn and Cline
(1963) .B® Hardness maxima have a relation with the
symmetry of the particular face, This was shown
for various faces of silicon ferrite and kasal
plane of g% zinc by Dunn and Daniels (1949).87 The
curves obtained by plotting hardness (Knoop) number
against orientation of the indenter for the (001),
(110) and (111) faces of the ferrite crystal show
that the number of hardness maxima per complete
rotation is consistent with the crystallographic
symmetry of the plane indented i.e, four for (O01),
two for (110) and six for (111), Dunn and Daniels
related the variation of hardness to the effective
resolved shear stress which was considered to be
an inverse function of the ecase of slip and is
dependent on orientation. Vacher (1949)88 reported

results on single crystals of copper comparable to



those of Dunn and Daniels on ferrite. Lendvay
(1969)89 observed microhardness anisotropy in

cubic and hexagonal zinc sulphide crystals. Brookes
et al. (19?1)90 confirm that the nature of anisotropy
in hardness is essentially determined by the crystal
structure and primary slip systems which accomodate
dislocation motion during indentation from the knoop

indentation measurements on single crystals,

Various synthetic crystals of corrundum were
examined under polarised light_ by Attinger (1952)91
to identify the optic (axis and knoop hardness tests
were made on various faces and in different
directions. These tests showed that faces normal
to the optic axis gave the lowest hardness numbers,
but no marked variation was found when the indenter
was rotated about the optic axis. For faces parallel
to the optic axis the hardness wWas greatest when the
long diagonal was also parallel to it. These
conclusions were confiz;med by Stern (21.951).92 using

both a double cone indenter and a micro-abrasion

test,

The anisotropic nature of microchardness of

semiconductor was studied by Tsinzérling et al,
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(1969) .93 They observed that the anisotropy was
connected with aﬁisotropic bonding and with the
position of the cleavage planes relative to the
movement of the indenter. Hardness anisotropy of
commercially pure beryllium due to low temperature
thermocycling was also reported (Iavrentev et al,
1985) .94 Chakraborty and Mukerji (1982)95 studied
variation of vickers microhardness in plane.
parallel Cvma(izcy] and L to the Z-axis

4 o(-Si3N4, 0(-81‘02
( X =gquartz) and ® -SiC (6i) single crystals and

[vMda(Lc)y] of hexagonal PB-Si,N

correlated the ratio of VMH(IIC) and VMH(.LC) with
their unit cell parameters (along a and ¢ directions)

of the single crystals.

The above represents a brief review of the
work done on hardness of various crystals, The
present Work is centred on the study of the variation
of load with diagonal length of the indentation mark
and of variation of hardness with load of gel-grown
single crystals of ammonium-hydrogen-d-tartrate
(a-AHT) at various quenching temperatures by using

Knoop and Vickers diamond pyramidal indenters,
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10,1 INTRODUCTION

A variety of useful tests have been devised
wherein some kind of mechanical operation is
performed on the surface of the specimen, Quantities
measured by these surface tests are generally associated
with the term ‘hardness'. Hardness as applied to
amorphous and crystalline materials has long been
the subject of discussion amongst engineers, physicists,
metallurgists and minerologists and there are all sorts
of conceptions as to what constitues hardness., The
overwhelming difficulty of defining hardness is that
it does not 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 propertiesl (Mott, 1956), The fundamental
physics of hardness is not yet clearly understood.
The present work is taken up with the express purpose
of critically reexamining the various formulae
connected with hardness by systematically studying
' microhardness ' of d-AHT crystals. It is an extension
of the work reported earlier on rhombohedral crystals
(calcite and sodium nitrate)2'3 (Bhagia, 1982, Shah, 1984),
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ferroelectric crystal (TGS), metallic crystal (Zn)4
(Acharya, 1978) and cubic crystals (alkali haliées)4'5
(Acharya, 1978 and Shah, 1976). As far as, author is
aware, systematic work on syn%hetic plezoelectric
crystal (4-AHT) is not reported so far, In what
follows the terms 'hardness' and 'microhardness® of

crystals are used to indicate the same meaning,

10,2 EXPERIMENTAL

Single crystal of 4-Adl grown in a gel medium
(cf Chapter 5) were used in the present investigation,
The work was carried out on natural faces m(110)
and z{(111) and cleavage faces of d-AHI crystal for
different guenching temperatures. Cleaved crystals
of approximately equal sizes were used o that a
comparison of thermally treated and untreated samples
could be easily made. PFreshly cleaved blocks having
2 ‘mm thickness were fixed on glass pl tes with an
adhesive, -The levelling of the §pecimens was tested
by using a CZ VERTIVAL jncident iight microscope.
The hardness tester described in}Chapter-Z, was used
to produce indentatians on cleaved surface by using
pyramidal indenters, viz,, square-based vickers and

rhomb~based knoop indenters. The filar micrometer
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eyeplece Was used to measure surface dimensions

of indentation marks. In order to avoid the influence
of one indentation mark on the other, the distance
between two consecutive indentations was maintained
at a minimum of 4%ght times the diagonal length of
the mark and the indentation time for all specimens
was kept 15 seconds. The load was varied from

2.5 gm to 140 gm for all quenching temperatures,
Care was taken to see that errors introduced during
the work of indentation and measurements of the
dimensions of the 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 diagomals of vickers diamond indenter
and in case of knoop indentor lenger diagonal was
always parallel to [00L] direction on the crystal
cleavage and m(110) surface and in case of z(111)
face along one of the edlges It should be mentioned
here that the indentations were produced by knoop
and vickers indenters on the same sample to facilitate
comparison, Due to non-availability of a hot stage
and optical components of microscope to be used with
this stage in hardness tester, the indentation work

was carried out at room temperature for annealed and/or
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quenched crystals for studying the wvariation of

load with diagonal length of indentations and
variation of hardness with quenching temperature. For
quenching experiments, crystals of aéproximately

equal slzes and of identical habits were used. They
were gradually raised to a desired temperature and
kept at thal temperature for identical periods running
into a few hours (24 hours in the present case), They
were then guenched to room temperature, The quenching
rates Were 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 O.ZSQS/sec. to O,qu/sec. These experiments

were conducted upto a temperature of 110%C, because
beyond this temperature d-AHl' begins to decompose

into NH3 and C\Oz.

10,3 OBSERVATIONS

The diagonals of the indentation marks produced
by various loads Were measured., Several sets
consisting of a large number of observations on natural
faces m(110), z(111) and freshly cleaved surfaces of
d-AHI' indented by wvarious loads at room temperature

and at different gquenching temperatures were taken and
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a typical set of observations, recorded in Table 10,1
to 10,6, were graphically studied by plotting log P
versus log ds P is the applied load in grammes and 4
is the length of a dlagonal of indentation mark in
microns for vickers indenter and the length of longer

diagonal in case of knoop indenter,

Ideally the impression of vickers indentation
on a surface is a square with equal lengths of both
diagonals, However this is not always true for
surfaces of real crystals, This is indeed the case
for @-AHI crystal which is non-centrosymmetric, Hence
in the present work, measurements were made for both
diagonals in the directions [00L1 and [100], Out of
these, the corners of a diagonal along [001] are quite
sharp and clear when observed under high magnification
and resolution. For diagonal along [100] one corner
is gquite sharp, whereas the other is not, Hence
while locating the relatively less sharp and feebly
visible corner, method of focussing and defocussing
the same spot was used, The éeparate observations
were therefore recorded for each one of them and also
average of the two were taken and recorded, For each
one, graph of log p vs. log d was plotted, Table 10,1

and 10,2 record variations of diagonal lengths for



Table 10,1

For Vickers indentor diagonals along EOOﬂ direction
on @-AHT plane (010)

log dvx
log P at different quenching temperature
T3m% 323% 143%  363% 383%K
0,3979 1.1578 1,1292 1.0878  1.1789 1,1484
0,5740 1,207 1,1827 1.1670  1,2198 1.2256
0,6989 1.2441 1.1942 1.2007  1.2574 1,2828
0,8750 1,3096 1,2541 1,2703  1,2702 1.2670
1,-0000 1.2919 1.2937 1,3267  1.3096 1.3370
1.1761 1.3510 1,3510 1.3954  1,3431 1,3888
1.3000 1,4235 1.3741 1,4151  1,.4168 1,4367
1.3979 1.4679 1,4100 1,461  1,4236 1,4659
1.4771 1.5138 1.4789 1.4915  1,4720 1,5064
1.6021 1.5744 1,5452 1,5401  1,5028 1,5452
1.6990 1.6234 1,5884 1.5974  1,5780 1.5914
1,7782 1,6533 1,6359 1,6372  1,6077 1.6368
1.8451 1.7023 1,6599 1.6871  1,6339 1,6637
1.9031 1,7080 1.6788 1,7196  1.6688 1.6825
2, 000D 1,7750 1,7474 1.7568  1.7547 1,7250
2.0792 1.8381 1.7441 1,7868  1,7720 1,7568
2,1461 1.8610 1.8411 1,8296  1,.8121 1,7963
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Table 10,2

For Vickers indenter diagonals along | 100
direction on d-AHT plane (OL0)

. ’ log dv&
log _at_different guenching temperature __
308°K 323%K 343% 363% 383°%K
0,3979 1,225 1,1904 1,1292  1,2127 1,1904
0,5740 1,2127 1.2491 1,2127  1,2541 1,2639
0.6989 1,2491 1,2639 1.2339  1,3182 1,2828
0,8750 1.3267 1.3238 1,3096  1,3308 1.,3006
1,0000 1.,3225 1.3588 1,3665  1,4168 1,3568
1,1761 1,3349 1.4129 1.4236  1,3741 1,4335
1.3010 1.4389 1,4495 1.4367  1,430%2 1.4595
1,3979 1,5028 1,4740 1,4875  1,4972 1,4972
1,4771 1.5315 1,5576 1.5099  1,5791 1,5245
1.,6021 1,5773 1,6150 1,5591  1.64900 1,5711
1.6990 1,6400 1,7006 1.6256  1,6788 1,6063
1,7782 1,6676 1,7145 1.6521  1,7212 1.6560
1.8451 1,7279 1,7345 1.7041  1,7614 1,7110
1,9031 1.7246 1.7537 1,7668 1,7809 1,7246
2, 0000 1,7705 ©  1,7720  1.8024  1,8487 1,8148
' - 746% 1- %2%) 15707 1 y295
2,0792 1.8255 1,8255 1,7868  1.8281 1.8757

2.,1461 1.8537 1.8537 . 1,8547 1,9014 1.8659

- o —-— o o 2 - - — - - o T 7 - -~ S - . - -~



Table 10,3

For Knoop indenter d4-AHT plane [Ol o]

lo g dx

1og P mmmmmeen at_different gquenching temperature _______

308K 323°%K 343°%K 363°%K 383%
0, 3979 1,7720 1,7495 1,7552 1.,7680  1,7537
©,5740 1,7868 1.8166 1,7982 1,8368 1,7809
0,6989 1,8249 1.8148 1.7925  1.8334 1.8228
0,8750 1,8725 1.8902 1,8490 1.8917 1,8495
1,0000 1,9117 1.9355 1,8574 1,8940  1,8487
1.1761 1.9229 1,9686 1,9287 1,9521 1,8802
1,3010 1,9724 2,0055 1,9695 1.9974  1,9266
1.3978 12,0030 240256 19901 2,0314 1.9686
1,477 2,0400 2.0347 2,0488 2.0804 2,055
1.6021 2,0865 2,0834 2,0654 2.0839 2,0678
1.6990 2.1401 2,1344 2,1108 2.1076 2,1076
1.7782 2,1850 . 2,1967 2,1656 2.1535 2,i554
1.8451 2.2166 2.2298 2.2149 2,1882 2.1777
1,9031 2,2541 2.2548 2.2448 242308 2.1899
2,0000 2,3010 2,3009 2,2775 2,2804 2.2411
2,0792 2,3436 2.3353 2,3411 243239 2,2668

2.1461 243741 2,3650 2.3637 243595 243148



Table 10,4

For Vickers indenter d-AHT plane [0107]

eer at_gifferent quenching femperatare_

3% 323%K 323% 363% 383%
0,3979 1.1405 1,1609 1.1089 1.1961 1,1700
0.5740  1,2073 1.2172 1,1905 1.2373 1,2451
0,6989 1.2467 1.2304  1.2181 1.2889 1.2828
0,8750  1.3183 1,290 1,294 1.3016 1.2889
1,0000  1,3074 1.3275 1.3471 1.3665 1.3481
1.1761 1.3430  1,3647 1,4097 1,3588 1.4117
1,3000 1,4313 1.4134 1.4261 1,4236 1,4483
1,3979 1,4857 1.4432 1,4749 1.4619 1.4818
1.4771 1.5227 1,5205 1,5008 1.5256 1.5155
1.6021 1.5747 1,5815 1.5501 1.5768 1,5583
1.6990  1,6319 1,6481 1.6118 1,6313 1,5989
1,7782 1,6605 1.6770  1.6447 1.6682 1.6464
1,8451 1.7153 1,6988 1.6957 1.7023 1.6880
1,9031 1.7166 1.7179 1.7386.  1.7285 1.7041
2,0000  1,7728 1.7599 1,7802 1.8042 1.7722
2.0792 1.8318 1,7736 1,8079 1,8242 1,7946
2.1461 1.8574 1.8338 1.8423 1,8500  1.8325
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different loads P for two diagonals of vickers
indenter for different quenching temperatures, One
diagonal of vickers indenter was parallel to C-axis
of crystal i.e. along [001] girection, whereas another
along [100] direction as mentioned above and
represented in the table by V4 and Vy respectively
(Fig, 10,1 to 10,5), To compare two hardness numbers
(knoop and vickers) in case of vickers, average of
two diagonals is taken into account, Table 10,3 and
10,4 present these observations, vwhich are graphically
pre;ented in Fig, 10,6 to 10,10, In the same mamer
in the case of natural faces m(110) and z(111), the
observations are tabulated in tables 10,5 and 10,6,
respectively, in comparison with cleavage plane (010)
at room temperature 30q3 and the corresponding plots

are given in Fig. 10,11 to 190,14,

The photomicrographs Fig, 10,15, 10,16, 10,17
exhibit indentation marks produced on a freshly
cleavage surface and on z{111) faces. Fig. 10,15 is a
photomicrograph of a freshly cleaved surface indented
under an applied load of 40 g, at 30qé by using
vickers indenter, The significant points are the
development of wings on one side of the indentation

mark and in the direction [100] and crystallographic



Fig. 10.15 (a) Photomicrograph of d-AHT cleavage surface

indented by ising vickers hardness indenter
>y for applied load of 40 g, showing the

formations of wings, crystallographic
cracks and slip lines.

[L00]

Tty I0-If (b) Schematic diagram of the indentation mark
on d-Aiil' cleavage plane (Fig. 10.15a) ,

showing wings, crystallographic cracks
and slip lines.



Fig. 10,16 Photomicrograph of d-AHT cleavage plane
surface iIndented by using knoop hardness
indenter for applied load of 40 g. showing
slip lines with direction .

Fig. 10,17 Photomicrograph of d-AHT natural sphenoidal

face (ill) indented by “using knoop hardness
tester for applied load of 40 gm. alongwith
the growth layers.
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cracks and serieg of faint lines parallel to crack
with direction L001] « 7This suggests the propagation
of stress wave along definite characteristic
direction on the indented d-AHT cleavages. Fig. 10,15b .

represents, the schematic diagram for the propagation

and formation of wings and crystallographic cracks,
The formation of cracks and series of faint parallel
lines depends on applied locad., The development of
wings and cracks and faint lines were also observed,
when the cleavage surface was indented by knoop
indenter (Fig. 10,16), thereby suggesting that they
are the basic characteristic of 3-AHT cleavages, The
faint lines are slip lines, It should be noted that
the formation of wings, cracks and faint lines was
observed only on d-AHT cleavages and not on natural
faces m(110) and z(111) (Fig. 10,17). These
indentations wWere prcoduced on natural faces exhibiting
striations and layers, Thé growth features could not

affect the sharp indentation marks,

10,4 RESULTS AND DISCUSSION

There are two ways of studying the relationship

between microhardness and applied loads. One way was

given by Hanemann (1941) in the form of an empirical

¢



-

rule that was believed to permit the intercomparison
of microhardness values, This rule states that the
load P 1is related to diagonal length of an

indentation mark by the expression.

‘P = ad" ceees (10,1)
where *a’' and 'n' are constants of the material under
test ; 'a' represents the ° stanéard hardness ' for
an indenter of fixed diameter and 'n' giving\the
measure of the variation in hardness as a function of
'*P* or *Aa', The other way is to study the variation
of hardness (Knoop and Vickers hardness numbers)
directly with load, In what follows, the detailed
study on the variation of load with average diagonal

length will be presented.

The equation (10,1) is also known as Kick's

law, Taking logarithms of both sidesyields

logP = loga + n logd eeee (10,2)

The values of constants 'a' and 'n' can thus

be determined from a graph of log P versus log d.

211
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Since the relgtion between log P and log 4 is
linear, the graph is a straight line, the slope of
this line gives the 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), the above law postulates a
constant value of 'n' viz., n = 2, This implies a
constant hardness value for all loads according to
the definition of Knoop and Vickers hardness numbers

(KHN and VHN),

A careful study of the graphs (log P vs log @)
shows that there are two clearly recognisable
straight lines of different slopes meeting at a kink,
which is obtained at a load of 40 gm for knoop
diagonals- (dk) and about 15 gm for vickers diagonals
(dva) at room temperature. As the quenching temperature
increases, the load at kink shifts towards higher
loads, Further the first part of the straight line
corresponding to observations taken at low loads upto
15 gm for vickers diagonals (4w and 40 gm for knoop
diagonals (dk) at room temperature has slope (nl) of
higher value whereas for the second part of straight

line for higher loads, the slope (n,) has values less
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than 2, Since n values are different in different
regions of the graphs of log P vs log 4, 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 regioﬁ of high loads, The

values of ny . N, and corresponding intercepts a, and

1
Ay, for knoop and vickers indentations and the load
at kink for va;:ious quenching temperatures are
recorded in Tables 10,7 and 10,8, whereas Tables 10,9
and 10,10 are shown for lengths of diagonals of
vickers indentation marks parallel to [001] and
normal to it i.e, along [1003 directions, In the same
way, observations for natwélral grown faces m{110) angd
those o

z(111) compared with cleavage plane (010), are

presented in Tables 10,11 and 10,12,

It may be remarked in passing that several
workers have repérted visible scattering in *n' values
e.g. see Hanemann and Schultz6 (1941), Onitsch’ (1947)
Grodzinski® (1952), However, none has reported the
spliﬁting of graphs into two straight lines and their
characteristics, The study of variation of load with

diagonal lengths of vickers indentation marks on faces

of different types (c-, m-, d- and o~-faces) of natural
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and synthetic barite c:::'sg'.s:tamls9 (saraf, 1971) has
shown very clearly the existence of two clearly
fecognisable straight lines of the graph of log P
versus log d, Iater Shah® (1976), Acharya4 (1978),
Bhagia® (1982), Shah® (1984) and Pancha1l® (1981)
verified the splitting of graph of log P versus log 4
from their studies of microhardness of calcite, zinc,
TGS, KBr, NaND3 and InSb crystals. The present
investigation d¢g the detailed study of the micro-
hardness of gel-grown d-AHI', single crystals supports
the earlier observations of the splitting of the

plots with two distinct straight lines.

10,4,1 Characteristics of two straight line

regions in the graph :

The separation of straight line graph into two
regions with different slopes indicates that in the
first region of low loads, the value of hardness is
strictly dependent on load and in the s econd region
of high loads this dependence is relatively reduced,
It appears that besides this dependance on load,
there could also be other factors such as effect of
high temperature, work hardening etec, contributing

to this behaviour,
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In order to determine the effect of devoted
temperatures on microhardness and on lengths of
indentations the study was carried out on crystal
cleavages, quenched from higher temperatures to room
temperature. Irrespective of the nature of indenter
it is obvious that slopes n, (for lower load region)
decreases, attainsa minimum value at 70°%C (Tg = 343°K)
and increasing at 90% (TQ = 363°K) again decreases
at 110% (T = 383%), in all cases (cf, Tables 10,7,
10,8, 10,9 and 10,10}, The variation observed in
'nl‘ values is accompanied by an increase in the'al'
value. Whereas n, values (slopes for higher load
region), in case of Vickers indenter are constant for
all gquenching temperatures; (cf. Tables 10,7, 10,9)
and a, values increase with quenching temperature,
In case of knoop indenter and diagonals measured
normal to [00f] direction for vickers indenter the n,
value decreases with guenching temperature, whereas

converse is the case for a, values (Table 10,8 & 10,10},

The constants ny . n2 and.al, a2 for various

natural and cleavage faces are pepresented in Table 10,11

and 10,12, Since n, and n, are exponents of the

2
average diagonal length of Vickers indentation mark

or the length of the longer diagonal of the knoop
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indentation mark, their values indicate the relative
microhardness of the surface under consideration,
The 'a' values determine the microhardness. It is
also clear from the *a' values that irrespective of
the nature of the indenter the sphenoidal faces are

the hardest among the three faces,

The variations of diagonal lengths of
indentation marks with applied load on surface of
thermally treated and untreated specimens indicate
that *n' and 'a' values are dependent not only on
the crystal anisotropy, but also on the previous
history of the specimens, Further the crystal
anisotropy is associated with the arrangement of atoms
on faces, In case of Vickers indenter, n, values
show less variation with guenching temperature whereas
for knoop indenter, marked variation is noticeabla
(Table 10,7 and 10,8), 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 this
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deformation, As a resilt the degree of hardening
of crystal surface should increase, This is more 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
there fore bhe i;ﬁg; than that in first region, mostly
near kink or at turning péint from increasing part
to straight portion., In addition to the cold working
and recovery of strained crystals, several factors
such as surface energy, concentration of different
types of imperfections, 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 should be mentioned here that
although the indentation work was carried out on
freshly cleaved surfaces of gquenched crystals with
the intention of removing the surface hardening, the
study of the variation of diagonal length of
indentation marks on cleaved surfaces which were once
the inner‘parts or interiors of quenched crystals has
shown a noticeable change with quenching temperature ;
of course this change is obviously smaller than that

of surface hardening of the quenched specimens,



10,5 CONCLUSIONS

The following conclusions are drawn from the

above study

(1)

(i1)

(iii)

(iv)

The graph of log P versus log d consists of
two clearly recognisable straight lines having

different slopes and intercepts on the axes.

The indenter load corresponding to kink
representing a transition from one straight line

to another depends upon guenching temperature,

The slope of first part corresponding to low
load region 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.

The *a' values obtained by using vickers or
knoop indenter clearly indicate that out of the
three faces, namely rhombic prism faces en
{110}, srhenoidal faces {111} and pinacoidal
(cleavage) planes {0L0}; the sphenoidal faces
are the hardest whereas the pinacoids are the

weakest faces of d4-AHT,

218



(v)

(vi)

- 213

The defect structures operate differently
in low 1load and high load regions
corresponding to two parts of the plot of

log P vs. log 4.

Anisotropic character is revealed by different
values of diagonal lengths of indentation
mark along and normal to direction [001] for

the same applied load.
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10.1

10,2

10,3

10,4

10,5

ILIsT ©OF TABILES

Logarithms of diagonal of vickers indentation
mark measured along [ 001l direction and of
corresponding applied load for different
gquenching temperatures (T;) on cleavage plane
(01L0),

Logarithms of diagonals of vickers indentation
mark measured normal to [O001] i.e., along [100]
direction and of corresponding applied load for
different quenching temperatures (Tp) on
cleavage plane (010). -

Logarithmsof diagonals of knoop indenter mark
having longer diagonal along [001] direction
and of corresponding applied load for different
quenching temperatures (T;) on cleavage plane
(oL0),

Logarithm of average of two diagonals of vickers
indenter mark and of corresponding applied load
for different quenching temperatures (T,) on
cleavage plane (010),

Logarithm of two diagonals of vickers indenter
mark measured along LOO11 direction in case of
cleavage (010) and m(110) plane and along [101]
direction in the case of z(11l) plane and normal
to it in all cases and logarithms of corresponding
applied load at room temperature,



10,8

10,7

10,8

10,9

10,10

Logarithms of dlagonals of vickers indentetion
(average) and knoop indentehﬁﬁark for
different 4-AHT planes and of corresponding
applied load at room temperature.

Slopes nq . D, and constants a, anda2 for
two regions LIR and HIR of log P vs., log d
graphs and also peak Py at kink, for vickers
indentetdn (where average of two diagonal

lengths was taken) on d-AH' cleavage plane,

Slopes 21‘ n, and constants a; and a for

2
two regions LLR and HIR of log P vs. log 4

graphs and also peak P, at kink, for knoop
indenter on Ad-AHT cleavage plane.

Slopes n, . 0, and constants a, and a, for
two regions LLR and HLR of log P vs,., log 4
graphs and also peak Py at kink, for vickers
indentation mark (where diagonal length of

indentation mark measured along [Q0L] direction)

.F
1 and az for

two regions LIR and HIR of log P vs, log 4

Slopes n; . n2 and constants a

graphs and also peak Py at kink, for vickers
indentation mark (where diagonal length of
indentation mark measured normal to [OO01]
direction i.e. along [100] direction).



4
i
e

10,11

10,12

Slopes n,, n, and constants = and a, for
two regions LLR and HIR of log P vs. log d
grarhs and also peak Pk at kink, for vickers
(average of twWo diagonal lengths) and knoop
indentak@mﬁor different 4-AHT planes.

Slopes ny . n, and constants a, and a, for

two regions LLR and HIR of log P vs, log 4
graphs and also peak Py at kink, for two
diagonal lengths of vickers indentahmﬁfor
di fferent d=-Adl planes,



10,1

1‘0‘ 2

1G,3

10,4

10,5

10,6

CAPTIONS TO THE FIGURES

Plot of log P versus log 4 for two norml
diagonmals of vickers indendktosmon A-AHT
cleavage plane (0L0) for gquenching
temperature (T3 308%,

Plot of log P versus log d for two normal
diagonals of vickers indentatisnon d-AHT
cleavage plane (010) for gquenching temperature
(ry) 323%,

Plot of log P versus log d for two normal
diagonals of vickers indenaéioron d-AHT
cleavage plane (0O10) for guenching temperature
(Ty) 343%, "

Plot of log P versus log 4 for iwo normal
diagonals of wvickers indenabionon d-AHT
cleavage plane (010) for guenching temperature

(Tq) 363%,

Plot of log P versus log 4 for two normal
diagonals of vickers indenabionon d-AHT
cleavage plane (0L0) for guenching temperature
(TQ) 383K,

Plot of log P versus }og d for vickers indendkien
(average of diagonals considered) and knoop
indenationon d-AHT cleavage plane (OL0) for
quenching temperature (Tp) 308°K,
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10,8

10,9

10,10

10,11

10,12

Plot of log P versus log 4 for vickers

indenabion (average of diagomals considered)
and knoop indenagtionon d-A#l cleavage plane
(010) for quenching temperature (TQ) 323°K.

Plot of log P versus log 4 for vickers

indenatran (average of diagonals considered)
and knoop indenatianon 3d-AHY cleavage plane
(010) for quenching temperature (TQ) 343°%K,

Plot of log P versus log 4 for vickers

indenabton (average of diagonals cons idered)
and knoop indenabionon a-AHI cleavage plane
(010) for quenching temperature (T;) 363°K,

Plot of log P versus log 4 for vickers

inden akion (average of diagonals considered)
and knoop indenabionon d-Adl cleavage plane
(010) for quenching temperature (T, 383°K.

Plot of log P versus log d for two diagonals
for vickers indenabrovion m(110) face of J-AHT
at room temperature (30%),

Plot of log P versus log d for two diagonals
for vickers indenabion on z(111) face of J-AHT
at room temperature (30%C).



10,13 Plot of log P versus log 4 for vickers
indenotion (average of diagonals taken) and
knoop indena&ronon m(110) face of d-AHT at
room temperature (30°C),

10,14 Plot of log P versus log d for wvickers
indenadion (average of diagonals taken) and
knoop indenationon z(111) face of d-AHT at
roon temperature (30C),

10,15 (a) Photomicrograph of d~-AHT cleavage surface
indented by using vickers hardness indenter
for applied load of 40 g, showing the
formations of wings, crystallographic

~cracks and slip lines.

(b) Schematic diagram of the indentation mark
on d~AHT cleavage plane (Fig, 10,15a),
showing wings, crystallographic cracks
and slip lines.

10,16 Photomicrograph of d-Afdl' cleavage plane surface
indented by using knoop hardness indenter for
applied load of 40 g, showing slip lines with
direction OOL ,

10,17 Photomicrograph of 4-AHT natural sphenoidal
face (111) indented by using knoop hardness
tester for applied load of 40 gm alongwith
the growth layers,
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11,1 INTRODUCTION

It is clear from the discugsion of the previcus

chapter that ' standard hardness ', ‘a' is a function

t [}

of quenching temperature, ‘al and 'az in general
vary with quenching temperature (TQ)a Howewer, the
variation of a, with guenching temperature is more
noticeable than that of ay0 It is now interesting
and useful to study in detail how hardness changes

with gquenching temperaturs,

The Knoop and Vickers hardness numbers (H. and

H,}) are defined by equations, (Mott, 1956),

KI‘N: Hk = _Eégg‘g_{'}.“ sevep (11 al)
d
VHN, I‘IV = "ls"‘s‘é%é“"g- aeese (1112)
a

where load P 1s measured in grams and the diagonal
length 4, of the indentation mark in microns. The
hardness number is not an ordinary number, but a
constant having dimensions and a depth, but less

understood, physical meaning., The combinatiocn of

these equations with



P = adn socen (11.3)
yields,
H = adn - 2 *8 ey (11.4)
or,
-2,
H - ap n aess e (11:5)

In case of Vickers microhardness, the value of
exponent *n' equals 2 (Kick's law 1885) 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, In order to
appreciate the detailed physical meaning of the above
equations it will be instructive to consider the
example of a solid subjected to a uniaxial compression,
For such a simple case, the modulus of elasticity

‘YﬂOCl,U.iLLS .
(Young's moeleeules) 1s given by

(
E = ———— aners (1106)
<

where « is the compressive stress defined as load

per unit area

( = -———— sses (11.7)



and the compressive strain € is 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 solid, length is inversely
proportional to the area of cross-section., If Ao
represents initial area of cross-section with a normal
length 10 and A the final area with normal length 1

after small compression, one obtains,

(=]
3
il

j-
>

o = volume constant

A
or ul;d - —"9— LR X B2 J (11"’8)
1 A
Therefore
A, - A
é = u}’—:—;- 1 0-0-2----'— E R B N 3 (11.9)
1 A

substitution of o and € from equations (11,7)

and (11,9) gives

G
E = Ll = -""'E"'"""" esepr e (11 01{0)
€ Ay - A

Hence for a simple uniaxial compressive stress when

the area is a geometrical function of the deformation,
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‘
de termined her#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 above formula (eqn, 11,10y, Indenters are made
in various geometrical shapes 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 for solids which are amorphous

or highly homogeneous and isotropuc.

The above analysis presents a highly simplified

picture of the process involved because there is a

great Adifference between deforming a solid in a simple
aniaxial compression and deforming a surface of a

solid by pressing a small indenter into it, Around the
indentation mark, the stress distribution is edceedingly
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
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which may reach 304 or more at the top of the
iﬁdenter. 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 the modulus of elasticity
cannot be derived for hardness, In the absence of
. any formula based on sound theory, an arbié%ry
expression is used which includes both known
variables, load and area in the present case, Hernce
the hardness number, H, is defined as the ratio of

the load to the area of impression,
H - —— - Otess (11011)

For pyramidal indenters the load (P) varies as the
square of the diagonal, d, Thus for a glven shape

of pyramid,
P = bd L R ] (11l12)

vwhere b is constant which depends on the material
and shape of pyramid, The areapf the impression, A,

is also proportional to the square of the diagonal,

A = cdz Do e (11@13)



Table i1.1

Vickers Hardness numbers (average) on d-AHT cleavage
plane (010) for different guenching temperatures

Load P Hy, (kg —
in gm/ e e ———— ———————
Ty 308°K 323% 343% 363K 383%K
2,5 24,27 22,10 28,08 18,79 21.19
3,75 26,77 25,58 28.93 23.31 22449
5.0 29,27 32,09 33,95 24,52 25,21
745 32,12 36,52 36.52 34,69 36,77
10,0 45,01 41,04 37.49 34,29 37.33
15 57,32 51.86 42,16 53,48 41,77
20 50,89 55,25 52,12 52,73 47,07
30 50,11 50,62 55,43 48,71 51,79
40 52458 50,97 58,91 52,08 56,70
50 50,50 46,88 55,41 50,64 58,80
60 53,13 49,25 57415 51,28 56 .69
70 48,16 51,96 52,72 51,13 54.61
80 54,71 54439 49,45 51,80 57.96
100 52,80 56, 02 51,03 45,68 52,94
120 48,27 63.96 53,89 50,01 ' 57,29
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Table 11,2

Knoop Hardness numbers along tOOI] on d~AHT cleavage

plane (010) for different quenching temperatures

e [RoSyea—

Load P H (kg ma™2)
in gm e ettt ettt st
T, 308% 323% 343% 363%K 383%
2.5 10,16 11,28 10,98 10,36 12,65
3,75 14,25 12,42 13,52 12,52 14,99
5,0 15.93 16,70 18,50 15,33 16,69
745 19,20 17,70 21,39 17,57 18,73
10,0 24,98 19.16 27,44 23,19 23,93
15 29,08 24,67 29,64 26,561 25,33
20 32,32 27,75 32,75 28,80 28,72
25 35,03 36461 37,23 30,78 33,00
30 35,44 36,38 34,09 34,00 36,52
40 38,21 38,76 42,11 38,58 42,39
50 37,33 38,31 42,71 43,35 45,06
60 36,42 34,52 39,82 42,11 43,34
70 37,59 34,58 37,03 41,88 42,55
80 35,32 35,22 36.87 39,33 39,68
100 35,57 35,60 39,65 39,11 34,61
120 35,18 36,45 35,49 38,45 38,98

140 35,58 37.10 37.32 38,07 39,56



Table 11,3

Vickers Hardness numbers along [00L] direction
on d-AH' cleavage plane (010) for different
guenching temperature

e G A A T G S T S WS SR el S St . A D S ) W WY P SIS 0 S O SR S S S TS W s U e S W ol W

2,5 22,42 25,57 30,95 20,34 23,40
3.75 2%,47 29,98 32,24 25,29 24,61
5.0 30,14 37,92 36,62 28435 25,22
7.5 33,42 43,16 40, 06 40,08 40,66
10,0 48,35 47,94 41,20 44,56 39,29
15 55,24 55,24 45,03 57,30 46,42
20 52,73 66,23 54.82 54,40 49,63
25 53,72 7,17 55,25 65,92 54,24
30 52, 22 61,03 57,86 63,31 54,01
40 52,65 60,25 61,67 73.24 60,25
50 52,46 61,73 59,20 64,75 69,87
60 54,91 59,49 59,15 67,75 59,29
70 51,13 62,17 54,84 70,06 61,07
80 56.81 65,10 53,97 68,18 64,00
100 52,36 59,35 56,.84 57,38 65,80
120 46,90 72.28 59,41 63,58 68,20
140 46,99 F2.28 59,44 63,58 68,20

49-22 6l 46 s2-¥h 6169 €63
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Vickers Hardness numbers normal to LOOL] direction

Table 11.4

on d-AHT cleavage plahe (0L0) for different
quenching temperature

Load P H,y (in kg ma2)
in gm/ 0 aeee—- e e e o e e e s e e e e O
Ty 308% 323% 343% 363% 383%
2,5 26,37 19,29 25,57 17,41 19,29
3.75 26,11 22,08 26,11 21.58 20,63
5,0 29,44 27,51 31,58 21,42 25,23
745 30,90 31,31 33442 30,31 33,42
10 42,00 35,52 34,29 27,30 35,52
15 59,49 41,54 39.55 49,57 37,79
20 49,15 46,80 49,63 51,15 44,70
25 45,78 52,26 49,11 46,97 46,97
30 48,13 42,67 53,14 38,64 49,70
40 51,97 43,68 56,34 38,92 53,46
50 48,65 36,90 52,00 40,69 56,83
60 51,43 41,44 55,24 40,17 54,25
70 45,44 44,08 50,72 42,79 49,12
g0 52,73 46,13 45,47 38,07 52,73
100 53,35 52,98 46,07 37,22 43,52
120 49,70 55,64 49,10 40,36 48,81
140 50,93 50,93 50,68 40,89 48,14
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along and normal to [101], It should be noted that
direction [101] is normal to C-axis. Using data
of Table 10,6, hardness numbers were calculated
(c£ tables 11,5 and 11,6) and plots of hardness

one

number versus applied load were shown in Figures

11.11 to 11,14,

11,3 RESULTS AND DISCUSSION

It is clear from 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
constant value for all loads, This behaviour is found
more prominent in Vickers hardness number (H,) than

in Knoop hardness number (H.), Further, Knoop
hardness number (H.) has less values than Vickers
hardness number (H,) for all loads and for all samples
irrespective of heat treatment, The theoretical
conclusion that hardness is independent of load thus
appears to be true only at higher loads. The maximum
value of hardness or starting point of constant

hardness region corresponds with a lcad which is nearer

the value of the load at which kink in the graph of

\
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log P versus log 4 is observed (cf, Chapter 10),
The graph of H (H_ or Hy) versus P can be conveniently
divided into three parts OA, AB and BC where the
first part represents linear relation between ‘
hardness and load, the second part, the non-linear
relation and the third part the linear one, This
reflects varied reactions of the cleavage surface
and natural faces to loads belonging to different
regions, Besides, it supports, to a certain extent,
the earlier view about the splitting of the graph
of log P versus log 4 into two recognizable lines
(cf Chapter 10), These thred regions will henceforth
be referred to as law locad region (LIR), intermediate
load region (TIR) and high load region (HLR)

corresponding OA, AB and BC respectively.

The qualitatively complex behaviour of
microhardness with load can be explained on the
basis of the depth of penetration of the indgnter.
At small loads the indenter penetrates only surface
layers, hence the effect is shown more sharply at
these loads, However, as the depth of the impression
increases, the effect of surface layers becomes less
dominent and after a certain depth of penetration,

the effect of inner layers becomef more and more



prominent than those of surface 1ayer§ and
ultimately there is practically no change in value
of hardness with locad., It is also clear from the
graph that the Vickers hardness number at lower
loads increases rapidly with load as compared with
the change in Knoop hardness number with load in
identical load region., Since the Knoop hardness
number, H., in general measures the hardness of
surface layvers, the above explanation ased on the

depth of penetration is guite logical.

11.3.1 Relation between hardness and gquenching
temperature for Vickers and Knoop Hardness

numbers in HIR

It is clear from the observations of hardness
of quenched and unguenched samples (Tables 11,1 and
11.2) that hardness depends upon the gquenching
temperature (T3), Hardness in high load region
(HIR) is independent of load, Hence average valuies
of hardness (H) in HLR are computed and are recorded
in Table 11.,7. Fig. 11.15 shows the plot of log(HTg’
GQQQ) versus log T;. The plot is a straight line
for Knoop as well as Vickers hardness numbers, Further,

both the straight lines are parallel to each other
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having a constant slope and different intercepts
on log (ﬁTQ) axis. The straight line graph follows
the equation,

log HrQ = m log Ty £ log C aeves (11,15)

where m 1is the slope and C is a constant.

Therefore,

=1 -m

I-EQ = c seven (11016)
Or' rd

— k

HIQ = c ap e (11;;17)

where k¥ = 1 -~ m, The value of k is - 0,5 for

A-AHT,

It is clear from Table 11,7 that gquantitatively
Vickers hardness number is 1,42 times the Knoop
hardness number of d-AHT cleavage faces in the HIR
region. Further for both indenters, the hardness
number increases With quenching temperature., However

the percentage increase in hardness with respect to

o
hardness at room temperature (308 K) is quite small,

230
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11.3.2 Relation between Vickers hardness number and
quenching temperature along mutually normal

crystallographlic directions :

Tables 11,3 and 11,4 show hardness for vicker
indenter mark along [001] direction i.e. H,% and normal
to it along [100] direction i.e. Hyy, for all quenching
temperatures on cleavage plane (010}, Hardness numbers
in HLR for both directions are independent of load,

Average values of hardness (R} in HIR are computed and
and representedin Table 11,9, For all guenching

temperatures and also at room tempera ture _ﬁvx along [0017]
direction is higher, Further ratio of Hyy/H,, for
various quenching temperatures is different from unity-
showing that hardness numbers are different along different
directions on a cleavage plane. Anisotropy was also
exhi}oited by other faces {m- and z- faces) of d-AHT,

-

-I:va and were aé‘lsgi2 dzet}i::cmu}oed ic;r mr-‘-oig?nc sjg‘mgglgnghmh s
normal to direction [001], no:ﬂal to growth direction

[001] and the ratio of Hyy/Hy were computed. This

work was cﬁarx:ied out at room temperature by employing

both indenters and results were incorporated in Table 11,10,
showing the values of ;k,q ’ Ek and ratio Hy,/H for the
three faces at room temperature, It is cleér from this
table tha't z~face is the hardest amongst all faces, This
conclusion is supported by the earlier studies of variation

of
of applied load with diagonal, indentation mark (cf Chapter 10),



Table 11&9

Variation of vickers hardness number (HV) along
different directions on a ad-AHT cleavage plane

with guenching temperatures (TQ)

Quenching g ﬁv _ . -
Temp. X , Y \ Hoo Hyy H v
o - - =
’I‘Q 74 kg, mm kqgemm Hvy
s 51.87 50,60 1.03 1,27
323 61,51 48,53 1.27 12,98
343 56,17 49,55 1.13 5.62
363 64,77 39,91 1.63 24 .86

383 64,11 49,41 1.3 14,70
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10,4 CONCLUSTIONS

(1)

(ii)

(iii)

(iv)

The comparative study of hardness of the cleaved
specimens at different quenching temperatures
indicate that the plot between hardness and
load can be gualitatively divided into three
parts for both indenters., They are respectively
low land region corresponding to linear gart,
intermediate load region corresponding to non-
linear part and high load reglon corresponding

to linear portion of the graph,

Relation between hardness number and guenching
temperature is derived ﬁfgk = constant where

Vickers hardness number has higher value than

knoop hardness number at any given temperature,

Of all the faces studied for hardness, z-face

is the hardest,
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Vickers Hardness numbers (average) on d-AHT
cleavage plane (Ol0) for different quenching
temperatures,

Knoop Hardness numbers along [OCL] on g§-AHT
cleavage plane (010) for different quenching
temperatures,

Vickers Hardness numbers along [00L] direction
on d-AHl' cleavage plane (0OL0) for different
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Vickers Hardness numbers normal to L0011
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Variation of hardness number (average) in HIR
on a d-AHL cleavage plane with guenching
temperature.



11,8 Percentage deviations of the constant C
( C= ﬁr@k) from its mean value for different

quenching temperatured

11.9 Variation of vickers hardness number (ﬁv) along
different directions on a d-AHT cleavage plane

with quenching temperatures (Tg),

11,10 Comparison of values of vickers and knoop
hardness numbers on different d-AHI planes at

room temperature,



11.1

11.2

11,3

11,4

11,5

11,6

CAPTIQONS TO THE FIGURES

- - — - - . A W s P N S W

Plot of hardness numbers (H) for Vickers
(average) and Knoop versus applied load (P)
on a d-AHI' cleavage plane (OLQ) for quenching
temperature (Tpy) 3<CBEK,

Plot of hardness numbers (H) for Vickers
(average) and Knoop versus applied load (P)
on a d-AHT cleavage plane (0L0) for quenching

temperature (Tq) 323%,

Plot of hardness numbers (H) for Vickers
(average) and Knoop versus applied load (P)
on a @-AHT cleavage plane (010) for gquenching
temperature (Ty) 343°K.

Plot of hardness numbers (H) for Vickers
(average) and Knoop versus applied load (P)
on a d-AHI' cleavage plane (O10) for quenching
temperature (Tg) 363%,

Plot of hardness numbers (H) for Vickers
(average) and Xnoop versus applied load (P)
on a d-AHI' cleavage plane (0OL0) for quenching
temperature (Tg) 383%K.

Plot of Vickers hardness number along Hyy and
normal (Hyy) to [O01] direction versus applied
load (P) on a a-AHT cleavage plane (OLO) for
quenching temperature (Tj) 38"k,



11.7

11.8

11.9

11.10

11,11

11.12

Plot of Vickers hardness number along (Hyy)
and normal (Hvy) to Loot] @irection versus
applied locad (P) on a 3-AHT cleavage plane
(0L0) for quenching temperature (TQ) 323K,

Plot of Vickers hardness number along (H,,)
and normal (Hyy) to [001] direction versus
applied load (P) on a d~AHT cleavage plane
(010) for guenching temperature (Tg) 343K,

Plot of Vickers hardness number along (Hyyx)
and normal (Hyy) to [00L] direction versus
applied load (P} on a a-AHT cleavage plane
(010) for quenching temperature (T;) 363°K,

Plot of Vickers hardness number along (H,y)
and normal (Hy,) to [001] direction versus
applied load (P) on a d-AHT cleavage plane
(0L0) for quenching temperature (Tpy) 383°K.

Plot of hardness number (H) for Vickers
(average) and Knoop versus applied locad (P)
on a d-AHT m(110) face at Room Temperature.

Plot of hardness number (H) for Vickers
(average) and Knoop versus applied load (P)
on a @=-AHT z(111) face at Room Temperature.



11,13 Plot of Vickers hardness number along (H, )
and normal CHVY) to [001] direction versus
applied load (P) on a 3d-AHT m(110) face, at
room tempersture, ’

11,14 Plot of Vickers hardness number along (avx)

and normal (Hﬁy) to [101] direction versus
applied load (P) on a d-AHT z(111) face, at
room temperature.

11,15 Plot of log HTy versus log Ty, in HIR of
Vickers and Knoop hardness numbers,
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12,1 INTRODUCTION

It is well-known that physical measurement is
- always associated with an error. While carrying out
the indentation work several precautions were taken.

Some of them wWere as under ¢

(1) Surface to be indented was normal to the

axis of the indenter and the microscope.

(11) Specimen was firmly fixed on a glass slide,

(iii} The centre of gravity of the applied load,
vertical axis of the indenter and microscope

were cglinear,

(iv) Vibrations of any form affecting the indentation

mark were avoided,

(v) The micrometer eyepiece division was set on
one end of a diagonal of indentation mark. It
was moved only in one direction so that error

due to backlash was avoided,

(vi) The region to be indented was free from

cleavage linesr, cracks, twins etc,

(vii} The speed of fine motion of indenter was

234



(xiii)

(xiv)

(xv)
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required diredtion and a gentle blow was given

by a soft hammer so that a cleavage surface of

crystallographically low indices (010), and not a
Yy

concluded fracture with high indices, was produced.

For indentation mark on sphenoidal faces, special
type of triangular Fig was prepared to accommodate
the crystal in such a way, that z-face remained
flat and nofmal to direction of applied load and
also to vertical direction of microscope and

the indenter.

Humid atmosphere during indentation work was

avolided,

Personal errors were minimized,

The author had taken adequate precautions
to avoid/minimize the errors resulting from

the non-compliance of the above points.

The best way to study the relation between any

two physical quantities is by graphical plot. The

present chapter is concerned with the estimstion of

the best straight line through the plotted observations

on the growth and microhardness of d4-AHl, viz,,
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straight lin%Qplots of (1) setting time for gel
versus quantity of TA in SMS (¢f Chapter -~ 6)

(ii) optical rotation versus concentration of aqueous
solution of d-Atfl (cf Chapter - 7) (iii) log p versus
log 4 (cf Chapter - 10) and log Ema versus log Tg
(cf Chapter - 11). Butig; these plots, since actual
relation between gelation time and amount of TA in
SMS is unknown, the concerned plot (fig. 6,1,

cf Chapter - 6) "©is not discﬁésed in the present
chapter, In the case of optical rotation work, the
aim was to determine its dextrc - or levo - rotatory
character, The plot (fig. 7.4 cf Chapter - 7) ‘s
not considered here, In view of the limitations
imposed by various methods for estimating best line,
two methods namely, Zero sum method and statistical
method, were employed to determine the best fit for
the straight line plot., The procedural details were

given in the chapter on error analysis (cf Chapter - 3),

12,2 ANALYSIS OF PLOT OF LG p VS, LOG @ AT ROM

TEMPERAT URE

(1) 2Zero-sum method

It was g shown in the Chapter = 10, on

variation of load with diagonal of indentation mark
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that the straight line plot of log p vs. log d

wvas split up into two recognizable distinct lines
with different s}opes and intercepts, Since due %o
anisotropic nature, Vickers indentation mark was not
a perfect square, measurements were carried out for
both diagonals and slopes n,q and n,, calculated
separately for both the diagonals and also for the
average value of these diagonals as mentioned in

the concerned chapter. Subscript V indicates vickers
indenter, Theoretically, it was shown that for n = 2,
hardness wWas independent of applied load. However,
this is not the case in actual practice, Hence,
attention was focussed on the values of n_, and N5
N4 and n ., . calculated by utilizing the above

method and by using the graphical plots., Subscripts

V and k indicste vickers and knoop indenters
respectively, They are mentioned in Tables 12.1 and
12,2 alongwith the percentage changes in the values

of ng4 and Dypr Py and n., from their calculated
values, Ignoring the sicgn and considering absolute
values of deviations, it is clear that deviations in n,
are more, than those in n, from thelr calculated values

for cleavage faces of d-AHT, Xnoop indenter is normally

used for determining surface effects. Since n, was more
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than n. it could e conjectured that the process
of cleaving could have created more strain than

necessary and/or could be little imperfect,

(2} Statistical method

There are two ways of statistically estimating
the best straightlines by considering regression of
abscissae on ordinates and regression of ordinates
on abscissae. Values of slopes based on the above
two ways, were mentioned in Tables 12.3 and 12.4
alongwith . the percentage changes in their values
from their calculated values. It can be seen from
the tables that calculated slope values (regression
coefficients) Adiffer from each other by a wide margin.
Thig is due to the built-in assumption of the method,
namely one variable (abscissa or ordinate) is
assumed to be free from error. The slope values (nvl)
are different along two mutually normal directions as
can be seen from the Table 12,3, This indicates the
anisotropic nature of a surface of d-AHT crystal.
Table 12,4 presents slopes D, and Do and N, and n .,
calculated by using statistical method., In this case,
also the percentage deviations from calculated values

of slopes are more for knoop indenter than those for

vickers indenter, Hence the conclusions, vwhich were
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drawn, while calculating deviations by zerosum

method get added support.

12,3 ANALYSIS OF (i) log p vs, log d for different
quenching temperature and (ii) log ﬁTQ vs.

log Tg plots in HIR

All possible precautions were taken hy the
author to minimize/avoid the errors mentioned above
-while carrying out indentation work on cleavage planes
of d-AHT (cf. Chapters 10 & 11). Further, two
methods, namely, zero-sum method and statistical
estimation, were used to determine the best fit of the

above straight line plots.

Tables 12,5, 12,6, 12,7, 12,8 and 12,9 present
the calculated and observed values of slopes of the
straight lines plots of (i) log p vs. log 4 in the
low-load and high-load regions of applied loads (cf
Chapter 10, figs. 10,1 to 10,14) and (ii) log HT,
vs. log T for different guenching temperatures in
the high load region of the graph of hardness number
rersus applied load (¢f Chapter 11, figs. 11,1 to 11.5)
The column of percentage change in slopes in the two
regions of the grapns of log p vs., log 4 indicates

very clearly that for most quenching temperatures, the

240
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deviations are not quite significant except for

the observations at room temperature (308°K) in
region-I (low-load) and quenching temperatures 323°%K
and 383%K. There is no thermal treatment of the
specimen at room temperature (308°%K), However, this
temperature is the one at which the hardness numbers

of specimens quenched f£rom hich temperature were
determined. Due to anisotropic nature, the formation
of wings has seriously affected the measurement of
vickers diagonal in a direction normal to L[0017,
However, it is interesting to observe that the
measurements of diagonals made at other guenching
temperatures were not affected by this formation. The
quenching temperature 383K is nearer the dissociation
temperature 393°%K of d-AHL crystals. As a result

there is a distinct possibility that anisotropic
character and wing formation became more ndticeable
along prominent crystallographic direction [001] growth
axis of d-AHL crystals, giving rise to a large
deviation of observed slope from the calculated one,

A glance at the columms of the above tables showing
percentage deviations of observed slopes from calculated
ones suggests that experimental conditions preoducing éuUndﬁna
are imperfect. This is obviously inherent in the basic

experimental work, where the attempt was made to have



quenching rate as high as possible., However, this
has not remained consistently constant for all
uenching temperatures, as can be seen from the
deviations. It should be noted that this point had
rema ined unnoticed for the deviations of observed
slopes from calculated ones for plots of log ETQ
vs. log Tq (cf Table 12,9), This appears to be due
to the fact that changes in gquench-hardness numbers
with guenching temperatures are comparatively less,
However, it is difficult to arrive at definite
reason{s) for these noticeable deviations of observed

slopes from calculated ones.
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