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CHAPTER 10

MICROHARDNESS OF CRYSTALS ( GENERAL)

10.1 Tntroduction.

Although hardness is a term which is guite
familiar to the people working in various fieldijit has not
been possible to define it precisely so as to include all
the various charactefistics of a material which have been
referred to as "hardness"., Though the concept of hardness
is different to different people, in different fields,
hardness is felt by the resistance to a cut, a scratch,
penetration ete. Tuckerman explained hardness as a hazily
conceived aggregate or conglomeragtion of properties of
material more or less related to each other. Best general
definition is given by Ashby (1951), "Hardness is a measure

of the resistance to permanent deformation or damage".



10,2 Definitions and measurcments.

From time to time many definitions have been
given for hardness but none has heen found To be
satisfactory. The general definition of -indentation hardness
which relates to the various forms of the indenters is the
ratio of the load applied to the surface area of the
indentation. Meyer (1908) proposed that hardness should be
defined as the ratio of the load tn the projected area of
the indentation. So the hardness has the dimension of
stress. Spaeth (1940) suggested that hardness' should not be
defined as stress but as the resistance to indentation in
the form of the ratio of the specific surface load to the
unrecovered deformation. In short, the hardness of g solid
is defined by the resistance against lattice destruction
and is considered t be a function of inter atemic forces
( Tertsch, 1948). Attempts towards a physicgl definition of
hardness were made by Friedrich (1926), Goldschmidt (1927)

and Chatterjee (1954).

Chatterjee (1954) defined indentation hardness
as the work done per unit volume of the indentation in a
static indentation test for g definite angle of indentation.

on the basis of this definition and Meyer's law W = adn
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for spherical indenters, he derived a formula for the

measurenent of hardness 'H', According to Plendl and
Gielisse (1962) hardness can be defined as a pressure or
force per squai’e centimeter, and thus it can be conceived
as an energy per unit wlume e.g. the ratio between the
imput energy and the %olume of indentgtion. They have come
to the conclusion that resistance is a function of the
lattice energy per unit volumé and called it the volumetric

lattice energy ( ‘P_ Y having the dimensiow ergs/cmz’. U is
v

the total cohesive energy of the lattics per mole gnd V is
the molecular volume defined as M/S, vhere M is a molecular
weight and 8 is specific hegt. The hagrdness was thus
considered to be the absolute overall hardness. Matkin and
Caffyn (1963) from their studies on hardness of sodium
chloride single crystals containing divalent impurities,
correlated hardness with the dislocation theory. They
redefined hardness in terms of the ease of generation and/or
movement of dislocations associated with indentation, or it
is the measure of the rate at which the dislocgtions

dissipate energy when moving through a crystal lattice.

A1l the definitions of hardness imply resistance
to deformation. There are many ways of deforming a body and
hence any resistance to deformation inwlves many factors

e.g. elastic limit, elagstic moduli, yield point, tensile
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strength ete. There are many methods of finding the hardness
of a substance. In almost all methods the substance is
deformed upto plastic range and this involves considerable
plastic deformation. For only this regson, it is belleved
that hardness of a substance is bound up primarily with
their plastic properties and only to a secondary extent

with the elastic properties.
There gre basicslly four different methods to
determine hardness of g substance (1) serateh (2) abrasive

(3) dynamic (4) static indentation method.

10.21 3erateh hardness:

Scratch hardness is an earlier method develgped
by mineralogists and depends upon the ability of one solid
to scratch snother or to be scratched by another solid.
Moh (1822) has introduced a scagle of hardness for minerals
by selecting ten minerals as standards. The modificazyions
of this method were over shadowed by other sensitive

methods and experiments.
10,22 Abrasive hardness:

Abrasive hagrdness is defined as the resistance



mechanical wear, o measure of which is the gmount of

materi gl removed from the surface under specific conditions.
The hardness may be found by the depth of penetration. For
ferromagnetic¢ materials hardness measurements have been made
with gttempts to associate them *with the magnetic properties.
Tt is gensrally found that mabterials with large magnetic
coercive force are mechanicglly deformed to a greater extent
than the material with less magnetic coercive force. It is
found that hardness varies generslly in the same way as the

electrical resistivity.

10.23 Dynanic hardness:

This type of hardness measurement inwvolves the
dynamic deformation of the specimen under study. Dere a
steel sphere or g digmond cone is dropped from a given height,
the depth and size of the impression produced and the energy
of the impact gives the hardness of the substance, i.e.
hardness is given as the ratio of the energy of impact to
the volume of indentation mark. Chajmers (1941) assessed
the surface hardness in terms of the reduction in opticgl

reflectivity vhen a known amount of sand was allowed to

impinge on the surface under standard conditions.



10.24 Static hardness:

This test is probably the simplest and is g very
sensitive method of measuring (empirically) the strength
of materigls. This inwlves the formation of a permanent
indentation mark on the surface of the specimen to be
exagnined. Fere the stressing force producing the indentation
is gpplied slowly, énd after a certain time of spplication,
is carefully removed. The hardness of the material is then
defined as the ratioc of the applied load to the area of
. the indent mark or “the depth of the indentation formed. The
hardness values sc obtained vary with the indenter and the

method of calculations. -

The static indentation hardness has been measured
by pressing a hard indenter of known geometrical shgpe
under a given load into the flat surface of the specimen
and measuring the dimensions of the resulting impression.
Various types of indenters such as spherical indenter,

(Brinell (1900)] conical indenter, [Ludwick (1908); double
cone indenter, [{imdzinski (1952)1, triangle pyramid
indenter, @enninghoff (19502] diamond pyramidal indenter,
E(Smith and Sandland (1922)3 Knoop et al (1939] etc;l
were given from time to time. Excellent literature on

different types of indenters is given by Mott (1956).
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The hardness study undertaken, so far for stad&hg
the strength of solids and the effect of various treabtments
on the hardness of a solid, have proved somewvhat useful.
Most of the wéfk has been reported on alkali halides and
metals. Previously, the hardness studies were made oﬁly
from the view of material 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 Roberts (1961) correlated
indentation hardness with the elastic modulus by
gathering the data for various materials. Their empirical
linear relation shows that elastic modulus is an important
factor which determines plastic resistivity against the
dislocation motion. The behaviour of the indented region
during the propagation of stresses which initate the
dislocabtions and their motion is not understood clearly.
When gn indenter is pressed on the surface of a solid, the
stresses are not simply tensile or compressive in nature.
Stresses in various directions are set up and onse should
treat the resultant plastic 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 both

or at times fracture.

(D © 51ip is the most common mode of plastic



deformation, which is characterised by the displacement

A,

of one part of the “erystal relative to apother along
certain definite crystallographic planes. The movement is
concentrated in a succession of planes having the
intermediate planes. The glip planes are usuaglly of low
indices and the slip directions are those of closely packed

ones in a crystal structure.

(i1d) Certain crystals may also deform by twinniﬁg,

a mechanism by means of which a portion of a crystal may
change lattice orientation with resprect to the other in a
definite symmetrical fashion. Schmidt and Boas (1955)
describe§ the twinning as the simple sliding of one plane
of atoms over the next the extent of the movement of each
rlane being proportional to its distance from the twinning
plane. Pg}tridge (1964) studied the microhardness anisotropy
of magnesium and zinc single crystals. He observed twin in h
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
teke into account the dimensiongl changes which occur during
twin formation. Indenting diamond flabts with diamond
indenter Phaal (1964) reported the slip and twinning of
diamonds. Vaghldick et al (1966) studied the slip systems

and twinning in molybdenum carbide single crystal with the
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and
help of Knoop & Vickers indenter. When indented crystal

is etched by a dislocation etchant rosettes are formed

on some crystals (usually alkgli hglides) indicating the
dislocation distribution around an indentation. Dislocation
loops are alsc formed around the indentation mark in
cgesium iodide and sodium chloride {;Urusovskaya (1965) and
Kuko (1970)] .

Miny workers have proposed some or other
explanation for the microcrack formation during indentation
of a crystél surface. Smgkula gnd Klein (1951) from their
runching experiments on sodium chloride explained the
crack formation on the basis of shear on slip planes.

Gilman (1958) attributed these microcracks which have g
definite crystallographic direction to the piling up of
dislocations on the slip plane. Breidt et al (1957) observed
that erack formation is less at higher temperatures (375°C)

than at lower temperatures (25°C). The cracks are usually

observed to propagate from the corners of the impression.

The interferometric studies of indented surfaces
have revegled the nature of the deformation and the history
of the sample under test. Votava et al (1953) were the first

to study the deformed region on the cleavage faces of mica

and sodium chloride. Tolansky and Nickols (1949 and 1952)



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 distorbtion projects beybnd the
diagonal. They could easily show the differences between

' piling-upy and the !'sinking-in' with the help of FECO
fringes. They established interferometrically that the
asymmebry in the fringe pattern is purely crystallographic
and depends on the previous history of the samples, and
has nothing to do with the orientabtion of the square of the
indentation. They (1952) concluded that the convex sides,
corresponding to the extended wings in interference pattern
were ' piled-upt regions snd the concave sides were

' sink-in' regions. Satyanarayan (1956) observed barrel or
pin-cusbi% shape of indentation marks interferometrically
and gave idea about 'sinking-in' which occurs mostly at

the faces with very little along the diagonagls of the

indentation mark.

10.3 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. B:pt this is not completely true. It

is clear that during a hardness test the formation of



indentation mark leads to an increase in the effective
hardness of the material and so the hardness number obtained
is not the actual hardness of the materiasl in the initial
state. This isi® mainly due to the work hardening of. the
substafice 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 he done only, if the method does npt sppreciably deform
the substence plastically. Absolute hardness was found to

be one third of the normgl hardness by Harrise (1923).

A large number of workers have studied the variation
of hardness with load and the results given are quite
confusing., Their findings are summarized below: Knoop et al
(1937, Bernhardt (1941) etc. observed an increase in
hardness with the decrease in load whereas C;i)\mpbell et al
(1948), Mottt et a2l (1952) etc. observed a decrease in hardness
with the decrease in load. Some authors e.g. Taylor (1948),
Bergsman (1948) reported no significant change of hardness

with load.

In view of these different observations it has
become rather difficult to establish any definite relation-
ship of general validity between microhardness values and
the applied load. There are two ways of studying this

".«
relationship. One 1is to study P and &€ directly, and other.:
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way of studying this relationship is by plotting the graph
of log. P and log. d. Kick (18‘#5) has given an empirical
rule P=ad" @ . Here P and d mean load and diameter
(diagonal) of the impression respectively while 'a and 'nt
are the constants of the material under test. From the

definition of Vickers hardness number

2 gin 6a°p (p )
Hy = 5 = Constant 2d2 % B
- d
From the above two equations H = aldn'?‘
N 2
or HF adP SSF

1t has been shown that in the case of Vickers
microhardness the value of exponent n is equal to twor
(Kicks' law 1885) for all indenters that give geometrically
similar impressions. This implies a constant hardness value
for all loads.

iy

Schulz and Hanemann (1941) from kis observations
concluded that in the low load reglon 'n' generally has a
value less than two, Onitsch (1947) found such low values
of n (1 to 2.0) by observing variation of hardness with load
vhile CGrodzinski (1952) found variation of n values from
1.3 to 4,9. The value of n was nearly found to be 1.8. The

standard hardness values thus obtalned were expected to



yield constant results, but the actugl results obtained

by different workers revealed disparities amounting to

30 - 50%. Due to this variation in the results, a low load
region was selected vhich led to the definition of an
independant region of "microhardness”. The hardness values
so obtained for this region again showed scattered results
even though the gpparatus had a good mechgnlical precision.
The scattered observations may be attributed to the

following reasonss

(1) eqn, i.e. P = ad? is not valid.

(2) Microstructures exercise g considerable influence

on the measurements involving very small indentations.

(3 The experimental errors due to mechanicagl
polishing, preparation of specimen, vibrations, loading

rate, shgpe of indenter, measurement of the impression ete.

The term connected with the above test,
microhardness means the microindentation hardness, as it
actually refers to the hardness measurement on the
microscopic scale. Some axrthors prefer the term low load
hardness for the azbove term. This confusion has arisen
becaise these ranges have not been defined sharply. However,

three possible regions of vickers diagmond pyramid indentation



testing can be defined as follows:

(1 Mierohardness: From the lowest possible loads
upto a maximum of 200 gms and diameter of the indentation
upto 30 - 50 microns. The most characteristic region
comprisas of loads from 1 to 50 gms (5-15 microns diagonal

length).

(2) Low~lo ad hardness: Loads from 200 gms - 3 kgms
and diagmeter of indentations upto about 300 microns. The most

characteristic region comprises of loads from 200 gms to 1 kg.

(3 Standard hardness: Loads of over 3 kgms. This test
o
is glso referred to as the mjcrohardness testing.

Since the present study is made in the region of
. follwing
microhardness as defined in (1) above, thg/\paragraphs present
a brief review of the work reported. x..Qn - ..

micronardness of various crystaglse’ i
In the recent work done by many workers (1960
onwards) the hardness has been found to be increasing at
lower loads, then remaining constant for a range of higher
loads. Many workers reported the variagtion of microhardness

with load for many crystals e.g. Boyarskaya (1960), on



sodium chloride crystals; Yoshino (1965) on gluminium and
magnesium, Berzinag (1965) on alkali halide crystals, Gune
and Cox (1970) on gold crystals. They found that
microhardness increagsed rapidly at first with the increase
of load then decreased graduglly and finally became

independent of load.

Upit et al (1968) studied hardness variation
from the relation P = ad~ and found the value of n = 1.86
(+ 0.02) vhich is of course in agreement with that of
Dolidge (1959). Tﬁe value of n 1is independent of the
temperature, while temperature effects the value of constant
"at, They further observed that value of microhardness had

some relation with the motion gnd initigtion of dislocations.

Hardness variation with respect to impurity
content, temperature effect, loading time and depth and
thicknass %ariation was studied by many workers e.g. Atkins
et al (1966), Nabutovskaya et al (1966), Nekrasov (1966),
Shaskolskaya et al (1969). Winner et al (1963) observed an
increase in hardness with the increase in composition of
N aCl-NaBr solid solution single crystals. Caffyn and Matkin
(1963) studied the effect of divalent impurities on the
hardness of sodium chloride crystals. They observed increase
in hardness at room temperature by addition of caglcium

impurity in sodium chloride, single crystals. They correlated



hardness with dislocations gnd their motions. They
redefined hardness as a measure of the rate at which
dislocations dissipate energy when moving through a crystal

lattice.
10.4 grientation Variation:

The variation of hardness on different faces of
the same crystal is an established fact. If the indentations
are made along different direction on the sane face, values
of hardness are not usually found same, though the shagpe
of the indentation mark remains practically sane in a few
cases., Different values of hardness on the sgne face are

attributad to the anisotropic nature of the crystal surlace,

Bergsman (1945) observed a little variation in
hardness values with respect to change in orientation of
indenter for single crystals having high symmetry. However,
Henriyiques (1957 reported the dependence of hardness with
the crystallographic directions for sphglerite.

Boyarskaya and Volkovskaya (1962) has shown that the shape
of the indentation mark is dependent on the orientation of
the indenter with respect to the indented surfaces of cubic

crystals.
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There are many opinions about the canse of this phenomenon

change in the shape, hardness value etc. with the
orientation of the indenter with respect to a given X
direction on a crystal face. Mokievskil (1960) and others
rela‘céﬁthe nonsquare shagpe of the indentation mark to the
anisotropy of elastic properties of the crystals, while
Boyarskaya and his group (1962) relatef:’it to the anisotropy
of the plastic property. The hardness anisotropy was
S'tudjed on super pure and p'olycry‘stalline aluminium crystal
with the help of three different indenters by :E’eftty (1962) .
He observed pesks for the regular interval of 90°. The
variation was attributed to the pressure résolved in the
surface. Partridge and ROb@I"‘BS’ (1963) reported the
asymmetrical shape of digmond impression on maghesium and
zine crystals and attributed this to the basal slip,
pyramidal slip and twinning produced due to indentation. For
barilium and wurtzite compounds hardness variation with
orientation were reported by Kahn and Cline (1963).
Hardness maxima have a relation with the symmetry of [
particular face. This was shown for various faces. of silicon
ferrite and basgl plane of zine by Dunn and Daniels (1949),
Lendvay (1969) observed microhardness anisotropy in cubic
and hexagonal zinec sulphide crystagls. Brookes et al (1971)
confirm that the nature of anisotropy in hardness is

essentially determined by the crystal cstructure and primary
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slip systems which accomodate dislocabion motion during

indentation from the knoop indentation megsurements on

single crystals.

The present wrk on micmhardness of calcite
cleavage faces was undertghien to examine criticglly the
applicability of Kick's law viz. P = ad". The microhardness
was studied by indenting the freshly cleagved faces of calcite
crystals by using diamond pyramidal indenter of %Eckers
hardness tester, which will now be dlscribed briefly in the

following pages.

10.5 Indentation Technigue:

The diamond pyramidal indenter.equipment employed
for the indentation work in the present study, is used with
vicker projection microscope. Fig. 10.1 shows the complete

assembly of this equipment. The various parts are as follows:

1. Filar micrometer eyepiece in centering mount.

2 Tube length scale used for magnification setting.
3e Base plate contact anvil.

4o Bean contact tip;

5. Collet chuck securing specimen.

6. Calibrated welghts used W apply loegd.



7. Load center indicator.

8. Red signal lamp.

9. Auxiliary counter weights.
10. Counter weights.

11d. Digmond indicator objective.

12. Electricity supply terminals.

The whole egquipment (i.e. pivoted beam unit) is
fixed to the stage plate of the microscope by means of two
finger screws. On vnscrewing these, it can be removed and

placed to one side.

The support block for the load position is next

removed on releasing the finger screw and is secured in the

pocket gt the back of the microscope slide.

The socket for the vertical plillar should be to
the left hand side, as one faces the microscope. The
vertical pillar, horizonal bar and central pin are assembled
in position. The vertical position of the main bar is
chemked and if necessary adjusted by the use of the screw,
which is afterwards locked by means of the grub screw

progided.

The digmond indenter objsctive, assembled in its
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centering mount, is placed in position in the universal
illuminator. Adequate care ié tdcen to see that the
objective is accurately centered to the optical axis of the
instrument. Further the load position indicator pin is
carefully lowered, tdking care that its movement is truely
vertical and its point centered over the digmond indenter,
The horizontal bar is locked by its clamp screw and the

set screw limiting the rotation of the vertical pillar is
locked by its nut. The pin will now indicate the position
of the indenter within the range of its vertical movement
and may be clamped at any desired height just to clear off
the weight placed on the beam plate. The electrical
connection to the transformer or battery is then made to

complete the circuit for the 4V (1.2W) lamp.

The specimen to be tested is mounted with elther
araldite or galva cement on a bakelite or aluminium circular
dise (1 inch in diameter) to fit exactly in the collet
provided. The sarface o be tested should, of course, be
normal to the axis of the cylindrical mount. The mounted
specimen is then inserted into the collet and the milled
ring tightened with the ald of the double pin key until it
i1s firmly gripped into the holder. The collet is then
registered in the 'V gsideway and locked by means of the

clamp screw. The filar micrometer (reading to 0,01 mm on
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the micrometer drum) in its centering mount is assembled

and clamped to the end of the instmment eye piece tube. The
hinged lock screw should now be released and when electrical
contact is made, the lamp will illuminate the red window.
The bean must now be baglanced and this is accomgﬁlished by
the removal or addition of counter weights in the pocket
provided gnd the adjustments of the counter weight of the
screwed spindle. The vibrations due to the fan ete. should
be stopped, till the compleﬁion of the experiment, as the
flickering of the indicator lamp is of great assistance while
balapneing for meking the setting semsitiv§; i.e. the counter

welghts should be adjusted in such g way that contact can

just be maintained. Under these conditions, the contact will
bredt on gently tapping the main casing of the instrument
with the fingers. The sensitivity in the present case was

maintained for 100 mgy -

Care is tgken to see that the weights are placed
just above the diamond indenter with the help of pre-set

vertical pin indicating load position.

The selection of the load depends upon the

3 ot .
materiagls or for minute crystalline siructures. Generaglly,

a load selected must give zn impression of at least



10 ¢ diameter.

The region to be indented is scanned with the |
help of the reading objective and then the dismond indenter
is_placed properly in the centering mount. After ensuring
that the fine motion mechsnism is near the lower limit, the
stage 1s lowered by course motion slide until the surface
is approximately in focus and then clarping the slide, the
fine motion mechenism is used to raise the indenter al. 02
objective until the diamond mgkes contact with the specimen

isurface and lifts it suffieciently to bresk the contact
between the cofinductors as denoted by the extinction of the
red light. Thé speed of this fine motion drum should be
malntained at 15 <« per second, in order to maintain the
static nature (basis) of the test. Strict count of the
revolutions should be kept as fine motion is advanced, the
clearance of the indenter showld be 7 revolutions. The tube
length shoul% be kept at 242 mm ond the contact of the
digmond indenter with the specimen surface should be
maintained for gbout 15 to 30 seconds (depending upon the
test materiagl). Oon reversing, the indenter speed should be
the sgme (1534 per sec.) then the indented region is
exanined by the reading objective through the filar eyepiece

(total magnification x 80).

Then g series of indentations are to be made on a
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crystal surface, the distance between any two consecutive
indentations should not be less then twice the length of ~the
diagonal. In the present work this distance is kept eight
times g;a'diagonLW length. The precantion is tdien to present
conpletely the interference of plastic flow around the

)

impressions.

It is important that the impression produced by
‘the diamond, should be a square and if an error exists in
the axigl setting of the pyramid or the levelling of the
sanple t be tested, it should be checkzed first. The
anisotropy of crystal surface may play a part and the

. n. ,
mpression may not be a sguare, thepi 1t should be

[

symnetricsgl, i.e. it should be slongated along a diagcnal

in a symmetrical fashion.

This hardness tester was utilized by the present
author to study (1) variation of hardness with load and
(ii) effect of orientation of indenter with respect to a

iven direction on crystal face on its microhardness. These

jige]

observabtions will now be reported in the next chanter.



