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Microhardness indentation size effect studies
in 60B,03-(40-x)PbO-xMCIl, and 50B,05;-
(50-x)PbO-xMCIl, (M = Pb, Cd) glasses
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The microhardness of glasses of the system 60B,03-(40-x)PbO-xMCl, and
50B,03-(50-x)PbO-xMCIl, (M =Cd, Pb) was investigated for 20 different compositions over a
wide range of applied loads. The microhardness number was found to increase rapidly at
lower values of the load, then to increase at a slower rate and finally it attained a constant
value above 200 g load. The load dependence of the apparent hardness in the low load
region is discussed. The indentation size effect (ISE) on the microhardness is discussed and
the load independent true microhardness values are evaluated. The dependence of true
microhardness value with increase in mole percentage of PbCl, or CdCl, is discussed based
on the expansion of the borate matrix. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Microhardness is an important parameter often used
to define the mechanical properties of a material on a
microscopic scale [1]. In a diamond pyramid micro-
hardness tester, a diamond indenter is impressed on a
surface at a known load for a known period of time.
The area of indentation remaining after removal of the
indenter is calculated from the width of the impression
of the indenter. The applied load divided by area of
the indentation is defined as the hardness (H). Accu-
rate measurements of the hardness of brittle materials
have been difficult due to the dependence of hardness
on load [2]. This presents a problem to investigators
because in the load dependent region making com-
parison between hardness of materials is difficult. The
shape of the diamond indenter in microhardness testing
can be square pyramid (Vickers) or elongated pyramid
(Knoop). Vickers (square pyramid) indentation method
is best suitable for hardness measurements in glasses
and other brittle materials, because the contact pressure
for a pyramid indenters are independent of the indent
size and maintains geometry of the indentation pattern
even after the onset of cracking.

The indenter gives geometrically similar indentation,
so that the measured hardness must be independent of
the applied load [2]. But it is experimentally well estab-
lished that apparent hardness measured in a low load
range decreases [3—5] or increases [6—8] with increase
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in applied load. According to Gong and Li [9], the for-
mer is called indentation size effect (ISE) and the latter
is called reverse indentation size effect (RISE). ISE is
traditionally described on the basis of Mayer’s law [10].

P = Ad" (1)

where P is the indentation test load and d is the resulting
indentation size. A and n are descriptive parameters de-
rived from the curve fitting of the experimental results.
The value of n is expected to be 2 in the absence of ISE
[5]. Although the Mayer law has been well proved to be
suitable for representing the experimental data, neither
an explanation of the physical meaning of the power ex-
ponent nor the cause of the indentation size effect has
been satisfactorily achieved [5]. The load dependence
of the hardness was studied on the basis of variety of
phenomena, and several empirical equations were pro-
posed for representing experimental data [5, 11-13].
Recently Gong and Li [9] based on energy balance
consideration originally proposed by Frohlich et al.
[14] derived a semi empirical equation to estimate the
true hardness of the test specimen independent of the in-
denter geometry as well as indentation size. The validity
of the semi empirical equation was examined using pre-
viously published experimental data, in which apparent
hardness increases with decrease in load. Gong and Li
[9] proposed that, the same equation can be used to
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evaluate the true hardness when the apparent hardness
value increases with increase in indentation size known
as reverse indentation size effect (RISE). The reports
on RISE in glasses are very limited. To examine ISE or
RISE critically it is necessary to evaluate an extensive
set of experimental microhardness measurements on
one material or related materials. Glasses can be used
to examine ISE critically because glasses have certain
advantages over their crystalline counter part. Glasses
are isotropic and avoid the problems associated with
the grain boundaries in poly crystalline materials. Also
there is a possibility of continuously varying the glass
composition.

The purpose of the present work is to examine the
RISE based on the energy balance considerations pro-
posed by Gong and Li [9] on 4 set of glass sam-
ples (60B,03-(40-x)PbO-xMCI, and 50B,03-(50-x)
PbO-xMCl, (M = Cd, Pb) for different compositions.
The load independent microhardness values of these
glass samples are calculated using the empirical relation
given by Gong and Li [9]. The calculated true hardness
values were compared with experimentally determined
microhardness values. The variations of true hardness
values with addition of PbCl, or CdCl, in the glass
systems are discussed.

2. Experimental
60B,03-(40-x)PbO-xMCl, and 50B,03-(50-x)PbO-
xMCl, M = Cd,Pb) (x = 10, 12.5, 15, 17.5, 20)

glasses of different compositions (Tables I and IT) were
prepared from appropriate amounts of analar grade
H3;BO3, PbO, and CdCl, or PbCl,. Calculated quan-
tities of the chemicals were mixed thoroughly in an
agate mortar and heated in an electric furnace for 1 h at
500°C in a porcelain crucible. This ensured the com-
plete decomposition of H3BOs3. During the prepara-
tion of glasses containing PbCl, or CdCl, consider-
able amount of vapour loss (Chlorine) occurs during
the melting process. To minimize such a loss the closed
crucible was immediately transferred in to another fur-
nace kept at 850 to 950°C depending upon composition.
The melting process was continued for 15 min. The melt
was then poured in to a brass mould and pressed by an-
other, to quench the melt and to obtain glass discs of
diameter 2 cm and thickness 1 cm. The samples were
then annealed in a furnace preheated to 300°C for 3 h
and then allowed to cool to room temperature. The sam-
ples were then polished using fine grade emery papers.

The micro hardness of the glass samples was mea-
sured by using Vickers indentation method. A hard-
ness tester (Leitz miniload L) fitted with a diamond
pyramidal indenter, attached to an incident light mi-
croscope was used for the study. The Vickers diamond
indenter was applied perpendicular to the glass sam-
ples at different sites having no surface defects. The
load P was varied from 5 to 500 g and the time of in-
dentation was kept constant at 30 s for all measure-
ments. The distance between any two indentations was
kept more than five times the diagonal length of the

TABLE I Sample code, glass composition, best fit parameters in Equation 3, True hardness, and measured hardness for a load 200 gm of samples
60B,03-(40-x) PbO-xPbCl, and 50B,03-(50-x) PbO-xPbCl, of different composition

Best fit parameters in Equation 3

Microhardness values (GPa)

Sample True microhardness Measured hardness at
code Glass composition ao (Jm)  a; x 10° J/m?)  ap x 10° J/m’)  (Hy) 200 gload (Hy)
BPP1 60B,03-30PbO-10PbCl, —0.421 3.06 2054.67 3.81 3.78

BPP2 60B,03-27.5PbO-12.5PbCl, —0.302 9.64 2074.46 3.85 3.78

BPP3 60B,03-25PbO-15PbCl, —0.641 31.17 2047.15 3.80 4.47

BPP4 60B,03-22.5PbO- 17.5PbCl, —0.615 27.61 1954.96 3.61 4.01

BPP5 60B,03-20PbO-20PbCl, —0.752 32.09 1893.95 3.51 4.04

BPP6 50B,03-40PbO-10PbCl, —0.688 16.88 2096.31 3.88 3.92

BPP7 50B,03-37.5Pb0O-12.5PbCl, —1.183 43.18 2164.92 4.01 4.47

BPP8 50B,03-35PbO-15PbCl, —0.760 26.413 2043.26 3.84 4.04

BPP9 50B,03-32.5Pb0O-17.5PbCl, —0.813 28.375 1941.31 3.6 3.91

BPP10 50B,03-30PbO-20PbCl, —1.223 46.316 1960.48 3.52 4.04

TABLE II Sample code, glass composition, best fit parameters in Equation 3, True hardness, and measured hardness for a load 200 gm of samples
60B,03-(40-x) PbO-xPbCl, and 50B,03-(50-x) PbO-xPbCl, of different composition

Best fit parameters in Equation 3

Microhardness values (GPa)

Sample True microhardness Measured hardness at
code Glass composition ag (J/m) a; x 103 (J/m?) ap x 10° (J/m?) (Hy) 200 gload (Hy)
BPC1 60B,03-30PbO-10cDCl, —0.504 16.75 2436.32 4.52 4.81

BPC2 60B,03-27.5Pb0O-12.5CdCl, —0.527 19.33 2269.33 421 4.64

BPC3 60B,03-25PbO-15CdCl, —0.598 29.717 1852.02 343 4.04

BPC4 60B,03-22.5PbO- 17.5CdCl, —0.601 34.86 1839.84 3.41 4.32

BPCS5 60B,03-20PbO-20CdCl, —0.476 32.97 1731.17 3.21 4.18

BPCo6 50B,03-40PbO-10CdCl, —0.543 19.91 2214.64 4.11 4.14

BPC7 50B,03-37.5Pb0O-12.5CdCl, —0.576 28.25 2131.8 3.95 447

BPC8 50B,03-35PbO-15CdCl, —0.577 29.84 2041.57 3.78 4.47

BPC9 50B,03-32.5Pb0O-17.5CdCl, —0.435 19.73 1914.32 3.55 447

BPC10 50B,03-30PbO-20CdCl, —0.657 38.59 1719.44 3.18 4.64
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indentation, to avoid mutual influence of the indenta-
tions. For each load, ten trials of indentation were car-
ried out and the average value of the diagonal length
of indentation marks was determined. The indentations
were carried out at room temperature. The diagonal
length measurement was made on selected impressions
having perfect square shape.

The hardness number H is defined as the ratio of ap-
plied load (P) to the contact area (A), between indenter
and the sample i.e.

H=P/A

In the case of square based Vickers microhardness
tester, microhardness number H, were calculated us-
ing the relation

H, = 1.8544P/d* (K;/mm?) ()

where P is the applied load in K, and d is the diagonal
length of the indentation in mm.

Gong and Li [9] modified Equation 2 by consider-
ing the energy balance consideration and proposed an
empirical equation to represent the experimental data.

P =ay+ aid + ard? (3)

where ag, a; and a, are constants. P is load in N and d
is the indentation diagonal length in mm. ay and a; are
function of true hardness, surface energy and experi-
mental errors and the value of a, depends only on the
true hardness given by

ar = Hr/1.8544 4)

where Hr is the true microhardness of the test material,
independent of indenter geometry and indentation size.
Also from Equation 3

agn a)
AH = H, — Hy = 1.8544(ﬁ + 3) (5)

where H, is the apparent Vickers hardness number
expressed in GPa, Hr is the true hardness and AH
is the difference between apparent hardness and true
hardness. In the case of reverse indentation size effect
(RISE) in which apparent hardness increases with in-
creasing indentation size A H increases with increase
ind.

3. Results

Variation of microhardness of the glass samples with
applied load is shown in Fig. 1. All the 20 glass samples
in the present study showed similar variations. It can be
seen that (Fig. 1) the hardness number increases rapidly
at lower values of the load, then increase at a slower rate
and finally attains practically a constant value.

Typical plots of indentation diagonal length (d) vs.
applied load (P) for selected glass samples under
study are shown in Fig. 2. The solid lines in the plots
are obtained by polynomial regression according to
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Figure 1 Variation of microhardness (Hy) with load (P) of (a) 60B,0O3-
30PbO-10PbCl,, (b) 50B,03-40PbO-10PbCl,, (c) 60B,03-30PbO-
10CdCl,, and (d) 50B,03-40PbO-10CdCl, glasses.
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Figure 2 Plotof indentation size (d) as a function of applied load (P) for
(a) 60B203-30PbO-10PbCly, (b) 50B,03-40PbO-10PbCl;, (¢) 60B, O3-
30PbO-10CdCl,, and (d) 50B,03-40PbO-10CdCl; glasses.

Equation 3. From the figure it is clear that Equation
3 can be used to represent the experimental data. The
best-fit parameters included in the Equation 3 for all
the 20 samples are recorded in Tables I and II. The true
hardness value Hr is calculated from Equation 4.

Plots of true microhardness number (Ht) vs. mole
percentage of PbCl, or CdCl, contained in the glass
samples are shown in Fig. 4. It can be seen that the true
microhardness value (Ht) decreases with increase in
mole percentage of PbCl, or CdCl, (Fig. 4).

4. Discussions

4.1. Indentation size effect

In Vickers hardness tester, the diamond indenter is a
square pyramid and the shape of the indentation does
not vary with load. According to the principle of ge-
ometrical similarity, a large indentation is a magnified
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picture of a small indentation. Hence hardness should
be independent of the load [1]. But, experimentally
measured microhardness number in the low load re-
gion decreases (ISE) or increases (RISE) with increase
in load. In the present study it can be seen from Fig. 1
that in the low load region measured microhardness in-
creases with increase in load. This indentation load or
size effect on the microhardness, was attributed to a
verity of phenomenon like work hardening during in-
dentation [2], load to initiate plastic deformation [11],
the indentation elastic recovery [15], plastic deforma-
tion band spacing [16] and effect of distorted zone [6, 7]
etc. Surface polishing of the sample prior to indentation
can also be a cause of ISE, because surface polishing
introduces plastic deformation and cracks into the mate-
rial adjacent to the surface [12, 17]. But the exact cause
of the indentation load or size effect has not satisfacto-
rily been determined [5]. At small loads, the indenter
may penetrate only to the vicinity of the surface. With
increase in load, penetration depth increases. Beyond
a certain limit, the indenter penetrates beyond the sur-
face and the bulk density of inner zone may be different
from the surface density. For all the glass samples in the
present study [60B,03-(40-x)PbO-xPbCl,, 60B,03-
(40-x)PbO-xCdCl,, 50B,03-(50-x)PbO-xPbCl, and
50B,03-(50-x)PbO-xCdCl, ], H, was found to be prac-
tically independent of the load above 100 g. Hennicke
and Vaupel [18] reported that for silica glass samples
the hardness was load independent above a critical
load but load dependent below that load and the crit-
ical load was approximately 0.8 N for silica glasses
[18].

Using the best-fit values of the parameters ay and
a; listed in Tables I and II, the difference between
the values of the apparent hardness and true hardness
AH = H, — Hr can be calculated as a function of in-
dentation size according to Equation 5. Fig. 3 shows the
typical plots of the absolute value of A H as a function
of indentation size. It can be seen that AH decreases
with increase in indentation size and hence with applied
load. Beyond a limiting load, A H approaches zero.

AH (GPa)
T

T T T T T T T T
0.01 0.02 0.03 0.04 0.05
d (mm)
Figure 3 Plot of absolute value of AH as a function of indentation

size for (a) 60B,03-30PbO-10PbCl,, (b) 50B,03-40PbO-10PbCly, (c)
60B,03-30PbO-10CdCl,, and (d) 50B,03-40PbO-10CdCl, glasses.
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The value of the true microhardness Hr, and experi-
mentally determined microhardness H, for an applied
load of 200 g, for all the glass samples in the present
study are given in Tables I and II. It was found that
value of H, was larger than Hy in all most all cases
(Tables I and IT). The test specimens used in the present
study were polished mechanically. Surface polishing
removes material mechanically and introduces resid-
ual stresses on the surfaces of test specimen [19, 20]
which in turn produces plastic deformation and cracks
in the region adjacent to the surface [12, 13]. In the
microhardness study of chalcogenides glasses of the
system Se-Ge-As, Michels and Frischat [17] reported
that some of glass samples showed a difference in sur-
face hardness and volume hardness and it was attributed
to the influence of surface polishing. In microhardness
testing, a sharp indenter plastically deforms small vol-
ume of the material adjacent to the surface. Although
a qualitative analysis relating to the effect of plasti-
cally deformed surface on the hardness is still lacking
[12], there are reasons to believe that the experimen-
tally observed microhardness values (Hy) are different
from the true microhardness value (Ht) (Tables I and
IT). The true microhardness value (Hr) is independent
of the indentation size and is free from the possible
experimental errors in microhardness testing.

4.2. Compositional dependence

The dependence of Vickers microhardness number H,
on the composition is presented in Fig. 4 can be ex-
plained on the basis of structural changes occurring
in the borate glass matrix. The change from triangular
BOs to tetrahedral BO4 groups with decreasing mole
percentage of B, O3 is the major feature of the structural
change in binary [21] and ternary borate glasses [22].
In addition, the non-bridging oxygen (NBO) in borate
glasses plays an important role in deciding the struc-
tural changes with composition of glasses. The pres-
ence of BO, tetrahedra with bridging oxygen in the
glass structure will cause maximum connectivity of the
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Figure 4 Plot of true microhardness number Hr vs. mole percentage of
PbCl, or CdCl; in 60B,03-(40-x)PbO-xMCl, and 50B,03-(50-x)PbO-
xMCl, (M = Pb, Cd) glasses.



glass network giving more rigidity to the structure and
resulting in an increase in microhardness.

Doweidar et al. [23] reported the study of micro-
hardness of ZnO-PbO-B,03 glasses and observed that
a sudden decrease of microhardness (H,) number oc-
curred between 60 and 62.5 mole percentage of (ZnO
+ PbO). The decrease in microhardness was attributed
to the expansion of glass network due to the formation
of non-bridging oxygen.

It is generally accepted that the molecular building
block of vitreous B,Oj3 is planar BOj triangles, which
are linked at the corners to form two-dimensional net-
work [24]. The addition of PbO to the B,O3 network
converts BOj3 units into BO4 tetrahedra until one half of
the boron-oxygen units are tetrahedra, with Pb>* ions
acting as charge compensators for negatively charged
BO, units [25-27]. Beyond this concentration, the
structure begins to depolymerized and non-bridging
oxygens (NBO) are formed in the network.

For a constant concentration of B,O3, when PbCl,
is substituted for PbO in B,03-PbO-PbCl, glass sys-
tem, a local change in the structure is expected [28].
Substitution of PbCl, for PbO results in direct replace-
ment of one O®~ ion for two CI™ ions. As more and
more PbCl; is substituted for PbO, the C1™ ion concen-
tration in the network increases. In addition, the ionic
radius of CI™ ions (0.181 nm) is larger than that of
O™ ions (0.132 nm). As a result the glass network be-
comes systematically weakened and a more open net-
work is formed, in order to accommodate of the excess
chlorine ions [28]. Development of an open structure
through the formation of non-bridging chlorine [26] or
non-bridging oxygen would, there for lower the micro-
hardness of the glass samples in the present study.

In order to check whether decrease in microhardness
value was due to the excess Cl™ ions in the network,
in the case of 60B,03-(40-x)PbO-xCdCl,, 50B,03-
(50-x)PbO-xCdCl, glasses, CdCl, was substituted for
PbO, in a similar fashion as PbCl, was substituted for
PbO in 60B,03-(40-x)PbO-xPbCl, and 50B,03-(50-
x)PbO-xPbCl; glasses. In 60B,03-(40-x)PbO-xPbCl,
and 50B,03-(50-x)PbO-xPbCl, glasses when PbCl,
was substituted for PbO, the total Pb content remained
constant in the glass system while the chlorine ion
concentration increased. But in 60B,03-(40-x)PbO-
xCdCl,, 50B;03-(50-x) PbO-xCdCl, glasses, CdCl,
was substituted for PbO, the chlorine ion concentration
increased in a similar way as in the case of 60B,03-
(40-x)PbO-xPbCl, and 50B,03-(50-x) PbO-xPbCl,
glasses, while the Pb content concentration decreased.
The variation of true hardness value (Ht) in CdCl, sub-
stituted glasses show a variation similar to that of PbCl,
substituted glasses (Fig. 4) indicating that decrease in
microhardness value is due to the expansion of network
due to the excess of Cl~ ions in the network and not
due to the cations (Pb?>*, Cd**) in the glass structure.

5. Conclusion

Vickers microhardness of glasses of the system
60B,03-(40-x) PbO-xMCl, and 50B,03-(50-x)PbO-
xMCl, (M = Cd, Pb) was investigated for 20 different

glass compositions. The hardness number showed an
increase in its value up to a load of 200 g and then be-
came practically a constant. At smaller loads (<100 g),
the hardness increased rapidly. The indentation size
effect (ISE) on the microhardness was discussed and
the load independent true microhardness values were
evaluated. The decrease of true microhardness with in-
crease in mole percentage of PbCl, or CdCl,was dis-
cussed on the basis of expansion of the glass network
due to the incorporation of excess of CI™ ions in the
network.
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