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The hardness of PbO-Zn0-B.,0, glasses

N. SHINKAI,* R. C. BRADT, G. E. RINDONE
Ceramic Science and Engineering Program, Department of Materials Science and
Engineering, The Pennsylvania State University, University Park, PA 16802, USA

Glasses were prepared within the ternary PbO—Zn0—-B,0; system and their micro-
hardnesses were measured. Maxima in the hardnesses were found at about the 60 mol %
B,0; composition and were related to the glass structure. Trends of the hardnesses were
explained in terms of the coordination of the boron and the effects of the PbO and ZnO

on the structure as well as the void fraction within the glass. The hardnesses and the
Young's elastic moduli were observed to be related and are also discussed.

1. Introduction

Glasses with low-temperature softening ranges are
of interest for utilization in various electronic
applications as solder glasses. An important
oxide glass system for these applications is the
ternary PbO—-ZnO—B,0; system [1], which has
been extensively studied in terms of many of its
properties, including its thermal expansion,
viscosity and chemical durability. However, with
the exception of elastic moduli and fracture tough-
nesses [2], most of the mechanical properties have
not been systematically investigated, even though
they are critical to many industrial applications.
In this paper, a systematic study of the Vickers
microhardness of several series of glasses in the
PbO—Zn0—B,0; system is reported and the trends
are discussed in terms of the structural changes
of the glasses and their void fraction.

2. Experimental procedures

Individual glasses within the glass forming region
of the ternary PbO-Zn0O—B,0; systems were
prepared at the PbO :ZnO molar ratios of 1:0,
3:1, 1:1, 1:3 and 0:1 for B,O3; contents of
30, 40, 50, 60 and 70 molar per cent. A total of
18 different homogeneous glasses were obtained,
while several of the 50 and 60mol % B,05; com-
positions yielded immiscible melts. Chemical
reagent grade red lead oxide (tetra), zinc oxide
and boric anhydride were batched then melted
in platinum crucibles in air for 1 and 1.5h
between 850 and 1200° C depending on the com-

position. During melting the glasses were stirred
to aid in their homogenization. Plates were cast
in 0.5cm x 2.5 cm x 7 cm preheated stainless steel
moulds and then immediately annealed. The end
member compositions were analysed and are
reported elsewhere along with additional sample
preparation details [3].

In addition to measuring the microhardnesses,
the densities were determined by the Archimedes
method using kerosene at room temperature.
Microhardnesses were determined on specimens
which were successively polished with finer
diamond pastes to a 1um final polish and then
stored in a vacuum dessicator until immediately
prior to measurement. The microhardnesses were
determined using a Vickers diamond indentor by
automatically applying a 100 g load over a 15 sec
interval. The results are reported as the average
and the 95% confidence interval for five distinct
symmetrical indents for each composition.

3. Results and discussion

The Vickers microhardnesses of the glasses are
listed in Table I. The softest glass was the 70 mol %
PbO, 30mol % B,0; composition, only 287kg
mm~? while the hardest glass was the 20 mol %
PbO, 20 mol % ZnO, 60 mol % B,05 composition.
It’s hardness was 797 kgmm ™2, nearly three times
that of the softest glass. It is evident from Table [
that substituting ZnO for PbO increases the hard-
ness of these glasses and that there appears to be
a maximum in the hardness at near the 60 mol %
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TABLE I Room temperature Vickers hardnesses for the PbO—ZnO-B,0, glasses

PbO/Zn0O B,O, content

(molar ratio) 30mol % 40 mol % 50mol % 60 mol % 70 mol %
1:0 287+ 8 380+ 5 433 + 19 554 + 32 525 + 14
3:1 345 + 11 454 + 12 554 +22 612 + 29 599 + 24
1:1 380+ 7 498 + 21 685 + 28 792 + 30 673 + 24
1:3 612 + 28 772 + 46

0:1 681 + 48

B,0; composition for each PbO/ZnO molar
ratio.

Fig. 1 illustrates these trends for the 18 homo-
geneous glasses and also depicts the results of
Osaka er al. [4] for binary PbO-B,0; glasses.
The observed trends of this study are in good
agreement with those of Osaka et al; however,
the individual microhardness values of the the two
studies diverge at the higher B,0O; contents. This
minor difference is probably the consequence of
the numerous features of the microhardness test
itself which lead to poor reproducibility as dis-
cussed by Ernsberger [5]. The important features
of the two studies are their agreement of increasing
hardness trends with B,O; content and the exis-
tence of a microhardness maximum at about
the 60 mol % B,03 composition. Osaka ef al. [4]
attribute this hardness maximum to a maximum
in the Pb—O bond strength, citing the study of
Shartsis and Newman [6] which reports a heat
of solution maximum in the same region.
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Figure 1 Room temperature Vickers microhardncss of the
PbO-Zn0O-B,0, glasses.

Although no universally accepted process or
mechanism for the hardness response of a glass
has yet evolved, hardness has been related to a
yielding of the glass structure [7, 8], a critical
stress for densification [9, 10] and to plastic flow
concepts [11, 12]. Since each of these processes
may be envisioned as structurally dependent ones,
it may be equally appropriate to simply relate the
hardness trends to structural changes rather than
to contrasting the aforementioned processes. The
structure of various borate glasses has attracted
the attention of a number of analysts and may
be applied to explain some of the hardness trends
in these glasses.

In the higher borate content glasses the struc-
tural changes induced by the addition of PbQ and/
or ZnO appear to be particularly significant and
can be applied in conjunction with the structure’s
void fraction to explain the hardness trends. As
indicated by Bray and co-workers [13, 14] the
addition of PbO to B,05 changes the boron coor-
dination from 3 to 4 and the overall structure
assumes more of a three-dimensional framework
structure in contrast to a planar interlinking net-
work of BO3™ groups. As indicated by Makashima
and Mackenzie [15], this increases the Young’s
elastic modulus of the structure. Furukawa and
White [16] suggest that ZnO substitution for PbO
simply tightens the glass structures without addi-
tional significant structural changes. According to
Bray and co-workers [13, 14], the PbO (ZnQ)
initially is a structural modifier linking the BO3~
and BO3™ groups through two oxygens; however,
at increasing PbO contents, the PbO participates
in the network in the form of PbO$™ pyramids.
The introduction of PbO or ZnO also increases
the void fraction of the open space with the glass
structures. Since the improved three-dimensional
framework character of the structure can be
visualized to improve its resistance to shear flow
and also to any densification in the vicinity of a
hardness indentation, both can be visualized to
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TABLE Il Densities, molar volumes and calculated
void fractions of the PbO~ZnO-B,0, glasses

Glass* Density Molar volume  Void fraction
p(gem™  V(ecm*mol™ ¢ (%)
(30/1:0) 6.858 25.83 449
(30/3:1) 6322 24.09 43.7
(30/1:1) 5.727 22.26 41.2
(40/1:0) 6.192 26.12 422
(40/3:1)  5.800 24.22 39.7
40/1:1) 5.167 23.07 38.9
(40/1:3)  4.490 21.81 37.7
(40/0:1) 3.687 20.79 37.0
(50/1:0) 5.730 25.55 37.2
(50/3:1) 5.293 24.31 35.7
(50/1:1) 4.756 23.33 34.8
(50/1:3) 4.113 22.67 347
60/1:0)  5.063 25.88 343
(60/3:1) 4602 25.39 34.3
(60/1:1)  4.096 25.07 34.8
(70/1:0)  3.267 27.11 33.8
(70/3:1)  4.037 26.02 32.0
(70/1:1)  3.671 25.72 32.1

*(30/1:0) refers to 30mol% B,0, and a PbO:ZnO
molar ratio of 1: 0.

increase the microhardnesses. In contrast, a more
open structure containing a greater void fraction
should be more susceptible to densification and
thus exhibit a lower hardness. The contrasting
effects of these two competing processes can
result in a hardness maximum, similar to that in
evidence in Fig. 1.

It is of interest to more directly examine the
effects of the void fraction within these glass
structures on the hardness, for it appears to relate
directly to the ability of the glass to densify
beneath an indenter. The void fraction ¢ of a glass
can be defined as:

N 0.0}
-i-f

where V, is the molar volume and V is the vol-
ume occupied by the constituent ions. ¥, may be
calculated from:

V0=

(1)

4
?Z"?ni
i

where r; is the radius of each ion and the ny is the
number per mole of each ion in the glass structure
[4]. Applying ionic radii from the tabulation of
Lange [17] vyields the results summarized in
Table II. These calculations reflect the openness
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Figure 2 The effect of void fraction on the Vickers micro-
hardness of PbO—-Zn0-B,0, glasses.

of the structure when the PbO or (ZnO) content
is increased as previously discussed.

Fig. 2 illustrates the effects of void fraction on
the microhardness. It is evident that the higher
void content glasses are the softest, as might be
expected; however, perhaps even more significant
is the scatter about the obvious trend line. The
highest void content, lowest B,05 content glasses
exhibit almost an exact linear trend of decreasing
microhardness with increasing void fraction, sug-
gesting that the void fraction completely domi-
nates the hardness in this structural regime. How-
ever, in the lower void content glasses, the scatter
about the trend line is substantial, indicative of
additional factors affecting the hardness. It is thus
appropriate to attribute a significant portion of
the hardness decreases between 60 and 30 mol %
B,0; to an increased openness of the glass struc-
ture. It appears significant that the void fraction
dominates the hardness only for the lowest B,O,
content glasses and suggests that densification
of the glass beneath the indentation may be par-
ticularly important for those glasses.

It is likely that it is the formation of BO™ and
PbO§~ groups and their contribution to the three-

" dimensional network structure, plus the dense
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Figure 3 The Vickers microhardness and Young’s elastic
modulus trends of the PbO~ZnO-B,0, glasses.

packing of the structure which leads to the hard-
ness maximum at about 60 mol % B,03. The lower
hardnesses at 70 mol % B,0; for the glasses in this
study and that of Osaka er al. [4] as well, also
appear to be related to a structural effect. The
Raman spectra of the 70 mol % B,0; glasses [16]
revealed a peak at 805cm™ characteristic of a
boroxyl group, although the lower B,O; glasses
did not. The result of Konijnendijk and Verweij
[18] support this observation and suggest that the
70mol % B,0; glasses represent a structural tran-
sition from a higher B,0; content boroxyl-group
dominated structure to boroxyl-group-free glasses
of lower B,0; contents. The results in Fig. 1 sug-
gest that the presence of the boroxyl group may
be a contributing factor to the lower hardnesses
of the 70 mol % B,0; glasses.

Although it was previously noted that some
controversy persists regarding the specific pro-
cesses during hardness indentation of glasses, it
is generally accepted that hardness and Young’s

elastic modulus are related [5, 19]. Fig. 3 illu-

strates the form of that correspondence for these
glasses. It is evident that a general trend of
increasing hardness with increasing Young’s
elastic modulus persists. It is also interesting that
the different B,Oj; contents, indicative of different
glass structures lie on straight lines which extra-
polate toward the origin. Even though the elastic
modulus measurements are made at very small

strains and the hardness indents produce extensive
deformation, the effects of the glass structure are
obviously very important in determining both
properties.

The slope of the 30mol% B,0; glasses sub-
stantially exceeds the slope of the 70 mol % B,O3
glasses and together they form the bounds for the
other compositions. At the 50GPa Young’s
modulus level, the high B,0; glass has a 50% higher
hardness but only about a 25% more open struc-
ture. This clearly illustrates the importance of the
void fraction as determined by the glass structure
and presumably also the role of densification
below the indentation in determining the hardness.

4. Summary and conclusions

A systematic study of hardness variations in the
ternary PbO—Zn0-B,0; glass system was com-
pleted at room temperature. It was observed that
the microhardnesses varied by a factor of three
within these glasses and exhibited a distinct maxi-
mum at about 60mol% B,0i;. The existence of
this maximum in the hardness is related to the
structure of these glasses, specifically the develop-
ment of an extended BO;™ plus PbO§™ network
and the openness or void fraction within the glass.
The hardnesses also exhibit a direct relation to
the Young’s elastic moduli in a manner which
reflects the existence of structural trends.
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