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Mechanical Properties of PbO-B,O3 Immiscible Glasses
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The present study is concerned with the mechanical properties of phase-separated glasses with
particulate microstructure. Vickers hardness, flexural strength, fracture toughness and fracture surface
energy of PbO-B;O; immiscible glasses were measured. The experimental results were interpreted in
terms of the properties and amounts of the constituent phases and the microstructural effects.
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I. INTRODUCTION

In the last decade, a number of basic studies have been made to relate mechanical
properties of brittle matrix, particulate composites to both the microstructural para-
meters and the properties and amounts of the constituent phases. These studies have
shown that the mechanical properties of such materials can be influenced not only by
the amount, size and shape of the dispersed particles but also the relative mechanical
and physical properties of the particle and matrixl.2) However, it is still difficult to
generalize the effect of a second-phase dispersion on the deformation and fracture
behaviour of brittle materials.

It is the purpose of the present investigation, by concentrating upon one simple
two-phase glass system, to gain further understanding of the basic deformation and
fracture mechanisms of brittle matrix, particulate composites. The immiscible glass
compositions in the PbO-B;O; system was chosen for study. This system has one of
the best characterized immiscible phase boundaries, which lies between about 1-44

wt%, PbO.3-5)

II. EXPERIMENTAL PROCEDURE

The glass samples containing 0 to 45 wt%, PbO were prepared. Sample fab-
rication and microstructural characterization technique were already described
elsewhere.7

1. Hardness

Finely polished specimens about 3 mm thick were used for indentation hardness
measurements. Indentation tests were performed using a Vickers diamond pyramid

* 2 A, #¥F {#: Department of Industrial Chemistry, Faculty of Engineering, Kyoto Universi-
ty, Sakyo-ku, Kyoto.
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with a micro-hardness tester at room temperature under a dry N, environment.
Twenty indentations were made for each specimen with a time of 5 s at full load of a
100 g weight.

2. Strength

Flexural strength was measured using rectangular bars 8 by 4 by 40 mm.
Measurements were made with a testing machine using three-point loading over a
32 mm span. All measurements were made in air at room temperature at a loading
rate of 0.5 mm/min. Six to ten specimens were fractured for each PbO content.

3. Fracture Toughness and Fracture Surface Energy

Fracture toughness values were determined using the three-point bend test of a
single-edge-notched-beam(SENB) along with the Vickers indentation technique. The
latter method has been developed over the last several years based upon a fracture
mechanics analysis of the indentation fracture problem.8~1 The applicability of the
indentation technique to fracture toughness evaluation of the present phase-separated
glasses has been recently examined by the authors.® The purpose of additional use
of the indentation method is to obtain toughness values at Jower PbO composition
range in which SENB specimen fabrication is rather laborious and difficult.

SENB specimens 8 by 4 by 40 mm were prepared. Specimens were tested in
three-point bending over a 32 mm span at a cross-head speed of 0.5 mm/min. All
measurements were carried out in air at room temperature. At least 6 specimens for
each PbO content were tested. Fracture toughness values K;, were evaluated from
specimen - dimensions and fracture load using the equation given by Brown and
Srawley.1V

The fracture toughness determinations by indentation testing were made on finely
polished specimens similar to those used for hardness measurements. Indentation
tests were performed using a Vickers diamond pyramid with a micro-hardness tester
at room temperature under a dry N, environment. The surface traces of the cracks
extending from the impression corners were measured by optical microscopy about
30 minutes after the load was removed. At least 30 separate indentation fracture
patterns were produced on each specimen surface under an indenter load of 1 kg.
Relative toughness values £ K, (k: correction factor) were evaluated from indenter
load and produced crack dimension using the equation given by Lawn and Fuller.®
The correction factor £ was estimated by fitting the indentation data to toughness
values obtained from the three-point bend test. Using the value for & thus estimated,
absolute values for fracture toughness were evaluated for glass samples to which the
three-point bending technique was not applied.

Assuming that conditions of plane strain are met, the fracture surface energy
I' is given by ;12

= (1—-;2E)K?~c (1)

where E is the Young’s modulus and » is the Poisson’s ratio. - The elastic properties of
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the present glasses in relation to their microstructures have been studied in detail by
Shaw and Uhlmann.19 Using their published data for Young’s modulus and Poisson’s
ratio, the fracture toughness K,, was converted to fracture surface energy according
to Eq. (1). ‘

. EXPERIMENTAL RESULTS

1.  Microstructure

In Table I are summarized the results of the structural characterization by
electron microscopy. As shown by Shaw and Uhlmann,® present glasses are typical
particulate composites which are composed of the two end-member phases. For the
B,Og-rich region (about 1-20 wt9%, PbO) within the miscibility gap, B,Os-rich phase
forms continuous phase, while for the PbO-rich region (about 30-44 wt%, PbO), PbO-
rich phase is continuous. In both regions, the volume fractions of the PbO-rich phase
evaluated from electron micrographs agreed quite well with those calculated theoret-
ically from densities and compositions.”)

Table I. Microstructural characteristics of PbO-B,O3 immiscible glasses

Volume Vol. frac. Dispersed
, fraction of of dispersed particle : )
wt% PbO PbO-rich particles size }11crostructuxe
‘phase ] Djpm
0 — _— —
5 0.05 0.05
10 0.13 0.13 0.17 PbO-rich spherical particles
13 0.18 0.18 0.18 in a B;Oj-rich matrix
17 0.25 0.25 0.20
32 0.59 0.41 0.53
36 0.71 0.29 0.35
40 . 0.84 0.16 0.40 B,Os-rich spherical particles
41 0.88 -0.12 - in a PbO-rich matrix
45 — — —

2. Mechanical Properties

The results of mechanical property measurements are listed in Table II. The
values for Young’s modulus were obtained- by interpolation of the experimental
modulus data over the miscibility gap, published by Shaw and Uhimann.!® As for
glass compositions less than 5 wt9, PbO, strength measurements were not carried out
because rectangular bar specimens could not be fabricated in a controlled manner.

The size of the critical crack from which catastrophic failure initiates can be
calculated with knowledge of the strength and fracture toughness. By arranging
‘Griffith’s fracture equation, the critical crack size can be expressed as;4
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Table II. Mechanical property data for PbO-B;O4 immiscible glasses

] Vickers " 'Fracture Young’s Fra?;gze Flexural Cacic':;.glcz;tle d
wt% PbO hardness toughness modulus®) i?ql::rgy strength cra(l:]; size
) H|GPa  Kjo/MNm~3/2 E|GPa ' [Joa-t S/MPa a/pm
0 1.21 0.954 17.3 24.5 o
5 1.28 . 0.926 18.7 21.4 o4 . 50
10 1.43 0.856 20.2 16.9 .. 101 .45
13 1.45 0.828 210 - . 152 106 . 38
17 1.55 0.833 22.3 14.5 98.3 45
32 2.35 1.59 31.2 37.6 894 198
35 34.5 104
36 2.76 1.38 36.2 24.4 102 114
40 2.82 1.33 44.5 18.4 86.3 149
41 3.15 47.2
45 3.63 0.906 60.4 6.30 72.6 98
a) Data from Shaw and Uhlmann'®
Y2K3.
a=-2;=tlc . 2
252 _ 2)

where a is the crack depth in the surface, S is the fracture stress and Y is a constant
which depends upon the crack and specimen geometry (Y=1.12 for a surface half-
penny crack!®), Assuming that failure is initiated from & penny-shaped surface
crack, the critical crack sizes were calculated from Eq. (2). .The results are shown in
the last column of Table II. o - -

IV. DISCUSSION

1. - Properties of the End-member Phase

In Table III are shown some mechanical properties for the end-member phases,
estimated by interpolation of the experimental data listed in Table II. Table ITI
also includes thermal expansion coefficient data compiled by Takamori.1®)

2. Hardness Behaviour

Indentation hardness is defined as the load divided by the pyramidal area of
indentation, the mean pressure under the indenter. That is, the hardness quantifies
the resistance to deformation of materials and can be considered as convenient material
parameter for characterizing deformation process. Recently, Miyata and Jinnol®
tried to analyze the indentation hardness of glass matrix, particulate composites
regarding bglasses as elastic-plastic materials on a microscopic scale. -Based upon
Marsh’s theory!”) of indentation, expressions were formulated for indentation hardness
of glass matrix composites containing spherical crystalline or glass particles.. When
hard particles are dispersed in a soft glass matrix, it is assumed that the deformation
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Table ITI. Estimated mechanical data for the end-member phases

-End-member phases

’ 1 wt%, PbO glass 44 wt% PbO glass
Young’s modulus® . E|GPa 17.5 - - 56.5

Poisson’s ratio® v 0.26 0.27
Fracture toughness K;¢/MNm~3/2 0,947 0.960
© Fracture surface energy I'{Jm-=® 23.9 7.56
Vickers hardness H|GPa 1.23 3.53
Flow stress® c,/GPa 0.716 ’ 1.92
Thermal expansion coefficient®?  af10-8°C-! ~14 ~ 7

a) After Shaw and Uhlmann!®
b) Evaluated from Marsh’s theory!”
c) After Takamori!®

of second-phase particles can not be accomodated to the plastic flow in the matrix.
The hardness of the composite H can be expressed, for a -dilute concentration of
dispersed phase, as;

H Q-1 1—Q¢ . '
A=+ 2% 8+ g =g ®
with . A
| /c=,Bb‘ym/Hm :
Q= 15(1_’)711)”1’

(T=5v, )t +(8—10v,) 1,
15(1—y
“= 7(— 5u,:l) @-1

where H,, is the hardness of the matrix without a dispersion, p is the shear modulus,
.0ym 1s the flow stress of the matrix, and B is a constant equal to 0.60; subscripts m and
p refer to the matrix and particle, respectively. The constant » which depends upon
the flow stress and hardness of a glass matrix can be estimated at 0.3 to 0.4 for most
glasses.’®  When soft particles are dispersed in a hard glass matrix, on the other hand,
it can be assumed that the dispersed particles do not act as obstacles to the deformation
after the onset of the plastic flow in the matrix. For this case, the theory predicts that
‘the hardness and clastic moduli vary in parallel with volume fraction of dispersed
particles. The hardness is given by;

H . é ,
=1+ 4
a7, o 6K, T2, ) @
—ln 5(3Km+4ﬂ'm>
where K is the bulk modulus.
“For glass compositions on the ByOs-rich side within the miscibility gap, the

dispersed second-phase has higher elastic moduli and higher flow stress. In addition,
the glasses in this composition rarge present relatively small volume fractions of
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dispersed phase. It is then expected that the hardness behaviour follows Eq. (3)
derived for a composite consisting of hard particles/soft glass matrix. On the other
hand, for glass compositions on the PbO-rich side within the miscibility. gap, it is
expected that the presence of the second-phase dispersion causes a reduction of the
hardness and its behaviour is explained following Eq. (4). In Fig. 1, the experimental
hardness data. for the glasses in both composition ranges are plotted against the volume
fraction of dispersed particles. - It is seen from Fig. 1 that the experimental data are in
fair agreement with the theoretical predictions in both regions.

WEIGHT% PbO
15 1013 17 32 36 4041 A
T

T T I I T T T
40T (a) 1 8) 1
30 E
O
& <
E 20 . ar eq. 4} 1
oL _
: eq.3)
0 t ] » I 1 ! ]
0 10 20 30 40- 30 20 10 0

VOLUME FRACTION OF DISPERSED PHASE

Fig. 1. Variation of Vickers hardness with volume fraction of dispersed
phase for (A) glasses consisting of PbO-rich particles/B;Og-rich
matrix and (B) glasses consisting of B;Os-rich particles/PbO-
rich matrix, " '

3. Fracture Behaviour

It has been suggested that second-phase dispersions in a brittle material can
increase fracture surface enefgy and fracture strength, The increase in fracture surface
energy in some brittle particulate composites has been related to the change in crack
shape caused by impedance of the crack front by the second-phase obstacles. Lange!®)
proposed, based upon a ‘line tension concept’, a mechanism of the momentary pinning
of the moving crack front by obstacles, and provided an expression for the fracture sur-
face energy of a brittle particulate composite. Evans'® elaborated this theory and
calculated the line tension contribution to the fracture surface energy as a function of
the ratios of the obstacle dimensions and the obstacle spacing, where the obstacles
can be considered ‘impenetrable’. He concluded that line tension may be the major
contribution to the increase in fracture surface energy of brittle matrix/brittle particle
composites. ‘ g oo

However, second-phase dispersions must have a variety of microstructural effects
and they can also lower fracture surface energy and .strength.2)  Second-phase par-
ticles (or pores) can act as stress concentrators in particulate composites when elastic
moduli and thermal expansion coefficient of particles are different . from those of the
matrix.20.2) It 'is then possible that localized stress fields around and within the
particles determine the fracture path and aid, in certain circumstances, crack pro-
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pagation which results in a lowering of the fracture surface energy. Here, we will
interpret the data for fracture surface energy. and strength, taking into account possible
fracture paths in glasses under study.

3.1. I‘racture path

- In the presence of localized stress ﬁelds around and w1th1n partlcles due to elastlc
and: thermal  expansion mismatch between particle and matrix; the propagating
primary crack can either go:through or circumvent the particles depending upon the
differential thermal expansion, differential elastic properties and differential fracture
surface energy of the phases.” The fracture paths in the present two-phase glasses
can be deduced on the basis of the discussions. given in Ref. 7 and are shown sche-
matically in Fig. 2.

(A} PbO-RICH PARTICLES /B;03-RICH MATRIX

Om > Qlp o
Em<Ep b
Mm>0p

('B) B,OsRICH PARTICLES/FbO-RICH MATRIX -

Om < Op
Em>Ep ﬁ
Mm<Tp
N A '\;’ :
: ’ Y
7 N

Fig. 2. Schematic of fracture paths expected for PbO-B,Oy immiscible glasses.”
Arrows around each particle represent residual thermal stresses in the
matrix. Shaded areas represent stress-concentrated regions in the matrix
produced by elastic mismatch. The subscripts m and p refer to the
matrix and particle, respectively.

3.2. Glasses consisting of PbO-rich particles/B;O3-rich matrix

For glass compositions on the ByOj-rich side within the rmsc1b1hty gap, the
fracture path is expected to go through the particles. - Therefore, .the Lange-Evans
theory is inapplicable to the present case.

- 'Let-us now consider the contribution of second -phase particles to the fracture
surface energy when the particles are considered ‘penetrable’. If we assume that the
crack will simply pass through the average areas of each phase, stereological con-
siderations lead to the following expression for the fracture surface energy of composites;
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r=r,—(,~Ty¢. -~ - )

However, it is unlikely that the crack passes through the stereological average areas
of the two phases. - It can be assumed tha,t,.the"gijébli'Will seek the path having mini-
mum area of the matrix with highér/f‘fécturg,_su’rface énergy than the particles. That
is, the crack will suffer local deviation fromn its main plane, seeking preferentially the
nearest-neighbour distances between particles. If this crack propagation mechanism
occurs, the volume fraction of di"siﬁersed phase in Eq. (5) should be replaced by a local
volume fraction of dispersed particles ¢, which we define as;

$,=(Ls/45)? ‘ - (6)

where Lg is the mean intercept length of randomly distributed particles and 43 is the
average distance between nearest-neighbour pairs of particles in a volume. For a
dilute dispersion of randomly distributed spherical particles of diameter D, the nearest-
neighbour distance in a volume is approximated as 43~0.554 (zD21/4)1/3 where 2
is the mean free distance between particles.2) The quantity A is expressed as 2D
(1—¢)/(3¢) for randomly distributed spherical particles? and can be approximated
as 2D/(3¢) for small volume fractions of dispersed particles. Then 43 can be written
as 43~0.447D¢'3. On the other hand, L is given by 2D/3 for randomly dispersed
spheres.2? Hence it follows from Eq. (6);

¢, =(L3/4,)3=3.33¢ R XD
and fracture surface energy is given by; o

I=r,—a—T)¢
=I,=833(,~Tpe. = e ®

In Fig. 3, the reduced fracture surface energies obtained for the glasses under
consideration are plotted against the volume fraction of dispersed particles. Theo-
retical prediction from Eq. (8) is represented by a solid line, established by taking the
values as [,=23.9 Jm~? and [,=7.56 Jm=2 For comparison purpose, Eq. (5)
is also represented in the figure by a broken line. As expected, the experimental data
agree quite well with the theoretical prediction over the volume fraction range lower
than 0.15.. The observed deviations in the volume fraction range higher than 0.15
can be attributed to the fact that Eq. (8} is no more valid for larger volume fractions of
dispersed particles.

Table IT suggests that the present dispersed fine particles being .considered
‘penetrable’ have no effect on the critical crack size, although they can influence the
fracture surface energies. Thus, the strength and fracture toughness in the present
type of composites vary in parallel with volume fraction of dispersed particles under the
same testing condition.

3.3 Glasses consisting of B,Os-rich particles/PbO-rich matrix
As shown in Fig. 2(B), the fracture path in these two-phase composites is con-
sidered to circumvent the particles. It is then expected that observed increase in
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Fig. 3. Reduced fracture surface energy for glasses consisting of PbO-rich
i particles/B;Og-rich matrix plotted against the volume fraction of
dispersed particles. Solid line represents Eq. (8) and broken line,

Eq. (5).

fracture surface energy with increasing second-phase particles can be explained by the
application of the Lange-Evans theory.18,19 '

Lange!® found that the fracture surface energy is linearly related to- the reciprocal
of the mean free path between particles;

r=r,+t/2 ®

where r is the line tension of the crack front. Evans!® elaborated Lange’s theory
and calculated the line tension contribution to the fracture surface energy assuming
‘impenetrable’ particles. In Fig. 4, the fracture surface energies for glasses consisting
of ByOg-rich particles/PbO-rich matrix are plotted against the ratio of the particle
size to the particle spacing, Df1. Theoretical line tension contribution calculated from
Evans’ theory is drawn in the figure by a solid curve. It is found that the measured
fracture surface energy varies with D/2 in a similar manner to the predicted line tension
‘contribution. This indicates that the particles act as ‘impenetrable’ obstacles and the
line tension may be the major contribution to.the increase in the fracture surface
energy with second-phase particles.

The critical crack size calculated for the present glasses should be regarded as
invariant with volume fraction of dispersed ByOj-rich particles. The dispersed particle
size is found to be much smaller than the crack size in the homogeneous glass, and the
impenetrable second-phase dispersion appears to have no effect on the crack size. This
suggests that the crack size in particulate composites is invariant with their micro-
structure regardless of the ‘particle impenetrability’, when the critical crack size in the
host glass without a dispersed phase is much larger than the particle size. It is then
concluded that the critical crack size in the present glasses remains constant as long
as the testing condition is identical, and observed increases in strength result entirely
from increases in fracture toughness.
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Fig. 4. Fracture surface energy for glasses consisting of B,Og-rich particles/PhO-
rich matrix as a function of the ratio of the particle size to the particle
spacing, D/2. Solid curve represents the line tension contribution calcu-
lated from Evans’ theory.!®?

V. CONCLUSION

Vickers hardness, flexural strength, fracture toughness and fracture surface
energy were measured for lead borate glasses having compositions within the miscibility
gap in the PbO-B,Oj; system.. The microstructure consists of PbO-rich particles/B,O3-
rich matrix for glass compositions on the ByO-grich side of the miscibility gap, and
conversely ByOjs-rich particles/PbO-rich matrix for glass compositions on the PbO-rich
side of the gap. The deformation and fracture behaviour observed in the present
two types of particulate composites could be best interpreted in terms of the properties
and amounts of each phase and the microstructural effects.
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