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bstract

he size reduction of glasses is dependent on the impact energy and their brittleness. In milling, the particle size distribution is especially related
o the glass brittleness, which can be predicted by the experimentally determined elastic modulus. The correlation of glass mechanical properties

ith particle size distribution during dry milling was investigated. The D50–90 particle size distribution and mean particle size were related to the
lass brittleness. We suggest that the relationship between frit size distribution and brittleness should be considered for efficient pulverization, and
urther that the glass brittleness can be predicted by the elastic modulus of glasses.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Glass frits have been used for many applications such as glaze
oating, sealing glass, and electric devices, as well as for forming
he main components of the flat panel display (FPD), especially
lasma display panel (PDP), such as transparent dielectric, bar-
ier rib, sealing material, and electrode.1–3 Various glass systems
uch as lead oxide, borate, bismuth, and phosphate have been
tilized as glass frits in PDP. Recently, however, the use of lead
xide frits has had to be remarkably reduced in PDP applications
ecause of environmental pollution.1–3

Grinding has been one of the most important unit operations
n many fields such as chemical, pharmaceutical and material
ndustries.2–5 Recently, much attention has been paid to fine
rinding due to its importance for nano-technology and nano-
aterials. Comminution is the oldest mechanical unit operation

or size reduction of a solid mass used to generate a large
uantity of particulate materials. It is well recognized that grind-
ng effects are sensitively dependent on ball motion, especially
mpact energy, which is influenced by grinding conditions such
s the pot diameter, pot depth, ball diameter, ball-filling ratio,

evolution radius, rotational speed and grinding materials.4,5

oreover, grinding materials have their own individual mechan-
cal properties such as elastic modulus, hardness, brittleness, and
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trength. In the case of glasses, the mechanical failure of glasses
s especially related to their brittleness.6

Generally, wet grinding is a more suitable method than dry
illing to obtain finer frit because the ground powder is obtained

n a less agglomerated state. However, solvent molecules and
ontamination are adsorbed on the newly formed surface of the
articles in wet milling, which is a significant cause of defects in
lectric devices.2–5 Therefore, we studied dry milling with the
lasses used in PDP production. The particle size distribution
as examined according to the milling condition and the correla-

ion of glass mechanical properties with particle size distribution
uring dry milling was investigated. The results are discussed to
lucidate the relationship between particle size distribution and
lass brittleness and to prepare preliminary results for lead-free
rit.

. Experimental procedure

The PbO–SiO2–Al2O3 (L) and Bi2O3–B2O3–ZnO (A and B)
lass systems were used for this experiment. The batch compo-
itions, consisting of high purity raw materials (>99.9% Aldrich,
SA), were well mixed in ball mills for 12 h for the three glasses

nd the compositions are presented in Table 1. The batches were

elted in an alumina crucible at 1150–1200 ◦C for 30 min and

he melt was quenched into a stainless roller to make a cullet.
t the first crushing, the cullet was crushed with a hand mill
sing an agate (mortar and pestle) and sieved with 140 mesh

mailto:kimhs@inha.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2007.05.005
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Table 1
Composition of the three glasses

Glasses Composition (mol%)

PbO Bi2O3 B2O3 SiO2 ZnO BaO CeO2 + TiO2 Al2O3

L
A .8
B

(
G

d
A
(
m
t
p
o
g

3

A
t
i
e
a
g
t
c
w
E

s
a
i
s
c

s
w
T
b
c
i

T
P

Z

D
C
M
E
M
F

1
r
T
g
1
s
glass brittleness becomes independent of the mean particle size
reduction.

In Fig. 3, the difference between the particle size of the A
and B glasses in the particle size distribution increases for all
36 – 6 54
– 11 40 7
– 12 33 –

<106 �m) and pulverized in a planetary mono mill (Fritsch,
ermany (Pulverisette-7)).
Table 2 shows the properties of the bowl and balls used in the

ry milling process. The milling condition is shown in Table 3.
fter milling, the frit size was analyzed by particle size analyzer

LS230 & N4PLUS, Coulter Corporation, USA). The elastic
odulus and hardness of cullets were detected by nanoinden-

ation (TriboIndenter, Hysitron Inc., USA). Melted glass was
oured into a graphite mold for bulk glass and annealed at 10 ◦C
ver the glass transition temperature (Tg). The density of the
lass bulk was determined by Archimedes method.

. Results and discussion

Fig. 1 shows the raw data of particle size distribution with
and B glasses. The particle size of A glass was smaller

han that of B glass. Furthermore, A and B glasses were eas-
ly pulverized with increasing ball size, possibly due to the
ffect of the impact energy.3 When the size of solids is gradu-
lly reduced with increasing energy consumption, their relation
enerally follows the formula, dD/dEc = −k1Dq, where D is
he particle diameter, Ec the energy input, and k1 and q are
onstants.7 The equation was later converted by Rittinger8

ith the surface energy determined by the following equation:
c = k′

r(1/Dp − 1/Df) = kr(Sp − Sf), where Sp and Sf are the
pecific surface of product and feed, respectively, and k′

r and kr
re constants. This indicates that the input energy is consumed to
ncrease the specific surface of the particles, i.e., increasing ball
ize and decreasing particle size are related to increased energy
onsumption.

In order to determine the relationship between mean particle
ize and ball size, the mean particle size of A and B glasses
as plotted against increasing ball size, as shown in Fig. 2.

he mean particle size of A and B glasses using 1mm milling
alls differed by 13 �m, indicating that the comminution can be
losely dependent upon the glass brittleness of A and B glasses
n the milling condition. However, with milling balls larger than

able 2
roperties of bowl and balls for the milling process

rO2 (zirconia) YTZ (balls) PSZ (bowl)

ensity (g/cm3) >6.00 5.7
olor White Ivory
icro hardness (MPa) 1150–1200 1500

lastic modulus (GPa) 210–220 200
odulus of rupture (MPa) >1000 820

racture toughness (MPa m1/2) 12–14 8–12 F
a

– – 1 3
27 10 0.2 4
54 – 1 –

mm, the reduction of the mean particle size could be slightly
elated to the glass brittleness but mostly to the impact energy.
he difference between the mean particle size of the A and B
lasses decreased from 13 to 3 �m as the ball size increased from
to 3 mm. Thus, if sufficient energy to produce a fine particle

ize of at least 0.4 �m is applied to the glass grinding, then the
ig. 1. Particle size distribution as a function of milling condition with A (a)
nd B (b) glasses for ball size of 1, 3 and 5 mm, respectively.



S. Hwang, H. Kim / Journal of the European Ceramic Society 28 (2008) 193–197 195

Table 3
Experimental condition of dry milling

Volume of
bowl (cm3)

Contents of powder (g) Contents of ball (g) rpm Ball shape Ball size and weight
(mm–mg)

Milling time
(min/times)

Pausing time
(min/times)

250 10 15 300 Spherical
1–1

10/6 10/53–87
5–413
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Fig. 2. Mean particle size of A and B glasses with the ball size.

all sizes. The difference between the D10 particle size distri-
ution of the A and B glasses was nearly zero for all ball sizes,
ndicating the absence of any effective size reduction because
he brittleness and impact energy were inapplicable in the D10
article size distribution. However, the difference between the
article size of the A and B glasses was significantly different in
he D50–90 particle size distribution, indicating that the D50–90 of
he A and B glasses is closely related to the brittleness. Further-
ore, the difference of the mean particle size was decided with
he D50–90, rather than D10, size distribution. Even if the mean
article size is equal among glasses with increasing ball size or

ig. 3. Difference between the frit size distribution of A and B with the ball
ize.
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ig. 4. Fracture surface energy of various glasses estimated from their elastic
odulus.9–25

mpact energy, the particle size differs in the particle size distri-
ution. Therefore, the glass size reduction can only be decided
y their brittleness in the particle size distribution.

Based on several studies,9–25 we calculated the fracture sur-
ace energy with the fracture toughness and elastic modulus of
lasses obtained from the literature values on the alkali silicate,
lkali-earth silicate and borosilicate glass systems (Fig. 4). As
hown in Fig. 4, the fracture surface energy of various glasses
as approximately 4.51 ± 0.6 J/m2. To calculate the fracture

urface energy of glasses, the fracture toughness (KIC) given
y KIC = (2γ fE)1/2, where γ f and E are the fracture surface
nergy and elastic modulus, respectively, was used. In prin-
iple, the mechanism of glass size reduction is based on the
racture characteristics of a single particle and the frequency of
ach particle being crushed during pulverizing operations.4–8

ower fracture toughness allows easier pulverization.7,8 Nucle-
tion of cracks in frits is supposed to be derived from thermal
hock or thermal stress during quenching to produce cullet from
olten glass. Assuming that the crack initiation, such as the

rack source, and the distribution of cracks in frits are equal
n three glasses (A, B, L) because of the same frit preparation
ondition, the crack propagation for splitting frits can follow
he Griffith equation.29 Only the energy necessary to create
wo new surfaces at the tip of the crack is required for crack
ropagation.
Based on the fracture surface energy, we assumed that in
ny glass systems the glass fracture toughness can be calcu-
ated using the elastic modulus. When the average of the fracture
urface energy (4.51 ± 0.6 J/m2) was considered with the experi-
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ig. 5. Brittleness of various glasses estimated from their fracture toughness.6,26

ental data of elastic modulus for L glass, the facture toughness
anged from 0.73 to 0.83 (MPa m1/2). The average of the fac-
ure toughness for L glass was about 0.78 with an error of

0.03. The same method produced fracture toughness values of
and B glasses of about 0.85 ± 0.03 and 0.91 ± 0.04 MPa m1/2,

espectively.
Furthermore, the fracture toughness is related to the brit-

leness, as shown in Fig. 5.6,26 The brittleness of the various
lasses ranged from 4 to 11 �m−1/2 and the fracture tough-
ess from 0.6 to 1 MPa m1/2. The brittleness (B) of the glasses
s described by the ratio of Vickers hardness/fracture tough-
ess: B = Hv/KIC.27,28 This equation for the relationship between
rittleness and fracture toughness is governed by the Vickers
ardness shown in Fig. 5. On the other hand, the brittleness is
eported to be related to the density with two types of glass
ystems, silicate and borate glass, which have a low density
1.8–2.8 g/cm3).6 However, at 4.7–5.4 g/cm3 the density of our
xperimental glasses was outside of this density range. In dif-
erent glass systems having similar density, brittleness could be
ependent on other physical factors.

The brittleness of the glasses was calculated by the experi-
ental hardness and fracture toughness of L, A and B glasses
redicted by the average of the fracture surface energy in vari-
us glasses (Table 4). Comparing the similarly dense L and A
lasses, the brittleness of L glass was higher than that of A glass
hich had a higher elastic modulus. However, the brittleness of

n
T
d
e

able 4
ensity, elastic modulus, and hardness, and predicted fracture toughness and brittlen

amples Density (g/cm3) Elastic modulus
(GPa)

Hardness (GPa) KIC
a (MP

4.8 68 5.34 0.78 ± 0
4.7 80 5.94 0.85 ± 0
5.4 92 6.36 0.91 ± 0

a Predicted by Fig. 4.
b Calculated by the Hv/KIC ratio.27–28

c Predicted by KIC and Fig. 5.
d Predicted by Fig. 6.
Fig. 6. Estimation of brittleness from the elastic modulus of glasses.

glass was similar to that of B glass, although they were the
ame glass family. This result may have been caused by other
roperties such as density, elastic modulus, and hardness, and
o experimental error.

We suggest other methods for predicting the glass brittleness.
irst, the brittleness is predicted by the relationship between
rittleness and fracture toughness, as determined from Fig. 5.
e calculated the equations with the fracture toughness of the

xperimental glasses, which were predicted by the average of the
racture surface energy in various glasses. Secondly, the expres-
ion, B = Hv/(2γ fE)1/2 = δ(E)−1/2 can be obtained by rearranging
he brittleness, B = Hv(hardness)/KIC, which is itself given by
he relationship between the brittleness and elastic modulus of
he same glass family (alkaline-earth silicate, alkali silicate, and
orosilicate) as measured by the fracture surface energy and the
ickers hardness in various glasses, as shown in Figs. 4 and 5.
y the second method, the brittleness of various glass systems

s plotted against the elastic modulus of the glasses, as shown in
ig. 6. The brittleness in the region between the boundaries of
lkaline-earth silicate and borosilicate is correlated to the elastic
odulus of the glasses.
Table 4 presents the density, elastic modulus and hardness of

he three glasses (L, A and B), along with their fracture tough-

ess and brittleness as predicted by several empirical equations.
he brittleness of our experimentally produced glasses were pre-
icted to be about 7.51 �m−1/2 for lead glass (L) having an
lastic modulus of 68 GPa, and 6.93 and 6.46 �m−1/2 for bis-

ess of the three glasses

a m1/2) Brittlenessb (�m−1/2) Brittlenessc (�m−1/2) Brittlenessd

(�m−1/2)

.03 7.37 ± 0.62 7.31 ± 2.02 7.51 ± 1.87

.03 7.55 ± 0.63 6.71 ± 1.86 6.93 ± 1.72

.04 7.54 ± 0.63 6.26 ± 1.74 6.46 ± 1.61
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28. Quinn, J. B. and Quinn, G. D., Indentation brittleness of ceramics: a fresh
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ate glass (A and B) having an elastic modulus of 80 and 92 GPa,
espectively.

. Conclusion

We examined the relationship between particle size distri-
ution and glass brittleness for different frits. The particle size
istribution (D50–90) of glasses was dependent upon their brit-
leness in dry milling process. The mechanical properties of the
ead glass were significantly lower than those of the lead-free
lasses. Thus, the size reduction of the glass frits was signif-
cantly related to the mechanical properties with the D50–90
article size distribution. Especially, the brittleness of the glasses
as closely related to the D50–90 particle size distribution and the

ize reduction. Finally, the glass brittleness could be predicted
ith the elastic modulus for efficient pulverization.
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