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INTRODUCTION

Composite restorative dental materials have been 
investigated extensively during the past 50 years. The state 
of the art of dental composites has been reported [i.e., 1, 
2], and several reviews describing dental adhesives and 
composites are available [3-6].

  
Nanofi ller technology 

has been introduced to improve the properties of dental 
composites [7]. Glass nanofi llers can be used in a variety 
of prosthetic, dental, bone, and orthodontic applications as 
reinforcements in silorane-based resin-systems used for 
restorative composites and cements [8-11]. 

Nanoparticles are commonly obtained by bottom-
up processes (precipitation from solutions). However, 
it is diffi cult to produce nanoparticles with complex 
compositions, such as glasses with more than fi ve oxides 
[12]. A more effi cient approach is the high-energy milling 
(top-down process) of larger glass particles (< 100 
microns). 

In this work, two series of glasses were milled to 
micron-size, sub-micron size, and nanoparticles using 
three different milling systems: ball milling, attrition, and 
high-energy milling. The fi rst glass series composition 
(coded M-series) included alkali-free and alkali-containing 
borosilicate glasses. Alkali-free glasses are preferred for 
silorane-based dental composites as the alkalies interfere 
with the polymerization of cationically curing polymer 
resins. The  M-series glasses were made by conventional 
melting of the raw-material batches at 1200 °C to 1400 °C. 
The quenched glasses were crushed, ground, and milled to 
obtain glass fi llers for dental composites. The second glass 
series composition (coded DY-series) included alkali-
free and alkali-containing yttrium aluminosilicate (YAS) 
glasses.  

YAS glasses possess a fully cross-linked, ‘strong’ 
silica-like structure and have many properties similar to 
those found in fused silica glass.  Such properties include:  
optical transparency throughout the visible spectrum, high 
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Abstract

Two series of silicate glasses were processed to micron-size, sub-micron size, and nanoparticles using three different milling 
systems: ball milling, attrition, and high-energy milling. The effect of milling time and media size on particle size and contamination 
were investigated in aqueous and isopropanol suspensions. The particle size was determined using a laser-diffraction particle size 
analyzer and scanning electron microscopy. The smallest glass particles with a median particle size of 0.3  μm were achieved by a 
two-step comminution process in a high energy mill. 
Keywords: comminution, dental composites, glass fi llers, nano-particles, particle processing. 

Resumo

Foram moídas duas séries de vidros silicatos para a obtenção de partículas com dimensões nas faixas micrométrica, sub-
micrométrica e nanométrica, utilizando três tipos distintos de processos de moagem: moagem em moinho de esferas, 
em atritor, e de  alta energia. Foram investigados os efeitos do tempo e do tipo do meio de moagem no tamanho de 
partícula, em suspensões aquosas e em isopropanol. Foram utilizados um granulômetro com o princípio de difração de laser e um 
microscópio eletrônico de varredura  para a determinação do  tamanho de partícula. A distribuição de tamanho de partículas com 
o menor tamanho médio de partícula igual a 0,3 μm foi obtida para vidros submetidos ao processo de cominuição em duas etapas, 
utilizando um moinho de alta energia.
Palavras-chave: cominuição, compósitos odontológicos, glass fi llers, nano-partículas, processamento de partículas. 
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electrical resistivity, excellent chemical durability, high 
strength, and UV absorption.  Requirements for glass fi llers 
for dental composites include the following: X-ray opacity 
(radiopacity) and hardness, no alkalies in the surface of the 
fi ller particles, match the refractive index (n

d
) of the dental 

polymer resin during curing, match the cured resin color 
and translucency (or visual opacity), fi ller content between 
50 to 70 wt.%, particle size ranges from 0.05 μm to 5 μm, 
and PSD and particle shape to allow fl owability of uncured 
composite. 

YAS glasses possess higher n
d
 values (1.54-1.75) and 

higher Vickers hardness (6.4-8.3 GPa) comparable to those 
of fused silica glass (1.46 and 5.9 GPa, respectively) [13]. 
The n

d
 of YAS glasses can be tailored to match the n

d
 of 

resins for dental applications, and should provide similar 
radiopacity as observed, for instance, with Ba-Sr silicate 
glasses [14]. 

Glass making

The glass fi llers were made by either melting batches 
(M-series and alkali-containing DY-series) or by sintering 
batches and spheroidization of the sinter (alkali-free DY-
series). The sinter/spheroidization process was used for 
batches that melted above 1550 ºC. The nominal chemical 
composition and n

d
 of the M-series glasses are given in Table I. 

The nominal chemical composition and n
d
 of the DY-series 

glasses are listed in Table II. The n
d
 of the glasses varied from 

1.48 to 1.56 depending on composition, a range of values which 
is needed for blue-light (440 nm)-curable dental composites. 
The glass batch was wet-mixed, sintered, crushed, and sieved 
to separate particles < 210 μm, which were spheroidized by 
injecting the particles into a propane-oxygen-fl ame.  The glass 
microspheres were then milled to produce glass fi ller powders 
and mixing with nanoparticles via ball milling [15].

Filler 
Code

R
2
O R”

2
O Y

2
O

3
ZrO

2
RE

2
O

3
ZnO TiO

2
B

2
O

3
Al

2
O

3
SiO

2
AlF

3
n

d

M1 3 11 3 0 0 0 0 58 14 8 3 1.53

M2 3 11 3 0 0 0 0 29 14 37 3 1.52

M3 3 11 0 0 3 0 0 29 14 37 3 1.52

M4 3 11 3 0 0 0 0 58 0 22 3 1.53

M5 1 8 0 9 0 0 0 0 21 61 0 1.52

M6 1 24 0 5 0 0 0 7 11 52 0 1.56

M7 10 7 0 22 0 0 0 3 4 54 0 1.56

M8 14 8 0 5 0 5 0 0 2 66 0 1.52

M9 11 0 0 5 0 7 4 8 4 61 0 1.52

M10 3 11 3 0 0 0 0 58 14 8 3 1.52

Table I - Nominal weight percent composition and refractive index of M-series glasses.
[Tabela I - Concentração percentual em peso nominal e índice de refração dos vidros da série M.]

R: alkaline elements; R”: alkaline earth elements; RE: rare earth elements.

Filler Code Y
2
O

3
RE

2
O

3
Al

2
O

3
SiO

2
R

2
O n

d

DYb1 0 23 21 56 0 1.55

DY2 1 0 9 90 0 1.48

DY3 3 0 9 88 0 1.48

DY4 15 0 21 64 0 1.56

DY5* 15 0 5 80 0 1.52

DY6 15 0 15 70 0 1.53

DY7 14 0 14 67 5 1.52

DY8 14 0 14 62 10 1.51

DY9 13 0 13 59 15 1.53

DY10 0 23 21 56 0 1.52

Table II - Nominal weight percent composition and refractive index of DY-series glasses.
[Tabela II - Composição percentual em peso nominal e índice de refração dos vidros da série DY.]

*Vickers microhardness 6.2 GPa (739 ± 22 kg/mm2)
R: alkaline elements; RE: rare earth elements.
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Glass milling

Selected glass compositions from the M-series and 
DY-series were chosen for milling experiments based on 
polymerization (curing) tests of silorane-resins [16]. Three 
milling processes were tested to control the particle size 
distribution (PSD) of glass fi llers (M-series and DY-series): (1) 
a ball mill (high-alumina porcelain jar), (2) an attrition mill, 
and (3) a high energy mill. Wet milling was performed in every 
case, using de-ionized water for non-alkali-containing glasses 
and isopropanol for alkali-containing glasses. The milling 
media was Tosoh zirconia: 10 mm diameter for coarse or 
primary grinding, and either 1 mm or 0.5 mm diameter media 
for fi ne grinding (below 1 micron size particles). 

Wet Ball Milling. One hundred grams of glass fi llers M-5 
through M-10 were wet-ball milled for two days with ZrO2 
grinding media. Samples from each processed glass fi ller 
were taken for chemical analysis and for PSD measurement. 
A Beckman Coulter LS 13 320 particle size analyzer was 
used for PSD and specifi c surface area (SSA) measurements. 
The PSD of the processed glass fi llers, M-5 through M-10, 
are shown in Fig. 1. All glass fi llers have a bi-modal PSD, 
with the larger fraction centered on 2.6 to 3.5 microns and 
the smaller fraction centered on 0.25 to 0.35 microns. Glass 
fi llers M-5 and M-6 have low alkali content (0.9 wt.%); 
M-10 is a soda-lime glass.

The general particle shape after wet-ball milling glass 
fi ller M-5 frit (starting median 150 μm) for 24 h is shown 
in Fig. 2. All milled glass fi ller powders obtained from ball-
milling have a ZrO

2
 contamination estimated between 4 and 

8 weight % from XRF and SEM/EDAX analysis.

One kilogram of DY-5 glass fi ller was made by sintering 
raw materials, spheroidizing, grinding, and sieving to 
micron-size particles. Zirconia media was used to grind the 
glass via wet ball-milling. The PSD parameters and density 
of the processed glass fi ller are summarized in Table III. The 
median (d

50
) is below 3 μm. The differential volume per cent 

and cumulative PSD for glasses DY-5 (Fig. 3) is basically a 
bi-modal distribution. This glass fi ller was mixed with ZrO

2
 

nanoparticles for incorporation into a silorane resin.

Glass Filler Data DY-5
d

10
, μm 0.24

d
50

, μm 2.94
d

90
, μm 7.26

Specifi c Surface Area, m2/g 3.16
Density, g/cm3 2.55

Table III - Technical data of glass fi ller DY-5.
[Tabela III - Resultados do vidro DY-5.]

Figure 2: Glass fi ller M-5 after wet-ball milling in de-ionized water 
during 24 h and using 10 mm diameter Tosoh zirconia grinding media.
[Figura 2: Vidro M-5 após moagem a úmido em água deionozada 
durante 24 h usando meios de moagem Tosoh de 10 mm de diâmetro.]
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Figure 1: Particle size distribution of M-series glass fi llers: (a) 
low alkali-content glasses (~1% by weight), and (b) alkali content 
glasses (~10% by weight).
[Figura 1: Distribuição de tamanho de partículas dos vidros da 
série M: (a) vidros com baixo teor de álcalis (~1 peso%), e (b) 
vidros contendo álcalis (~10 peso%).]
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Grinding of Glass Fillers in Attrition Mill. One-hundred-
fi fty grams of essentially alkali-free glass fi ller M-5 frit 
(starting size 150 μm) were wet-milled with de-ionized 
water in an attrition mill at a speed of 525 rpm. Solids 
loading was 40 wt.% with 2 mm diameter Tosoh zirconia 
grinding media. The general particle shape after wet-milling 
the glass fi ller M-5 for 8 h is shown in Fig. 4. The attrition 
milling proved to be more effi cient than wet-ball milling as 
similar median fractions were obtained in less time (~ 1/4 of 
the required in wet ball milling) and the ZrO

2
 contamination 

was estimated below 0.1 wt.%. 
The cumulative size fractions of glass fi ller M-5 as 

a function of milling time, for milling times below 5 h, 
is shown in Fig. 5. All particle size distributions obtained 
either by wet- attrition milling were bi-modal or multiple-
modal distributions. The span of the PSD can be measured 
by [17]:

 
Span = (d

90
-d

10
)/d

50
    (A)

The d
10

, d
50

, and d
90

 values are size values corresponding 
to the cumulative distribution at 10%, 50%, and 90%. The 
d

50
 value corresponds to the median diameter. A span below 

1.3 is recommended for fi llers for dental resins [17]. The 
measured specifi c surface area (SSA) of the powders is 
included in Table IV. 

The attrition milling test was expanded in an attempt 
to obtain sub-micron size glass particles. The test included 
two glass fi llers (M-5, essentially an alkali-free glass, and 

Figure 4: Glass fi ller M5 after wet-milling in attrition mill with 
de-ionized water for 8 h and using 2 mm diameter Tosoh zirconia 
grinding media.
[Figura 4: Vidros M5 após moagem a úmido em moinho atritor 
com água deionizada por 8 h e usando meios de moagem Tosoh de 
2 mm de diâmetro.]

Figure 5: Cumulative size fraction of glass fi ller M-5 after wet-
milling in an attrition mill using de-ionized water up to 8 h and 
using 2 mm diameter Tosoh zirconia grinding media. Notice that 
d

50
 is 1.5 μm after milling for 8 h.

[Figura 5: Fração cumulativa de tamanho de partículas de vidros 
M-5 após moagem a úmido em moinho atritor usando água de-
ionizada até 8 h com meios de moagem Tosoh de 2 mm de diâmetro. 
Ver que d

50
 é 1,5 μm após moagem por 8 h.]
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Figure 3: Differential and cumulative particle size distribution of 
DY-5 glass fi ller after ball milling during 2 days.
[Figura 3: Distribuição de tamanho de partículas diferencial e 
cumulativa de vidros DY-5 após moagem por 2 dias.]
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M-8, an alkali-containing glass) with two suspending media 
(de-ionized water and 2-propanol), and two different ZrO2 
grinding media size (2 mm diameter and 0.5 mm diameter). 
The objective was to investigate the effect of three variables 
(alkali-presence, suspending media, and grinding media 
size) on particle size and PSD, particle morphology, and 
ZrO2 contamination. 

The dependence of particle size vs. milling time for tests 

Glass Composition Particle-Suspending Fluid Particle Median Diameter (d
50

) μm

Non-alkali glass (M-5)
De-ionized water 1.5

Isopropanol 2.4

Alkali Glass 
(M-8)

De-ionized water 1.1

Isopropanol 1.9

Table V - Particle median diameter (d
50

) of glasses milled with 2 mm zirconia media after 8 h.
[Table V - Diâmetro médio de partículas (d

50
) de vidros moídos com meios de zircônia de 2 mm após 8 h.]

Sample taken after, h 0.5 1 1.5 2 3 4 5 6 7 8

d
10

 (μm) 3.35 2.85 2.78 2.02 2.17 0.98 1.57 0.74 0.82 0.72

d
50

 (μm) 12.38 7.24 6.08 4.34 4.05 3.29 2.95 2.17 1.89 1.53

d
90

 (μm) 41.13 23.21 14.54 10.29 8.37 5.65 4.65 3.84 3.48 2.95

Span 3.05 2.81 1.93 1.89 1.53 1.42 1.04 1.43 1.41 1.46

SSA, m2/g 0.30 0.42 0.47 0.77 0.78 1.06 1.00 1.53 1.58 1.86

Table IV - Particle size after wet-milling in Union Process attrition mill.
[Tabela IV - Tamanho de partículas após moagem a úmido em atritor Union Process.]

made with 2 mm zirconia milling media is shown in Fig. 6. 
The non-alkali and alkali glass had a smaller particle median 
(d50) after 8 h when milled in de-ionized water than when 
milled in isopropanol (Table V). This is likely due to some 
amount of leaching of water-soluble components during 
milling.  The effect is more pronounced with the alkali glass 
due to leaching of the alkali constituents. Additionally, the 
alkali-containing glass had a smaller d50 than the non-alkali 
glass when milled in both de-ionized water and isopropanol 
(Table V).  

No bimodal distributions were observed after three hours 
in any of the attrition milling tests as observed with ball-
milling.  This result means that there was consistent milling – 
all particles were being milled at roughly the same rate.  The 
pH of the isopropanol remained at 6 throughout the milling 
experiments for both glasses.  Additionally, the pH of the de-
ionized water remained at 7 for the non-alkali glass; while 
for the alkali-glass, the pH was between 11 and 12 (initial 
pH of de-ionized water was 6). The particle median diameter 
(d

50
) versus milling time for the alkali-glass milled in de-

ionized water with the 0.5 mm zirconia media is shown in 
Fig. 7.  A particle median (d

50
) of ~ 2 μm was reached after 

6 h when milled in de-ionized water.  Milling in isopropanol 
with the 0.5 mm zirconia media was not as effective as 
milling with de-ionized water. This result is most likely due 
to some amount of leaching of water-soluble components 
during milling in de-ionized water.  

Particles milled in either de-ionized water or isopropanol 
were irregular and jagged, with no strong indication of 
a plate-like morphology (Fig. 8).  The micrographs are 
consistent with the particle size analysis, with a larger 
number of smaller glass particles (~ 1 μm) present after 
milling in de-ionized water. 

Figure 6:  Particle median diameter (d
50

) versus milling time for 
glass fi llers processed with 2 mm zirconia media. The initial d

50 
for 

both glasses was 100 μm.
[Figura 6:  Tamanho médio de partículas (d

50
) em função do tempo 

de moagem para vidros processados com meios de moagem de 
zircônia de 2 mm de diâmetro. O valor inicial de d

50 
para ambos 

vidros foi 100 μm.]
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The zirconia contamination, measured by X-ray 
fl uorescence (XRF), was below 0.1 wt.% after 8 h of 
milling. Wet attrition milling with de-ionized water is 
more effective than with isopropanol in achieving a 
smaller particle size in the same milling time. The 0.5 
mm diameter zirconia media was not as effective as the 
2 mm diameter media, and its use would require a 2-step 
milling operation: (1) milling with the 2 mm media, and 
then milling with the 0.5 mm media. 

Grinding of Glass Filler M-5 in High-energy Mill. Two 
kilograms of alkali-free M-5 glass frit (150 μm median 
size) were wet-milled in de-ionized water in a Netzsch 
Labstar Zeta high-energy mill using 1 mm diameter 
Tosoh zirconia grinding media. The general shape and 
size of glass fi ller M-5 after wet-milling 3.25 h and using 
1 mm diameter Tosoh zirconia grinding media is shown 
in Fig. 9. 

The high-energy milling proved to be more effi cient 
than wet-attrition milling as the particle-size distributions 
are single-modal distributions of narrower widths 

Figure 8: Micrographs of non-alkali glass milled for 8 h in (a) de-
ionized water and (b) isopropanol using 2 mm zirconia media.
[Figura 8: Micrografi as de vidros não alcalinos moídos por 8 h em 
(a) água deionizada e (b) isopropanol com meios de moagem de 
zircônia de 2 mm de diâmetro.]

Figure 7: Particle median diameter (d
50

) versus milling time for 
the alkali-containing glass milled in de-ionized water with 0.5 mm 
ZrO

2
 media.

[Figura 7: Diâmetro médio de partículas (d
50

) em função do tempo 
de moagem para vidros contendo álcalis moídos em água de-
ionizada com meios de moagem de ZrO

2
 com 0,5 mm de diâmetro.]
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Figure 9: Glass fi ller M-5 after wet-milling in Netzsch Labstar Zeta 
mill, using de-ionized water for 3.25 h and using 1 mm diameter 
Tosoh zirconia grinding media.
[Figura 9: Vidros M-5 após moagem a úmido em moinho Netzsch 
Labstar Zeta, usando água deionizada durante 3,25 h e usando 
meios de moagem Tosoh de 1 mm de diâmetro.]
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(smaller spans according to Eqn. 1), as compared to those 
fractions obtained from wet-ball milling or from attrition 
milling. The PSD and cumulative fraction of glass fi ller 
M5 after wet-milling 3.25 h and using 1 mm diameter 
Tosoh zirconia grinding media is shown in Fig. 10. The 
ZrO

2
 contamination from the milling media was estimated 

below 0.1 wt.%. The SSA increases with milling time for 
both milling processes, the attrition and the high energy 
mill. A maximum SSA of 3.23 m2/g was obtained for the 
high energy mill after 3.25 h of milling.

The size of different powder fractions after milling 
and their span is listed in Table VI. The high energy mill 
seems to be the best option for obtaining single mode 
powder fractions, in less milling time and with minimum 
media contamination. The zirconia contamination of the 
M-5 powder was ~ 0.1 wt.%, similar to the contamination 
of the M-5 powder in the attrition mill.

Sub-micron size particles. Four silicate glass fi llers 
(DY-5, DY-9, M-2, and M-8) were ground in a Netzsch 
Labstar Zeta mill to obtain sub-micron size glass particles. 
All glasses were crushed, dry-milled, and sieved below 
60 μm, and the powders were dispersed in ~30% solid 
suspensions for the high energy mill.

The PSD of the glass fi llers at the end of the milling 
test (4 to 6 h) is shown in Fig. 11. All curves are single-
mode distributions with medians (d

50
) below 0.5 μm, 

except for M-2 (which was milled for shorter times than 
DY-9 and M-8, also dispersed in isopropanol) due to 
the alkali content of these glasses. The milling time for 
each glass, the suspending media, main parameters of the 
distribution curves, and the ZrO

2
 contamination is listed 

in Table VII. The glass particles were reduced to a median 
particle size between 0.2 and 0.7 μm with milling times 
up to 7 h.

The particle size median (d50) for each glass fi ller and 
the specifi c surface area as a function of milling time is 
shown in Fig. 12.  The medians approach values between 
0.2 and 0.7 μm for milling times up to 7 h, which is the 
maximum milling time recommended as the energy input 
is too high for further particle size reduction.  At the end 
of the milling test, the micrographs show that the particles 
are irregular but with rounded edges, which is required 
for high fl owability of mixes of resin and glass fi llers.

Figure 10: Particle size distribution and cumulative fraction of 
glass fi ller M-5 after wet-milling for 3.25 h in Netzsch Labstar Zeta 
high energy mill, using de-ionized water and 1 mm diameter Tosoh 
zirconia grinding media.
[Figura 10: Distribuição de tamanho de partícula e fração 
cumulativa de vidro M-5 após moagem a úmido por 3,25 h em 
moinho de alta energia Netzsch Labstar Zeta, usando água de-
ionizada e meios de moagem Tosoh de 1 mm de diâmetro.]

Attrition Mill
High 

energy mill

Sample 
taken 
after

0.5 h 1 h 1.5 h 2 h
2.5 
h

3.25 
h

d10 (μm) 3.35 2.85 2.78 1.83 0.62 0.50

d50 (μm) 12.38 7.24 6.08 4.04 1.31 0.78

d90 (μm) 41.13 23.21 14.54 8.85 3.16 1.32

Span 3.05 2.81 1.93 1.74 1.64 0.85

SSA*(m2/g) 0.30 0.42 0.47 0.83 2.10 3.23

Table VI - Size of powder fractions after milling.
[Tabela VI - Tamanho de frações de partículas após moagem.]

*Estimated specifi c surface area, glass density is 2.5 g/cm3.

Glass 
Filler

Milling 
time
(min)

Suspending 
media

d
10

 
μm

d
50

 
μm

d
90

 
μm

Curve span
Specifi c 

surface area 
(m2/g)

Weight  % 
ZrO

2

DY-5 240 DI-water 0.20 0.27 0.37 0.64 9.44 1.8

DY-9 390 IPA 0.21 0.30 0.44 0.78 9.86 1.0

M-2 300 IPA 0.36 0.68 1.32 1.41 4.82 0.5

M-8 420 IPA 0.26 0.39 0.62 0.91 6.29 0.6
DI-water: de-ionized water; IPA: isopropanol.

Table VII - Main PSD Parameters from high-energy milling test.
[Tabela VII - Principais parâmetros PSD do testes de moagem de alta energia.]  

10

8

4

6

2

0

100

80

60

40

20

0
0.01 1 10

Particle diameter (μm)

D
iff

er
en

tia
l v

ol
um

e 
(%

)

C
um

ulative fraction fi ner (%
)

Cer_341_2011.indd   Sec1:7Cer_341_2011.indd   Sec1:7 21/03/11   11:1821/03/11   11:18



8M. Velez et al. / Cerâmica 57 (2011) 1-9

25
100

60

20

80

40

0
0.0 0.4 0.8 1.00.2 0.6

DY5 Particle diameter (μm)

C
um

ulative
 fraction fi ner (%

)

D
iff

er
en

ci
al

 v
ol

um
e 

(%
)

20

15

10

5

0

C
um

ulative
 fraction fi ner (%

)

100

60

20

80

40

0
0.0 1.0 2.0 2.5 3.00.5 1.5

M2 Particle diameter (μm)

D
iff

er
en

ci
al

 v
ol

um
e 

(%
) 20

15

10

5

0

C
um

ulative
 fraction fi ner (%

)

100

60

20

80

40

0
0.0 1.0 2.0 2.5 3.00.5 1.5

M8 Particle diameter (μm)

D
iff

er
en

ci
al

 v
ol

um
e 

(%
) 20

15

10

5

0

C
um

ulative
 fraction fi ner (%

)
25

100

60

20

80

40

0
0.0 0.4 0.8 1.00.2 0.6

DY9 Particle diameter (μm)

D
iff

er
en

ci
al

 v
ol

um
e 

(%
)

20

15

10

5

0

Figure 11: Cumulative and differential particle size distribution of glass fi llers milled in the high energy mill.
[Figura 11: Distribuição cumulativa e diferencial de tamanho de partículas dos vidros moídos em moinho de alta energia.]

Figure 12:  Particle size median (d
50

) and specifi c surface area of glass fi llers DY-5 and DY-9 as function of milling time. The SEM micrographs 
show typical particles at end of milling; scale bar is 1 μm.
[Figura 12: Tamanho médio de partículas (d

50
) e área de superfície específi ca dos vidros DY-5 and DY-9 em função do tempo de moagem. As 

micrografi as de microscopia eletrônica de varredura mostram parículas típicas no fi m da moagem; barra de escala = 1 μm.]
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CONCLUSIONS

Two series of glasses were processed to produce micron-
size, sub-micron size, and nanoparticles using three different 
milling systems: high-energy, attrition, and ball milling. 
Wet-milling of glass fi llers using the attrition mill was more 
effi cient than wet-ball milling since a shorter time is required 
for reaching a similar particle size. Contamination from 
the milling media was negligible (~0.1 wt.%) compared to 
contamination from wet-ball-milling (4 to 8 wt.% ZrO

2
).

Wet-milling of glass fi llers using the Netzsch Labstar 
mill was more effi cient than either wet-ball milling or wet-
milling using an attrition mill. Single mode fractions of sub-
micron-size particles can be obtained in less time and with a 
narrower distribution range. Contamination from the milling 
media is negligible compared to contamination obtained 
during wet-ball-milling. 

Alkali-free/Y
2
O

3
-Yb

2
O

3
-Al

2
O

3
-SiO

2
 glass-fi llers were 

prepared with properties suitable for use in dental composites. 
High melting-temperature glass-fi llers can be produced by 
sintering, fl ame-spheroidizing, and wet-ball-milling. The 
glass-fi llers can be ground to a bi-modal PSD that includes 
a micron-size fraction and a sub-micron-size fraction. Glass 
fi llers for dental resins can be made by mixing micron-size 
particles (from wet-ball milling), sub-micron size particles 
(from a high-energy mill), and commercial nanoparticles 
(size below 0.1 μm). 
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