125

©operative Dentistry, 2000, 25, 90-97

Single-Crystalline
Ceramic Whisker-Reinforced

Carboxylic Acid-Resin Composites
with Fluoride Release

HHK Xu * FC Eichmiller
JM Antonucel * GM Flaim

Clinical Relevance

Carboxylic acid-resin composites containing ceramic whiskers and fluorosilicate glass
release fluoride and possess flexural strength and work-of-fracture substantially higher
than those of a traditional glass ionomer, a resin-modified glass ionomer, or a compomer.

SUMMARY

Currently available glass-ionomer, resin-modified
glass-ionomer, and compomer materials have rel-
atively low strength and toughness and, there-
fore, are inadequate for use in large stress-bearing
posterior restorations. In the present study,
ceramic single-crystalline whiskers were mixed
with fluorosilicate glass particles and used as
fillers to reinforce experimental carboxylic acid-
resin composites. The ecarboxylic acid was a
monofunctional methacryloxyethyl phthalate
(MEP). Five mass fractions of whisker/(whisker +
fluorosilicate glass), and corresponding resin
(resin + MEP), were evaluated. Four control
materials were also tested for comparison: a glass
ionomer, a resin-modified glass ionomer, a com-
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pomer, and a hybrid composite resin. Flexural
specimens were fabricated to measure the flexural
strength, elastic modulus, and work-of-fracture
(an indication of toughness). Fluoride release
was measured by using a fluoride ion selective
electrode. The properties of whisker composites
depended on the whisker/(whisker + fluorosili-
cate glass) mass fraction. At a mass fraction of 0.8,
the whisker composite had a flexural strength in
MPa (mean * sd; n = 6) of 150 = 16, significantly
higher than that of a glass ionomer (15 = 7) or a
compomer control (89 x 18) (Tukey’s multiple
comparison test; family confidence coefficient =
0.95). Depending on the ratio of whisker:fluo-
rosilicate glass, the whisker composites had a
cumulative fluoride release up to 60% of that of a
traditional glass ionomer. To conclude, combining
ceramic whiskers and fluorosilicate glass in a
carboxylic acid-resin matrix can result in fluoride-
releasing composiies with significantly improved
mechanical properties.

INTRODUCTION

It had been reported that approximately half of all
restorative dentistry involved the replacement of exist-
ing restorations, and about 40% of all replacements
were attributed to recurrent caries (Maclnnis, Ismail &
Brogan, 1991). There is strong evidence that the sus-
tained release of small amounts of fluoride could be a
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substantial benefit for a dental restoration because the
fluoride could enrich neighboring enamel or dentin to
combat secondary caries (Wesenberg & Hals, 1980;
Palenik & others, 1992; Leinfelder, 1993; Benelli & others,
1993; Souto & Donly, 1994; Hsu & others, 1998). Glass
jonomer (Wilson & Kent, 1972; Prosser, Powis & Wilson,
1986; McLean, 1990) and resin-modified glass-ionomer
materials (Mathis & Ferracane, 1989; Mitra, 1989) have
received much attention due to their significant release
of fluoride, the uptake of fluoride into cavity walis and
plaque, and the enhanced reprecipitation of calcium
and phosphate promoted by the fluoride release
(Wesenberg & Hals, 1980; Swartz, Phillips & Clark, 1984;
Swift, 1989a, b; Mitra, 1991; Hicks & Flaitz, 1992;
Benelli & others, 1993; Diaz-Arnold & others, 1995). The
inferior mechanical properties of glass-ionomer and
resin-modified glass-ionomer materials, however, have
limited their use (Prosser & others, 1986; Lloyd &
Butchart, 1990; Nicholson, Anstice & McLean, 1992;
Mitra & Kedrowski, 1994; Kao, Culbertson & Xie, 1996).
It was predicted that “the most intractable problem is
likely to be lack of strength and toughness” (Wilson &
MecLean, 1988). The addition of a resin in the matrix did
not significantly reduce the problems of glass-ionomer
materials (Sidhu, Sherriff & Watson, 1997).

Recently, a novel method of ceramic whisker rein-
forcement was developed that resulted in dental composite
resins with substantially increased strength and
toughness Xu & others, 1999a). Currently available
composite resins, although significantly improved
(Willems & others, 1992; Anusavice, 1996; Bayne &
Thompson, 1996; Ferracane & others, 1997; Eick,
Kaufman & Chappelow, 1997; Loza-Herrero & others,
1998), are still inadequate for use as large stress-bearing
posterior restorations involving cusps (Wilder, Bayne
& Heymann, 1996; Anusavice, 1996). In the ceramic
whisker reinforcement method (Xu & others, 1999a),
silica glass particles were fused onto high-strength,
fine-sized ceramic single-crystalline whiskers at high
temperatures. These whiskers were then silanized and
incorporated into dental resins. A nearly twofold
increase was achieved in the flexural strength and
fracture toughness of this improved composite resin. In
addition, the composite’s resistance to contact damage
and microcracking was also improved. The whisker
composite restoration had a whitish color and a sur-
face roughness after clinical polishing similar to that of
a conventional composite resin filled with fine glass
particles Xu & others, 1999b). However, these studies
did not investigate the ceramic whisker reinforcement
of dental restorative materials that release fluoride.

The aim of the present study was to investigate the
ceramic whisker reinforcement of dental restorative
materials with fluoride release. Fluorosilicate glass
particles were mixed with ceramic whiskers and used as

a filler for a dental resin containing a carboxyli¢ acid
monomer. Five whisker/(whisker + fluorosilicate glass)
mass fractions of 0.5, 0.7, 0.8, 0.9, and 1.0 were evaluated.
The resin/(resin + carboxylic acid monomer) mass fraction
was equal to the whisker/(whisker + fluorosilicate glass)
mass fraction for each composite. The whisker composites
were tested for flexural strength, elastic modulus,
work-of-fracture, and fluoride release. Four control
materials representative of acceptable clinical per-
formance and different levels of fluoride release were
also tested: a traditional glass ionomer, a resin-modified
glass ionomer, a compomer, and a hybrid composite resin.

METHODS AND MATERIALS

Filler Powder Preparation

Ceramic silicon nitride single-crystalline (b-Si3N4) whiskers
(UBE Industries, Ltd, Tokyo, Japan) with diameters
ranging from 0.1 ym to 1.5 pm (mean = 0.4 ym} and
lengths ranging from 2 pm to 20 ym (mean = 5 ym) were
mixed with fumed silica having a nominal particle size
of 0.04 pm (Aerosil OX50; Degussa Corp, South
Plainfield, NJ 07080). A whisker:silica mass ratio of 2:1
was used, and the mixture was dispersed by stirring in
ethyl alcohol with a magnetic stir bar under vacuum
until dry. The silica particles were fused onto the surfaces
of whiskers to facilitate silanization and to roughen
the whisker surface for enhanced retention in the
matrix. To fuse the silica particles onto the whiskers,
the dried mixture was heated in air for 30 minutes at a
temperature of 800°C. The heat-treated powder was
silanized by mixing it with 0.04 mass fraction of 3-
methacryloxypropyltrimethoxysilane (MPTMS) and 0.02
mass fraction of n-propylamine in cyeclohexane using a
rotary evaporator in a 90°C water bath until dry (Xu &
others, 1999a).

The silanized whiskers were manually mixed by use of
spatulation with an ion-leachable fluorosilicate glass
(strontium aluminofluorosilicate; Caulk/Dentsply, Inc,
Milford, DE 19963) of particles with sizes ranging
approximately from 0.5 ym to 10 pm with a mean of
about 2 pm. The flucrosilicate particles were deliberately
not silanized to promote their reaction with the car-
boxylic acid monomer of the resin system and allow for
maximum fluoride release. The following whisker:flu-
orosilicate glass mass ratios were evaluated: 1:1, 7:3, 8:2,
9:1, and 1:0. These ratios corresponded to a whisker/
{whisker + fluorosilicate) mass fraction of 0.5, 0.7, 0.8, 0.9,
and 1.0, respectively. Whisker mass fractions less than 0.5
were not tested, as the amount of whiskers may not be
sufficient for substantial improvement in the composite
mechanical properties.

Resin-Carboxylic Acid Monomer Preparation

Modification of a two-part, chemically-activated resin
was used to prepare the experimental carboxylic acid-
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resin systems. Part I, the initiator resin, consisted of
monomers in mass fractions of 0.48975 BIS-GMA
(bisphenol glycidyl methacrylate) and 0.48975
TEGDMA (triethylene glycol dimethacrylate), with
0.0005 2,6-di-tert-butyl-4-methylphenol (BHT) and
0.02 benzoyl peroxide (BPO). Part II, the accelerator
resin, consisted of mass fractions of 0.495 BIS-GMA
and 0.495 TEGDMA, with 0.01 N,N-dihydroxyethyl-p-
toluidine (DHEPT) as the polymerization accelerator.
A monofunctional carboxylic acid monomer (methacry-
loxyethyl phthalate, or MEP) (Lot 430-49; Esschem
Inc, Linwood, PA 19061) was added to each of the
resins to form MEP-resin two-part systems. No addi-
tional BPO or DHEPT was added to the resins. Five
MEP-resin systems were made with the following
resin/(resin + MEP) mass fractions: 0.5, 0.7, 0.8, 0.9,
and 1.0

Paste Preparation and Specimen Fabrication

The five different resinf{resin + MEP) mass fractions
were designed to be the same as the five whisker/
(whisker + fluorosilicate glass) mass fractions. In mixing
the filler powder with the MEP-resin liquid to form a
paste, the mass fraction of whisker/(whisker + fluo-
rosilicate glass) was equal to that of resin/(resin +
MEP). For example, the liquid with a resin/(resin +
MEP) mass fraction of 0.5 was only mixed with the
filler powder with a whisker/(whisker + fluorosilicate
glass) mass fraction of 0.5. For each mass fraction, two
pastes were mixed manually by use of spatulation: the
initiator MEP-resin and whisker-fluorosilicate paste,
and the accelerator MEP-resin and whisker-fluorosilicate
paste. A filler level of a mass fraction of 55% was used
for each paste (Xu & others, 1999a). Equal masses of
the two pastes were then mixed by spatulation, filled
into a mold and hardened in approximately two min-
utes to make a specimen. The flexural specimens had
dimensions of approximately 2 mm x 2 mm x 20 mm.
The specimens for fluoride release testing had dimen-
sions of approximately 2 mm x 2 mm x 8 mm. Each
specimen was incubated at 37°C for 15 minutes to cure
chemically, and then demolded. A total of 60 flexural
specimens were made for the whisker composites, with
12 specimens at each whisker/(whisker + fluorosilicate
glass) mass fraction. A total of 20 fluoride release spec-
imens were made with four specimens at each
whisker/(whisker + fluorosilicate glass) mass fraction.

Specimens of four control materials were also fabri-
cated to provide representative reference for mechani-
cal properties and fluoride release. The first control
was a traditional glass icnomer (Ketac-Bond; ESPE,
Seefeld, Germany). The manufacturer has recommend-
ed a powderliquid weight ratio of 3.4:1 for bonding
applications and a higher ratio of 4-5:1 for crown post
build-ups. In the present study, a powder:liquid weight
ratio of 5:1 was used and the paste was filled into steel
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molds and hardened to make specimens. A resin-
modified glass ionomer (Vitremer; 3M Dental
Products, St Paul, MN 55144) was mixed to form a
paste according to the manufacturer’s instructions,
filled into the mold, and light cured (Triad 2000;
Dentsply International, Inc, York, PA 17405) for one
minute on each side of the specimen. A compomer
(Dyract; Caulk/Dentsply) was filled into the mold and
light cured for one minute on each side of the specimen.
Specimens of the traditional glass ionomer, the resin-
modified glass ionomer, and the compomer were kept
in the molds covered with Mylar strips plus glass slides
that then were mechanically clamped. They were incu-
bated in a humidor to minimize dehydration at 37°C
for 24 hours and then demolded and tested as
described below. A hybrid composite resin (TPH;
Caulk/Dentsply), consisting of silicate and barium
glass particles of about 0.8 pm in diameter and a filler
level of 78% mass fraction in a matrix resin of
TEGDMA plus a urethane-modified BIS-GMA, was
light cured for one minute on each side of the specimen.
The TPH specimens were incubated at 37°C for 24
hours and then demolded. The dimensions of the con-
trol specimens were the same as those of the whisker
composite specimens. A total of 48 flexural specimens
were made with 12 specimens for each control materi-
al. A total of 16 fluoride release specimens were made
with four specimens for each control material.

Mechanical Testing and
Fluoride Release Measurement

The flexural specimens were treated in two groups to
evaluate the effect of water immersion on composite
properties. Each group had 54 specimens with six spec-
imens for each of the nine materials: five whisker com-
posites and four control materials. For the first group,
the flexural specimens were incubated and demolded
as described above. They were then, without any
immersion in water, fractured in a flexural test. The
glass-ionomer and resin-modified glass-ionomer speci-
mens were fractured within one hour after being taken
out of the humidor to minimize dehydration. For the
second group, the flexural specimens were demolded
and additionally immersed in distilled water at 37°C
for 24 hours prior to the flexural test.

A standard three-point flexural test (American
Society for Testing and Materials, 1984) with a span of
10 mm was used to fracture the specimens at a
crosshead speed of 0.5 mm per minute on a computer-
controlled Universal Testing Machine (model 5500R;
Instron Corp, Canton, MA 02021). The following prop-
erties were evaluated: flexural strength, elastic modulus,
and work-of-fracture (the energy required to fracture
the specimen obtained from the area under the load-
displacement curve normalized by the specimen’s
cross-sectional area).
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Fluoride release was
measured after storage
perieds of 1, 7, 14, 30,
60, and 90 days. To
minimize dehydration
and surface cracking
(Mathis & Ferracane, 07
1989), the glass-ionomer
specimens were immersed
in distilled water with- 0.9
in one hour after they 1.0
were taken out of the
humidor and demolded.
Four bar specimens
were tested for each
material. Each bar was
immersed in 2.5 mL
water in a capped poly-
styrene tube (Falcon

Whisker/[whisker + fluorosilicate
glass] (mass fraction)

0.5

0.8

control: traditional glass ionomer

control: compomer

control: hybid composite resin

contral: resin-modified glass ionomer

Table 1a: Mechanical Properties of Specimens Without Water Immersion (mean x SD; n=6)"
Flexural Elastic modulus Work-of-fracture
strength (MPa) (GPa) (kJ/m2)

121 +2 7202 1.2+041
154 + 11 82104 1.8x03
159 = 14 8007 2.1+04
178 + 16 7609 3.5+04
1958 71zx05 3.9=+05
5486 122+16 0.16 £0.03
60 +6 5807 0.4 =01
1209 65107 1.5+03
134 £ 18 7307 1.7£06
"Flexural strangth is tha highest at whisker/[whisker + fluorasilicate glass] of 1.0, followed by those at 0.9 and 0.8, and the lowest for glass

ionomer and resin-modified glass ionomer (Tukey's multiple comparisen test; family confidence coefficient - 0.95).

2054; Becton Dickinson,

Franklin Lakes, NJ
07417} stored in a 37°C
oven. Preliminary studies

indicated that 2.5 mL of Whisker/[whisker + fluorosilicate
water was sufficient for glass] (mass fraction)
one Ketac specimen to 05

avoid fluoride satura-
tion of the solution. The 07
amount of fluoride 0.8
release of some of the 0.9
whisker composites with
high whisker contents 19

was relatively low, and a control: traditional glass icnomer
large amount of storage
water (eg, 10 mL) result-
ed in a low fluoride con-
centration and hence
lower measurement
accuracy. After each pre-
scribed storage period, 1

control: compomer

control: hybid composite resin

control: resin-modified glass ionomer

Table 1h: Mechanical Properties of Specimens After 24 h Immersion in Distilled Water at 37° C*

Flexural Elastic modulus Work-of-fracture
strength (MPa) (GPa) (kd/m2)

121 x5 54 +08 1.8+0.2
140+ 6 6102 2203
180 + 16 7.4 +03 2105
180 £12 6.8 09 33x02
196 =10 72x04 4007
15+7 5124 0.04 = 0.02
356 5302 02+01
89218 61203 18+03
120 + 16 49+08 24+08

‘Strength is the highest at whiskerTwhisker + tiurosilicate glass) of 1.0 and 0.9 followed by those at 0.8 and 0.7, lower for hybrid composite and
compomer, and the lowest for glass ionomer (Tukey's muitiple comparison test; family confidence ceefficient = 0.95).

mL of the storage solu-

tion was collected from each tube; 1 mL fresh deionized
water was then added to the tube for further storage. A
buffer solution of 1 mL (TISAB II; Orion Research, Ine,
Boston MA 02129) was added to the collected solution
for fluoride concentration measurement. A fluoride
selective electrode {model 94-09; Orion Research, Inc)
was used to measure the fluoride concentration in the
solution while the solution was stirred with a poly
(tetrafluroethylane)-coated magnetic bar. Standard
curves between approximately 0.04 ppm and 10 ppm
were used to calibrate the electrode. An experimental
curve of relative millivolts as a function of fluoride con-
centration was generated by use of various buffered
dilutions of the standard solution (Orion Research,
Ine). The amount of fluoride measured was converted

into micrograms of F~ released per unit specimen area
(ugfcm2) according to previous methods (Fukazawa,
Matsuya & Yamane, 1990). The cumulative amount of
fluoride release was then calculated after each storage
period (Mitra, 1891; Verbeeck & others, 1993).

One-way ANOVA was performed to detect signifi-
cance (a = 0.05) in material properties. Tukey’s multi-
ple comparison test was used at a family confidence
coefficient of 0.95 to group and rank the measured values.

RESULTS
Figure 1 shows the flexural strength of the four control
materials and the whisker composites at whisker/
(whisker + fluorosilicate glass) mass fractions of 0.5,
0.7, 0.8, 0.9, and 1.0. For each whisker composite, the
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Table 2: Cumulative Fluoide Release per Specimen Area (ug/em?) (mean = SD; n = 4)*

QOperative Dentistry

Without water immer-
sion, the traditional glass
ionomer had the highest

30days 60days 90 days elastic modulus, fol-
lowed by the whisker

12.0+2.6 254410 33.0:1.9 composites and the pos-
92104 56409 111408 terior composite control,
"" - T then by the compomer
39:11  50:10 71204 and the resin-modified
£120.1  1.3s03 15101 glass ionomer. After one
0443 423419 day of immersion in
- 8£1.9 530:34 | water, the modulus of
325+25 47:36  655:2.8 the traditional glass
18.045.0 31.3s7.0 39.047.5 ionomer and the whisker

Whisker/[whisker + flucrosilicate 1 day 7 days 14 days
glass] (mass fraction)

0.5 1.610.6 3.5+0.1 5.6+0.4
0.7 0.420.1 1.1£0.1 16202
0.8 23:07 35210 37+1.0
0.9 0.7+0.1 09401 1.040.1
control; traditional glass ionomer 3.7+1.8 16+1.7 231423
control: resin-modified glass ionomer  5.7:1.2 16412 229416
control: compomer 33416 B0x21 1M.1:4.2

“Resin-modified glass ionomer had the highest flusride release followed by glass ionomer and comporner. Amang whisker compaosites, fluoride
reiease was the highest at whisker[whisker = fluorosiiicate glass] of 0.5 (Tukey's multiple comparisen test; family confidence coafficiant = 0.95).
Flugride release of at whisker{whisker + fluorosilicate giass] of 1.0 and the composite resin control was not detectable.

composites became gen-
erally similar to each
other. The work-of-fracture
was the highest for the
whisker composites at

mass fraction of resin/(resin + MEP) was equal to that
of the whisker/(whisker + fluorosilicate glass).“W/(W +
FS)Y designates “whisker/(whisker + fluorosilicate
glass) mass fraction.” In each bar graph, the first bar
shows the strength of the specimens without water
immersion, and the second bar shows the strength of
specimens fractured after 24 hours of immersion in
water at 37°C. The two bars in each plot with a hori-
zontal line show strength values that are not signifi-
cantly different (p>0.1; Student’s t-test); the two bars
in each plot without a horizontal line show values that
are significantly different (p<0.05; Student’s t-test).
The flexural strength of all the whisker composites, the
compomer, and the composite resin control did not
decrease significantly after the one day of immersion in
water, while that of the glass ionomer and the resin-
modified glass ionomer decreased significantly during
the water immersion.

Tables 1A and 1B show flexural properties of specimens
without water immersion and after one day of immersion,
respectively. Each value is mean with one standard
deviation of six measurements. In each column, values
with six repeats were statistically compared (Tukey’s
multiple comparison test; family confidence coefficient
= 0.95). The flexural strength of the whisker composite
increased with increasing of the mass fraction of
whisker/(whisker + fluorosilicate glass), both without
water immersion and with one day of immersion. The
flexural strength of the whisker composites at
whisker/(whisker + fluorosilicate glass) mass fractions
of 1.0 and 0.9 was the highest; those at whisker/
(whigker + fluorosilicate glass) mass fractions of 0.8
and 0.7 and the control composite resin were statistically
similar; and those of the resin-modified glass ionomer
and the traditional glass tonomer were the lowest.

whisker/(whisker + flu-
orosilicate glass) mass
fractions of 1.0 and 0.9, both without water immersion
and with one day of immersion. The traditional glass
ionomer and the resin-modified glass ionomer had the
lowest work-of-fracture values.

Regults of the cumulative fluoride-release measure-
ments are listed in Table 2. Each value is the mean
with one standard deviation of six measurements. In
each column, values with four repeats were statistically
compared (Tukey’s muitiple comparison test; family
confidence coefficient = 0.95). The fluoride release of
the control composite resin and the whisker composite
at a whisker/(whisker + fluorosilicate glass) mass frac-
tion of 1.0 were not detectable. The amount of fluoride
release of the glass ionomer and the resin-modified
glass ionomer were generally not significantly differ-
ent. Fluoride release of the whisker composite at a
whisker/(whisker + fluorosilicate glass) mass fraction
of 0.5 and the compomer control were not significantly
different. Figure 2 plots the amount of fluoride release
versus storage time for these materials. “RMGI” desig-
nates the resin-modified glass ionomer, “GI” desig-
nates the glass ionomer, and “WAW + I'S)” designates
“whisker/(whisker + fluoresilicate glass) mass frac-
tion,” while the mass fraction of resin/(resin + MEP) =
whisker/(whisker + fluorosilicate glass).

DISCUSSION

Results of the present study suggest that ceramic
whisker reinforcement can substantially improve the
mechanical properties of direct restorative materials
formulated to release fluoride. Fusing silica glass par-
ticles onto the surfaces of individual whiskers not only
facilitates whisker silamization, but may have also
improved the whisker retention in the matrix by pro-
viding rougher whisker surfaces. In addition, two other
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factors may have contributed to the effi-
cacy of composite reinforcement. The
first factor is the high strength and
toughness of the ceramic whiskers. The
single-crystalline whiskers have few
structural defects and hence tensile
strength values as high as 50 GPa
{Iwanaga & Kawai, 1998). In compari-
son, the strength of glass fibers is
approximately 3 GPa and that of pol-
ished bulk glass is about 0.1 GPa
(Lawn, 1993). The fracture toughness of
crystalline ceramics (silicon nitride,
alumina, zirconia, etc) ranges from
about 2 to 6 MPa*m1/2, while that of
glass is only about 0.7 MPaeml/2
(Lawn, 1993). It was observed that
while a microcrack can easily cut
through a glasg filler, the ceramic
whiskers are more resistant to fracture
{Xu & others, 1999a). The second factor
that may have contributed to the rein-
forcement efficacy is the highly elongat-
ed shapes of the whiskers (eg, a diame-
ter of 0.4 pm and a length of 5 um).
Elongated fillers have been observed to
be more effective than particulate fillers
in bridging a microcrack resisting it
from propagating (Lawn, 1993; Xu &
others, 1993) and in resisting dislodge-
ment from the matrix. The size of the
whiskers are orders of magnitude
smaller than most glass fibers and
ceramic fibers (eg, a diameter of 10 pym
to 100 gm and a length of 100 pm to 1
mm) (Lawn, 1993; Xu & others, 1994).
These small whiskers allow a relatively
uniform distribution in the matrix with
an acceptable composite polishability
(Xu & others, 1999b).

Combining ceramic single-crystalline whiskers

sogb Control: Glass jenomer | [ - Control: Resin-modified | |  Control: Compomer
[ glass ionomer X No
[ . watcr .1 day
1501 I I immersion in water
[ Ko [ No
1001 waier r water 3
I immersion [ immersion 1 day
: 1 da)' ID ‘wairr ]
S0 in water !
=
B 200 W/AW+ES)=05 L W/((W+F8)=0.7 L WH(W+F§5)=08
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Figure 1. Flexural strength (mean = sd; n = 6) of the four control materials and the whisker com-
posites at whisker/(whisker = flurosilicate glass) mass fractions of 0.5, 0.7, 0.8, 0.9, and 1.0.
“WAW = F8)" designates whisker/(whisker = flurosilicate glass) mass fraction. in each plot, the
first bar is strength of specimens without water immersion, and the second bar is strength of
specimens after a one-day immersion in water. Horizomtal lines indicate strength vaiues that are
statistically similar (p> 0.1; Student {). Only the glass ionomer and the resin-modified glass
ionomer had a significant strength loss after a one-day water immersion.

» Conwol: RMGI
< Control: GI

a Control: compomer

with fluorosilicate glass in resins modified by the
presence of a carboxylic acid monomer in the
present study have yielded restorative compos-
ites with superior strength that are still able to
release fluoride. Compared with the hybrid com-
posite resin control, which did not have fluoride
release, the whisker-fluorosilicate composites not
only released fluoride, but also had flexural
strength values 60 MPa and 30 MPa higher, at
whisker/(whisker + fluorosilicate glass) mass
fraetions of 0.9 and 0.8, respectively. The flexural
strength values of the composite resin control,
the glass ionomer, and the resin-modified glass
ionomer measured in the present study were in
the range of those reported in previous studies on

& Wi(W +FS)=05
© WICW +FS)=0.7

WHW +FS)=0.8
¥ WIW +FS)=09
+ WHW+F$)=1.0

a Control: composite

Cumulative F Release (pglem?)

2 0 60 80 100
Time (days)

Figure 2. Fluoride release (mean + sd; n = 4) versus storage time in distilled
water of the four control materials and the whisker compositas at
whisker/(whisker = fiuorosificate glass) mass fractions of 0.5, 0.7, 0.8, 0.9, and
1.0. “RGMI" designates resin-modified glass ionomer, “GI” designates glass
ionomer, and “W/(W = FS)" designates whisker/(whisker + flurosilicate glass)
mass fraction.



96

similar materials (Prosser & others, 1986; Mathis &
Ferracane, 1989; Mitra & Kedrowski, 1994; Ferracane
& Mitchem, 1994). The flexural strength values of the
whisker composites were a few times higher, and the
work-of-fracture values were orders of magnitude
greater than those of the traditional glass ionomer and
the resin-modified glass ionomer. The amount of flue-
ride release by the whisker-fluorosilicate composites
was less than that of the traditional glass ionomer and
the resin-modified glass ionomer. The minimum
amount of fluoride release required to effectively inhib-
it secondary caries is yet to be determined clinically. A
previous study (Swift, 1989b) showed that the fluoride
concentration of a fluoride-releasing composite
(Heliomolar) was only about 4% of that of a traditional
glass ionomer (Ketac-Fil). However, significantly less
demineralization was observed in teeth restored with
Heliomolar (Arends, Ruben & Dijkman, 1990). The
whisker composites of the present study had a cumu-
lative fluoride release after 90 days of storage as high
as 62% of that of a traditional glass ionomer, depend-
ing on the whisker/(whisker + fluorosilicate glass)
mass fraction. Further studies should investigate the
fusion of fluorosilicate glass particles, instead of silica,
onto the whiskers, thereby possibly increasing the
amount of fluoride release of the whisker composites
while maintaining the superior mechanical properties.

The present study investigated the mechanical prop-
erties of composite specimens without water immer-
sion and with one day of immersion in water at 37°C.
Further studies should evaluate the long-term water-
aging behavior of these composites, including water
absorption, solubility, and durability of the mechanical
properties. Ongoing studies on selected whisker com-
posites indicate that the composite strength decreased
after prolonged water aging, similar to that of current
composite resins. Additional research is required to
systematically understand the reinforcement mecha-
nisms and to improve the water-aging resistance of the
whisker-reinforced resin-carboxylic composites. Further
studies should also aim at approximating the refrac-
tive index values of the phases to improve the translu-
cency and esthetics of the composites. In addition, the
wear behavior of the composites against enamel has
yet to be investigated.

CONCLUSIONS

Ceramic whiskers can significantly reinforce compos-
ites containing fluorosilicate glass in a matrix formed
from a resin that was modified with a carboxylic acid
monomer. The composite mechanical properties and
the amount of fluoride release can be adjusted for spe-
cific applications by tailoring the whisker:fluoresilicate
glass ratio and the resin:carboxylic acid monomer
ratio. The sizes of the whiskers are orders of magni-
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tude smaller than available glass fibers, allowing for a
relatively uniform distribution in the matrix.
Depending on the ratio of whisker:fluorosilicate glass
and resin:carboxylic acid monomer, the whisker com-
posite releases fluoride up to 60% of that of a traditional
glass ionomer. The flexural strength and work-of-fracture
(or toughness)} values of the whisker-fluorosilicate com-
posites are significantly higher than those of a tradi-
tional glass ionomer, a resin-modified glass ionomer,
and a compomer.
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