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Abstract
The purpose. of this project was to improve the mechanical properties of the Ag-Sn

metal-resin composite to be a good posterior restorative material for amalgam altemation. The
project was divided into two studies. First, improved the composite by acid and heat treatment
of the filler particles. Secondly, changing the particle size. However, the second study was not
possible due to the composite curing system that was not allow the material to cure properly.
Therefore this study was modified to change the particle type to be Ag-In and investigated the
bonding mechanism.

First project, the silver-tin alloy particles were treated the surface with HCI at 2%, 4%

and water washing as a control in combination with heat treatment either at 150°C or 300°C,
and no treatment as a control. The treated particles were used for preparation of the composite
and done flexural test (IS0O-4049) to evaluate the effect of acid and heat treatment on the
flexural properties. The treated particte surface including standard sample of Sn, SnO, SnO,,
Ag, Ag;O were analyzed using an X-ray photoelectron spectroscope (ESCA) to determine the
most responsible substrate for the bonding mechanism. Second project, were also done the
same as first project to the silver-indium alloy particles. The standard sample of In and the oxide
form, InO, were used instead of Sn, SnO, SN0,

The composite showed the greatest strength when the silver-tin particles got the acid

treated at 2% in combination with heat treated at 150°C. At that condition, the ESCA analysis
showed the majority of the surface composed of SnO compound. Moreover, the correlation
between flexural strength of the composite and their filler Sn3d binding energy was found
significantly (R=0.80, P=0.02), which mean SnO might be the most responsible for the bond
between the particle and coupling agent. While the silver-indium contained composite showed
the greatest strength at 2-4% acid treated with heat treated at 350°C. At that condition, the
ESCA analysis did not show any different in the surface composition, only some different in the
thickness of the oxide film. However, the composite produced from these two filler particle show
difference in flexural modulus with the same flexural strength. These mean we can control the

flexural modulus of the composite by changing the particle without any effect on flexural

strength.
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(MP1BINOY)  Improvement of metal-resin composite restorative material.

o
Tasanmisdasn 1 Improvement of metal-resin composite restorative material by acid and

heat treatment.

INTRODUCTION

The metal-resin composite (MRC) using Ag-Sn alloy particles as filler, 4-META as a
coupling agent and UDMA-TEGDMA as resin matrix, have been deveIOped1'2). The mechanical
and physical properties of the composite showed the promising good posterior compositem.
The bonding between filler particle and coupling agent get through the resin matrix is the critical
key point for the strength of the composite in this system, therefore the well understanding of
the bonding mechanism would be necessary to improve this composite. It had been
hypothesized and reported by several studies” " that adhesive resin form a chemical bond with
metal oxide films especially of base metal (In, Cu, Zn and $n). Although these oxide films are
considered {o play an important role in promoting the adhesive ability of adhesive resin to alloy,
the detailed factors of these oxide films and adhesive resin has not been well understood. Chno
etal” reported the base metal content and the area fraction of the oxide on the surface had
great effect on the adhesive ability. Somchai et al’ reported the appropriate heat treatment for
Ag-Sn particle is required to have good bond to 4-META resin. However the responsible oxide
form could not be differentiated. Since the content of the metal element in the composite filler
had fixed at the greatest mechanical and physical properties, the important point to clarified in
this study is the detail oxide characteristics on the high temperature oxidation which play the
important role on the adhesive ability to 4-META.

In the previous study (2), although the effect of the acid and heat treatment had been
carried out, the detail information about the acid concentration and bonding mechanism was not
well described. Therefore, The objective of this study was to investigate the detail oxide
characteristics on the particle surface that modified by acid and heat to understand the bonding

mechanism through tﬁe strength of the composite.

MATERIALS AND METHODS

Ag-Sn spherical alloy particles (73.2 mass% Ag, 26.8 mass% Sn, Lot no. 9804AS750)
were produced by the research unit, Faculty of Dentistry, Mahidol University, Thailand, using an
atomization method. The particle size bigger than 53 pm was crushed by a ball-milling machine



(Pulverisette, Fritsch, Germany) at the rate 8 (595 rpm) for 5 h to produce an irregular particle.
After crushing, the. particles were then sieved with 20 ym mesh size. The particles size less
than 20 pm were utilized for the filler of MRC.

Alloy particle surface treatment

The alloy particles were immersed in either 2 or 4% HCI at 80°C and slowly stirred with
a magnetic stirrer for 30 min. After this acid treatment, the particles were thoroughly washed

with distilled water until no residual acid remained on the surface, verified using AgNO,. The

particles were filtered and dried at 40°C for 1 h. In addition to these treatments, water washing
at the same condition as acid treatment was included. After drying, the particles were divided

into three groups. One of the three groups was used as it is without any heat treatment and the

other two groups were placed in an oven for heat treatment either at 150°C or 300°C for 5 min.
Therefore, 9 different particles treated with different acid concentrations and heating
temperatures were prepared.
The composite specimen preparation and flexural test

The preparation of the MRC specimen and the flexural test were carried out following
the procedure reported in the previous studya). The filler content was 93% by weight. Three
replications were prepared for each of nine conditions for the flexural test. The data of flexural
strength and flexural modulus were analyzed using two-way analysis of variance to analyze the
effect of two factors, which were the acid concentration and the heating temperature. The iso-
value curves for both of the flexural strength and flexural modulus were obtained using
orthogonal polynomial.
Particle Surface analysis by XPS

9 different particles treated with different acid concentrations and heating temperatures
including standard sample of Sn, SnO and SnO, were dried in a desiccator under vacuum at
room temperature for 12 h and then placed on a carbon tape. The surface of the particles was
analyzed using an X-ray photoelectron spectroscope (JPS-9000MC, JEOL Co.Ltd., Tokyo,
Japan) with Al KO radiation under a pressure of 2X10° Pa. The binding energy of the
measured photoelectron peak was calibrated by the C 1s peak at a binding energy of 284.6 eV.

RESULTS
Flexural strength and flexural modulus of the composite

Table 1 shows the summaries of the flexural strength and flexural modulus of the
experimental composite. The flexural strength ranged from 85.4 to 102.4 MPa and the flexural
modulus from 9.1 to 11.8 GPa. Table 2 shows the result of ANOVA for the flexural strength and



flexural modulus of the composite. The flexural strength was significantly influenced by all two
- main factors (p<0.01). The flexural modulus was significantly influenced only by acid
concentration (p<0.01). Figs. 1 and 2 show the flexurai strength and the flexural modulus of the
experimental composite, which were drawn by the equation shown below the figure. The square
root Ve seen in figure is the square root of mean square of error obtained from ANOVA. As

shown in Fig. 1, the flexural strength increased either as the acid concentration increased up to

2.5-3 % or as the heating temperature increased up to 150°C. The highest flexural strength of

the composite in this study (102.4 MPa) was obtained from the particle with 2% acid- and

150°C heat-treated. Fig.2 shows that the flexural modulus increased with the acid concentration
increased.
Oxide analysis on particle surface

The Sn3d binding energy of the filler paricle surface including as crushing particle as

well as Sn, SnO and SnO, standard -sample were shown in Table 1. Fig. 3 shows the Sn3d
spectra obtained from as-crushed, 2% acid-treated, 2% acid- and 150°C heat-treated and 2%

acid- and 300°C heat-treated particle. The spectra had a wide half width due to the mixture of
metallic Sn and their oxidation states as SnO and SnO,. The spectrum shifted to higher
oxidation state as the heat-treated temperature increased. Fig.4 shows the Sn3d spectra
obtained from the as-crushed, water waching, 2% acid-treated and 4% acid-treated particle. The
spectrum shifted to higher oxidation state when the particie washed in water and to lower
oxidation state or more metallic Sn when receive acid treating. The spectrum unclearly shows
the different between 2% and 4% acid-treated.

The correlation between the flexural strength of the composite and its filler surface Sn3d
binding energy was found and shows on Fig.5. The composite show the highest strength when
its filler has Sn3d binding energy around 486.4 eV, which mean majority of its filler surface

composed of SnO.

DISCUSSION

In the previous studyzi. although the effect of the acid and heat treatment had been
carried out, the detail information about the acid concentration and bonding mechanism was not
well described. The bonding between filler particle and coupling agent get through the resin
matrix is the critical key point for the strength of the composite in this system, therefore the well
understanding of the bonding mechanism would be necessary to improve this composite. In this
study, the Ag3d binding energy of the filler particle surface including Ag and AgO, standard

sample were also evaluated. However, there was not any relation or meaning to interpret and



' also half of the filler especially high oxidation condition, the Ag3d peak could not be detected,
therefore the data of the Ag3d was not reported.

In this study, the acid and heat treatment was selected to modify the surface for
analyzing the surface product, which was responsible for the bonding because the expectation
that a contamination product would be removed and oxide product would be formed when a
particle was acid and heat treated, respectively. The results in this study showed that the acid
and heat treatment including their interaction affected the flexural strength of the composite
while only acid treatmt;nt affected the flexural modulus. The past studyz'mm clearly showed that
the wider groove at the grain boundary was found and wider or became pitting on the grain
surface with higher acid concentration. The wider grooves increase the bonding area and
mechanical interlocking between the alloy particle and resin matnx. Increasing the bonding area
will decrease the matrix mass regarding to increasing the flexural modulus. This might be the
reason why acid concentration affected both flexural strength and flexural modulus. These
results were conformed in vice versa to Kakuta et al's study‘z). They study the acid and heat
treatment on Ag-In, which require higher concentration to wider the groove of grain boundary.
Therefore, they did not found any effect of acid treatment on both flexural strength and flexural
modulus, only the trend to be higher to acid concentration.

As mention above, we expected the oxide formation on the surface when the particle got
the heat treatment. The results in this study suggested that there was a significant difference in
the flexural strength of the composite among the temperature of heat treatment. This meant that

the condition of the oxide, which was formed by heat, affected the flexural strength of the

composite. Fig.1 shows that the flexural strength increased up to 150°C then decreased when

the heating temperature increased. In this study, the highest flexural strength was obtained at

condition 2% acid and 150°C heat-treated. Several study " found that different metal oxide,
thickness of the oxide layer or different metal oxide form affected the bonding strength. These
founding can imply to explain the results of this study that the proper oxide layer or oxide form
might be the main key of the bonding between particle surfaces and coupling agent regard to
flexural strength of the composite. However, the specific metal oxide form cannot be
distinguished. )

From the particle surfaces analysis by XPS in Fig 4, The Sn3d spectra shifted to more
metallic tin when received acid treated. This fulfills our expectation that acid treatment could
remove any contaminated oxide on the surface. The unexpected data was found on water
washing condition, the spectra shifted to higher oxidation state (SnO,), which was different from
the spectra of as-crushed particles. Ohno et al" have been reported that H,O molecule on the



alloy surface exhibits the good adhesion of 4-META and alloy surface. This may be the reason
why the flexural strength of the composite at condition at water washing without any heat
treatment was different from as crushed composite in the past study”).

Fig 3 shows the Sn3d spectra shifted to oxidation state (SnO) when receive heat treated

at 150°C and shift to higher oxidation state (SnO,). This suggested that the oxide was formed
on the particle surface by heat treatment and forming different oxide form up to the temperature
of heat. These differen't oxide forms were expected to give the bond strength to coupling agent
differently. As shown‘in fig 5, the high correlation (r=0.902, p=0.017) between the flexural
strength of the composite and its filler surface Sn3d binding energy (eV) was found. The
correlation was found in convex parabola shape. This could confirm the hypothesis that 4-META
have adhesion ability differently to different oxide type and form. The highest strength of the
composite was shown at the binding energy around 486.3-486.5 eV, which was SnO binding
energy area. This result could comply that SnO might be the most responsible for the adhesive

ability between 4-META and alloy surface.
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Table 1 The summary of the flexural strength, flexural modulus of the experimental composite

and Sn3d binding energy of the filler particle surface including Sn, SnO, SnO, standard sample.

Metal-resin composite Flexural Flexural Sn3d binding
Acid conc. (%) Heat temp. (°C) strength: modulus: energy:
MPa (SD) GPa (SD) eV

0 {water) ) Room temp 85.5 (5.2) 8.1 (0.9) 486.8
0 (water) 150 88.9 (1.8) 9.3 (0.5) 486.7
0 (water) ) 300 85.4 (0.9) 9.2 (0.5) 486.8
2 Room temp 939 (1.7) 10.6 (0.6) 486.2

2 150 102.4 (3.5) 10.3 (0.4) 486.4

2 300 85.8 (3.8) 10.8 (0.7} 486.8

4 Room temp 93.2 (4.2) 10.2 (0.6) 486.1

4 150 99.8 (4.7) 11.8 (1.1) 486.2

4 300 89.8 (4.2) 10.4 (1.6) 486.6

As crushing 486.3

Sn 4849

SnO 486.5

Sn0O, 486.7




Table 2 Results of ANOVA for the flexural strength and flexural modulus of the composite

e —

Source S5 df MS F P

Flexural strength:

A:Acid Conc. 343.73 2 171.87 3.16 . 0.00**
B: Heating T. ’ 464.31 2 232.15 17.78 0.00**
AxB ) 130.16 4 32.54 2.49 0.00**
Error 235.05 18 13.06

Total 1173.25 26

Flexural moduius:

A: Acid Conc. 12.47 2 6.24 8.96 0.00**
B: Heating T. 1.48 2 0.74 1.06 0.37
AxB 3.75 4 0.94 1.35 0.29
Error 12.53 18 0.70

Total 30.23 26




Fig. 1 The flexural strength of the experimental composite
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* Fig. 2 The flexural modulus of the experimental composite
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Fig. 3 shows the Sn3d spectra obtained from as-crushed, 2% acid-treated, 2% acid- and 150°C

heat-treated and 2% acid- and 300°C heat-treated particle.
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Fig.4 shows the Sn3d spectra obtained from the as-crushed, water waching, 2% acid-treated
and 4% acid-treated particle.
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Fig. 5 The correlation between the flexural strength of the composite and its filler surface Sn3d

binding energy
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" Tasonstown 2 (Tﬂsamtnﬂunu) Bonding mechanism of the Ag-In alloy and 4-META coupling

agent

INTRODUCTION

A resin composite using inorganic filler has been commonly used for dental restorations. The
mechanical properties of resin composites have been markedly improved compared with early
composites 1-4). Those resin composites, however, retain some problems that require
improvement. For example, their antagonistic wear is considerable for dental restorations,
especially for postérior applications. Suzuki et al. 5) suggested that resin composite, which has
hard filler particles, caused more antagonistic enamel wear than resin composite containing
micro-filled or soft filler particles. Using micro-filer to improve the antagonistic wear, the
plasticity of resin composite before setting may decrease 6). The decrease in the plasticity
affects the handling of the resin composite.

We have been developing a metal-resin composite restorative material that used metal particles
as filler and 4-META as the coupling agent7-10). If a metal particle can be used as the filler,
which is more ductile than inorganic particles, the metal-resin composite restorative material
would be tougher than the resin composite, which uses inorganic filler. In addition, ductile filler
may improve antagonistic wear of the composite restorative material. Ag-Sn alloy particles were
used as filler in previous studies 7-10), because Ag-Sn alloy was used as an amalgam powder
for a long time, and the technology for making particles was established. In addition, it was
expected that the Ag-Sn alloy particles adhered to the resin matrix through 4-META because
Mogi reported Sn adhered to a resin using 4-META 11). The flexural strength of the metal-resin
composite that used Ag-Sn alloy particles as the filler was 91.8 MPa 10), which matched ISO
4049:2000 "Dentistry - Polymer-based filling, restorative and luting materials® 12). The flexural
modulus of the metal-resin composite that used Ag-Sn alloy as the filler was 16.6 GPa 10). This
value is similar to other resin composites whose values are 2.3-17.8 GPa 13). Since the flexural
modulus indicates the stiffness of materials, it is necessary to decrease the flexural modulus
without decreasing the strength for developing tougher restorative materiats.

In this study, Ag-In élloy was chosen for the filler particle because the elongation of Ag-In alloy
is higher than Ag-Sn alloy 14). In addition, adding indium prevented tamishing of the silver alloy.
An adhesion between the filler and matrix resin is an important factor for the strength of
composite materials. Ohno et al. 15) suggested that Ag-In alloy adhered to stainless steel with
an adhesive dental resin containing 4-META. This suggests that 4-META is effective as a

coupling agent between Ag-In alloy particles and the matrix resin. The purpose of the present



study was to evaluate the effect of the acid treatment and the heat treatment of the Ag-In alloy

filler particle on the flexural properties of the metal-resin composite that use Ag-In alloy as the
filler and 4-META as the coupling agent.

Materials and Methods

Table 1 shows the Ag-In alloy used in this study. Spherical alloy particles of the Ag-In alloy (75
mass% Ag, 25 mass‘%_,’ In) were produced using the atomization method that was usually used
for preparing amalgam alloy powder. The spherical alloy particles were sieved to divide them
into three different particle sizes, which were iess than 38 [lm, 38-45 Jlm and 45-53 |im.
These three particle sizes were mixed at the ratio of 3:1:1 by mass, respectively, for the metal
filler of a metal-resin composite. The metal filler particles were acid-treated with HCI at 80°C at
four different concentrations (C, 2, 4, 6 volume%) for 30 min. After the treatment, the metal filler
was washed four times with distilled water and dried in a constant temperature oven (Model 2-
2123, Isuzu, Japan) at 40°C. The acid-treated metal filler particle was then heat-treated at four

different temperatures {50, 200, 350, 500°C) for 10 min. Sixteen metal filler particles were thus
prepared under four concentrations of HCI and four temperatures of heat-treatment.

The prepared metal filler particles were then immersed in an acetone solution containing 4
mass% 4-(2-methacryloyloxy ethoxycarbonyl) phthalic anhydride (4-META) 0.4 mass% benzyl
peroxide (BPO) at 40°C for 30 min. After the immersion, acetone was vaporized at 40°C for 10
min in the constant temperature oven. Table 2 shows the materials used for the aforementioned
treatments.

The base resin monomer consisted of the mixture of 75 mass% 1,6-Bis(methacryloyloxy-2-
ethoxycarbonyl-amino)-2,4,4,(2,4.4)-trimethylhexane (UDMA) and 25 mass% triethyiene glycol
dimethacrylate (TEGDMA). 0.25 mass% N,N - dimethyl - p - toluidine was added to the base
resin monomer as an accelerator. Using the treated metal filler particles and the base resin
monomer, flexural test specimens were prepared following the 1SO 4049:2000 12). The treated
particles were mixed with the resin monomer at 93 mass% of the filier content for 30 s. The
mixture was filled in a polytetrafluoroethylene-coated stainless steel mold placed on a glass
plate. After the filling of the mixture, another glass plate was applied on the top of the mold to
remove excess material from the mold, and a clamp held the specimen assembly together. After
3 min from the start of mixing, the mold was immersed in 37°C distilled water. The metal-resin
composite specimen was carefully removed from the mold at 15 min after the start of mixing
and then stored in distilled water at 37°C for 24 h. After 24 h storage, the specimen was
polished using #1000 SiC paper, and the dimensions were measured before testing. The



specimen sizes were 25 10.1 x 2 £0.1 x 2 +0.1 mm. Two specimens were prepared for each
of the 16 conditions, which were the combinations of the conditions of acid-treatment and the
conditions of heart-treatment.

A three-point flexural test {(cross-head speed. 1 mm/min, distance of support: 20 mm) was
carried out using a universal testing machine (Autograph DSS-5000, Shimadzu Ltd., Kyoto,
Japan), and the flexural strength (O) and the modulus of elasticity under flexural stress (flexural

modulus, E) were caiculated from the following equations (1) and (2), respectively.
G =3Ft/2bh® (1)

F is the maximum load (N),
| is the distance between the supports (mm),
b is the width (mm),

h is the height (mm) of the specimen,
E=F '/ 4bh’d (2)

F1 is the load at a convenient point in the straight-line portion of the trace {N),
| is the distance between the supports (mm),

b is the width (mm),

h is the height (mm) of the specimen,

d is the deflection at load F1 (mm),

Values for both the fiexural strength and modulus were analyzed using two-way analysis of
variance to analyze the effect of two factors that were the concentrations of HCI at acid-

treatment and the temperature of heat-treatment.

Results

Table 3 shows the mean values of flexural strength of the experimental metal-resin composites,
which used Ag-In alloy particles as the filler. The flexural strength of the metal-resin composite
ranged from 65.5 MPa to 91.0 MPa under the different conditions of acid treatment and heat

treatment. Results of ANOVA showed that the effects of the temperature of heat treatment and

the interaction of two main factors, which were the acid concentration and the temperature of



heat treatment, on the flexural strength were highly significant (temperature of heat treatment
p<0.01, power >89.9%, interaction of two main factors p<0.01, power 98.2%). These results
suggest that the temperature of the heat treatment influenced the flexural strength of the
experimental metal-resin composite, which used Ag-In alloy particles as the filler, but its effect,
varied with different acid concentrations of acid treatment. Fig. 1 shows the flexural strength of

the metal-resin composite at each condition. The highest strength (91.0 MPa) was obtained at

350°C heat treatment except for the specimens which were treated with 0% HCI (distilled
water). At 0% HCI, which was the immersion in distilled water without acid, there were no
differences in the flexural strength among different temperatures of the heat treatment. Tukey's
multiple comparison, as shown in Table 4, suggests that the flexural strength of the metal-resin
composites, which used 350°C heat treatment, was higher than those of the other experimental
metal-resin composites.

Table 5 shows the mean values of the flexural modulus of the experimental metal-resin
composite. The mean values of the flexural modulus ranged from 8.4 GPa to 10.5 GPa at
different treatments. Result of ANOVA showed that there were no significant effects of heat
treatment and acid treatment on the flexural modulus of metal-resin composite. The total

average of the flexural modulus was 9.1 GPa.

Discussion
ISO 4049: 2000 requires 80 MPa or greater flexural strength of polymer-based filling and

restorative materials for restorations involving occlusal surfaces (Type 1, Class 1) 12). In this

study, the metal-resin composite, which used acid-treated and 350°C heat-treated Ag-In alloy
fillers, matched strength requirement. When a metal particle was acid-treated, it was expected
that a product on the particle be removed, and when a metal particle was heat-treated, it was
expected that an oxide on the particle be formed. The results in this study suggested that there
was a significant difference in the flexural strength of the metal-resin composite among the
temperatures of heat treatment. This meant that the condition of an oxide, which formed by heat
treatment, affected the flexural strength of the metal-resin composite. The other result in this
study showed the eff;ect of heat-treatment on the flexural strength changed with the condition of
acid treatment. Fig. 1 shows that there was a different tendency in the flexural strength clearly
between not using acid-treated filler (0%) and using acid-treated filler (2%HCI, 4%HCI, 6%HCI).
An original Ag-In alloy particle may have been covered with an oxide, which was formed during
the atomizing process. It was suggested that the existence of an original oxide layer affected

the form of the oxide on the Ag-In alloy particle by the heat treatment. In this study, the highest



flexural strength was obtained using a 4% HCI acid-treated, 350°C heat-treated metal filler

material, and the lowest strength was obtained with on acid-treated, 50°C heat-treated metal
filler, which may have a little oxide layer. When the metal filler particle was not acid-treated, the
flexural strength of the metal-resin composite was not changed with the temperature of the heat
treatment.

To examine the surface condition of both the acid-treated and non-acid-treated metal filler

particles, surface analysis by X-ray photoelectron spectroscopy (JPS-9010MC, JEOL, Japan)

was performed with Mg KOL radiation on the typical metal particles in this study. The binding
energy of elements were calibrated by C1s as 284.4 eV 16}. Fig. 2 shows the wide spectrum of

the X-ray photoelectron spectroscopy of the Ag-In alloy particle, which was treated with 0% HCI
at 50°C. A high indium peak (3d5/2, 444.1 eV) and low silver peak (3d5/2, 367.8 eV) were

found on the surfaces. Fig. 3 shows the wide spectrum of the Ag-In alloy particles, which were

treated with 0% HCI at 350°C. There is a high indium peak (3d5/2, 444.2 eV) and a low silver
peak (3d5/2, 368.1 eV) on the surface. There is a similar tendency of the spectrum between the

50°C heat-treated surface and 350°C heat-treated surface when the particle was not acid-
treated. With referred to the NIST XPS Database 16), the peaks of indium in Figs. 2 and 3 are
recognized as In or In203. It was difficult to identify In or In203 from the wide spectrums, but it
was suggested to be In203 because the ocriginal Ag-In alloy particle was previously heated
during the particle making process. Fig. 4 shows the wide spectrum of the X-ray photoelectron

spectroscopy of the Ag-In alloy particle, which was treated with 4% HCI acid treatment and

350°C heat treatment. Two high peaks that are indium (3d5/2, 444.2 eV) and silver {3d5/2,
367.7 eV) were found clearly on the metal filler surface. The peak of indium was recognized as
In or In203, but was suggested to be In203 because the Ag-In alloy filler was heat-treated at
3500C. The peak of silver was recognized as Ag, AgO or Ag20. There was clearly silver or
silver oxide on the acid-treated particle, while there was little silver or silver oxide on the non-
acid-treated particle. This suggests that the existence of silver or siiver oxide on the particle
affects the adhesion between Ag-In alloy filler particle and matrix resin, and affects to the
flexural strength of the metal-resin composite, which used Ag-In alloy particle as the filler. To
clarify the mechanism of the bonding between the treated metal filler and matrix resin, it is
necessary to use high resolving power equipment for analyzing the filler surfaces, and to identify
the products on the metal filler. Further research is necessary to explain the relation between
the surface condition and the mechanical properties of the metal-resin composites.

There was no significant difference in the flexural modulus among 16 metal-resin composites

that were prepared under the different conditions of acid treatment and heat treatment in this



study. This result suggested that the acid treatment and the heat treatment does not affect the
flexural modulus c\tf the metal-resin composite, which used Ag-In alloy particle as filler. Even if
the treatments affected the flexural moduius, it would be only small effect. The average flexural
modulus of the Ag-In alloy filler metal-resin composite was 9.1 GPa in a present study. This
value was lower than that of the metal-resin composite, which used Ag-Sn alloy particles as the
filler (16.6 GPa)10). The calculated volume percentage of the Ag-In alloy filler in the metal-resin
composite was 59%, while the Ag-Sn alloy filler was 61% in the metal-resin composite10). A
proportion of the matri;( resin in a metal-resin composite was not so different between the Ag-In
alloy filler metal-resin composite and the Ag-Sn alloy filler metal-resin composite. In addition the
flexural strength of the Ag-In alloy filler metal-resin composite was 91.0 MPa, while that of the
Ag-Sn alloy filler metal-resin composite was 91.8 MPa 10). When a comparison was made
between the flexural properties of two metal-resin composites, only the flexural modulus
decreased by approximately a half. As a result that surface treatments did not markediy affect
the flexural modulus, and it was suggested that the flexural modulus of a metal-resin composite
decreased by using Ag-In alloy particles as the filler. It is important to control the flexural
modulus without decreasing the flexural strength using various filler materials. It was suggested

that a restorative material, which is tough, could be developed using ductile filler materials.
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Table 1 Ag-In alloy used in _this study

Ag 75 mass%
In 25 mass%
>45-33sm 20 mass%h

Compongnts of alloy

Particle size >38-43um 20 mass%
<384m 60 mass%
Lot No. 98081750 o

Prepared by The Research Unit, Faculty of Dentistry, Mahidol University, Thailand

Table 2 Materials used in this study

Materials Code Batch No.
Coupling agent 4-Methacryloxyethyl trimellitate anhydride’ 4-META 97001
(erystal form)
Monomers 1,6-Bis(methacryloyloxy-2-ethoxycarbonyl-amino). UDMA 050155
2.4,4(2,2,4)-trimethylhexane’ TEGDMA 11045
Triethylene glycol dimethacrylate®
polymerization Benzoy! peroxide' BPO M6K9289
initiator N. N-dimethyl-p-toluidine® DMPT G A0l
inhibitor Hydroquinone monoethyl ether® MEHQ PAMO0168
'Sun Medical, Osaka, Japan *Negami Kogyo, Negami, Japan
3Shin Nakamura Kagaku Kogyo, Osaka, Japan ‘Nacalai Tesque Inc, Kyoto, Japan
*Tokyo Kasei Kogyo, Tokyo, Japan *Wako pure chemical industries, Osaka, Japan

Table 3 Flexural strength of metal resin composite using Ag-In alloy as the filler, ¢ /MPa

Concentration of HCI

Temperature of heat treatment

0% 2% 4% 6%

50T 78.0 65.5 69.5 68.5
200C 73.5 68.5 71.0 71.0
350TC 73.0 82.0 91.0 85.0
00T 80.0 69.5 71.0 75.5




Table 4 Tukey’'s comparison of flexural sirength by the temperature of the
heat treatment (Probability of significance)

- 50T 200TC 350TC
200TC 0.983
350TC - <0.001** <0.001*°*
500C 0.196 0.339 0.001**

**Probability of significant difference is greater than 35%

Table 3 Flexural modulus of metal-resin composite using Ag-In alloy as filler, E/GPa

Concentration of HCI

Temperature of heat treatrment

0% 2% 4% 6%
50T 9.9 8.4 8.5 9.2
200TC 9.0 9.0 9.9 9.4
330TC 9.1 8.9 8.8 B.8

300T 9.5 89 10.35 9.1
\W=0.5 )
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The purmose of Tha study was 1o vivesigals fhe affects of the and and heal tmatments of the Ag-Sn fler pariicles
on he lerwal stirength and flexural moduius of he melsresn composds developed in our previous siudy. The
fiber parucies were Urealed with HCI 20xd (2% and 4%} and heat (150°C. 200*C). In addition 1o these traatmonts
water and 23*C wern sxiuded n the test condsbon. The reated particies wers couplad with 4-META_ Plexural test
500Cument wery prepaned vwng the tealed parbcies med with UDMA based resn matra 3l 93% fiker content
and eeaked folowng 1ISO 4049 for resin-based [fing malenais Dat jor the Rexural strength and Rexural modulus
were Sty analyzed using wo-way ANOVA and Turkey's lest The surfaces of hw treated filler pariicles as
wed o 1 Sandard sampie of Sn. S0 g Sn0r were vestgater by X-ay pholoelection spectioscopy PPS)
The mean A nural shpngth and Serural mocuius of the composdes ranged pm 85.0-1024 MPa and 9 1-11.8
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w3 found betweer the strength of e compoie and the binding enevgy number. The highes! Sength was
ablasned Fom the mepta-resn composde wilh 2% 30d- and 150°C heat-treaied Gles pardcdes. This Bler partcle
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1 327 Di-methacrylate wer3us mono-methacrylate composites as temporary
crown and bridge materisls. DC WATTS* and S-H KIML
University Dental Haspital of Manchester, UK
Polymer-based crown and bridge (TCB) materials must meet stringent dgsip\ md puformm_ce
requirements for effective clinical function. The aim was to invesligate time-critical propertics
relating to network-formanion of four mazenals: 2 mono-methacrylate based maerial, TRM {Trim,
Boswoth, USA) & 3 di-methacrylaie matenaby: LXT (LuxaTemp, DMG, DY, TMP {TempFhase,
Kerr. USAY and PT3 (ProTemp 1 Garam. Espd Denal AG, D). All were fabricated via
manulscturers’ instructions & devices. The following propertics were determined: Exotherm
poak-lemperatures (AT Bonded-disk shrinkage-strun (¢) uf 23&37°C, (pankglu-ty » 5.10,
120 min), Degree of conversion (DC) by FTIR ar 24 h; Dynamic thermal strain: Diarnetral
strength o 5 min & | h: Compresaive creep: Strengih (54) ‘o resist chipping 0.3 mm Erom
specimen-edges aged 1 mo. st 37°C and 80 % RH. The different chemisay of TRM resulted in
stower sering. however the mean exotherm of 5 °C was not significantly lower (p >0.05. Scheffé)
than that of LXT and PTY, but that for TMP was 12 °C. DC for dimethacrylates was co 50 % for
LXT and FTI, but 42 % for TMP. Shrinkage (t) at 5 min & 23 *C was oaly 0.1 % for stow

Bi-ptisl Flensrd Stremgth of Compoties for Mewl-free Crown snd Bridge
1324 Y MINESAKI*%. § SUZUXI'. H. KAJTHARA' . HMINAME, T TANAKA',

(L Utwveruty of Alabama. USA. 2 Umversity of Kagoshima. Japan )
The purpase of this siwdy i3 10 tvaluate the Neaural strengihs and cffects of fiber ranforcement for

fesim compotices uted for mewl-free bndges. Composie disk specumens (LSmm dimeies,

Zoum dhick) wert fabncaice with & bow-émperature past<urs matenal. Crisiobal (Denstply): and
0 Nigh-emperature postcure matenals, Belleglass (Kerr) and Sculpture {Jenenc/Pentron). Fiber
Feiakrces specimens were fabrcsied for Belleglass aad Sculprure. The specimens were polished 1o
B3000 grit 3nd immeried n J7°C water for 24 hours. A bi-auial Nexural est was employed by 3
g-cn-nag bendiag ppaeatut 3t L.27 movimin of crosahesd speed. and falure mosdes were
ilusicd. Ten specimens wery tesied for exch condition, amd all dais were sanshcally snaivied by
ANOVA. The resulls {table below} demonsiraod that Ngrural streagths were ntlucnced by post-
6 made; bet o by fibes rexnfonccment

Histologucal Evaluation of POL Cella 3D Cultursd on Dentel lmpiants
S TSUTSUMI". C PENG, K. MATSUMURA, N. NAKAJIMA 5-H HYON.
{Institute for Frontier Medicsl Sciences. Kyow Univernty. Kyoto, Japan)
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1n erder to requua Lhe funcoonal recovery of dental implants. a trial of regenersting penodontal
higament {POL} around dental implants was sttempted using s bybnd dental implant of titamium
costed with eihylens covinyl aleohol (EVA) on which collagen was immobilized. Cur prevasua
invesugetwn on bwcompatibbty of tha novel unplant mawenal has been reported n the last
IADR meeting. It ahowed a good morphological behavior and phyniclogxel function of the PDL
cetls cultured around the unplant 1a vitro. In tha report, » 30 culture method and hustalogeal
reaponse arsund the hybnd yoplant were examined in dog experuments.
The PDL cxlls obtained from outgrowth of dogs penodontium A utanwm implant with EVA and
¢ollsgen comting was rotated in tha culture dishes a0 that the PDL cwils can adhare over the
cylindrucal iplant surfesce cssly Evaluation of sdheswon snd probleration of the PDL cells
d the ! aurface was confirmed by Gumsa’s stairung snd acanning eleclron mucrownps,

can b
Table Resules of Flesval Strengths and Fasure Mo (P pulvenzed. C: cracked)
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Pocr Ia NA 165 11717 (0 [ 101051.7° (D)
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and the bng crils were ohaerved under Nusrestenos muToscope snd phass conirsat muicroacope.
Thess imagre ahowad Lhat
Benides, We sranuned PDL regenaration 1a dog
siperuments -
? These rwsulls suggest that the asvel
hybrid dental inplants with PDL cells has polsntiality to regeneraw prnodontal igarment which
could @mine the twhavous of the natursl tooth root Partially supporued by Jepas Nsiwonsl
fndusttal Ressarch Inatituce of Nagoys Grant HS-584




Effect of acid and heat treatments on the properties of metal-resin composite:
S. URAPEPON’, K. KAKUTA!, H. OGURA' (Mahidol Univ., Bangkok, Thailand, 'The Nippon
Dental Univ. at Niigata, Japan)

The purpose of this study was to investigate the effects of the acid and heat treatments of the Ag-Sn filler particles
on the flexural strength and flexural modulus of the metal-resin composite developed in our previous study. The
fller particles were treated with HCl acid (2% and 4%) and heat (150°C, 300°C). In addition to these treatments
water and 23°C were included in the test condition. The treated particles were coupled with 4-META. Flexural test
specimens were prepared using the treated particies mixed with UDMA-based resin matrix at 93% filler content
and tested following 1SO 4049 for resin-based filling materials. Data for the flexural strength and flexural modulus
were statistically analyzed using two-way ANOVA and Turkey's test. The surfaces of the treated filler particles as
well as the standard sample of Sn, SnO and SnO; were investigated by X-ray photoelectron spectroscopy (XPS).
The mean flexural strength and flexural modulus of the composites ranged from 85.0-102.4 MPa and 9.1-11.8
GPa, respectively. Both acid and heat treatments significantly influenced the flexural strength of the composite,
whereas fiexural modulus was significantly influenced only by acid treatment. The Sn3d spectra of the particles
showed the peak shift to the lower binding energy side when the particles were treated with acid, and to the

higher binding energy side when treated with water or the heating temperature increased. A significant correlation
was found between the strength of the composite and the binding energy number. The highest strength was
obtained from the metal-resin composite with 2% acid- and 150°C heat-treated filler particles. This filler particle
had the Sn3d binding energy at 486.4 eV, which is SnO binding energy area. These results indicate that SnQO is
responsible for the good bond between Ag-Sn particle surface and 4-META coupling agent, reqarding to the
higher strength of the composite. This study was partially supported by Thailand Research Fund (PDF/34/2543)
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SYNOPSIS

The ob}ective of this study was to investigate the detail oxide characteristics
on the particle surface that modified by acid and heat to understand the bonding
mechanism through the strength of the composite.

Nine different composite produced from nine different conditions of Ag-Sn
filler, which were acid and heat-treated. The flexural test was subjected to the
composite following the ISO 4049. The filler surface of nine different acid and heat
treated including standard Sn, SnO and SnO; were evaluated by X-ray Photoelectron
Spectroscopy.

The flexural strength of the composite was significantly influenced by
both acid- and heat-treated (p<0.01). Only acid treatment affected the flexural
modulus of the composite. The highest flexural strength of the composite (102.4
MPa) was obtained at the conditio.n 2% HCIl and 150°C-treated. The flexural modulus
increased as the acid concentration increased.

The XPS results showed more metallic tin (less oxide) on the surface when
the acid treated was done. While heat treatment showed more oxide forming on the
surface. The higher oxidation state oxide form (SnO3) was more formed when the
temperature of the heat-treated increased. The high correlation between flexural
strength of the composite and Sn3d binding energy of their filler particles was found.
The different oxide form (SnO and SnO;) showed the different adhesive ability to
4-META regarding to different in flexural strength of the composite. The filler surface
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of the highest flexural strength composite showed Sn3d binding energy at 486.4 eV
that was the SnO binding area. This could comply that SnO was responsible for the
good bond between particle surface and 4-META coupling agent regarded to high

flexural strength of the composite.
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INTRODUCTION
The m\etal-resin composite (MRC) using Ag-Sn alloy particles as filler,
4-META as a coupling agent and UDMA-TEGDMA as resin matrix, have been
developed’?. The mechanical and physical properties of the composite showed the

promising good posterior composite'-?

. The bonding between filler particle and
coupling agent get through the resin matrix is the critical key point for the strength of
the composite in this system, therefore the well understanding of the bonding
mechanism would be necessary to improve this composite. It had been hypothesized
and reported by several studies>® that adhesive resin form a chemical bond with
metal oxide films especially of base mstal (In, Cu, Zn and Sn). Although these oxide
films are considered to play an important role in promoting the adhesive ability of
adhesive resin to alloy, the detailed factors of these oxide fiilms and adhesive resin
has not been well understood. Ohno et al** reported the base metal content and the
area fraction of the oxide on the surface had great effect on the adhesive ability.
Somchai et al® reported the appropriate heat t'eatment for Ag-Sn particle is required
to have good bond to 4-META resin. However the responsible oxide form could not
be differentiated. Since the content of the metal element in the composite filler had
fixed at the greatest mechanical and physical properties, the important point to

clarified in this study is the detail oxide characteristics on the high temperature

oxidation which play the important role on the adhesive ability to 4-META.
In the previous study?, although the effect of the acid and heat treatment had
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been carried out, the detail information about the acid concentration and bonding
mechanism was not well described. Therefore, The objective of this study was to
investigate the detail oxide characteristics on the particle surface that modified by
acid and heat to understand the bonding mechanism through the strength of the

composite.

MATERIALS AND METHODS

Ag-Sn spherical alloy particles (73.2 mass% Ag, 26.8 mass% Sn, Lot no.
9804AS750) were produced by the research unit, Faculty of Dentistry, Mahidol
University, Thailand, using an atomization method. The particle size bigger than 53
Hm was crushed by a ball-milling machine (Pulverisette, Fritsch, Germany) at the rate
8 (595 rpm) for 5 h to produce an irregular particle. After crushing, the particles were
then sieved with 20 um mesh size. The particles size less than 20 pm were utilized
for the filler of MRC.
Alloy particle surface treatment

The alloy particles were immersed in either 2 or 4% HCI| at 80°C and slowly
stirred with a magnetic stirrer for 30 min. After this acid treatment, the particles were
thoroughly washed with distilled water until no residual acid remained on the surface,
verified using AgNOQO3. The particles were filtered and dried at 40°C for 1 h. In addition
to these treatments, water washing at the same condition as acid treatment was
included. After drying, the particles were divided into three groups. One of the three
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groups was used as it is without any heat treatment and the other two groups were
piaced in an oven for heat treatment either at 150°C or 300°C for 5 min. Therefore, 9
different particles treated with different acid concentrations and heating temperatures
were prepared.
The composite specimen preparation and flexural test

The preparation of the MRC specimen and the flexural test were carried out
following the procedure reported in the previous study®. The filler content was 93%
by weight. Three replications were prepared for each of nine conditions for the
flexural test. The data of flexural strength and flexural modulus were analyzed using
two-way analysis of variance to analyze the effect of two factors, which were the acid
concentration and the heating temperature. The i1so-value curves for both of the
flexural strength and flexural modulus were obtained using orthogonal polynomial.
Particle Surface analysis by XPS

9 different particles treated with different acid concentrations and heating
temperatures including standard sample of Sn, SnO and SnO; were dried in a
desiccator under vacuum at room temperature for 12 h and then placed on a carbon
tape. The surface of the particles was analyzed using an X-ray photoelectron
spectroscope (JPS-9000MC, JEOL Co.Ltd., Tokyo, Japan) with Al Ka radiation under
a pressure of 2x10° Pa. The binding energy of the measured photoelectron peak was

calibrated by the C 1s peak at a binding energy of 284.6 eV.

6 Somchai URAFEPON



RESULTS
Flexural strength and flexural modulus of the composite
Table 1 shows the summaries of the flexural strength and flexural modulus of
the experimental composite. The flexural strength ranged from 85.4 to 102.4 MPa
and the flexural modulus from 9.1 to 11.8 GPa. Table 2 shows the result of ANOVA
for the fiexural strength and flexural modulus of the composite. The flexural strength
was significantly influenced by all two main factors (p<0.01). The flexural modulus
was significantly influenced only by acid concentration {(p<0.01). Figs. 1 and 2 show
the flexural strength and the flexural modulus of the experimental composite, which
were drawn by the equation shown below the figure. The square roct Ve seen in
figure is the square root of mean square of error obtained from ANOVA. As shoWn in
Fig. 1, the flexural strength increased either as the acid concentration increased up to
2.5-3 % or as the heating temperature increased up to 150°C. The highest flexural
strength of the composite in this study (102.4 MPa) was obtained from the particle
with 2% acid- and 150°C heat-treated. Fig.2 shows that the flexural modulus
increased with the acid concentration increased.

Oxide analysis on particle surface

The Sn3d binding energy of the filler particle surface including as crushing
particle as well as Sn, SnO and SnO; standard sample were shown in Table 1. Fig. 3
shows the Sn3d spectra obtained from as-crushed, 2% acid-treated, 2% acid- and

150°C heat-treated and 2% acid- and 300°C heat-treated particle. The spectra had a
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wide half width due to the mixture of metallic Sn and their oxidation states as SnO
and SnQa,. Tﬁe spectrum shifted to higher oxidation state as the heat-treated
temperature increased. Fig.4 shows the Sn3d spectra obtained from the as-crushed,
water waching, 2% acid-treated and 4% acid-treated particle. The spectrum shifted to
higher oxidation state when the particle washed in water and to lower oxidation state
or more metallic Sn when receive acid treating. The spectrum unclearly shows the
different between 2% and 4% acid-treated.

The correlation between the flexural strength of the composite and its filler
surface Sn3d binding energy was found and shows on Fig.5. The composite show the
highest strength when its filler has Sn3d binding energy around 486.4 eV, which

mean majority 3f its filler surface composed of SnO.

DISCUSSION

In the previous study?, although the effect of the acid and heat treatment had
been carried out, the detail information about the acid concentration and bonding
mechanism was not well described. The bonding between filler particle and coupling
agent get through the resin matrix is the critical key point for the strength of the
composite in this system, therefore the well understanding of the bonding mechanism
would be necessary to improve this composite. In this study, the Ag3d binding energy
of the filler particle surface including Ag and AgO: standard sample were also

evaluated. However, there was not any relation or meaning to interpret and also half
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of the filler especially high oxidation condition, the Ag3d peak could not be detected,
therefore the déta of the Ag3d was not reported.

In this study, the acid and heat treatment was selected to modify the surface
for analyzing the surface product, which was responsible for the bonding because the
expectation that a contamination product would be removed and oxide product would
be formed when a particle was acid and heat treated, respectively. The resuits in this
study showed that the acid and heat treatment including their interaction affected the
flexural strength of the composite while only acid treatment affected the flexural
modulus. The past study>'®'” clearly showed that the wider groove at the grain
boundary was found and wider or became pitting on the grain surface with higher acid
conicentration. The wider grooves increase the bonding area and mechanical
interlocking between the alloy particle and resin matrix. Increasing the bonding area
will decrease the matrix mass regarding to increasing the flexural modulus. This
might be the reason why acid concentration affected both flexural strength and
flexural modulus. These results were conformed in vice versa to Kakuta et al's
study'?. They study the acid and heat treatment on Ag-In, which require higher
concentration to wider the groove of grain boundary. Therefore, they did not found

any effect of acid treatment on both flexural strength and flexural modulus, only the

trend to be higher to acid concentration.

As mention above, we expected the oxide formation on the surface when the

particle got the heat treatment. The resuits in this study suggested that there was a
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significant difference in the flexural strength of the composite among the temperature
of heat treatment. This meant that the condition of the oxide, which was formed by
heat, affected the flexural strength of the composite. Fig.1 shows that the flexural
strength increased up to 150°C then decreased when the heating temperature
increased. In this study, the highest flexural strength was obtained at condition 2%
acid and 150°C heat-treated. Several study®>® found that different mctal oxide,
thickness of the oxide layer or difierent metal oxide form affected the bonding
strength. These founding can imply to explain the results of this study that the proper
oxide layer or cxide form might be the main key of the bonding between particle
surfaces and coupling agent regard to flexural strength of the composite. However,
the specific metal oxide form cannot be distinguished.

From the particle surfaces analysis by XPS in Fig 4, The Sn3d spectra shifted
to more metallic tin when received acid treated. This fulfills our expecta'tion that acid
treatment could remove any contaminated oxide on the surface. The unexpected data
was found on water washing condition, the spectra shifted to higher oxidation state
(SnO2), which was different from the spectra of as-crushed particles. Ohno et ar®
have been reported that H,O molecule on the alloy surface exhibits the good
adhesion of 4-META and alloy surface. This may be the reason why the flexural
strength of the composite at condition at water washing without any heat treatment

was different from as crushed composite in the past study'".

Fig 3 shows the Sn3d spectra shifted to oxidation state (SnO) when receive
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heat treated at 150°C and shift to higher oxidation state (SnQ;). This suggested that
the oxide was formed on the particle surface by heat treatment and forming different
oxide form up to the temperature of heat. These different oxide forms were expected
to give the bond strength to coupling agent differently. As shown in fig 5, the high
correlation (r=0.902, p=0.017) between the flexural strength of the composite and its
filler surface Sn3d binding energy {(eV) was found. The correlation was found in
convex parabola shape. This could confirm the hypothesis that 4-META have
adhesion ability differently to different oxide type and form. The highest strength of
the composite was shown at the binding energy around 486.3-486.5 eV, which was
SnO binding energy area. This result could comply that SnO might be the most

responsible for the adhesive ability between 4-META and ailoy surface.

CONCLUS!ON
The effect of acid and heat treatment on the Ag-Sn alloy particles and its
particies surface oxide characteristics were evaluated. Both acid and heat treatment
affected the flexural strength, while only acid treatment affected the flexural modulus
of the composite. The highest flexural strength of the composite (102.4 MPa) was
obtained at the condition 2% HCI and 150°C-treated. The flexural moduli were ranged

from 9.1-11.8 GPa.
When acid treated was done, The XPS result showed more metaliic tin (less
oxide) on the surface. While heat treatment showed more oxice formirg on the
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surface. The higher oxidation state oxide form (SnO;) was more formed when the
temperature of the heat-treated increased. The different oxide form (SnO and Sn0Oy)
showed the different adhesive ability to 4-META regarding to different in strength of
the composite. The high correlation between flexural strength of the composite and
Sn3d binding energy of their filler particles was found. The filler surface of the highest
flexural strength composite showed Sn3d binding energy at 486.4 eV that was the
SnO binding area. This could comply that SnO was responsible for the good bond
between particle surface and 4-META coupling agent regarded to high flexural

strength of the composite.
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Table 1 The summary of the flexural strength, flexural modulus of the experimental

A

composite and Sn3d binding energy of the filler particle surface including Sn, SnO,

SnO; standard sample.

Metal-resin composite Flexural Flexural Sn3d binding
strength: modulus: energy:
Acid conc. (%) Heat temp. (°C) MPa (SD) GPa (SD) eV
0 (water) Room temp 85.5 (5.2) 9.1(0.9) 486.8
0 (water) 150 88.9 (1.8) 9.3 (0.5) 486.7
0 (water) 300 85.4 (0.9) 9.2 (0.5) 486.8
2 Room temp 93.9 (1.7) 10.6 (0.6) 486.2
2 150 102.4(3.5) | 10.3(0.4) 486.4
2 300 85.8 (3.8) 10.8 (0.7) 486.8
4 Room temp 93.2 (4.2) 10.2 (0.6) 486.1
4 150 99.8 (4.7) 11.8 (1.1) 486.2
4 300 89.8 (4.2) 10.4 (1.6) 486.6
As crushing 486.3
Sn 484.9
SnoO 486.5
SnO, 486.7
16 Somchai URAPEPON




Table 2 Results of ANOVA for the flexural strength and flexural modulus of the

5
composite

Source SS df MS F P

Flexural strength:
A:Acid Conc. 343.73 2 171.87 3.16  0.00™
B: Heating T. 464.31 2 232.15 17.78 0.00**

AxB 130.16 4 3254 249 0.00*
Error 235.05 18 13.06
Total 1173.25 26

e ——
Flexural modulus:

A: Acid Conc. 1247 2 6.24 8.96 0.00**
B: Heating T. 148 2 0.74 1.06 0.37
AxB . 375 4 0.94 1.35 0.29
Error 12.53 18 0.70

Total 30.23 26

ﬁ
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Fig. 1 The flexural strength of the experimental composite
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Fig. 2 The flexural modulus of the experimental composite
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Fig. 5 The correlation between the flexural strength of the composite and its filler

surface Sn3d binding energy
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Fig. 3 shows the Sn3d spectra obtained from as-crushed, 2% acid-treated, 2% acid-
and 150°C heat-treated and 2% acid- and 300°C heat-treated particle.
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Fig.4 shows the Sn3d spectra obtained from the as-crushed, water
waching, 2% acid-treated and 4% acid-treated particle.
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The flexural strength and flexural modulus of an experimental metal-resin composite, which
used Ag-In alloy particle as the filler, were evaluated. The effect of acid treatment and heat
treatment on the Ag-In alloy particle was investigated.

The flexural strength of the experimental metal-resin composites ranged from 65.5 MPa to
8i.0 MPa. The flexural strength of the metal-resin composite increased with the temperature of
the heat treatment until 350T, but its effect varied with the concentrations of HCl of the acid
treatment. A metal-resin composite, which used acid-treated and 350 heat-treated Ag-ln alloy
fillers, matched the requirement of strength of 1SO 4049.

The average of flexural inodulus of the experimental metal-resin composite was 9.1 GPa.
The flexural modulus of the metal-resin composite did not vary with the treatment conditions
of the metal filler. The flexural modulus of a metal-resin composite, which used Ag-In alloy
particle as the [iller, was lower than that of Ag-Sn alloy metal-resin composite, which was re-
ported previously. However, the flexural strength of the Ag-In alloy metal-resin composite was
similar to that of Ag-Sn alloy metal-resin composite. We can control a flexural modulus of a
metal-resin composite without decreasing flexural strength by choosing [iller materials.

Key words : Dental composite, Ag-In alloy, 4-META

INTRODUCTION

A resin composite using inorganic filler has been commonly used for dental restora-
tions. The mechanical properties of resin composites have been markedly improved
compared with early composites'™. Those resin composites, however, retain some
problems that require improvement. For example, their antagonistic wear 1s consid-
erable for dental restorations, especially for posterior applications. Suzuki et al.¥
suggested that resin composite, which has hard filler particles, caused more antago-
nistic enamel wear than resin composite containing micro-filled or soft filler parti-
cles. Using micro-filler to improve the antagonistic wear, the plasticity of resin
composite before setting may decrease’. The decrease in the plasticity affects the

handling of the resin composite.

-
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We have been developing a metal-resin composite restorative material that used
metal particles as filler and 4-META as the coupling agent’™'. If a metal particle
can be used as the filler, which is more ductile than inorganic particles, the metal-
resin composite restorative material would be tougher than the resin composite,
which uses inorganic filler. In addition, ductile filler may improve antagonistic wear
of the composite restorative material. Ag-Sn alloy particles were used as filler in
previous studies’ '
time, and the technology for making particles was established. In addition, it was
expected that the Ag-Sn alloy particles adhered to the resin matrix through 4-META
because Mogi reported Sn adhered to a resin using 4-META'’. The flexural strength
of the metal-resin composite that used Ag-Sn alloy particles as the filler was 91.8
MPa', which matched ISO 4049 : 2000 “Dentistry-Polymer-based filling, restorative
and luting materials”'®. The flexural modulus of the metal-resin composite that used
Ag-Sn alloy as the filler was 16.6 GPa'. This value is similar to other resin com-
posites whose values are 2.3-17.8 GPa'’. Since the flexural modulus indicates the
stiffness of materials, it is necessary to decrease the flexural modulus without de-
creasing the strength for developing tougher restorative materials.

In this study, Ag-In alloy was chosen for the filler particle because the elonga-
tion of Ag-In alloy is higher than Ag-Sn alloy'”. In addition, adding indium pre-
vented tarnishing of the silver alloy. An adhesion between the filler and matrix resin
is an important factor for the strength of composite materials. Ohno et al® sug-
gested that Ag-In alloy adhered to stainless steel with an adhesive dental resin con-
taining 4-META. This suggests that 4-META 1s effective as a coupling agent
between Ag-In alloy particles and the matrix resin. The purpose of the present study
was to evaluate the effect of the acid treatment and the heat treatment of the Ag-In
alloy filler particle on the flexural properties of the metal-resin composite that use
Ag-In alloy as the filler and 4-META as the coupling agent.

, because Ag-Sn alloy was used as an amalgam powder for a long

MATERIALS AND METHODS

Table 1 shows the Ag-In alloy used in this study. Spherical alloy particles of the Ag-
In alloy (75 mass% Ag, 25 mass% In) were produced using the atomization method
that was usually used for preparing amalgam alloy powder. The spherical alloy par-
ticles were sieved to divide them into three different particle sizes, which were less

Table 1 Ag-In alloy used in this study

Ag 75 mass%
Components of alloy In 25 mass%

>45-53pm 20 mass%
>38-45rm 20 mass%®
<38/#m 60 mass%

Lot No. 9808 A1750
Prepared by The Research Unit, Faculty of Dentistry, Mahidol Universily, Thailand

Particle size
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Table 2 Materials,used in this study

Materials Code Batch No.
Coupling agent 4-Methacryloxyethyl trimellitate anhydride’ 4-META 9700
(crystal form)
Monomers l,ﬁ-Bis(methacry]oyloxy-2-ethox_vcarbonyl-amino')- UDMA 050155
2,4,4(2,2,4)-trimethylhexane’ TEGDMA 11048
Triethylene glycol dimethacrylate®
polymerization Benzoyl peroxide' BPO M6K 9289
initiator N, N-dimethyl-p-toluidine® DMPT GAQ1
inhibitor Hydroquinone monoethyl ether® MEHQ PAMOQIGS
'Sun Medical, Osaka, Japan *Negami Kogyo, Negami, Japan
Shin Nakamura Kagaku Kogyo, Osaka. Japan ‘Nacalai Tesque Ine, Kyoto, Japan
*Tokyo Kasei Kogyo, Tokyo, Japan *Wako pure chemical industries, Osaka, Japan

than 38 4#m, 38-45um and 45-532m. These three particle sizes were mixed at the
ratio of 3:1:1 by mass, respectively, for the metal filler of a metal-resin composite.
The metal filler particles were acid-treated with HCI at 80T at four different concen-
trations (0, 2, 4, 6 volume% ) for 30 min. After the treatment, the metal filler was
washed four times with distilled water and dried in a constant temperature oven
(Model 2-2123, lsuzu, Japan) at 40TC. The acid-treated metal filler particle was then
heat-treated at four different temperatures (50, 200, 350, 500°C) for 10 min. Sixteen
metal filler particles were thus prepared under four concentrations of HCl and four
temperatures cf heat-treatment.

The prepared metal filler particles were then immersod 1n an acetone solution
containing 4 mass% 4-(2-methacryloyloxy ethoxycarbonyl) phthalic anhydride (4-
META) 0.4 mass% benzyl peroxide (BPQO) at 40C for 30 min. After the immersion,
acetone was vaporized at 40TC for 10 min in the constant temperature oven. Table
2 shows the materials used for the aforementioned treatments.

The base resin monomer consisted of the mixture of 75 mass% 1,6-
Bis(methacryloyloxy-2-ethoxycarbonyl-amino}-2,4,4,(2,4,4)-trimethylhexane (UDMA)
and 25 mass% triethylene glycol dimethacrylate (TEGDMA). 0.25 mass% N.N-
dimethyl-p-toluidine was added to the base resin monomer as an accelerator. Using
the treated metal filler particles and the base resin monomer, flexural test specimens
were prepared following the 1SO 4049 : 2000'”. The treated particles were mixed with
the resin monomer at 93 mass% of the filler content for 30 s. The mixture was filled
in a polytetrafluoroethylene-coated stainless steel mold placed on a glass plate.
After the filling of the mixture, another glass plate was applied on the top of the
mold to remove excess material from the mold, and a clamp held the specimen as-
sembly together. After 3 min from the start of mixing, the mold was immersed in
37+ 1T distilled water. The metal-resin composite specimen was carefully removed
from the mold at 15 min after the start of mixing and then stored in distilled water
at 37+1C for 24 h. After 24 h storage, the specimen was polished using #1000 SiC
paper, and the dimensions were measured before testing. The specimen sizes were
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20%£0.1X2+0.1X2+0.1 mm. Two specimens were prepared for each of the 16 condi-
tions, which were the combinations of the conditions of acid-treatment and the con-
ditions of heart-treatment.

A three-point flexural test {cross-head speed: 1 mm/min, distance of support: 20
mm) was carried out using a universal testing machine {(Autograph DSS-5000,
Shimadzu Ltd., Kyoto, Japan), and the flexural strength (¢ ) and the modulus of
elasticity under flexural stress (flexural modulus, E} were calculated from the fol-
lowing equations (1) and (2), respectively.

_3Fi
2081

o

F 1s the maximum load (N),

{ is the distance between the supports (mm),
b 1s the width (mm),

h is the height (mm) of the specimen,

R
E= 4bhd

F, is the load at a convenient point in the straight-line portion of the trace (N),
l 1s the distance between the supports (mm),

b i1s the width (mm),

h 1s the height (mm) of the specimen,

d is the deflection at load #, (mm),

Values for both the flexural strength and modulus were analyzed using two-way
analysis of variance to analyze the effect of two factors that were the concentrations

of HCi at acid-treatment and the temperature of heat-treatment.

RESULTS

Table 3 shows the mean values of flexural strength of the experimental metal-resin
composites, which used Ag-In alloy particles as the filler. The flexural strength of
the metal-resin composite ranged from 655 MPa to 91.0 MPa under the different
conditions of acid treatment and heat treatment. Results of ANOVA showed that

Table 3 Flexural strength of metal resin composite using Ag-In alloy as the [iller, ¢ /MPa
Concentration of HCI

Temperature of heat treatment

0% 2% 1% 6%
50T 78.0 65.5 69.5 68.5
200°C 73.5 68.5 71.0 7.0
350C 73.0 82.0 91.0 85.0
500TC 80.0 69.5 71.0 75.9

vVe=3.5
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Fig. 1 Flexural strength of metal resin com-
posite using Ag-In alloy filler.

Table 4 Tukey's comparison of fiexural strength by the temperature of the
heat treatment (Probability of significance)

50T 206T 350
200C 0.983
350TC <0.001°** <0.001**
500T 0.196 0.339 0.001**

**Probability of significant difference is greater than 95%

Table 5 Flexural modulus of metal-resin composite using Ag-In alloy as filler, E/GPa

Concentraticn of HCI

Temperature of heat treatment

0% 2% 4% 6%

50T 9.9 8.4 8.5 9.2

200TC 5.0 9.0 9.9 9.4
350C 9.1 8.9 8.8 8.8
500C 9.5 8.9 10.5 9.1

vVe=0.6

the effects of the temperature of heat treatment and the interaction of two main fac-
tors, which were the acid concentration and the temperature of heat treatment, on
the flexural strength were highly significant (temperature of heat treatment p<0.01,
power >99.9%, interaction of two main factors p<0.0l, power 98.2%). These results
suggest that the temperature of the heat treatment influenced the flexural strength
of the experimental metal-resin compostite, which used Ag-In alloy particles as the
filler, but its effect, varied with different acid concentrations of acid treatment. Fig.
1 shows the flexural strength of the metal-resin composite at each condition. The
highest strength (91.0 MPa) was obtained at 350 heat treatment except for the
specimens which were treated with 0% HC! (distilled water). At 0% HCI, which was
the immersion in distilled water without acid, there were no differences in the flex-
ural strength among different temperatures of the heat treatment. Tukey's multiple
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comparison, as shown in Table 4, suggests that the flexural strength of the metal-
resin composites, which used 350C heat treatment, was higher than those of the
other experimental metal-resin composites.

Table 5 shows the mean values of the flexural modulus of the experimental
metal-resin composite. The mean values of the flexural modulus ranged from 8.4
GPa to 10.5 GPa at different treatments. Result of ANOVA showed that there were
no significant effects of heat treatment and acid treatment on the flexural modulus
of metal-resin composite. The total average of the flexural modulus was 9.1 GPa.

DISCUSSION

ISO 4049: 2000 requires 80 MPa or greater flexural strength of polymer-based filling
and restorative materials for restorations involving occlusal surfaces (Type 1, Class
1)*¥. In this study, the metal-resin composite, which used acid-treated and 350T
heat-treated Ag-In alloy fillers, matched strength requirement. When a metal parti-
cle was acid-treated, 1t was expected that a product on the particle be removed, and
when a metal particle was heat-treated, it was expected that an oxide on the particle
be formed. The results in this study suggested that there was a significant differ-
ence in the flexural strength of the metal-resin composite among the temperatures of
heat treatment. This meart that the condition of an cxide, which formed by heat
treatment, affected the flexural strength of the metal-resin compesite. Tihe other re-
sult in this study showed the effect of heat-treatment on the flexural strength
changed with the condition of acid treatment. Fig. 1l shows that there was a differ-
ent tendency in the flexural strength clearly between not using acid-treated filler
(0% ) and using acid-treated filler (2%HCI, 4%HCI, 6%HCI). An original Ag-In alloy
particle may have been covered with an oxide, which was formed during the atomiz-
ing process. It was suggested that the existence of an original oxide laver affected
the form of the oxide on the Ag-In alloy particle by the heat treatment. In this
study, the highest flexural strength was obtained using a 4% HCI acid-treated, 350
T heat-treated metal filler material, and the lowest strength was obtained with on
acid-treated, 50C heat-treated metal filler, which may have a little oxide layer.
When the metal filler particle was not acid-treated, the flexural strength of the
metal-resin composite was not changed with the temperature of the heat treatment.

To examine the surface condition of both the acid-treated and non-acid-treated
metal filler particles, surface analysis by X-ray photoelectron spectroscopy (JPS-
9010MC, JEQOL, Japan) was performed with Mg Ka radiation on the typical metal
particles in this study. The binding energy of elements were calibrated by Cls as
284.4 eV'®. Fig. 2 shows the wide spectrum of the X-ray photoelectron spectroscopy
of the Ag-In alloy particle, which was treated with 0% HCI at 50TC. A high indium
peak (3d5/2, 444.1 eV) and low silver peak (3d5/2, 367.8 eV} were found on the sur-
faces. Fig.3 shows the wide spectrum of the Ag-In alloy particles, which were
treated with 0% HCI at 350C. There is a high indium peak (3d5/2, 444.2 eV) and a
low silver peak (3d5/2, 368.1 eV) on the surface. There is a similar tendency of the
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spectrum between the 50T heat-treated surface and 3507C heat-treated surface when
the particle was not acid-treated. With referred to the NIST XPS Database'®, the
peaks of indium in Figs. 2 and 3 are recognized as In or In,0;. It was difficult to
identify In or In,O; from the wide spectrums, but it was suggested to be In,O, be-
cause the original Ag-In alloy particle was previously heated during the particle mak-
Ing process. Fig. 4 shows the wide spectrum of the X-ray photoelectron spectroscopy
of the Ag-In alloy particle, which was treated with 4% HCI| acid treatment and 350
T heat treatment. Two high peaks that are indium (3d5/2, 444.2 eV) and silver
(3d5/2, 367.7 eV) were found clearly on the metal filler surface. The peak of indium
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was recognized as In or In,0,, but was suggested to be In,O, because the Ag-In alloy
filler was heat-treated at 350C. The peak of silver was recognized as Ag, AgO or
Ag,0. There was clearly silver or silver oxide on the acid-treated particle, while
there was little silver or silver oxide on the non-acid-treated particle. This suggests
that the existence of silver or silver oxide on the particle affects the adhesion be-
tween Ag-In alloy filler particle and matrix resin, and affects to the flexural strength
of the metal-resin composite, which used Ag-In alloy particle as the filler. To clarify
the mechanism of the bonding between the treated metal filler and matrix resin, it is
necessary to use high resolving power equipment for analyzing the filler surfaces,
and to identify the products on the metal filler. Further research is necessary to ex-
plain the relation between the surface condition and the mechanical properties of the
metal-resin composites.

There was mo significant difference in the flexural modulus among 16 metal-resin
composites that were prepared under the different conditions of acid treatment and
heat treatment in this study. This result suggested that the acid treatment and the
heat treatment does not affect the flexural modulus of the metai-resin composite,
which used Ag-In alloy particle as filler. Even if the treatments affected the flexural
modulus, 1t would be only small effect. The average flexural modulus of the Ag-In
alloy filler metal-resin composite was 9.1 GPa in a present study. This value was
ilower than that of the metal-resin composite, which used Ag-Sn alloy particles as the
filler (16.6 GPa)'. The calculated volume percentage of the Ag-In alloy filler in the
metal-resin composite was 59%, while the Ag-Sn alloy filler was 61% in the metal-
resin composite'”. A proportion of the matrix resin in a metal-resin composite was
" not so different betwcen the Ag-In alloy filler metal-resin composite and the Ag-Sn
alloy filler metal-resin composite. In addition the flexural strength of the Ag-In
alloy filler metal-resin composite was 91.0 MPa, while that of the Ag-Sn alloy filler
metal-resin composite was 91.8 MPa'. When a comparison was made between the
flexural properties of two metal-resin composites, only the flexural modulus de-
creased by approximately a half. As a result that surface treatments did not mark-
edly affect the flexural modulus, and it was suggested that the flexural modulus of
a metal-resin composite decreased by using Ag-In alloy particles as the filler. [t is
important to control the flexural modulus without decreasing the flexural strength
using various filler materials. It was suggested that a restorative material, which is
tough, could be developed using ductile filler materials.

CONCLUSIONS

The flexural strength and flexural modulus of the experimental metal-resin compos-
ite, which used Ag-In alloy particles as the filler, were evaluated. The effect of acid
treatment and heat treatment on the Ag-In alloy particles was investigated.

The flexural strength of the metal-resin composite increased with the tempera-
ture of the heat treatment until 350, but its effect was varted with the concentra-
tions of HCI of the acid treatment. A metal-resin composite, which used acid-treated
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and 350TC heat treated metal fillers, matched the strength requirement of ISO 4049:
2000 “Dentistry-Polymer-based filling, restorative and luting materials (Type 1, Class
1) as suitable for restorations involving occlusal surfaces”.

The flexural modulus of the metal-resin composite was not varied with the condi-
tions of treatments on the metal filler. The flexural modulus of a metal-resin com-
posite, which used Ag-In alloy particles as the filler was lower than that of Ag-Sn
alloy metal-resin composite, reported previously'”. However, the flexural strength of

Ag-In alloy metal-resin composite was similar to that of Ag-Sn alloy metal-resin

composite’®. The flexural modulus of a metal-resin composite can be controlled

without decreasing the flexural strength by choosing appropriate filler materials.
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