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ABSTRACT: The purpose of this study was to evaluate dynamic mechanical properties of urethane dimethacrylate
(UDMA) and triethylene glycol dimethacrylate (TEGDMA) based dental resin. Dynamic mechanical properties of a
visible light (1=400-500 nm) curable UDMA/TEGDMA (70:30 in wt%) resin were investigated for specimens uncured,
light-cured for 40 s, and heated to 175 °C subsequent to the irradiation for 40 s. Differential scanning calorimetry (DSC)
was also employed as a complementary technique. For the light-cured specimen, two abrupt drops in the log storage
modulus (£’) and two peaks in the tand vs. temperature curve corresponding to the glass transition were observed.
The storage modulus was slightly increased with increasing temperature between the two modulus drops. The DSC
experiment showed that the light-cured specimen contains residual living groups trapped by the fast reaction, which lead
to further reaction during post-cure heat treatment. This further thermal reaction is considered to be responsible for the
modulus increase. After heating to 175 °C above the DSC exothermic peak, most of the residual groups in the light-cured
specimen were found to be reacted, showing a single decrease in modulus and a single peak in the tan § curve, and no
exotherm in the DSC curve. With the aid of DSC data, the further thermal cure reaction with increasing temperature may
occur within the glass transition region. The occurrence of the thermal reaction gives rise to the inaccuracy in determining

the glass transition temperature (7).
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It is well known that the dynamic mechanical anal-
ysis (DMA) is a very powerful technique for study-
ing not only solid and viscoelastic liquids but also re-
active materials undergoing changes in low molecular
weight monomer to high molecular weight network !
The DMA technique is to impart the controlled me-
chanical oscillation to a solid or viscoelastic liquid, and
to measure in-phase and out-of-phase response of the
specimen. One calculates the storage modulus (£')
from the in-phase and the loss modulus (£”) from
the out-of-phase response, which represent the energy
stored and dissipated, respectively. Tand, where ¢ is
the phase angle between the stress and strain in the os-
cillatory experiment, is given by the ratio of energy dis-
sipated to energy stored per cycle (E”/E’).

From the analysis of the dynamic mechanical pa-
rameters, useful information on material properties can
be obtained such as bulk properties directly related to
material performance and primary and secondary tran-
sitions not easily identified by other methods. Typ-
ically, the information concerning polymeric systems
from DMA includes quantitative modulus, glass tran-
sitions, rate and extent of polymerization, quantifica-
tion of gelation, degree of cross-linking, and changes

Dynamic Mechanical Analysis (DMA) / DSC / UDMA / Storage Modulus / Tan 6 /

in polymer chain mobility. Among the dynamic me-
chanical properties in dental polymeric materials, the
E’ as a parameter of materials stiffness and the glass
transition temperature (1) as an index of cross-linking
density or degree of conversion (DC) are of great im-
portance in terms of durability and performance in their
clinical usage.?

There have been several reports on examining the dy-
namic mechanical properties of dental polymeric mate-
rials. Clarke® described the dynamic mechanical prop-
erties of bisphenol-A related resins. The dynamic me-
chanical properties of commercially available denture
base resins that had been cured using a different en-
ergy sources (heat, microwave and visible light) were
reported.* DMA has been also employed to character-
ize the viscoelastic properties of commercially avail-
able dental lining materials>~’ DMA may be used to
characterize both the rate and extent of polymerization,
as such processes are associated with time-dependent
changes in the elastic modulus. Recently, the storage
modulus of highly filled Bis-GMA (bisphenol-A glyc-
erolate dimethacrylate) composites within PTFE tube
has been monitored during light-cure and corrected into
that of the composites without the tube?
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Figure 1. Chemical structures of the reactants.

UDMA (urethane dimethacrylate) has been recently
of interest as one of primary resins for dental resin com-
posites. Compared with Bis-GMA, UDMA monomers
have lower viscosity’ and the resin composites based
on the monomers show enhanced mechanical proper-
ties.” 2 There are many publications on characterizing
the UDMA-based dental resin using DSC!® and FT-
IR'* techniques. However, little is known about dy-
namic mechanical properties of UDMA-based dental
resins.

In this study, we intend to provide further under-
standing of a visible light curable UDMA-based resin
by observing dynamic mechanical parameters of stor-
age modulus (£’) and tan 6 (= E£”/E’) and try to inter-
pret the viscoelastic behaviors which are important de-
terminants of product performance for polymeric for-
mulations designed for dentistry. Also, differential
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scanning calorimetry (DSC), which is recognized as a
complementary technique to DMA, was used to con-
firm and explain the DMA data.

EXPERIMENTAL

Experimental resin was prepared from a 70:30 wt%
UDMA (urethane dimethacrylate, Esstech, USA) and
TEGDMA (triethylene glycol dimethacylate, Esstech,
USA), mechanically blended at room temperature for
30min. 0.7 wt% of CQ (di-camphorquinone, Poly-
sciences, USA) as an initiator, 0.35 wt% of DMAEMA
(2-(dimethylamino)ethyl methacrylate, Aldrich, USA)
as an accelerator, and 0.05wt% of BHT (butylated
hydroxytoluene, Sigma, USA) as an inhibitor were
subsequently added and mixed thoroughly by stirring
for additional 120 min in dark environment. Chemical
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structures of the reactants were represented in Figure 1.

For the dynamic mechanical analysis (DMA 983,
Dupont, USA), the uncured neat resin mixture was im-
pregnated into a piece cut from a glass fiber mattress
roll (TA Instrument, USA). The excess resin on the
impregnated specimen was squeezed out between alu-
minum foils. The impregnated specimen was placed
into the DMA heating chamber and scanned from —100
to 250°C at a fixed frequency of 1 Hz with a heating
rate of 2°Cmin~!. The liquid nitrogen used for cool-
ing the system provides an inert atmosphere in this test.
A light-cured specimen was prepared in a Teflon mold
[50 mm (L) X 7mm (W) x 0.8 mm (T)] where neat resin
mixture was poured into the mold and then irradiated
with a light curing unit (VIP; 4 = 400-500 nm, Bisco,
USA) at an intensity of 500 mW cm™2. Irradiation on
the specimen was made every 10 mm in a longitudinal
direction for 40's for both sides maintaining 1 mm gap
between light guide and specimen surface. The light in-
tensity and the irradiation time used in this experiment
are based on the conditions in clinical applications of
dental restorative composites. It should be noted that
the spot diameter of emitting light of the curing unit is
11 mm. Light energy density at the surface of the light
guide was calibrated by a radiometer (Demetron model
100, USA) before irradiation.

Differential scanning calorimetry (DSC 910,
DuPont, USA) was used mainly to confirm the results
from DMA. A DSC thermogram was obtained for
about 10 mg of specimen, taken from the light-cured
specimen at an intensity of 500 mW cm2 for 40s in
the temperature range of —150 to 250°C at a heating
rate of 10°C min~! under a dry nitrogen atmosphere.

Specimens irradiated for 40 s were heated to 175°C
above their exothermic peak at a heating rate of
10°Cmin~!. The post-cured specimens were also ana-
lyzed by means of DMA and DSC.

RESULTS

Figure 2 displays log relative storage modulus (/)
data from DMA and heat flow from DSC vs. temper-
ature for the uncured specimen. The relative storage
modulus is originated from the composite nature (resin
mixture + glass fiber mattress) of the specimen. As
shown in the figure, log £} decreased abruptly between
around —70°C and —40°C, corresponding to the glass
transition of the uncured resin. Between —40°C and
100 °C, the storage modulus fell down the measure-
ment range of the instrument. From around 100°C up
to 150 °C, the storage modulus increased with increas-
ing temperature. The DSC thermogram exhibited a
step transition around the temperature range of the sud-
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Figure 2. Log relative storage modulus (£}) from DMA and
heat flow from DSC vs. temperature for the uncured specimen.

den decrease in the log E}, curve. The glass transition
temperature from the inflection point of the DSC step
transition was determined to be —55°C. An exother-
mic peak on the DSC curve appeared in the temperature
range of around 120°C and 220 °C.

Figure 3 exhibits log storage modulus (£’) and tan §
from DMA and heat flow from DSC for the light-cured
specimen. Interestingly, the log £’ vs. temperature
curve showed two abrupt decreases at low temperature
(GpL) and at high temperature (Gy). The abrupt de-
crease in the modulus as a function of temperature is
attributed to the glass transition of the material. In the
corresponding tan d vs. temperature curve, two separate
and distinct transitions were observed at the maximum
peak temperatures of 55°C (Pr) and 160 °C (Py) due to
the two glass transitions. The DSC thermogram in the
figure for the light-cured specimen showed an exother-
mic peak ranging from 45°C to 150 °C, but no distinct
step transition (i.e., glass transition) was observed.

In order to examine the thermal reaction of the
unreacted residual groups, the light-cured specimen
was post-cured by scanning to 175°C above the DSC
exothermic peak in Figure 3. Immediately after the
post-cure heat treatment, the specimen was quenched
and rescanned and the DMA and DSC results are shown
in Figure 4. The dotted curve in the figure is for the
light-cured specimen. The glass transition at low tem-
perature (G ) in the log £’ data for the light-cured spec-
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Figure 3. Log storage modulus (£’) and tan 6 from DMA and
heat flow from DSC vs. temperature for the light-cured specimen.

imen shifted to higher temperature and the double de-
crease of storage modulus became almost a single de-
crease due to the post-cure heat treatment. Accordingly,
the tand peak at low temperature (P.) for the light-
cured specimen became much smaller by the post-cure
while that at high temperature (Py) remained almost
the same.

DISCUSSION

In this study, interesting results were found for the
light-cured specimen by the observation of dynamic
mechanical properties. An exothermic peak on the
DSC curve appeared in the temperature range of around
120 °C and 220 °C for an unirradiated sample (see Fig-
ure 2). This means that radicals can be produced by
thermal energy without irradiation of the light and lead
to the exothermic reaction during the post-cure heat
treatment. The thermal reaction may be closely re-
lated to the increase of the storage modulus in DMA
as shown in Figure 2. However, only small amounts
of reaction during the temperature scan seem to occur
since the specimen at room temperature after the scan
was flexible (i.e., rubbery) by the manual observation.

The DSC thermogram in the Figure 3 for the light-
cured specimen showed an exothermic peak ranging
from 45 to 150°C, but no distinct step transition (i.e.,
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Figure 4. Log storage modulus (E’) and tan ¢ from DMA and
heat flow from DSC vs. temperature of the light-cured specimen
post-cured by heating to 175°C.

glass transition) was observed. As can be recognized,
the dynamic mechanical technique detects molecular
relaxations such as those occurring at the glass tran-
sition with much higher sensitivity than the DSC al-
though DSC provides quantitative measurements of
heat changes such as melting and crystallization. Ap-
pearance of the exotherm on the DSC curve indicates
that the reaction is not completed by the irradiation
(500 mW cm™2 x 40 s), which usually occurs in normal
operative conditions: degree of conversion of commer-
cial dental restorative composites is reported to be 40—
60%."71° Note that the exothermic peak on the DSC
curve of the light-cured specimen appeared at much
lower temperature (i.e., 45-150°C), compared with the
uncured specimen (i.e., 120-220°C). This indicates the
acceleration of the reaction with lower activation en-
ergy through the formation of initiating radicals by ir-
radiation.

From the comparison of the specimens light-cured
(dotted curve) and post-cured (solid curve) in Figure 4,
the post-cure heat treatment affects greatly on dynamic
mechanical and thermal properties. The glass transition
at low temperature (Gr) in log £’ data for the light-
cured specimen shifted to higher temperature and the
double decrease of modulus became almost a single de-
crease by the post-cure heat treatment. Accordingly,
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Five temperature regions
for incompletely cured resin
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Figure 5. Replot of log E’ vs. temperature in Figure 3 show-
ing five different regions (I: glassy, II: glass transition, III: thermal
reaction, IV: new glass transition, and V: rubbery).

the tan¢ peak at low temperature (P) for the light-
cured specimen became much smaller by the post-cure
heat treatment while that at high temperature (#y) re-
mained almost the same. No appreciable exotherm was
observed on the DSC curve which indicates near com-
plete degree of conversion after the post-cure heat treat-
ment. Therefore, the further reaction of the unreacted
residual group took place during the heating. The glass
transition temperature taken from the tan ¢ peak for the
post-cured specimen was about 155°C.

Mechanism of the split in the glass transition is con-
sidered to be additional thermal cure in the light-cured
specimen, which is responsible for the increase of the
modulus between the glass transition region. The ad-
ditional cure becomes obvious if we examine the log
E’ vs. temperature data for a light-cured specimen in
Figure 3 which is replotted in Figure 5. As shown in
Figure 5, the curve can be divided into five tempera-
ture regions obtained by intersecting tangential lines:
glassy (I), glass transition (II), thermal reaction (III),
new glass transition (IV), and rubbery (V). The onset of
the glass transition begins at 7°C. As the temperature is
increased, the £’ continues to decrease rapidly until it
reaches a minimum at 54 °C with the increased mobility
of the macromolecular chains. Further increase in tem-
perature produces a gradual increase in the £ which is
indicative of additional cure with further chain exten-
sion and/or cross-linking reaction by thermal energy.
Upon further increase in temperature, the increasing £
value begins to decrease rapidly again after reaching a
maximum at 126 °C as the additional cure is completed.
Consequently, the decreasing region above 126°C up
to 178 °C may be viewed as a combined transition that
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consists of the glass transition of the light-cured ma-
terial with the superimposed effect of additional cure.
Thus, in effect, a new material has been created which
in turn proceeds through its glass transition resulting in
the appearance of another transition.

The glass transition temperature can usually be de-
fined in terms of temperature of peak maximum exhib-
ited in the E£” or tand. As shown in the incompletely
cured specimen by irradiation, the glass transition re-
gion was disturbed by the thermal reaction. In Fig-
ure 5, the dashed curve in £’ is drawn assuming that
there is no thermal reaction in the transition region. If
this is the case, one can decide 7; with accuracy from
the corresponding £’ or tan ¢ peak as usual. However,
it is certain that the 7 value from the tan 6 peak at low
temperature (i.e., P =55°C) in Figure 3 must be an
underestimated of actual 7 of the irradiated specimen.
When the additional thermal cure reaction is involved
within the step transition on the DSC curve, it will be
also difficult to determine the 7, by means of the DSC
test.

It is reported that fast reaction in light-curing ma-
terials induces incomplete functional group conver-
sion'>"1° and excess amount of free volume in the
material 22! The incomplete functional groups are
trapped in the form of residual monomers and unre-
acted pendent groups by reducing the diffusivity of the
reactive species greatly as a result of the rapid gelation
and vitrification during the light polymerization. Zhu et
al.?? and Tial et al.?® reported that the lifetime of resid-
ual free radical at room temperature could reach several
days or months, depending on cross-linking density and
storage temperature. Marino et al.>* showed that the re-
action of an irradiated unsaturated polyester specimen
was observed for several days in the dark. When the
reaction proceeds rapidly, an excess free volume is also
produced since there is no time for molecules to be re-
laxed in the amorphous state by entering into the vit-
reous state. The existence of the residual groups for a
long period with an excess amount of free volume indi-
cates that further reaction may take place and lead to the
changes in properties during heating as well as storing
isothermally even at a relatively low temperature (e.g.,
body temperature).

CONCLUSION

Incomplete cure and excess free volume in the mate-
rial is characteristic of a fast reacting system like light-
curable dental resin. In this study, interesting results
were found for the irradiated specimen by the observa-
tion of dynamic mechanical properties. With the aid of
differential scanning calorimetric data, further thermal
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cure reaction with increasing temperature occurs within
the glass transition region. There exist two glass tran-
sitions due to the thermal reaction: one at low temper-
ature for the light-cured specimen and the other at high
temperature for the combined the light-cure and addi-
tional thermal reaction. The occurrence of the thermal
reaction leads to an inaccuracy in determining 7; and
change of properties.
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