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ABSTRACT: The cure behavior of two dimethacrylate resin formulations activated by visible ligt4@0—-500 nm)

was investigated by means of a rapid monitoring dynamic mechanical technique. Storage m@Juduns fans vs.

time data were obtained for different light intensities (20-600 mWPEmand cure temperatures (25-&). Gelation

and vitrification time were estimated from initial rise @f and maximum peak of taf vs. time curve, respectively,

and used to construct time-temperature-intensity-transformation (TTIT) cure diagram. Physical states of material in the
regions divided by the estimates of the transforming times were incorporated in the cure diagram. It was found that
the dimethacrylate systems undergo phase transformation initially from liquid to rubber and finally to glass. Effects of
intensity and temperature on the gelation and vitrification are discussed and compared for the two formulations.

KEY WORDS Time-Temperature-Intensity-Transformation (TTIT) Cure Diagram / Dynamic Me-
chanical Analysis / Visible Light / Dimethacrylate /

Visible light curable dimethacrylate resins are widely technique that may be used to simultaneously charac-
used as an important base material for dental restoraerize both rheological and thermal properties of a wide
tive composites as a consequence of their advantageange of sample typég. Dynamic mechanical prop-
such as the short application time and the aesthetierties of the material are evaluated by either applying
performance in clinical applications. However, therea small oscillating strain to the sample and measur-
remain many issues of the dimethacrylate based dering the resulting stress or by applying a periodic stress
tal resins. Rapid reaction of the light curing systemsand measuring the strain. The quantitative properties
leads to incomplete cufe? reducing the mechanical measured under the controlled mechanical oscillation
strength and increasing the swelling of the materialinclude storage moduluss() and loss modulus@’).
Unreacted monomers trapped in the incompletely cured he storage modulus relates to the energy storing qual-
material could be extractable, causing various troublegty and is equivalent to the Young’s modulus of an elas-
in the body?® Shrinkage during photo-polymerization tic solid, and the loss modulus to the dissipative and
is also one of principal drawbacks in practical applica-viscous component of the material. The ratio of loss
tions1911 (G”) to storage modulusy) is referred to as the me-

Since final properties after cure are closely related tachanical damping (taf).
the details of cure process, understanding cure process One of achievements of dynamic mechanical stud-
could be especially significant to improve performanceies in thermosetting resins is the time-temperature-
gualities in network forming systems. During forming transformation (TTT) cure diagram from the work of
network, extreme changes take place not only molecGillham and Ennd3~1® The TTT cure diagram, estab-
ularly from monomers to highly crosslinked polymer lished by means of a freely oscillating DMA technique-
but also macroscopically (rheologically) from the fluid Torsional Braid Analysis (TBA), is recognized as a ba-
state prior to gelation to the glassy state after vitrifi- sis for analyzing and designing cure processes, describ-
cation. Dramatic rheological changes during the neting the various physical states of a thermosetting mate-
work formation are considered to be of great impor-rial during isothermal cure reaction. The cure process
tance in characterizing and understanding the cure prowvas characterized by the resin rheology as a function of
cess. Useful information for ultimate final properties time and temperature based on the two phenomena of
and performance of material can be obtained from thecritical importance; gelation and vitrification.
rheological study during the changes. As for the thermosetting materials, it is essential to

Dynamic mechanical analysis (DMA) is a versatile investigate the cure behavior of photoinitiated systems.
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The cure behavior has been mainly studied by meaeurately. In a classical DMA technique, data analysis
suring degree of conversion using differential scanningeequires the machine to collect data over at least one
calorimetry (DSC}1® and fourier transform infrared complete period of oscillation. Therefore, the fastest
spectrometry (FT-IR)? for visible light activated resin  data acquisition rate would be equal to the frequency in
composites. Recently, dynamic mechanical analysidiz theoretically. A dynamic mechanical analysis tech-
(DMA) has been used to estimate storage modulus denique (StressTech Rheometer, Reologica Instrument,
velopment during irradiatiof’. In this study, we in- Sweden) used in this experiment is capable of collect-
tend to employ a DMA technique, which is capable of ing the rheological data more than 50 points $n this
in-situ monitoring rheological properties during cure, study, data acquisition rate was 5 points s
and develop time-temperature-intensity-transformation Another important factor may be the way of irradia-
(TTIT) cure diagram for two different dimethylacrylate tion to the sample. Figure 2 shows a schematic drawing
resins activated by visible light. The cure diagram canof the sample holder. Two parallel plates of a station-
be used to track the effect of light intensity on the phys-ary quartz disc plateg(= 30 mm, thickness = 3.2 mm)
ical state of the network forming material coupled with and an oscillatory upper plateé € 8 mm) are designed
cure time and temperature in photoinitiated systems. to accommodate a liquid sample. After approximately
50 mg of sample was placed on the quartz plate, the up-
EXPERIMENTAL per rod was slowly moved down to the sample until pre-
assigned gap distance reaches. Then oscillation was
The two formulations were prepared from UDMA imposed to the sample with frequency of 1 Hz under
(1,6-bis(methacrylyloxy-2-ethoxycabonylamino)-2,4, applied stress of 8000 Pa. Gap between the plates (or
4-trimethylhexane, Esstech, USA) or Bis-GMA (2, sample thickness) was initially fixed to be 0.6 mm, but
2-bis[4-(2-hydroxy-3-methacrylyloxypropoxy)phenyl] was reduced during curing due to the cure shrinkage.
propane, Esstech, USA) as a base resin. The resin Cure was induced by irradiating visible light £
was mechanically blended with a TEGDMA (triethy- 400-500 nm, Variable Intensity Polymerizer, Bisco
lene glycol dimethacylate, Esstech, USA) diluent atinc., USA) through the quartz disc from bottom as
room temperature for 30 min. The mixtures were shown in Figure 2. Gap between the quartz disc and the
subsequently stirred for additional 120 min at roomtip of light source was 0.5 mm. Note that the spot diam-
temperature for UDMA and 600 min at 36 for eter of the irradiation from the light source is 11 mm,
Bis-GMA after adding a CQ (di-camphorquinone, which is enough to irradiate homogeneously through-
Polysciences, USA) catalyst, a DMAEMA (2- out the sample. After an initial period of 10s for sta-
(dimethylamino)ethyl methacrylate, Aldrich, USA) bilization, data were collected for 70 s as soon as the
co-catalyst, and a BHT (butylated hydroxytolune, light was turned on. Lamp was on for 30 s under the in-
Sigma, USA) inhibitor. Bis-GMA was mixed for a tensities of 20, 70, 120, 300, and 600 mWémCure
longer time at a higher temperature due to its highetemperatures were 25, 37 (body temperature), 50, and
viscosity than UDMA. The composition of the sample 60°C. Note that the irradiation time of 30s and the
mixtures used in this study is 69.23wt% of UDMA ranges of light intensity are based on the conditions in
or Bis-GMA, 29.67 wt% of TEGDMA, 0.7wt% of clinical applications of dental restorative composites.
CQ, 0.35wt% of DMAEMA, and 0.05% of BHT. For the cure temperature, a visible light curable den-
Note that these compositions are one of typical resirtal restorative composite is normally prepared at room
formulations using in restorative dental composites.temperature and can be warmed up to ovei@G0nder
Chemical structures of the components are representezkrtain circumstances (drinking hot water or tea, etc.)
in Figure 1. For the dimethacrylate systems used inafter restorative treatment. Each test was performed af-
this experiment, photocuring is mainly based on theter checking the light intensity by means of a radiome-
free-radicals formed by visible light in the reaction ter (Demetron Research Co., USA). Transmitted inten-

with aminest® sity through the sample on the quartz plate was also
. _ _ checked by the radiometer if there is any reduction of
Dynamic Mechanical Analysis light due to the sample. No reduction of intensity for all

In photoinitiated systems, network structure devel-samples was observed, indicating that the same amount

ops very rapidly with big rheological changes, rang-of intensity is applied through the sample depth.
ing from low-viscous liquid to gel and eventually to

hard solid as cure reaction proceeds. In the fast react- RESULTS
ing cure systems, fast data acquisition rate is critical

in order to follow the rheological transformations ac-  Storage modulus®) and tans (G”/G’) were mea-
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Figure 1. Chemical structures of the formulations used in this study.

sured as a function of time at different intensities andwas initially maintained almost constant after light is
temperatures for UDMA and Bis-GMA based formu- on, followed by rising rapidly and leveling off there-
lations. In Figures 3 and 4, representat¥eand tan  after. The same trends were exhibited at all intensities
6 vs. time curves for different intensities at 32 and  and temperatures for both samples. The modulus curve
for different temperatures at 300 mW thare plotted  shifts to a shorter time scale and the rising slope be-
for UDMA, respectively. The same data for Bis-GMA comes stiffer with increasing intensity and temperature.
are shown in Figures 5 and 6, respectively. For clarity,Corresponding taa curves in Figures 4 and 6 show a
the curves have been displaced vertically by arbitrarydistinct peak which shifts to a shorter time scale and
amounts, and intensity and temperature values are irsecomes sharper with increase of intensity and temper-
dicated on the corresponding curves. Also indicated irature. In the beginning of the experiment, there is scat-
the figures is the irradiation periodd, 30s). Look- tering in tand data as shown in the figures. This may
ing at theG’ and tand curves obtained in this experi- be due to the big amplitude of oscillation at the applied
ment, the DMA machine is good enough for tracking stress of 8000 Pa in a liquid state of sample. However,
the rapidly changing rheological properties. it does not disturb the tahpeak appearing afterward.

As shown in Figures 3 and 5, the storage modulus
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Figure 3. Storage modulus@) vs. time curves (a) for dif-
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Figure 2. Schematic diagram of a sample holder.
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Figure 4. Tan§ vs. time curves (a) for different intensities at
37°C and (b) for different temperatures at 300 mWénfor a
UDMA system.

in thermosets. Gelation defined molecularly by incip-
ient formation of network during cure reaction can be
measured from the major changes in rheological prop-
erties €.g., viscosity) and mechanical propertiesg(,
modulus) at a macroscopic level. There are various
ways to assign the location of gel point macroscopi-
cally. Dynamic parallel plate rheometry has been used
to determine the gel point at which viscosity increases
abruptly’®=21 TBA experiments showed that gelation
can be assigned to the first loss damping pEak
which is reported to be actually attributed to isoviscous
state?? Since the elasticity of the forming network be-
gins to build at the gel point, the macroscopic gelation
has been taken as onset of the initial increase in modu-
lus measured by DMA? 23 Vitrification is known to be

a glass forming process as a result of reaching the glass
transition temperature of the reacting system to isother-
mal temperature of cure. The vitrification is readily
identified as a loss peak from DMA that accompanies a
large increase in modulus during cure.

In the case of thermosetting systems, the cure pa-
rameters controlling processing and properties are tim€onstruction of Time-Temperature-Intensity-Trans-
and temperature. Time positions of the two macro-formation (TTIT) Cure Diagram
scopic phenomena, gelation and vitrification, were an Dynamic mechanical measurements were made in a
important basis for developing the TTT cure diagramwide range of intensity and temperature as a func-
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Figure 5. Storage modulus@) vs. time curves (a) for dif- Figure 6. Tan§ vs. time curves (a) for different intensities at
ferent intensities at 37 and (b) for different temperatures at 37°C and (b) for different temperatures at 300 mW-éror a Bis-
300 mW cmi? for a Bis-GMA system. GMA system.

tion of time and the results were used to build time-tone. All the specimens were completely dissolved
temperature-intensity-transformation (TTIT) cure dia- beforetge. However, betweetye andt,i, specimens
gram in this study. Time to gelatiory) was de- were swelled a little {5% increase in weight after 2h
termined from the onset of increase in storage modueof immersion in acetone) without dissolution. Almost
lus from a series of the storage modul@)(vs. time no swelling was observed aftge. The cured speci-
curves for UDMA and Bis-GMA sample. Thisis equiv- mens were also examined by bending manually. Spec-
alent to the onset of elasticity from a definition of gela- imens betweeitye andt,ix were very flexible without
tion.2% 23 A distinct peak on the taf curve is consid-  breaking, but those aftey; became brittle with break-
ered to be due to vitrification. Time to vitrification ing into pieces. From the tests above, the state of phase
(tvit) was taken from the maximum tahpeak posi- of the each region in the diagram was assigned to be
tion. Based on thdye andtyi, TTIT cure diagrams liquid beforetge, rubber betweetye andt,it, and glass
for UDMA and Bis-GMA are constructed in three- aftert,;. The physical states were incorporated in the
dimensional space and shown in Figures 7a and 7b, resure diagrams as shown in Figures 7a and 7b. All the
spectively. tests should be made immediately after cure at each
The two time positions in the diagram lead to the phase region because of the fast property changes due
three dimensional space to be divided into three differto postcure. As shown in Figures 3 and 5, the stor-
ent regions; beforg, betweentye andt,i, and after  age modulus increases quite rapidly before reaching to
tyit. In order to identify the physical state of each re- level-off time after gelation.
gion, specimens were cured at 300 mWénd 25°C
in the DMA machine for different periods of time; 2 Effects of Light Intensity and Cure Temperature
and 3s(.e., beforetge), 3.5 and 7.5 si(e., betweertge Intensity and temperature affects differently on gela-
andtyi;), and 10 and 25 4.€,, aftert,;;) for UDMA and tion and vitrification in this study. From the cure dia-
Bis-GMA, respectively. The cure times were selectedgram constructed, gelation and vitrification time were
from the TTIT cure diagram obtained in this study. Sol- taken at the lowestQ = 20 mW cn1? x 25°C, marked
ubility of the cured specimen were examined in ace-by a for gelation andc for vitrification in Figures 7a
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TTIT Cure Diagram for UDMA for Bis-GMA. Therefore, a main cure parameter in pho-
toinitiated systems is found to be light intensity rather
than cure temperature. Also vitrification is greatly af-
fected by the light, especially at a lower intensity range
B ‘ up to 300 mW cm? for both systems. The effect of in-
e tensity becomes larger at lower temperatures.

At all light intensities and cure temperatures, un-
Glass cured sample undergoes transformation from liquid to
rubber and finally to glass for different periods of time
\ depending on intensity and temperature. The TTIT cure
\ diagram for Bis-GMA exhibits similar trend but trans-

Time (s)
S

forming times are much longer compared to that for
=P ? UDMA, indicating that cure reaction proceeds much
g0 slowly in a Bis-GMA system. Bis-GMA has more rigid
'U'quid : W25 molecular structure due to the phenylene rings as seen
T T wmp-\°°‘ in Figure 1, showing the higher viscosity compared to
Intensity (mW cni?) UDMA. The slower cure rate in Bis-GMA is also re-

() lated to the rigidity of chain structure, restricting the
mobility of functional groups for further reaction to
build up network.

The TTIT cure diagram in this study is useful as a ba-
R sic framework for understanding and predicting of cure

“ process and kinetics in photoinitiated systems. This di-
viification agram can also provide a practical guide to determine
proper cure parameters for controlling final properties
Glass and to solve the drawbacks in photoinitiated systems.
For instance, a major issue in dental composites is vol-
o ume shrinkage associated with polymerization, which
leads to marginal discontinuity and contraction stresses
in adhesive restorations. One of approaches to mini-
mize the polymerization shrinkage is a two-step cure

\
be % process; pre-polymerization at low light intensity fol-

o
c

TTIT Cure Diagram for Bis-GMA

304

Time (s)

ge\a(\o(\

o : 25 lowed by final cure at high light intens#§.2° Informa-
1007 200 30 400 s o e tion on the physical state at a particular light intensity,
Intensity (mW oni?) cure time, and cure temperature after the first irradia-
(b) tion at low light intensity should be known for more
effective irradiation conditions.

Figure 7. Time-temperature-intensity-transformation (TTIT)

cure diagram (a) for a UDMA and (b) for a Bis-GMA system.
CONCLUSION

and 7b) and the highest intensity and temperaiQse=( o _

600 mW cn2x 60°C, marked byb for gelation andd For the two visible light curable samples based on
for vitrification in the same figures), where cure reac-dimethacrylate resins, UDMA and Bis-GMA, rheolog-
tion is considered to be the slowest and the fastest, récal properties, storage modulus and corresponding tan
spectively. For UDMA, the transformation times shift ¢ values, were obtained as a function of time by means
to a shorter time; gelation from 3.5s Gt (point a) of a fast monitoring dynamic mechanical technique.
to 1s atCy (pointb) and vitrification from 18s a€_ Using the gelation and vitrification times determined
(pointc) to 4 s atCy (pointd). In the case of Bis-GMA, from the storage and tahdatavs. time curves, time-
gelation shifts from 6s af, (pointa) to 2.8s atCy temperature-intensity-transformation (TTIT) cure dia-
(point b) and vitrification from 38s a€_ (pointc) to ~ gram was successfully constructed for both samples.
11 s alCy (pointd). Amounts of shift under the two dif- The physical state of phase during curing was indi-
ferent conditions for gelation are only 2.5 for UDMA cated in the diagram. It was found that sample un-
and 3.2's for Bis-GMA by increasing fro® to Cy, dergoes transformation initially from liquid to rubber
but those for vitrification are 14s for UDMA and 27 s (gelation) and finally to glass (vitrification) during cure.
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The transforming times were shifted to a shorter time

with increase of intensity and temperature, meaning °-

that cure advances more rapidly. Vitrification is greatly
influenced by the intensity of light at a lower intensity
range compared to gelation. The effects of intensity an
temperature on gelation and vitrification are similar for

both samples, but cure reaction rate is much slower in g,

Bis-GMA system with more rigid chain structure.
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