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ABSTRACT: In this study, the particle size distribution, molecular weight, thermal
analysis (TGA) differential scanning calorimetry (DSC) and thermogravimetric analy-
sis, and dynamic mechanical analysis (DMA) of poly(methyl methacrylate) used as
dental base material were investigated. The commercial raw material used were
prepared for microwave curing, and they were cured by microwave and conventional
heat methods. The average particle size of the powder studied (103.1 wm) were much
larger than that of the commercial powders (50—78 pum) for conventional curing. The
particle size dietribution were almost symmetrical and narrow. The viscosity-average
molecular weight were larger for microwave curing and increased with curing time. The
glass transition temperature 7', measured (about 110°C) by DSC increased with curing
period in microwave oven. The values of T, were close to each other for both curing
techniques. The degradation temperature range observed by TGA were 200-377°C. The
movements of molecular chains in their conformations were studied by DMA in the
form of changes in different mechanical properties with temperature. It was shown that
crosslinking increased with increase of curing time. The changes were more noticeable
in microwave curing compared to conventional heat curing. © 1999 John Wiley & Sons, Inc.

J Appl Polym Sci 74: 2971-2978, 1999

Key words: poly(methyl methacrylate); dynamic mechanical analysis; thermal prop-

erties; dental use; particle size

INTRODUCTION

The most commonly used acrylic resin in prepa-
ration of dental base material is poly(methyl
methacrylate) (PMMA). In a commercial applica-
tion, powdered PMMA with a molecular weight!?
of about 1 X 10° and an average particle size of 60
to 70 um is mixed with liquid monomer in ratio of
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about 3 to 1.>* The well-mixed dough is polymer-
ized in a constant temperature water bath at
about 60—-70°C for a period of 30 to 60 min.® The
initiator (generally benzoyl peroxide that added
to powder by manufacturer) decompose at this
temperature and starts polymerization. The poly-
mer is then placed in a desired mould and cured
to final product.

In conventional processes, the curing is carried
out by heat treatment or autopolymerization.®—®
In the first process, the material in the mould is
placed in a water bath at boiling temperature for
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Figure 1 Distribution of particle size of PMMA pow-
der.

several hours to complete the polymerization and
crosslinking. A crosslinking agent (generally gly-
coldimethacrylate) in liquid enhances the pro-
cess.2 In the second process, a small amount of
tertiary amine initially added to the liquid (mono-
mer) by the manufacturer chemically activates
the polymerization at room temperature, but total
polymerization takes a longer time.

The important properties that has to be consid-
ered and improved in either preparation tech-
niques of the final material are as follows:

amount of residual monomer,
dimensional stability,

color stability,

water absorption,
mechanical properties.

MRS

Therefore, many modifications have been studied
and reported for the preparation of better im-
proved material. In this context, the curing by
microwave was first introduced in 1968 by
Nishii'® and investigated further by other work-
ers.!1718 It is now a commercial method, and man-
ufacturers have made modification in their prod-
ucts to be used by microwave curing. Several au-
thors'®718 have reported that curing of PMMA by
microwave showed more improved material prop-
erties for dental applications.

In this study, the thermal and mechanical
properties of microwave and heat-cured commer-
cial PMMA used as dental base material are in-
vestigated. The properties are compared, and the
advantages of each curing technique are deter-
mined. In our previous publication,'® we had used
conventional mechanical testing for heat-cured
PMMA. In this work, we used dynamic mechani-
cal analysis (DMA) to get more improved infor-

mation for microchanges related to curing condi-
tions.

EXPERIMENTAL

Materials and Methods

Powder PMMA and liquid monomer were Acron
MC microwave-curing denture base acrylic raw
materials, and they were used without further
purification. Chloroform and glycol were of Merck
quality and distilled before use.

The particle size of powder material was deter-
mined by a Mastersizer/E (UK) Malvern Instru-
ment using 1 : 1 ratio glycol : water mixture.

Microwave polymerization was carried in a
1000-W microwave made by Vestel (Turkey) us-
ing Acron MC microwavable Flask as container
for irradiation.

Differential scanning calorimetric (DSC) ther-
mograms were taken on a DSC 910 S, TA Instru-
ment and thermogravimetric analysis (TGA) was
done on a thermogravimetric analyzer 95 K1 TA
Instrument (UK). The dynamic mechanical mea-
surements were carried on DMA 983, TA Instru-
ment (UK).

The viscosity-average molecular weight were
measured in an Ubbelohde-type viscometer using
chloroform as solvent at 25°C.

Procedure

For the heat-cured samples, the powder and lig-
uid samples provided by manufacturer were
mixed in 100 g to 43 mL ratio at 25°C and mixed
throughly for 20 min to make a homogenous

Table I Viscosity-Average Molecular Weight of
Cured PMMA Samples

Curing

Curing Period Average Molecular

Method (Min) [l Weight
Microwave 1 2.9174 8.8 X 10°
Microwave 2 4.3253 1.4 x 108
Microwave 3 7.2927 2.7 X 108
Heat 5 4.3798 1.4 x 108
Heat 10 3.9662 1.2 x 108
Heat 15 3.0972 9.4 x 10°
Heat 20 3.3594 1.0 x 108
Heat 25 3.5871 1.1 x 108
Heat 30 3.9808 1.2 X 108
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Figure 2 TG thermogram of PMMA.

dough. The dough was then placed in mould and
pressed for 10 min under high pressure, then
polymerized in a water bath at 70°C for 30 min.
The curing was done at a boiling water tempera-
ture for the periods of 5, 10, 15, 20, 25, 30, and 35
min. Five samples prepared under the same con-
ditions of polymerization and curing time were
used for each measurements.
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Figure 3 DSC thermogram of PMMA cured in micro-
wave oven for (a) 1, (b) 2, and (¢) 3 min.

For microwave curing samples, the dough
preparation and polymerixation were the same as
that of heat cured. However, in this case, further
polymerization and curing were carried in a mi-
crowave oven. The curing periods were 1, 2, and 3
min.

The samples prepared were used for molecular
weight determination and thermal and DMA
measurements.

RESULTS AND DISCUSSION

Particle Size Determination

The particle size distribution for powder as re-
ceived is given in Figure 1. The average diameter
of particles is 103.1 pum, and the distribution
range 68.3—147.3 um. Distribution is almost sym-
metrical and narrow. This can be considered as a
good quality of sample. The reported values?®?!
for the heat-cured powder samples are 50 to 78
pwm. The larger particle size for microwave sam-
ples indicates that the larger surface area is not
required as much as that for heat-cured resins
because penetration of microwaves into particles
is easy.

Molecular Weight of Samples

The viscosity-average molecular weights of
PMMA samples prepared under different condi-
tions are given in Table I. The molecular weight of
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Figure 4 DSC thermogram of PMMA cured by heat for (a) 5, (b) 15, (c) 20, (d) 25, (e)

30, and (f) 35 min.

powder used is 1.03 X 10°. All the microwave-
cured samples studied were soluble, but the heat-
cured samples were partially soluble, and the in-
soluble fraction increased with curing time. The
molecular weight increases with curing time in
microwave, reaching 2.65 X 106 in a 3-min curing
period. However, the molecular weights of soluble
fraction of heat-cured samples do not show a reg-
ular trend of change with curing time. This shows
that when the average molecular weight reachs a
certain value, polymer crosslinking predominant
and it becomes insoluble. In microwave curing,
the molecular weight increase much higher val-
ues before the crosslinking of polymer chains can
be observed. This is an important advantage of
microwave curing in dental applications.

Thermal Analysis

The thermal gravimetric (TG) thermograms of all
samples studied were similar with small shifts in

peak position. A TG thermogram of PMMA is
given in Figure 2. The decomposition starts at
about 200°C, shows a deflection at about 250°C,
and ends up at 400°C. The differential thermo-
gram has two peaks at 266 and 377°C. The first
peak is a weak one, indicating that first-stage
decomposition is small but that main decomposi-
tion reachs maximum at 377°C. This might be
due to the high probability of thermal depolymer-
ization of PMMA.

The DSC thermograms of microwave-cured
polymer samples are given in Figure 3. For 1-min
curing period [Fig. 3(a)l, an observed broad exo-
thermic peak centered at about 109°C disappears
at 2 and 3 min of curing [Fig. 3(b) and (c)]. This
peak corresponds most probably to further poly-
merization and crosslinking. The T, of polymer
(at about 110°C) becomes more distinct after a
3-min curing period [Fig. 3(c)]. At this stage, the
molecular weight of polymer is highest, but it is
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Figure 5 DMA spectrum of microwave-cured PMMA for 1 min.

still soluble in chloroform, indicating very limited
or no crosslinking.

The DSC thermograms of heat-cured polymer
samples are given in Figure 4. The curing period
changes from 5 to 35 min. In 5 min of curing [Fig.
4(a)], a relatively sharp peak at 90-100°C indi-
cates further polymerization and/or crosslinking.
This peak becomes broader with an increase in
curing time, then almost disappears at 35 min of
curing [Fig. 4(f)]. This shows that curing is almost
completed at this stage.'® The T, at about 110°C
can be observed more clearly at a higher curing
period. The secondary and tertiary relaxation
peaks for side groups —CH; and —COOCH, are
observed at lower temperatures. At higher tem-
peratures, polymer changes to a rubbery state
and flow of the polymer takes place. The decom-
position is predominant in the temperature range
of about 200-300°C. This is also supported by a
TG thermogram (Fig. 2).

Dynamic Mechanical Analysis (DMA)

Dynamical mechanical test is a powerful test
method to study the polymeric materials.??224 In
this study, the detailed of structural changes of
PMMA as dental base material, with a change in
temperature and curing time, were investigated
by using DMA. The DMA spectra showing storage
modulus E’, loss modulus E”, and loss tangent
tan 8, for microwave-cured PMMA samples are
shown in Figures 5 and 6. The storage modulus

E' in the glassy state is about 4.6 GPa and de-
creases with an increase of temperature, reaching
zero at about 150°C. The loss modulus E” shows
three peaks at 6, 61, and 114°C for 1-min curing
(Fig. 5) and at 17, 63, and 129°C for 3-min curing
(Fig. 6), respectively. The increase in peak posi-
tions indicates the increase in the average molec-
ular weight of polymer samples with curing time.
The spectrum for tan 8 gives only one main peak
at 125°C (Fig. 5) and at 141°C for 1- and 3-min
curing times, respectively. These peaks corre-
spond to the 7', of polymer samples. The values
are higher than the T, (about 110°C) observed
from DSC spectrum. This is due to the fact that
DMA measurements are sensitive to the struc-
tural changes on a microlevel, where DSC is not
as much sensitive at these ranges. The main peak
observed in spectra of loss modulus and loss tan-
gent correspond to polymer main chain relaxation
(a); the peaks at lower temperatures in loss mod-
ulus correspond to B,y-relaxation for side groups
and/or chain segments.?’

The DMA spectra of heat-cured PMMA sam-
ples are given in Figures 7-9 for curing periods
of 5, 20, and 35 min. The general trend of spec-
tra is similar to that observed for the micro-
wave-cured samples. However, there are some
detail differences. The difference in spectrum of
storage modulus is not great, but the relaxation
at lower temperatures are more complex. The
main peak in tan § spectrum is almost the same
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Figure 6 DMA spectrum of microwave-cured PMMA for 3 min.

for curing periods of 5 and 20 min, but it shifts
from 137 to 148°C for 35 min of curing. This
peak becomes tripled. It shows that the average
molecular weight is high enough for 5-20 min-
curing periods to give the T, that is insensitive
to further changes in molecular weight of poly-
mer. The most important changes with curing
period are observed for loss modulus E”. A mul-
tisplitting peak in the temperature range of
—50 to 30°C and two other peaks centered at 63

and 109°C in the spectrum for 5 min of curing
(Fig. 7) correspond to v,B, a transition of side
groups and main chain relaxation.?’~26 The
peak shapes and positions changes with curing
time. For 20 min of curing (Fig. 8), the y-tran-
sition peak becomes narrower and tripled, the
B-transition peak remained almost the same,
and the a-transition peak shifted to 125°C. The
vy-transition peak becomes more complex again
in 35 min of curing (Fig. 9). Most probably, at
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Figure 7 DMA spectrum of heat-cured PMMA for 5 min.
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Figure 8 DMA spectrum of heat-cured PMMA for 20 min.

longer curing heat degradation, microstructural
reorientation takes place.

CONCLUSION

In this study, the curing of PMMA, used as dental
base material, has been done by conventional
heat curing and by microwave curing. In heat-
curing process, the heat penetration into matrix

of material is slower, and some of the monomer
(bp = 100.8°C at 1 atm) may vaporize to form
bubbles at curing temperature (boiling water).
Therefore, the crosslinking will be more probable
on the surface compared to inside; the monomer
bubbles will weaken the mechanical strength of
the material. In microwave curing, the penetra-
tion into matrix is much better, and a homoge-
nous treatment of material can be achieved. The
observed higher molecular weight of soluble ma-
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DMA spectrum of heat-cured PMMA for 35 min.
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terial obtained for microwave treatment is an im-
portant advantage of the process. One of the im-
portant disadvantages of microwave curing is the
expected higher local temperature in the mate-
rial.

The use of DMA compared to conventional me-
chanical testing and thermal investigation'®
gives much more information related to micro-
structural changes in material treatment.
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