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Abstract Dental composites can be improved by heat

treatment, as a possible way to increase mechanical prop-

erties due to additional cure (post-cure). Direct dental

composites are essentially similar to the indirect ones,

supposing they have the same indication. Therefore, to

establish a heat treatment protocol for direct composites,

using as indirect (photoactivated by continuous and pulse-

delay techniques), a characterization (TG/DTG and DSC)

is necessary to determine parameters, such as mass loss by

thermal decomposition, heat of reaction and glass transition

temperature (Tg). By the results of this study, a heat

treatment could be carried out above 160 �C (above Tg, and

even higher than the endset exothermic event) and under

180 �C (temperature of significant initial mass loss).

Keywords Composite resins � Dental materials �
Glass transition temperature � Photoactivation �
Polymerization � Post-cure

Introduction

Indirect dental composites were developed in order to

overcome some of the drawbacks of direct composites,

such as polymerization shrinkage, the difficulty to obtain

the proximal contact and the correct anatomy of the res-

toration, and the impossibility to improve degree of poly-

merization by means of a secondary treatment [1–4].

However, one should consider that the indirect composites

have the disadvantage of needing special equipments like

furnaces and chambers with controlled atmosphere, which

increases the cost of the final restoration [5].

Since direct and indirect dental composites have in

essence the same organic composition (mostly bisphenol A

glycidyl methacrylate—bis-GMA and triethyleneglycol-

dimethacrylate—TEGDMA, in some cases mixed with

urethane dimethacrylate—UDMA and ethoxylated bi-

sphenol A dimethacrylate—bis-EMA), several researchers

have suggested that direct composites should be used in the

indirect technique, especially in the case of large restora-

tion like onlays, overlays and crowns. The most commonly

used method used as a secondary treatment in this case is

heating in a furnace [6–8] as a means to improve the degree

of conversion (DC: ratio of double bonds into single bonds)

of these materials [9] due to the post-cure polymerization

caused by heat energy [10–14].

There is no consensus in the literature regarding the

ideal temperature for the heat treatment. There are many

indications for the use of ovens and stoves, with tempera-

tures ranging from 60 to 170 �C, with heating time varying

from 7 min to 1 h [7–9, 11, 12, 15–18]. Therefore, a

thermal characterization of direct composites is necessary

to determine a safe temperature, capable of inducing

additional polymerization (secondary cure) without causing

any degradation of the polymer formed. Heating over the

glass transition temperature (Tg) of the composite results in

an increase in the kinetic energy of monomers and free

radicals, leading to a higher degree of polymerization and

also contraction stress relaxation. The most adequate
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temperature for a secondary cure may be determined by

thermogravimetry (TG) [19] and differential scanning

calorimetry (DSC) [20].

Clinicians usually apply continuous (C) photoactivation

technique to polymerize direct dental composites, i.e., a

same dose irradiation during 20 or 40 s for each 2 mm-thick

composite layer, which leads to a high polymerization

stress. In order to reduce this stress, other polymerization

techniques were developed, such as pulse-delay (PD)

[21–23]. PD method is characterized by a low initial power

density followed by a short period in the dark and by a

higher final power density. The lower initial power density

and the dark period allow the material to flow during the

pre-gel phase, causing a release of part of the stress created

due to polymerization shrinkage [13, 24–27]. Also, better

mechanical properties and marginal adaptation have been

reported when this technique is used for direct composites

[28–32].

The objective of this study was to evaluate, by means of

thermal analysis, the thermal behavior of direct composites

photoactivated by two methods (C and PD). Additionally,

mass loss was determined by thermogravimetric analysis

(TG) and both heat of reaction and Tg were assessed by

means of DSC analysis. The final objective was to deter-

mine an optimal heating protocol to be used during

secondary heat treatment of resin composites.

Materials and methods

Materials

The direct dental composites studied are listed in Table 1.

Specimen preparation

For TG/DTG, a polyacetal matrix was used (0.49 mm

thickness 9 4 mm diameter) and the specimens were

photoactivated with Optilux 501 device (Kerr, Danbury,

CT, USA), using the turbo tip (8 mm in diameter). Before

photoactivation, light characterization was performed in a

spectroradiometer (Ocean Optics 1000, Dunedin, FL, USA)

and the power density was measured by a powermeter

(Ophir 10A-V2-SH, Ophir Optronics, Har-Hotzvim,

Jerusalem, Israel) connected to a microprocessor NOVA

(Ophir Optronics, Har-Hotzvim, Jerusalem, Israel).

For C method, photoactivation was performed at

996 mW cm-2 for 20 s (19.9 J cm-2). For the PD method,

a black polyacetal spacer (22 mm length, 8 mm internal

diameter, and 10 mm external diameter) was adapted in the

photoactivator tip, always in the same position, providing

90 mW cm-2, which was applied for 5 s. Then, the spec-

imen was maintained in the dark for 3 min, followed by the

final photoactivation, without the spacer, for 20 s at

Table 1 Studied materials, manufacturers, and composition (according to manufacturers’ description)

Material Manufacturer Composition

Z100 3M ESPE (St. Paul, MN,

USA)

Filler: zirconia/silica particles (71 vol.%, 85 wt%), mean size of 4.5 lm. Matrix: bis-GMA and

TEGDMA. Shade A3

Filtek Z250 3M ESPE (St. Paul, MN,

USA)

Filler: zirconia/silica particles (60 vol.%, not silanized, 82 wt%), mean size between 0.19 and

3.3 lm. Matrix: bis-GMA, UDMA and bis-EMA. Shade A3

Filtek Z350 3M ESPE (St. Paul, MN,

USA)

Filler: zircon/silica particles (5–20 nm) (59.5 vol.%, 78.5 wt%), mean size between 0.6 and

1.4 lm. Matrix: bis-GMA, UDMA, TEGDMA and bis-EMA. Shade A3

Filtek

Supreme

XT

3M ESPE (St. Paul, MN,

USA)

Filler: zircon/silica particles (5–20 nm) (57.7 vol.%, 78.5 wt%), mean size between 0.6 and

1.4 lm. Matrix: bis-GMA, UDMA, TEGDMA and bis-EMA. Shade A3

Esthet-X Dentsply (Milford, DE,

USA)

Filler: aluminum fluoride borosilicate glass and silanized barium (mean size under 1 lm), colloidal

silica (0.4 lm) and nanometric silica (60 vol.%, 77 wt%). Matrix: bis-GMA and TEGDMA.

Shade A3

TPH

Spectrum

Dentsply (Milford, DE,

USA)

Filler: aluminum borosilicate and barium silanized particles (mean size \ 1.5 lm), silanized

pyrolitic silica (0.04 lm) (57 vol.%, 77 wt%). Matrix: bis-GMA uretane modificated. Shade A3

Herculite

XRV

SDS Kerr (Orange, CA,

USA)

Filler: mean size particles of 0.6 lm (59 vol.%, 79 wt%). Matrix: bis-GMA and TEGDMA. Shade

A3

Charisma Heraeus Kulzer (Hanau,

Germany)

Filler: aluminum fluoride borosilicate glass and silanized barium (0.002–0.2 lm) and high

dispersive silica (0.02–0.7 lm), mean size of 0.7 lm (61 vol.%, 78 wt%). Matrix: bis-GMA and

TEGDMA. Shade A3

Tetric Ceram Ivoclar Vivadent (Schaan,

Liechtenstein)

Filler: barium glass and ytterbiumtrifluoride particles, alluminum and barium fluorsilicate glass,

high dispersive silica and oxides (average size of 0.7 lm) (60 vol.%, 78 wt%). Matrix: bis-GMA,

UDMA and TEGDMA. Shade A3

Point 4 Kerr (Orange, CA, USA) Filler: barium aluminum silicate particles and zinc oxide, mean size of 0.4 lm (57 vol.%, 76 wt%).

Matrix: bis-GMA and TEGDMA. Shade A2
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996 mW cm-2, with a final total dose of 20.3 J cm-2. The

specimens were produced under controlled temperature

(25 �C) and humidity (50%).

For DSC test, the specimens (disks: 1 mm thick-

ness 9 4 mm diameter) were prepared as described above,

the only difference being the matrix dimensions. Samples

were weighted using an analytical scale (Shimadzu, Japan)

and inserted separately in aluminum pans (C201-52943,

Japan, imported by Sinc do Brasil Instrumentação Cientı́fica

Ltda.).

Thermogravimetry (TG) and derivative

thermogravimetry (DTG)

TG/DTG curves were obtained in a temperature range 25–

900 �C, utilizing the software TA60WS (Shimadzu, Japan)

and the thermobalance model TGA-50 (Shimadzu, Japan),

under dynamic air atmosphere (50 mL min-1), heating rate

of 10 �C min-1, platinum pan containing a mass around

15 mg. Before the test, a verification of the calibration was

held employing a monohydrated calcium oxalate, follow-

ing ASTM (1582-93). Data were analyzed by TA60WS

software, after the subtraction of blank curve for baseline

correction.

Differential scanning calorimetry (DSC)

DSC curves were obtained in the temperature range 25–

200 �C, utilizing the software TA60WS (Shimadzu, Japan)

and the DSC cell model DSC-50 (Shimadzu, Japan), under

nitrogen dynamic atmosphere (100 mL min-1), heating

rates of 10 �C min-1 (first run) and 20 �C min-1 (second

run), with aluminum pan containing sample mass around

25–30 mg. Aluminum pan with lids were used as reference.

The DSC cell was previously calibrated with indium

(mp = 156.6 �C, DHfus = 28.54 J g-1) and zinc (mp =

419.6 �C). Also for DSC, data were analyzed by TA60WS

software after subtraction of blank curve for baseline

correction.

Statistical analysis

Data were submitted to analysis of variance and Tukey’s

test with level of significance of 5% (p \ 0.05). Level of

significance (p) is correlated to the probability of similarity

between mean values. Thus, p-values lower than 5% will

be considered statistically significant differences.

Results and discussion

Several authors indicate direct composites for indirect use,

applying heat treatment after photoactivation, with

mechanical properties improvement, such as flexural

strength, hardness, degree of conversion, etc. Nevertheless,

there is not a literature consensus about the ideal temper-

ature for the heat treatment, in other words, a temperature

range in which no degradation of the polymer will occur

and some mechanical properties could be enhanced. The

results of this study allowed for determination of a safe

temperature range.

TG/DTG

Figure 1, obtained from composite Z100, is a representa-

tive TG curve of the studied composites. The continuous

line represents the TG curve, whereas the dashed one

represents the derivative (DTG). Based on the TG/DTG

curves, it is possible to observe the material thermal sta-

bility and obtain the organic and inorganic percentage

(Table 2). Initial mass loss started, significantly, above

180 �C (Table 2), what can be observed as a light curvature

in the dashed line. This curvature is more easily noted in

the continuous line (Fig. 1). It was in the order of 0.64%

around 200 �C (0.78% in Fig. 1), and above that limit there

was a significant decrease. These observations may be

explained by the volatilization of components due to

heating (example: solvents [33], or lower molecular mass

components, such as plasticizers or monomers). The

inflexion in DTG curve (Tpeak = 423 �C) (Fig. 1) exhibits

the point with higher mass loss [20], i.e., 1.839 mg, cor-

responding to 12.97% of the total initial (14.18 mg).

Table 2 shows mass loss (%) between 25 and 600 �C

(23.21%). Samples were heated up to 900 �C to guarantee

the burning of all organic fraction, with heating rate of

10 �C min-1, according to other references [34, 35], under

dynamic air atmosphere. But at 600 �C there was another

plateau continuous until 900 �C, indicating that organic

fraction was burnt [14, 35, 36]. Therefore the temperature

of 600 �C was used as the major value for x axis (Fig. 1),

and at this temperature the final mass represented the
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Fig. 1 TG/DTG representative curves of the composite Z100
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content of pyrolytic residues [33]. Based on the values on this

table, the organic percentage values, which correspond to

mass loss, could be calculated. Considering the last column

in Table 2, the difference to 100 corresponds to the inorganic

compounds percentage (filler content) or residue. The inor-

ganic compounds percentage found were similar to those

reported by some manufacturers, and some of them were

close to the amount found by other researchers [19]. Mass

loss variation between 25 and 170 or 180 �C was calculated

to determine which temperature was higher and safer.

DSC (exothermic event)

DSC measurements were carried out in two cycles (Fig. 2)

in order to remove the thermal history of the material, and

also to make possible the evaluation of the material

behavior during heating. Figure 2 (Filtek Supreme) shows

the representative curve of DSC, and Fig. 3 (Z350) dis-

plays the amplification (zoom) of the exothermic event

region.

Samples were heated up to 200 �C. In the first run—first

heating cycle (continuous line in Fig. 2), it was possible to

note the exothermic event, represented by a curve inflex-

ion. The exothermic event peak temperature was deter-

mined by averaging six readings (n = 3) (ten materials and

two photoactivation techniques), because differently from

exothermic events, peak temperatures (regardless of the

photoactivation method) did not show significant differ-

ences (photoactivation mode: p = 0.07 and interaction

between factors: p = 0.09). Mean peak values were

between 70 and 80 �C.

The mean values for photoactivation methods, in �C, for

onset and endset temperatures were: 55.0 ± 2.9 and

94.6 ± 5.8 for C, and 51.7 ± 2.6 and 102.2 ± 4.2 �C for

PD. The area under the exothermic event, delimited by the

onset and endset temperatures, allows the software

TA60WS to calculate the amount of heat release (J g-1)

(Table 3) [14], for the composites photoactivated by C and

Table 2 Mass loss according to heat range of the studied composites

Composite Mass loss/%

25–

170 �C

25–

180 �C

25–

200 �C

25–

600 �C

Z100 0.47 0.57 0.77 19.32

Z250 0.34 0.39 0.49 19.32

Z350 0.53 0.60 0.76 22.91

Supreme 0.55 0.65 0.80 22.35

Esthet-X 0.28 0.34 0.44 23.73

TPH Spectrum 0.34 0.39 0.47 23.90

Herculite XRV 0.11 0.26 1.05 23.53

Charisma 0.42 0.48 0.56 27.26

Tetric Ceram 0.08 0.11 0.16 21.89

Point 4 0.66 0.76 0.91 27.87

Mean and standard

deviation

0.38 ±

0.19

0.45 ±

0.20

0.64 ±

0.27

23.21 ±

2.82
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Fig. 2 DSC representative curve of the composite Filtek Supreme:

1st run (full line) and 2nd run (dashed line)
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Fig. 3 Exothermic event—representative curve of the composite

Z350 photoactivated by PD method, for heat determination (J g-1),

related to post-cure

Table 3 Heat data (mean and standard deviation) (J g-1) of the

studied composites photoactivated by C and PD methods

Composite Mean/J g-1 and stardard deviation

C PD Material

Z100 1.3 ± 0.3 1.4 ± 0.3 1.4 c

Z250 2.2 ± 0.1 2.8 ± 0.4 2.5 b,c

Z350 2.7 ± 0.2 3.4 ± 0.5 3.1 a,b

Supreme 2.7 ± 0.4 3.8 ± 0.8 3.3 a,b

Esthet-X 3.8 ± 0.3 4.4 ± 1.0 4.1 a

TPH Spectrum 3.5 ± 0.5 4.7 ± 0.6 4.1 a

Herculite XRV 1.8 ± 0.2 2.8 ± 0.5 2.3 b,c

Charisma 4.6 ± 0.9 4.7 ± 0.5 4.7 a

Tetric Ceram 2.3 ± 0.2 3.1 ± 0.4 2.7 b

Point 4 1.1 ± 0.2 1.8 ± 0.1 1.4 c

Activation 2.6 3.3

Different letters represent values statistically different. Same letters

represent values statistically similar
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PD methods. This heat release can be indicative of the

transformation of unsaturated into saturated bonds, what

leads to the desired DC increase in ‘‘post cure’’ [9–11].

This is an irreversible phenomenon, which appears only in

the first heating cycle, and represents the material’s thermal

history [20] (not seen in the second run). It can be indi-

rectly measured by the heat determined by the exothermic

events [14, 33, 37]. DC can increase even after photoac-

tivation, when heat is applied. Thus it was interesting to

determine the exothermic temperature peak, since it would

be possible to achieve an increase in DC and in the

mechanical properties by applying a heat treatment above

this temperature [8, 26, 28].

It can be noticed that heat release (J g-1) of PD samples

was higher than for C samples (Table 3). Although the

energy doses for C and PD methods had the same magni-

tude (20 J cm-2) (20.4 for PD and 19.9 J cm-2 for C),

specimens photoactivated by C method presented a lower

heat release and a shorter release interval (between onset

and endset). The literature does not report differences

between DC using different methods [29]. Despite showing

DC values similar to those achieved by C method, there is

another problem related to PD method, which is the lower

degree of conversion obtained at the nonirradiated side (on

the opposite side from the light cure device) [23]. Perhaps

this problem could be solved by the heat treatment, what

explains the higher heat release.

Still regarding the exothermic event, it was possible to

observe (Table 3) that the factor material also determined

the observed differences: the composites Charisma

(4.7 J g-1), Esthet-X (4.1 J g-1) and TPH Spectrum

(4.1 J g-1) showed the highest values. Differences in heat

release, considering the factor material (p = 0.00), could

be explained by the different compositions of the studied

materials, as type, amount, size and distribution of filler

content, monomer type in the matrix, inhibitor and initiator

content, the monomer’s blend, among other factors [29, 36,

38–40]. For example, monomers as bis-GMA are very

reactive; however, their high viscosity results from the

aromatic rings, which reduce the conversion. On the other

hand, TEGDMA is less reactive and more viscous and,

therefore, has a higher conversion. UDMA is also more

reactive than bis-GMA, and both can be mixed together for

viscosity reduction [38, 41].

Filler content also indirectly interferes with exothermic

events since the smaller it is, the higher is heat release [20].

This can explain the higher heat release for the composites

Charisma, Esthet-X and TPH Spectrum. However,

although Point 4 has matrix content similar to Charisma,

this composite showed a lower exothermic event. There-

fore, other fonts of variation must be considered, such as

light scattering, amount and quality of initiators, and others

already cited before.

To verify if this heat release difference correlates to

other factors, further studies are needed, such as analysis of

DC by spectroscopy (FTIR, Raman, FT-Raman) [13, 36,

39, 40, 42] and mechanical tests (flexural strength, hard-

ness, among others) [9, 11, 17, 18, 31, 36, 43], preferably

using experimental composites with systematic variation in

the microstructure and chemical composition.

DSC (Tg)

Figure 4 shows the amplification (zoom) of the composite

Filtek Supreme curve, representative of DSC second run

(20 �C min-1). The entire curve can be seen in Fig. 2. The

difference between first and second run recorded during

DSC measurements is a result of the curing reaction. After

analysis in TA60WS software, an endothermic peak

(157.5 �C) was observed in the second run (Fig. 4). In the

derivative curve (DDSC), it was possible to determine

a more accurate temperature for this measurement

(159.9 �C). This temperature determined was defined as

glass transition temperature (Tg), which represents a sec-

ond-order transition, with the transformation from a glass

state (more ordered) into a rubber state (more flexible and

less ordered). It was first stipulated for glasses, but latter

transposed to polymers [44]. Tg can lead to the relaxation

of the stresses generated during the polymerization process,

achieved by the increase in radical mobility [14, 45]. So,

mean values for Tg were determined for each material

(Table 4), because a heat treatment over Tg could lead to an

improvement in the mechanical properties.

Although the literature shows different values of Tg,

ranging from 35 to 186 �C [38, 45–47], some factors could

be used as explanation, such as composition (different

monomers and comonomers, blends, initiators, experimen-

tal or commercial composites, amount and type of filler, etc.)

and color of the composite, dose and photoactivation tech-

nique, measurement technique (DSC [38, 45] and TMA tests

[47]), among others. The Tg results obtained in this study
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Fig. 4 DSC/DDSC representative curve of the composites Filtek

Supreme for Tg analysis (2nd run)
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were relatively high; however, they were comparable to

those obtained by Rojas et al. [48]. The difference may be

due to the application of different energy doses, which was

higher in this study, and to the different light sources

(halogen in this study versus blue emitting diodes in the other).

In this study, the analysis of variance showed that both

the material (p = 0.04) and photoactivation method

(p = 0.02) had a significant effect on the results, but this

difference presented a short range (mean values between

157.1 and 159.5 �C) as p value was close to 5%. The

numerically similar results could be due to the fact that

current commercial composites would be less susceptible

to activation sources/modes, with optimization of the ini-

tiatiors and comonomers balance. Interaction between

material and photoactivation method was not significant, as

shown by the analysis of variance (p = 0.34).

Heat treatment

It is reasonable that, considering the results obtained by

TG/DTG, a temperature below 180 �C should be chosen

for the heat treatment, as such temperature is safe enough

to avoid mass loss. Moreover, this temperature range is

above either the exothermic peak or a temperature above

Tg. In this way, the increase in radical mobility within the

already polymerized material could increase DC and con-

sequently improve the mechanical properties of the poly-

mer [14, 38]. In addition, the heat treatment above Tg

causes relaxation of stresses generated due to polymeriza-

tion shrinkage. Thus, the alterations that occur due to

heating above the Tg could have resulted in an increase in

mechanical properties. To verify the efficacy of a heat

treatment above the Tg and under a temperature that causes

mass loss, other studies are necessary (flexural strength,

hardness, fatigue, hydrolytic degradation, for example).

Conclusions

Based on the results of this study it is possible to conclude

that both thermal analyses performed (TG/DTG) and

(DSC/DDSC) were effective in determining the thermal

properties of the resin composites studied. The results

support the fact that there is an optimal heat treatment that

is able to improve the mechanical properties without

causing any perceivable degradation of the polymer net-

work. Such treatment involves an ideal temperature that is

above the Tg (159.5 �C) and below the temperature in

which the polymer degradation initiates (180 �C), as this

range of temperature is also above the endset of the

exothermic event (*100 �C).
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