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This study presents the results of constructing the master curve through dynamic mechanical 
analysis (DMA) of unidirectional composites made of glass fiber and epoxy resins of classes F and 
H to evaluate the thermal stability and durability of these materials. For this purpose, the viscoelastic 
behavior of the polymers and composites was evaluated using the time-temperature superposition 
(TTS) model, applying the empirical Sigmoidal equation and the Williams-Landel-Ferry (WLF) 
method to estimate the behavior at different temperatures. This approach allows the extension of 
experimentally accessible frequencies and the description of the entire relaxation behavior of the 
polymers. The time-temperature shift factor was determined from the DMA curves, generated from 
individual isotherms at different oscillation frequencies. It was observed that the viscoelastic behavior 
depends on both frequency and temperature, with a general equivalence between the behavior related 
to frequency and temperature during the transition processes. The composite materials manufactured 
by filament winding were also subjected to physical and thermal characterization through differential 
scanning calorimetry (DSC) and DMA, ensuring the consistent quality of high-performance structural 
composites. Once the time-temperature shift factors were described by the model, the master curve 
could be extrapolated to any desired temperature, reducing the need for extensive empirical testing.

Keywords: Viscoelastic behavior, dynamic mechanical analysis (DMA), master curve, epoxy 
resins and composites, time-temperature superposition (TTS).

1. Introduction
The thermal class (as F and H) of thermosetting 

polymers used as a matrix in structural composites refers 
to the material’s behavior when subjected to temperature 
and exposure time1. Thermal class refers to the temperature 
resistance of thermosetting polymers, and they are typically 
used in the context of electrical insulation materials but can 
also apply more generally to other thermosetting plastics. 
Thermosetting polymers are chosen for their ability to resist 
heat and maintain their shape after curing. The letters “F” 
and “H” denote the thermal endurance of these materials, 
where higher letters generally indicate better heat resistance2.

Studying the thermal behavior of these materials through 
the time-temperature superposition principle and thermal 
properties is the main challenge of this work. This superposition 
principle is used to determine the mechanical properties of 
viscoelastic materials that are temperature-dependent, based 
on known properties at a reference temperature3.

The thermal classification of resins and other insulating 
materials is essential to determine the suitability of a 
material for specific applications, especially in environments 
where heat resistance is critical4. These classifications are 
governed by standards such as IEC 60085, which defines 
the thermal classes of electrical insulating materials based 

on the maximum continuous operating temperature. F class 
resin has an indicated maximum operating temperature of 
155°C, offers good thermal resistance, excellent adhesion, and 
good chemical resistance. H class has a maximum operating 
temperature of 180°C and is intended for applications where 
temperatures are even higher5.

This study consists of the development of a master curve 
through DMA of composites made with fiberglass using 
filament winding and epoxy resin composites of classes 
F and H. The resins were first subjected to physical and 
thermal characterization. Subsequently, the samples were 
then subjected to DMA analysis at different temperatures 
and frequencies to construct and interpret the master curve, 
using the empirical Sigmoidal equation6. After constructing 
the master curve, the Williams–Landel–Ferry (WLF) 
empirical equation was used to estimate the behavior at 
other temperatures7.

The applicability of the master curve, which follows the 
time-temperature superposition principle, is a fundamental 
concept in polymer physics. In typical amorphous polymers, 
elastic moduli increase with the loading rate but decrease with 
rising temperature. The curves of the instantaneous modulus 
as a function of time maintain their shape with temperature 
variations but shift to the left or right8. This means that a 
master curve determined at a specific temperature can serve *e-mail: silvano@unifei.edu.br
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as a reference to predict behaviors at various temperatures 
over time, simply by applying a shifting operation9.

2. Theorical Background
Time-temperature superposition (TTS) is a principle used 

to construct master curves. This method assumes that the 
effects of time (or frequency) and temperature variation are 
equivalent and can be used to predict the long-term behavior 
of a material from short-term measurements10.

Due to their viscoelastic nature, polymers exhibit behavior 
during deformation that depends on both temperature and 
time (frequency). This time-dependent behavior suggests 
that, to accurately assess the material’s performance for a 
given application, it is necessary to test it under the actual 
temperature and time conditions it will face in its final use11. 
Fortunately, this type of exhaustive testing is not required. By 
using accelerated temperature or multifrequency measurements 
and the theoretical time/temperature superposition of the data, 
limited laboratory tests (creep, fixed-frequency oscillation, or 
stress relaxation) are sufficient to design long-term properties 
under various conditions. The DMA, which measures the 
modulus (stiffness) and damping properties (energy dissipation) 
of a material while it is deformed under periodic stress, is 
one of the best thermal analysis techniques to apply this 
time/temperature predictive approach12.

The basis for the time/temperature superposition is the 
equivalence demonstrated between time (or frequency) 
and temperature. It has been proven that viscoelastic data 
collected at a given temperature can be superimposed with 
data obtained at a different temperature, simply by shifting 
one of the curves along the time (or frequency) axis13.

The principle of superposition is based on the idea that 
processes related to molecular relaxation or rearrangements 
occur at faster rates at higher temperatures. The time 
required for these processes can be reduced by performing 
measurements at high temperatures and then translating 
the data to lower temperatures. In this way, the viscoelastic 
changes that occur quickly at higher temperatures can be 
adjusted to appear as if they occurred over longer periods 
or at different frequencies, simply by shifting the data along 
the time (or frequency) axis14.

Tan et al.15 established the master curve of the complex 
modulus of an asphalt mixture incorporating styrene-
butadiene-styrene (SBS) polymer and basalt fiber using the 
generalized Sigmoidal model. The results indicated that the 
generalized Sigmoidal model used could better reflect the 
dynamic mechanical response with accuracy, with correlation 
coefficients above 0.97, which is used to accurately predict 
dynamic mechanical performance. Simultaneously, the 
modulus values showed an increasing trend with loading 
frequency and a decrease with temperature. However, the 
phase angle values showed different trends with frequency 
and temperature.

The performance of bituminous materials was evaluated 
through rheological properties measured within the linear 
viscoelastic region by Polacco16. If there is a unique temperature 
dependence for all relaxation times, data obtained under 
different operational conditions can be translated into a 
logarithmic scale where they partially overlap and merge into 
a single master curve. According to the author, this is the well-

known time-temperature superposition principle. The review 
summarizes these basic statements along with empirical and 
phenomenological approaches developed over the years. The 
aim of the study was to assist the reader in choosing the most 
suitable method to construct the master curves.

The article published by Virag et al.17 presents a new 
approach combining oscillatory shear rheometry techniques 
and dynamic mechanical analysis to obtain master curves 
over a wide frequency range. The authors performed finite 
element analyses to investigate the influence of sample 
thickness and the Poisson’s ratio on the measured moduli. 
They demonstrated that the thickness/height ratio of the sample 
greatly influences its shear stress state. Using polystyrene, 
which is a simple thermoplastic, the authors determined that 
continuous master curves can be generated from torsion tests 
in the molten state and shear tests in the solid state.

According to Jalocha et al.18, highly filled elastomers 
exhibit a complex microstructure composed of rigid fillers 
bounded by a thin-layer polymer matrix. The aim of the 
work was to analyze the influence of pre-deformation on 
the viscoelastic behavior and propose a pre-deformation 
dependent viscoelastic constitutive model. The model is a 
superposition of three relaxation spectra, each corresponding 
to a family of polymer chains, and can be considered in its 
continuous or discrete expression. The analysis was carried 
out by comparing relaxation experiments and DMA using the 
relaxation time spectrum. This technique led to models with 
fewer and more optimal parameters than classical methods 
based on a logarithmic distribution of relaxation times.

3. Materials and Methods
The epoxy resins used in the experiments were supplied 

by the company General Electric GE. The F class epoxy resin 
was manufactured by the company HEXION. The viscosity 
of the HEXION EPON 828 resin at 25°C is 110 – 150 mPa.s. 
For the F class resin, the manufacturer recommends a ratio 
of 100 g of resin to 1.8 g of the CUREZOL 2E4MZ catalyst.

The H class epoxy resin was manufactured by the 
company Krempel. The viscosity of the KREMPEL DMR 
3252 RL resin at 60°C is 2800 – 3600 mPa.s. KREMPEL 
DMR 3252 RL used a ratio of 100 g of resin to 85 g of the 
DMH 2112 HL hardening catalyst.

Thermal analysis by DSC was first applied to F and H 
class epoxy resins, to evaluate the thermal behavior during 
the curing process. The tests were based on the standard 
method of ASTM D341819. The DSC analysis was conducted 
using the TA Instruments DSC Q-20 2151 with an RCS40 
cooling unit, under a nitrogen atmosphere with a flow rate of 
30 mL/min. The test consisted of subjecting a 3 mg of each 
resin sample, hermetically sealed, to a thermal heating rate 
of 2°C/min within a temperature range from 25°C to 250°C.

The processing of the composites used a cure cycle of 
100°C for 8 hours, followed by 140°C for 10 hours, with a 
heating ramp of 2°C/min. Due to the high viscosity of the 
H class resin at room temperature, it was necessary to heat 
the resin in an oven at 60°C for 4 hours before processing.

The F class resin composites were processed at 120°C 
for 12 hours, with a heating ramp of 2°C/min. This resin 
has an appropriate viscosity for processing at room 
temperature, and no heating process is required for use. The 
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composite composites use fiberglass roving SE1200 1100 as 
reinforcement. The composites manufacturing was carried 
out using a Korthfiber filament winding machine, model 
FW4-CNC, 4 axes, with a feed speed of 2000 mm/min, and 
fiber orientation at 0°.

The test specimens were machined according to the 
ASTM D702820 and the equipment used for the tests is the 
DMA SEIKO SII EXSTAR 6000. Peel-ply model A30900 
was used on the metal plate and later on the laminate to ensure 
a smooth surface and good resin distribution throughout the 
material, as well as to facilitate the demolding process. A21 
flat metal plate with dimensions (350x350x2.5 mm) was used 
as a mold to wrap the fiberglass strand, as shown in Figure 1.

The samples containing only resin were produced by 
processing a plate. A flat aluminum plate was used as the 
mold, with edges defined by Tack Tape to facilitate demolding. 
The release agent Redelease YCON RDL 40 was applied. 
After the curing process in the oven, the composites were 
machined on the CNC Router SHG 1212 to obtain the test 
specimens.

The WLF equation is commonly used to describe the 
time/temperature behavior of polymers in the glass transition 
region. It is based on the assumption that, above the glass 
transition temperature, the free volume increases linearly 
with temperature. Additionally, the model assumes that 
as the free volume of the material increases, its viscosity 
decreases rapidly12. The horizontal shift (i.e., in time) required 
to fit a specific set of data relative to a reference can be 
mathematically described as a function of temperature. A 
model frequently used for this is the relationship known as 
Williams-Landel-Ferry (WLF), represented in Equation 1:

( ) ( )
( )

C1 T Tr
log aT

C2 T Tr
− −

=
+ −

	 (1)

where log(aT) is the base-10 logarithm of the WLF shift 
factor, T is the temperature, Tr is a reference temperature 
chosen to construct the master curve of compliance, and C1 
and C2 are empirical constants adjusted to fit the values of 
the superposition parameter aT.

The graph in Figure 2, the vertical axis (Y) represents the 
storage modulus E’, the horizontal axis (X) shows time on 
a logarithmic scale and reduced time. The temperatures T1, 
T2, and T3 are the experimental data collected at different 
temperatures. The shift factors at0 (T2) and at0 (T3) are 
horizontally shifted to align with the reference curve. 
The factors bt0 (T2) and bt0 (T3) are applied to align the 
amplitudes of the curves.

The composite and resin samples were tested using the 
DMA technique through the Exstar SII 6000 equipment, with 
an oscillation frequency of 1 Hz, amplitude of 10 µm, and a 
temperature range from 25°C to 250°C, with a heating rate of 
5°C/min. The applied force was 4000 mN, aiming to obtain 
the material’s glass transition temperature. The analysis was 
based on the testing methodology and parameters outlined 
in the ASTM D702820. The DMA testing methodology, used 
to obtain the data for the curve study, was performed in the 
same way for all materials.

The samples were subjected to 2-minute isothermal tests 
at different temperatures, with frequency oscillation, in order 
to obtain data for the construction of the master curve. The 

Table 1 reveals the test parameters used in the analysis of all 
the samples, which were subjected to the same conditions.

To obtain the master curve, it was necessary to define a 
reference temperature value to apply the shift factor (aT), 
which is used to shift the curves of the isothermal tests, 
essential for calculating the reduced frequency. The reduced 
frequency is obtained by multiplying the frequency used 
in the tests by the shift factor (aT) corresponding to each 
temperature, and it will be used in the construction of the 
reference curve.

The Equation 2 was used to calculate the complex 
modulus E*, obtained from the experiment:

Figure 2. DMA master curve representing the effect of the shift 
factor. adapted from Cassu and Felisbertini21.

Figure 1. Composite manufacturing by filament winding process.

Table 1. – DMA Master Curve parameters.

Amplitude 
(µm)

Load  
(mN)

Frequency 
(Hz)

Temperature 
(ºC)

10 4000 0.1 115
0.5 135
1 155*
5 175
10 195
25

*Tr – Reference Temperature.
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( ) ( )2*   E " ²E E′= + 	 (2)

where E* is the complex modulus, E′ is the storage modulus, 
and E′′ is the loss modulus.

The complex modulus is a measure of the stiffness of a 
viscoelastic material and is composed of two components: 
the storage modulus (E’) and the loss modulus (E’’). The 
storage modulus describes the stiffness and the amount of 
energy stored, while the loss modulus describes the damping 
behavior (or viscoelasticity) and the energy dissipated.

The Sigmoidal mathematical model was used to construct 
the master curve, according to the Equation 3:

( ) ( )
*

 log  
1 log

= +
+ +

E
e xrβ

αδ 	 (3)

where log (E*) is the logarithm of the predicted complex 
modulus E*, which is a measure of the stiffness of a viscoelastic 
material; Delta (δ) is an adjustable parameter that represents 
a baseline value in the model; Alpha (α) is an adjustable 
parameter that influences the amplitude of the curve; Beta 
(β) and Gamma (γ) are adjustable parameters that affect the 
shape of the curve; Xr is the frequency, an input variable, 
the reduced frequency of the model.

The reduced frequency is the result of multiplying the 
test frequency by the shift factor. This technique allows the 
superposition of experimental data obtained at different 
temperatures to create a single continuous curve. The adjustable 
variables (Delta, Alpha, Beta, Gamma) are parameters used 
in mathematical models to minimize the squared error. By 
adjusting these variables, the model can be calibrated to 
better fit the experimental data.

The Excel tool (Solver) is used to fit models to experimental 
data. These tools allow for complex calculations and testing 
of multiple hypotheses to find the best fit for the data by 
analyzing the input variables and the sum of the squared error.

The squared error is the sum of the squares of the differences 
between the observed values and the values predicted by a 
model. It is a measure of the model’s accuracy, with a smaller 
squared error indicating a better fit of the data22.

The predicted complex modulus E* is calculated by the 
sum of the squared error, using adjustable variables Delta 
(δ), Alpha (α), Beta (β), and Gamma (γ), which are obtained 
through the Excel software complement (Solver) used to test 
hypotheses, with the aim of finding an ideal value. To use 
this tool, it was necessary to calculate the sum of the squared 
error, which is the subtraction of the complex modulus from 
the predicted complex modulus raised to a power23.

The predicted complex modulus E* was calculated 
using the Sigmoidal model by defining random values for 
the adjustable variables. Then, the Solver tool was used to 
obtain the ideal parameters for the adjustable variables Alpha 
(α), Beta (β), Gamma (γ), and Delta (δ).

The shift factor (aT) is an important concept in the 
construction of master curves, especially in studies of the 
viscoelastic behavior of materials. It is used to shift the 
response curves of a material along the time or frequency 
axis, allowing for the superposition of experimental data to 
form a continuous curve. This is done through the application 
of time-temperature superposition24.

The reference temperature (Tr) is a crucial parameter in 
the construction of a master curve. It serves as the baseline 
from which the experimental data are shifted along the time 
or frequency axis. The choice of the reference temperature 
can significantly influence the accuracy and usefulness of 
the master curve. Defining a reference temperature allows 
for the normalization of results so that they can be compared 
or combined25.

4. Results and Discussion
The result of the DSC analysis was able to indicate 

the main physical phenomena resulting from the applied 
thermal cycle, such as the curing process of the material. 
From the DSC curves shown in Figures 3 and 4, it is possible 
to identify the data related to the enthalpy temperature of 
the curing process, in relation to the heating rate. For the 
curing cycle of F class resin, the cure temperature occurs at 
109 ºC, and the curing enthalpy (𝛥𝐻) is -374.7 J/g. The H 
class resin has a cure temperature at 135 ºC, and the curing 
enthalpy (𝛥𝐻) is -361.8 J/g.

Table 2 presents the results obtained by DMA tests for 
F class and H class resins and composites at the specified 
temperatures and frequencies.

Figure 3. DSC curve for F class resin showing the curing cycle.

Figure 4. DSC curve for H class resin showing the curing cycle.
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Table  3 presents the values adopted for the change 
factor (aT) in each sample, using a reference temperature 
of 155°C for all procedures. By standardizing the reference 
temperature at 155°C, it was possible to minimize variations 
arising from temperature differences between the samples, 
thus facilitating a more direct and comparable analysis of the 
behaviors of the two resin classes. This approach ensures that 
any differences observed in the results are mainly attributed 
to the intrinsic properties of the resins, rather than variations 
in the test conditions.

F class resin shows a very high change factor at lower 
temperatures (115°C and 135°C), which decreases rapidly 
as the temperature increases. The F class composite also 
demonstrates high temperature sensitivity, with a change 
factor that decreases more drastically than the pure resin. 
H class resin exhibits a pattern similar to that of F class 
resin, but with a slightly less drastic variation in the change 
factor at intermediate temperatures. The H class composite 
shows behavior similar to the F class composite, but with 
slightly higher change factors at lower temperatures. All 
the samples show a decrease in the change factor with the 
increase in temperature, reflecting the viscoelastic nature 
of the materials. F class resins and composites tend to have 

Table 2. E’, E’’ and E* obtained from DMA tests.

Temperature
(°C)

Frequency
(Hz)

F class resin F Class composite H Class resin H Class composite
E’ E” E* E’ E” E*(GPa) E’ E” E* E’ E” E*

(GPa)
115 0.1 25.2 2.0 25.1 116.0 10.9 116.8 33.4 2.7 33.5 145.0 14.9 145.4

0.5 26.3 2.3 26.5 130.0 15.5 130.6 35.1 2.7 35.2 147.0 15.4 147.5
1.0 25.1 2.1 25.2 134.0 15.2 134.7 33.6 2.6 33.7 140.0 13.1 140.7
5.0 26.4 2.3 26.5 132.0 15.9 133.3 35.3 2.7 35.4 144.0 15.7 145.2
10 27.1 2.4 27.2 131.0 16.8 131.8 36.0 2.9 36.1 147.0 17.4 147.6
25 27.9 2.7 28.0 130.0 19.0 131.3 36.8 3.2 36.9 147.0 20.4 148.7

135 0.1 15.0 2.7 15.2 111.0 11.5 111.2 23.3 4.8 23.8 90.6 19.4 92.7
0.5 17.2 2.9 17.2 120.0 10.4 120.4 25.5 5.0 26.0 108.0 20.5 110.0
1.0 16.2 2.6 16.4 125.0 9.8 125.7 22.1 4.8 22.6 107.0 19.6 108.4
5.0 18.4 2.9 18.6 128.0 11.3 128.4 25.8 4.9 26.3 107.0 19.5 108.4
10 19.8 3.1 20.1 128.0 12.1 128.4 27.2 5.0 27.7 116.0 20.6 117.8
25 20.9 3.1 21.1 127.0 14.7 127.7 29.1 5.3 29.6 126.0 23.2 128.4

155* 0.1 9.2 2.3 9.5 89.2 11.0 89.9 5.1 5.7 7.6 36.8 6.2 37.3
0.5 11.2 2.6 11.5 98.4 10.2 98.9 6.5 6.8 9.4 42.4 11.6 44.0
1.0 9.9 2.2 10.1 102.0 10.1 102.4 4.7 4.9 11.0 36.5 5.9 37.0
5.0 13.1 2.8 13.3 107.0 10.8 107.2 6.3 6.4 12.0 42.2 11.2 43.7
10 14.3 3.3 14.7 106.0 11.5 106.5 7.6 6.9 13.0 47.1 14.4 49.2
25 15.6 3.9 16.1 110.0 13.6 110.7 9.1 7.3 15.0 57.0 19.8 60.3

175 0.1 6.7 2.0 7.0 52.8 4.8 53.7 7.4 3.3 4.8 35.5 2.7 29.8
0.5 8.0 2.7 8.5 98.4 10.0 60.0 4.0 2.9 5.2 36.0 3.6 28.9
1.0 7.0 1.9 7.2 92.4 9.9 71.5 7.0 2.0 7.4 35.4 2.4 26.4
5.0 8.4 2.7 8.8 83.7 10.4 72.2 4.3 3.0 5.4 35.9 3.4 31.1
10 9.2 3.2 9.7 78.2 10.8 79.0 4.2 3.9 5.9 36.3 3.8 36.5
25 11.0 3.7 11.6 80.7 12.3 81.6 4.0 4.5 6.1 37.1 4.4 32.4

195 0.1 5.2 1.4 5.4 12.6 1.0 8.4 0.8 1.3 1.5 9.6 0.5 19.6
0.5 5.7 1.7 5.9 11.1 1.0 11.1 0.9 1.6 1.8 7.1 0.8 18.1
1.0 5.3 1.2 5.4 12.4 0.9 15.4 1.1 1.4 1.8 8.9 0.4 18.9
5.0 5.8 1.6 6.0 11.1 1.1 20.1 1.1 1.7 2.0 7.0 0.6 19.1
10 6.1 1.7 6.3 11.0 1.2 23.4 1.0 1.8 2.1 6.9 0.7 17.9
25 6.5 1.9 6.8 10.8 1.6 26.7 0.8 2.2 2.4 6.7 0.8 18.8

Table 3. Determination of the shift fator (aT) at different temperatures.

Sample Temperature (ºC) Shift Factor (aT)
F class resin 115 1000000

135 500
155 1
175 0.01
195 0.0001

F class composite 115 150000
135 300
155 1
175 0.0001
195 0.0000001

Class resin 115 100000
135 1000
155 1
175 0.001
195 0.000001

H class composite 115 100000
135 1000
155 1
175 0.001
195 0.0000009
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higher change factors at lower temperatures, while H class 
resins and composites exhibit more stable change factors, 
although still decreasing with the rise in temperature.

The construction of the master curve was performed 
using the Sigmoidal mathematical model, presented in 
Equation 1. Table 4 presents the results obtained when the 
shift factor was applied as a function of frequency at each 
test temperature.

The Figures 5 and 6 represent the curves Log E* vs Log 
Reduced Frequency obtained by DMA for the F and H class 
resins at different isotherms (Tiso).

The shift factor is a function that adjusts the experimental 
data taken at different temperatures (or frequencies) to align 
onto a single master curve. The shift factor compensates for 
the temperature (or frequency) dependence of the material’s 
properties. The DMA master curves are presented in Figure 7.

The graph in Figure 7 shows the DMA master curve 
for the F and H class resins, and it represents the material’s 
viscoelastic properties (such as modulus) across a wide 
range of frequencies or temperatures, often by shifting data 
measured at different temperatures to a reference temperature. 
According to the master curves, it was observed a good 

correlation between the experimental data and the predicted 
values for the models. This indicates that the model used is 
effective in describing the viscoelastic behavior of F and H 
class resins and composites. The complex modulus decreases 
as the time increases, for all the materials. This behavior is 
typical of viscoelastic materials, where the material becomes 
less rigid as the load application time increases. This decrease 
is progressive and occurs smoothly.

It can be observed that class H resin has an initial 
complex modulus higher than class F resin. This resin is 
more stable at the beginning of the time. At time 0.1, the 
curves cross at a complex modulus of 16 GPa. From this 
point onward, class F resin shows a less intense decrease in 
the complex modulus over time. F class maintains a higher 
complex modulus than H class throughout the entire time 
interval, indicating that F class has better thermal stability. 
It can also be observed that the decrease in the complex 
modulus occurs more sharply at shorter times, stabilizing 
as the time increases.

The graph in Figure 8 shows the DMA master curve for 
the F and H class composites.

Table 4. Values obtained for the predicted complex modulus E* in resins and composites.

Temp. 
(ºC)

Reduced 
Frequency (Hz)

F Class resin F Class composite H Class resin H Class composite
Predicted E* Square 

Error
Predicted E* Square 

Error
Predicted E* Square 

Error
Predicted E* Square 

Error(GPa) (GPa) (GPa) (GPa)
115 100000 23.75 1.81 126.79 99.84 32.61 0.78 129.34 257.87

500000 25.16 1.79 128.88 2.94 34.32 0.78 137.00 110.26
1000000 25.71 0.26 129.68 25.13 34.89 1.41 139.26 2.08
5000000 26.85 0.12 131.34 3.84 35.92 0.27 142.81 22.92
10000000 27.30 0.010 131.97 0.02 36.26 0.03 143.81 23.88
25000000 27.83 0.02 132.73 2.07 36.63 0.07 144.80 182.24

135 50 15.48 0.07 114.80 12.97 18.64 0.13 83.41 86.39
250 17.31 0.03 118.60 3.21 22.63 0.39 103.06 48.20
500 18.11 2.94 120.07 31.59 24.28 0.84 110.60 4.85
2500 19.94 1.80 123.15 27.55 27.78 2.20 124.75 122.15
5000 20.71 0.37 124.33 16.52 29.11 1.98 129.34 133.21
12500 21.69 0.35 125.78 3.68 30.67 1.14 134.16 33.22

155 0.1 9.49 0.058 96.31 41.15 6.54 1.13 30.48 46.48
0.5 10.80 0.48 102.38 12.16 8.24 1.35 35.79 67.43
1 11.42 1.75 104.78 5.70 9.18 3.32 39.14 4.59
5 12.99 0.09 109.88 7.18 11.89 0.01 50.27 43.12
10 13.71 0.96 111.87 28.88 13.28 0.08 56.66 55.61
25 14.70 1.93 114.33 13.21 15.31 0.09 66.50 38.38

175 0.001 6.81 0.03 49.93 14.20 3.74 1.13 24.48 28.27
0.005 7.58 0.83 58.97 1.06 4.02 1.39 24.87 16.21
0.01 7.97 0.59 62.82 75.31 4.19 1.47 25.13 1.60
0.05 8.99 0.03 71.53 0.44 4.71 0.47 26.08 25.18
0.1 9.49 0.04 75.15 14.80 5.02 0.78 26.71 95.85
0.25 10.21 1.91 79.78 3.31 5.52 0.34 27.84 20.82

195 0.00001 5.34 0.002 8.742 0.11 3.29 0.24 24.06 19.89
0.00005 5.75 0.02 13.48 5.70 3.33 0.02 24.09 35.83
0.0001 5.96 0.31 15.92 0.27 3.36 0.13 24.10 27.07
0.0005 6.52 0.27 22.45 5.55 3.44 0.31 24.17 25.67
0.001 6.81 0.26 25.60 4.87 3.49 0.65 24.21 39.80
0.0025 7.23 0.18 30.04 11.17 3.57 1.27 24.28 30.08
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The H class composite has a slightly higher initial complex 
modulus than the F class composite. This resin shows a sharp 
decrease in the complex modulus at the beginning of the 
time, while the F class composite maintains relatively higher 
stiffness for a longer period. Between times 0.00001 and 0.01, 
the curves cross at a complex modulus of 115 GPa. From this 
point onward, the F class composite has a higher complex 
modulus over time, indicating that it possesses superior 
stiffness compared to the H class composite. Throughout 
the entire curve presented, the F class composite shows 
better thermal stability, with a gradual and smooth loss of 
the complex modulus, compared to the H class composite, 
which exhibits a greater loss over time. However, the curves 
cross again at a complex modulus E* of 25 GPa, where the 
H class composite maintains a constant modulus, indicating 
greater thermal stability at longer times.

Table 5 presents the calculated results obtained from 
the WLF equation for the time-temperature superposition.

Mean Squared Error (MSE) provides a way to measure 
the magnitude of error between model predictions and actual 
values. It is closely related to the variance of the residuals 
(errors), which represent the difference between predicted and 
actual values. Therefore, when evaluating the experimental 
data and quantifying the model performance, it is clear that 
the models obtained in this study are well adjusted to the 
experimental data. The data obtained in Table 5 were plotted 
on a logarithmic scale. The Figures 9 and 10 present the 
values of aT as a function of the isothermals.

The interpretation of the Figures 9 and 10 allows the 
construction of master curves of material behavior by shifting 
data obtained at different temperatures. The shift factor 
varies exponentially with the inverse of the temperature. 
Therefore, to predict the behavior of F and H class materials, 
aT must be identified according to the defined temperature. 
In practice, the temperature dependence of the shift factor 
can also be described using empirical or semi-empirical 
models depending on the specific application.

Figure 5. DMA curve for F class resin at different isotherms.

Figure 6. DMA curve for H class resin at different isotherms.

Figure 7. DMA master curves for F and H class resins.
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Figure 8. DMA master curves for F and H class composites.

Figure 9. Values of aT as a function of isothermals for F and H class resins.

Figure 10. Values of aT as a function of isothermals for F and H class composites.
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5. Conclusion
In the DMA results for the resins, it was observed that the 

glass transition temperature (Tg) of H class resin is higher 
than that of class F resin. However, when comparing the 
composite values, the class F composite has a higher Tg than 
H class, which may indicate a poor fiber/matrix interface.

Class F resin has an initial complex modulus of 26 GPa 
with an 80% loss over time at the reference temperature. 
H class resin has a higher complex modulus, 35 GPa, but 
the loss is greater over time, at 95%. The class F composite 
has an initial complex modulus of 132 GPa with an 84% 
loss over time at the reference temperature. The H class 
composite has a higher complex modulus, 145 GPa, but the 
loss is slightly greater over time, at 86%.

H class resin on the master curve shows a higher complex 
modulus than class F resin, but it has a more pronounced loss 
over time. The empirical and phenomenological approaches 
developed in this study showed that the master curve reflects 
the time (in terms of frequency) dependence of the material 
at a constant reference temperature, To. The dependence of 
the viscoelastic properties on temperature is noted by the 
variation in the shift factor with temperature.

Table 5. Values obtained from the WLF equation for the time-temperature behavior of the materials.

Tr
(ºC) aT Tiso 

(°C)

F class resin F class composite H class resin H class composite
Predicted 

aT
Square 
Error

Predicted 
aT

Square 
Error

Predicted 
aT

Square 
Error

Predicted 
aT

Square 
Error

115 1000000 75 7.9E+10 6.2E+21 2.0E+12 3.9E+24 8.4E+12 7.1E+25 4.4E+11 1.9E+23
1000000 80 1.6E+10 2.7E+20 3.4E+11 1.1E+23 1.3E+12 1.7E+24 8.2E+10 6.8E+21
1000000 85 3.4E+09 1.2E+19 5.7E+10 3.3E+21 2.0E+11 4.2E+22 1.5E+10 2.4E+20
1000000 90 7.1E+08 5.0E+17 9.7E+09 9.5E+19 3.2E+10 1.0E+21 2.9E+09 8.3E+18
1000000 95 1.5E+08 2.2E+16 1.7E+09 2.8E+18 5.0E+09 2.5E+19 5.4E+08 2.9E+17
1000000 100 3.1E+07 8.9E+14 2.8E+08 8.0E+16 7.7E+08 5.9E+17 1.0E+08 1.0E+16

135 500 105 6.4E+06 4.2E+13 4.8E+07 2.3E+15 1.2E+08 1.4E+16 1.9E+07 3.6E+14
500 110 1.3E+06 1.8E+12 8.2E+06 6.8E+13 1.9E+07 3.5E+14 3.5E+06 1.3E+13
500 115 2.8E+05 7.8E+10 1.4E+06 2.0E+12 2.9E+06 8.4E+12 6.6E+05 4.4E+11
500 120 5.8E+04 3.4E+09 2.4E+05 5.7E+10 4.5E+05 2.0E+11 1.2E+05 1.5E+10
500 125 1.2E+04 1.4E+08 4.1E+04 1.6E+09 7.0E+04 4.8E+09 2.3E+04 5.0E+08
500 130 2.5E+03 4.2E+06 7.0E+03 4.4E+07 1.1E+04 9.9E+07 4.4E+03 1.1E+07

155 1 135 5.3E+02 2.8E+05 1.2E+03 1.4E+06 1.7E+03 2.9E+06 8.2E+02 6.6E+05
1 140 1.1E+02 1.2E+04 2.0E+02 4.0E+04 2.7E+02 7.0E+04 1.5E+02 2.3E+04
1 145 2.3E+01 4.8E+02 3.4E+01 1.1E+03 4.1E+01 1.6E+03 2.9E+01 7.6E+02
1 150 4.8E+00 1.4E+01 5.9E+00 2.4E+01 6.4E+00 2.9E+01 5.3E+00 1.9E+01
1 155 1.0E+00 0.0E+00 1.0E+00 0.0E+00 1.0E+00 0.0E+00 1.0E+00 0.0E+00
1 160 2.1E-01 6.3E-01 1.7E-01 6.9E-01 1.6E-01 7.1E-01 1.9E-01 6.6E-01

175 0,01 165 4.4E-02 1.1E-03 2.9E-02 8.4E-04 2.4E-02 5.4E-04 3.5E-02 1.2E-03
0,01 170 9.1E-03 8.8E-07 5.0E-03 2.4E-05 3.8E-03 7.7E-06 6.6E-03 3.1E-05
0,01 175 1.9E-03 6.6E-05 8.4E-04 5.5E-07 5.9E-04 1.7E-07 1.2E-03 5.2E-08
0,01 180 3.9E-04 9.2E-05 1.4E-04 1.9E-09 9.1E-05 8.3E-07 2.3E-04 5.9E-07
0,01 185 8.2E-05 9.8E-05 2.5E-05 5.7E-09 1.4E-05 9.7E-07 4.3E-05 9.2E-07
0,01 190 1.7E-05 1.0E-04 4.2E-06 9.2E-09 2.2E-06 1.0E-06 8.1E-06 9.8E-07

195 0,0001 195 3.6E-06 9.3E-09 7.1E-07 4.9E-13 3.4E-07 4.3E-13 1.5E-06 3.7E-13
0,0001 190 1.7E-05 6.9E-09 4.2E-06 1.7E-11 2.2E-06 1.5E-12 8.1E-06 5.1E-11
0,0001 195 3.6E-06 9.3E-09 7.1E-07 4.9E-13 3.4E-07 4.3E-13 1.5E-06 3.7E-13
0,0001 200 7.4E-07 9.9E-09 1.2E-07 1.2E-14 5.4E-08 9.0E-13 2.8E-07 3.8E-13
0,0001 205 1.6E-07 1.0E-08 2.1E-08 1.2E-16 8.3E-09 9.8E-13 5.3E-08 7.2E-13
0,0001 210 3.2E-08 1.0E-08 3.5E-09 4.2E-17 1.3E-09 1.0E-12 9.9E-09 7.9E-13

This study proves that the master curve is a laboratory testing 
tool that significantly reduces the time and cost for evaluating 
the thermal stability of polymers and composites. It allows 
for the prediction of the dynamic-mechanical characteristics 
of polymeric materials, enabling the extrapolation of a 
material’s behavior at frequencies beyond the measurement 
range. According to the results, the master curves, based on 
the sigmoidal empirical equation, Williams-Landy-Ferry 
(WLF) model and the time-temperature superposition 
principle, was able to predict the material behavior outside 
the test temperature range, and it can be used to replace 
thermal aging tests, which are performed over long periods 
and can make testing costly.
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