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Fitting unvulcanized rubber compound’s (URC) dynamic viscoelasticity prediction formula and then constructing its mechanical
constitutive model are of great significance for studying defect mechanisms in rubber products. However, it is difficult to measure
the dynamic viscoelasticity of unvulcanized rubber at high and low frequencies due to its rapid relaxation property. This paper
presents a convenient method to measure the dynamic viscoelasticity of unvulcanized rubber. The data of different
temperatures at a fixed frequency are measured by dynamic thermomechanical analysis, and the master curve of unvulcanized
rubber is obtained by using the time-temperature equivalent superposition principle, which is used to predict the modulus and
stress at different temperatures as a function of frequency. The predicted moduli are in good agreement with experimental data
when the strain is less than 10% and the applicable temperature range of the Williams–Landel–Ferry (WLF) equation, which
indicates that the proposed method is a feasible way to study the dynamic viscoelasticity of unvulcanized rubber at different
temperatures.

1. Introduction

Different rubbers are made into different products because
of their flexibility, strength, aging resistance, oil resistance,
wear resistance, and other different characteristics, which
are widely used in life, industry, agriculture, aerospace, auto-
motive, and other fields [1]. The final performance of its
products is not only related to the formula of the rubber
material but also the defects produced in the preforming
process of the unvulcanized mixed rubber components
directly determine its final performance [2]. Taking tire cord
as an example, the tire rope turns from developable surface
to metasurface in the tire forming process [3]. Because the
unvulcanized rubber matrix has extremely low strength
and bears large strain, the cord is subjected to transverse ten-
sile stress or normal compressive stress, which is prone to
occur such defects as the delamination of rope and rubber

and the crossing of different rubber compounds [4], which
makes the modulus matching of rubber compounds unbal-
anced and affects the final use performance. The establish-
ment of room temperature mechanical constitutive model
(stress–strain–strength–time relationship) for unvulcanized
rubber can provide important theoretical guidance for the
mechanism of defects in the preforming process and further
improvement. Among them, the fitting of the wide-
frequency dynamic viscoelasticity curve formula of unvulca-
nized rubber is the necessary prerequisite for constructing
the constitutive model.

However, in dynamic thermomechanical analysis (DMA),
ultra-low frequency (less than 0.01Hz) testing takes a long
time to complete (e.g., several days or even weeks), and fre-
quencies higher than 30Hz need to be specially considered or
reach the analytical instrument’s performance measurable
limit [5]. Therefore, it is difficult to obtain effective and reliable
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experimental results by using the DMA characterization tech-
nology to scan the unvulcanized rubber, which limits the fitting
of the wide-frequency dynamic viscoelasticity curve equation
of the unvulcanized rubber. The time–temperature equivalent
superposition principle can expand the frequency range of vis-
coelasticity at a certain temperature through mechanical per-
formance data at the same frequency range at different
temperatures [6]. Xue et al. [7] studied natural rubber (NR)
by using the time–temperature equivalent superposition prin-
ciple, which greatly expanded the time–frequency range of vis-
coelasticity of NR. Krauklis et al. [8] used the time–
temperature–plasticization superposition principle (TTPSP)
to predict the long-term creep behavior of epoxy compounds
[9] and used the short-term creep experimental data to predict
the long-term viscoelastic behavior of amorphous polymers
below the glass transition temperature. Therefore, applying
the time–temperature equivalent superposition principle can
not only realize the temperature transformation of dynamic
test results of unvulcanized rubber but also expand the research
frequency range of unvulcanized rubber at a certain
temperature.

Based on the above content, the goal of this paper is to
use the time–temperature equivalent superposition prin-
ciple to establish the master curve of the dynamic visco-
elasticity of unvulcanized rubber, in order to obtain
more wide-frequency mechanical data. And obtain the
master curve to study the performance of the unvulca-
nized rubber under dynamic loading conditions, as well
as obtain the master curve prediction formula to predict
the master curve at different reference temperatures. The
prediction formula of the properties of unvulcanized rub-
ber was obtained, and it was used to guide the setting of
technological parameters in the process of processing
and vulcanization, so as to improve the quality of finished
rubber.

2. Materials and Methods

Sample components used in this test include NR 90phr was
purchased from Tianjin Wenhua International Trade Co.,
Ltd, cis-1, 4-polybutadiene rubber (BR) 10 phr was pur-
chased from Heng Shuiyuan Rubber Chemical Co. Ltd, car-
bon black N234 38 phr and carbon black N115 10 phr were
purchased from Shanghai Cabot Chemical Co., Ltd, silica
10 phr (Qingdao Jinzetai Chemical Co., LTD), and anti-
aging agent Rubber Antioxidant (RD) 2, 2, 4-trimethyl-1, 2-
dihydroquinoline polymerization 2 phr (Shanghai Chengjin
Chemical Co., Ltd). The mixer used in the experiment is 1 L
mixer (Zhendelong Machinery (Kunshan) Co., Ltd). At the
same time, the equipment used in the experiment is also
the torque rheometer 300ml (Harbin Hapu Electric Technol-
ogy Co., Ltd) In order to obtain stable and reliable samples,
the uncured rubber compound was needed to be treated in
two steps before the experiment. Three-stage mixing was per-
formed in a mixer. Then, the sample sheet was pressed
through the gap of the rollers, and the sample cuboid shape
was cut to be 6.00mm wide, 1.80mm thick, and 50mm long.

DMA has the advantages of high precision, excellent
repeatability, extensive sample holders, auxiliary sample size,
direct output of stress in measurement, and analysis of solid,
paste as well as liquid [10]. DMA strain scanning method
was utilized in this experiment.

Firstly, in order to ensure the stability of Unvulcanized
Rubber Compound (URC) samples, clamp the samples at
−30°C and then apply 1N contact force as well as 10% pre-
strain. Secondly, using strain loading method, 0.3% pre-
pressure is applied at the temperatures of −20°C, −10°C, 0°C,
10°C, 20°C, and 30°C, respectively, and the frequency starts
from0.5Hz and increases to 100Hz according to the frequency
increment of 4.00Hz/dec, and apply the stress required to
maintain different strains. Finally, the DMA data obtained
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Figure 1: (a) The temperature curves of the storage modulus at different frequencies are closer and closer as the temperature increases. (b)
Frequency curve of storage modulus at different temperatures. The lower the temperature, the greater the change with frequency.
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from the experiment were processed to obtain the required
master curve, which is necessary to move themeasured modu-
lus curve with the logarithm of frequency at different tempera-
tures horizontally or vertically along the logarithm time axis
towards the reference temperature, so that the different curves
can be superimposed together.

In this process, using the Williams–Landel–Ferry equa-
tion (WLF equation), which was shown in Equation (1), to
solve the shift-factors [11]. According to the definition of
the glass transition temperature, the temperature corre-
sponding to the peak of the loss tangent tan δ curve is the
glass transition temperature, so the glass transition tempera-
ture can be obtained accordingly. Then, due to the applica-
tion of the WLF equation has a certain temperature range,
that if the temperature is too low, the chain movement of
URC is frozen, and only the movement of smaller units than
the chain movement occurs; if the temperature is too high,
the whole mass center of the chain segment will move, that
is, the flow will occur, and the Arrhenius equation will be
regressed, so the applicable range of WLF equation reference
temperature is Tg < Tr < Tg + 100°C, which can select the
reference temperature in this range [12].

Finally, a large number of experiments proved that it is
more accurate to use the drawing method to solve the values
of C1 and C2 of the WLF equation [13]. Firstly, the modulus
curves measured on both sides adjacent to the reference
temperature are moved to the modulus curves measured at
the reference temperature until the three curves are superim-
posed together. Then, the horizontal shift-factors of the two
modulus curves can be measured, and C1 and C2 can be
obtained by bringing them into the WLF Equation (1).
Then, different temperatures are put into the formula to
solve the shift-factor αT, and the curve under the corre-
sponding temperature is moved according to the obtained
data, and the required master curve can be obtained.

lg αT =
−C1 T − Trð Þ
C2 + T − Trð Þ , ð1Þ

where αT is the horizontal shift-factors of the curve, C1, C2 is
the constant of the WLF equation, T is the measured tem-
perature, and Tr is the reference temperature.

3. Results and Discussion

Not all polymers perfectly follow the time–temperature
equivalent superposition principle [14], so the feasibility of
time–temperature equivalence needs to be verified. It can
be seen from Figure 1 that the storage modulus decreases
with the increase of temperature. The storage modulus
increases with the increase of frequency, and the lower the
temperature is, the more sensitive the storage modulus is
to the change of frequency, which is in line with the general
law of polymer performance change [15]. At the same time,
it shows that the data measured by DMA strain scan is more
accurate and can be used to study the time–temperature
equivalence.

It can be seen from Figure 1(b) that the storage modulus
and frequency curves at different temperatures have roughly
similar changing trends and shapes, and the higher the temper-
ature, the more obvious it is. This indicates that the curves
move towards a certain reference temperature in the horizontal
direction and can be superimposed eventually, and it is feasible
to obtain the time temperature equivalent master curve.

3.1. WLF Master Curve. The values of C1, C2 change with
the change of reference temperature. It can be obtained from
Figure 2 that the glass transition temperature of unvulca-
nized rubber is −45°C, so in this experiment, −10°C is
selected as the reference temperature, and the WLF equation
constant C1 = 59:38, C2 = 571:27 at −10°C can be prelimi-
naries obtained by fitting the translation data of adjacent
temperature curves. The shift-factors of unvulcanized rubber
at −20°C, −10°C, 0°C, 10°C, 20°C, and 30°C are calculated by
the WLF equation. The relationship between shift-factors αT
and temperature is shown in Figure 3.

According to the definition of shift-factors αT, is the
ratio between stress relaxation time τ at temperature T and
stress relaxation time τr at the reference temperature Tr, i.e.

αT =
τ

τr
=
ρrTrη

ρTηr
: ð2Þ

Since the density changes very little, the temperature is
Kelvin, and the density decreases as the temperature increases
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so ρrTr/ρT ≈ 1 is usually taken [16], so αT can be regarded as
the ratio of viscosity at different temperatures, namely

αT =
τ

τr
≈

η

ηr
: ð3Þ

Choi et al. [17] have established a new viscosity model,
which shows that the viscosity of polymer always decreases
with the increase of temperature. According to Equation (3),
when the measured temperature exceeds the reference tem-
perature, the displacement factor will become smaller and
smaller as the temperature increases, which are consistent
with the changing trend of the displacement factor tempera-
ture curve in the figure. It is proved that the viscosity change
of URC conforms to the free volume theory, which means
that the WLF equation is applicable to URC. And the dis-
placement factors obtained are accurate in theory.

By fitting the horizontal shift-factors αT with the temper-
ature curve, the shift-factors formula of the curve moving
towards the reference temperature curve at different temper-
atures can be obtained

αT = 0:02448 exp −0:276Tð Þ + 0:07076 exp −0:2159Tð Þ:
ð4Þ

After the shift-factor αT is obtained by solving the WLF
equation, the storage modulus curve and loss tangent curve
at −20°C, 0°C, 10°C, 20°C, and 30°C are, respectively, moved
to the reference temperature of −10°C in the Origin software
to obtain the master curve as shown in Figure 4.

It can be seen from the figure that the various curves are
superimposed well. The master curve obtained greatly
expands the study range of the unvulcanized rubber storage
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Figure 4: (a) Master curve of storage modulus changing with logarithm of frequency at −10°C. (b) Master curve of loss tangent changing
with logarithm of frequency at −10°C.
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Figure 5: (a) The comparison between the formula curve of energy storage modulus at 10°C and the test data shows that R-square = 0.9912.
(b) The comparison between the formula curve of energy storage modulus at 20°C and the test data shows that R-square = 0.8670.
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modulus and loss tangent with frequency. Even the viscoelas-
tic change of unvulcanized rubber at 0.0001Hz frequency can
be obtained in the figure. In fact, this is an extremely difficult
task for ordinary measurement methods. The master curve
method can be used to express the performance of unvulca-
nized rubber under dynamic loading conditions.

Matlab software was used to fit the principal curve, and
the relationship between the memory modulus and the fre-
quency at −10°C was obtained.

E′ = 67:54 exp 0:08364 log10 fð Þ + 7:184 exp 0:7868 log10 fð Þ,
ð5Þ

where E′ is the storage modulus, which refers to the amount
of energy stored by elastic deformation during material
deformation, reflecting the elastic value of material, and f is
the frequency.

In order to obtain the master curves of the viscoelasticity
of unvulcanized rubber changing with frequency at different
temperatures, it is necessary to repeatedly calculate the mas-
ter curves, and the data at multiple temperatures need to be
measured, which requires a lot of work, and the measurable
temperature range is limited due to the influence of WLF
applicable temperature. Therefore, we propose to deduce
the prediction formula of storage modulus changing with
temperature according to the obtained master curve formula
and shift-factors formula to solve this problem preliminar-
ies. The prediction formula obtained is as follows

ET′ = 67:54 exp 0:08364 log10 f αTð Þð Þ
+ 7:184 exp 0:7868 log10 f αTð Þð Þ: ð6Þ

Substituting 10°C and 20°C into the prediction formula,
the formula curve and experimental data obtained are
shown in Figure 5.

Matlab software was used to calculate the R-square
between the prediction formula curve of storage modulus
with temperature and the fitting curve of test data at 10°C
and 20°C. The obtained values were 0.9912 and 0.8670,
respectively. Consistency between the formula curve and
the test data curve was good. The prediction formula can
be used to reflect the change of storage modulus of unvulca-
nized rubber with temperature.

The prediction formula of application expanded the
unvulcanized rubber viscoelastic temperature frequency
range, with good effect, consider to be used in the study of
the mechanical behavior of unvulcanized rubber, according
to the above steps, unvulcanized rubber’s stress master curve
under −10°C is obtained (Figure 6), and get the correspond-
ing master curve fitting formula and forecast formula.

The fitting formula of stress principal curve and the
stress prediction formula are as follows

σ = 0:17 exp 0:09 log10 fð Þ + 0:01 exp 0:90 log10 fð Þ, ð7Þ

σT = 0:17 exp 0:09 log10 f αTð Þð Þ + 0:01 exp 0:90 log10 f αTð Þð Þ:
ð8Þ

The obtained prediction formula curve is compared with
the experimental data obtained at 10°C and 20°C and proc-
essed in Matlab. The obtained comparison curve and the
determinable coefficient are shown in Figure 7.

It can be seen from Figure 7 that the curves obtained by
the prediction formula at different temperatures are in
good agreement with the experimental data curves, and
the determination coefficients are all above 0.8. Therefore,
it is a feasible way to express the dynamic viscoelasticity
of unvulcanized rubber at different frequencies and tem-
peratures by using the prediction formula. This method
can be used to monitor the change of the properties of
unvulcanized rubber in the process of vulcanization, which
can control the technological parameters in the process of
processing by it and can improve the quality of rubber
products, which has great significance to promote the
development of rubber products.

4. Conclusions

The glass transition temperature of unvulcanized rubber was
determined as −45°C by DMA dynamic measurement
method. And it can be proved by experimental data that
the WLF equation is suitable for unvulcanized rubber, as
well as the shift-factor can obtain a better superposition
master curve. The prediction formulas for the storage mod-
ulus and stress of unvulcanized rubber with temperature are
obtained by using the time–temperature equivalent superpo-
sition principle, which show that the obtained prediction
formula curve is in good agreement with the experimental
data.

A new formula for predicting the change of properties of
unvulcanized rubber was obtained, and the difficult problem
of measuring properties of unvulcanized rubber was prelim-
inarily solved. Compared with previous studies, the predic-
tion formula obtained in this paper extends the frequency
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and temperature range of studying the viscoelasticity of
unvulcanized rubber, and can predict the performance
changes of unvulcanized rubber at different temperatures.
It can be used to monitor the properties of unvulcanized
rubber in the process of processing and vulcanization, which
is of great significance to improve the quality of rubber
products.
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