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Dynamic properties of raw natural rubber were examined using a hollow cylinder shaped sample

subjected to shear deformation on a laboratory Dynamic Mechanical Analyser. According to Cox-Merz’s

study, dynamic complex viscosity obtained by this method showed a good agreement with shear flow viscosity

measured by capillary rheometer. A master curve derived from the dynamic properties were then charac-

terized. A crossing point of storage modulus (G’) and loss modulus (G’’) curves in the master curves was used

to identify the final rubbery state, which indicated the transition of rubbery state and molten state. The

position of this point depends on quantities and types of reinforcing or non-reinforcing fillers. The final

rubbery state was shifted to higher frequency or lower temperature. It was found that the final rubbery state

of CaCO
3
-filled rubber compounds was shifted to higher frequency or lower temperature by approximately

4 decades, while the translation of carbon black-filled rubber compounds was lower than unfilled rubber by

about 1 decade. This phenomenon can be used to explain rubber elasticity, i.e. a decreasing of die swell of

CaCO
3
 filled compounds at any high processing temperature. On the other hand, high magnitude of die

swell for carbon black filled compound was still obtained.
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The frequency and temperature dependence
of dynamic properties for viscoelastic materials
are well known (Nilsen, 1974, Freakley and Payne
1978, Jones 1991 and Fried, 1995).  In general,
dynamic  tests  are  nondestructive  and  can  be
performed over a limited range of frequency or
temperature, depending upon equipment and
technique. There are some difficulties in preparing
a sample that can be held over a wide temperature
range, in which the material can be changed from a
solid (glassy) state to a melt state. Conventionally,
complex modulus data (i.e. storage modulus, loss
modulus and tan δ) have been measured over a
range of temperatures and frequencies from the
test as shown in Figure 1 (Jones, 1991). However,
it is possible to display these data in such a way
that the effects of each parameter are individually
combined into a single variable (Jones, 1991) and
presented as a “master curve”.

The “master curve” generally transfers data
from various tested temperatures to one reference
temperature by moving the data on the log scale
of frequency axis (Jones, 1991). If the originally

measured modulus or tan  δ varying with frequency
(f) at each absolute temperature (T) are denoted as
G(f,T) and ϑ(f,T) respectively, the corresponding
parameters at the reduced frequency, f

r
, are G(f

r
)

and ϑ(f
r
). The relationships between the measured

data and reduced data set are as follows (Jones,
1991).

The data transfer:

G( f ,T ) =  
Toρo
Tρ G( f

r
)          (1)

ϑ ( f ,T ) =  ϑ ( f
r
)          (2)

The frequency transfer :
f

r
 =  f * a

T          (3)

or a
T
 =  

f
f

r
         (4)

where  a
T
  is  a  “shift  factor”  which  is  a

function of absolute temperature, T, relative to
a chosen reference temperature T

0
.  Equation (4)

shows that a
T
 is a ratio of shifted frequency at
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temperature  T  over  a  reference  frequency  at
temperature T

0
. In most cases, Toρo/Tρ does not

differ greatly from unity over a wide temperature
range and the difference is usually negligible in
comparison  with  the  data  scatter  due  to  other
sources of error (Jones, 1991). The shift factor can
be estimated in many ways, including manual
estimation on a temperature by temperature basis,
statistical analysis of repeated manual estimates,
and fitting of assumed functions by minimization
of least square errors (Jones, 1991).  The most
popular equation is the WLF equation as followed.

Williams-Landel-Ferry (WLF) relation:

log  a
T

=
−C

1
(T − T

0
)

C
2

+ (T − T
0
)

For any type of polymer, the master curve
of storage modulus (G’), loss modulus (G”) and
tan δ can be drawn as shown in Figure 2 (a).  As
can be seen from this figure, four main regions
have been identified and classified as the glassy,
transition, rubbery elastic, and flow region.  The
storage modulus of viscoelastic material decreases
continuously with decreasing frequency or in-
creasing temperature, corresponding to the changed
from the glassy to the flow region. In the transition
region, dramatic changes in all three properties,
(i.e. G’, G” and tan δ) are clearly observed. In the
flow region, the rate of decrease of the storage
modulus is greater than that of the loss modulus.

Thus, this causes the value of loss modulus to be
greater than the storage modulus in the extreme
flow region.

In  processing  equipment  such  as  an  ex-
truder, injection moulding or compression mould
machine, rubber is usually heated or given a re-
duced frequency in order to flow in the flow region.
Considering Figure 2 (b), the elastic property can
be dominate, providing that G’ is greater than G”.
Operating at this condition, products can be dis-
ordered from the elastic effect such as a die swell,
a bamboo effect or a shark skin phenomena. This
effect will disappear if the processing condition
moves to a flow state, where the value of G’ is
lower than G”. Therefore, a final rubbery state is
then defined here as the crossing point of G’ and
G’’.

This work aimed to characterize the final
rubbery state of raw natural rubber using a hollow
cylinder sample tested under shear mode on the
Dynamic  Mechanic  Analysis  series 7  (DMA7).
The effect of types and amounts of fillers on the
final rubbery state were also examined. This state
can be used to predict the behaviour of rubber
compounds in processing processes.

Material and Methods

This work was divided into two main parts
of (i) an examination of the test method and (ii)
the determination of a master curve. The first part

Figure 1. Idealized storage modulus and loss tangent as a function of frequency at various

temperatures for a viscoelastic material (after Jones, 1991)
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was to design a sample that can be subjected to
dynamic load over a wide temperature range in
which the rubber will be changed from rubbery
to molten state. Reliable results must also be
evaluated (Noparatanakailas and Seadan, 2000).
The master curves were determined in the second
part  to  indicate  the  final  rubbery  state  of  each
rubber compounds.

Part I: Examination of test method

A hollow cylinder sample was designed to
test raw rubber by using the Dynamic Mechanic
Analyser series 7 (DMA7) machine manufactured
by Perkin Elmer. Figure 3 shows a diagram of the
sample geometry and sample preparation.  Tests
were performed at a frequency range from 0.1 to
50 Hz and at a certain temperature of 100ºC. Four
grades of raw natural rubber, namely STR5L,
STR20, RSS and skim block were used.

In order to validate the results, the dynamic
viscosity  was  compared  with  the  shear  flow
viscosity measured on a standard capillary rheo-
meter.  The complex viscosity, noted as η*(ω),
was calculated from the following relation (Ferry,
1962).

η *(ω ) =  
G'
ω







2

+
G"
ω







2

where G’ and G” are the storage and loss
modulus at angular frequency ω (ω=2πf), res-
pectively.

The  flow  viscosity,  noted  as  η(γ̇ ),  was
obtained  from  the  extrusion  method  using  the
Rosand capillary rheometer. Based on the equi-
valent of the shear rate and the angular frequency
( γ̇ =

 ω), following Cox and Merz’s assumption
(Cox and Merz, 1962 and Cox and Merz, 1971),
the comparison was taken.

Part II: Determination of master curve

The  dynamic  behavior  of  three  sets  of
materials was examined, namely STR5L, STR5L
mixed with carbon black grade N330, and STR5L
mixed  with  calcium  carbonate  (CaCO

3
).  The

available frequency range of 0.1 to 50 Hz was
selected. For STR5L the temperatures of 100, 120,
140, 160, 180 and 200ºC were chosen. The STR5L
rubber was mixed with different amounts of N330-
black: 20, 40 and 60 phr, using a two-roll mill. The
STR5L and N330-black compounds were tested at
the temperatures of 80, 120, 160 and 200ºC. For
the compounds containing CaCO

3
: 5, 10, 20, 40

and 60 phr, the test temperatures were changed in
step mode over the range between 80 and 200ºC.
With the 5 and 10 phr of CaCO

3
 compounds, the

temperatures up to 200ºC could be used for the

(a) (b)

Figure 2. Diagram of (a) master curve of storage modulus, loss modulus and tan δδδδδ of polymer

(after Freakley, P.K. and Payne, A.R, 1978) and (b) the final rubbery state.
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testing.  The maximum workable test temperature
of testing the 20 and 40 phr of the CaCO

3
 com-

pounds was 160ºC while the temperature for the
60 phr filled compound was 140ºC.  The limitation
of temperature used for the 60 phr CaCO

3
 con-

taining compound was due to a softening of the
compounds.

In order to construct a master curve, data
were collected at a reference temperature of 120ºC
for  all  of  the  conditions  of  materials  and  fre-
quencies. A shift movement of measured G’ and
G” values was done only in the log ω axis (x-axis),
by using a reduced frequency as follows:  Firstly,
a set of frequency data at each temperature cor-
responding to a given set of G’ data were extracted
from the raw data. For each value of G’, a ratio of
f

r
 (frequency at the reference temperature) and f

(frequency at any temperature) was determined
and defined as a shift factor (a

T
) for a specific

temperature. The average value of a
T
 over the given

set of G’ data was then calculated. Considering
the WLF equation, rewritten as Equation (5), the

constants (C
1
 and C

2
) were calculated. The relation-

ship between (T-T
0
)/log a

T
 and (T-T

0
) is linear.

Therefore, C
1
 and C

2
 were related to the slope and

intercept values of the curve; C
1
 = -1/slope, and C

2

= -intercept x C
1
. This linear relationship between

(T-T
0
)/log  a

T
  and  (T-T

0
)  was  calculated  using

Microsoft Excel software. Finally, the storage
modulus, G’ and loss modulus, G’’ (in Pa) were
plotted with the reduced frequency, ωa

T
, at each

temperature on a log-log scale.
WLF equation:

log  a
T
     =   

−C
1
(T − T

0
)

C
2

+ (T − T
0
)

#

(T − T
0
)

loga
T

 =  −
C

2

C
1

−
1
C

1

(T − T
0
)          (5)

Results and Discussion

Part I: Examination of test method

Four  grades  of  natural  rubbers;  STR5L,
STR20,  RSS  and  skim  block  having  a  money

(a) (b)

Figure 3. Side view of (a) a hollow cylinder specimen and (b) sample preparation components.

Note: A and B are an inner and outer metal holder cylinder respectively. C is a

supported metal plate. 1 is a metal clamp, holding the whole set. 2 is a lower

part of the mould, holding a molten rubber.   3 is a surrounded hollow

cylinder, where the heat is supplied.  4 is a heated barrel used to collect rubber

melts.  5 is a piston. 6 is a plate used to drive the piston. 7 is rubber melt. 8 is

electric heater wires.

__________________________________
# From this equation, (T-To) can be considered in degrees Celsius.
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viscosity of 74 MV, 85MV, 92 MV and 80 MV,
respectively, were tested at 100ºC and 0.5% strain
over  the  frequency  range  0.1  to  50 Hz.  The
complex viscosity was then calculated in order to
compare with the shear flow viscosity, tested from
the standard capillary rheometer. Figure 4 (a) shows
an insignificant difference in the apparent shear
flow viscosity of these four natural rubber grades.
The lowest shear rate, obtaining from the test, is
about 5 per second. The value of the apparent shear
viscosity decreases with an increasing of shear
rate. The maximum viscosity of rubber is about
1.5x10

4
 Pa.s at the shear rate of 5/s. Figure 4 (b)

shows that the shear flow viscosity as a function
of shear rate is almost identical to the complex

viscosity as a function of angular frequency. This
is in accordance with a study by Cox and Merz’s
(1962 and 1971). There is also not much difference
in the complex viscosity of the four rubber grades.
The dynamic testing can be operated at a lower
rate  of  deformation  than  that  of  the  capillary
method. Therefore, the shear testing of raw natural
rubber as a hollow cylinder on the DMA7 is an
valid  method,  which  provides  consistent  and
reliable data.

Part II: Determination of master curve

Raw data of G’ and G” in Pascal varying
over a frequency range of 0.1-50 Hz are plotted
on a log-log scale with the angular frequency. An

Figure 4.  Comparison of complex viscosity (ηηηηη*(ωωωωω)) and shear viscosity (ηη(γ̇γ )) at 100oC.

Figure 5.  Storage and loss modulus of STR5L tested at 100, 120, 140, 160, 180 and 200ºC.



Songklanakarin J. Sci. Technol.

Vol. 26  No. 5  Sep.-Oct. 2004

Final rubbery state characterization

Luksameevanish, V. and Seadan, M.643

Table 1. Example of STR5L frequency tabulation for a
T
 and the WLF constants evaluation.

f (Hz)         (T-T
0
)(ºC)

100ºC 120ºC 140ºC 160ºC 180ºC 200ºC -20 0 20 40 60 80

(T
o
)

1.70E+05 0.3 0.9 2.2 5 7 16 3.00 1.00 0.41 0.18 0.13 0.06
1.80E+05 0.4 1.1 2.7 6 9 24 2.75 1.00 0.41 0.18 0.12 0.05
1.90E+05 0.6 1.4 3.5 7 13 27 2.33 1.00 0.40 0.20 0.11 0.05
        . . . . . . . . . . . . .
        . . . . . . . . . . . . .
        . . . . . . . . . . . . .
2.40E+05 2.7 6 9 20 39 2.22 1.00 0.67 0.30 0.15
2.50E+05 3.2 7 11 24 43 2.19 1.00 0.64 0.29 0.16

Average a
T

2.37 1.00 0.51 0.22 0.12 0.06

Log a
T

0.37 0.00 -0.29 -0.65 -0.91 -1.21

-(T-To)/(Log a
T
) -53.36 -68.51 -61.52 -66.15 -65.99

Slope of the -(T-To)/(Log a
T
) versus (T-To) curve, m -0.11

Intercept of the -(T-To)/(Log a
T
) versus (T-To) curve, b -59.14

C
1
 = -1/m 9.09

C
2
 = -b/m 537.6

Given G’

(Pa)

a
T
 =

 f
(T

0
)/

f(
T

)

Table 2. Shift factors and WLF constants.

                                                                              a
T
 at temperature C

1
C

2

80ºC 100ºC 120ºC 140ºC 160ºC 180ºC 200ºC

Reference (Ferry, 1962) 5.09 2.10 1.00 0.53 0.31 0.19 0.13 3.65 246.6
STR 5L - 2.37 1.00 0.51 0.22 0.12 0.06 9.09 537.6
STR 5L + N-330 20 phr 5.05 - 1.00 - 0.22 - 0.06 16.95 1001.0
STR 5L + N-330 40 phr 3.59 - 1.00 - 0.30 - 0.10 14.53 1081.0
STR 5L + N-330 60 phr 2.97 - 1.00 - 0.38 - 0.15 9.53 849.9
STR 5L + CaCO

3
 5 phr 4.94 - 1.00 - 0.23 - 0.08 8.20 502.4

STR 5L + CaCO
3
 10 phr 4.35 - 1.00 - 0.36 - 0.07 9.35 670.8

STR 5L + CaCO
3
 20 phr - 2.53 1.00 0.32 0.21 - - 9.62 465.1

STR 5L + CaCO
3
 40 phr - 2.31 1.00 0.39 0.26 - - 6.25 344.1

STR 5L + CaCO
3
 60 phr 3.69 1.96 1.00 0.55 - - - 8.00 590.1

example of the raw data is shown in Figure 5 for
STR5L. It is clearly seen that G’ and G” values
of STR5L increase with increasing frequency and
reduce with increasing temperature over the range
100 to 200ºC. Table 1 provides an example of
frequency data for a given set of G’ values and
test temperatures for STR5L. This table gives the
evaluation of a

T
, the slope and intercept of the

linear  relation  of  (T-T
0
)/log  a

T
  plotted  against

(T-T
0
), and the WLF constants, C

1
 and C

2
. The

results in terms of a
T
 and the WLF constants, for

all the studied cases, are shown in Table 2, which
also includes the reference values of natural rubber
(Ferry, 1962).  The  experimental  values  of  a

T
,

especially for STR5L, agree well with the reference
values at five temperatures of 100, 140, 160, 180
and 200ºC. The values of C

1
 and C

2
 obtained here

are in the same order of the reference ones. Figure
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6 shows the plot of shift factor, a
T
, for all experi-

mental data and the reference values, varying with
temperature. It shows good agreement between
the a

T
 values obtained from this present study and

those documented in the literature (Ferry, 1962).
This confirms the reliabilities of experimental data
for determining the master curves of G’ and G”.

The experimental data, G’ and G”, tested at
various  temperatures  (from  80  to  200ºC)  were
shifted  in  the  frequency  axis  to  the  reference
temperature (120ºC), using the corresponding shift
factor, a

T
.  Single lines of G’ and G”, plotted against

the reduced frequency ωa
T
, were obtained and are

shown as examples in Figure 7 for STR5L, STR5L
+ 40phr N330, and STR5L + 40phr CaCO

3
. The

average value of G’ and G” are plotted as solid
lines, while the experimental data are presented as
symbols shown for each cases.

Figure 8 shows the average master curves of
G’ and G” for all of the experimental cases. These
curves  vary  with  the  widest  reduced  frequency
range of about 6 decades of log ωa

T
.  From this

figure,  the  influence  of  filler  on  the  value  of
modulus and on the movement of the final rubbery
state along the x-axis can be clearly seen. N330-
black  is  a  reinforcing  filler,  and  causes  both  G’
and G” values to increase as a consequence of

increasing filler amount (Figure 8(a)). On the other
hand, the CaCO

3
, which is a non-reinforcing filler,

softens the compound (Figure 8(b)).  The final
rubbery state of STR5L is located at the approxi-
mate reduced frequency of -1.5.  The addition of
carbon black or CaCO

3
 causes a movement of the

crossing  point  to  a  higher  value  of  the  reduced
frequency.  The amount of carbon black causes
insignificant difference in the movement of the
crossing point.  The crossing point of G’ and G”
moves from -1.5 (for STR5L) to around -0.5 to
-0.2 (for the N-300 mixed up to 60 phr) or about
1 decade. A large movement of this crossing point,
of around 3 to 4 decades, is seen in the case of 60
phr-CaCO

3
 mixing.

The use of the final rubbery state character-
istics on the rubber processing can be described
as follows.  For example, a compound of STR5L
mixed with 40 phr CaCO

3
  is extruded at a constant

shear speed of 100/s. According to the character-
istic curve shown in Figure 8(b), if the operation
temperature is 120ºC, the value of G’ is greater
than the value of G” when log ωa

T
 = 2 (equivalent

of shear speed of 100/s). Therefore, the elastic
effect on the products will occur. This phenomenon
will disappear, if the operation temperature is
higher.  By  using  the  time-temperature  super-

Figure 6.  A plot of a
T
 against temperature for all cases.
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(a)

(b)

(c)

Figure 7. Master curves of (a) STR5L, (b) STR5L+40phr of N330 and (c) STR5L + 40 phr

of CaCO
3
. The reference temperature used is 120ºC.



Songklanakarin J. Sci. Technol.

Vol. 26  No. 5  Sep.-Oct. 2004 646

Final rubbery state characterization

Luksameevanish, V. and Seadan, M.

position method, the operating frequency must be
shifted to a lower frequency where log ωa

T
 is equal

to 1, the final rubbery state of this case (see Figure
8(b)). The reducing of this shift factor must be
equal to 1 decade (from operating point log ωa

T
 =

2 to the final rubbery state, log ωa
T
 =1). Consider-

ing Figure 6, the lower value of shift factor of
1 decade is equal to the increase of temperature
from 120ºC to about 180ºC.

Conclusion

In this study, a hollow cylinder shear sample
is presented as an appropriate test for dynamic
properties characterization of raw rubber on the
DMA7 with limited range of sample stiffness and
temperature of testing. Samples with high stiffness,
such as a high content of reinforcing filler or test-
ing at low temperatures, were not studied because
of the limitation of the machine. Samples of overt
softness, such as a high content of non-reinforcing
filler, or testing material at temperatures approach-
ing a molten temperature could not be studied
because  of  softening  of  the  samples,  which  no
longer appeared as a cylindrical specimen.

The master curves of storage modulus and
loss modulus can be obtained by the Time-Temper-
ature  superposition  method  and  give  the  final
rubbery state of each cases. The final rubbery state
of  the  compound  depends  greatly  on  type  and
amount  of  filler.  The  reinforcing  filler,  N330-
black  causes  a  higher  value  in  both  G’  and  G”
since it brings about a stiffness effect. The final
rubbery state shifts to a higher value of the reduced
frequency for only about 1 decade in case of 60
phr. So, this compound still have an influence of
elastic effect during the processing similar to the
unfilled rubber. On the other hand, the non-re-
inforcing filler, CaCO

3
, softens the compound and

causes a large movement of the final rubbery state.
In the case of the 60 phr-CaCO

3
 blend, the mag-

nitude of this movement is around 3 to 4 decades.
Therefore, less elastic effect will be seen in the
60 phr-CaCO

3
 compound.
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(a) (b)

Figure 8. Effect of filler type and amount on master curve: (a) STR5L and STR5L+N330

and (b) STR5L + CaCO
3
.  The bold lines present storage modulus while light or

dot lines are loss modulus.
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