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ABSTRACT: It has been investigated whether the stress build-up and the stress relax-
ation involved in a Mooney test, with subsequent Mooney stress relaxation, can be
described by nonlinear viscoelastic theory, more particularly the Wagner constitutive
model. For this purpose, the viscoelastic behavior of three nonvulcanized EPDM ma-
terials, with similar Mooney viscosity but varying elasticity, has been studied. Relax-
ation time spectra were obtained from dynamic mechanical experiments, from which
the step-strain stress-relaxation modulus was calculated. Stress build-up experiments
were performed with a cone and plate system in order to obtain the so-called damping
function (a measure for the deformation sensitivity) of the materials. Using these
material functions, the Mooney test was successfully described with the Wagner con-
stitutive model. Experimental and theoretical Mooney stress-relaxation rates are in
close agreement. The predicted Mooney viscosity is up to 25% lower than the measured
value. This may be due to nonideal conditions during the Mooney test, such as inho-
mogeneous heating and secondary flows, and to inaccuracy of the damping function.
The model calculations confirm the strong experimental dependence of Mooney mea-
surements on small variations in instrumental conditions such as geometry, rotation
speed, and so forth. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 1220–1233, 1999
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INTRODUCTION

The Mooney viscosity test (ASTM D 1646) is
widely used for product specification and quality
control of non-vulcanized rubbery materials. Ad-
ditionally, Mooney stress relaxation (after the
cessation of steady flow) was introduced1,2 in or-
der to provide additional information on the elas-
ticity of the material. Standard instruments have
been developed that allow for routine investiga-
tion, according to the rules of the norm, to deter-
mine the Mooney viscosity and the Mooney stress-

relaxation rate (MSR). Because of the very large
deformations applied during the Mooney test
(typically several hundred shear units), the re-
sults are highly nonlinear viscoelastic. Therefore,
the relation between Mooney results and linear
viscoelastic material functions, such as the step-
strain stress-relaxation modulus, well known to
be a sensitive indicator for details of the molecu-
lar structure, is not straightforward.

Dynamic mechanical analysis, which gives di-
rect access to the linear viscoelastic material
functions, is widely used for rheological charac-
terization of polymeric melts and rubbers. Harrell
and Nakajima3 introduced a modified Cole–Cole
plot, plotting the loss modulus G0 versus the stor-
age modulus G9 (with varying frequency), in order
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to emphasise the effects of broadening the molar
mass distribution and of the presence of long-
chain branching on the viscoelastic properties of
nonvulcanized rubbers. Similarly, Booij4 pro-
moted the use of a so-called Dd-value, the differ-
ence between the phase angle d at an angular
frequency of 100 rad/s and at 0.1 rad/s, as an
indicative parameter for the presence of long-
chain branching (LCB) in nonvulcanized EPDM
rubbers. Low Dd-values indicate the presence of a
significant level of LCB.

Experimental practice suggests some correla-
tion between the Mooney stress-relaxation slope
and the dynamic mechanical properties,5 for ex-
ample, the Dd-value. Vennemann and Lüpfert2

analyzed the Mooney stress-relaxation curves
with Fourier analysis, thus extracting the loss
tangent (tan d). However, because the Mooney
test is highly nonlinear, whereas the dynamic test
is performed in the linear viscoelastic range, re-
lations between Mooney results and the small-
strain dynamic mechanical properties are not
self-evident. These results triggered a theoretical
investigation of the Mooney viscosity and the
Mooney stress-relaxation test.6 It was shown that
Mooney stress relaxation, in general, strongly dif-
fers from stress relaxation at small strain. For
example, if the Mooney test were a linear vis-
coelastic test, hardly any stress relaxation would
occur during the time interval studied. Thus, it
can be concluded that the Mooney test is highly
nonlinear, and can be correctly described only
with nonlinear theories. For this purpose, the
Wagner constitutive model7 or, more generally,
the K-BKZ constitutive equation7 (as described by
White8), may be used. The analytical treatment in
the earlier study6 has shown the potentials of this
approach. However, in view of the simplifications
used in the analytical treatment, as well as of the
nonuniform deformation field in the Mooney test
cell (disc type rotor), a numerical treatment is
necessary to obtain a complete description.

For this purpose, the calculation scheme em-
ployed by Nakajima and Harrell9 and by White
and Tokita10 can be used. Assuming a power-law
viscosity function for the rubber, they integrated
the stresses over the whole flow field in the
Mooney test cell in order to calculate the torque
during steady shear flow. Dove and coworkers11

used a modified Maxwell element, replacing the
damper by a power-law liquid, in order to describe
also the stress-relaxation part. In this study, a
full nonlinear viscoelastic description is applied,
which allows for the calculation of both the stress
build-up and the stress relaxation.

EXPERIMENTAL

Three nonvulcanized sample EPDM materials
(samples a, b, and c) with similar Mooney viscos-
ity, but significantly different elasticity, were se-
lected (Table I).

Dynamic mechanical experiments in shear
with angular frequencies between 10–4 and 102

rad/s were performed at 125°C with a Rheometric
Scientific DSR200 controlled-stress rheometer,
equipped with a 25-mm diameter parallel plate
geometry.

Stress build-up and relaxation experiments in
shear were performed with a Rheometric Scientific
controlled-strain rheometer RMS800, equipped
with a cone-and-plate geometry with a cone angle of
0.2 radians (>11.5 degrees). Experiments were per-
formed at shear rates of 0.01 and 0.04 rad/s with a
total shear time of 1000–3600 sec, after which the
stress relaxation was recorded. These shear rates
are 1 to 2 decades lower than the rate applied dur-
ing a Mooney test. Stress build-up, even at these
low shear rates, caused distortion of the sample
geometry at high shear; therefore, the data at the
longest times or highest shear are less reliable.
Higher shear rates would result in even more dis-
tortion of the samples, whereas normal forces would

Table I Characteristics of the Samples from the Mooney Test and
the Dynamic Mechanical Analysis at 125°C

Material
ML (1 1 4)

Experimental
MSR

Experimental Dd°

ML Predicted
from DMA with

Cox–Merz

a 46.7 0.916 37.0 34.8
b 44.2 0.640 17.0 34.2
c 46.2 0.460 5.4 45.3
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become too high for the instrument. Therefore,
higher shear rates could not be used. The samples of
material c (highest elasticity) repeatedly failed dur-
ing the stress build-up experiments. As a conse-
quence, no stress-relaxation curves could be ob-
tained for this material.

Mooney measurements were performed with a
Monsanto MV2000 Mooney viscometer. The
Mooney viscosity ML (1 1 4) was measured at
125°C, according to the ASTM D1646 standard.
The Mooney viscosity was calculated as the
torque after 1 min preheating and 4 min shearing
(2 rev/min) with the standard large rotor. The
Mooney stress relaxation rate (MSR) was deter-
mined from the slope of the double logarithmic
decay of the torque M between 1.2 and 6 s after
rotor stop (i.e., the exponent a in M(t) 5 K*t–a).
Details of the sample chamber geometry can be
obtained from the ASTM standard. Because of the
disc-shaped rotor, a nonuniform deformation field
is applied to the sample. At the rotor center the
deformation rate is zero, whereas at the rotor
edge the deformation rate between the rotor and
the upper and lower plates amounts to about 1.57
s–1. After a rotation time of 240 s, this results in a
total deformation of about 380 shear units, which
is far beyond the linear viscoelastic range.

Table I lists the sample characteristics as de-
termined with the Mooney test and with dynamic
mechanical analysis at 125°C.

THEORY

As in Struik’s earlier study in this series,6 we
attempt to describe the Mooney stress build-up
and relaxation with the Wagner constitutive
model for the nonlinear viscoelastic behavior of
polymer melts,7 which is an extension of the lin-
ear viscoelastic theory incorporating the deforma-
tion sensitivity of the material via a so-called
damping function.

Linear viscoelastic theory (Boltzmann integral)
states that the shear stress s at time t is given by
the integration over the history j (2` # j # t) of
the deformation [g(t) 2 g(j)] multiplied with the
memory function m(t 2 j):

s~t! 5 E
2`

t

m~t 2 j!@g~t! 2 g~j!#dj (1)

in which

Figure 1 The dynamic mechanical properties of the three EPDM materials.
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m~t! 5 2
G~t!

t (2)

The memory function m(t) can be determined
from the time derivative of the step-strain stress
relaxation modulus G(t). Alternatively, an oscilla-
tory experiment can be performed, since the dy-
namic moduli can be converted into the stress-
relaxation modulus.12 The dynamic results may
also be converted into the relaxation time spec-
trum, from which both the memory function and
the stress-relaxation modulus can be derived. For
reasons of computational ease the latter approach
was adopted. Calculations were performed with
the program IRIS™ (Baumgärtel and Winter),
specially designed for this purpose.

Wagner introduced a modification of the linear
theory in order to take the deformation sensitivity
(nonlinear behavior) of the material into account.
For this purpose, the separability of strain and
time effects was incorporated. A so-called damp-
ing function h(g), describing the deformation sen-
sitivity of the material, was introduced into the
kernel of the integral:

s~t! 5 E
2`

t

m~t 2 j! z uh~g~t! 2 g~j!!u

z @g~t! 2 g~j!#dj (3)

For small strains, h(g) 5 1; h(g) decreases with
increasing strain g, indicating that large strains
cause relatively smaller stresses. Wagner has
shown13 that stress build-up experiments are well
suited for determining the damping function h(g),
provided that the linear viscoelastic behavior of
the material is known. Wagner proposed to ex-
tract the damping function from the stress build-
up curve (g(t) 5 ġt with ġ 5 const) using13:

h~g! 5

s~t!
G~t! 2 E

0

t

s~t9!
m~t9!
G2~t9!dt9

ġt (4)

Figure 2 The relaxation time spectra of the three EPDM materials.

Figure 3 The calculated stress-relaxation curves.
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in which s(t) is the measured shear stress at time
t, whereas m(t) and G(t) are the memory function
and the (step-strain) stress-relaxation modulus,
respectively, as determined with the linear vis-
coelastic (dynamic or step-strain) experiments.

RESULTS

The Linear Viscoelastic Response

Figure 1 shows the results of the dynamic me-
chanical measurements on the three EPDM ma-
terials. The dynamic modulus Gd 5 uG*u is plotted
along the left axis, whereas the phase angle d is
plotted along the right axis, both as a function of
angular frequency v.

The materials show a clear distinction in the
elasticity at angular frequencies below 10 rad/s,
which is attributed to a varying content of long-
chain branching.4 The Dd-value, the difference

Figure 4 a. The stress build-up during steady shear
with a rate of 0.01 s–1. 4b. The stress build-up during
steady shear with a rate of 0.04 s–1.

Figure 5 a. The stress relaxation after steady shear
with a rate of 0.01 s–1. 5b. The stress relaxation after
steady shear with a rate of 0.04 s–1.

Figure 6 The damping functions in shear of the three
EPDM materials.
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between the phase angle at 0.1 rad/s and at 100
rad/s is listed in Table I for the three materials.
Sample a, which is the least elastic, shows a
shoulder in the phase angle at intermediate fre-
quencies and an increase to 90 degrees at the
lowest frequencies. This indicates that the mate-
rial behaves nearly Newtonian on a time scale of
104 s or more. By contrast, sample c, which is the
most elastic, shows a nearly frequency indepen-
dent and low value of the phase angle. On a time
scale of 104 s, no tendency toward Newtonian
behavior is observed. Meanwhile, its low-fre-
quency dynamic modulus is much higher than
that of the other two materials. The large differ-
ence in elasticity of the materials in the low-
frequency range clearly illustrates the sensitivity
of dynamic measurements to long-chain branch-
ing as was shown earlier by Harrell and Naka-
jima3 and Booij.4

Experience has shown that the dynamic viscos-
ity hd at v 5 1 rad/s can be used as an estimate of
the Mooney viscosity: ML (1 1 4) 125°C ' hd(v
5 1 rad/s, T 5 125°C)/2000[Pa*s]. This approxi-
mation is based on the Cox–Merz rule hd(v) ' h(ġ
5 v). A similar equation has been proposed by
Ninomiya and colleagues.14 The Mooney viscosity
as calculated from the dynamic experiments
(DMA) has been included in Table I.

Figure 2 shows the discrete relaxation time
spectra as calculated from the dynamic results
with the program IRIS™.

The program is constructed such that the min-
imum number of relaxation times are selected to
describe the dynamic data accurately. For the
EPDM materials studied, 10 to 12 relaxation
times are sufficient. Figure 2 shows the intensi-
ties gi [Pa] (y-axis) of the various relaxation times
li [s] (x-axis). From this figure it can be clearly
recognized that increasing elasticity is associated
with higher intensities (gi) at longer relaxation
times (li). For sample c, the spectrum is probably
truncated at long times because the measurement
time was too short for accurate determination of
the slowest relaxation processes.

Using these relaxation time spectra both the
stress relaxation modulus G(t) and the memory
function m(t) of the materials can be calculated
with

G~t! 5 O
i

gie2t/li (5)

and

m~t! 5 2
G~t!

t 5 O
i

gi

li
e2t/li (6)

Figure 3 shows the stress relaxation modulus G(t)
as a function of time for the three materials. For
t’ . 0.1 s, the curves resemble a power law curve
G(t) ; t–n as used by Struik for his calculations in
the earlier study.6

The Nonlinear Viscoelastic Response

Figures 4a and b show the shear stress versus
time for the three materials during the stress
build-up in the RMS800. Figures 5a and b show
the stress relaxation experiments. Shear rates
were 0.01 and 0.04 rad/s. The symbols in Figures
4 and 5 are the experimental results, whereas the

Figure 7 Schematic view of the Mooney test cell.

Table II Damping Function Parameters for the
Three Materials

Material f n1 n2

a 0.546 0.134 0.274
b 0.459 0.368 0.177
c 0.440 0.512 0.137
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lines are the results of constitutive modeling as is
discussed later.

Figures 4a and b show for all materials in the
beginning a sharp increase of the shear stress
with time. After 30 to 100 s the shear stress levels
off and reaches an equilibrium value. At higher
shear rates the equilibrium is obtained after
shorter shear times, but at comparable total
strain. During the stress build-up experiments a
total shear of 10–40 is applied, which is in the
nonlinear viscoelastic range, though less far than
in the Mooney test. However, since the equilib-
rium stress is obtained at a strain of about 2–3,
extrapolation to higher strains (100–400) seems
possible without introducing large errors. Figure
6 depicts the damping functions for the three
materials as a function of the deformation g.

Sample c, the most elastic material, is slightly
more deformation sensitive at small strains than
the materials a and b. However, at higher strains,
sample c is clearly the least deformation sensi-
tive. It appears that EPDM materials become less
deformation sensitive with increasing LCB con-
tent. This phenomenon is well known from liter-
ature for polyethylenes.15

The damping function in shear is often mod-
eled with an exponential function of the total

shear g with one or more terms. We obtained a
good description when two terms are used, with
the first quadratic in the deformation g.

h~g! 5 f z e2n1g2
1 ~1 2 f ! z e2n2g (7)

The values of f, n1, and n2 giving the best descrip-
tion are listed in Table II. This table demon-
strates the slightly larger deformation sensitivity
of the materials with higher LCB content at
smaller deformations (increasing n1-coefficient)
and, more significantly, the lower deformation
sensitivity at larger strain (decreasing n2-coeffi-
cient and increasing weight f ).

Using the damping function and the relaxation
time spectrum, the stress build-up and relaxation
were calculated with the Wagner constitutive eq.
(3). The curves in Figures 4 (build-up) and 5 show
the results of these calculations. An accurate de-
scription of the build-up is obtained for all sam-
ples. The stress relaxation is overestimated at
long times, mainly for sample a, at the highest
shear rate. This might indicate that the actual
damping is less than the damping function pre-
dicts or that the relaxation time spectrum is trun-
cated. Note that the stress relaxes only slightly

Figure 8 Calculated Mooney stress build-up curves. The symbols show the stress due
to the upper and lower rotor surfaces and the lines, the total stress.
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during the first 10 s after rotor stop (determina-
tion of the MSR), similar to the predictions from
linear viscoelastic theory by Struik,6 but in con-
trast to the experimental observations of the
Mooney stress relaxation.

Modeling of the Mooney Test

In Figure 7, the Mooney test cell with the large
rotor is depicted, which according to the ASTM
standard D1646 can be used for the Mooney vis-
cosity and relaxation measurements.

Usually, the rotor and the walls of the cell are
serrated in order to minimize slip effects. The
rotor is rotated with 2 revolutions per minute.
Standard measurement temperature for EPDM
rubber is 125°C.

In view of the construction of the cell, three
deformation regions I, II, and III (see Fig. 7) have
to be considered:

1. Between the rotor and the upper plate of
the cell (region I)

2. Between the rotor edge and the sidewall
(region II)

3. Between the rotor and the lower plate of
the cell and the rotor shaft (region III)

Neglecting the influence of the rotor shaft, re-
gions I and III are identical. Because of the
disc-shaped rotor, a deformation gradient
ranging from zero shear at the rotor center to
maximum shear at the rotor edge (radius 5 R)
is present in these regions. In region II, be-
tween rotor edge (r 5 R) and the sidewalls (r

Figure 9 Calculated Mooney stress relaxation curves. The symbols show the stress
due to the upper and lower rotor surfaces and the lines, the total stress.

Table III Mooney, Relaxation Slope, and d-Values for the Three EPDM Materials

Material

ML (1 1 4)
Calculated

Wagner

MSR
Calculated

Wagner
d °

(v 5 0.1 rad/s)
d °

(v 5 100 rad/s)
Slope, G(t)
(t 5 10 s)

a 34.6 0.951 63.5 26.5 0.77
b 33.0 0.627 45.1 28.2 0.46
c 42.7 0.467 32.3 26.9 0.32
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5 Re), the deformation gradient along the rotor
surface is zero. Following Leblanc,16 the total
torque M on the rotor can be calculated from:

M 5 2 z E
0

R

2pr~rsuz!dr 1 2pRh@R~sru!R# (8)

in which suz and sru are the shear stresses on the
surfaces (at a given radial position) and on the
edge of the rotor, respectively. The shear stresses
can be calculated with the Wagner constitutive
eq. (3), making use of the damping functions and
the memory functions as derived from the stress
build-up experiments (RMS800) and the dynamic
experiments (DSR200), respectively. The shear
rates in the various regions are:

ġ~r! 5 Vr/L with 0 , r , R (9)

at the rotor surface (region I/III) and:

ġ~R! 5 2VR2/~Re
2 2 R2! (10)

at the rotor edge (region II), in which V is the
rotation speed (rad/s) of the rotor. In the case of 2
revolutions per minute (V 5 0.21 rad/s), the de-
formation rate at the rotor surfaces ranges from 0
to 1.57 s–1, whereas the rate at the rotor edge
amounts to about 0.54 s–1.

The total torque on the rotor, calculated with
eq. (8), can be easily converted into Mooney val-
ues using the definition according to the ASTM
standard that a torque of 0.083 N m–1 equals one
Mooney unit.

Figures 8 and 9 show the results of the calcu-
lations for the stress build-up and relaxation ex-
periments on the three materials, where the
torque is given in Mooney units.

The curves give the total torque, whereas the
symbols show the results for regions I and III, thus
without the rotor edge. The figures show that 20 to
30% of the torque is due to the rotor edge, that is, it
is not allowed to ignore the edges. The calculated
ML (1 1 4) 125°C values are listed in Table III.

DISCUSSION

The Mooney Viscosity

Figure 10 shows the experimental Mooney vis-
cometer curves. Several conclusions can be drawn
from Figures 8, 9, and 10 and Table III.

● Qualitatively, the calculated results resem-
ble the actual Mooney curves measured with
the Mooney viscometer (Fig.10). During the
first minute of stress build-up a pronounced
maximum in the torque is predicted, similar
to the stress peak during the Mooney test,
after which a steady value is obtained. The
model calculations predict, in accordance
with theoretical predictions,6 that the stress
peak occurs within 15 s after rotor start

● The model calculations indicate, again in ac-
cordance with theoretical predictions,6 that
the maximum is weak (,110% of steady
value) for sample a (the least elastic mate-
rial), stronger ('120%) for sample b, and
most significant (.130%) for sample c (the
most elastic material). By contrast, the ac-
tual Mooney results show for all samples a
comparable and much larger magnitude
('190%) of the maximal torque.

● The model calculations predict that the
steady state is obtained within 30 s after
rotor start, whereas the actual Mooney test
results show that the decrease of the torque
in time continues for more than 4 min.

● Comparison of Table I and Table III shows
that the predicted and the measured steady-
state values for the Mooney viscosity differ
significantly. Except for sample c, the pre-
dicted Mooney viscosities are up to 25%
smaller than the measured values. By con-
trast, the predictions are in close agreement
with the results from the dynamic tests (Ta-
ble I). The Cox–Merz relation seems to hold

Figure 10. The experimental Mooney stress build-up
curves.
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and predicts the steady-state viscosities in
agreement with the Wagner model calcula-
tions.

Several effects may account for the differences
between calculations and experiments:

● Inaccuracy or strain-rate dependence of the
(extrapolated) damping functions (e.g., the
deformation sensitivity is overestimated).

● Truncated relaxation time spectra, underes-
timating the longest relaxation times.

● Incomplete description of the sample cham-
ber geometry; for example, the corners con-
necting regions I and II and regions II and III
are not taken into account. Therefore, the
calculated stress level may be too low.

● Experimental artifacts during the Mooney
test such as:

1. Nonuniform heating and insufficient ther-
mal equilibration in the Mooney test cell
(some evidence for this is presented in the
appendix).

2. Settling effects (after filling) in the Mooney
viscometer lasting more than 1 min, which

may broaden the torque maximum and
cause the torque to decay continuously.

3. Secondary flow in the Mooney viscometer,
induced by the generated normal forces,
which causes the torque to increase.

4. Effects due to the serrated plates and cell
walls. In the calculations a flat rotor and
flat surfaces were assumed.

5. Sample constriction and failure in the
Mooney viscometer due to the large defor-
mations, similar to the effects that oc-
curred in the RMS800 rheometer during
the stress build-up measurements (e.g.,
sample c), causing the experimental
Mooney to be too low.

In view of these possible sources of errors, espe-
cially the experimental artifacts, no further at-
tempts were made to improve the accuracy of the
description.

The Mooney Stress Relaxation

Figure 11 shows the experimental (symbols) and
the calculated (lines) Mooney stress relaxation of
the three materials. The torque was normalized
to the steady-state value ML (1 1 4) 125°C at
rotor stop.

Figure 11 The experimental Mooney stress relaxation (symbols) and the calculated
curves (lines).
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Figure 11 shows that the slopes of the experi-
mental and the calculated stress relaxation
curves are in good agreement. The differences in
the absolute values between the experimental
and the calculated torques, though normalized,
are probably due to the possible experimental
artifacts as discussed earlier.

The Mooney stress-relaxation rate (MSR) was
determined from these curves by performing a
linear regression analysis on the logarithm of the
stress versus the logarithm of time. Figure 11
shows that the power law approximation used for
the calculation of the MSR is valid over a limited
time interval, in accordance with the theoretical
predictions by Struik.6 The experimental and cal-
culated MSR values are listed in Table III. A very
good agreement, within 4%, between calculated
and experimental MSR is obtained. This indicates
that the stress-relaxation part of the Mooney test,
during which no flow occurs in the test cell, is
accurately described with the Wagner model.

Finally, Table III also contains the slope of the
stress relaxation modulus G(t) versus time at t
5 10 s after the application of a step-strain (cal-
culated from the relaxation time spectra) and the
experimental phase angles d obtained from the
dynamic measurements at v 5 0.1 rad/s and at v
5 100 rad/s.

The Dd-parameter, Dd 5 d(0.1 rad/s) 2 d(100
rad/s), was introduced4 as an indicator for the
presence of long-chain branching (LCB) in EPDM
materials. The phase angle at v 5 100 rad/s
mainly depends on the molar mass (Mooney level)
of the material, whereas the phase angle at v
5 0.1 rad/s is also strongly influenced by the
elastic effects due to LCB.4 Therefore, the differ-
ence of these angles was found to be a good, mo-
lar-mass independent (i.e., Mooney independent)
indicator for the presence of LCB.

No simple relation between Dd and the slope of
the stress-relaxation modulus versus time is to be
expected. However, in agreement with earlier
theoretical findings by Booij and Thoone17 the
theoretical relation between the phase angle d
[deg] at v 5 0.1 rad/s and the slope of the stress
relaxation modulus at t 5 1/v 5 10 s is experi-
mentally found:

Theoretical:
2  log G~t!

 log t <
 log G~v!

 log v
U

~v51/t!

< d°/90 (11)

Experimental:
2  log G~t!

 log t

< @0.011 6 0.001# z d~0.1rad/s! (12)

For the Mooney stress-relaxation rate (MSR) such
theoretical relations are neither known, nor ex-
pected.6 In this study, we empirically found that

Experimental: MSR

< ~0.0140 6 0.0001! z d~0.1 rad/s! (13)

In contrast to (small) step-strain stress relax-
ation, the stress relaxation after the cessation of
steady shear flow depends strongly on the exper-
imental conditions; for example, the deformation
rate during the preceding stress build-up mea-
surement has a very large effect. At very low rates
(linear viscoelastic regime) only minor stress re-
laxation is to be expected during the first 10 s
after the cessation of flow. This is illustrated in
Figure 12, which shows the predicted stress-re-
laxation curves of material a after shearing with
various rates. With increasing shear rate, the
slope of the stress-relaxation curve increases
sharply. This confirms the strong experimental
dependence of Mooney viscosity and Mooney
stress relaxation on small variations in instru-
mental conditions such as the geometry, the rota-
tion speed of the rotor, and so forth. Therefore,
these should be accurately controlled in order to
obtain reliable and reproducible results. Dynamic
measurements and step-strain stress-relaxation
measurements in the linear viscoelastic regime
are less critical in this sense.

Figure 12 Stress relaxation curves at various shear
rates.
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It is concluded that the measured MSR is not a
linear viscoelastic property, but due to a combined
effect of both linear (spectrum) and nonlinear
(damping function) viscoelastic properties of the
material. Therefore, no simple theoretical relation
between the MSR and linear viscoelastic properties
(such as the slope of the stress-relaxation modulus
or the Dd), valid for all types of nonvulcanized rub-
ber materials, is to be expected. The Mooney stress-
relaxation curve differs strongly from the stress re-
laxation at low strain.

It should be noted that the Mooney viscosity is
a single-point parameter, which in this case, for
example, displays only minor variations among
the three types. This could suggest a comparable
processibility of the materials. However, differ-
ences in elasticity, as found from the Mooney
stress relaxation MSR, indicate that this is not
the case. From dynamic mechanical analysis, the
curve of the dynamic viscosity hd versus angular
frequency v can be obtained (Fig. 13). Assuming
the validity of the Cox–Merz rule (the dynamic
viscosity at angular frequency v equals the
steady-state viscosity at ġ 5 v), Figure 13 shows
the complete flow curves of the materials.

This figure clearly displays the significantly
different flow behavior of the three materials at

lower shear rates. These differences are of partic-
ular importance for those processing and material
properties, which are related to the low or zero
shear viscosity. For material a, the zero-shear
viscosity can be extracted, which is not the case
for the other two materials. Although the Mooney
viscosities of the materials are about equal, the
zero shear viscosities appear to be significantly
different. For material c, it is probably several
decades higher than for material a. By contrast,
at high shear rates occurring during high-speed
processing, material c has the lowest viscosity
and the processibility order seems to be reversed.
Thus, the combination of Mooney viscosity and
Mooney stress-relaxation rate offers more insight
into the processibility of the materials. The re-
sults presented here show the added value of dy-
namic mechanical analysis over the Mooney test,
as was also concluded by Breemhaar and cowork-
ers18 on the basis of more empirical evidence.

CONCLUSIONS

● Mooney stress build-up and stress relaxation
can be described with nonlinear viscoelastic
theory.

Figure 13 The dynamic viscosity of the three EPDM materials versus the angular
frequency.
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● The Wagner integral constitutive equation is
suitable for this purpose.

● Relaxation time spectra and damping func-
tions, the input for the Wagner model, can be
extracted from oscillatory measurements
and from stress build-up and relaxation ex-
periments at low shear rates with a cone-
and-plate geometry, respectively.

● The Mooney viscosity calculated with the
Wagner model, taking the sample cell geom-
etry into account, agrees to within 25% with
the measured values. Experimental artifacts
during the Mooney test probably account for
a major part of these deviations.

● The Mooney stress-relaxation rate calculated
with the Wagner model, again taking the
sample cell geometry into account, agrees
within 4% with the experimental values.

● Both the Mooney viscosity and the Mooney
stress-relaxation rate are highly nonlinear
viscoelastic properties.

● The theoretical relationship between the
phase angle from oscillatory measurements
and the slope of the small-strain stress-relax-
ation modulus as a function of time is exper-
imentally confirmed.

● For the MSR, no theoretical relationship
with the phase angle exists. The experimen-
tally observed correlation with the phase an-
gle at v 5 0.1 rad/s is the result of a complex
interplay between the relaxation time spec-
trum and the damping function, and holds
only for the given experimental conditions
and the studied materials.

● MSR and ML are single-point measure-
ments, which each on its own reveal only
limited information about the complex rheo-
logical behavior of EPDM. Their combination
is much more powerful. The benefit of dy-
namic mechanical analysis is reconfirmed.

APPENDIX

The Effect of Thermal Equilibration on the Mooney
Curves

In order to obtain adequate thermal equilibrium
before starting the Mooney measurements, the

Figure 14 a. Experimental Mooney stress build-up
curves for sample a after various thermal equilibration
times. For clarity, all curves were shifted to a fictive
starting time of 1 min. 14b. Experimental Mooney

stress build-up curves for sample c after various ther-
mal equilibration times. For clarity, all curves were
shifted to a fictive starting time of 1 min.
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standards commonly prescribe 1-min equilibra-
tion time after inserting the sample in the viscom-
eter cell. In our laboratory, it was investigated
whether this time interval is sufficient (unpub-
lished results). The effect of thermal equilibration
time on the Mooney curves was investigated by
varying the equilibration time between 1 and 10
min. Figure 14a and b show the results for sample
a and c. It appears that thermal equilibrium is
not obtained during the standard 1-min equilibra-
tion time. Due to nonuniform heating a much
larger stress peak occurs, especially for the least-
elastic sample a (Fig. 14a). The curves after at
least 4-min equilibration are more nearly similar
to the calculated curves than the data obtained
after 1-min equilibration. Nonuniform heating
probably accounts for the major part of the differ-
ences between theoretical calculations using the
Wagner constitutive model and the experimental
Mooney results.
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