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ABSTRACT: Master curves of the small strain and dynamic shear
modulus are compared with the transient mechanical response
of rubbers stretched at ambient temperature over a seven-dec-
ade range of strain rates (107% to 10% s7"). The experiments were
carried out on 1,4- and 1,2-polybutadienes and a styrene-butadi-
ene copolymer. These rubbers have respective glass transition
temperatures, Tg, equal to —93.0, 0.5, and 4.1 °C, so that the
room temperature measurements probed the rubbery plateau,
the glass transition zone, and the onset of the glassy state. For
the 1,4-polybutadiene, in accord with previous results, strain and
strain rate effects were decoupled (additive). For the other two
materials, encroachment of the segmental dynamics precluded

INTRODUCTION Applications as diverse as impact protec-
tion," rubber catapults,® skidding tires,®> and possibly even
atherosclerotic blood flow* subject elastomers to both large
strains and high strain rates.>® However, material character-
izations are usually limited to only one of these conditions—
slow straining to the point of failure or rapid displacements
of small amplitude. Consequently, the mechanical response
for many applications is often predicted by extrapolating lin-
ear dynamic data, with the assumption that strain and rate
effects are separable,’'* and that the time-superposition
principle is valid. However, at sufficiently high rates signifi-
cant contributions to the mechanical response arise from the
segmental dynamics, which are omitted if data used for
extrapolations is limited to the rubbery behavior.»*>'¢

Using small strain dynamic measurements to predict the
stress-strain properties at higher rates and higher strains is
analogous to comparing dynamic and steady shear flow vis-
cosities using the empirical rule of Cox and Merz:'”

I (0)];-, = nss(7), 63)]

where |#*| is the magnitude of the complex dynamic shear
viscosity (=|G*//w with |G*| the magnitude of the complex
shear modulus), 7ss the steady-state viscosity measured in a

separation of the effects of strain and rate. These results show
that for rubbery polymers near Ty the use of linear dynamic data
to predict stresses, strain energies, and other mechanical proper-
ties at higher strain rates entails large error. For example, the
strain rate associated with an upturn in the modulus due to
onset of the glass transition was three orders of magnitude
higher for large tensile strains than for linear oscillatory shear
strains. © 2011 Wiley Periodicals, Inc.* J Polym Sci Part B: Polym
Phys 49: 1195-1202, 2011
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flow experiment, o the oscillation frequency, and 7 the
steady-state shear rate. This connection between the
dynamic and steady-state response works reasonably well
for linear polymers,'®*?' and some branched polymers.?%%
Equation 1 is applicable to polymeric melts, because for
crosslinked materials there is no steady-state shearing, only
mechanical equilibrium after relaxation is complete.

Separability of time and strain allows deconvolution of the
viscoelastic contributions from the stress through application
of the Boltzmann superposition principle:**~%’

a(t) = /j E(t — r)dZ—(T)dr, (2)

00 T

where ¢(t) is the strain as a function of time, and E(t - t) is
the linear (strain-independent) relaxation modulus. Equation
2 has been used to determine the form of the relaxation
function consistent with the Cox-Merz rule.'®?® A modifica-
tion allows separation of the stress response from the time
response for higher strains?>*°

de(7)

o(t) = 1 "B - 0g(e) ¥ gr, 3)
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where the damping function g(e) represents the nonlinear,
equilibrium or elastic behavior. For polyisoprene and sty-
rene-butadiene rubbers, time and strain effects have been
shown to be independent, with eq 3 yielding good agree-
ment with experimental stress-strain curves taken to exten-
sions as high as two;'® however, this approach fails when
the sign of the strain changes, for example, for retraction of
stretched rubber.’®3°

Recent models have combined Prony series fits of linear
viscoelastic data with quasistatic or equilibrium stress-strain
data, to predict the mechanical response of a polymer at
high strains and high strain rates.®*»**3132 This approach
simplifies the analysis, in comparison to other large strain
constitutive models.*>*73> The implication of the simpler
approach is that an analog of the Cox-Mertz rule (eq 1)
might be used to predict the sensitivity of stress to strain
rate:

dIng(et)  dIng*
dlny  dlno’

(4)

where a(gt) is the stress as a function of strain ¢ and time ¢
from the transient stress-strain curve, and ¢* is the stress
(=¢|E*| = 3¢|G*|, where |E*| and |G*| are the respective com-
plex Young’'s and shear modulus magnitude, respectively)
found from the linear viscoelastic data, at some arbitrary
strain ¢. This selected strain shifts the ¢* vertically and has
no effect on the slope. This relation suggests similarities
between steady-state shear of a melt and large elastic strains
in rubber, although clearly there are significant differences
as noted above.

The question is whether eq 4 makes accurate predictions for
deformations at rates sufficient to involve the local segmen-
tal dynamics, which govern the onset of the glass transition
relaxation. The segmental dynamics have quite different
properties than the global chain motions probed at longer
times and higher temperatures.>®3¢ To address this issue,
we obtained stress-strain data at ambient temperature for
three rubbers, networks of 1,2- and 1,4-polybutadienes (1,2-
PB and 1,4-PB, respectively) and a linear styrene-butadiene
copolymer (SBR), using a novel instrument to access large
strains over a wide range of strain rates. At the highest rates
encroachment of the local segmental dynamics becomes
apparent, to a degree dependent on the polymer 7.

EXPERIMENTAL

SBR was polymerized using butyl lithium as the initiator,
with the polymer having 64.2% total styrene (*H-NMR),
35.8% present in blocks of three or more repeat units, and
35.8% butadiene that was 47.4% vinyl (1,2-addition prod-
uct). The same initiator was used along with a polar modi-
fier to promote 1,2-addition to synthesize primarily polyvi-
nylethylene (1,2-PB), with 6.8% cyclic vinyl and 5.7% 1,4-
content. The 1,4-PB was a commercial material, Taktene 550
from Lanxess, having 51% trans-1,4-, 38% cis-1,4-, and 11%
vinyl repeat units. Table 1 gives the formulations and the
vulcanization conditions for the polybutadienes; the SBR
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TABLE 1 Formulation (Weight Per Weight of Polymer) and
Cure of the Rubbers Used in This Study

1,4-PB 100 - -
1,2-PB - 100 -
SBR - - 100
Zn0O 3 2.5 -
Stearic acid 2 2 -
Sulfur 1 1.5 -
n-Cyclohexyl-2-benzothiazolesulfenamide 1.2 - -

(Santocure TBBS)

n-tert-Butyl-2-benzothiazolesulfenamide - 1.5 -
(Santocure CBS)

n-(1,3-dimethylbutyl)-n’-phenyl- - 1.5 -
p-phenylenediamine (Santoflex 13)

160 °C 165 °C 80 °C

30 min 20 min 20 min

Cure/molding

retained its shape sufficiently that there was no need to
crosslink it. Table 2 lists the glass transition temperatures of
the three rubbers as measured by differential scanning calo-
rimetry (DSC).

High rate tensile measurements (either ASTM 4482 or ASTM
1822L; samples cut from ~ 1.5-mm thick sheets) were made
at ambient onditions using a drop-weight apparatus de-
scribed elsewhere” The strains were determined from
video images of fiducial marks recorded with a Vision
Research Phantom 7 camera. At the higher strain rates, these
stresses required a correction for inertial effects” Slower
rate tensile measurements (10~* to 0.1 s~!) used an Instron
5500R with an optical extensometer. Dynamic shear experi-
ments were carried out on cylindrical samples (28-mm di-
ameter X 2-mm thick) using a Bohlin VOR rheometer. Adhe-
sion was achieved by painting a 5% solution of the
particular polymer onto the plates, with application of a
14.7 N normal force at room temperature for 30 min, follow-
ing evaporation of the solvent. The shear strain for these
measurements was typically 2%.

RESULTS

In Figure 1, the 1,4-PB transient engineering stress and
strain curves over 5.8 decades of strain rate show a mono-
tonic increase in the slope (i.e, modulus) with rate. Measure-
ments for the 1,2-PB (Fig. 2) at lower strain rates (¢ < 17
s1) are similar, but at higher strain rates (¢> 17 s~ ') the
curves show an upward curvature at large strain (¢ > 2).
Also shown in Figure 2 is the variation of the engineering
strain rate with strain, which is representative of all these
measurements. At rates >300 sfl, a constant deformation
rate is not achieved until strains are around unity because of
instrument inertia. Subtle transient tensile waves (speed ca.
50 m/s) were observed at the beginning of loading (¢ <
0.1), similar to effects described elsewhere.®®° The strain
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TABLE 2 Glass Transition Temperatures and Fitted Parameters
to eq 5 (WLF Equation)

1,4-PB 1,2-PB SBR
Ty (DSC) —93.0°C 0.5°C 4.1°C
Ty (G") —100.0 °C -125°C 25°C
(o 2.468 5.423 7.436
G, (°C) 147.76 58.52 45.76
To (°C) 25 25 25

rate results reported here were determined at higher strains
and do not include these transient effects.

The behavior of SBR (Fig. 3) is different. At lower strain rates,
the curves are similar to those at higher strain rates in Figure
2, displaying a characteristic S-shape. However, at é = 10 s~
the behavior changes. At ¢ < 0.2 the stress increases mark-
edly, then beyond ¢ ~ 2 this upturn is absent, and the failure
strain is lower. At deformation rates greater than 100 s7L the
stress exhibits a maximum at ¢ ~ 0.5, followed by “strain soft-
ening” This is characteristic of yielding, rather than the ane-
lasticity expected for rubbery materials. Video images revealed
subtle necking, as expected for glassy polymers.*® There was

no necking for strain rates below 100 s™*.

To compare the high strain response to the linear visco-
elastic behavior, isothermal loss tangents were measured as
a function of frequency f, then superimposed to form a mas-
ter curve. The loss tangent master curves and complex shear
modulus are shown in Figures 4-6 for 1,4-PB (T = —98 to
25 °C), 1,2-PB (—11 to 25 °C), and SBR (7-49 °C), respec-
tively. The insets of these figures display the temperature-
frequency shift factors ap along with fits to the Williams-
Landel-Ferry (WLF) equation?®
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FIGURE 1 Tensile engineering stress-strain behavior of 1,4-PB,
at the indicated nominal strain rates. Rates were determined
by fitting a straight line to a strain versus time plot.

MA‘“\"‘E"B WWW.MATERIALSVIEWS.COM
]

FULL PAPER

LN B B E R B R B I B

—7070s"

_
o
W
T

-
(=)

™
W

STRAIN RATE (s™)
3

=
Q

Gl
]

-
N
T

10 [

STRESS (MPa)

0 1 2 3 4 5
STRAIN

FIGURE 2 Bottom: Tensile stress—strain behavior of 1,2-PB, at
the indicated nominal strain rates. Top: Strain rate as a func-
tion of strain. At the highest rates, the nominal rate was
achieved at an approximate strain of unity.
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FIGURE 3 Tensile stress-strain behavior of SBR, at the indi-
cated nominal strain rates.
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FIGURE 4 Master curves for 1,4-PB, formed by shifting the loss
tangent (measured frequency range 0.017-100 Hz) and the cor-
responding complex shear modulus magnitude. A breakdown
in time-temperature superposition is evident in the peak of the
loss tangent. Inset: Time-temperature shift factors (log a) for
the corresponding loss tangent master curve. The lines are fits
to the WLF equation (eq 5); the fit parameters are listed in
Table 2.

comparison to the DSC values, the T, defined as the tempera-
ture at which the inverse of the G’ peak frequency
(=[270max] ') equals 100 s.°

All the loss tangent peaks in Figures 4-6 show deviations
from time-temperature superpositioning. This is a well-
known effect of the increasing contribution of the segmental
dynamics, as temperature is decreased.>****” The segmental
modes have a stronger temperature dependence than the
chain modes, and in the transition zone both influence the
response. Nevertheless, the ar are valid for superposition of
the rubbery response up through the onset of this glass
transition.

DISCUSSION

The differences in the behavior of the rubbers (Figs. 1-3)
are a straightforward consequence of their different glass
transition temperatures. For 1,4-PB, the transient measure-
ments fall in the rubbery plateau region of the viscoelastic
spectrum; therefore, the stress is only weakly sensitive to
strain rate. For example, at ¢ ~ 1, a 10-fold increase in rate
increases the stress by just 30%. For 1,2-PB measurements
at the highest strain rates, the segmental modes contribute
to the response (note the upturn in the curves at ¢ > 10 s *

JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2011, 49, 1195-1202

Polymer

WWW.POLYMERPHYSICS.ORG PhySICS

in Fig. 2), and hence the strain rate sensitivity is larger than
for the 1,4-PB; a 10-fold change in rate increases the stress
by 80%. Finally, for the SBR, a rate-induced glass transition
occurs at about ¢ = 102 s~ %, resulting in a qualitative change
in the mechanical behavior with strain rate.

The differences in sensitivity to strain rate of these polymers
is a direct consequence of their different glass transition
temperatures. Near T, changes in strain rate or frequency
produce comparatively larger changes in behavior. This is
also apparent in the nonlinear variation of the ar with tem-
perature. The insets in Figures 4-6 show the shift factors for
the polymers at the same reference temperature 25 °C. The
slope of the shift factors at the reference temperature is
given by

d(logar) Gy
__ =——, 6

e (6)
The values are 0.0167, 0.0926, and 0.163 decades/°C for
1,4-PB, 1,2-PB, and SBR, respectively; hence, SBR is 10 times
more sensitive to strain rate than is the 1,4-PB.

Separability of the rate and strain responses is demonstrated
for 1,4-PB in Figure 7. The curves were displaced along the
logarithmic ordinate to match the ¢ = 1.7 s™' data; the

1,2-PB
G | I A 16"
(Mpa): | ] P 1G'
R i 3
10k
[ -10 0 10 20 E
I TEMPERATURE (°C) 42
101:' ]
I 41
10% ]
P I A S I e
10° 10* 10° 10"
an (Hz)

FIGURE 5 Master curve of the loss tangent for 1,2-PB (meas-
ured frequency range 1072 to 10 Hz) and the corresponding
complex shear modulus magnitude. Breakdown of time-tem-
perature superposition is evident in the peak of the loss
tangent. Inset: shift factors (log ar) for the loss tangent master
curve; the line is a fit to the WLF equation (eq 4), and the fit
parameters listed in Table 2.
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FIGURE 6 Master curve of the loss tangent for SBR (measured
frequency range 10~* to 75 Hz) and the corresponding complex
shear modulus magnitude. Breakdown of time-temperature
superposition is evident in the peak of the loss tangent. Inset:
shift factors (log ar) for the loss tangent master curve; the line
is a fit to the WLF equation (eq 4), and the fit parameters listed
in Table 2.

resulting master curve is within the scatter, except at the
lowest rate. This demonstrates that the strain and rate
responses are additive, conforming to eq 3. At the lowest

o777
141
121
—_— 1_
(0]
o
Z o8l
w
w
&
= 06 —— 150
@ ——14
——1.7
0.185s" —=—0.18
0.4 --- 0.0022
o PO ST WY R [N T ST SN SN N WY S N W N T WY S SN N T
0.0 0.5 1.0 15 2.0 25
STRAIN

FIGURE 7 Master stress—strain curve of 1,4-PB, by vertical shift-
ing of the curves in Figure 1 along the logarithmic ordinate.
The independence from strain rate demonstrates that the time
and strain response are separable.
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rate (0.0022 s 1), the stress falls below the other data for
strains above 1.2. This is ascribed to the mechanically labile
polysulfidic crosslinks, the dissociation of which is slow*~>°
and therefore, becomes significant herein only at the lowest
strain rate. For the 1,2-PB and SBR, the o-¢ data could not
be superposed, as is evident from changes in the shapes of
the curves with strain rate, in Figures 2 and 3.

Figure 8 compares the linear dynamic and the nonlinear
transient responses for 1,4-PB. Because the stress-strain
curves include both dissipated and stored mechanical energy,
the appropriate viscoelastic variable for comparison to the
transient data is the complex shear modulus |G*| (=[(G¢)* +
(G"?1*%). On the ordinate, |G*| was converted to Young’s
modulus by E = 3|G*| and plotted as tensile stress at ¢ =
0.5 (arbitrarily selected to match the vertical location of the
stress-strain data). On the abscissa, the oscillation frequency
@ was converted to uniaxial strain rate using ¢ = 2nf. For
the transient data, the increase in log(stress) with log(strain
rate) is approximately linear, with the least-squares fit indi-
cated in Figure 8 by the dashed lines. The inset displays the
slopes of these fitted power laws as a function of strain;
they are constant within the scatter, 0.048 = 0.011 MPa s.
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FIGURE 8 Sensitivity of stress to strain rate, at the indicated
strains for 1,4-PB; note the log-log axis. The dashed straight
lines are a least-square fit. For comparison, the dynamic modu-
lus E = 3|G*| from Figure 4 is also shown, plotted using unit
strain and area, where the oscillation frequency f in the ab-
scissa was converted to strain rate by ¢ = 2xf. Inset: the slopes
of the least squares fit, with the indicated average, and the
slope of the dynamic data. Error bars give the standard devia-
tion of the fits.

JOURNAL OF POLYMER SCIENCE PART B: POLYMER PHYSICS 2011, 49, 1195-1202

1199



1200

FULL PAPER
10_ T T T T T T
L 1,2-PB
I ¥
_ //,
7 | Y/ L
o
= DYNAMIC
= (£=2.0)
L
o /
-
)] 1 -
1 1 1 1 1

1 1
10° 10" 10 10°
STRAIN RATE (s7)

FIGURE 9 Comparison of the stress-rate curves to the visco-
elastic spectrum of 1,2-PB. The stress at the indicated strains is
from Figure 2. The curve for the dynamic modulus is from Fig-
ure 5, which is converted by E = 3|G#*|, plotted using ¢ = 2, and
with the strain rate converted from frequency by é = 2xf.

The slope for the dynamic data, plotted on the abscissa at
2% strain and fit only to the 25 °C measurements, is 0.0182
+ 0.0004 MPa.s, which is 0.38 times that of the transient
data slope. This difference between the measurements is
greater than the scatter. Thus, dynamic measurements do
not predict the rate dependence of the nonlinear, transient
curves, though the strain rate and stress responses are sepa-
rable. There is a lack of correspondence between oscillatory
frequency and transient strain rates; eq 4 fails. Note this is
not due to any failure of rate-temperature superpositioning,
because these data are within the rubbery regime, where the
superposition principle is valid.

While the Cox-Merz rule is often approximately valid at low
to moderate shear rates (j< 1 s~') for which chain orienta-
tion is the dominant deformation mechanism, the contribu-
tion of chain stretching at high shear rates or in extensional
flow fields is expected to produce deviations.*>°*? This
may explain the failure of the Cox-Merz rule for some
branched polymers,'®?#*® which can undergo strain harden-
ing, although there are other examples of branched polymers
that exhibit correspondence between dynamic and steady-
state viscosities.”>** Considering the contribution from chain
stretching, the difference between the slopes of the transient
tensile and linear dynamic shear data is unsurprising.

Comparison of the linear dynamic to the transient results for
1,2-PB is shown in Figure 9. The transient data are nearly par-
allel with upward curvature, qualitatively different from the
dynamic data. Regardless, assessments of strain energy, heat
buildup, and related quantities are commonly based on linear
viscoelastic dynamic measurements.?>>>>¢ Figure 10 plots the
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FIGURE 10 Comparison of strain energy predicted by the linear
dynamic measurement, to the actual strain energy from the
stress—strain measurements, for 1,2-PB, found by integrating
the curves in Figure 2. The predicted strain energy was found
from Figure 5 using eq 7, with the strain rate converted from
frequency by ¢ = 2xf.

strain energy for the 1,2-PB from integration of the o-¢ curves
(Fig. 2) for several strains. For comparison, Figure 10 shows
the strain energy calculated from the dynamic data by

1 3
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FIGURE 11 Comparison of Young’s modulus from the transient
stress—strain curves to the dynamic data for SBR. The transient
modulus was determined by polynomial fits to Figure 3; and
the dynamic modulus converted from Figure 6 (see text for
details). The dashed line is a least-squares fit to the transient

data when & < 100 s .
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using the conversion E = 3|G*|, with ¢ = 2 arbitrarily
selected to match the vertical position of the stress-strain
curves. The shape of the dynamic response does not match
that of the transient data; thus, the strain energy calculated
from linear dynamic measurements cannot be used to pre-
dict the energy for nonlinear strains. The upturn due to the
onset of the transition zone occurs at a lower rate in the
transient measurements than in the dynamic measurements.

In Figure 11 for the SBR, the modulus at ¢ = 0.1 (before
necking) was obtained by fitting a polynomial to the o-¢
curves. This is plotted against the instantaneous strain rate
and compared with the dynamic modulus (again using E =
3|G* and & = 2xf). At the lowest rate (~ 4 x 10~ * s™1), the
two measurements agree. However, the slope of the dynamic
curve is approximately one-half that for the transient data,
similar to the behavior in Figure 8 for 1,4-PB. At é~ 0.1 s,
there is a significant increase in the slope of the dynamic
data, because the segmental modes are beginning to contrib-
ute to the response, signifying the onset of the glass transi-
tion. Contrarily, the corresponding slope from the transient
curve does not show such a change at this strain rate. For
the transient data, the increase in slope commences around
é~ 100 s7', in agreement with the rate at which glassy de-
formation begins (i.e, necking and strain softening). Thus,
the rate that induces a transition to the glass in the transient
measurements is about three orders of magnitude greater
than the corresponding transition frequency in dynamic
experiments. For both 1,2-PB and 1,4-PB, at low rates within
the rubbery plateau region, the dynamic and transient data
at low strain agree. For 1,2-PB at high rates, there is a diver-
gence, with the upturn in the transient measurements occur-
ring at lower strain rates than the corresponding dynamic
frequency, similar to the behavior in Figures 9 and 10.

CONCLUSIONS

For the 1,4-PB, which is within the rubbery plateau zone at
room temperature, the transient stress-strain experiments
conform to rate-strain separability. However, as shown in
Figure 8, the variation of the modulus with strain rate is
about twice its variation with dynamic (oscillation) fre-
quency. For both the 1,2-PB and SBR, the local segmental
modes begin to contribute to the transient stress-strain
response at higher frequencies, with this encroachment of
the transition zone convoluting the effects of strain and rate.
This means that the mechanical response cannot be
described using eq 3. In addition, the effects of rate on the
transient stress differ substantially from the effects of fre-
quency on the dynamic data. Interestingly, the differences
between the transient and dynamic behaviors are not con-
sistent: For 1,2-PB, the transient upturn occurs at a fre-
quency about three orders of magnitude lower than the
upturn in the dynamic modulus; for SBR, the upturn in the
transient response occurs at a frequency three order of mag-
nitude higher than for the dynamic data. Thus, extrapolation
of linear dynamic measurements to obtain predictions of
stresses, strain energies, and related quantities of rubbery
polymers near T, can lead to substantial errors. The infer-
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ence from the Cox-Merz rule that steady-state shear defor-
mation is approximately analogous to large transient strains
is not correct.
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