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ABSTRACT: Flow-induced anisotropic thermal conduction in a polyisobutylene melt subjected to shear
deformations is studied experimentally. Time-dependent measurements of the full (four components)
thermal diffusivity tensor following step shear strain flow are presented. These data were obtained with
a novel experimental setup based on the optical technique of forced Rayleigh scattering. Birefringence
and stress measurements are made for the same flow, and the well-known stress-thermal rule is found
to be satisfied. Thermal diffusivity data and stress data are used to test directly the stress-thermal
rule, which is also satisfied for the two cases considered. Consideration of stress-thermal coefficients
from the present and previous studies gives preliminary evidence that flow-induced anisotropic thermal
conduction is a universal phenomenon for flexible polymers.

Introduction
Polymer processing flows such as fiber spinning, blow

molding, and injection molding are common examples
of processes where a flowing polymer liquid is solidified
so that a final product with the desired shape and phys-
ical properties is produced. The external addition/re-
moval of heat required by these operations combined
with the dissipation of large amounts of energy makes
polymer processing flows inherently nonisothermal.1,2

In addition, it is well-known that polymer viscosity and
relaxation time are strong functions of temperature.
Hence, the flow of polymer liquids involves a complex
interaction of mechanical and thermal transport pro-
cesses.3-5 The mechanical, or rheological, behavior of
polymer liquids has been an active area of research for
more than 50 years.6,7 Research on thermodynamics and
thermal transport in flowing polymers, while far behind
rheology, has increased significantly over the past
decade.8-10

A small body of theoretical work indicates that
thermal conductivity is anisotropic in deforming poly-
mer liquids.11-13 For such systems, Fourier’s law for the
energy flux q is

where T is the temperature field and k is the thermal
conductivity tensor. Using a simple network model for
polymer liquids, van den Brule11 suggested that the
thermal conductivity tensor and extra stress tensor τ
are linearly related. This idea can be expressed as
follows:

where keq is the equilibrium thermal conductivity and
Ct is the stress-thermal coefficient.

The “stress-thermal rule” given in eq 2 is analogous
to the well-known stress-optic rule14,15 relating the
refractive index tensor n to τ:

where Co is the stress-optic coefficient. The molecular
basis for eq 3 is that anisotropies in the stress and
refractive index tensors arise from the same measure
of polymer chain segment orientation and that during
flow the distribution of chain segments is Gaussian. The
stress-optic rule has been found to be valid for a large
number of polymer liquids, and numerous rheo-optical
techniques have been developed to study the flow
behavior of complex fluids.14,15-19 For liquids composed
of flexible polymers well above their glass transition
temperature, violations of eq 3 appear to be limited to
strong flows that are able to stretch polymer chains to
an extent where the distribution of Kuhn segments
becomes non-Gaussian.15,18,19

In a previous study, we reported the first quantitative
measurements of anisotropic thermal conduction in a
polymer liquid following a step shear deformation.20,21

These results showed thermal conduction was enhanced
in the flow direction and decreased in the vorticity
direction, relative to the equilibrium level. Birefringence
(anisotropy of the refractive index tensor) measured in
the same flow allowed us, using a combination of eqs 2
and 3, to verify indirectly the stress-thermal rule for a
polymer melt in shear flow.20,21 In a similar study on a
cross-linked polymer subjected to simple elongation,22

we reported measurements of the thermal diffusivity
tensor and tensile stress that provided direct evidence
for the stress-thermal rule. Validity of the stress-
thermal rule, eq 2, indicates that deformation-induced
anisotropies in mechanical and thermal transport in
polymers are governed by polymer chain orientation on
a common length scale.20-22 This observation could have
profound implications on theoretical modeling because
it provides guidance on the level of course graining
necessary to describe anisotropic thermal conductivity.
In addition, many of the results from molecular models
of polymer dynamics to predict rheological behavior can,
if eq 2 is generally valid, be immediately used to develop
models for flow-induced anisotropic thermal conductiv-
ity.

In a recently published letter,23 we reported the first
measurements of the complete thermal diffusivity ten-
sor in a polymer liquid subjected to step strain flow.
Here, we present an expanded set of results and provide* Corresponding author. E-mail: venerus@iit.edu.
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the details of the novel experimental method used to
obtain them. In addition to the thermal diffusivity data,
we have obtained both birefringence and stress data in
the same flow. The composite set of results is used to
show that both the stress-optic and stress-thermal
rules are valid. Implications of the present results and
previous findings are discussed in an effort to identify
the molecular origin of flow-induced anisotropic thermal
conduction in macromolecules.

Experimental Section
Test Samples and Preparation. The test fluid is a

polyisobutylene melt (Polymer Source Inc.) with a reported
weight-average molecular weight Mw ) 130.7 kDa and ratio
of weight- to number-average molecular weight Mw/Mn ) 1.24.
Small-amplitude oscillatory shear measurements on this poly-
isobutylene (PIB131K) were conducted in parallel plate flow
on a Rheometrics mechanical spectrometer (RMS-800) at tem-
peratures of 25, 50, and 75 °C. The principle of time-tem-
perature superposition was used to shift the data to a tem-
perature of 25 °C to obtain the dynamic shear modulus data
shown in Figure 1. The data in Figure 1 are typical for a mod-
erately entangled polymer liquid7 (Z ) Mw/Me ) 130.7/8 = 16
entanglements/chain). From these data we estimate the
plateau modulus from the value of G′(ω) where G′′(ω) goes
through a minimum to obtain GN ) 250 ( 25 kPa. The inset
to Figure 1 shows the continuous spectrum of relaxation times
H(τ) obtained from the dynamic modulus, which give a mean
relaxation time τp = 10 s. A subtle shoulder in H(τ) at τ = 100
s indicates the presence of a high molecular weight tail in the
molecular weight distribution of the PIB131K. An estimate of
the longest Rouse relaxation time7 τR (or time for stretched
chains to relax to their equilibrium length) is τR ) τp/3Z = 0.2
s.

The FRS optical technique (described below) used to mea-
sure thermal diffusivity requires the test material to absorb
radiation in a portion of the visible spectra. Since PIB is
essentially transparent in the visible spectra (400-750 nm),
trace amounts of a dye known as quinizarin (Sigma Aldrich)
were uniformly dispersed within the polymer. This was
achieved by first dissolving the dye and polymer in an excess
amount of a volatile solvent (cyclohexane). The dye-polymer-
solvent mixture was poured into a Petri dish, and the solvent
was stripped off in a vacuum oven at 50 °C until the mass of
the film was constant (several weeks). The absorption coef-
ficient K vs wavelength λ for a typical PIB film containing
0.03% (w/w) quinizarin produced by this process is shown
Figure 2. Portions of the dyed PIB film were transferred to
the shear flow optical device (described below) and debubbled
in a vacuum oven at 50 °C.

All rheo-optical and FRS experiments were conducted at a
temperature of 25 ( 1 °C.

Rheo-Optical Measurements. Here we consider shear
deformations with x1 as the flow direction and x2 as the gra-
dient direction. If a shear strain γ is applied to an incompres-

sible viscoelastic fluid, then the state of stress in the fluid is
given by the shear stress τ12 and two normal stress differ-
ences τ11 - τ22 and τ22 - τ33.6 For step strain flows of viscoelastic
liquids, the following relationship between the shear stress
and first normal stress difference known as the Lodge-
Meissner relation6,7 has been shown to be valid: τ11 - τ22 )
γτ12. Mechanical measurements of τ12 for γ ) 2.5 were made
using the cone and plate geometry on the RMS-800. The high
modulus of the PIB 131K melt precluded attempts to measure
τ11 - τ22 (axial compliance) and to obtain τ12 at higher strains.

A custom-made, shear flow optical device was used for
birefringence and FRS measurements. Planar Couette flow is
generated in the gap between a pair of opposed Dove prisms
(70 mm × 50 mm × 25.4 mm) made of BK-7 glass. As shown
schematically in Figure 3, one prism is stationary while the
other moves parallel to the stationary prism. The stationary
prism and moving prism, which is mounted on a pair of crossed
roller bearings, are fixed to a rigid aluminum frame. Paral-
lelism of the prism bases was established using an interfero-
metric technique. The gap between the prism bases d can be
adjusted using aluminum spacers over the range 0.5-1.5 mm.
Motion of the moving prism was controlled using a stepper
motor (K34HRFK-LNK-NS-00, Pacific Scientific) and driver
(DPV 80001, Anaheim Automation) through a system of gears
and lead screws. An LVDT (1000 HCA, Schaevitz Sensors) was
used to measure the position of the moving plate. The stepper
motor driver and LVDT were interfaced to a PC (PCI-MIO-
16E-4, National Instruments) and controlled using a LabVIEW
program. The time required to impose a shear strain is 80 ms
, τR , τp so that the flow is effectively a step strain
deformation.24 It should be noted that the stepper motor allows
the shear flow optical device to achieve more precise deforma-
tion histories compared with our previous device,20,21 which
was driven by compressed springs. However, mechanical
vibrations and the large electric field induced by the stepper
motor prevented FRS measurements from being made until
roughly 350 ms following the imposition of the step strain.

Figure 1. Dynamic modulus of PIB131K (Mw ) 130.7 kDa)
at 25 °C measured in small-amplitude oscillatory shear. The
inset shows the continuous spectrum of relaxation times
obtained from dynamic modulus data.

Figure 2. Absorption spectra for PIB131K containing 0.03%
w/w qunizarin dye. The absorption coefficient for the FRS
writing laser is K(514.5 nm) ) 4.5 cm-1.

Figure 3. Schematic of shear flow optical device used for
birefringence and FRS measurements showing shear flow
coordinate system (x1, x2, x3) and angles R and â that describe
orientation of grating vector g.
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As shown in Figure 3, which shows the position of the
prisms after a deformation has been imposed on the sample,
optical paths with three different orientations R relative to the
flow direction (x1) are possible. Burghardt and co-workers16,17

pioneered this type of configuration for measurement of the
full refractive index tensor n in shear flows of polymer liquids.
Here, we use a simple optical train consisting of the birefrin-
gent sample between crossed polarizers that allows the
retardation δ to be obtained from the ratio of incident to
transmitted intensity.14,15 The birefringence is obtained from
the retardation from the following: ∆n ) λHeNeδ/2πd, where
λHeNe ) 632.8 nm. The relationship between the measured
birefringence and refractive index tensor components in the
shear flow coordinate system is given by

Hence, by making measurements of ∆n for three values of R
() 0,π/4,-π/4), the quantities n12, n11 - n22, and n22 - n33 can
be obtained.

Forced Rayleigh Scattering (FRS). Flow-induced aniso-
tropic thermal diffusivity measurements were made using an
optical technique known as forced Rayleigh scattering.25-27 The
FRS technique can be simply described as the creation
(writing) of an optical grating within the sample and monitor-
ing (reading) the dynamic behavior of light diffracted by the
grating. The grating is written by the intersection of two beams
from a high-power Ar+ laser (Innova 90C-A5, Coherent, Inc.)
within a sample that partially absorbs (Kd < 1) at the
wavelength (λAr+ ) 514.5 nm) of impinging light. The grating
vector g lies in the plane formed by the two writing beams
and is perpendicular to their direction of propagation. By a
rapid, radiationless decay of the dye to its ground state, a
sinusoidal temperature field is created with modulation am-
plitude δT and period Λ ) 2π/|g| = λAr+/θ for θ , 1, where θ is
the intersection angle of the writing beams. Because the
grating period Λ is much smaller than the spot size of the
writing laser (w ) 1 mm), the dynamics of the grating
temperature field can be decoupled from the bulk temperature
in the sample. Furthermore, if conditions for the plane grating
approximation25,27 are satisfied, δT following a pulse of the
writing laser of duration tp is governed by

where F is the density and Cp is the specific heat. The solution
of eq 5 can be written as

where the grating relaxation time τg is given by

where D ) k/FCp is the thermal diffusivity tensor. For typical
organic liquids and grating sizes used in this study, the grating
relaxation time τg ∼ 10-3 s. Hence, τg , τp, and the dynamics
of the grating decay are completely decoupled from the
relevant polymer chain dynamics.

Through a rapid thermophysical process, the sinusoidally
modulated temperature field creates a sinusoidally modulated
density field with amplitude δF. Since c0

2/g2D2 , 1, where c0

is the adiabatic speed of sound, δF ∝ δT. Furthermore, since
δT j 10 mK, δn ∝ δF, so that from eq 6 we have δn ∝ exp(-
t/τg). Dynamics of the grating are probed by a low-power HeNe
laser (1135P, Uniphase) introduced at the Bragg angle. A
photodetector (2001, New Focus) is used to measure the
intensity of the first-order diffracted beam (ID ∝ δn2) along
with coherently (∝xID) and incoherently scattered light pro-
ducing a signal described by

A typical photodetector voltage trace is shown in Figure 4 for
Λ ) 40.4 µm, tp ) 0.3 ms, which shows the voltage from the
photodetector both during and following the pulse of the
writing laser. The Levenberg-Marquardt method used to fit
eq 8 to V data for t > tp and determine τg is described
elsewhere.27 The inset to Figure 4 shows that the residuals
have a Gaussian distribution. Consistency of the measured
photodetector voltage with the biexponential function in eq 8
was carefully examined and interpreted as validation of the
assumed thermophysical model.23,27

As an additional check of our FRS method, measurements
are made at different grating sizes Λ in the range 25-75 µm
to examine the dependence of τg on Λ. Figure 5 shows a typical
isochronal (t ) 0.5 s following the step strain) plot of 1/τg vs
4π2/Λ2 for γ ) 2.5 with R ) π/4 and â ) 0. It is clear from this
figure that the dependence of τg on Λ is quadratic as required
by eq 7. It should be noted that the uncertainties for 1/τg and
4π2/Λ2 are smaller than the symbols in Figure 5. The high
correlation of the data with the expected linear relation is
strong evidence that the assumed thermophysical model
underlying the FRS technique is valid.23,27 The slope of the
solid line through the symbols in Figure 5 gives the thermal
diffusivity at an angle of π/4 from the flow direction. As
expected, the slope of this line deviates from the equilibrium
value shown by the dashed line in Figure 5.

All reported thermal diffusivity values were obtained from
independent FRS experiments made at four different grating
sizes. For each grating size Λ, sample absorption coefficient
K and writing laser pulse time tp were optimized to maximize
the signal-to-noise ratio for V while restricting bulk heating
(<0.1 K).21,27 The equilibrium value of thermal diffusivity for
the PIB131K measured using FRS was found to be Deq ) (6.65

Figure 4. Typical photodetector voltage trace (symbols) from
FRS experiment with Λ ) 40.4 µm; tp ) 0.3. The solid line
(for t > tp) is a fit of eq 8 yielding τg ) (5.94 ( 0.12) × 10-4 s.
The inset shows a histogram of the residuals. This voltage
trace was obtained 0.5 s following step strain flow of γ ) 2.5
with R ) π/4 and â ) 0.

Figure 5. Typical isochronal plot showing dependence of
grating relaxation time τg on grating period Λ (symbols). These
values were obtained 0.5 s following step strain flow of γ )
2.5 with R ) π/4 and â ) 0. The solid line through the symbols
confirms eq 7 and the slope gives g‚D‚g ) (D11 + 2D12 + D22)/2
) (6.88 ( 0.06) × 10-4 cm2/s. The dashed line represents the
equilibrium case.

∆n ) (n11 - n22) cos2(R) + 2n12 sin(R) cos(R) + (n22 - n33)

(4)

FCp
d
dt

δT ) -g‚k‚gδT (5)

δT ∝ exp(-t/τg) (6)

τg ) Λ2

4π2g‚D‚g
(7)

V ) A exp(-2t/τg) + B exp(-t/τg) + C (8)
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( 0.05) × 10-4 cm2/s. This value is consistent with the value
found for the broad molecular weight distribution polyisobu-
tylene (PIB85K) considered in a previous study.21,27

Following a step strain, the prisms were aligned creating
different optical paths for the writing and reading laser beams.
This allowed the grating vector to take four different orienta-
tions with respect to the coordinate system used to define the
flow so that different projections of the thermal diffusivity
tensor could be sampled with the FRS technique. The relation-
ship between the thermal diffusivity measured along the
grating direction g‚D‚g and the components of the thermal
diffusivity tensor Dij ) kij/FCp in the shear flow coordinate
system is given by24

where R and â are angles between the grating vector g and
the x1 - x3 and x1 - x2 planes, respectively, as shown in Figure
3. In previous work20,21 we were restricted to the case R ) 0 so
that D11 was obtained with â ) 0 and D33 with â ) π/2. In the
present study, we also consider cases where â ) 0 and R )
(π/4 that allow us to determine D22 and D12.

Grating size Λ is changed by simply changing θ, the angle
of intersection of the writing beams. Measurements of Λ are
made by projecting magnified (20× microscope objective)
images of the grating and a Ronchi slide (etched glass with
25 µm/line) on a CCD camera (2112, Silicon Video). Digitized
images were analyzed allowing Λ to be determined with a high
degree of accuracy ((0.05%). However, fluctuations in Λ of
roughly (0.5% were observed over the time of a typical
experiment. For R ) (π/4, the small correction to the mea-
sured grating size to account for refraction at the prism-
sample interface was taken into account.

Results and Discussion
The well-known stress-optic rule has been used ex-

tensively to study flow-induced orientation of polymeric
liquids.14,15 Here, we use birefringence measurements
to augment mechanical measurements of the stress and
to examine the possibility of slip at the sample-prism
interface. The linear dependence of n12 on τ12 following
a step strain γ ) 2.5 shown in Figure 6 confirms the
stress-optic rule and yields a stress-optic coefficient
Co ) 3.07 ( 0.03 × 10-9 Pa-1, in good agreement with
published values.14 In Figure 7, the ratio (n11 - n22)/n12
is plotted vs time for a strain γ ) 2.5. From this figure,
it is evident that (n11 - n22)/n12 is independent of time
and equal to the applied strainsthe optical equivalent
of the Lodge-Meissner relation.6 Hence, the results in
Figures 6 and 7 confirm that there is no slip between
the polymer and glass surfaces for this strain and that
γτ12 ) τ11 - τ22. Birefringence measurements were made

at larger strains, but stress-induced parasitic birefrin-
gence in the thick prisms obscured the results, making
it impossible to rule out slip.

As discussed in the previous section, all reported
thermal diffusivity values were obtained from indepen-
dent FRS experiments made at four different grating
sizes (see Figure 5). We also carefully examine each
photodetector voltage trace to ensure it has the proper
biexponential decay (i.e., the residuals are random in
time and have a Gaussian distribution as in Figure 4)
as required by eq 8.

Time-dependent values of thermal diffusivity follow-
ing step strain in the flow direction D11 and the vorticity
direction D33 normalized by the equilibrium thermal
diffusivity Deq are shown in Figure 8. In the flow
direction, the thermal diffusivity is increased above the
equilibrium value by ≈5% while a decrease of ≈4% is
observed in thermal diffusivity measured in the vorticity
direction. At long times, both D11 and D33 appear to
relax to the equilibrium value. The dearth of N2 ) τ22
- τ33 data in step strain flows makes it difficult to
speculate on the explanation for the noticeably slower
relaxation of D33. These results are consistent with our
previous study on the PIB85K melt where it was
possible to achieve larger strains (γ ) 4, 8) and therefore
larger deviations from equilibrium.20,21

Figure 9 shows time-dependent values of D22/Deq
following a step strain of γ ) 2.5. The larger uncertainty
in this figure, relative to D11 and D33, is the result of
needing to perform measurements at three grating
vector orientations (R ) 0, π/4, -π/4) to obtain D22. Thus,
each symbol in Figure 9 is obtained from a total of 12
FRS experiments (three R’s times four Λ’s). Despite the
larger uncertainty, it appears that flow reduces D22

Figure 6. Birefringence n12 vs shear stress τ12 for PIB131K
melt following step strain flow of γ ) 2.5 (solid curve).
Consistency with dashed line confirms the stress-optic rule
and yields a stress-optic coefficient Co ) (3.07 ( 0.03) × 10-9

Pa-1.

g‚D‚g ) D11 cos2(R) cos2(â) + 2D12 sin(R) cos(R) cos2(â) +

D22 sin2(R) cos2(â) + D33 sin2(â) (9)

Figure 7. Refractive index tensor components (n11 - n22)/n12
vs time for PIB131K melt following a step strain γ ) 2.5 (solid
curve). Consistency with dashed line confirms the optical
equivalent of the Lodge-Meissner relation: (n11 - n22)/n12 )
γ ) (τ11 - τ22)/τ12.

Figure 8. Thermal diffusivity tensor components for PIB131K
in flow D11 (O) and vorticity D33 (0) directions normalized by
Deq vs time following a step strain γ ) 2.5.
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relative to its value at equilibrium. From the data in
Figures 8 and 9, it is clear that D11 - D22 > 0 and D22
- D33 < 0; both results are qualitatively consistent with
the stress-thermal rule since it is well-established that
τ11 - τ22 > 0 and τ22 - τ33 < 0 for shear flows of
entangled polymer liquids.6,7

Normalized values of the off-diagonal, or shear,
component of the thermal diffusivity tensor D12 vs time
for γ ) 2.5 are shown in Figure 10. Similar to D22, the
larger uncertainty in D12 is the result of FRS measure-
ments made at two grating orientations. To our knowl-
edge, these data are the first reported measurements
of an off-diagonal component of the thermal diffusivity
(or conductivity) tensor.23 Immediately following the
step strain, D12 is ≈4% of Deq and decays to zero at long
times. A nonzero D12 is qualitatively consistent with the
stress-thermal rule.

Direct tests of the stress-thermal rule, eq 2, are made
in Figures 11 and 12. In Figure 11, the shear component

of the thermal diffusivity tensor D12 is plotted vs the
shear stress τ12 for γ ) 2.5. Within experimental
uncertainty, the data shown in this figure indicate a
linear relationship between D12 and τ12 and thus support
the stress-thermal rule. The slope of the solid line in
Figure 11 gives the stress-thermal coefficient Ct ) (1.3
( 0.1) × 10-7 Pa-1. The difference between the compo-
nents of the thermal diffusivity tensor in the flow and
gradient directions D11 - D22 is plotted vs γτ12 for γ )
2.5 in Figure 12. According to birefringence results in
Figures 6 and 7, γτ12 ) τ11 - τ22, so that the data in
Figure 12 indicate D11 - D22 is a linear function of τ11
- τ22, in agreement with eq 2. The slope of the solid
line in Figure 12 gives the stress-thermal coefficient
Ct ) (1.1 ( 0.1) × 10-7 Pa-1, which, as expected, is
consistent the value obtained from the data in Figure
11.

The values of Ct found for PIB131K are consistent
with values obtained in our previous studies. Data for
the broad molecular weight polyisobutylene PIB85K
showed D11 - D33 ∝ n11 - n33 and using Co, we find Ct
) (2.0 ( 0.2) × 10-7 Pa-1.20,21 In a related study28 using
the same PIB85K, we recently obtained measurements
of D12 and τ12 following the cessation of constant strain
rate flow and find Ct ) (1.9 ( 0.2) × 10-7 Pa-1. In an
earlier study22 on a cross-linked polysiloxane rubber in
simple elongation, direct evidence for the stress-ther-
mal rule was found, yielding Ct ) (1.3 ( 0.1) × 10-7

Pa-1.
It is interesting to note that for polymers with

completely different chemistries (polyisobutylene has a
C-C backbone and polysiloxane has a Si-O backbone)
the measured values of Ct have the same order of
magnitude. (The stress-optic coefficients Co for these
two polymers differ by more than a factor of 10.6) In
addition, we find that the measured value of Ct for the
PIB131K melt is roughly 40% smaller than for the
PIB85K melt. Interestingly, if the stress-thermal coef-
ficient is made dimensionless with the plateau modulus
GN () 250 kPa for PIB131K, )160 kPa for PIB85K),
we find that this product is constant for the two PIBs:
GNCt ) 0.030. For the cross-linked silicone rubber (GN
) 200 kPa7), we find GNCt ) 0.026.

The classical framework for predicting stress in
polymers is based on elastic network models. In these
theories, stress arises from the tension in chain seg-
ments trapped between entanglements (or cross-links
in rubber) and is purely entropic in origin. These elastic
chain segments are coarse-grained objects, and the
source of this entropic tension need not actually reside
in the strand itself but could also arise from interchain

Figure 9. Thermal diffusivity tensor component for PIB131K
in gradient direction D22 (O) normalized by Deq vs time
following a step strain γ ) 2.5.

Figure 10. Shear thermal diffusivity tensor component D12
for PIB131K (0) normalized by Deq vs time following a step
strain γ ) 2.5.

Figure 11. Test of the stress-thermal rule eq 2 following a
step strain γ ) 2.5 for PIB131K (symbols) showing linear
dependence of D12 on τ12. Slope of solid line yields a stress-
thermal coefficient Ct ) (1.3 ( 0.1) × 10-7 Pa-1.

Figure 12. Test of the stress-thermal rule eq 2 following a
step strain γ ) 2.5 for PIB131K (symbols) showing linear
dependence of D11 - D22 on γτ12 ) τ11 - τ22. Slope of solid line
yields a stress-thermal coefficient Ct ) (1.1 ( 0.1) × 10-7 Pa-1.
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interactions. Indeed, results from molecular dynamics
simulations of polymer chains find that most stress
arises from interchain interactions.29,20 The success of
course-grained models for entangled and cross-linked
polymers, as well as experimentally observed universal-
ity in stress curve shapes, suggests that both intra- and
interchain contributions to stress are adequately cap-
tured by this level of description. The proposed stress-
thermal rule, which is consistent with our experiments
for three polymers, is based on the same coarse-grained
level of description used to predict stress. Our data also
suggest that there may exist an additional universality
in the value of the dimensionless stress-thermal coef-
ficient GNCt for flexible polymers. In other words, not
only is the form of the stress-thermal rule universal,
but even the parameter might be universal. This would
be analogous to observing that all polymers have the
same value for the plateau modulus and the same time
constants.

It may be premature to suggest such a universality
exists on the basis of results for only three systems.
However, if true, we offer the following explanation for
this observation. Note that elastic network models
predict that all strands are under tension. Yet, the real
network does not collapse to zero volume because there
exist repulsive forces between atoms. These interactions
are mostly interchain and, as we know from molecular
dynamics studies, carry most of the stress. The anisot-
ropy of these density-preserving forces give rise to ani-
sotropic stress and may also give rise to the observed
stress-thermal behavior. In other words, anisotropic
orientation of entangled strands gives rise to anisotropic
tension, which in turn provokes anisotropic repulsive
forces between chains. These forces give rise to both
stress and anisotropic thermal transport in the medium.
We emphasize that these ideas are speculative, and
further research on this phenomenon is clearly neces-
sary.

Conclusions
Flow-induced anisotropic thermal conduction in a

polymer melt subjected to step strain flow has been
investigated experimentally. We have developed a novel
version of the forced Rayleigh scattering technique to
obtain the complete thermal diffusivity tensor. The
reported anisotropies in thermal diffusivity (∼5% rela-
tive to equilibrium) are somewhat smaller than those
found in our previous studies. This can be explained by
two factors. First, the use of a nearly monodisperse
polymer melt, which is more prone to exhibit wall slip,
limited the present study to smaller strains. Using bire-
fingence measurements, we were able to rule out slip
for the strain level studied. Second, noise induced by
the stepper motor used in the present study prevented
the collection of data at times immediately after the step
when the anisotropy in thermal diffusivity is largest.
Despite these limitations, we were able to obtain quan-
titative, time-dependent measurements of four compo-
nents (D11, D22, D33, D12) of the thermal diffusivity
tensor.

The combination of mechanical stress measurements
and birefringence measurements was used to obtain the
shear stress (τ12) and first normal stress difference (τ11
- τ22). These data, in combination with D11, D22, and
D12, were used to directly test the stress-thermal rule.
In both cases, the stress-thermal was satisfied, and
consistent values of the stress-thermal coefficient Ct

were obtained. Results from the present study and from
our previous studies indicate the dimensionless stress-
thermal coefficient GNCt may be a constant for liquids
composed of flexible polymers. If this is indeed the case,
flow-induced anisotropic thermal conduction may be
explained in terms of interchain interactions. Research
in our laboratory on other polymer systems is currently
underway.
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(30) Kröger, M. Phys. Rep. 2004, 390, 453-551.

MA050827J

Macromolecules, Vol. 38, No. 14, 2005 Thermal Conduction in a Polyisobutylene Melt 6215


