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ABSTRACT: The measurement of interfacial mechanical or
rheological properties in polymer blends is a challenging task, as
well as providing a quantitative link between these properties and the
interfacial nanostructure. Here, we perform a systematic study of the
extensional rheology of multilayer films of an immiscible polymer
pair, polystyrene and poly(methyl methacrylate). We take advantage
of multi-nanolayer coextrusion to increase the number of interfaces
up to thousands, consequently magnifying the interfacial response of
the films. The transient elongational response is compared to an
additivity rule model based on the summation of the contribution of
each polymer as well as the interfacial one. At low strain rates, the
model reproduces the transient extensional viscosity up to strain-
thinning, while at larger strain rates, the extra stress exceeds the
prediction based on constant interfacial tension. This extra contribution is attributed to an interphase modulus on the order of 1−10
MPa, which increases with the strain rate following a power law with an exponent of 1/3. The extensional rheology of multi-
nanolayer films is then an efficient combination to go beyond interfacial tension and quantitatively measure the interfacial rheology
of immiscible polymer blends.

■ INTRODUCTION
Polymer blends represent today more than a third of the
world’s plastic production, despite the fact that most polymers
are immiscible,1 which results in phase separation and
unentangled interfaces. To circumvent these phenomena,
compatibilization has been mastered for a long time
industrially to achieve suitable properties for such immiscible
blends. It consists of modifying the interface with several
possible strategies, such as the addition or the in situ formation
of a copolymer2 that will segregate at the interface, resulting in
a more diffused interface that allows entanglements similar to
what is occurring at short times in miscible systems,3,4 the use
of nanoparticles5−7 and cosolvents,8 or through ionic bonds9

and electrostatic correlations.10

The effect of the compatibilizer, such as the role of
molecular weight or the amount of copolymer, has been
quantified long ago on interfacial properties in the solid-state-
like fracture toughness at the interface.11,12 However, it was
only recently that the complex viscosity of a compatibilized
interface has been characterized over a large frequency
range.13,14 To do so, we took advantage of multi-nanolayer
coextrusion that applies successive slicing and recombining a
stratified polymer melt flow, giving rise to a material made of
thousands of alternating nanometric layers.15,16 By doing so,
the effect of interfaces was drastically enhanced in the response
of the materials under oscillatory shear. In noncompatibilized
blends, a quantitative link has also been established between

the fracture toughness and, this time, the interfacial nanometric
thickness, which depends on the Flory−Huggins interaction
parameter between the two polymers.17 Similarly, in the melt, a
relation between viscoelastic moduli and interfacial tension has
been proposed18,19 and used to describe the melt properties of
polymer blends. Still, measuring interfacial tension of
immiscible polymers is a tedious task20,21 due to the high
viscosities and temperatures involved and does not always
provide sufficient information for designing and processing
optimized nanostructured blends;22 even in simple mixtures,
flows may be impacted by surface tension gradients (the well-
known Marangoni effect). Hence, a full characterization of the
interfacial rheology, i.e., not only the measurement of
interfacial tension but also the possible evolution of the
interfacial rheological properties in relation to the morphology
of the interface and processing parameters, is lacking in the
literature.
Extensional rheology is a challenging but rapidly developing

technique to measure elongational flows, which allowed, in
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particular, to reexamine fundamental theories in polymer
physics, such as the tube model.23,24 In this study, we aim to
take advantage of this technique applied to multi-nanolayer
films of a well-known polymer couple, polystyrene (PS) and
poly(methyl methacrylate) (PMMA), in order to study the
flow properties of their interface. Extensional rheology of
PS25,26 and PMMA27,28 has already been investigated
separately. The effect of molecular weight, a rise of transient
extensional viscosity above the predictions from linear
viscoelasticity theory, and strain hardening have been well-
documented for both polymers. However, there have been
only a few reports of the extensional rheometry of multilayer
films. Notably, Lamnawar et al. have studied the dynamics of
interdiffusion across the interfaces during processing of a
miscible polymer pair,29−32 as well as the in situ compatibiliza-
tion reaction of an immiscible one.33 Levitt et al.34 first related
the stretching of multilayer films to interfacial tension. Later, in
the same group, Jordan et al.35 implemented a model using an
additivity rule, i.e., a viscosity that is the arithmetic average of
the viscosity with respect to the volume fraction of each
polymer, complemented with an interfacial tension contribu-
tion to reproduce the tensile stress growth of various polymer
pairs. Building on this approach, we propose here a systematic
study of the transient extensional stress of PS/PMMA multi-
nanolayer films, where the number of interfaces varies from 2
to 4096 and the strain rates from 0.001 to 10 s−1, hence from
quasi-static to nonlinear flow. Such a high number of interfaces
results in a drastic increase of interfacial contribution to the
rheological response of the films. This, in turn, allows the
direct measurement of the extensional viscosity of the interface
and its comparison with theoretical predictions. A large
increase of the measured interfacial stress at high strain,
dependent on the strain rate, is evidenced for the first time in
polymer blends and is reminiscent of the surface elasticity in
soap films.

■ MATERIALS AND METHODS
Materials. Polystyrene PS 1340 from TotalEnergies and poly-

(methyl methacrylate) PMMA VM100 from Arkema were selected to
produce multilayer films based on an earlier work.36 The molecular

weights, glass transition temperatures, and densities have been
determined previously.36,37 The polymers were chosen so that at
the coextrusion temperature, a viscosity ratio close to 1 is achieved in
the range of shear rates applied during coextrusion (Figure S1). The
viscoelastic properties of the neat polymers have been obtained by
small-amplitude oscillatory shear (SAOS) measurements at several
temperatures ranging from 130 to 225 °C with a DHR 20 (TA
Instruments) rheometer with a plate−plate geometry (25 mm
diameter and 1 mm gap) under air flow and not nitrogen to simulate
the coextrusion conditions. Frequency sweep tests were conducted in
the range from 0.045 to 628 rad/s with an applied strain of 1%, in the
linear viscoelasticity regime, and confirmed a comparable thermo-
rheological behavior of the two polymers (Figure S3c).26,38 The zero-
shear viscosity (η0) was determined by using a classical Carreau−
Yasuda model,39 similar to our previous work.40 The main properties
of the neat polymers are listed in Table S1.
Film Fabrication. PS/PMMA films were produced by using a lab-

made customized multilayer coextrusion line41 schematized in Figure
1. It consists of three 20 mm single-screw Rheoscam extruders
(Scamex), two melt-gear pumps, a three-layer feed block, layer-
multiplying elements (LME), a flat die, and a chill roll. The
temperature of the PS and PMMA extruders, feed block, and LME
assembly was set to 225 °C. The composition could be controlled by
tuning the screw speed and controlling the gear pumps. The melted
polymers enter through a three-layer feed block connected to a
channel of constant height with a series of LMEs, where the flow for
each LME is first split vertically and then spread horizontally and
recombined. An assembly of N LMEs results in a film composed of n
= 2N+1 + 1 layers. In this study, films with 3, 17, 129, 2049, and 4097
layers were obtained with 0, 3, 6, 10, and 11 LMEs, respectively. After
exiting the last LME, the polymer melt enters a flat exit die with a 2
mm gap and 150 mm width with the temperature set to 200 °C.
Finally, the film is collected using a chill roll heated up to 90 °C with
the lowest possible drawing speed to prevent post-extrusion chain
relaxation, which would lead to shrinking of the samples when
reheated above glass transition temperature during the extensional
rheology measurement. Additionally, to reduce the thickness of the
final film without any post-stretching step, a sacrificial layer of low-
density polyethylene, LDPE 1022 FN (TotalEnergies), is added at the
exit die. This sacrificial layer has no adhesion with the multilayer film
and is peeled before any measurements.
In this work, the two studied weight compositions of PS/PMMA

multilayer films are close to 60/40 and 30/70 and have thicknesses
(HM) lower than 1 mm to fulfill the requirements of the extensional

Figure 1. Multi-nanolayer coextrusion scheme (a) with typical images of fabricated films: (b) 17 layers (the black vertical strokes are compression
lines present due to cutting); (c) 129 layers; (d) 2049 layers; and (e) 4097 layers. On images from the optical microscope (b, c), the lighter blue
corresponds to PS and the darker blue corresponds to PMMA. On AFM images (d, e), the color gold represents PS layers, while brown represents
PMMA layers.
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rheology measurements. The exact compositions and thicknesses of
the extruded films are given in Table S2.
Film Morphology. The morphology and individual layer

thicknesses of the films were characterized with an optical microscope
Axio Imager 2 (ZEISS) or an atomic force microscope (AFM)
Nanoscope V (Veeco), depending on the expected layer thickness. In
both cases, the samples were cut from the center of the extruded film
parallel to extrusion flow and cross-sectioned perpendicular to their
surface by using an ultramicrotome with a diamond knife (Diatome).
The thickness of at least 10% of the total number of layers was
measured in each film by following the procedure developed by
Bironeau et al.42

Extensional Rheology. The viscoelastic properties in uniaxial
stretching were determined by a rheometer MCR 502 (Anton Paar)
equipped with a Sentmanat Extensional Rheometer platform SER-2
(Xpansion Instruments),43,44 which consists of paired counter-
rotating drums coupled to the motor. The material is stretched at a
constant rotation speed of the drums, and the force required to stretch
it is precisely monitored by the torque of the instrument. When a
constant strain rate (ε)̇ is applied, the cross-section area (A) of the
sample is assumed to decrease exponentially with the measurement
time following eqs S2−S4. The extensional viscosity (ηE) is then
proportional to the instantaneous stretching force, the instantaneous
area of the sample, and the strain rate. The films were cut into
rectangular samples with a length (L) of about 20 mm and a width
(W) of around 11 mm and tested at 155 °C under an air flow. This
temperature was optimized so that no thermal degradation will affect
the viscosity of the samples over the experimental time scale (see
Figure S2), but also that the shrinking is negligible, while the torque is
measurable.45 Five Hencky strain rates (ε)̇ ranging from 0.001 to 10
s−1, directly proportional to the shaft rotation rate, were chosen for
the measurements and kept constant over the test time. The films
were stretched along the extrusion direction. All measurements were
repeated at least 3 times and averaged. The tests were performed until
the sample breakage or, depending on which happens first, until a
strain value of 3.8 due to the limitation of one drum revolution in the
SER system.46,47

■ RESULTS AND DISCUSSION
Film Morphology. The morphology of the fabricated PS/

PMMA multilayer films is presented in Figure 1. The averaged
thicknesses of individual layers of all films are in good
agreement with the calculated values obtained from eq S1, as
shown in Table S2 in the Supporting Information.
In all cases, the morphology analysis revealed some

heterogeneity in the layer thicknesses, which is not unusual
for such samples42 and can also be amplified by the fact that we
used the lowest possible draw ratio. As expected, no broken
layers are observed for films with 3, 17, or 129 layers. For all
but one film with 2049 and 4097 layers, the amount of broken
layers is less than 5%. In one film with 4097 layers and the
respective average thicknesses of PS and PMMA equal to 124
and 108 nm, the amount of broken layers is close to 9%. Still,
due to the low amount of broken layers, they will be neglected
in the following analyses, and we will use the average layer
thickness.
Rheological Investigation. Neat Polymer Melts. In order

to proceed from oscillation to extension, the multimode
Maxwell model, eqs 1 and 2, was used to determine the linear
viscoelastic (LVE) envelope from small-amplitude oscillatory
shear (SAOS) data.48 The time−temperature superposition of
storage (G′) and loss (G″) moduli for PS and PMMA was
performed at 155 °C, the reference temperature of the
extensional rheology experiments (see Figure S3a,b). The
calculations were done according to the following equations:

G g( )
( )

1 ( )i

N

i
i

i1

2

2=
+= (1)

G g( )
1 ( )i

N

i
i

i1
2=

+= (2)

where ω is the angular frequency, gi is the relaxation modulus
(in Pa), and τi is the time constant (s) for element i up to N =
10. The calculated values are summarized in Table S3 in the
Supporting Information.
The extensional viscosity in the LVE regime (ηE) calculated

from SAOS measurements was plotted as a function of time (t)
according to Trouton’s ratio49,50 by using the previously found
values of the relaxation modulus and time constant

t g( ) 3 (1 e )
i

N

i i
t

E
1

( / )i=
= (3)

Figure 2 presents measured extensional viscosity (ηE+) as a
function of time for PS and PMMA at different constant

Hencky strain rates. The studied polymers exhibit comparable
viscoelastic properties in SAOS; therefore, it is expected that
extension properties will also be similar. As seen in Figure 2,
PS at low strain rates (0.001 to 0.1 s−1) follows the linear
viscoelastic (LVE) envelope at the beginning of the measure-
ment, e.g., at lower strain. However, toward higher measure-
ment times, closer to the sample breakage, extensional viscosity
decreases in comparison with the LVE values. This can be due
to the necking of the samples, which can occur at these strain
rates or indicate a strain-softening behavior related to chain
stiffness.30 Conversely, at high strain rates (1 and 10 s−1),
strain-hardening is observed. This can be explained by the fact
that elastic forces overcome the viscous ones, as revealed by
the Weissenberg number,51 Wi = ελ̇, higher than 1. Here, λ is
the terminal relaxation time of PS at 155 °C (taken from the
crossing of G′ and G″ in SAOS; see Figure S3) ≈7 s. The
measured extensional viscosity increases more rapidly than the
LVE and continues to a plateau value outside of the LVE
regime,52,53 which was not fully reached before breakage in the

Figure 2. Extensional viscosity of PS and PMMA melts as a function
of time at 155 °C at five chosen Hencky strain rates: 0.001, 0.01, 0.1,
1, and 10 s−1. The solid lines represent the LVE envelope determined
by the Maxwell model.
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present case. The data obtained for PS are in good agreement
with the measurements performed by Bach et al.54 and Huang
et al.24,26,53,55 on PS melts using a filament stretching
rheometer (FSR). Though the experiments were performed
at lower temperatures (120 or 130 °C), the PS response was
analogous to our experiments. Strain-hardening was observed
for the highest tested Hencky strain rates, while steady-state
viscosity values were observed for lower strain rates. Here, the
steady-state viscosity plateau was not observed, probably due
to the restriction of one drum revolution in SER, while the
FSR can reach higher strains.
Similarly to PS, PMMA exhibits strain-hardening at high

strain rates. The relaxation time is about 2 s, and the strain rate
at which Wi is higher than 1 is 0.5 s−1. At lower strain rates,
even though PMMA is closer to a regime of weak linear flow,
the LVE envelope is only followed at the beginning of the
measurements and a deviation toward higher viscosity values is
noted.27,56 In contrast, toward the sample breakage, necking
and/or strain-softening due to chain stiffness57,58 are observed,
similarly to PS samples.27,28

Multilayer Films. The extensional viscosity of the 60/40
PS/PMMA multilayer films with various numbers of layers
(ηE,M+ ) is presented as a function of time in Figure 3. In order
to understand the behavior of the multilayer films, a theoretical
value of their viscosity was calculated at each Hencky strain
rate. In a first simple approach33,59 and following the
theoretical framework initially developed by Macosko and

co-workers,34 we assume that the stress within the multilayer
film (σE,M+ ), which is proportional to the extensional viscosity
and the overall extension rate, follows a simple additivity rule,
and hence is a sum of stresses gathered within each
component, PS layers and PMMA layers, following eq 4

t t t t( ) ( ) ( ) ( )E,M E PS E,PS PMMA E,PMMA= = ++ + + +
(4)

where φPS and φPMMA are the volume fractions of PS and
PMMA, respectively. The melt volume fractions of both PS
and PMMA were corrected with a melt volume ratio including
the variation in density values of the materials at room
temperature and experimental temperature (see eq S5). The
calculations of the additivity rule were done by using the
extensional viscosity data of neat polymer melts presented in
Figure 2.
The prediction of the LVE envelope for multilayer films was

also calculated with a similar approach, using the respective
LVE envelopes of PS and PMMA obtained through the
Maxwell model.
As presented in Figure 3 for the 60/40 PS/PMMA

composition, this basic additivity rule describes well the
experimental data for all strain rates in the case of samples with
3, 17, and 129 layers. All three samples display behavior similar
to that of PS and PMMA, as expected. At low strain rates, a
strain-softening behavior is observed toward the end of the
measurement, closer to breakage. At high strain rates, a strain-
hardening is observed, similar to the neat polymer melts, hence

Figure 3. Extensional viscosity for four Hencky strain rates of films with various numbers of layers: (a) 3, (b) 17, (c) 129, (d) 2049, and (e) 4097
layers. The solid lines represent the additivity rule calculated from eq 4 with data of pure PS and PMMA for each strain rate, and the dashed lines
represent the additivity rule of LVE data. The composition of the presented films is close to 60/40 PS/PMMA in all cases (see Table S2 for
details).
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well-captured by the additivity rule. On the other hand,
samples with 2049 and 4097 layers display much different
behavior. Starting with the lowest tested strain rate, 0.01 s−1, a
large increase in the values of ηE,M+ compared to the prediction
from eq 4 is observed from the very beginning of the
measurement.25,60 Though less pronounced at higher strain
rates, the same observations can be made at all strain rates.
Note that similar behavior is observed for the 30/70 PS/
PMMA composition (see Figure S4). In the films with 2049
and 4097 layers, the number of interfaces is, as stated
previously, extremely high. Though PS and PMMA display

poor compatibility, their chains will still slightly interpenetrate
at the interface, creating what we will call in the following an
interphase of typical thickness:61

a b2
6int

(5)

where χ is the Flory−Huggins interaction parameter and b is
the effective length per monomer unit61 for which PS and
PMMA have similar values,62 bPS = 6.8 Å

63 and bPMMA = 7.4
Å.64 To obtain χ at 155 °C, we use the well-known relation
proposed by Russell et al.,65 leading to χ ≈ 0.037, which gives

Figure 4. Comparison between experimental data (colored open symbols) and the additivity rule with the interphase for the extensional viscosity of
the film with the 60/40 PS/PMMA composition and 2049 layers. The solid black, red, and gray lines represent each contribution from the model
(PS, PMMA, and interphase, respectively), while the colored line is the sum of these three contributions. Each figure presents experiments done at
different strain rates: (a) 0.001, (b) 0.01, (c) 0.1, (d) 1, and (e) 10 s−1. (f) Comparison between the theoretical (solid lines) and measured values of
the interphase contribution (colored open symbols).
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an interphase thickness close to 3 nm. This low value, smaller
than the entanglement length (∼7 nm),66,67 is, as discussed in
the introduction, notably responsible for the weak interfacial
adhesion between these two polymers in the glassy state.68

Still, in films where the layer thicknesses are on the order of
100 nm (see Table S2), the interphase volume fraction
becomes non-negligible, especially since it will increase during
the rheological test, which slims down the film. To take into
account this possible effect of the interphase in the extensional
viscosity of multilayer films, Macosko and co-workers34,35

proposed a refined version of the additivity rule incorporating
the interfacial contribution

t t t t( ) ( ) ( ) ( )E,M PS E,PS PMMA E,PMMA int E,int= + ++ + + +

(6)

where φint and σE,int+ are the volume fraction and the stress of
the interphase, respectively (note that taking into account the
interphase, the volume fractions of PS and PMMA layers in eqs
4 and 6 are then slightly different from each other for a given
film).

φint is here simply defined as the total thickness of the
interphase (the interphase thickness multiplied by the number
of interfaces) divided by the total thickness of the film

H
H

a n
H

( 1)
int

int

M

int

M
= =

(7)

We have to consider that during the measurement, the
dimensions of the sample vary with time and strain (see the
Supporting Information, eqs S2−S4). Especially, HM is
predicted to decrease exponentially, and the layers’ continuity
is assumed during all of the experiments. That was verified
experimentally, as described in Figures S5 and S6. Therefore, if
we make the hypothesis that the interphase typical thickness
does not evolve significantly during the test (which will be
discussed further later), then the fraction of the interphase will
gradually increase over the experiment time. Assuming the
chains are not oriented at the interfaces (i.e., for low Wi), the
interfacial stress (σE,int+ ) at equilibrium can be related to
interfacial tension (Γ) and interphase thickness through the
relation35

t
a

( )E,int
int

=+

(8)

Substituting the stress with viscosity, the following equation
describing the extensional viscosity of the multilayer film can
be obtained35

( )

t t t

n

H

( ) ( ) ( )

( 1)

exp t

E,M PS E,PS PMMA E,PMMA

0 2

= +

+

+ + +

(9)

Interfacial tension can be obtained, as the interfacial
thickness, from the theoretical work of Helfand61,69

kT
b 62

1/2

= i
k
jjj y

{
zzz (10)

where k is the Boltzmann constant. The obtained value at 155
°C is 0.92 mN/m, similar to the one that can be extrapolated
from Wu’s experimental work (1.45 mN/m).62,70

The model predictions with no adjustable parameters are
then compared to the experimental measurements for a chosen

film (60/40 PS/PMMA composition, 2049 layers) in Figure 4
(see Figure S7 for the other composition). First, we should
note that this approach is different from the one proposed by
Jordan,35 in which the interphase thickness was considered
constant but Γ was a fitting parameter. Second, we can verify
that for films with a small number of layers, the interfacial
contribution is negligible and only improves marginally the
fitting of the data (see Figure S8). It is seen in Figure 4 that at
low strain rates, 0.001 and 0.01 s−1, the experimental values are
in good agreement with the model except close to the breaking
point (see Figure 4a,b) since the model does not predict strain-
softening but on the contrary, a slight strain-hardening due to
an increase of the interfacial contribution related to the
thinning of the sample over time. If we use Jordan’s approach,
the best fit is obtained for an interfacial tension of 0.75 mN/m,
in good agreement with the calculated value (0.92 mN/m).
With an increasing strain rate, an increasing deviation from the
experimental value is observed. The model predicts that the
interphase contribution at short times varies inversely
proportionally to the strain rate, which leads to significant
underestimates of the extensional viscosity of the multilayer
films at strain rates above 0.1 s−1. If we again use Jordan’s
approach in this case, best fits are obtained for values of
interfacial tension that increase drastically with the strain rate,
up to values much higher than the surface tension of PS and
PMMA (see Figure S9). To gain more insight into the origin of
this “dynamic” interfacial tension that can be extracted from
Jordan’s model and is much different from the equilibrium one
(see eq 5), we then try to estimate what would be the
necessary contribution to match the experimental data by
subtracting the response of PS and PMMA from the multilayer
one. Figure 4f presents a comparison of the interphase
contribution calculated from eq 8 and extracted from our
experimental results. As anticipated from the previous
discussion, the contributions are similar at low strain rates
and deviate strongly from each other at high strain rates. While
under the hypotheses of the model, the interphase contribution
is inversely proportional to the strain rate, the experimental
contribution decreases less sharply and reaches similar viscosity
values on the order from 105 to 106 Pa·s for strain rates higher
than 0.1 s−1. Similar conclusions can be drawn from the results
presented in Figure S7 concerning the 30/70 PS/PMMA
composition.

Interphase Properties. Let us now study the interfacial
stress extracted from the experimental data presented in Figure
4 using eqs 6 and 9. The results for the same films as previously
are presented as a function of strain, for each strain rate, in
Figure 5 (interfacial stress for the film with 4097 layers and the
other composition is presented in Figure S10). At thermody-
namic equilibrium, the interfacial stress shall be constant, no
matter what the strain and strain rate applied, and follow eq 8
with set values obtained from eqs 5 and 10. Note that by
combining these three equations, this interfacial stress can be
expressed as a function of the Flory interaction parameter and
effective monomer length only

t
kT

b
( )

2
300 kPaE,int,0 3=+

(11)

which can be understood as the energy density of the
monomers in the interphase.
From Figure 5, it is seen that this thermodynamic

description of the interfacial stress describes the experimental
data at low strains and strain rates. However, there is an
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increase in the interfacial stress as strain increases above a
critical value (εc) close to 0.01, which becomes more
pronounced at higher strain rates. This increase in stress may
be due to the fact that the extensional flow modifies the
interphase from its equilibrium conformation as the chains
become oriented at high strains or at strain rates such as Wi >
1. In the bulk, the elasticity of polymer melts and solutions in
shear flow manifests itself through the existence of two
nonzero normal stress differences. It is thus tempting to say
that accordingly, when subjected to strong elongations, the
interphase response becomes nonisotropic; the tensile stress is
two-dimensional (2D), analogous to this difference in normal
stress, i.e., anisotropy of the surface tension in the film. This
anisotropy of the surface tension with respect to the direction
is the signature of the 2D elasticity of the interphase.71 A
similar phenomenon occurs in soap films, where the Gibbs−
Marangoni surface elasticity is due to the dilution of the
surfactant at the interface and is responsible for their
stability.72

If we consider the region above the critical strain, then there
is first a linear increase of the interphase contribution with
strain, followed by a plateau and then a decrease before failure.
Let us focus on the linear increase region (see Figure S11), in
which we can write the interfacial stress as

E( ) ( )E,int E,int,0 c= ++ +
(12)

where the slope of the linear interfacial stress−strain region can
then be termed an “interphase modulus” (Eε)̇ by analogy with
the Gibbs−Marangoni surface elasticity. Values from about 1
to ∼10 MPa, which are typical of a rubbery plateau modulus,
are obtained for Eε ̇ as the strain rate increases from 0.001 to 10
s−1. Since this anisotropy is a dynamic effect, we observe a
modulus that depends on the strain rate. Plotting this
dependence of the modulus in Figure 6, we can see that
similar values of the modulus are obtained at each strain rate
for all samples and compositions, with a power-law depend-
ence with the strain rate having an exponent of about 1/3.
As stated previously, this interphase modulus shall be related

to conformational changes73,74 close to the interface appearing
at large strains and strain rates, but the precise description or
modeling of the molecular dependency with respect to the
strain rate is out of the scope of this paper. Still, the analogy

with Gibbs elasticity and the existence of an interfacial
modulus has also been discussed in the case of sheared
compatibilized blends.75,76 We can also note that the increase
in modulus with the strain rate is widely documented for
rubbers in the bulk and is a signature of the time−temperature
superposition principle.77 Additionally, changes in viscoelastic
properties of elastomers due to confinement78, as well as the
effect of the strain rate on the modulus of free-standing glassy
ultrathin polymer films, have been evidenced recently.79

We can conclude by injecting the empirical relation of eq 12
into eq 9. The values of E and εc previously obtained result in a
much higher interphase contribution than predicted,35 which
captures much better the evolution of the extensional viscosity
of the multilayer film with time up to necking, at all strain rates
(and especially at larger ones), as shown in Figure S12.

■ CONCLUSIONS
A systematic study of the extensional properties of multilayer
films of an immiscible polymer pair (PS/PMMA) has been
conducted to probe the interphase rheological properties. A
simple additivity rule based on the summation of forces within
PS and PMMA captures well the response from multilayer
films with up to 129 layers. As the number of layers increases,
the volume fraction of the interphase becomes non-negligible.
A refined model proposed by Jordan et al.,35 which includes
the interfacial contribution in the additivity rule, captures well
the behavior of our systems with more than 2000 layers and at
low strain rates. At high strain rates, however, the model
underestimates the contribution of the interphase. Looking at
the interfacial stress, a deviation from the thermodynamic
equilibrium value related to interfacial tension and interphase
thickness is observed at strains above a critical value of about
1%. A linear increase with strain is observed, with a slope
increasing with increasing strain rate, leading to the measure-
ment of an “interphase modulus”, with values ranging from
about 1 to 10 MPa. These values are those of a typical rubbery
plateau modulus, even though such noncompatibilized
interphases are unentangled, suggesting a different behavior
from the bulk and reminiscent of interfacial phenomena such
as Gibbs−Marangoni elasticity. With this study, it is shown
that extensional viscosity measurements can be used as a probe

Figure 5. Measured interfacial stress as a function of strain for the
same sample as in Figure 4.

Figure 6. Interphase modulus as a function of the strain rate for films
with 2049 and 4097 layers and 60/40 PS/PMMA and 30/70 PS/
PMMA compositions.
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for determining the intrinsic “2D” rheological properties of
interphases (i.e., interfacial rheology), even for non-compati-
bilized systems. Having evidenced a surface elasticity occurring
at high strain rates, it could be relevant to study its impact on
the stability of nanolayers in elongational flows during
processing such as nanolayer coextrusion.
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Characteristics of polymers used in the study

Table S1: Properties of the polymers used in the study. The molar masses (MW) and dis-
persities (D) were measured by Zhu et al.1; glass transition temperatures (Tg) were obtained
from differential scanning calorimetry measurements on a Q10 analyzer (TA Instruments);
the density at room temperature (ρ 25◦C) was taken from the supplier technical sheet, and the
density at 225 °C (ρ 225◦C) was measured by Bironeau et al.2

Polymer
MW D

Tg ρ 25◦C ρ 225◦C

(kg/mol) (°C) (g/cm3) (g/cm3)

PS 245 2.2 96 1.05 0.95
PMMA 139 2.1 94 1.18 1.07

1



Viscoelastic properties of the neat polymer melts
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Figure S1: Complex viscosity (η∗) of PS and PMMA as a function of angular frequency
(ω) and their viscosity ratio at 225 °C and 1 % strain. The complex viscosity data were fitted
with the Carreau-Yasuda model. The measurements were performed within the LVE region
at shear strain 1 %. The gray area highlights the region corresponding to shear rate values
found in our multilayer coextrusion setup when assuming the Cox-Merz rule.2
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Figure S2: Complex viscosity of PS and PMMA at 155 °C (a) and 225 °C (b) as a function
of time. The measurements were performed within the LVE region at shear strain 0.1 % and
with pulsation ω = 1 rad/s. The maximum variation of viscosity values is 1.1 % for PS and
0.1 % for PMMA at 155 °C, and 4.5 % for PS and 0.5 % for PMMA at 225 °C, respectively.
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Characteristics of the fabricated PS/PMMA multilayer films

The theoretical thickness of the individual layer of each polymer can be calculated from the

following equation:

hA = HM × ϕA

nA

(S1)

where HM is the total thickness of the multilayer film, ϕA is the volume fraction of polymer

A in the film, and nA the number of its layers. In the used coextrusion set-up, we start with

the configuration A-B-A which in our case is PMMA-PS-PMMA. The number of layers nA

is calculated directly from the number of used LME with nA = 2N + 1. The equation is

almost identical for polymer B (in our case PS) with nB = 2N .

Table S2: Comparison of calculated and measured individual layer thicknesses.

Fraction Total no. of Film No. of PS layer thickness PMMA layer thickness
PS/PMMA layers thickness measured Calc. Measured Calc. Measured
(wt %) (n) (µm) layers (nm) (nm) (nm) (nm)

62/38 3 385 ± 39 3 186000 273700 ± 2300 83000 84500 ± 1400
60/40 17 587 ± 60 17 35200 453000 ± 5500 27800 27000 ± 2500
56/44 129 222 ± 20 30 1600 1800 ± 734 1400 1400 ± 570
57/43 2049 305 ± 16 240 131 159 ± 42 116 122 ± 29
56/44 2049 572 ± 45 220 298 287 ± 91 260 221 ± 78
53/47 4097 585 ± 87 425 115 124 ± 46 102 108 ± 34
53/47 4097 890 ± 72 438 232 198 ± 102 203 176 ± 77
29/71 3 607 ± 90 3 121000 192700 ± 12600 215000 237400 ± 7900
22/78 17 753 ± 39 17 19900 24000 ± 6600 70800 77200 ± 10300
19/81 129 799 ± 97 40 2800 2560 ± 700 9700 10440 ± 1700
25/75 2049 541 ± 37 240 106 132 ± 60 376 391 ± 91
26/74 4097 944 ± 47 425 90 111 ± 49 319 316 ± 104
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Multimode Maxwell Model

Figure S3 reports the Time-Temperature superposition of SAOS data at reference tempera-

ture 155 °C of PS and PMMA together with the obtained fits of the 10-mode Maxwell model

represented as lines. The relaxation moduli and time constants of the model are listed in

Table S3. Note that the slope of G′′ for PMMA at low reduced angular frequency is 1.7

rather than 2, as predicted by the Maxwell model, meaning we do not observe the termi-

nal behavior3. The temperature behavior of both polymers is well captured by the WLF

equation, in agreement with previous authors4.

Table S3: Linear Viscoelastic spectra for PS and PMMA at 155 °C.

PS PMMA
i τi (s) gi (Pa) τi (s) gi (Pa)
1 3.34× 100 2.93× 104 1.30× 100 1.09× 105

2 8.62× 10−1 4.14× 104 1.94× 10−1 1.33× 105

3 6.00× 10−5 1.74× 106 2.73× 10−3 1.69× 105

4 3.20× 10−4 4.00× 105 3.90× 10−5 4.22× 106

5 1.49× 10−1 5.25× 104 1.05× 101 4.54× 104

6 1.35× 101 1.93× 104 3.80× 10−5 6.96× 105

7 2.65× 10−3 1.88× 105 2.74× 10−3 1.51× 105

8 5.39× 10−6 2.30× 107 2.60× 10−2 1.54× 105

9 2.52× 10−2 5.37× 104 4.50× 10−4 4.91× 105

10 7.63× 101 6.91× 103 3.80× 10−5 2.68× 106
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Figure S3: Storage (G′, open symbols) and loss (G′′, closed symbols) moduli as a function
of reduced angular frequency (aTω) for PS (a) and PMMA (b). The superposition was done
at Tref = 155 °C. The lines represent the Maxwell fit described in the main body of the
manuscript. (c) The shift factor, aT , as a function of temperature. The lines represent the
Williams-Landel-Ferry (WLF) equation: log aT = −C1 (T − Tref ) / (C2 + T − Tref ), where
C1 and C2 are adjusted parameters.
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Extensional viscosity measurements
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Figure S4: Extensional viscosity of 30/70 PS/PMMA films with various number of layers:
(a) 3; (b) 17; (c) 129; (d) 2049; (e) 4097 layers at various Hencky strain rates. The solid
lines represent the additivity rule calculated from eq 4 for each strain rate, and the dashed
lines are the theoretical LVE envelope. Note that the sample with 4097 layers was too thick
to perform measurements at strain rates above 0.1 s−1.
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Extensional rheology calculations

The length (L), width (W ), and thickness (H ) of the sample change with experiment time

and strain rate as follows5:

L (t) = L0 exp (ε̇t) (S2)

W (t) = W0 exp

(
−ε̇t

2

)
(S3)

H (t) = H0 exp

(
−ε̇t

2

)
(S4)

Melt volume ratio (ϕ) was defined to calculate the variation in thickness with the tem-

perature change, including the density changes:

ϕ =

(
H25◦C

PS

H25◦C
PMMA

)(
ρ25

◦C
PS

ρ155
◦C

PS

) 1
3
(
ρ25

◦C
PMMA

ρ155
◦C

PMMA

)− 1
3

(S5)

Since the density is difficult to measure at intermediate temperatures due to high viscosi-

ties, and because the variations for these polymers are small with temperature, we assume

the density to follow a linear relation with temperature in the range of measured densities

(Table S1) to estimate the one at 155 °C used in eq S5.
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To verify the homogeneity of the layers in the films after the extensional rheometry

measurements, two samples’ cross-section areas were imaged by AFM after the tests and as

close as possible to the breaking point. As seen in Figure S5, the layers remain continuous.

Some broken layers were noted, as can be observed on the image of the sample with 2049

layers taken after the test with strain rate 10 s−1 but are rather due to processing instabilities

than to the extensional experiment itself, as individual broken layers were already observed

in some of the produced films (see the ‘Film morphology’ section of the manuscript).

Figure S5: AFM cross-sections of multilayer films after the extensional rheometry mea-
surements until Hencky strain of 3.8, at increasing (from left to right) constant Hencky strain
rates

The exponential decay of the samples’ cross-section area was also verified in our multilayer

films. After performing interrupted tests with a strain rate 0.01 s−1 at 155 °C until strain

equal to 0.8 and 1, the quenched samples were cut in the middle and imaged by AFM. As seen

in Figure S6, the agreement between measured and calculated values (assuming exponential

decay) of PS and PMMA layers’ thicknesses is good.
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Figure S6: Evidence of the exponential decrease of the layer thicknesses in the film with
2049 layers stretched with strain rate 0.01 s−1 at 155 °C. Pictures of the film on the SER
accessory before extension, at strain 0.8 and 1 (top). AFM images of the cross-section of
the films before extension (a) and at strain 0.8 (b) and 1 (c). Comparison of the theoretical
versus measured thicknesses of PS (d) and PMMA (e) layers in the multilayer film.
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Interfacial contribution
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Figure S7: Comparison between experimental data and additivity rule with the interfacial
contribution for the 30/70 PS/PMMA film with 2049 layers. The color codes and organiza-
tion of sub-figures are the same as in Figure 4.
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Figure S8: Comparison between model without (a) and with (b) the interphase contribution
for the 60/40 PS/PMMA film with 17 layers at strain rate 0.01 s−1.
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Figure S9: Fits of the experimental data with interfacial tension as a free parameter fol-
lowing Jordan’s approach (dashed-dotted lines) (a-e). Values of interfacial tension obtained
from the fits (f).
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Interphase properties
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Figure S10: Measured interphase stress as a function of strain. (a) composition 60/40
PS/PMMA, 4097 layers; (b) composition 30/70 PS/PMMA, 2049 layers (open symbols)
and 4097 layers (closed symbols). The solid lines represent the equilibrium value from eq 8.
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Figure S11: The linear region of measured interphase stress as a function of strain for the
same sample as in Figures 4 and 5, and at different strain rates: (a) 0.001 s−1, (b) 0.01 s−1,
(c) 0.1 s−1, (d) 1.0 s−1, (e) 10 s−1. The respective slopes represent the interphase moduli,
Eε̇, which values are presented in Figure 6 (black squares).
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Figure S12: Comparison of the experimental data with the model taking into account the
interphase contribution and the interphase elasticity in the sample with 2049 layers and
60/40 PS/PMMA composition.
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Characteristics of polymers used in the study

Table S1: Properties of the polymers used in the study. The molar masses (MW) and dis-
persities (D) were measured by Zhu et al.1; glass transition temperatures (Tg) were obtained
from differential scanning calorimetry measurements on a Q10 analyzer (TA Instruments);
the density at room temperature (ρ 25◦C) was taken from the supplier technical sheet, and the
density at 225 °C (ρ 225◦C) was measured by Bironeau et al.2

Polymer
MW D

Tg ρ 25◦C ρ 225◦C

(kg/mol) (°C) (g/cm3) (g/cm3)

PS 245 2.2 96 1.05 0.95
PMMA 139 2.1 94 1.18 1.07

1



Viscoelastic properties of the neat polymer melts
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Figure S1: Complex viscosity (η∗) of PS and PMMA as a function of angular frequency
(ω) and their viscosity ratio at 225 °C and 1 % strain. The complex viscosity data were fitted
with the Carreau-Yasuda model. The measurements were performed within the LVE region
at shear strain 1 %. The gray area highlights the region corresponding to shear rate values
found in our multilayer coextrusion setup when assuming the Cox-Merz rule.2
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Figure S2: Complex viscosity of PS and PMMA at 155 °C (a) and 225 °C (b) as a function
of time. The measurements were performed within the LVE region at shear strain 0.1 % and
with pulsation ω = 1 rad/s. The maximum variation of viscosity values is 1.1 % for PS and
0.1 % for PMMA at 155 °C, and 4.5 % for PS and 0.5 % for PMMA at 225 °C, respectively.
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Characteristics of the fabricated PS/PMMA multilayer films

The theoretical thickness of the individual layer of each polymer can be calculated from the

following equation:

hA = HM × ϕA

nA

(S1)

where HM is the total thickness of the multilayer film, ϕA is the volume fraction of polymer

A in the film, and nA the number of its layers. In the used coextrusion set-up, we start with

the configuration A-B-A which in our case is PMMA-PS-PMMA. The number of layers nA

is calculated directly from the number of used LME with nA = 2N + 1. The equation is

almost identical for polymer B (in our case PS) with nB = 2N .

Table S2: Comparison of calculated and measured individual layer thicknesses.

Fraction Total no. of Film No. of PS layer thickness PMMA layer thickness
PS/PMMA layers thickness measured Calc. Measured Calc. Measured
(wt %) (n) (µm) layers (nm) (nm) (nm) (nm)

62/38 3 385 ± 39 3 186000 273700 ± 2300 83000 84500 ± 1400
60/40 17 587 ± 60 17 35200 453000 ± 5500 27800 27000 ± 2500
56/44 129 222 ± 20 30 1600 1800 ± 734 1400 1400 ± 570
57/43 2049 305 ± 16 240 131 159 ± 42 116 122 ± 29
56/44 2049 572 ± 45 220 298 287 ± 91 260 221 ± 78
53/47 4097 585 ± 87 425 115 124 ± 46 102 108 ± 34
53/47 4097 890 ± 72 438 232 198 ± 102 203 176 ± 77
29/71 3 607 ± 90 3 121000 192700 ± 12600 215000 237400 ± 7900
22/78 17 753 ± 39 17 19900 24000 ± 6600 70800 77200 ± 10300
19/81 129 799 ± 97 40 2800 2560 ± 700 9700 10440 ± 1700
25/75 2049 541 ± 37 240 106 132 ± 60 376 391 ± 91
26/74 4097 944 ± 47 425 90 111 ± 49 319 316 ± 104
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Multimode Maxwell Model

Figure S3 reports the Time-Temperature superposition of SAOS data at reference tempera-

ture 155 °C of PS and PMMA together with the obtained fits of the 10-mode Maxwell model

represented as lines. The relaxation moduli and time constants of the model are listed in

Table S3. Note that the slope of G′′ for PMMA at low reduced angular frequency is 1.7

rather than 2, as predicted by the Maxwell model, meaning we do not observe the termi-

nal behavior3. The temperature behavior of both polymers is well captured by the WLF

equation, in agreement with previous authors4.

Table S3: Linear Viscoelastic spectra for PS and PMMA at 155 °C.

PS PMMA
i τi (s) gi (Pa) τi (s) gi (Pa)
1 3.34× 100 2.93× 104 1.30× 100 1.09× 105

2 8.62× 10−1 4.14× 104 1.94× 10−1 1.33× 105

3 6.00× 10−5 1.74× 106 2.73× 10−3 1.69× 105

4 3.20× 10−4 4.00× 105 3.90× 10−5 4.22× 106

5 1.49× 10−1 5.25× 104 1.05× 101 4.54× 104

6 1.35× 101 1.93× 104 3.80× 10−5 6.96× 105

7 2.65× 10−3 1.88× 105 2.74× 10−3 1.51× 105

8 5.39× 10−6 2.30× 107 2.60× 10−2 1.54× 105

9 2.52× 10−2 5.37× 104 4.50× 10−4 4.91× 105

10 7.63× 101 6.91× 103 3.80× 10−5 2.68× 106
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Figure S3: Storage (G′, open symbols) and loss (G′′, closed symbols) moduli as a function
of reduced angular frequency (aTω) for PS (a) and PMMA (b). The superposition was done
at Tref = 155 °C. The lines represent the Maxwell fit described in the main body of the
manuscript. (c) The shift factor, aT , as a function of temperature. The lines represent the
Williams-Landel-Ferry (WLF) equation: log aT = −C1 (T − Tref ) / (C2 + T − Tref ), where
C1 and C2 are adjusted parameters.
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Extensional viscosity measurements
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Figure S4: Extensional viscosity of 30/70 PS/PMMA films with various number of layers:
(a) 3; (b) 17; (c) 129; (d) 2049; (e) 4097 layers at various Hencky strain rates. The solid
lines represent the additivity rule calculated from eq 4 for each strain rate, and the dashed
lines are the theoretical LVE envelope. Note that the sample with 4097 layers was too thick
to perform measurements at strain rates above 0.1 s−1.
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Extensional rheology calculations

The length (L), width (W ), and thickness (H ) of the sample change with experiment time

and strain rate as follows5:

L (t) = L0 exp (ε̇t) (S2)

W (t) = W0 exp

(
−ε̇t

2

)
(S3)

H (t) = H0 exp

(
−ε̇t

2

)
(S4)

Melt volume ratio (ϕ) was defined to calculate the variation in thickness with the tem-

perature change, including the density changes:

ϕ =

(
H25◦C

PS

H25◦C
PMMA

)(
ρ25

◦C
PS

ρ155
◦C

PS

) 1
3
(
ρ25

◦C
PMMA

ρ155
◦C

PMMA

)− 1
3

(S5)

Since the density is difficult to measure at intermediate temperatures due to high viscosi-

ties, and because the variations for these polymers are small with temperature, we assume

the density to follow a linear relation with temperature in the range of measured densities

(Table S1) to estimate the one at 155 °C used in eq S5.
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To verify the homogeneity of the layers in the films after the extensional rheometry

measurements, two samples’ cross-section areas were imaged by AFM after the tests and as

close as possible to the breaking point. As seen in Figure S5, the layers remain continuous.

Some broken layers were noted, as can be observed on the image of the sample with 2049

layers taken after the test with strain rate 10 s−1 but are rather due to processing instabilities

than to the extensional experiment itself, as individual broken layers were already observed

in some of the produced films (see the ‘Film morphology’ section of the manuscript).

Figure S5: AFM cross-sections of multilayer films after the extensional rheometry mea-
surements until Hencky strain of 3.8, at increasing (from left to right) constant Hencky strain
rates

The exponential decay of the samples’ cross-section area was also verified in our multilayer

films. After performing interrupted tests with a strain rate 0.01 s−1 at 155 °C until strain

equal to 0.8 and 1, the quenched samples were cut in the middle and imaged by AFM. As seen

in Figure S6, the agreement between measured and calculated values (assuming exponential

decay) of PS and PMMA layers’ thicknesses is good.
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Figure S6: Evidence of the exponential decrease of the layer thicknesses in the film with
2049 layers stretched with strain rate 0.01 s−1 at 155 °C. Pictures of the film on the SER
accessory before extension, at strain 0.8 and 1 (top). AFM images of the cross-section of
the films before extension (a) and at strain 0.8 (b) and 1 (c). Comparison of the theoretical
versus measured thicknesses of PS (d) and PMMA (e) layers in the multilayer film.
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Interfacial contribution

1 10 100 1000

105

106

107

 PS contribution
 PMMA contribution
 interphase contribution
 +

E_M calculated

 +
E_M measured

h+ E 
(P

a
s)

t (s)

 = 0.001 s -1

(a)

.

0.1 1 10 100
104

105

106

h+ E 
(P

a
s)

t (s)

 = 0.01 s-1

(b)
.

0.1 1 10
104

105

106

h+ E 
(P

a
s)

t (s)

 = 0.1 s-1.

(c)

0.1 1

104

105

106
h+ E 

(P
a

s)

t (s)

 = 1.0 s-1
.

(d)

0.15 0.2 0.25 0.3 0.35 0.4

103

104

105

106

h+ E 
(P

a
s)

t (s)

 = 10 s-1
.

(e)

0.1 1 10 100 1000
103

104

105

106

107

 0.001 s -1

 0.01 s-1

 0.1 s-1

 1.0 s-1

 10 s-1

In
te

rp
ha

se
 c

on
tri

bu
tio

n 
(P

a·
s)

t (s)

(f)

Figure S7: Comparison between experimental data and additivity rule with the interfacial
contribution for the 30/70 PS/PMMA film with 2049 layers. The color codes and organiza-
tion of sub-figures are the same as in Figure 4.
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Figure S8: Comparison between model without (a) and with (b) the interphase contribution
for the 60/40 PS/PMMA film with 17 layers at strain rate 0.01 s−1.
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Figure S9: Fits of the experimental data with interfacial tension as a free parameter fol-
lowing Jordan’s approach (dashed-dotted lines) (a-e). Values of interfacial tension obtained
from the fits (f).
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Interphase properties
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Figure S10: Measured interphase stress as a function of strain. (a) composition 60/40
PS/PMMA, 4097 layers; (b) composition 30/70 PS/PMMA, 2049 layers (open symbols)
and 4097 layers (closed symbols). The solid lines represent the equilibrium value from eq 8.
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Figure S11: The linear region of measured interphase stress as a function of strain for the
same sample as in Figures 4 and 5, and at different strain rates: (a) 0.001 s−1, (b) 0.01 s−1,
(c) 0.1 s−1, (d) 1.0 s−1, (e) 10 s−1. The respective slopes represent the interphase moduli,
Eε̇, which values are presented in Figure 6 (black squares).
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Figure S12: Comparison of the experimental data with the model taking into account the
interphase contribution and the interphase elasticity in the sample with 2049 layers and
60/40 PS/PMMA composition.
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