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Young’s modulus of multinanolayer polymer films:
the role of the interfaces†

Alvaro A. Grandi,*a Alain Guinault, a Jorge Peixinho, a Cyrille Sollogoub, a

Arnaud Antkowiak, b Sébastien Neukirch b and
Guillaume Miquelard-Garnier *a

The number of free surfaces in a polymer ultra-thin film has a strong influence on its physical and

mechanical properties. In this study, Young’s modulus as well as the glass transition temperature of

multinanolayer coextruded polymer films, hence with no free surfaces, have been measured. We

observe that contrary to the case of freestanding or supported ultra-thin films, there is no depression of

the glass transition temperature or the Young modulus, but an increase for the latter as the layer

thickness decreases, whatever the polymer pair (with various compatibilities). It is proposed that this

increase is associated with the rise of interphase volume fraction in the films. An interphase modulus of

about 25 GPa can be extracted from the empirical model, about 10 times higher than the typical

modulus value of a glassy polymer. This value does not appear to depend on the nature of the

polymers, meaning that the presence of entanglements at the interfaces is not a key factor to explain

the increase in Young’s modulus of multinanolayer films.

1 Introduction

Thin polymer films can find applications in numerous indus-
trial fields, from organic electronics1,2 to food packaging.3,4

However, for ultra-thin films, i.e. when the thickness becomes
similar to the typical macromolecular dimension (B50 nm), it
has been observed that several physical properties can decrease
with decreasing thickness, reaching values significantly lower
than those of the bulk.5,6 For example, the depletion of the
polystyrene (PS) glass transition temperature has been thor-
oughly characterized,5,7,8 as well as its viscosity.9 This loss has
also been observed, again on PS ultra-thin films, for several
mechanical properties such as maximum stress,10 toughness,10

fracture strength11 and Young’s modulus.12,13

The origin of this drop in physical properties has long been
debated: as the preparation and measurement of such films is
complicated, several authors suggested it could be an experi-
mental artifact due to measurement method or sample
preparation,14 or on the contrary intrinsic and due to confine-
ment and the presence of free surfaces.15 Concerning the drop

in glass transition temperature, there is now a reasonable
consensus linking it to the presence of free surfaces,16 regard-
less of geometry.17 Free surfaces lead to enhanced surface
mobility, resulting in the existence of a thin layer (B1 nm) of
liquid-like material at the free surface.9,18 A ‘‘global’’ glass
transition temperature Tg for the ultra-thin film lower than
the bulk one is then observed. Comforting this hypothesis, the
cases of supported (resting on a substrate)16 or gold-capped19

PS ultra-thin films show no Tg variation, while other polymers
such as poly(methyl methacrylate) (PMMA) may even display an
increase in Tg due to specific interactions (H-bonds) with silica
substrates.20 More recently, the role of polymer–polymer inter-
faces on the local dynamics in ultra-thin films has also
attracted attention: although enhanced diffusion dynamics
was measured for confined PS near a PMMA interface by Koo
et al.,21 an increase in Tg has been characterized for PS near
polysulfone (PSF) or PMMA (hard confinement), while a
decrease was observed near poly(isobutyl methacrylate)
(PiBMA) (soft confinement).22,23

Concerning mechanical properties, the reduction has been
linked to the same increase in molecular mobility in the layer
near the free surface, but also to the reduction of entangle-
ments due to confinement.24–26 Recently, the group of Crosby
has proposed a semi-empirical model derived from Mikos and
Peppas approach that links entanglements to strength and
toughness of polymer glasses,27 adapted to ultra-thin films.10

The model specifically aims at decoupling entanglements from
mobility effects to account for the drop in strength.
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Multinanolayer coextrusion is an innovative process to
produce extruded films made of two (or more) polymers, where
the number of layers within the film (hence the number of
interfaces) and their thickness can be controlled separately.28–30

In multinanolayered films made of thousands of alternating
layers, the layer thickness becomes also comparable to the typical
size of the macromolecules, which can result in a significant
improvement in various properties,31,32 e.g. gas barrier or birefrin-
gence. Moreover, the thousands of interfaces lead to a consider-
able increase in the volume fraction of interfaces in the
materials.33 These samples can then be characterized with classi-
cal polymer analysis techniques to probe the role of the interfaces
on the final properties, and even measure quantitatively the
interfacial properties. Recently, we have shown for example that
the rheological properties of compatibilized as well as non-
compatibilized interphases of immiscible polymer blends
can be obtained from such samples using a conventional
rheometer.33,34 Notably, significantly higher properties were
obtained for the interphase compared to the bulk properties, with
the appearance of an interphase modulus at high strain rates in
the case of non-compatibilized nanolayered PS–PMMA films.34

This work aims at extending this approach to the solid state
to measure mechanical properties, and especially the Young
modulus. The focus here is double: first, surface effect on the
modulus will be assessed by comparing nanolayered films
having two polymer–polymer interfaces (hence no free surfaces)
with literature results on supported (on a solid or liquid
substrate26,35) and freestanding ultra-thin films (as depicted
in Fig. 1), similar to what has been done on the dewetting of
such films.36,37 Second, the effect of the interfacial thickness
will be discussed, by comparing three immiscible polymer pairs
with different compatibilities, as it has been for example
quantitatively related to other mechanical properties such as
interfacial adhesion.38–40

2 Experimental
2.1 Materials

Multinanolayer coextruded films were fabricated using a lab-
made coextrusion line described previously in details.34,42,43

Briefly, two 20 mm single-screw extruders are fed with the
chosen polymer pair. After a feedblock generating a trilayer flow,
a series of layer-multiplying elements (LME) split it vertically,

spread it horizontally, and then recombine it. Passing through N
LMEs results in a film with ntot = 2N+1 + 1 total layers. This
method allows film production with a total thickness H on the
order of 100 mm, with thousands of alternating layers of the two
polymers, with thicknesses down to h B 50 nm. For the inner
polymer, the layer thickness is deduced as:

h ¼ H
f
2N

(1)

with f its volume fraction.
Previous studies41,44 have shown that for a given film the

mean experimental layer thickness and the value obtained from
eqn (1) were in quantitative agreement, so the latter will
systematically be used in the following. As a first approach
the distribution of layer thicknesses around the mean value will
not be considered. Note that what is called here a layer typically
corresponds, in terms of thickness, to what is designed under
the name of ‘‘ultra-thin film’’ when dealing with a single-layer
film (see Fig. 1). In the following, nanolayers (from multi-
nanolayer films) will then be compared to free-standing and
supported ultra-thin films.

In this study, three different set of coextruded polymer films
have been used. The main properties of the neat polymers are
listed in Table 1.

The first set is made of PS 1340 from Total and PMMA
VM100 from Arkema with a PS/PMMA weight composition close
to 60/40 wt%. PS and PMMA are two glassy polymers with
similar glass transition temperatures, Tg, as shown in Table 1.
The detailed fabrication process and rheology study of these
coextruded films is presented in the works of Dmochowska
et al.34,48 Films with 3, 17, 129, 2049 and 4097 layers were
prepared. The films were collected using a chill roll with the
lowest possible drawing speed to prevent as much as possible
chain extension in the extrusion direction. To reduce the
thickness of the final film (hence of the individual layers)
without a significant post-stretching step, a sacrificial layer of
low density polyethylene (LDPE 1022 FN, TotalEnergies) was
added at the exit die. The layer thicknesses within the prepared
films range from B100 mm to 80 nm. The second coextruded
films are made of polycarbonate (PC) and styrene-acrylonitrile
(SAN) both from Trinseo with a PC/SAN weight composition
close to 80/20 wt% (see ref. 47 for a detailed explanation of the
fabrication process). In this case, the two glassy polymers have

Fig. 1 Different types of ultra-thin polymer layers, depending on the number of free surfaces. (a) Freestanding: two free surfaces. (b) Supported
(deposited on a surface): one free surface. (c) Multinanolayer coextruded films where the internal layers have no free surface, but polymer–polymer
interphases with the adjacent layers. On the right, a typical AFM image of a portion of a coextruded multinanolayer film (here, PS/PMMA).41
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significantly different Tg (see Table 1). Films with 17, 65, 129,
513, 1025 and 2049 layers were produced, with layer thick-
nesses ranging from B10 mm to 50 nm. The last set of films is
made of polyethylene (PE), polyethylene-graft-maleic anhydride
(PEgMA) as a compatibilizer both from Dow Chemical Company
and polyamide 6 (PA6) from BASF with a PE/PEgMA/PA weight
composition of 25/50/25 wt%. Both PE and PA6 are semi-
crystalline polymers, one with Tg well below room temperature
(RT), the other above RT (see Table 1). Films with 3, 129 and 2049
layers were used in this study, with layer thicknesses ranging
again from B10 mm to 50 nm. The detailed experimental set-up
and fabrication process can be found in ref. 33 and 49. For all
multinanolayer films selected in this study, processing condi-
tions were such that the amount of ruptured layers was negli-
gible (t5%), so the layers will be considered continuous with
uniform thickness in the following.

These three set of polymer pairs (PS/PMMA, PC/SAN and PE/PA)
can be compared in terms of compatibility, which will affect
the thickness of the interfacial region, i.e. the interphase
(Fig. 1c). At thermodynamic equilibrium, the interphase thickness
can be defined as a � 2b

� ffiffiffiffiffi
6w
p 50 where w is the Flory–Huggins

interaction parameter and b is the effective length per monomer
unit. For the polymer pairs of the present study, the values are:
aPS/PMMA E 3 nm34,51,52 and aPC/SAN E 7 nm.46 In the PE/PA
system, due to the in situ formation of a compatibilizing copolymer
segregating at the interfaces, the interphase thickness can be
considered as the end-to-end distance of this copolymer, as
discussed in Beuguel et al.,33 so aPE/PA E 30 nm.

2.2 Methods

Dynamic mechanical analysis (DMA) was performed to obtain
Tg for the neat polymers (Table 1) and for the fabricated
multinanolayer films. The thermomechanical properties were
characterized in tension mode with a Q800 apparatus
(TA Instruments). For the PS/PMMA multinanolayer films, the
temperature scan was performed from 35 up to 180 1C. For the
PC/SAN multinanolayer films the temperature scan was per-
formed from 40 up to 160 1C. In both cases, the heating rate
was 2 1C min�1, the frequency 1 Hz and the strain 0.1%, within
the linear regime.

A three-point bending test has been designed using a Deben
microtest machine to measure Young’s modulus E. This
mechanical test has been chosen over more classical tensile
tests because it has a motion perpendicular to the extrusion
direction, allowing mechanical solicitation of the multiple
interfaces.53 The tests were performed at RT, with displacement

applied at a constant velocity of 1.5 mm s�1. The samples were cut
from the middle of the extruded film parallel to the extrusion flow
to obtain the desired geometry, i.e. a constant width w and length
l of 1 cm and 5 cm, respectively (see Fig. S1a in the ESI†). The
thickness of the sample is measured five times across the entire
width using a contact profilometer to obtain an accurate average
of the total thickness H. Then the thickness h of the inner polymer
is deduced from eqn (1) for each sample. It has been verified in
previous studies33,34 with AFM measurements that the obtained
value is consistent with the layers’ experimental thickness.44 To
capture the displacement y, the setup is placed under a routine
stereo microscope Leica M80 and an image is recorded every
0.5 mm. The system is seen as a simply supported beam (see Fig.
S1b in ESI†) with a central load following the Euler–Bernoulli
beam theory.54,55 In this case, Young’s modulus of the coextruded
film can be deduced from the equation:

E ¼ FL3

4wyH3
(2)

with F the measured force and y the displacement of the center of
the beam.

Fig. S1c (see the ESI†) shows that for the studied samples, we
can consider there is no slip between the layers during the test,
confirming the use of eqn (2) for Young’s modulus.

In the case of thinner films, the bending force was some-
times too low and its measurement not accurate enough. In this
situation, several films were stacked and thermo-pressed
together. It was verified on thicker films that this additional
preparation step does not change the values obtained for the
modulus (see Fig. S2a in ESI†).

When bending is applied on unidirectional films with con-
tinuous layers, and parallel to their extruded direction, a simple
estimate of Young’s modulus of the film can be obtained from
the simple rule of mixtures56,57 Efilm ¼

P
i

fiEi; where fi is the

volume fraction and Ei the Young modulus of the neat poly-
mers. In the case of two components, the equation can be
simply written as Efilm = fE1 + (1 � f)E2. The mixing rule value
can then be compared with the experimental data, with a
quantitative agreement if confinement and/or interfacial effects
are negligible.

3 Results and discussion

As mentioned previously, Bay et al.10 recently proposed a semi-
empirical model taking into account the effect of entangle-
ments and chain mobility to explain the decrease in maximum
stress and toughness in ultra-thin films of glassy polymers.
Adapting their model for Young’s modulus, it can be written as
follows:

E h;Mwð Þ ¼ a T � TgðhÞ
� �

þ b exp
�2

Mw=MeðhÞh i

� �
(3)

where T is the temperature of the test, Tg(h) is the glass
transition temperature depending on the thickness h of the
ultra-thin film, and (a, b) are two empirical parameters. The

Table 1 Physical properties of the constituent polymers

Neat polymer Tg (1C) Mw (kg mol�1) Ree (nm) Coextruded with

PS 104 245 2645 PMMA
PMMA 99 139 2045 PS
PC 138 62 1646 SAN
SAN 94 95 1746,47 PC
PA6 60 124 1333,45 PE
PE B�100 122 1233,45 PA6
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ratio of the weight average molecular weight Mw to the entan-
glement molecular weight Me(h) characterizes the level of
entanglements.27 Fig. S3 in ESI,† confirms the good agreement
between this model and experimental data from the literature
on polymers with one and two free surfaces.

In the case of the multinanolayer films studied here, the
average end-to-end distance of the polymer chain, Ree, has been
determined using the well-known relation Ree ¼ l0

ffiffiffiffiffiffiffiffiffiffiffiffi
n0C1
p

;

where CN is the Flory characteristic ratio,45 n0 and l0 are the
number and length of monomer units in the considered chain
respectively (see Table 1). The minimal inner thickness of the
studied multinanolayer films is about 3 times higher than Ree

for all the different polymers. So, following Wang et al.58 we
assume that Me is constant in the range of thicknesses studied.

3.1 Tg of multinanolayer films

From DMA it is possible to extract the glass transition tem-
perature for multinanolayer films. Fig. 2a displays the normal-
ized glass transition temperature (i.e. Tg obtained from the
films tested by DMA divided by Tg of the neat polymer) for PS,
PMMA, PC and SAN against the individual layer thickness h.
The color bar indicates the number of total layers in the films.
For both polymer pairs, we observe that the Tg is constant in the
range of thicknesses studied, and close to the bulk value. The
slightly larger deviation from the bulk value for the PC/SAN pair
compared to the PS/PMMA pair is a signature of their better
compatibility.46 Note that in PS/PMMA multinanolayer films,
only one Tg was observed, due to the closeness of the Tg values
for PS and PMMA (see Table 1). This leads to a simplified
version of Bay’s model for the multinanolayer films:

Em ¼ a T � Tg

� �
þ b exp

�2
Mw=Meh i

� �
(4)

Then, DMA is used to examine the validity of eqn (4) for the PS/
PMMA multinanolayer films. To do so, the dynamic Young
modulus E* is plotted in Fig. 2b against T � Tgbulk

. As expected,
when the temperature gets closer to the Tg, there is a sharp
decrease of E* for all samples. Moreover, as the changes are
small and hardly quantifiable in DMA, the effect of the total
number of layers (and of the layer thickness) on the variation of
E* with temperature will be neglected in a first approach.
Looking at the evolution of the modulus sufficiently far from
Tg (inset in Fig. 2b), a linear relationship as proposed in eqn (4)
captures correctly the trend and provides values for a and b,
aDMA E �13.5 MPa 1C�1 and bDMA E 2.1 GPa respectively
(orange dashed line in inset in Fig. 2b). It should be noted that
these values are in reasonable agreement with those that can be
extracted from Bay’s work10 (see Table S1 in ESI†): approximat-
ing the modulus with smax=Esmax for 150 nm PS films with molar
masses similar to those of this study (number average mole-
cular weights of 127 kg mol�1 and 98 kg mol�1) leads to aB B
�18 MPa 1C�1 and bB B 1.8 GPa, which further validates the
extension of Bay’s stress model to the modulus. Fig. S4 (in ESI†)
shows a similar behavior for the PC/SAN multinanolayer films.

3.2 Young modulus from three-point bending test

Young’s modulus of different multinanolayer films and for the
neat polymers is obtained from the three-point bending tests
performed at RT. For PS and PMMA neat films, average Young
moduli of 3.1 and 3.4 GPa are obtained respectively, in agree-
ment with literature data57 and similar to E* from the DMA
experiments (though about 20% higher). First, Young’s mod-
ulus is measured for samples cut orthogonal or parallel to the
extrusion flow. Fig. S2b in ESI† shows that both samples yield
close values. In consequence, only samples cut parallel to the
extrusion flow are discussed in the following.

Fig. 3a shows, for the three different polymer pairs, the
evolution of the Young modulus normalized by Efilm (rule of
mixtures), as a function of the layer thickness of the inner
polymer. To analyze the trends, individual data are collected into
five groups with different thicknesses, ranging from B100 nm to
B100 mm. Tukey’s honest significant difference (HSD) test at the
5% significance level is then conducted to compare the different
datasets (see details in Tables S3 and S4 in ESI†).59 It is seen that

Fig. 2 Dynamic mechanical analysis of multinanolayer polymer films with
the colour representing the total number of layers in the samples. (a)
Dimensionless glass transition temperature as a function of the internal
thickness h. Circles represent the experimental Tg of PS/PMMA films
divided by the bulk Tg of PMMA (K, filled circle) and PS (J, open circle).
Triangles represent the experimental Tg of SAN in PC/SAN films divided by
the bulk Tg of SAN (m, filled triangle) and the experimental Tg of PC in PC/
SAN films divided by the bulk Tg of PC (D, open triangle). (b) Dynamic
Young’s modulus as a function of T � Tg for different PS/PMMA films.
The inset shows the temperatures close to RT in linear scale. Orange
dashed curve is a linear fit, averaging the experimental data, leading to
(aDMA, bDMA).
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for h o 1 mm (thin film regime) there is a statistically significant
increase in the measured modulus for the three different types of
multinanolayer films, while the values for h 4 1 mm (bulk regime)
can be considered constant.

Em/Efilm of PS/PMMA (with Em obtained from eqn (4) with
aDMA and bDMA values) is shown as a blue line. Both the rule of
mixtures and Bay’s adapted model predict a modulus that is
independent of the layer thickness. They also give similar
values for the modulus, in good agreement with the experi-
ments. While the rule marginally overestimates the bulk mod-
ulus, Bay’s adapted model underestimates it, which is simply
due to the fact that the DMA measured modulus is slightly
lower than the bending one.

3.3 Role of the interphase

To account for this increase in modulus at small layer thick-
nesses, we will consider in the following the absence of free

surfaces in our multinanolayer films and their replacement by
interphases, the role of which we are going to examine. The
volume fraction of the interphase can be expressed as:

fintða; hÞ ¼ ntot � 1ð Þ a
H
¼ ntot � 1

n
f
a

h
� 2f

a

h
(5)

If the layer thickness is below 100 nm, fint can reach values in
the 1–10% range and is not negligible anymore. The increase in
Young’s modulus as the layer thickness decreases may then be
related to this increase in fint. To illustrate this, the modulus,
this time normalized by Em is plotted as a function of the
volume fraction of the interphase in Fig. 3b. When fint

increases (h decreases), Young’s modulus increases, with a
deviation that becomes significant when fint \ 1% (gray area
in Fig. 3b). To focus specifically on the increase in modulus at
high volume fractions, and since the HSD test determined that
the modulus could be considered constant at low volume
fractions, the value of b is adjusted to the bending-test mod-
ulus, in order to have E/Em = 1 in the bulk regime. This choice is
also motivated by the relatively large uncertainty on b measure-
ments, as shown in Bay et al.10 A value of i.e. bbending E 2.8 GPa
is obtained, consistent with the values obtained in Tables S1
and S2 in ESI.† As a first approach, the effect of the interphase
volume fraction can be taken into account using a linear
regression, with a slope that may be termed the ‘‘Young
modulus of the interphase’’ Eint. For the glassy PS/PMMA
system, EintPS/PMMA

E 25 GPa. This contribution of the interphase
is then added to eqn (4), leading to a new empirical version of
Bay’s model adapted to multinanolayer films:

Emulti Tg; h
� �

¼ Em Tg

� �
þ CintðhÞ

¼ a T � Tg

� �
þ b exp

�2
Mw=Meh i

� �
þ 2f

a

h
Eint;

(6)

where Cint(h) represents the contribution of the interphase for a
given multinanolayer film (black line in Fig. 3b and 4).

3.4 Freestanding, supported and multinanolayer films

Now, it shall be interesting to compare more directly the
experimental results and modeling for multinanolayer films
(with no free surfaces) with results from the literature on ultra-
thin films having one or two free surfaces (Fig. 1). Fig. 4 shows
the experimental Young modulus normalized by the bulk value
for PS (green squares) ultra-thin films with different molecular
weights and two (empty symbols) or one (full symbols) free
surfaces. The box plots are the experimental results for the
multinanolayer films of the present study (in the case of the
multinanolayers, the modulus has been normalized by Efilm).
The green curves are the corresponding fits using eqn (3) for
each experimental data from the literature (used parameters
are presented in Table S2 in ESI†), and the black curve is from
the modified model presented in eqn (6). We observe that,
although Bay’s model captures adequately the decrease of
modulus with decreasing thickness in the case of ultra-thin
films, the modified version proposed in this study describes

Fig. 3 Three-point bending tests at room temperature for multinanolayer
polymer films, with (K) PS/PMMA, (m) PC/SAN, (�) (PE/PEgMA/PA). (a) Box
plot of the normalized Young modulus (with Efilm from the rule of mixtures)
as a function of the layer thickness h. Blue line is obtained from eqn (4) for
PS/PMMA. (b) Box plot of the normalized Young modulus, here with Em

from eqn (4), as a function of the volume fraction of the interphase fint

from eqn (5). Black curve represents the model of eqn (6) which takes in
consideration the presence of the interphase. For both figures, the box
indicates the upper and lower quartiles of the experimental values. The
whiskers are determined by the minimum and maximum experimental
value. The horizontal line inside the box represents the median, and the
orange square represents the mean. Dataset with different letters (a or b)
are significantly different according to the Tukey-test at the 5% signifi-
cance level (see Tables S3 and S4 in ESI†).
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accurately the trend of the experimental data for multinano-
layer films. This showcases the role of the number of free
surfaces in the mechanical properties of ultra-thin polymer
films. It shall be noted that an approach based on a modified
mixing rule model including an interphase contribution
(eqn (S3) in ESI†), represented by solid and dashed purple lines
in Fig. 4 for PS/PMMA and PC/SAN respectively, also captures
adequately the trend, while yielding similar values for the
interphase moduli, for PS/PMMA EintPS/PMMA

E 26 GPa, but for
PC/SAN as well, with EintPC/SAN

E 27 GPa (see Fig. S5 in ESI†).
However, films made with PC/SAN have a theoretical inter-

phase thickness about twice the one of PS/PMMA. An interesting
observation that can be made from the comparison of these two
polymer pairs is that the global increase of films’ modulus
with decreasing layer thickness seems independent from the
presence of entanglements at the interfaces. For PS and PMMA,
the mean entanglement spacing (obtained from the molecular
weight between entanglements listed for example in Fetters
et al.45) is about 8 nm, much larger than aPS/PMMA, while it is
close to 4 nm for PC and SAN, this time smaller than aPC/SAN.
Hence, contrary to other properties such as interfacial
adhesion39,40 which heavily depends on the presence of entan-
glements, it seems a unique value for ‘‘Young’s modulus of the
interphase’’ can be defined, Eint E 25 GPa, not related to the
compatibility of the glassy polymers constituting the multinano-
layer films. Another interesting observation is that PE/PA6 multi-
nanolayer films ((�) symbols in Fig. 3a) show similar trends as
the PS/PMMA and PC/SAN film, despite being semi-crystalline
materials. This, along with the fact that Eint is constant, rein-
forces the hypothesis that the mechanical behavior of these films
is mostly governed by the interphases rather than by the nature
of the polymers involved.

As a final cautious note, it is worth noting that this discussion is
based on a theoretical estimate of the interphase thickness assum-
ing random coil conformation, while the polymer chains might not
be at equilibrium due to the coextrusion process, especially the
drawing and cooling stages. To the best of our knowledge, there are
no direct means to measure the actual interphase thickness in such
films. However, two studies linked macroscopic properties (oxygen
permeability46 and extensional viscosity34) to interfacial thickness.
In these works, models using the equilibrium theoretical value
were used to capture quantitatively the experimentally measured
film properties, suggesting that it can be reasonably used as a first
approach. Still, it is plausible that chains are actually stretched in
the extrusion direction, which should create a thinner interphase
than theoretically predicted. This, in turn, would lead to a higher
value of the interphase modulus, and possibly different values for
polymer pairs being more or less far away from equilibrium due to
processing conditions.

4 Conclusions

Young’s modulus of multinanolayer coextrusion films made of
different polymer pairs has been measured by means of DMA
and three-point bending tests. Such systems are of interest as
the results show that in bending mode, the films with higher
number of layers and smaller layer thicknesses display a higher
modulus for every polymer pair studied, up to about 30%. In
the literature, previous work has evidenced a decrease in
Young’s modulus of free-standing as well as supported ultra-
thin films with decreasing thicknesses.11,12,25,26,60–62 Put
together, these results are not contradictory but rather confirm
the influence of free surfaces in the physical and mechanical
properties of thin polymer layers. Contrary to freestanding or
supported ultra-thin films, multinanolayer films have no free
surfaces. More precisely, they display thousands of polymer–
polymer interfaces with (nanometric) thicknesses that are
related to the polymers’ compatibility, or in other words to
the magnitude of the thermodynamic Flory interaction para-
meter. This absence of free surfaces is also consistent with
constant Tg values (independent of the layer thicknesses)
measured in multinanolayer films. A model is proposed that
attributes the increase in Young’s modulus to an increase in the
volume fraction of the interphase, building on an approach
previously used in the molten state with viscosity.34,63 From this
hypothesis, an interphase modulus is obtained, with a value of
25 GPa, about 10 times higher than the typical modulus value
of a glassy polymer. An interesting result is that this value does
not seem to depend on the presence of entanglements at the
interface, as it is constant whether the polymer pair is incom-
patible (PS/PMMA) or compatible (PC/SAN), and further con-
firmed on a compatibilized (i.e. having a copolymer at the
interface) system (PE/PA6). This differs from the quantitative
relation established between entanglements and interfacial
adhesion between polymer layers.

To explore in more details the reinforcing mechanisms of the
interphases in these laminated structures, large deformation

Fig. 4 Young’s modulus as a function of thickness, for polymer films
with different number of free surfaces. Boxes are taken from this
study, solid black line represents the model proposed in eqn (6) for PS/
PMMA. Filled and empty green squares are for supported and free-
standing PS thin films respectively. The different shades are for different
molar masses11,12,26,60–62 (see scale bar on the right). Solid and dashed
green lines are the best fits from eqn (3) for supported and freestanding PS
ultra-thin films respectively (see Table S2 in ESI†). Purple solid and dashed
lines represent the modified mixing rule model including the interphase
contribution (Efilm w/int) for PS/PMMA and PC/SAN films respectively (see
eqn (S3) in ESI†).
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studies at low (puncture resistance) or large strain rates (impact)
will be considered next. To further confirm the high interphase
modulus independent of the polymer pair suggested from this
macroscopic study, a direct and quantitative measurement using
AFM coupled with nanoscale DMA can be envisioned.
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