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Most of the plastics industry market is covered by only a few
commodity polymers, including polyolefins, polystyrene and
polyvinylchloride. However, the increasingly demanding

applications require improved or new combinations of properties,which
cannot be satisfied by these few polymers alone.There has therefore been
considerable scientific and industrial interest in modifying and mixing
together these existing commodity polymers with a view to achieving
properties currently exhibited only by more expensive engineering
polymers or non-polymeric materials. Polyethylene (PE), for example,
represents an annual production of more than a hundred million tons,
and is used in a large field of applications ranging from packaging to
adhesives and wire coatings.Yet, because of its low melting temperature,
polyethylene creeps rather easily and has a relatively poor heat resistance.
This limits its widespread use in the automotive and construction
industries. For more than three decades, considerable effort has been
devoted to the improvement of the high-temperature properties of
polyethylene by blending it with a high-melting-temperature polymer
such as polyamide1. Unfortunately, such blends naturally tend to phase
separate on the macroscopic scale. Consequently, a substantial
improvement of thermal and mechanical properties such as toughness,
stress at break or high-temperature creep resistance can be achieved only
when the polyamide phase is continuous. The challenge is to make the
polyamide phase continuous while keeping polyethylene as the major
component. In this context, it seems particularly desirable to be able to
make materials with finely dispersed co-continuous morphologies.Here,
we present a new general strategy to obtain stable co-continuous polymer
materials structured at the nanometre scale, and show, for the
polyethylene and polyamide pair, that the as-formed blend can exhibit a
remarkable combination of properties.

So far in polymer science,two methods have been proposed to obtain
co-continuous structures in polymer blends. The first consists of
quenching non-equilibrium morphologies produced during intensive
high-temperature mixing ofblend components.The major difficulty here
is to achieve submicrometre structure by mechanical mixing, and to
preserve the optimized morphology during the processing stage. Added
compatibilizing agents or compatibilizing agents formed in situ help to
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control the coalescence and improve the adhesion between the two
phases. The other method uses self-assembling and structuring
properties of block copolymers: linear macromolecules consisting of two
or more monomer sequences covalently linked together. In a striking
analogy with surfactant molecules and microemulsions2, A–B block
copolymers with carefully controlled molecular weight and composition
are expected to self-assemble when mixed with the homopolymers A and
B to form, under favourable conditions, thermodynamically stable co-
continuous structures at the nanometre scale.Very recently the existence
of such phases has been confirmed in studies on model systems3–7.
Unfortunately,these phases exist only in a narrow channel ofcomposition
and molecular parameters. More importantly, for many polymer pairs
such as polyethylene and polyamide,it is very difficult or just impossible to
synthesize linear block copolymers. In this work, we show that reactive
blending may serve as a low-cost method to obtain nanostructured
thermodynamically stable materials with co-continuous morphology,
and demonstrate the versatility of this technique by applying it to the
industrially relevant pair of polymers: polyethylene and polyamide.
The co-continuous materials so produced are structured on the scale of
tens of nanometres and are crystalline. In consequence, they exhibit
exceptional properties inaccessible to classical blends.The main new idea
is paradoxical. We rely on polydispersity and randomness introduced
naturally by the production process, reactive blending, to impart
microscopic organization and thermodynamic stability.

More specifically, we propose to use random graft copolymer chains
synthesized by reactive blending, a process in which two polymers
carrying complementary reactive groups are mixed together and react at
high temperature (Fig. 1). The backbone polymers, B, carry reactive
groups randomly distributed along their length,whereas the A chains,the
grafts, are functionalized at one end only. The challenge is to achieve a
thermodynamic self-assembly ofrandom graft copolymers formed in situ
without expulsion and phase separation of unreacted chains.
The polydispersity of the backbone and of the grafts, as well as the
randomness in graft-attachment positions paradoxically helps to stabilize

disordered co-continuous structures.Indeed,it enables local fluctuations
of the interface curvature, and facilitates the incorporation of
homopolymers in blends. This is a unique polymeric effect. In low-
molecular-weight surfactant systems, co-surfactants—slightly different
surfactant molecules—are usually introduced to increase the interface
flexibility and thereby stabilize a microemulsion phase7. Here, a well-
adapted molecular weight distribution and inherent molecular disorder
may naturally yield a co-surfactant-like effect.

The choice of our reactive systems heavily relies on design principles
available in previous studies. First, the coupling reaction has to be fast.
Recent experiments show that the reaction between maleic anhydride
(MAH) and NH

2
groups satisfies this requirement8–14.

Second,the reactive groups have to be randomly distributed along the
backbone chains so that the number of reactive groups is proportional to
the backbone chain length.Indeed,homopolymer expulsion is driven by
entropic effects related to the stretching of copolymer chains in self-
assembled organizations15.To avoid the phase separation,homopolymers
have to be short.This is where polydispersity and random distribution of
reactive groups become important. Consider a wide-molecular-weight
distribution of B chains.A critical molecular weight exists below which B
chains do not bear (on average) any reactive site. Therefore, only the
shortest B chains are left unreacted, but they have a chance to be
incorporated into the self-assembled structure formed by the graft
copolymers made from the longer B chains. This natural selection does
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Figure 1 Reactive blending principle and strategy. a,End-reactive A chains (such as
PA6) react with B chains (such as PE-1),which bear reactive groups along the backbone.
During reactive blending,random graft copolymers are formed.b,The mixture of random
graft copolymers and unreacted backbones (B chains) and grafts (A chains) results in the
thermodynamically stable microstructure in c.

Figure 2 Co-continuous nanostructured blend.Transmission electron micrographs for:
a,80/20 blend PE-1/PA6 after 1 min of extrusion (the PA6 phase is stained in black with
phosphotungstic acid).b, Isolated copolymer purified from 80/20 blend PE-1/PA6.
c,Molecular weight distribution obtained by size-exclusion chromatography.d,Differential
scanning calorimetry heating curves at 20 °C min–1.
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not work for the end-functionalized A chains. It is therefore important
that they are as short as possible—but just long enough to preserve the
capacity of crystallization. In analogy with block copolymers16,17, we
expect that both the random distribution of graft-attachment locations
and the polydispersity of the graft length should reduce chain stretching in
graft copolymer structures, and should facilitate incorporation of
unreacted chains.

Finally, guided by some basic strong segregation models, we
anticipate that the average fraction of reactive units on the backbone
chains has to be chosen so that the average distance between grafts is
approximately twice the average graft length. The strong asymmetry in
graft copolymer composition is then avoided, and interfaces with large
radii of curvature are favoured. The inherent disorder caused by
polydispersity increases the flexibility of the interfaces, and can naturally
stabilize disordered co-continuous structures, such as that in Fig. 1.Such
structures are well adapted to accommodate unreacted homopolymers A
and B without distinction,and allow the overall material composition to
be tuned over a wide range.

Our experiments seem to confirm the general picture described
above. We present some typical examples. The first, in which a co-
continuous interconnected morphology has been realized, is shown in
Fig. 2a. The grafting reaction was performed in a Leistritz co-rotating
twin-screw extruder at 220 °C for 1 min (rotation rate 75 r.p.m.).
The functionalized polyethylene used for the backbone chain (PE-1) is a
random copolymer of ethylene, ethylacrylate and MAH. This polymer
has been synthesized at high pressure and high temperature using free-
radical initiators in a continuous copolymerization process. PE-1 had a
number-average molecular weight of 9,300 g mol–1, a polydispersity

index of 5.5,an MAH weight fraction of 1.0% and an ethylacrylate weight
fraction of 17%. The polyamide-6 (PA

6
), synthesized by

polycondensation, is terminated at one end by the reactive functional
group NH

2
, and at the other end by a non-reactive group CH

3
. PA

6
had a

number-average molecular weight of 2,500 g mol–1 and a polydispersity
index of 2. The weight fraction of PA

6
was 20%, which corresponds to a

stoichiometric ratio of 1 MAH/1 NH
2.

The morphology was observed
with a transmission electron microscope (TEM) on samples
cryomicrotomed at –80 °C. The sections, approximately 50 to 100 nm
thick, were picked up on gold grids, and the PA

6
phase was preferentially

stained in a 2% aqueous solution of phosphotungstic acid for 30 min at
50 °C. All sections cut along three perpendicular axes show very similar
morphologies. Clearly a macroscopically homogeneous mesophase
made of interconnected sheets of PA

6
is observed with a characteristic

thickness of about 20 nm (Fig. 2a). The observed structure does not
depend on mixing conditions. In fact, we have obtained similar
morphologies using a co-rotating twin-screw microextruder (made by
DACA, Goleta, California) and varying the mixing time (1–15 min) and
screw rotational speed (10–100 r.p.m.). In addition, the structure is
preserved after long annealing (three weeks) above the melting point of
PA

6
, and after several processing operations such as injection moulding,

extrusion or compression moulding. The only change brought by
successive processing is an anisotropic orientation of the co-continuous
morphology induced by the flow field. These observations confirm the
thermodynamic character of structure formation,and indicate that when
molecular parameters are well adjusted, the reactive blending is a very
robust method of material preparation.

The as-formed material contains graft copolymers as well as unreacted
PA

6
and PE-1 chains. Our hypothesis is that graft copolymers form a co-

continuous structure by themselves,and that this is why they can be readily
swollen by homopolymers without macroscopic phase separation.
To verify this,we isolated the graft copolymers from the extruded blends by
using a fractionation method based on solvent extraction.The purification
method consists of two steps.In the first step,extraction of unreacted PE-1
chains was performed with a Soxhlet extractor in boiling chloroform, a
selective solvent for the copolyethylene. A second extraction was then
performed on the solid residue with formic acid,a selective solvent for the
free chains ofPA

6
.At each step of the extraction,the fractionated parts were

quantitatively analysed by both infrared and NMR spectroscopy.
The remaining residue is composed of the purified PE-1/PA

6
grafted

copolymer, and constitutes 45 wt% of the initial material. The weight
fraction of PA

6
in the copolymer, measured experimentally by three

techniques—mass balance, NMR and infrared spectroscopy—was 30%,
20% and 28%, respectively. The morphology of the copolymer extracted
from the blend observed by TEM is shown in 
Fig. 2b.The copolymer spontaneously self-assembles to form a disordered
bicontinous microphase-separated structure. Clearly, the PE-1 zones are
thinner than in the initial blend presented in Fig. 2a, which confirms the
ability of the graft copolymer to incorporate unreacted PE-1 chains.

The incorporation of the unreacted PE-1 chains is possible owing to
the phenomenon of natural selection of unreacted chain length. High-
temperature size-exclusion chromatographic (SEC) analysis of initial and
extracted molecular weight distributions of PE-1 chains (Fig. 2c)
demonstrates that indeed only the shortest PE-1 chains did not react.

The SEC results also confirm the key design principle: natural
selection is possible owing to the random distribution of functional
groups along the backbone PE-1 chains. Indeed, for such a random
distribution,it is straightforward to show18 that the fraction x

i
of chains of

imonomers that did not react should be equal to:

where αdenotes the number of reactive groups per chain and fand qare
equal to the average (macroscopic) molar fraction of reactive groups
and to the grafting probability,respectively.The calculated distribution

xi = ∑  
α = 0
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Figure 3 Co-continuous versus phase-separated blends.Transmission electron
micrographs,after 1 min of extrusion,for:a,70/30 blend PE-1/PA6; b,60/40 blend PE 1/PA6;
c,80/20 blend PE-0.5/PA6; d, Isolated copolymer purified from 80/20 blend PE 0.5/PA6.
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of unreacted chain length with f = 0.0028 and a grafting probability of
q = 0.5 (equal to the average fraction of reacted groups) is included in
Fig. 2c. It is in good agreement with the experimental distribution,
considering the precision of experiments and the total absence of
fitting parameters.

Copolymers that form co-continuous morphologies are able to
incorporate a large excess of unreacted PA

6
chains.For example,Fig.3a

and b shows that, in blends containing 30% and 40% by weight of PA
6

the nanostructure is conserved: the PA
6

free chains swell PA
6

microdomains without provoking macroscopic phase separation.
We have verified by extraction and SEC that the graft copolymer
formed by reactive extrusion is independent of the initial composition
of the blend. The characteristics of the polymers, MAH concentration
and grafted chain length, are thus the most relevant parameters.
These observations confirm a promising opportunity of using reactive
blending to prepare thermodynamically stable blends over a large
range of compositions.

To test further the crucial role played by the architecture of the
backbone polymer,we studied materials with smaller fractions of reactive
sites. The copolymers formed are expected to be more asymmetric, and
should lead to strongly curved interfaces with PA

6
on the concave side.

As a result,a fraction of the unreacted PA
6
chains should be expelled from

the copolymer mesophase19.We used a PE with a MAH weight fraction of
0.5% (PE-0.5).PE-0.5 had a number-average molecular weight of 16,000
g mol–1, a polydispersity index of 5 and 30 wt% of ethylacrylate.
A composition of 80/20 PE-0.5/PA

6
was chosen, which corresponds to a

ratio of 1 MAH/2 NH
2
. After reaction, the graft copolymer, extracted by

the procedure described above, constituted 50 wt% of the blend.
Its morphology is shown Fig. 3d. The weight fraction of PA

6
in this

copolymer was about 12%. As expected, we observe a disorganized
spherical morphology with PA

6
grafts forming spherical domains.

This result shows that our polydisperse random copolymers qualitatively
follow a morphology evolution similar to that of classical copolymers20.
The asymmetric structure of the copolymer is no longer able to solubilize
all the PA

6
free chains, most of which macrophase separate as can been

seen in Fig. 3c. The matrix itself consists of graft copolymer micelles
dispersed in unreacted PE-0.5 chains. Similar spherical and cylindrical
structures organized at the nanometre scale have previously been
reported with other polymers using the MAH/NH

2
coupling reaction8–14.

In all these experiments,macroscopic phase separation has been avoided
because the reaction yield was almost complete.

It is remarkable that, even when confined in self-assembled
nanostructures, the two components are able to crystallize.For example,
the heating curve obtained from differential scanning calorimetry of
80/20 PE-1/PA

6
(Fig. 2d) shows two melting points: the first one at about

90 °C corresponds to melting of PE-1 crystallites,whereas the second one
at 220 °C can be assigned to the short PA

6
chains. The crystallization

behaviour of a microphase-separated block copolymer is the result of a
complex competition between thermodynamic phenomena, which
favour the breakdown of microphase organization, and the kinetics of
reorganization implying mass transport. The confined crystallization of
block copolymers in organized structures can occur when the microphase
separation process is strong enough to inhibit morphological
rearrangement during the timescale of crystallization21–23. In our sample,
the PA

6
phase crystallizes first from the melt in the confined nanodomains,

because the phase separation and the entanglements of the PE-1
copolymer backbone allow no rearrangement during the crystallization
process. When the PE-1 crystallizes, it is confined by the already
crystallized PA

6
phase.This combination of the crystalline systems of PA

6

and PE-1 is also observed in the purified copolymers for both the 
co-continuous (Fig. 2d) and micellar morphologies.

Because both components are able to crystallize in confined
nanodomains, the nanostructured materials have unique properties.
One example concerns high-temperature creep resistance. In contrast to
PE or classical PE/PA blends, the nanostructured materials do not creep
when heated above the PE melting point. The nanostructured materials
containing as much as 80 wt% of PE exhibit a nearly constant elastic
modulus of 10 MPa (for PE-1/PA

6
) and 1 MPa (for PE-0.5/PA

6
) between

100 °C and 220 °C (Fig. 4a). They start to flow under stress only at
temperatures above 220 °C when PA

6
crystallites melt. In contrast, a

classical blend of unreactive PE (PE-0 with no MAH and 30% of
ethylacrylate) and PA

6
flows readily when the temperature is raised above

100 °C. The remarkable strengthening at high temperatures observed in
PE-1/PA

6
materials organized at nanometre scales results from the

continuity of the PA
6
crystalline phase.The creep resistance of PE-0.5/PA

6

samples arises from PE-0.5 chain bridges linking together PA
6

domains.
These domains act as physical crosslinks and prevent flow up to the
melting temperature of PA

6
. The existence of bridges between PA

6

domains is possible only because some of the PE-0.5 chains have more
than one graft chain.Hence,different grafts belonging to the same PE-0.5
backbone can belong to different PA

6
domains.The bridging mechanism

also operates in co-continuous systems.
The ultimate solid-state mechanical properties also show

considerable improvements. The high-strain tensile behaviour has been
tested on dog-bone tensile bars (75 × 4 × 2 mm) with an Instron tensile
testing machine at a strain rate of 7 × 10–2 s–1 (Fig. 4b). Compared with
PE 0.5 alone, the most striking feature of the nanostructured blends
comes from the important increase of stress at break, without loss of
ductility. The co-continuous materials show a substantial increase of the
yield stress, whereas the micellar systems exhibit strong stress hardening
owing to the bridging effect discussed above. Such a combination of
properties,resistance at break and high ductility, is impossible to attain in
classical blends with PE being the major phase. The formation of
nanostructures really makes a difference.

We have found that an appropriate polymer polydispersity and
random graft copolymerization by reactive blending can lead to the
production of stable self-assembled nanostructured blends with
properties inaccessible to classical blends. The example of PE and PA
presented here is interesting in its own right. It shows that even with PE
as the major component,it is possible to improve material transparency,
creep and solvent resistance, and increase the stress at break while
keeping ductility. Polyamides, other than PA

6
(for example, PA

11
), can

also be used as grafts, bringing an additional lever to finely tune the
ultimate melting temperature. This unique combination of properties
should open applications hitherto inaccessible to PE. Looking to the
future, the approach developed here provides a versatile route to other
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new materials,which,we hope,will lead to new applications for already
existing polymers.
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