
lable at ScienceDirect

Polymer 51 (2010) 4958e4968
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
A facile route for preparing stable co-continuous morphology of LLDPE/PA6
blends with low PA6 content

Hengchong Shi a, Dean Shi b,c,*, Xiaoyang Wang b, Ligang Yin a, Jinghua Yin a,**, Yiu-Wing Mai c,***
a State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, PR China
bMinistry-of-Education Key Laboratory for the Green Preparation and Application of Functional Materials, Faculty of Materials Science and Engineering, Hubei University, Wuhan
430062, PR China
cCentre for Advanced Materials Technology (CAMT), School of Aerospace, Mechanical and Mechatronic Engineering J07, The University of Sydney, Sydney, NSW 2006, Australia
a r t i c l e i n f o

Article history:
Received 15 June 2010
Received in revised form
29 July 2010
Accepted 12 August 2010
Available online 19 August 2010

Keywords:
LLDPE
PA6
Co-continuous morphology
* Corresponding author. Ministry-of-Education Ke
Preparation and Application of Functional Materials,
and Engineering, Hubei University, Wuhan 430062, P
** Corresponding author. State Key Laboratory of Po
Changchun Institute of Applied Chemistry, Chinese A
chun 130022, PR China.
*** Corresponding author. Centre for Advanced M
School of Aerospace, Mechanical and Mechatronic En
of Sydney, Sydney, NSW 2006, Australia.

E-mail addresses: deanshi2001@yahoo.com (D. S
yiu-wing.mai@sydney.edu.au (Y.-W. Mai).

0032-3861/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.polymer.2010.08.023
a b s t r a c t

A facile method is employed to prepare a series of LLDPE/PA6 blends with co-continuous morphology
with low PA6 content via reactive extrusion. In these blends, co-continuous morphology is obtained by
introducing graft copolymers with both high and low molecular weight trunk chains to the interface
simultaneously. Maleic anhydride functionalized polybutadine (PB-g-MAH, Mnz3000g=mol and MAH
content¼ 10 wt%) is first melt grafted onto the LLDPE backbones with dicumyl peroxide (DCP) as an
initiator. Part of PB-g-MAH is grafted onto LLDPE to form LLDPE-g-PB-g-MAH copolymer. During reactive
extrusion, in-situ formed Copolymer II (polybutadiene-graft-polyamide, PB-g-PA6) with a low molecular
weight trunk chain (PB) is obtained from the reaction between the maleic anhydride group of free or
non-grafted PB-g-MAH and the amino group on PA6 molecules; while Copolymer I (LLDPE-g-PB-g-PA6)
is obtained via the reaction between the maleic anhydride group of the grafted PB-g-MAH (i.e., LLDPE-g-
PB-g-MAH) and the amino group of PA6. Copolymer I with a high molecular weight trunk chain, LLDPE,
should strengthen the interface and favor stress transfer, enabling the deformation of PA6; and Copol-
ymer II (PB-g-PA6) with a low molecular weight trunk chain, PB, facilitates the formation of a flat
interface between LLDPE and PA6, thus promoting an elongated PA6 phase. Therefore, co-continuous
morphology of LLDPE/PA6 blend is successfully prepared with only 25 wt% PA6 by controlling suitable
amounts of Copolymers I and II in the blend.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer blends have become an important route to new, high-
performance polymeric materials over the past 40 years. The
technique of blending polymers can servemany different purposes.
Recently, there is an increasing interest in blends with co-contin-
uous morphology. Compared to the blends with a droplet-in-
matrix morphology, blends with a co-continuous morphology can
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possess better combinations of properties from the components
[1,2]. For example, a co-continuous structure confers maximum
contribution to the elastic modulus from each component [2e4]
and yields a synergistic effect on the impact properties [5e7].
Polymer blends with a co-continuous morphology are also used to
prepare porous materials [8e11], which have wide potential
applications in water filtration and controlled drug release.

One way to achieve co-continuous structures is by synthesis of
interpenetrating molecular networks [12,13]. This level of mixing
can only be achieved by simultaneous or sequential chemical
synthesis of the polymers themselves and can only be realized in
certain limited polymer pairs. For miscible polymer systems,
co-continuous structures can be formed during the demixing
process by spinodal decomposition [3]. This so-called thermal
induced phase separation (TIPS) method is still widely used in
preparing porous polymer films [14e16] and hollow polymer fibers
[17,18]. However, most industrially useful polymer pairs with high
molecular weights are completely immiscible systems without
a miscible region under melt mixing conditions. Since the 1970’s, it
was believed that, for immiscible polymer blends, co-continuous
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Table 1
Pre-modified LLDPE samples.

Sample Total PB-g-MAH
content (wt%)

Grafted PB-g-MAH
content (wt%)

LLDPEg10 10 4.8
LLDPEg5 5 2.5
LLDPEg3 3 1.3
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morphologies are mainly formed close to the phase inversion point
[19e21]. Later studies revealed a narrow composition range in
which co-continuous morphologies can be formed in binary
immiscible polymer blends [22e24]. Based on the sheet-forming
mechanism of melt blending proposed by Macosko et al. [25,26],
elongated sheet or droplets of the dispersed phase should be
formed during the melt mixing process. Willemse et al. suggested
that the key point for a co-continuous morphology is the stability
and coalescence ability of such elongated particles [27,28]. The
lower is the interfacial tension, the more stable are the elongated
droplets [29]. Therefore, it is only practical to obtain co-continuous
polymer blends from polymer pairs with relatively low interfacial
tension, such as PP/PE/EPR blends [30], PS/PMMA blends [31], PC/
PMMA [32] and PP/EPDM [33], etc. In polymer blends with
immiscible polymer pairs which have high interfacial tension, pre-
made [34,35] or in-situ formed copolymers [36e39] are often used
as compatibilizers to reduce the interfacial tension and enhance the
compatibility. However, since the existence of compatibilizers
reduces not only the interfacial tension but also the probability of
coalescence between dispersed particles [27,28,40,41], the forma-
tion of a co-continuous morphology which requires low interfacial
tension and high coalescence probability of the dispersed particles
will similarly be prohibited. Hence, even though the addition of the
compatibilizers can stabilize the formed morphologies, it will
further narrow down the composition range to form a co-contin-
uous micro-emulsion in the immiscible polymer blends with high
interfacial tension [42,43].

Recently, Pernot et al. [4] demonstrated a newmethod using the
copolymer as a “skeleton” rather than a compatibilizer in the co-
continuous system in their pioneering study. In that work, the
copolymer molecules should have a symmetric structure and could
form a co-continuous morphology [44e46] which behaved like
a “sponge” and could dissolve the lowmolecular weight un-reacted
chains to form interfaces with large radii of curvature. Hence, the
molecular weight of the copolymer should be higher than each
homopolymer. In their co-continuous PE-MAH/PA6 blends, only
PA6 with very low molecular weight was used (2500 g/mol for
PA6). Following this method, Pu et al. [47] successfully prepared co-
continuous PS/PMMA blends with only 30 wt% PS by adding
random copolymer PS-b-P(S-ran-MMA) in the system. Although
these strict protocols are hardly satisfied in the commercial poly-
mer systems, Pernot et al.’s study provided a hint of new methods
to prepare co-continuous immiscible polymer blends with low
minor phase content e forming an interface as flat as can be. Based
on previous investigations on copolymer self-assembly [48e50],
the comb-like or Y-shaped copolymer with a trunk chain A and
a graft chain B, which is often in-situ formed in reactive compati-
bilization of polymer blends, is favored to adopt a flat interface only
if 0.85� 4B� 0.67 at ez 2, where fB is volume fraction of graft B
and e¼ (nA/nB)/(IA/IB)1/2 (nA and nB are arm numbers of A and B
blocks which represent the asymmetry owing to the molecular
architecture, and Ii(i¼ A or B)is the ratio of the segment volume to
the square of statistical segment length for the ith block. The factor
(IA/IB)1/2 shows the conformational asymmetry between the two
block materials). In commercial immiscible polymer pairs, most in-
situ formed copolymers via the reactive compatibilization process
are Y-shaped (ez 2) because of the existing large molecular weight
and low reactive group contents. In this case, the molecular weight
of polymer B should be much larger than that of polymer A so that
the in-situ formed Y-shaped copolymer with B graft will form a flat
interface. However, this cannot be satisfied in most of the immis-
cible polymer pairs. Sphere-like morphology is most common in
most Y-shaped copolymers [51,52]. Another difficulty is that
though copolymers with low molecular weight trunk chains have
smaller steric hindrance to the coalescence between the dispersed
particles, which is conducive to the formation of a co-continuous
morphology [53], it will also reduce very much the interfacial
strength and inhibit the stress transfer between different phases.
The dispersion of the minor phase in the matrix should be difficult
and result in large dispersion phase size. Both theoretical [54,55]
and experimental [56,57] studies showed that copolymers with
large molecular weight should have better efficiency in compati-
bilization than those with low molecular weight. Thus, only the
presence of in-situ formed copolymers with low molecular weight
trunk chains is still insufficient to form a co-continuous
morphology in the immiscible polymer blends. In addition, copol-
ymers with low molecular weight trunk chains located at the
interface will also reduce the stability of this morphology during
further processing. A co-continuous morphology can be coarsened
and even changed to a droplet-in-matrix morphology after
annealing at high temperatures [21,58]. Therefore, a compromised
way to prepare blends with a co-continuous morphology at low
minor phase content might be successful if a suitable amount of
graft copolymers with both high and low molecular weight trunk
chains can exist simultaneously in the system. In this work, we
report a facile method to prepare co-continuous LLDPE/PA6 blends
with low PA6 content via reactive extrusion by controlling the
contents and structures of in-situ formed graft copolymers with
different molecular weights. This co-continuous morphology is
stable enough and can be preserved when subjected to further
processing.

2. Experimental

2.1. Materials

Linear low density polyethylene (LLDPE, Mnz20000g=mol) was
supplied by Daqing Petroleum & Chemical Co. Low molecular
weight functionalized rubber, polybutadiene grafted with maleic
anhydride (PB-g-MAH, Mnz3000g=mol, MAH is 10 wt%) was
provided by Yanshan Petroleum & Chemical Co. Nylon 6 (PA6-
M2800, Mnz20000g=mol) and LLDPE-g-MAH (MAH is 1.0 wt%)
were bought from Guangdong Xinhuimeida Co. and Beijing Sunred
Plastics Co., respectively. Dicumyl peroxide (DCP) was purchased
from Beijing Chemical Agent Co. All materials were used as-
received.

2.2. Blend preparation

2.2.1. Method I
Low molecular weight PB-g-MAH was first melt blended with

LLDPE by a HAAKE PolyLab co-rotating twin-screw extruder at
190 �C with DCP as initiator. Part of PB-g-MAH was grafted to the
LLDPE backbones and formed LLDPE-g-PB-g-MAH. The concentra-
tion of MAH in each sample was determined by chemical titration
[59]. The grafting degree of PB-g-MAH on LLDPE backbones in
different samples was calculated based on the MAH concentration
in PB-g-MAH (10 wt%). The results were listed in Table 1. The
mixture of pre-modified LLDPE (LLDPE/LLDPE-g-PB-g-MAH/PB-g-
MAH) was further blended with PA6 in the HAAKE co-rotating
twin-screw extruder or an internal batch mixer at 230 �C (PA6 is



Scheme 1. Formation mechanisms of Copolymer I and Copolymer II by (a) Method I; and (b) Method II.
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minor phase). During melt blending, the MAH groups in the pre-
modified LLDPE reacted with the end amino groups in PA6 to form
Y-shaped graft copolymers (see Scheme 1a). Here, there are two
kinds of Y-shaped graft copolymers formed, both of which have PA6
grafts. One (Copolymer Ia) has PE as the trunk chain and the other
(Copolymer II) has PB as the trunk chain. In our materials system,
since the molecular weights and densities of PB and PA6 are:
MnPBz3000g=mol,Mnz20000g=mol and rPB¼0.9 g/cm3, rPA6¼1.14
g/cm3, respectively, the theoretical volume fraction of PA6 in
Copolymer II is calculated as 4PA6 z 0.84. Taking the degradation of
PA6 and crosslink of PB during themelt blending process, the actual
volume fraction of PA6 grafts in Copolymer II should be slightly
lower than 0.84. This puts it right within the theoretical range
0.67e0.85 to form lamellar morphology [48,50,53]. Therefore, it
can be concluded that the existence of Copolymer II at the interface
should facilitate the formation of a flat interfacewith large radius or
low curvature, which favors the co-continuous morphology
without the minor phase content reaching the phase inversion
point. The existence of a certain amount of Copolymer Ia with long
trunk chains in the system will induce fine dispersion of PA6 and
largely alleviate the disadvantages of Copolymer II for formation of
a stable co-continuous morphology. The formation and stability of
the co-continuous LLDPE/PA6 blends with low PA6 content should
be tailored by meticulously controlling the content and content
ratio of Copolymers Ia and II in this system. Unlike blends obtained
by the internal batch mixer, the pellets obtained by the HAAKE co-
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Fig. 1. FTIR spectra of (a) LLDPE and (b) LLDPEg10 (non-grafted PB-g-MAH is removed).
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rotating twin-screw extruder were further cast into thin films
w0.5 mm thick using a HAAKE single screw extruder and a three-
roller accessory before characterization.

2.2.2. Method II
LLDPE-g-MAH was used to replace the LLDPE-g-PB-g-MAH in

Method I. So, certain amounts of LLDPE-g-MAH, PB-g-MAH and PA6
were mixed directly in the internal mixer at 230 �C (PA6 is the
minor phase). Copolymer Ib was formed by the reaction between
MAH on LLDPE-g-MAH and the end amino group in PA6, while
Fig. 2. SEM micrographs of LLDPEg10/PA6 films (extracted by formic acid)-parallel to flo
Copolymer II came from the reaction of MAH on the PB-g-MAH
molecules. The content ratios of Copolymers Ib and II were changed
by varying the content of LLDPE-g-MAH and PB-g-MAH. The
mechanism was shown in Scheme 1b.

For simplicity, hereafter, only Copolymer I, instead of Copolymer
Ia and Ib, was used to represent the in-situ formed copolymer with
a large molecular weight trunk chain.

2.3. Solvent extraction

LLDPE and PA6 in the samples were extracted via their selective
solvent xylene and formic acid, respectively. For extraction of
LLDPE, the sample was immerged in xylene at 110 �C; and for PA6,
this occurred in formic acid solution at 60 �C. All the samples were
extracted to constant weight. The sample weight loss was calcu-
lated by:

%weight loss ¼ Winitial �Wfinal
Winitial

� 100%

2.4. Rheological measurement

Rheological properties of polymer blends were measured with
an MCR-300 (Physica) Rheometer using 25 mm diameter parallel
plates. Frequency sweeps of 0.1e100 rad/s were performed at
235 �C and a strain of 5% in nitrogen.

2.5. Thermal and dynamic mechanical analysis

The crystallization of PA6 in different blends was studied by
using differential scanning calorimetry (DSC) measurements on
w direction: (a) PA6 10 wt%; (b) PA6 20 wt%; (c) PA6 25 wt%; and (d) PA6 30 wt%.



Fig. 4. SEM micrographs of LLDPEg10/PA6 (70/30 wt/wt) film (extracted by xylene): (a) transverse to flow direction; (b) parallel to flow direction; and (c) parallel to flow direction
(with further annealing in heat compression mold at 235 �C for 0.25 h).

Fig. 3. SEM micrographs of LLDPEg10/PA6 films (extracted by formic acid) e transverse to flow direction: (a) PA6 10 wt%; (b) PA6 20 wt%; (c) PA6 25 wt%; and (d) PA6 30 wt%.
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a TA Instrument DSC Q100 apparatus. Samples were heated to
250 �C and held for 3 min to erase any thermal history, and then
cooled to 25 �C at a rate of 10 �C/min. Tensile mode DMA tests of
the blends were performed with a DMA2980 (TA instruments)
(amplitude 3 mm and frequency 10 Hz). The rectangular samples
measured 10 � 5 � 0.3 mm3. Data were recorded from �100 to
200 �C at a rate of 3 �C/min under nitrogen flow. The storage
(or elastic) modulus (E0) and loss tangent (tan d) were obtained as
functions of temperature.

2.6. Morphology analysis

TEM micrographs were taken on a TEM-Zeiss EM 900 trans-
mission electron microscope (Zeiss, Germany) operating at an
accelerating voltage of 80 kV. Ultra-thin specimens were cut by
ultra-microtomy with a diamond knife at �120 �C. An aqueous
solution of phosphotungstic acid (PTA) was used to selectively stain
the PA6 phase in the blend, which would show a darker image. SEM
micrographs were also obtained with a field emission scanning
electron microscope (FESEM; XL 30, FEI Company) at a voltage
between 15 and 20 kV. The sample surfaces were first microtomed
under liquid nitrogenwith a Leica microtome equipped with a glass
knife. Then, the microtomed samples were treated to a solvent
extraction step before coated with gold.

3. Results and discussion

In Method I, three pre-modified LLDPE with different content of
PB-g-MAH are listed in Table 1. The new absorption peak at
1791 cm�1 in the purified grafted sample shown in the FTIR spectra
(Fig. 1b) indicates that part of PB-g-MAH was actually grafted onto
Fig. 5. SEM micrographs of LLDPEg10/PA6 (70/30 wt/wt) prepared by the internal batch mix
(c) are obtained with sample immediately immerged into liquid nitrogen to freeze the m
temperature after melt mixing.
the LLDPE backbones. In all these pre-modified LLDPE samples, the
content ratios between grafted and non-grafted PB-g-MAH were
almost equal to 1:1. Although the content of in-situ formed graft
copolymers with PA6 grafts could not be directly detected in this
system, assuming the content ratios between Copolymer I and II are
constant in the blends with these three pre-modified LLDPE is
reasonable. In this case, only the effects of the total amount rather
than the content ratio of Copolymer I and II on the blends
morphology are studied.

Figs. 2 and 3 show SEM micrographs of LLDPEg10/PA6 films
prepared by the Haake extruder with different PA6 contents. The
morphologies along (Fig. 2) and perpendicular (Fig. 3) to the flow
directions were recorded. When PA6 content was only 10 wt% (Figs.
2a and 3a), a full droplet-in-matrix morphology was observed.
When the PA6 content was increased to 20 wt% (Figs. 2b and 3b)
some elongated morphologies could be found. Fully co-continuous
morphologies were obtained when the PA6 contents were more
than 25 wt% (Figs. 2(c,d) and 3(c,d)).

To ascertainwhether the co-continuous morphologies shown in
Figs. (2c,d) and (3c,d) were just two-dimension cylindrical
morphologies or truly three-dimension co-continuous
morphology, these samples were also extracted by xylene (selective
solvent of LLDPE) at 120 �C. The sample with 10 wt% PA6 was
completely disintegrated and that with 20 wt% PA6 was distorted.
For samples with 25 and 30 wt% PA6, both their forms and sizes did
not change much before and after the extraction. Fig. 4 shows the
morphologies of the sample with 30 wt% PA6. It was found that the
fibril PA6 phase was actually three-dimension co-continuous.
Despite the fibril diameter of PA6 was increased to some extent
after annealing the sample at 235 �C for 0.25 h (see Fig. 4c), the co-
continuous morphology remained intact.
er: (a) and (b) are extracted by formic acid; (c) and (d) are extracted by xylene. (a) and
orphology after melt mixing; (b) and (d) are obtained with sample cooling at room
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Did the film casting process enable the formation of co-
continuous morphologies shown in Figs. 2 and 3? To answer this
question, LLDPEg10/PA6 (70/30 wt/wt) blends were also prepared
via the internal batch mixer with a screw speed of 50 rpm. The
morphologies of the blends were shown in Fig. 5. Two kinds of
samples were prepared to evaluate the stability of in-situ formed
morphologies. One was obtained by immersing the sample
immediately into liquid nitrogen to freeze the morphology after
melt mixing and the other was cooling at room temperature after
melt mixing.

Co-continuous morphology could be found in both the formic
acid extracted and xylene extracted samples. There was no notice-
able difference between the fast frozen and slow cooled down
samples, which indicated the stability of the morphology. When
comparing the phase size shown in Figs. 2 and 3, it is noted that the
blend prepared by the internal batch mixer has a relatively larger
phase size. This result proves that the processing condition has
influenced thefinalmorphology. However, in the LLDPE/PA6 blends,
both processingmethods (using co-rotating twin-screw extruder or
internal batch mixer) yield the same co-continuous morphology.
Fig. 6. SEMmicrographs of different blends with 30 wt% of PA6: (a) LLDPEg5/PA6; (b) LLDPEg
(LLDPE/PB-g-MAH 95/5)/PA6 (extracted by formic acid).
Fig. 6 shows the morphologies of blends with the same PA6
content (30 wt%) but different amount of lowmolecular weight PB-
g-MAH. When the total content of PB-g-MAH is 5 wt% and the free
content of PB-g-MAH is 2.5 wt%, co-continuous morphology can
still be seen in Fig. 6a.While in Fig. 6b, when the total content of PB-
g-MAH is 3 wt% and free content of PB-g-MAH is only 1.7 wt%, the
droplet-in-matrix morphology is formed. It is noted that when
there is no free PB-g-MAH (Fig. 6c, LLDPE-g-MAH/PA6 blend) or the
free PB-g-MAH in LLDPEg10 has been removed (Fig. 6d), the
droplet-in-matrix morphology can be found. Similarly, if there is
only free PB-g-MAH but no grafted PB-g-MAH, that is, only
Copolymer II but no Copolymer I in the blends, the co-continuous
morphology cannot happen (Fig. 6e). These results indicate that the
co-existence of certain contents of both Copolymers I and II in the
blends is the critical factor for the formation of the co-continuous
morphology.

To further prove the above observations, LLDPE-g-MAH was
used to replace directly the grafted LLDPE-g-PB-g-MAH to form
Copolymer I in the LLDPE/PA6 blends (Method II). Copolymer II was
also obtained from a certain amount of the low molecular weight
3/PA6; (c) PE-g-MAH/PA6; (d) LLDPEg10/PA6, non-grafted PB-g-MAH removed; and (e)



Table 2
Weight loss of samples after extraction by selective solvent.

Sample (wt/wt) Weight loss (wt%)

Extracted by formic acid Extracted by xylene

LLDPEg10/PA6
90/10 1.5 disintegrated
80/20 11.7 72.3 and distorted
75/25 26.1 69.8
70/30 32.7 67.9

LLDPEg5/PA6
70/30 30.4 66.5

LLDPEg3/PA6
70/30 16.5 disintegrated

PE-g-MAH/PA6
70/30 8.9 disintegrated

Fig. 7. SEM micrographs of different blends of LLDPE-g-MAH/PB-g-MAH/PA6 with 30 wt% PA6 (extracted by formic acid): (a) LLDPE-g-MAH/PB-g-MAH ¼ 97/3; (b) LLDPE-g-MAH/
PB-g-MAH ¼ 95/5; (c) LLDPE-g-MAH/PB-g-MAH ¼ 92/8; and (d) LLDPE-g-MAH/PB-g-MAH¼ 95/5 (annealed in compression mold at 235 �C for 0.25 h).
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PB-g-MAH. All the samples were prepared by internal batch mixer
at 235 �C. In these blends, PB-g-MAH was not grafted onto the
LLDPE backbones. Their SEM micrographs (extracted by formic
acid) are shown in Fig. 7. It can be seen that the co-continuous
morphologies are formed in all the three blends with different PB-
g-MAH contents (Fig. 7aec). Furthermore, after the annealing
process, even though the phase size increases to some extent, the
co-continuous morphology remains unchanged (Fig. 7d).

It is acknowledged that only SEMmicrographs are insufficient to
confirm the formation of co-continuous morphology in polymer
blends. A common and widely used method is solvent extraction
method. If one phase is continuous in a polymer blend, it should be
fully extracted by a selective solvent even it is the minor phase.
Otherwise, only part of it can be extracted. If a selective solvent of
the major phase is used, for blends with co-continuous morphol-
ogies, the residue continuous phase will stand still and the sample
shape maintained. On the contrary, for blends with the droplet-in-
matrix morphology, the sample will be disintegrated after the
major continuous phase is removed. Hence, some samples studied
were subjected to selective solvent extraction processes and the
results are shown in Table 2. For all the blends with a co-continuous
morphology (LLDPEg10/PA6:75/25, LLDPEg10/PA6:70/30, LLDPEg5/
PA6:70/30), almost all the PA6 can be removed by formic acid. Also,
these blends can retain their shape even after the major phase,
LLDPE, is extracted. However, for those blends with a droplet-in-
matrix morphology, only part of PA6 can be removed. The samples
are disintegrated or distorted after LLDPE is removed. It is noted
that for the samples with a co-continuous morphology, not all
LLDPE is fully extracted, and the weights of extracted PA6 are larger
than those which exist in corresponding co-continuous blends.
These results may be caused by the encapsulated structure of those
blends. Fig. 8 shows LLDPEg10/PA6 (70/30 wt/wt) where the dark
PA6 phase is stained by phosphotungstic acid. The encapsulating
structure (white arrows) is clearly shown.When PA6 is removed by
formic acid, the encapsulated LLDPEwill leave the sample and enter
the acid solution. Further, there are many black droplets or small
black dots dispersed in LLDPE. These droplets and micelles of PA6
may be due to interface erosion during processing [60e64].
However, the total amount of these particles is much less than the
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encapsulating structure in the blends. So, the extraction rate of PA6
can be higher than its real content.

Another evidence of the co-continuous morphology comes from
the crystallization behavior of PA6 in different polymer blends. It is
well established that semi-crystalline polymers in polymer blends
with a droplet-in-matrix morphology are subjected to a fraction-
ated crystallization process due to the lack of heterogeneous
nucleating agents [36,65]. But this phenomenon will disappear
when the minor phase becomes continuous [4]. Fig. 9 shows the
DSC curves of different LLDPE10/PA6 blends. When the PA6 content
is 10 wt% and small PA6 droplets are dispersed in LLDPE matrix
(Figs. 2a and 3a), no crystallization peak of PA6 is found in the
cooling curve (a). When the PA6 content is 20 wt%, a partial co-
continuous morphology occurs (Figs. 2b and 3b). Referring to the
cooling curve (b), part of PA6 with a larger phase size may contain
normal heterogeneous nuclei and crystallizes at 185.5 �C, which is
within the range of its normal crystallization temperature around
185e188 �C [36,66]. However, part of PA6 with small isolated
particles containing fewer active heterogeneous nuclei may crys-
tallize at a lower temperature (169 �C). At 30 wt%, PA6 forms
a continuous phase (Figs. 2d and 3d) and the fractionated
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Fig. 9. DSC cooling curves of LLDPEg10/PA6 with different PA6 content: (a) 90/10;
(b) 80/20; and (c) 70/30.
crystallization behavior vanishes. As shown in the cooling curve (c),
PA crystallizes at its normal crystallization temperature.

An outstanding property induced by the co-continuous
morphology is the high-temperature creep resistance. Different to
the classical LLDPE/PA6blendswith a droplet-in-matrixmorphology,
materials with co-continuous structures suffer little creep when
heated above the LLDPE melting point. For example, LLDPEg10/PA6
blends containing asmuch as 70wt% LLDPE exhibit a nearly constant
elastic modulus of 27 MPa between 130 and 180 �C (see the two
arrows in Fig. 10c). They start to flow under stress at temperatures
above which PA6 crystallites begin to melt. In contrast, for blends
with a matrix-in-droplet morphology (Fig. 10a and d), the elastic
modulus drops rapidly after LLDPE startsmelting, evenwhen the PA6
content is 30wt% (Fig.10d). But the creep resistance of LLDPEg10/PA6
(80/20) with a partial co-continuous morphology also shows
a plateau modulus (2.5 MPa) after the LLDPE melting temperature
(Fig.10b). These observations are caused by the bridging effect of the
PA6 domains, which has prevented flow until the melting tempera-
ture of the PA6 crystals [4].
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Fig. 11. . Variation of tan d of different LLDPEg10/PA6 and PE-g-MAH/PA6 blends
obtained by DMA test: (a) 90/10, (b) 80/20, (c) 70/30 (in samples aec, PB-g-MAH
content is 10 wt%); and (d) PE-g-MAH/PA6 ¼ 70/30.
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The tan d versus temperature plots for different polymer blends
also give similar results. As shown in Fig. 11, the relaxation peak at
w70 �C should be the overlap of the glass transition of PA6 and a-
relaxation associated with the chain segment mobility in the LLDPE
crystalline phase [67,68]. For those blends with a droplet-in-matrix
morphology, there is a sharp increase in tan dwhen LLDPE begins to
melt (Fig. 11a and d) and the samples become viscous at this
temperature. As the extent of the co-continuous structure
increases, the increments of tan d decrease sharply because the PA6
crystals can still carry the applied stress and the samples remain
elastic (Fig. 11b and c).

It is generally accepted that the viscosity ratio between the
dispersed phase and the matrix also has a large effect on the
morphology of polymer blends [20,69]. Melt viscosity of each
component in the blends studied in this work was measured by
a rotation rheometer at 235 �C (which is the processing temperature
of these blends). The results are shown in Fig.12. Although the exact
shear rateof the internalmixer is notknown, it canbeapproximately
estimated as the screw speed [70], which isw50 s�1 for the internal
mixer and 100 s�1 for the twin-screwextruder. It is shown in Fig.12a
that the matrix viscosities are much larger than those of the minor
phase (PA6) forall theblends. Theviscosity ratio,p¼ hd/hm, for all the
blends is within 0.002e0.004. There is so little difference between p
of all the blends suggesting that the viscosity ratio is not the main
reason for different morphologies seen in these blends. It is well-
known thatwhen theviscosity ratio ismuch smaller than1, breaking
up rather than elongating and coalescing of the dispersed phase is
the dominant trend and the co-continuous morphology is unfavor-
able to form in an uncompatibilized binary system [69]. Hence, the
formation of a co-continuous morphology in these blends is due to
the strong chemical reaction between the two phases and the
presence of Copolymers I and II located at the interface. As shown in
Fig. 12b, the viscosity of LLDPEg5/PA6 blend with 30 wt% of PA6 is
similar to that of neat LLDPEg5. This phenomenon is due to the
strong interface interaction between the two phases.

4. Conclusions

A facile method was used in this study to process a series of
LLDPE/PA6 blends with co-continuous morphology and low PA6
contents through reactive extrusion. The co-continuous
morphology was obtained by introducing simultaneously copoly-
mers with both high and low molecular weight trunk chains to the
interface. Copolymer I (LLDPE-g-PA6 or LLDPE-g-PB-g-PA6) with
a high molecular weight trunk chain LLDPE strengthened the
interface, favored stress transfer and induced the fine dispersion of
PA6. Copolymer II (PB-g-PA6) with a low molecular weight trunk
chain PB favored the formation of a flat interface between LLDPE
and PA6, promoting an elongated PA6 phase. As a result, a co-
continuous morphology of LLDPE/PA6 blends was successfully
prepared with only 25 wt% PA6 by controlling suitable contents of
Copolymers I and II in the blends. Such co-continuous morphology
was maintained even after annealing at 235 �C for 0.25 h, which
was stable enough for further processing. Hence, a new, facile and
effective method to prepare co-continuous blends with low minor
phase content via reactive extrusion has been established and
proven in this work.
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