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ABSTRACT: Low-density polyethylene/polyamide 6
(LDPE/PA6) blends were in situ formed by reactive
extrusion, in which in situ polymerization of e-caprolac-
tam (CL) and in situ copolymerization of maleic anhy-
dride grafted low-density polyethylene (LDPE-MA) and
CL took place simultaneously. The latter reaction could
be considered as in situ compatibilization, and the influ-
ence of in situ compatibilization on the morphologies,
thermal properties, and rheological behaviors of the
blends was investigated in this work. Scanning electron
microscopy showed that the in situ compatibilization
could dramatically reduce the dispersed phase sizes and
narrow the size distribution. The thermal properties
indicated that in differential scanning calorimetry (DSC)

cooling scans, fractionated crystallization of the PA6 com-
ponent was observed in all cases and was promoted with
increasing the amount of LDPE-MA. The DSC second
heating scans showed the in situ compatibilization could
stimulate the formation of the less stable c-crystalline
form of PA6 in the blends. Dynamic rheological experi-
ments revealed the in situ compatibilization had en-
hanced the viscosity, storage modulus, and loss modulus
of the blend and reduce the corresponding slope values
of the storage modulus and loss modulus. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 116: 3027–3034, 2010
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INTRODUCTION

Compared to the costly synthesis of new homopoly-
mers, blending two or more different polymers is a
much more economical approach to obtain new
materials. However, the mostly existing polymers
used in producing corresponding blends are thermo-
dynamically immiscible, which could lead to high
interfacial tension and weak adhesion at the interfa-
ces between the dispersed phases and the matrix. As
a result, coarse morphologies and inferior mechani-
cal properties arise. To avoid the aforementioned
defects of the blends, compatibilizers seem to be nec-
essary, which could reduce the interfacial tension
and help dispersion. Graft copolymer is one of the
most popular compatibilizers. Nevertheless, not all

graft copolymers could be synthesized by conven-
tional chemical approach for technical and/or eco-
nomical reasons, and sometimes it is formed during
processing, which is called reactive blending, reac-
tive compatibilization, or in situ compatibilization.1

Blends of polyethylene (PE) and polyamide 6
(PA6) have got particular attention because of the
advantages expected from a synergistic match of the
low price, good processability, and excellent impact
properties of the former resin with the thermal and
mechanical properties and oil resistance of the lat-
ter.2–4 At the same time, PE and PA6 exhibit thermo-
dynamically immiscible as well, and then the blends
also encounter the above problem. A variety of com-
patibilizers have been used in PE/PA6 blends for
the purpose of achieving a stable system. These
copolymers are generally based on premade PE
functionalized with maleic anhydride,5–10 metha-
crylic acid,11 acrylic acid,12 itaconic acid,13 diethyl
succinate,14 and glycidyl methacrylate,15 and are typ-
ically created by reactive extrusion. Recently, Cartier
and Hu16 reported a novel reactive extrusion process
to obtain compatibilized A/B immiscible polymer
blends. In their work, a monomer of polymer A was

Correspondence to: G. Yang (ygs@geniuscn.com).
Contract grant sponsor: Shanghai Postdoctoral Sustentation

Fund, China; contract grant number: 08R21421500.
Contract grant sponsor: Shanghai Genius Advanced

Materials Co., Ltd.

Journal ofAppliedPolymerScience,Vol. 116, 3027–3034 (2010)
VC 2010 Wiley Periodicals, Inc.



incorporated in the presence of polymer B. A frac-
tion of polymer B chains bore some activated groups
which could initiate polymer A chain growth. In the
process, polymer A and a graft or block copolymer
of A and B were formed simultaneously leading to
in situ polymerization and in situ compatibilization
of polymer A/B blends.

In this work, LDPE/PA6 blends were prepared by
reactive extrusion based on the above approach.
Compared with simple blending of LDPE and PA6,
the most attractive aspect of this process lay in the
following: (1) It requires no consideration about the
dispersion of compatibilizers in the matrix, because
the compatibilizers are in situ formed at the interface
of two phases. (2) It allows easier control of the
molecular weight of PA6.

In our previous work,17 the styrene-maleic anhy-
dride (SMA) copolymer had initiated the polymer-
ization of e-caprolactam (CL) in the blends of SMA-
g-PA6/PPO. In this contribution, maleic anhydride
grafted low-density polyethylene (LDPE-MA) used
as the compatibilizer precursor was adopted in
LDPE/PA6 blends by reactive extrusion. The mecha-
nism of the formation of in situ compatibilizer, PA6
grafted LDPE (LDPE-g-PA6), was explored. More-
over, the effect of in situ compatibilization on the
morphologies, thermal properties, and rheological
behaviors of the blends was investigated.

EXPERIMENTAL

Materials

LDPE [1C7A, melt flow index ¼ 7.0 g/10 min
(190�C, 2.16 kg)] and LDPE-MA [SurbondTM ME21G,
melt flow index ¼ 6.0 g/10 min (190�C, 2.16 kg),
MA content ¼ 0.8 wt %] used in this study were
supplied by SINOPEC Beijing Yanshan Petrochemi-
cal Co., Ltd. (P. R. China) and Lianyong plastic
technology Ltd. (P. R. China), respectively. The
monomer, CL, was purchased from BASF (Ger-
many). Sodium hydroxide (NaOH) and toluene
diisocyanate (TDI) were obtained from Shanghai
Chemical Reagent Co., Ltd. (Shanghai, P. R. China)
(Analysis Grade), and used without further purifica-
tion. In this work, NaOH was first reacted with CL
to obtain sodium e-caprolactam (sodium-CL) which

acted as catalyst, and TDI acted as activator. Other
solvents used in this study were all of high purity
grade and were used without further purification.

Reactant preparation

The desired amount of CL and NaOH charged into
a three-necked flask were first exposed to vacuum at
140�C for 20–25 min to eliminate the water from the
absorption and the reaction. When the temperature
of the above system declined below 100�C, TDI was
added. Meanwhile, the mixture was disturbed for
half minute and then pored into a dry box under
purging nitrogen gas as soon as possible. Then, the
mixture was ground to powder after it cooled down
to the room temperature.

Reactive extrusion

Before put into the hopper of the extruder, the afore-
mentioned reactive mixture, LDPE and LDPE-MA
were simply premixed, and the detailed composi-
tions were listed in Table I.
The extruder used in this study was an intermesh-

ing co-rotating twin-screw extruder (Nanjing Ruiya
Polymer Processing Equipment Co., Ltd., P. R.
China) which had 14 barrel sections with electric
heaters and water cooling systems. The screw diam-
eter was 35 mm; the distance between two screw
axes was 30 mm, and the active barrel length was
2100 mm (L/D ¼ 60). The extruder was operated at
140 to 200�C between the hopper and the second
kneading zone and at 240�C for the rest of the screw
length and the extrusion die, and at a screw speed
of 75 rpm. In addition, the frequency of the feeding
motor was set at 3.5 Hz.

Extraction of compatibilizer

To confirm the fact that in situ compatibilization
took place during reactive extrusion, the compatibil-
izers were separated from the blends by the follow-
ing method. First, the blends were extracted with
boiling xylene, which was a good solvent for the
polyethylene phase, and then the residues were
extracted at 50�C with formic acid, which was a
good solvent for the polyamide phase. In the case of

TABLE I
Detailed Compositions and CL Conversion

Sample code LDPE (g) LDPE-MA (g) CL (g) NaOH (g) TDI (g) ya (%)

B0 1400 0 600 5 4.8 93.5
B5 1300 100 600 6 4.8 92.7
B10 1200 200 600 7 4.8 92.1
B15 1100 300 600 8 4.8 91.4

a y is the CL conversion.
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the blend B0, where the amount of LDPE-MA is
zero, there was no remain after extraction. As for the
other three blends, some residues were obtained,
which were subjected to be dried in a vacuum oven
at 80�C for 24 h.

In addition, to explore the in situ compatibilization
reaction mechanism, the compatibilizer was obtained
by the following solution method as well. First,
LDPE-MA was dissolved in boiling xylene until a
clear solution was obtained. Subsequently, CL and
sodium-CL were added into the solution, and the
polymerization of CL was initiated by LDPE-MA
under reflux. After about 30 min, some transparent
gel can be seen in solution. The obtained gel was fil-
tered, and washed with xylene, formic acid for sev-
eral times to remove any possible monomer and/or
homopolymers. The final product was dried in a
vacuum oven at 80�C for 24 h.

Characterization

The IR spectra were recorded by a Fourier transform
infrared spectroscopy (FTIR; Nicolet 170SX) onto
pressed thin films less than 100 lm in the range
4000–500 cm�1 with a resolution of 4 cm�1.

To measure the conversion of CL to PA6, a small
amount specimen was first pressed into a thin film
about 200 lm. The residual CL was then extracted
by Soxhlet extraction for 24 h using ethanol as sol-
vent. Finally the purified film was dried in a vac-
uum oven at 80�C for 24 h. The nitrogen contents of
the films were measured by element analysis (EA;
VARIO ELIII). The CL conversion y was calculated
by the following equation:

y ¼ N � 0:24%� 16:1%

30%� 12:4%
� 100% (1)

with N as the nitrogen content in the polymerized
blend after extraction, 0.24% and 30% as the TDI
and CL mass content in reactive system respectively,
and 16.1% and 12.4% as the nitrogen content in TDI
and CL respectively.

To detect whether or not there are small molecules
in the polymerized blend after extraction, thermog-
ravimetric analysis (TGA; SDT Q600) was performed
on this specimen just mentioned in N2 atmosphere
from 50 to 650�C at heating rate of 10�C/min.

The morphology of the LDPE/PA6 blends was
examined by using scanning electron microscopy
(SEM; JSM-6360LV) at an acceleration voltage of 10
kV. The cryogenically fractured surfaces were
observed after gold sputtering. The SEM photo-
graphs were quantitatively analyzed by the counting
of the size of the dispersed phase from different
fields of the specimen. The number-average diame-
ter (Dn) and volume average diameter (Dv) were cal-

culated from a minimum of 200–300 particles by eqs.
(2) and (3), respectively18,19:

Dn ¼
P

i NiDiP
i Ni

(2)

Dv ¼
P

i NiD
4
iP

i NiD
3
i

(3)

with Ni as the number of particles having diameter
Di. Finally, the size polydispersity d, which is a
direct measure of size distribution of the dispersed
phase, is calculated as

d ¼ Dv=Dn (4)

The melting and crystallization behavior of the
materials was examined using differential scanning
calorimetry (DSC). All the measurements were sub-
jected to the following cycle: the specimens were
heated from 50 to 250�C at 20�C/min, held at 250�C
for 5 min to erase any previous thermal history,
then cooled down to 50�C at 10�C/min (crystalliza-
tion) and heated again to 250�C at 10�C/min
(melting).
Rheological measurements were made in dynamic

mode on a rotational rheometer (ARES rheometer;
Rheometric Scientific) equipped with parallel plate
geometry (plate diameter 25 mm). Sheets were com-
pression molded to about 1 mm thickness and
punched into disks of 25 mm diameter. Dynamic fre-
quency scan tests were conducted for all samples at
a strain sweep of 5% at 230�C.

RESULTS AND DISCUSSION

In situ polymerization and in situ
compatibilization reaction schemes

During the reactive extrusion in this study in situ
polymerization and in situ compatibilization take
place simultaneously, so the reaction scheme is con-
cerned with the formation of PA6 homopolymer and
LDPE-g-PA6 copolymer.
Figure 1 shows schematically the reactions of

in situ polymerization and in situ compatibilization.
On the one hand, the CL is polymerized into PA6
via anionic ring-opening polymerization of CL in the
presence of a catalyst (sodium-CL) and an activator
bearing isocyanate group (TDI). On the other hand,
the MA grafted on LDPE reacts firstly with sodium-
CL to form acyl caprolactam, and then LDPE bear-
ing acyl caprolactam acts as a macro-activator initiat-
ing the polymerization of CL, which results in the
formation of LDPE-g-PA6 copolymer.
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To confirm the in situ compatibilization reaction
mechanism, the compatibilizer obtained by solution
method is subjected to the FTIR measure. For com-
parison, the spectra of the LDPE-MA and compati-
bilizer extracted from the blend B15 are exhibited as
well. As can be detected in Figure 2, the peak at
1784 cm�1 characteristic absorption stretching vibra-
tion of the carbonyl group in maleic anhydride dis-
appears and two new peaks appear in the compati-
bilizer obtained by solution method. The peaks at
1633 and 1540 cm�1 are corresponding to the C¼¼O
stretching vibration and the NAH bending vibration
of the amide20 in PA6, respectively. It is suggested
that the compatibilizer obtained by solution method
is LDPE-g-PA6 copolymer. On the other hand, the
compatibilizer extracted from the blend B15 exhibits
similar IR spectra with that obtained by solution
method, which means that the former was LDPE-g-
PA6 compatibilizer as well, and the in situ compati-
bilization had taken place during reactive extrusion.

CL conversion

In the work of Zhang et al.,21 four methods of meas-
uring the conversion of CL to PA6 were introduced.
AS some CL monomers could be exhausted from the

venting port and the die during reactive extrusion,
the method of EA for the nitrogen contents was
adopted in this work. To estimate whether or not
there are small molecules the polymerized blend af-
ter extraction in ethanol, TGA was performed. Fig-
ure 3 shows the TGA trace of the blend B5 which
had been subjected to ethanol extraction and then
vacuum drying at 80�C for 24 h. It is seen that there
is no mass lost in the temperature range between 70
and 270�C, which indicates that CL residue and
ethanol have been completely removed. Therefore,
the actual CL conversion can be defined by EA and
the results are listed in Table I. In all cases, there is
little difference among the CL conversions of the
blends, and the values are greater than 90%, which
suggests that the in situ formation of LDPE/PA6
blends by reactive extrusion is feasible.

Morphology of the polymerized blends

Figure 4 shows the SEM photographs of the poly-
merized blends and Table II shows the particle (PA6
phase) size and size polydispersity obtained from
these photographs. In all blends, the dispersive
phase (PA6) as spherical particles immersed in the
continuous matrix (LDPE). With increasing the
amount of LDPE-MA, the particle size for the corre-
sponding blend declines and the particle size distri-
bution becomes narrow. Additionally, in all cases,
there exist small spheres with the diameter about
400 nm or more less.
The above observation suggests that LDPE and

PA6 exhibit thermodynamically immiscible. As for
the small spheres in all blends, it is contributed to
the morphological evolvement in the reactive extru-
sion, which is different from that in the classical
processing for a direct mixture of two polymers.
During the reactive extrusion, the CL monomers
were initially dispersed into small droplets and sub-
sequently polymerized to PA6 particles, and then

Figure 1 Reaction schemes of in situ polymerization and
in situ compatibilization.

Figure 2 FTIR spectra: (a) LDPE-MA, (b) LDPE-g-PA6
obtained by solution method, and (c) LDPE-g-PA6
extracted from the blend B15.

Figure 3 TGA diagram of the blend B5 extracted in
ethanol.

3030 FANG AND YANG

Journal of Applied Polymer Science DOI 10.1002/app



with the blending, some of the spheres might keep
the small sizes but the others might become larger
due to coalescence. However, as LDPE-MA was
introduced, to some extent, the LDPE-g-PA6 in situ
formed could stabilize the initial sphere size and
cause a reduction in the probability of coalescence,
and consequently smaller dispersed phase sizes and
narrower size distribution.

Analysis of thermal properties

Figures 5 and 6 show DSC cooling and second heat-
ing scans for LDPE/PA6 blends and Table III sum-
marizes the calorimetric data measured from these
figures. The crystallization temperature (Tc) and
melting temperature (Tm) values for LDPE and
LDPE-MA are reported as well.

The cooling scans shown in Figure 5 exhibit sev-
eral exotherms for all of the blends during cooling
runs, which indicates that LDPE-MA introduced
could affect the cooling behaviors of the blends. As
can be seen in Table III, compared with the pure
LDPE and LDPE-MA, the Tc of the LDPE component
in the reactive blends shifted in all cases, to higher
values, and it is suggested that the LDPE component

Figure 4 SEM photographs of the LDPE/PA6 blends: (a) B0, (b) B5, (c) B10, and (d) B15.

TABLE II
Particle Size and Size Polydispersity Calculated from

SEM Photographs

Sample code Dv (lm) Dn (lm) d

B0 3.89 2.50 1.56
B5 3.48 2.41 1.44
B10 2.53 2.07 1.22
B15 1.71 1.48 1.16 Figure 5 DSC cooling scans at 10�C/min for the LDPE/

PA6 blends.
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could be nucleated by the PA6 component. Addi-
tionally, the fractionated crystallization of PA6
component in all blends is observed, which is indi-
cated in Figure 5 with arrows that signaled the two
or three crystallization exotherms. Table III lists all
the crystallization temperatures. As the literatures
reported,22–25 fractionated crystallization occurs
when the number of heterogeneous nuclei of the
bulk crystallizable polymer, which usually active at
low undercoolings, is lower than the number of dis-
persed droplets of this polymer in the blend. Those
particles without the nuclei could crystallize fol-
lowed homogeneous nucleation mechanism at
higher undercoolings. This means that fractionated
crystallization proceeds stepwise at increasing
undercoolings, depending on the level of dispersion.
In addition, it should be mentioned that fractionated
crystallization process in the blends seems not to be
due to in situ compatibilization, but a consequence
of the dispersion level of the minor phase. This was
ascertained because the same effect was observed in
the blend B0 without LDPE-MA. However, the more
LDPE-MA is introduced, the sharper the fractionated
crystallization peaks at the low temperatures (about

88 and 132�C) are. This is reasonable because a finer
and more homogeneously dispersed morphology of
PA6 phase is obtained with increasing the amount
of LDPE-MA, which leads to the crystallization of
the PA6 component shifting to the lower
temperature.
On the other hand, as shown in Figure 6, in all

blends, double melting peaks (about 209 and 217�C)
appear in the PA6 component, which may be
ascribed to the melting peaks of the c-crystalline
form and a-crystalline form of PA6, respectively.
The a-crystalline form posses a better stability, while
the c-crystalline form is less stable.26,27 Furthermore,
it seems that there is more c-crystalline form as the
amount of LDPE-MA increased. It can be explained
that the fractionated crystallization of the PA6 com-
ponent in the blends promotes a higher amount of
the less stable c-crystalline form under the confining
conditions at which they are formed.

Analysis of rheological properties

Generally, the rheological behavior of polymer
blends is influenced by several factors such as the
miscibility of the system, the morphology, the inter-
facial adhesion, and the interfacial thickness.28 In im-
miscible systems having separated phases, as shown
in our case by the morphological observations and
thermal properties, it is important to consider the
influence of the morphology on the rheological
properties of the systems, moreover, in a compatibi-
lized system that could have a third phase with its
own rheological characteristics.
Figure 7 shows double logarithmic plots of com-

plex viscosity (g*), storage modulus (G0), and loss
modulus (G’’) as functions of frequency (x) for the
blends. It is apparent that the in situ compatibiliza-
tion has dramatic effects on the rheological behavior
of the blends.
As shown in Figure 7(a), each blend exhibits a

thixotropic behavior (shear thinning), and with
increasing the amount of LDPE-MA, the g* increases
over the entire frequency range. This contributes to

Figure 6 DSC second heating scans at 10�C/min for the
LDPE/PA6 blends.

TABLE III
Thermal Characterization of the LDPE/PA6 Blends

Sample code

LDPE PA6 LDPE PA6a

Tc (
�C) Tc (

�C) Tm (�C) Tm1 (
�C) Tm2 (

�C)

LDPE 91.4 – – – 106.0 – –
LDPE-MA 89.0 – – – 104.0 – –
B0 95.0 – 132.5 183.9 106.1 209.0 216.8
B5 95.2 – 133.6 183.7 106.0 209.0 217.4
B10 95.3 88.8 130.0 182.9 105.9 209.6 217.3
B15 95.7 88.8 132.1 182.3 105.9 209.1 218.0

a Tm1 and Tm2 are attributed to the two melting peaks of the PA6.
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the in situ formed LDPE-g-PA6 compatibilizers,
which were located at the interface between the two
phases, leading to an enhancement in the interfacial
adhesion and therefore to an increase in the
viscosity.28

The increase in the viscosity is caused by a similar
increase in G0 and G00. As can be seen in Figure
7(b,c), with increasing the amount of LDPE-MA, the

corresponding blend shows higher G0 and G00 values.
In addition, Table IV lists the slope values of both G0

and G’’ at low frequency (at 0.1 rad/s). Alterations
in the slope values of G0 and G’’ at terminal zone
(low frequencies) are likely to reflect the blend com-
patibility. In general, a lower slope value at low fre-
quency suggests that there is a shorter relaxation
process caused by a stronger blend interphase,
which means improved compatibility. Consequently,
the LDPE-MA introduced in the system can lead to
in situ formation of LDPE-g-PA6 which promotes
the compatibility of the blend, resulting from the
decline in the slope values with increasing the
amount of LDPE-MA.

CONCLUSIONS

In this work, LDPE/PA6 blends were prepared by
reactive extrusion, where in situ polymerization and
in situ compatibilization took place simultaneously
resulting in the formation of PA6 homopolymer and
LDPE-g-PA6 copolymer. By means of the characteri-
zation of the LDPE-g-PA6 copolymers obtained
by solution method and extraction from the blend,
the in situ compatibilization reaction mechanism
induced by LDPE-MA was confirmed.
As shown in the SEM photographs, there were

some tiny dispersed particles in the blends, even in
the case of the blend B0. It was contributed to the
morphological evolvement in the reactive extrusion,
where the CL monomers were initially dispersed
into small droplets and subsequently polymerized to
small-sized PA6 particles. As LDPE-MA was intro-
duced, the LDPE-g-PA6 in situ formed was helpful
to stabilize the initial sphere size and cause a reduc-
tion in the probability of coalescence, and conse-
quently smaller dispersed phase sizes and narrower
size distribution.
The thermal properties showed some changes due

to in situ compatibilization. In DSC cooling scans,
fractionated crystallization of the PA6 component
was observed in all cases and was promoted with
increasing the amount of LDPE-MA. Additionally,
nucleation of the LDPE component by the PA6 com-
ponent was observed for all of the blends. The DSC

Figure 7 Rheological properties of the blends: (a) g*, (b)
G0, and (c) G00 vs x. Note: this figure also indicates how
the slope at low frequency is determined.

TABLE IV
The Slope Values of G0 and G00 at Low Frequency

(0.1 rad/s)

Sample code Slope of G0 Slope of G00

B0 0.93 0.90
B5 0.74 0.68
B10 0.59 0.50
B15 0.46 0.38

Note: The determination of the slope is indicated in
Figure 7.

Journal of Applied Polymer Science DOI 10.1002/app
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second heating scans showed the presence of two
crystalline forms of PA6 in the blends, and the in
situ compatibilization could stimulate the formation
of the less stable c-crystalline form.

Dynamic rheological experiments revealed a no-
ticeable shifting of the viscosity of the blends to
higher values with adding more LDPE-MA, which
indicates the in situ formed LDPE-g-PA6 compatibil-
izers located at the interface between the two phases,
leading to an enhancement in the interfacial adhe-
sion. The storage modulus and loss modulus exhib-
ited the similar change with the viscosity, and more-
over, their slope values at low frequency declined as
the amount of LDPE-MA increased, which is due to
the improvement of the compatibility of the two
phases.
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