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ABSTRACT: The relaxation processes of orientation and
disorientation of melts of high-density polyethylene
(HDPE) and polyamide-6 (PA6) blends compatibilized
with a compatibilizer precursor (CP) of HDPE-grafted ma-
leic anhydride (HDPE-g-MAH) were investigated in a re-
stricted channel using real-time ultrasonic technique. The
experimental results showed that the evolution of ultra-
sonic velocity of HDPE/PA6 blends during the orientation
or disorientation processes could be described by the ex-
ponential equation from which the maximum orientation

degree and relaxation time could be obtained. Subse-
quently, the effects of CP on the relaxation processes of
orientation and disorientation were studied. In addition,
the relations of the CP content and the morphology and
viscosity were investigated by scanning electron micro-
scope analysis and rheological tests. VC 2009 Wiley Periodi-
cals, Inc. J Appl Polym Sci 116: 320–327, 2010
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INTRODUCTION

In the last decades, polymer blending in the internal
mixer, double-roll open mill, and single- and twin-
screw extruder has been proved to be an economi-
cal, rapid, and versatile way to obtain desirable
properties in the industrial field.1–5

As one of the most commonly used general plas-
tics, polyethylene (PE) has the advantages of low
cost, light weight, nontoxicity, good chemical stabil-
ity, and low moisture absorbance,6 and it is exten-
sively applied to produce film, container, pipe, elec-
tric wire and cable, monofilament, and so on. On the
other hand, polyamide (PA) is an engineering ther-
moplastic with high strength, wear resistance, and
heat stability, and it is widely applied in automobile,
electrical equipments, mechanical parts, as well as
textile.7 The blending of PE and PA provides an
effective way to make full use of their respective
advantages and has been widely investigated in the
academic and industrial fields.8–11

Because of the differences in molecular polarity
and chain structure, PE/PA blends are thermody-
namically immiscible, resulting in inferior perform-
ance of final products. A common and convenient
method to improve the properties of PE/PA blends
is the addition of a compatibilizer precursor
(CP).6,12–20 It is recognized that the common mecha-
nism is that a grafting reaction takes place between
the epoxide or acidic functional groups of CP and
the carboxyl/amine terminal groups of PA at PE–PA
interface to in situ form a PE-g-PA copolymer, which
generates a covalent bond between PE and PA.6,12,15

As a result, the interfacial adhesion between the ma-
trix and the dispersed phase is enhanced. Therefore,
the addition of CP could result in a significant
change in the morphology and properties of PE/PA
composites, including the mechanical properties,6

rheological behaviors,12 thermal stability,6 melting
and crystallization behaviors.16,17,21

However, the real-time studies on the develop-
ment of molecular structure of PE/PA6 blends dur-
ing the melt processing have been limited. The prod-
ucts of PE/PA composites are usually obtained from
extrusion and injection molding. During these proc-
esses, molecular chains align along a specific direc-
tion when subjected to a shear stress. The orientation
is of great interest in the academic and industrial
fields because of its significant influences on the
physical properties of final products. In polyolefin/
PA blends, it is found that the orientation contrib-
utes to the improvement of mechanical properties22
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and barrier properties.23 The orientation is a compli-
cated process, which is affected by many factors, for
instance, component ratio, temperature, viscosity ra-
tio, and shear stress. In addition, interfacial interac-
tion between two components is believed to be
related to the orientation in the compatibilized sys-
tems. However, researches on the effects of CP on
the orientation of polymer chains are relatively lim-
ited, especially in the molten state during processing
because of the difficulty in the introduction of in-
process characterization methods.

It is well known that in-process diagnostics and
control play a key role in improving the final prod-
uct performance during polymer processing.24–26 As
a kind of in-process measurement, ultrasound has
gained increasing attention in the field of polymer
diagnosis because of its nondestructiveness, nonin-
vasiveness, cost-effectiveness, convenient installa-
tion, quick feedback, and high sensitivity to material
properties. Ultrasonic measurements have been
proved to be an effective means to characterize
polymer structure, properties, and processing
conditions.27,28

In our previous work,29 the ultrasonic velocity has
been used to investigate the relaxation of orientation
and disorientation of low-density polyethylene and
polypropylene melts. The results indicate that the ul-
trasonic velocity is sensitive to the relaxation behav-
iors of orientation and disorientation of polymer
melts and can characterize the degree of orientation.
The change of ultrasonic velocity with time is found
to obey an exponential law from which the relaxa-
tion time of orientation and disorientation can be
obtained. Consequently, the ultrasonic measure-
ments can be used to detect the anisotropic behav-
iors in polymer melts.

However, the fundamental understanding of the
effects of interaction between the components in
polymer blends on the relaxation of orientation and
disorientation is still unclear. In this work, we focus
on the blends of high-density polyethylene (HDPE)
and polyamide-6 (PA6) with a HDPE-grafted maleic
anhydride (HDPE-g-MAH) as a CP prepared with a
twin-screw extruder. The main objective of this
study is to investigate the processes of chain orienta-
tion and disorientation of HDPE/PA6 blends by in-
process ultrasonic measurements. The studies on the
effects of CP content on the morphology and rheo-
logical behaviors are also conducted.

EXPERIMENTAL

Materials

A HDPE (5000S) with a melt flow index of 0.93 g/10
min (190�C, 2.16 kg) and a density of 0.954 g/cm3,
provided by Lan Zhou Petroleum Chemical, China,

was used. As a dispersed phase, a PA6 (M3400)
with an intrinsic viscosity of 3.4 dL/g and a density
of 1.14 g/cm3 was supplied by Guangdong Xinhui
Meida Nylon, China. A HDPE-g-MAH (GPM119)
with a grafting degree of 0.8 wt % was used as a
CP, obtained from Ningbo Nengzhiguang New
Materials Technology, China.

Blend preparation

Before melt blending, PA6 was carefully dried in a
vacuum oven at 95�C for 12 h to reduce the influ-
ence of moisture content and avoid the hydrolytic
degradation of PA6 during processing; HDPE and
HDPE-g-MAH were dried in an oven at 80�C for 12
h. Blends of HDPE and PA6 at composition ratio of
80/20 by weight with CP of 0, 2, 5, 10, 20 phr were
labeled PA20, PA20-2, PA20-5, PA20-10, and PA20-
20, respectively. The blends were prepared with a
twin-screw extruder at a set screw speed of 15 Hz
and a die set temperature of 235�C.

Scanning electron microscope

Morphological characterization was carried out with
a scanning electron microscope (SEM, XL30FEG, Phi-
lips). The samples were prepared by compression
molding after twin-screw extrusion and then frac-
tured cryogenically in liquid nitrogen. The fractured
surfaces were coated with a thin layer of gold in a
vacuum chamber for conductivity after etching by
formic acid for 8 h. The number-average diameter
(dn) and volume-average diameter (dv) of the dis-
persed particles could be determined by:

dn ¼
X

nidið Þ=
X

ni (1)

dv ¼
X

nid
3
i

� �
=
X

ni

n o1=3
; (2)

where di is the diameter of the particles and ni is the
number of particles.

Rheological measurements

Dynamic rheological measurements of the blends
were performed on an oscillatory rheometer
(AR1500EX, TA) under a nitrogen atmosphere at
230�C. The measurements were conducted with 25-
mm parallel plate geometry and a 1.0-mm sample
gap. The viscoelastic properties were measured in
the frequency range of 0.01–100 Hz. The strain was
determined to be 5% to keep within the linear visco-
elastic region.
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Ultrasonic measurements

The relaxation behaviors of orientation and disorien-
tation were characterized by in-process ultrasonic
measurements. The in-process ultrasonic inspection
system comprised of two main components: a capil-
lary rheometer (RH7, Malvern) and an instrumented
slit die, which was fitted to the barrel exit of the cap-
illary rheometer. The capillary rheometer was used
to preheat samples and give rise to a certain shear
stress through the movement of the piston. In this
work, the shear rate ( _c) could be calculated from
_c ¼ 6vpR2=h2w, where v, R, h, and w are the velocity
of the piston, barrel radius of capillary rheometer,
slit height, and slit width, respectively. The slit die

was equipped with two ultrasonic sensors (US) in
cross-section I, a pressure transducer (P2) in cross-
section II, a pressure transducer (P3) and a die tem-
perature sensor (Tdie) in cross-section III, as illus-
trated in Figure 1. The cross-sections I, II, and III
were equidistantly located from the exit of the slit
die. In the slit die, the flow channel had a width of
20 mm, a height of 2 mm, and a length of 250 mm.
The ultrasonic sensors and pressure transducers
were flush-mounted in order not to disturb the flow
of the melts. The slit die was heated by a wrapped-
on heating jacket with a piecewise proportion inte-
gral differential controller. The transmission tech-
nique was adopted in this experiment with two ul-
trasonic sensors installed in the opposite side of the
slit die. An ultrasonic sensor generated acoustic
pulse, and then the acoustic pulse traveled through
polymer melt and received by another ultrasonic
sensor. In this experiment, the ultrasonic velocity (C)
was calculated from the time delay difference (Dt)
between two consecutive echoes and the height of
slit die (h ¼ 2 mm):

C ¼ 2h=Dt: (3)

RESULTS AND DISCUSSION

Effects of CP on the morphology

The influences of CP content on the morphology
and the size distribution of HDPE/PA6 composites
are shown in Figure 2. The noncompatibilized blend

Figure 1 Schematic representation of the ultrasonic moni-
toring system used in the experiment.

Figure 2 SEM micrographs and particle size distribution of HDPE/PA6 blends with 20 wt % PA6: (a) without CP, (b)
with 2 phr CP, (c) with 5 phr CP, (d) with 10 phr CP, and (e) with 20 phr CP.
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[Fig. 2(a)] shows a typical morphology for thermo-
dynamically immiscible system with the phase sepa-
ration. PA6 is dispersed in HDPE matrix in the form
of spherical particles, known as the sea island struc-
ture. The particles vary greatly in size from 0.2 to 6.5
lm with dn ¼ 2.61 lm, revealing high polydispersity.
Figure 2(b–e) exhibits the morphology and particle
size distribution of the compatibilized blends with
different CP content. The dn of the dispersed particles
decreases from 2.61 to 0.40 lm with increasing CP
content. The dv of the dispersed particles shows the
same tendency. The results can be ascribed to the
decreased interfacial tension between two compo-
nents and the inhibited coalescence of droplets to
form larger domains. The results display that HDPE-
g-MAH is an effective compatibilizer for HDPE/PA6
composites because of more homogeneous dispersion
and ameliorated interfacial adhesion in the compatibi-
lized blends. The evolution of morphology is consist-
ent with the findings reported earlier.30

Effects of CP on the rheological properties

The melt viscosities of HDPE/PA6 composites are
investigated to evaluate the effects of CP content on
the processing properties. The viscosity in molten
state during extrusion can be measured by the pres-
sure transducers in the slit die:

g ¼ DPh3w=12LQ; (4)

where DP is the pressure drop, L describes the cen-
ter-to-center distance between pressure transducers
P2 and P3, and Q represents the volume flow rate.
As expected, the viscosities of the compatibilized
blends are higher than that of the noncompatibilized
one. As can be seen in Figure 3, the viscosities of
HDPE/PA6 blends depend significantly on CP con-

tent. With regard to HDPE/PA6 binary blend with-
out CP, the lowest viscosity is observed. When the
CP content is 2 phr, a slight increase is observed in
the viscosity at higher shear rate, compared with the
counterpart without CP. The viscosity increases obvi-
ously with increasing CP content over the whole
shear rate range. The underlying mechanism account-
ing for these behaviors is that a grafting reaction
takes place between the acid anhydride groups of
HDPE-g-MAH and the amine end-groups of PA6 at
the blend interface, in situ formed a HDPE-g-PA6 co-
polymer whose main chains and branched chains
have the same compositions as the matrix and dis-
persed phase, respectively, leading to partially cross-
linked structure.12,16 Consequently, the compatibility
of HDPE and PA6 is improved, and the interfacial
adhesion strength between the matrix and dispersed
phase is enhanced.
The melt viscosities can also be obtained by means

of dynamic rheological measurements. Figure 4 illus-
trates the effects of CP on the complex viscosities.
The results are in close agreement with the findings
obtained by the pressure transducers during extru-
sion. It is clear that with the addition of CP, the
complex viscosities of the blends increase. The
change of viscosities is consistent with the data of
Ohlsson et al.31

Effects of CP on the relaxation behaviors of
orientation and disorientation

The velocity of longitudinal waves (C) is a function
of the bulk modulus (K) and the density (q), accord-
ing to the following equation:

C ¼
ffiffiffiffi
K

q

s
: (5)

Figure 3 Relationship between viscosity and shear rate of
HDPE/PA6 blends with different CP contents.

Figure 4 The complex viscosity as a function of fre-
quency for HDPE/PA6 blends with different CP contents.
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During the extrusion, the density of polymer melts
is regarded as a constant value, and therefore, the
velocity of ultrasound is only dependent on the bulk
modulus, which varies with the change of melt pres-
sure, temperature or molecular orientation.

As an example, Figure 5 presents the typical varia-
tion of the shear rate, temperature, pressure, and ul-
trasonic velocity with the processing time for
HDPE/PA6 (80/20 wt %) blends with 10 phr CP.
During the whole test, the temperature is almost
kept constant; accordingly, the influence of tempera-
ture on the ultrasonic velocity can be neglected. As
can be seen in Figure 5, in terms of shear rate, the
process could be divided into three stages: the static
stage (0–9 s), the shear stage (9–66 s), and the post-
shear stage (66–156 s). In the static stage, the shear
rate and pressure are zero, so there is no orientation.
In the shear stage, polymer melts are pushed

through the slit die with the piston of the capillary
rheometer moving at a constant rate. The shear rate
is invariable with a value of 33.1 s�1. The pressure
increases sharply and then maintains constant.
Because of the shear stress, the molecular chains are
oriented along the flow direction. However, the ori-
entation is a relaxation process due to the friction
between molecular chains and the response to outer
action is slower than the pressure. And in the post-
shear stage, the piston stops and the shear rate goes
back to zero. The pressure decreases suddenly to
zero. The disorientation occurs because of the disap-
pearance of the shear stress. Likewise, the disorien-
tation is also a relaxation process.
In the latter two stages, the ultrasonic velocity is

affected by the pressure and orientation simultane-
ously, which are mutual competitive processes. An
enhancement in the melt pressure leads to an
increase of K, whereas an increase in the degree of
orientation results to a decrease of K in the direc-
tion perpendicular to the shear flow. At the begin-
ning of the latter two stages, the change of ultra-
sonic velocity is predominated by the pressure
owing to its abrupt variation. But then the ultra-
sonic velocity varies in the opposite direction
induced by the orientation or the disorientation. At
the end of these two stages, the ultrasonic velocity
levels off, suggesting the orientation or disorienta-
tion is completed.
In this work, the shear and postshear stages are

applied to investigate the orientation and disorienta-
tion, respectively. To cancel out the influences of the
temperature and pressure, the ultrasonic velocity is
corrected according to the Ref. 32. The ultrasonic ve-
locity mentioned later has been corrected.
To quantitatively determine the influences of CP

content on orientation and disorientation, Figure 6
shows two models, which are established to describe

Figure 5 The typical variation of the shear rate, melt tem-
perature, pressure, and ultrasonic velocity with time for
HDPE/PA6 blends with 10 phr CP.

Figure 6 Modeling of the relaxation processes for HDPE/PA6 blends with 10 phr CP: (a) orientation and (b)
disorientation.
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the relaxation processes of orientation and disorien-
tation in Figure 5.

CR1 tð Þ ¼ C1 1� e�t=s1
� �

(6)

CR2 tð Þ ¼ C2e
�t=s2 ; (7)

where the subscripts 1 and 2 represent the processes
of orientation and disorientation, respectively, C is
the maximum relative velocity, s is the relaxation
time, CR is the relative ultrasonic velocity with the
velocity C(t) at time t subtracting the value in the
unoriented state (C(t0)):

CR tð Þ ¼ C tð Þ � C t0ð Þ: (8)

It can be seen from Figure 6 that the exponential
eqs. (6) and (7) could well describe the experimental
data of HDPE/PA composite. In the molten state,
the orientation of HDPE/PA6 composite melts
includes the orientation of the HDPE matrix and dis-
persed PA6 phase. It should be emphasized that the
orientation and disorientation are related to the
whole blends, and it is unable to differentiate the re-
spective orientation and disorientation of HDPE and
PA6 phases.

As illustrated in Figure 6, C1 and C2 are 30.01 and
31.99 m/s, respectively. These two values are
approximately equal, indicating that the oriented
chains are almost totally disoriented during the post-
shear stage. However, it can be seen that s1 (4.61 s)
is much less than s2 (17.57 s). This result can be
attributed to the different mechanisms of orientation
and disorientation. Although the disorientation is a
reverse process of orientation, the latter is not spon-
taneous. The existence of external force is thermody-
namically in favor of the motion of molecular chains,
therefore, leads to a quicker relaxation of orientation
than that of disorientation.

In addition, we use f1 and f2 to represent the maxi-
mum degree of orientation during orientation and
disorientation, respectively:

f1% ¼ C1=C t0ð Þ � 100%j j (9)

f2% ¼ C2=C t0ð Þ � 100%j j: (10)

The higher the values of f1 and f2, the bigger the
maximum degree of orientation. Figure 7 describes
that the values of f1 and f2 increase with CP content
at the invariable shear rate. In our previous work,32

the maximum degree of orientation of HDPE is
affected by its melt viscosity, and the higher the
melt viscosity, the higher the maximum degree of
orientation. This law is still valid for HDPE/PA6
blends. As stated earlier, the addition of CP leads to
an increase in the melt viscosity; as a consequence,
the maximum degree of orientation of HDPE/PA6
blends increases with the increase of CP content. In
addition, Figure 7 shows that the maximum degree
of orientation of HDPE/PA6 blends with or without
CP increases with increasing shear rate. This may be
a result of the higher stress that can result in more
deformation of molecular chain.
The dependence of the relaxation time of orienta-

tion (s1) on CP content in Figure 8 shows that s1
increases with increasing CP content. The improve-
ment of interfacial adhesion is believed to be the
major contribution to this behavior. As mentioned
previously, a HDPE-g-PA copolymer formed at the
interface between HDPE matrix and dispersed PA6
phase with the addition of CP can raise the interfa-
cial friction under shear stress, and therefore, cause
the slowdown of molecular chain motion. It also can
be seen from Figure 8 that s1 is sensitive to shear
rate. The decrease of s1 with shear rate shows that
the stress can markedly affect the speed of orienta-
tion. It is in accordance with the fact that the

Figure 7 The maximal degree of orientation as a function of shear rate for HDPE/PA6 blends: (a) f1 and (b) f2.
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orientation status is a thermodynamically nonequili-
brium state and relies on the stress.

As revealed in Figure 9, an increase in the relaxa-
tion time of disorientation (s2) is also observed with
increasing CP content. The disorientation takes place
after the cession of shear, with its relaxation time
related to the molecular structure parameters of
HDPE/PA6 composites such as composite ratio, mo-
lecular weight of each component, and intermolecu-
lar interaction between two components. In this
case, the evolution of s2 is determined by the inter-
molecular interaction between HDPE matrix and dis-
persed PA6 phase. The addition of CP results in a
grafting reaction to form a copolymer of HDPE-g-
PA, which trends to concentrate at the interface, and
therefore, the interfacial interaction is enhanced and
the compatibility is improved. It is worth noting that

s2 is independent on shear rate in the examined
shear rate range. Compared with orientation, the
process of disorientation is spontaneous; as a conse-
quence, it is unrelated to the external conditions
during processing. This experimental result suggests
to some extent that s2 could be served as a kind of
characteristic relaxation time of polymer melts.
The relaxation behaviors of polymer melts are also

analyzed by the dynamic rheological measurements.
According to Wang et al.,33 the reciprocal of cross-
over frequency (xc) of the storage modulus (G0) and
loss modulus (G") is considered as a single charac-
teristic relaxation time. The characteristic relaxation
times of HDPE/PA6 blends with or without CP are
presented in Table I. The characteristic relaxation
time is found to increase as the CP content increases,
which is in agreement with the variation of the aver-
age relaxation time of disorientation. It is notewor-
thy that the average relaxation time of disorientation
acquired from ultrasonic measurements is two to
three order of magnitude higher than the character-
istic relaxation time obtained from dynamic rheolog-
ical measurements. It has been correlated with the
differences between two methods: the ultrasonic
measurements are carried out at large deformation,
concerning with the whole molecular chain, but the
rheological measurements are conducted at small
deformation.

CONCLUSIONS

HDPE-g-MAH was used as a CP in the blends of
HDPE and PA6 to examine the influences of CP on
the properties of blends. The experimental results
demonstrated that:

1. The HDPE/PA6 binary composition presented
two-phase morphology because of the thermo-
dynamic immiscibility of the components. It
was found that the addition of CP could evi-
dently diminish the particle size (dn and dv) of
dispersed phase and ameliorate the homogene-
ous dispersion due to a decrease in the

Figure 9 The relaxation time of disorientation versus
shear rate for HDPE/PA blends compatibilized with dif-
ferent amounts of CP.

Figure 8 The relaxation time of orientation versus shear
rate for HDPE/PA blends compatibilized with different
amounts of CP.

TABLE I
The Characteristic Relaxation Time Defined by xc and
Average Relaxation Time of Disorientation Detected by

Ultrasonic Measurements

Blends 1/xc (s)

Average
relaxation time

of disorientation (s)

PA20 2.47 � 10�2 12.66
PA20-2 2.49 � 10�2 13.35
PA20-5 3.65 � 10�2 15.47
PA20-10 4.74 � 10�2 18.38
PA20-20 7.56 � 10�2 26.09
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interfacial tension and an enhancement in the
interfacial adhesion.

2. The compatibilized blends displayed a very
pronounced increase in the viscosities, com-
pared with the uncompatibilized one.

3. In-process ultrasonic measurements with the
advantages of nondestructiveness, cost-effec-
tiveness, and high sensitivity to material prop-
erties and process conditions were utilized to
research the relaxation processes of orientation
and disorientation. The experimental results
indicated that the maximal degree of orienta-
tion of the blends depended on the CP content,
owing to the improved viscosity. An increase
in the relaxation time of orientation and disori-
entation with CP content was also observed.

In summary, the change in the morphology, rheo-
logical behaviors, and the relaxation processes of ori-
entation and disorientation of HDPE/PA6 blends
with different CP concentration could be attributed
to the chemical reaction occurred between the acid
anhydride groups of HDPE-g-MAH and the amine
end-groups of PA6, in situ formed a HDPE-g-PA co-
polymer, which enhanced the interfacial interaction
of HDPE matrix and dispersed PA6 phase.
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