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ABSTRACT: A high-density polyethylene with grafted
maleic anhydride units has been investigated as a compati-
bilizer for high-density polyethylene with polyamide 6.
The material acts as an effective compatibilizer, causing a
marked reduction in dispersed phase size as well as an
increase in tensile strength and toughness. Compatibilizer
also affects the glass-transition temperature, crystallization
kinetics, and amount of crystalline material for certain
blend compositions. The addition of zinc cations, which

are effective in increasing ethylene-acid copolymer compa-
tibilizer performance in low-density polyethylene/polyam-
ide blends, has little, if any, effect on compatibilizer per-
formance in these high-density polyethylene/polyamide
blends. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci 103:
3871–3881, 2007
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INTRODUCTION

Commercial introduction of a polymer made from a
new monomer is an extremely expensive, and risky,
enterprise. One strategy to introduce new products
into the market without a large investment is to take
two or more different polymers and blend them to-
gether to make a new product with unique properties.
However, the success of this strategy has been limited
because the mechanical properties of the blend are
typically far worse than a simple mixing law would
predict. This situation arises because most polymers
are not miscible in one another. Hence, the mixing
two polymers together usually results in a material
that consists of two separate phases, and the interface
between the phases is very weak since polymer chains
do not crossover the boundaries to form entangle-
ments because of the aforementioned incompatibility.

Probably the most effective strategy to reduce this
problem of immiscibility is to design blends so that a
reaction can occur at the interface. The operative term

used here is reduce; in other words, certain mechanical
properties, in particular toughness, are still below
what would be predicted by a mixing rule. Polyamides
(PAs) inherently have many attractive properties, and
can react with many functional groups because of the
terminal primary amines,1 and, to a lesser extent, the
possibility of chemical interchange reactions involving
the amide linkage.2 Further, if the other component has
the appropriate functional group, there is a possibility
of hydrogen bonding across the interface. Hence, poly-
amides have been extensively studied as blend compo-
nents. One polymer that has been considered widely as
a blend component with polyamides is high-density
polyethylene (HDPE), because of its wide availability
and uses in applications. Further, polyamides are
known to have highwater absorption, while HDPE has
low water absorption; also, HDPE has a stiffness near
that of the polyamide, which means that a blend
should have a stiffness not too different than the start-
ing components. This situation has led to many studies
of blends of HDPE and polyamides.

Unfortunately, none of the favorable mechanisms
that inherently make polyamides good blend compo-
nents are relevant to high-density polyethylene.
Hence, many approaches have been taken to add
some functionality to HDPE to improve compatibil-
ity with polyamide. One common approach is to
add acid functionality via the grafting of maleic an-
hydride (HDPE-g-MAH); blends made include
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HDPE-g-MAH/PA 12,3–5 and HDPE-g-MAH/PA6.6

Another approach is to add functionality to HDPE
with a radiative treatment (g, e-beam, photooxida-
tion, etc.); blends have been studied with PA6.7–9 By
and large, however, this approach is not desirable,
since an extremely large amount of material must be
modified, and this approach is completely impracti-
cal if the PA and HDPE are already mixed. A more
practical approach is to add a third molecule, which
can interacts favorably with the polyamide and also
interacts well with the HDPE, has been added. Table
I shows an exhaustive list of the blends studied
where a third molecule has been added, which inter-
acts favorably with the polyamide and also interacts
well with the HDPE.

The following are general points about the effect
of the addition of third molecules to the HDPE/PA
blends

1. A small amount (� 1%) is required for the max-
imum improvement in room temperature me-
chanical properties and maximum reduction in
dispersed phase size. Adding more than this
amount does not, in general, improve perform-
ance,10,22,28 although higher levels of compatibil-
izer were found to be necessary in certain
cases.27

2. Some studies investigated changes in room tem-
perature mechanical properties with compatibili-
zation22,25,27,28; however, some studies were inter-
ested primarily in rheological behavior.27,29,30,33

The addition of compatibilizer raises G0 at low
frequencies,29 reduces the interfacial tension,11

and increases the steady-shear melt viscosity.17,22

3. The addition of compatibilizer raises the melt-
ing temperature of the PE phase and reduces
the melting temperature of the PA phase.17

The purpose of this study is to examine the effect
of maleic anhydride grafted high-density polyethyl-
ene compatiblizers on HDPE/nylon 6 blends. Al-
though there are some points of duplication with
previous studies, there are a couple of significant
differences. The first is that a much more careful
study on the effect of compatibilizer on crystalliza-
tion has been performed, which includes effects that
compatibilizer has on crystallization kinetics. The
second unique aspect is a study on how the glass-
transition behavior is affected by the addition of
compatibilizer.

A third unique aspect is that the effect that partial
zinc neutralization of the hydrolyzed anhydride acid
groups is studied. The addition of zinc on the surface
should reduce compatibilization efficiency, since neu-
tralized acid endgroups cannot be reacted with amine
endgroups and cannot participate in any hydrogen
bonding. However, partially zinc-neutralized ethyl-

ene–acrylic acid or ethylene–methacrylic acid copoly-
mers are reported to be better compatibilizers than
the acid form for LDPE/PA6 blends,34,35 so we
thought to see whether the same was true with par-
tially zinc-neutralized HDPE-g-MAH materials.

EXPERIMENTAL

Materials

The polyamide 6 employed in this study was an
injection molding grade, 1013B, supplied by UBE
Nylon (Thailand). The molecular weight of this ma-
terial is 12,000 g/mol (as reported by the supplier)
and is reported to have approximately equal num-
bers of amine and carboxylic acid end groups. High-
density polyethylene, H5480S grade, was also an
injection molding grade polymer (density 0.954 g/
cm3) graciously supplied by Thai Polyethylene. Zinc
oxide was obtained from Aldrich and used as
received. High-density polyethylene-graft maleic anhy-
dride, Fusabond1 grade E MB100D, was graciously
supplied by DuPont. The grafting fraction was deter-
mined by titration. About 1.0 g of the HDPE-g-MAH
was dissolved in 100 mL of hot xylene; the solution
was refluxed for 40 min. Successively, 3 mL water
was added to hydrolyze the anhydride groups. After
25 min, the hot solution was added with excess KOH
solution in ethanol (0.025N) and back titrated with
HCl in ethanol (0.025N), with phenolphthalein as an
indicator. The weight fraction of grafting was 0.9%,
i.e., an equivalent weight (weight of polymer per mole
acid) of 5000 g/mol.

TABLE I
Blends with Polyamide Using Compatibilizer Molecule

that Reacts with Amine

Blend Third component References

HDPE/
polyamide 6

EMAA-based zinc
ionomer

10–16

HDPE-g-MAH 17–21
HDPE-g-GMA 16
SEBS-g-MAH 22
Ethylene-various acid
copolymers

23

Ethylene-co-vinyl acetate-
g-MAH

24

HDPE/
polyamide 12

HDPE-g-MAH 25, 26

HDPE/
polyamide 6,6

EMAA-based
zinc ionomer

27

HDPE-g-MAH 28
SEBS-g-MAH 29

HDPE/
polyamide 11

Ethylene-MAH copolymer 30
Ethylene-propylene-diene
terpolymer-g-MAH

31, 32

EMAA, ethylene-co-methacrylic acid; SEBS, [polystyrene-
poly(ethylene-butylene)-polystyrene block copolymer].
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Blend preparation

Pellets were mixed in a tumble mixer for 10 min, fol-
lowed by drying under vacuum at 608C for 24 h.
The materials were blended in a Collin D-8017 T-20
twin-screw extruder using a screw speed of 35 rpm,
corresponding to a residence time of approximately
1 min in the extruder. The blends were extruded
through a single-strand die; the extrudates were
cooled in a water bath, dried at ambient temperature
and then pelletized. The pellets were dried and kept
in sealed plastic bags before compression molding,
to minimize moisture absorption. Compatibilized
blends were made in a 2-step process; first the
HDPE-g-MAH and HDPE were extruded together
with or without the appropriate amount of zinc ox-
ide, followed by extrusion with the PA6. Extrusion
of the acid copolymer with zinc oxide is one method
used commercially to neutralize ethylene-acid copoly-
mers, and this method is expected to work equally
well with maleic anhydride grafted materials. The
amount of zinc oxide was adjusted, so that 50% of
the acid groups would be neutralized with zinc. In all
cases, compatibilizer amount is stated in parts per
hundred (phr), i.e., HDPE/PA6 80/20 with 10% com-
patibilizer actually means a composition of 80 parts
HDPE, 20 parts PA6, and 10 parts HDPE-g-MAH co-
polymer (zinc weight is not included in any calcula-
tions). Infrared spectra and X-ray diffraction patterns
of the compatibilized blends show no presence of
zinc oxide, while the former indicates zinc neutraliza-
tion of some carboxylate groups.

Specimen preparation

Test specimens are prepared using a Wabash V 50 H
50 ton compression molding machine. Pellets are
placed in a picture frame mold, and the mold is pre-
heated at 2408C for 3 min in the press without appli-
cation of pressure. The mold is then compressed
under a force of 10 tons for a further 3 min, after
which the mold is cooled to 408C under pressure.
Test specimens were cut from the molded sheets
using a die cutter.

Scanning electron microscopy

Scanning electron microscope (SEM), JEOL 5200-2AE
(MP152001), was used to study phase morphologies
of the blends. The specimens were fractured in liq-
uid nitrogen and etched using (i) hot decalin (for
HDPE minor phase blends) and (ii) formic acid (for
PA6 minor phase blends). The specimens were then
coated with gold under vacuum. All scanning elec-
tron micrographs studied were characterized using
magnification of 1500� at 20 kV.

Dynamic mechanical analysis

A Solids Analyzer RSA II (Rheometric Scientific) was
used to measure the storage and loss moduli as a
function of temperature. The 3-point bend fixture
was used to mount the samples, and 48C tempera-
ture steps were used. Samples were molded (same
as shown earlier) to a thickness of around 2.5 mm.
All experiments were performed with a 1 Hz fre-
quency, 0.03% strain, and with static force tracking
dynamic force. Peak heights were determined by fit-
ting the curve with a cubic spline, and finding the
derivative of the spline. The error in the measure-
ment was determined by running duplicates of
selected samples; error bars in DMA plots and all
plots that appear in this article represent one stand-
ard deviation.

Tensile testing

A D1708 microtensile die was used to cut the sam-
ples for tensile testing, and an Instron universal test-
ing machine was used to measure tensile strength
using a crosshead speed of 1.30 mm/min. Sam-
ples were molded to a thickness of approximately
0.5 mm. At least five samples were used for each
composition to determine an average and standard
deviation.

X-ray diffraction

Wide angle X-ray diffraction (WAXS) investigation
of the neat PA6 and HDPE as well as their blends
was carried out at room temperature using a Bruker
AXS D8 Discover system with a 2D wire detector.
Samples were measured in symmetric transmission;
two different source-detector angles were used, and
the data were combined by matching the intensities
in the overlap region. Within experimental error, this
procedure was identical to matching the two spectra
by using the known angular correction for the two
angles. No angular correction was performed for dif-
ferent sample absorption depending on angle for a
given source-detector angle; the transmittance of all
samples was fairly high (� 80%), and no distortions
were apparent in the overlap region. A measured
transmittance was not used to subtract the back-
ground spectra from the sample spectra, rather the
transmittance was set at a value that gave a flat pro-
file at low angles.

Differential scanning calorimetry

Samples were cut from the same sheet used to cut
samples for tensile testing. For melting and glass-
transition temperature determination, samples were
placed in aluminum DSC pans, and were scanned at
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a rate of 108C/min. A TA Instruments Q1000 differ-
ential scanning calorimeter with liquid nitrogen cool-
ing was used for this study, and was routinely cali-
brated with four different standards (cyclopentane,
biphenyl, indium, and tin) at a 108C/min heating
rate. The melting characteristics of the two compo-
nents were determined during this initial scan, while
the glass-transition temperature was determined
during a second scan after the material was held at
2508C for 5 min and rapidly cooled to �1008C to
assure good sample-pan contact and eliminate com-
plicating enthalpy relaxation effects. The fractional
crystallinity was determined by integrating the area
under the respective melting exotherms, and con-
verting these enthalpies to fractional crystallinities
using a melting enthalpy of 293 J/g for polyethylene
and 190 J/g for polyamide.36 Crystallinities were cal-
culated on a component basis, i.e., a polyethylene
fraction crystallinity of 0.5 means that half of the
polyethylene (including the polyethylene in the
grafted copolymer) in the given blend is crystalline.
Nonisothermal crystallization kinetics were per-
formed on different samples using a PerkinElmer
DSC 7 at a cooling rate of 108C/min after heating

the sample to 2508C and holding for 5 min. Crystalli-
zation temperatures represent temperatures corre-
sponding to the onset of crystallization.

RESULTS AND DISCUSSION

Scanning electron micrographs of fracture surfaces
after dissolution of the minor component are shown
in Figures 1 and 2. Examinations of these micro-
graphs, as well as dispersed phase sizes determined
from these micrographs (Table II), indicate that,
based on this measure of blend compatibility, at
least 2.5% of the compatibilizing agent is required to
achieve maximum compatibilization efficiency. The
amount of compatibilizer required for maximum ef-
ficiency is substantially higher than that found previ-
ously for HDPE/PA66 with HDPE-g-MAH compati-
bilizer,28 as well as ethylene-acid copolymer and co-
polymer ionomer compatibilizers for blends between
PA6 and LDPE.35,37 Table II also indicates that the
addition of zinc oxide causes slightly larger dis-
persed phase size at a given compatibilizer concen-
tration.

Figure 1 Scanning electron micrographs of 20/80 HDPE/
PA6 blends with added HDPE-g-MAH compatibilizer (no
zinc oxide) at the following weight percentages : (a) 0, (b)
0.1, (c) 1.0, (d) 2.5, (e) 5.0, and (f) 10.0 phr.

Figure 2 Scanning electron micrographs of 80/20 HDPE/
PA6 blends with added HDPE-g-MAH compatibilizer (no
zinc oxide) at the following percentages : (a) 0, (b) 0.1, (c)
1.0, (d) 2.5, (e) 5.0, and (f) 10.0 phr.
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Ideally, the substantial reduction in dispersed
phase size morphology is an evidence of improve-
ments in interfacial adhesion, and hence will trans-
late into improvements in mechanical properties.

Tensile properties of the blends are displayed in
Figures 3 and 4; inconsistency in the results as a
function of compatibilizer fraction is much larger
than the error bars would suggest. Error bars were
calculated by running multiple samples cut from the
same sheet; hence, it is likely that molding inconsis-
tencies are the cause of the disagreement.

The effect of compatibilizer is much different than
expected, except for the ultimate properties of the
HDPE/PA6 20/80 blends. The tensile strength and
elongation shown in Figure 4 for the HDPE/PA6
20/80 blends have the expected curve shape: a rap-
idly increasing plot that reaches a plateau roughly at
a compatibilizer content corresponding to the con-
tent that shows the maximum compatibilization effi-
ciency in scanning electron micrographs, i.e., � 2.5%
compatibilizer. The percentage increase in tensile
strength versus the uncompatibilized material is
� 25%, which is significantly higher than the approx-
imate 15% found for the HDPE-g-MAH compatibil-
izer in HDPE/PA 66 blends at a 25/75 weight frac-
tion.28 However, this value is substantially smaller
than the � 50% found in HDPE/PA 6 blends for
compatibilizers such as ethylene-vinyl acetate24 or an
ethylene-methacrylic acid-isobutyl acrylate terpoly-

TABLE II
Dispersed Phase Sizes for Blends

Compatibilizer
amount
(phr)

Dispersed phase
size without

zinc oxide (mm)

Dispersed phase
size with zinc
oxide (mm)

HDPE/
PA6 80/20

0 4.9 4.9
0.1 2.6 3
1 2.4 2.9
2.5 1.7 1.7
5 0.7 1.2

10 0.2 0.5
HDPE/
PA6 20/80

0 14 14
0.1 13.8 10.4
1 3.9 5.7
2.5 3.3 4.5
5 2.8 3.4

10 2.3 2.4

Figure 3 Tensile results for HDPE/PA6 80/20 blends
made using compatibilizer with zinc oxide addition (open
symbols) and compatibilizer without zinc oxide addition
(filled symbols). The values for pure HDPE were: modulus
¼ 1120 MPa, tensile strength ¼ 39.5 MPa, and elongation at
break ¼ 1140%. The values for PA6 were: modulus ¼ 2110
MPa, tensile strength ¼ 74.5 MPa, and elongation at break
¼ 205%.

Figure 4 Tensile results for HDPE/PA6 20/80 blends
made using compatibilizer with zinc oxide addition (open
symbols) and compatibilizer without zinc oxide addition
(filled symbols).
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mer zinc ionomer.12 The tensile strength in the
HDPE/PA6 20/80 blend is only 20% lower than a
simple mixing rule prediction using pure material
properties. The modulus for the materials without
zinc is, in general, higher than the modulus for the
zinc-neutralized materials in the HDPE/PA6 20/80
blends as shown in Figure 4. This difference in mod-
ulus between the two types of samples is not
explained by crystallinity, since the fraction of nylon
crystallinites are within experimental error of one
another. Given the overall inconsistency of the
results, whether this result is real or not cannot be
determined with absolute confidence.

The behavior of the HDPE-rich materials in tensile
tests should be more complicated, since the addition
of compatibilizer will not only strengthen interfacial
interactions, but also affect the continuous phase.
The tensile strength and elongation at break drop
with the addition of compatibilizer at first and then
increase, eventually to values above the uncompati-
bilized blend. We do not understand the reason for
the initial decrease, although the behavior occurs in
materials with and without zinc. Overall, the modu-
lus seems to be constant with compatibilizer content
and there is no consistent, statistically significant dif-
ference between materials with and without zinc in
the HDPE/PA6 80/20 blends.

Figure 5 shows an increase in impact strength for
the HDPE/PA6 80/20 blend with compatibilizer
content that reaches a plateau at 2.5%, similar to the
tensile strength and elongation of the 20/80 blend.
For the HDPE/PA6 20/80 blend, the impact strength
decreases with compatibilizer content, and then rises
again, similar to the tensile strength and elongation
of the 80/20 blend. In other words, the behavior of
the impact strength with respect to compatibilizer
content is exactly opposite as to what was seen in
the tensile properties. Again, there is no difference
between materials with and without zinc.

As shown in Figures 6 and 7, compatibilizer does
not affect the fractional crystallinity and melting
point of the polyamide, except for, perhaps, a slight
increase in the fractional crystallinity when polyam-
ide is the continuous phase. This result differs ver-
sus what was reported earlier, where a drop in melt-
ing point was found with the addition of compatibil-
izer.17 The melting temperature of the polyamide is
� 18C higher for the high polyamide-content blend
than for the low polyamide-content blend; less than
the � 28C difference found previously.17 Figure 8
shows that the peak at around 2088C, which is attrib-
uted to the g phase, does not change consistently,

Figure 5 Impact strength of HDPE/PA6 blends. The val-
ues for pure PA6 and pure HDPE were 5.7 6 1.4 kJ/m2

and 15.0 6 0.5 kJ/m2, respectively.

Figure 6 Comparison of melting temperatures and frac-
tional crystallinities for PA6 and HDPE in HDPE/PA 6 80/
20 blends. Filled symbols represent no zinc oxide addition,
while open symbols represent the zinc-neutralized form.
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indicating that compatibilizer does not alter the g
versus a polymorph balance, at least within the abil-
ity of DSC data to discern.

The effect of compatibilizer on the HDPE phase is
quite substantial when the HDPE is in low concen-
tration. The addition of a significant amount, relative
to pure HDPE, of a presumably miscible lower crys-
tallizing component, i.e., HDPE-g-MAH, not surpris-
ingly lowers both the melting point and fractional
crystallinity. However, the addition of HDPE-g-
MAH cannot solely be responsible because at equiv-
alent amounts of HDPE-MAH/HDPE content, i.e.,
1–2.5% in the low HDPE-content blend, which corre-
sponds to 4–10% in the high HDPE-content blend,
there is a drop in wPE for the low HDPE-content
blend but no drop in the high HDPE-content blend.
This result is definite evidence that the stronger
interaction with the polyamide in the low HDPE-
content blends is disrupting the crystallinity of the
HDPE blend. The only consistent explanation is that,
at constant HDPE/HDPE-g-MAH ratio, a substantial
drop is seen only when HDPE is the minor phase
since a much larger fraction of ethylene segments
are near the interface. One possible explanation why
compatibilization affected the minor phase HDPE,

but not the minor phase PA6, is that having more
amine endgroups involved with interfacial bonding
will not disrupt crystallinity, since endgroups would
not crystallize even if not bonded to the interface. In
contrast, acid groups occur all along the main chain
of the HDPE-g-MAH. Immobilization of random
points along the chain due to bonding at the poly-
amide/polyethylene interface disrupts the crystallin-
ity of the bonded chain as well as chains near the
bonded chain. This reasoning presumes grafted and
ungrafted materials are phase-mixed in the melt.
The substantial drop in crystallinity is very likely the
reason that the modulus in Figure 4 for the HDPE/
PA6 20/80 blends is very far from being well-
described by a simple mixing rule, much farther
than either the tensile strength or elongation at
break.

X-ray diffraction might be sensitive to small
changes in polyamide crystal structure. Following
the procedure given elsewhere,38 the a-PA6 form is
characterized by two peaks corresponding to the 200
and [002/202] crystalline planes with 2y being found
at 20.38 and 23.78 respectively, and the g-crystalline
form also by two peaks, one at 21.48 and the other at

Figure 7 Comparison of melting temperatures and frac-
tional crystallinities for PA6 and HDPE in HDPE/PA 6
20/80 blends. Filled symbols represent acid form, while
open symbols represent the zinc-neutralized form.

Figure 8 DSC thermogram of polyamide crystallization
peak for HDPE/PA6 20/80 samples.
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22.18. As shown in Figure 9, under the conditions
used to prepare the samples used for tensile testing,
the a-form predominates. Slow cooling and high
crystallization temperatures leads to the preponder-
ance of the a-form.39,40 It was hoped that WAXS
spectra would be able to be used to quantify the
amount of each crystalline structure for nylon in the
blends; unfortunately, as shown in Figure 9, the poly-
ethylene110 and 200 reflections interfere with the 2 g
reflections, and the subsequent error in peak decon-
volution was too large.

Crystallization temperatures for nonisothermal cry-
stallization studies are shown in Figure 10. There was
an extremely small exotherm for the PA6 crystallites
in the HDPE/PA6 80/20 blend without compatibil-
izer, which disappeared entirely at 2.5% compatibil-
izer (spectra not shown). Disappearance of crystalliza-
tion exotherms during nonisothermal crystallization
experiments, e.g., fractionated crystallization, has
been seen previously in polyamide blends and has
been attributed to a change from heterogeneous to
homogeneous nucleation as the polyamide particle

size becomes small.41,42 However, the drop in crystal-
lization temperature at lower compatibilizer contents
that normally is evidence of fractionated crystalliza-
tion was not seen. HDPE kinetics shows no effect
upon blending, with a � 38C rise in crystallization
temperature upon compatibilization. These results
indicate a nucleation effect of the MAH-grafted mate-
rial on the HDPE, or a nucleation effect of the PA 6
on the HDPE that occurs only after compatibilization.
In the case of HDPE in the PA6 major-phase blends,
there is no change in HDPE crystallization kinetics
with compatibilization, but blending increases the
crystallization temperature by 3–48C. Blending leads
to a � 48C increase in polyamide crystallization tem-
perature, which drops with compatibilization. In the
case of PA6, blending causes increased nucleation;
however, closer association with the HDPE segments
due to compatibilization reduces this effect. Neutrali-
zation with zinc seems to have no effect, although the
inconsistency in the data makes such a determination
difficult.

DMA spectra are shown in Figures 11 and 12. The
anomalous jump in storage modulus for the compa-
tibilized blends immediately before the nylon melt-
ing temperature in the HDPE/PA6 20/80 blends
was reproducible in the sense that the jump always
occurred at certain compatibilizer amounts, but not

Figure 9 WAXS patterns for pure HDPE (top), pure PA6
(middle) and HDPE/PA6 80/20. The fractional crystallinity
as determined by peak areas was 56.6% for pure HDPE
and 40.0% for pure PA6. The fractional amount of the g
form, i.e., g form/(a þ g form), was calculated as 19% for
the pure PA6.

Figure 10 Temperature corresponding to maximum in
crystallization exotherm for samples cooled at a rate of
108C/min. The temperatures for pure PA6 and pure HDPE
were 187.48C and 113.88C, respectively.
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always at the same temperature. Our belief is that
this jump is due to nonuniform contact of the 3-
point bend fixture knife-edge(s) on the sample due
to flow of the HDPE domains and the nonflow of
the PA6 domains and can likely be changed by the
exact characteristics of processing. However, this
behavior only occurred for the blends with compati-
bilizer, indicating that compatibilization is relevant
to this effect. The other odd behavior, which was re-
producible in the sense that multiple samples cut
from the same sheet were consistent, is that the stor-
age moduli were substantially larger for the compa-
tibilized blends. The large increases in storage mod-
uli with compatibilization were not found in the ten-
sile moduli displayed in Figures 3 and 4.

DMA spectra can also be used to measure the
glass transition; it has been estimated that DMA is
10–100 times more sensitive to the glass transition
than DSC.43 Figure 12 clearly shows a peak in E00 at

36.88C corresponding to the glass-transition tempera-
ture of nylon. However, there are other features in
the DMA spectra; the hump in E00 in Figure 11 at
47.68C is not reflected by a glass transition in DSC
experiments. The two features are not separable in
the blends at the frequency (1 Hz) used: that is, the
peak in E00 is a convolution of the HDPE peak and
PA6 peak. For the HDPE/PA6 20/80 blends, the
glass transition of the PA6 is expected to dominate
the behavior since the polyamide is the continuous
phase and will have a much more significant impact
on the mechanical properties. DSC and DMA (Fig. 13)
shows that the glass transition of the polyamide de-
creases upon adding a small amount of compatibil-
izer, presumably indicating a more substantial inter-
action between the more mobile amorphous ethylene
segments and the amorphous polyamide segments.
Another possibility, that is by no means mutually

Figure 11 DMA spectra of HDPE/PA6 80/20 blend with
no compatibilizer (dashed line) and blend with 1% HDPE-g-
MAH compatibilizer (solid line) and with 1% HDPE-g-
MAH compatibilizer after zinc oxide addition (dotted line).
Tan d for the blends without compatibilizer has been shifted
downward by one decade, and tan d for the blend made
with compatibilizer partially neutralized with zinc oxide
has been shifted upward by one decade to improve compar-
ison; without shifting the three tan d spectra overlap.

Figure 12 DMA spectra of HDPE/PA6 20/80 blend with
no compatibilizer (dashed line) and blend with 1% HDPE-
g-MAH compatibilizer (solid line) and with 1% HDPE-g-
MAH compatibilizer after zinc oxide addition (dotted line).
Tan d for the blends without compatibilizer has been shifted
downward by one decade, and tan d for the blend made
with compatibilizer partially neutralized with zinc oxide
has been shifted upward by one decade to improve com-
parison; without shifting the three tan d spectra overlap.
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exclusive with the first, is that the higher concentra-
tion of amorphous ethylene segments that occur
with compatibilization (Fig. 7) affects the glass-tran-
sition temperature of the PA6. Above 1 phr compati-
bilizer, however, the polyamide glass-transition tem-
perature raises in both experiments spectra. Regard-
ing the high HDPE content blends, there seems to be
a slight drop in temperature and E00 peak magnitude
corresponding to the � 458C transition upon the add-
ition of compatibilizer; perhaps due to the fact that
the maleic anhydride grafted material has this transi-
tion at lower temperature.

CONCLUSIONS

HDPE with grafted maleic anhydride units has been
investigated as a compatibilizer for HDPE with poly-
amide 6. The material acts as an effective compatibil-
izer, causing a marked reduction in dispersed phase
size as well as an increase in tensile strength and
toughness. The effect is much stronger in polyam-
ide-rich blends than in polyethylene-rich blends. In

the former, the tensile strength is only � 20% less
than would be predicted by a simple mixing rule.
The amount of compatibilizer required for the maxi-
mum improvement is significantly higher than what
was found in previous studies on similar systems.
Compatibilizer affects the glass-transition tempera-
ture, crystallization kinetics, and amount of crystal-
line material. The addition of zinc, which is effective
in increasing ethylene-acid copolymer compatibilizer
performance in polyethylene–polyamide blends, has
little, if any, effect in these materials. In the acid–co-
polymer system, the mechanism of improvement is
thought to be that zinc speeds the reaction between
the terminal amine and carboxylic acid; it is not clear
why this would not occur in anhydride-grafted sys-
tem as well. However, cases where partial neutrali-
zation with zinc has improved compatibilizer per-
formance has occurred with materials having acid
contents much greater than was used in this study.
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13. González-Nuñnez, R.; Padilla, H.; De Kee, B.; Favis, B. D. Polym

Bull 2001, 46, 323.
14. Willis, J. M.; Caldas, V.; Favis, B. D. J Mater Sci 1991, 26, 4742.
15. Willis, J. M.; Favis, B. D.; Lavallee, C. J Mater Sci 1993, 28,

1749.
16. Fellahi, S.; Favis, B. D.; Fisa, B. Polymer 1996, 37, 2615.
17. Kim, B. K.; Park, S. Y.; Park, S. J. Eur Polym Mater 1991, 27, 349.
18. Hsu, H.; Lin, D. J.; Cheng, L. P.; Yeh, J. T.; Chen, K. N.

J Polym Res (Taiwan) 2001, 8, 209.
19. Guruprasad, R.; Chanda, M. J Polym Mater 1999, 16, 173.
20. Pan, L. H.; Chiba, T.; Inoue, T. Polymer 2001, 42, 8825.
21. Pan, L. H.; Inoue, T.; Hayami, H.; Nishikawa, S. Polymer 2002,

43, 337.
22. Chandramouli, K.; Jabarin, S. A.; Adv Polym Technol 1995, 14,

35.
23. Anttila, U.; Hakala, K.; Helaja, T.; Lofgren, B.; Seppala, J.

J Polym Sci, Part A: Polym Chem 1999, 37, 2099.

Figure 13 Location of peak in E00 for blends made with
compatibilizer partially neutralized with zinc oxide (open
symbols) and compatiblizer without zinc oxide (closed
symbols). The values for pure HDPE and pure PA6 were
47.68C and 36.88C, respectively. In the bottom plot, the
glass-transition temperature as measured via DSC is
shown as the dotted line; the Tg was not visible in the
HDPE/PA6 80/20 blends via DSC.

3880 CHATREENUWAT, NITHITANAKUL, AND GRADY

Journal of Applied Polymer Science DOI 10.1002/app



24. Srinivas, L. T.; Kale, D. D. J Polym Mater 1997, 14, 7.
25. Denchev, Z.; Oliveira, M. J.; Carneiro, O. S. J Macromol Sci

Phys 2004, 43, 143.
26. Denchev, Z.; Oliveira, M. J.; Carneiro, O. S. J Macromol Sci

Phys 2004, 43, 163.
27. Baouz, T.; Fellahi, S. J Appl Polym Sci 2005, 98, 1748.
28. Chen, Z. B.; Li, T. S.; Yang, Y. L.; Zhang, Y.; Lai, S. Q. Macro-

mol Mater Eng 2004, 289, 662.
29. Krache, R.; Benachour, D.; Potschke, P. J Appl Polym Sci 2004,

94, 1976.
30. Serpe, G.; Jarrin, J.; Dawans, F. Polym Eng Sci 1990, 30, 553.
31. Hu, G. S.; Wang, B. B.; Zhou, X. M. Polym Int 2005, 54, 316.
32. Hu, G. S.; Wang, B. B.; Zhou, X. M. Mater Lett 2004, 58, 3457.
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