CHAPTER IV
BLEND OF NYLON 6/HDPE WITH MAH-GHDPE COMPATIBILIZER:
STUDY NEUTRALIZATION OF MALEIC ANHYDRIDE GROUP BY ZINC
ACETATE DIHYDRATE EFFECT ON COMPATIBILITY OF BLEND

4.1 Abstract

Blends of Nylon 6 (polyamide-6) and HDPE (high-density polyethylene)
with blend ratios of 80/20 (wt/wt) and 20/80 (wt/wt) were studied using zinc-
neutralized maleic anhydride grafted HDPE (MAH-gHDPE) as compatibilizers.
Maleic anhydride groups were hydrolyzed and neutralized with different amounts of
zinc acetate dihydrate in a twin-screw extruder to produce different levels of zinc-
neutralization (0, 25, 50, 75, and 100 %) at one and ten parts per hundred of resin of
compatibilizer. SEM micrographs showed a large reduction in the dispersion phase
size in the compatibilized blends. Tensile measurements showed improvement of
tensile strength for all compatibilized blends; moreover, the elongation at break of
compatibilized blends at 10 phr of compatibilizer was improved. Blending increased
the crystallization temperature for the Nylon 6, and the addition of compatibilizer
reduced the crystallization temperature slightly. A significant increase in melt
viscosity of the compatibilizer was found with zinc addition and adding
compatibilizer increased the viscosity of the blends. However, the addition of zinc to
the compatibilizer did not change the viscosity in the Nylon 6 rich blends and
actually led to a decrease in viscosity in the HDPE-rich blends.

Keywords: High-density polyethylene, Nylon 6, Maleic anhydride grafted high-
density polyethylene, Compatibilizers, Blends
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4.2 Introduction

High performance properties of materials; for example chemical resistance,
low water absorption, high strength, high impact resistance, and barrier properties,
are required for specialized applications. A simple process to produce a new material
is by blending two or more polymers. Polyamide-6/High-density polyethylene
(Nylon 6/HDPE) blends have been widely investigated. Nylon 6 shows high tensile
strength and has good barrier properties, while HDPE shows good impact resistance,
and good low temperature flexibility. Nylon 6/HDPE blends are thermodynamically
immiscible and generally have poor ultimate mechanical properties. When these
immiscible blends are subjected to stress, the stress concentrates at the interfacial
phase of immiscible blends which in turn tend to serve as failure initiation nuclei [1-
J!

The properties of immiscible hlends can be enhanced by adding a third
component which is an interfacially active material termed a compatibilizer.
Compatibilizers promote physical and/or chemical interactions between each
polymer component. Frequently, polymeric materials based on derivatives of
carboxylic acid groups are used as compatibilizers. In this case, compatibility of the
blend is achieved by interactions of the carboxylic acid and the active functional
group of one or both of the polymers.

Many kinds of acid-functionalized compounds have been proposed as
compatiblizers for polyamide/polyolefins blends; for example, ethylene-methacrylic
acid copolymer (E-MAA) [3, 4, 6], acrylic acid grafted polyethylene (PE-g-AA) [6-
8], and maleic anhydride grafted polyethylene (MAH-gPE ) [1, 9-17], These
compatibilizers promote reactions between amine groups (terminal -NH2 or -RNH)
of Nylon 6 with carboxylic acid functional groups and/or interactions between
carboxylic acid groups and these polyamide functional groups [3, 4, 18-20],

The aim of this work was to study the effect of zinc-neutralization of
hydrolyzed anhydride acid groups in MAH-gHDPE with respect to the efficiency of
compatibilization.  Zinc acetate dihydrate (Zn(CH3C00)2*2H20) was used as a
neutralizing agent for the melt-neutralization reaction. Zinc acetate dihydrate rather
than zinc oxide [21] as was done in our previous work was employed to see if there
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were any significant differences in behavior between the two neutralizing agents.
Zinc oxide is used commercially to neutralize similar materials (e.g. ethylene
methacrylic acid) because of cost; however, the acetate might neutralize differently
because the neutralization chemistry is more straightforward and the acetic acid
byproduct of the acetate should evaporate during melt neutralization.
Characterization of phase morphology, mechanical properties, thermal properties,
and rheological properties of the obtained Nylon 6/HDPE blends with and without
MAH-gHDPE and zinc neutralization of MAH-gHDPE have been carried out.

4.3 Experimental

4.3.1 Materials

Nylon 6 (polyamide-6) employed in this study was an injection-
molding grade (1013B), supplied by UBE Nylon (Thailand). High-density
polyethylene (HDPE) was also an injection-molding grade (H5480S) supplied by
Thai Polyethylene Co., Ltd. (TPE). Maleic anhydride grafted on high-density
polyethylene (MAH-gHDPE) produced by DupontIM, USA, under the trademark
Fusabond™ E MB 100D (0.9 wi% maleic anhydride (MAH) grafted level was
determined by acid-hase titration procedure), was supplied by Creative Polymer Co.,
Ltd., Thailand. Finally, zinc acetate dihydrate was obtained from Ajax Finechem.

4.3.2 Zinc-neutralization of Maleic Anhydride Grafted on High-density

Polyethylene

The required amount of MAH-gHDPE with zinc acetate dihydrate was
dried and premixed in a tumble mixer for 10 min and then melt-neutralized in a twin-
screw extruder (Collin D-8017 T-20) at 230°c and screw speed at 35 rpm. Levels
of neutralization of MAH studied in this work were 10%, 25%, 50%, 75%, and 100%
neutralization, and complete neutralization was assumed. The obtained materials
were dried and kept in sealed plastic bags to prevent any contact with moisture. The
neutralization reaction was confirmed by Fourier Transform Infrared Spectroscopy
(FT-IR). FT-IR spectra of both unneutralized and neutralized MAH-gFIDPE were
obtained using a Nicolet Nexus 670 FT-IR spectrometer in the wavenumber range of



4000-400 cm"Lwith 32 scans at a resolution of 2 ¢cm™L A thin film sample for FT-IR
was prepared by compression molding.

4.3.3 Blends and Sample Preparations

The required amount of HDPE, Nylon 6 and zinc-neutralized MAH-
gHDPE were premixed in a tumble mixer for 10 min followed by drying in a vacuum
oven at 60°c for 24 h. The materials were then blended in a Collin D-8017 T-20
twin-screw extruder with a screw speed of 35 rpm and temperature 230°c. The levels
of compatibilizer used in these studies were 1 and 10 part per hundred of resin (phr).
Test specimens were prepared using a WABASH V 50 H 50 ton compression
molding machine. Blend samples were placed in a picture frame mold, and the mold
was preheated at 250°c for 3 min in the press without applied force. The mold was
then compressed under a force of 10 tons for a further 2 min, after which the mold
was cooled to 40°c under applied force. Test specimens were cut from the molded
sheets using a pneumatic punch machine.

4.3.4 Scanning Electron Microscopy (SEM)

Scanning electron microscope (SEM), JEOL 5200-2AE (MP152001)
was used to study phase morphologies of the blends. The specimens were fractured
in liquid nitrogen and etched using (i) hot xylene (for HDPE minor blends) and (ii)
formic acid (for Nylon 6 minor blends). The specimens were then coated with gold
under vacuum and all scanning electron micrographs were taken using 15 kv with at
1500x magnification. The number average diameter (¢ n) of dispersion phase was

evaluated by SEMAfore software, using equation (1):
dni =1 (Mi)Ah (1)

where [ is the number of droplet and df1. is the diameter of the ith droplet.



19

4.3.5 Tensile Test
An Instron Universal tester was used to measure tensile properties of
the blend samples using compressed specimens. Testing was carried out following
the procedure outlined in ASTM D638-91 test procedure using a crosshead speed of
50 mm/min and a gauge length 50 mm.,

4.3.6 Differential Scanning Calorimetry

Thermal analysis of blends was carried out on a Perkin-Elmer DSC 7.
1All scans were made under nitrogen atmosphere (N2) to minimize oxidative
degradation. Temperature calibration was obtained by measuring the melting
temperature of indium element. 7-10 mg samples were placed in an aluminum pan
and sealed. The sealed pans were heated from 30°c to 250°c at a heating rate of
80°c/min, and held at 250°c for 5 minutes to remove any thermal history and then
cooled to 30°c at 10°c/min. The samples were then heated from 30°c to 250°c at
10°c/min. Crystallinity for each polymer component of the compatibilized blends
was determined from knowledge of the ratio of the melting enthalpy for 100%
crystallinity of pure components. The crystallinity of each component in the blend

was calculated using Equation (2):

_ AHi
N~ Afixwi X 100% (2)

where Xc. is the percent crystallinity for the ih polymer component (polyamide or
polyethylene), wi is the weight fractional of polymer component in the blend, Axi is
the melting enthalpy of the component present in the blends, Anfi is the heat of
fusion for the 100% crystallinity of the pure polymer component (190 J/g for Nylon
6, and 293 J/g for HDPE). Crystallization and melting temperatures were determined
by the temperature corresponding to maximum heat flow.
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4.3.7 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analyses (OMA) of the Nylon 6/HDPE blends
were studied using a Solid Analyzer RSA Il (Rheometric Scientific). The storage
modulus (E’) and loss modulus (E”) were measured as a function of temperature.
The 3-point bend fixture was used to mount the samples and temperature step of 4 K
intervals were used. All experiments were performed at 1 Hz frequency and 0.025%
strain amplitude using static force tracing dynamic force.

4.3.8 Capillary Rheometer

A CEAST Rheologic 5000 Twin-bore Capillary Rheometer was used
to evaluate melt-rheology of the zinc-neutralized MAH-gHDPE, neat Nylon 6, neat
HDPE, and the as-prepared blends. The inner diameter and the length of the barrel
used were 9.95 and 300 nun, respectively, with capillary diameter of 1 mm (L/D =
20) and all measurements were operated at 240°c. The apparent viscosity of all the
blends data were computed by VisualRHEOQ, a software based on CeastVIEW
platform to be used with Rheologic and Smart RHEO instrument for process test
evaluations.

4.4 Results and discussion

4.4.1 Melt Rheological Properties, FTIR Spectra and Thermal Properties of

Zinc-neutralized MAH-gHDPE

Melt viscosity changes with zinc-neutralization in MAH-gHDPE as
has been shown previously [20, 22, 23], Figure 4.1 shows apparent shear viscosity
vs. shear rate curves of MAH-gHDPE with different zinc levels. The apparent shear
viscosity of zinc-neutralized MAH-gHDPE was higher than that of unneutralized
MAH-gHDPE due to ionic crosslinking in the zinc-neutralized MAH-gHDPE chains.
The apparent shear viscosity was maximum at 75% zinc-neutralization of MAH-
gHDPE. Since the viscosity should be proportional to the number of crosslinks
formed, this result suggests that the number of ionic crosslinks formed in the 75%
case was higher than in the 100% case. There are two possibilities for such a
reduction with a higher neutralization level: an increase in intrachain crosslinking vs.
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interchain crosslinking, or an increase in the average size of ionic crosslinks (i.e.
number of carboxylate ions per crosslink).

The interactions of zinc ions with MAH-gHDPE chains was studied
with FTIR spectra from both neutralized (Figure 4.2b, 4.2¢ and 4.2d) and
unneutralized MAH-gHDPE (Figure 4.2a). In Figure 4.2a, weak bands at 1793 and
1867 cm"Lobserved in the FTIR spectrum correspond to symmetric and asymmetric
stretching of ¢=0 in the non-conjugated five member-ring of maleic anhydride [24,
25]. The peak at 1715 cm'Lrefers to the hydrogen-bonding of carboxylic acid pairs,
which resulted from hydrolysis of some maleic anhydride [25], With increasing zinc-
neutralization level, the characteristic peak of maleic anhydride at 1793 cm"1 is
reduced and the characteristic peak at 1583 cm"1 (broad peak) belonging to zinc-
carboxylate structures from neutralization of hydrolyzed maleic anhydride functional
groups [24-26] was observed. At 100% neutralization, the two weak bands and the
1715 ¢cm"1band had disappeared with a large increase in the band at 1583 ¢cm"land
the clear emergence of a band at 1680 cm™1(this same band may have heen present at
lower neutralization levels). We do not know the characteristic bond responsible for
the appearance of this band; however free acetic acid does not have an IR band at
this wavenumber.

Thermal properties of zinc-neutralized MAH-gHDPE from DSC
experiments are shown in Table 4.1. Melting temperature (Tm) increased with
neutralization level and was a maximum at 50% zinc-neutralization but the Tmof
MAH-gHDPE at 75% and 100% zinc-neutralization dropped off and was almost
equal to Tm of MAH-gHDPE. Although seemingly strange, 50% neutralization
represents a unique combination of hydrogen and zinc-carboxylate bonding as
described previously by our group based on small-angle x-ray scattering and x-ray
absorption studies [27], Crystallization temperature (Tc) of MAH-gHDPE decreased
with zinc-neutralization level to 50% followed by no change at higher neutralization.
Percent crystallinity Cto) of MAH-gHDPE also decreased with neutralization level
with no change after 50% neutralization.
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Table 4.1 DSC experiment data for MAH-gHDPE and their zinc-neutralized MAH-
gHDPE

—— i MAH-gHDPE

% Zinc-neutralization Tm( To( C) .
0 129.94 116.27 58.43)
25 132.54 114.60 56.01
50 134.21 110.27 47.94
75 130.02 111.39 48.88
100 130.62 111.31 47.92

4.4.2 Nylon 6/HDPE blends with MAH-gHDPE
4.4.2.1 Morphologiesofblends

Figures 4.3 and 4.4 show SEM micrographs of both
HDPE/Nylon 6 20/80 (Nylon 6 rich blend) and HDPE/Nylon 6 80/20 (ELDPE rich
blend) respectively with various MAH-gHDPEs as compatibilizers. Without
compatibilizers (Figure 4.3a), the size of the minor phase was found to be 34 pm. All
of the compatibilized blends showed dramatic decreases in dispersed phase sizes.
Figures 4.5a and ,45b show the number average of dispersed phase size of minor
phase of both Nylon 6 rich blends and HDPE rich blends with different zinc-
neutralization level MAH-gFIDPE as compatibilizers. At a level of one phr, 25% and
50% zinc-neutralized MAH-gHDPE compatibilizer caused a larger reduction in
dispersed phase size as opposed to the unneutralized compatibilizer for both blend
compositions with a higher reduction for the HDPE-rich blend. When 10 phr of 0%,
25%, and 50% zinc-neutralized MAH-gHDPE compatibilizer was added, there was a
further reduction in phase size of the minor phase, but at 10 phr the unneutralized
material yielded the smallest dispersed phase. For both the Nylon 6 rich blend and
HDPE-rich blend with 100% zinc-neutralized MAH-gHDPE, dispersed phase size
was larger than blends made with unneutralized MAH-gHDPE compatibilizer. These
observations are consistent with one theory of compatibilization in these materials:
namely that compatibilization is caused by carboxylic acids reacting with the amine
or amide groups of the polyamide with zinc serving as a catalyst. At 100%
neutralization, there are no carboxylic acid groups present which in turn reduces the
compatibilizer effect while at high compatibilizer levels, the catalytic effect is not
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needed to get sufficient reaction and hence compatibilization is simply driven by the
concentration of carboxylic acid groups.

Figure 4.3 SEM micrographs of fractured morphologies for Nylon 6/HDPE: 80/20
blend (Nylon 6 rich blend); (a) uncompatibilized, 1 phrof (b) 0%, (d) 25%, (f) 50%,
and (h) 100% zinc-neutralized MAH-gHDPE, and 10 phr of (c) 0%, (e) 25%, (q)
50%, and (i) 100% zinc-neutralized MAH-gHDPE



Figure 4.4 SEM micrographs of fractured morphologies for Nylon 6/HDPE: 20/80
blend (HDPE rich blend); (a) uncompatibilized, 1 phr of (b) 0%, (d) 25%, (f) 50%,
and (h) 100% zinc-neutralized MAH-gHDPE, and 10 phr of (c) 0%, (e) 25%, (g)
50%, and (i) 100% zinc-neutralized MAEI-gHDPE

25
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Figure 4.5 Number average particle diameter of dispersion phase size for (a) Nylon6
rich blend, and (b) HDPE-rich blend with different compatibilizers.

4.4.2.2 Tensile Properties

Figure 4.6 show tensile strength, tensile modulus, and %
elongation at break of both Nylon 6 rich blends and HDPE-rich blends. All
compatibilized blends show higher tensile strengths then the uncompatibilized
blends, however the elongation at breaks were only higher for the 10 phr samples.
Other striking results are the significant increases in elongation at break at 10 phr
added compatibilizer vs 1 phr added compatibilizer, which is consistent with the
reduction in phase size. At 100% neutralization there is a reduction in elongation as
opposed to blends compatibilized with partially neutralized materials, which is
consistent with the changes in dispersed phase size. Another observation is that the
tensile strength drops for the Nylon 6 rich blend made with compatibilizer having
75% and 100% zinc neutralization, while such an effect is not apparent for the HDPE
rich blend. Tensile moduli are basically unaffected by the addition of compatibilizer.
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4.4.23 Differential Scanning Calorimeter (DSC)

DSC was used for determined melting temperature (Tm),
crystallization temperature (Tc) and % crystallinity (xc¢) with results shown in Table
4.2. Melting temperature (Tm) for the HDPE component clearly increases when
blended with the polyamide for the HDPE rich blend, the increase is about 2°c and
does not depend on whether a compatibilizer is present. In the Nylon 6 rich blend, no
change was found in the Tmupon blending.

Nylon 6 crystallization temperatures were significantly higher
in all cases upon blending. At 10 phr compatibilizer at low Nylon 6 contents, the
crystallization temperature could not reliably be determined. The increases ranged
from 2-4°C for the compatibilized blends, with no clear dependence on
compatibilizer type or level. The highest crystallization temperature was found for
the uncompatibilized Nylon 6 rich blend, an increase of nearly 5°c. These increases
are clear evidence of nucléation by the polyethylene in the crystallization process;
the reduction upon compatibilization is likely due to reduced chain diffusion caused
by interfacial reactions [9, 15, 21]. An increase was also found for the HDPE upon
blending, although the temperature change was smaller. In this case, the Nylon 6 rich
blend with no compatibilizer had the smallest increase in Tc.

Percent crystallinity (Xc) of the Nylon 6 decreased upon

blending for the Nylon 6 rich blend. The higher compatibilizer level showed a
smaller crystallinity, with no consistent effect of neutralization level on the
crystallinity. The increase in polyethylene crystallinity as compared to unblended
HDPE in the Nylon 6 rich blend was significant for the 10 phr material with no
change at 1 phr compatibilizer. Uncompatibilized material had the smallest HDPE
fractional crystallinity with a value 4% smaller than the pure HDPE. For the HDPE
rich blend, the values for Nylon 6 had a high variability meaning that no conclusions
could be made, while the HDPE fractional crystallinity was unaffected by blending.
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Nylon 6
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Table 4.2 DSC experiment data for Nylon 6, HDPE and their blends

Amount of
Compatibilizers

(phr)

PR, = -

10
10
10
10

[EEEN EEEN N |

10
10
10
10

% Zinc-
neutralization  Tm(°C)

25
50
75
100

25
50
15
100

0
25
50
15
100

0
25
50
15
100

220.70

221.20
220.37
220.37
220.70
221.70
220.87
220.53
220.03
221.13
221.87
22137

220.53
220.53
220.53
220.70
220.53
220.87
219.70
220.85
220.70
221.03
221.53

Nylon 6
Te (°C)

182.47

187.30
185.97
185.97
185.80
186.63
185.63
183.13
182.97
184.97
186.47
185.30

185.97
185.47
185.63
185.97
186.47
186.63

(Xc)

33.23

30.13
29.99
36.46
29.61
32.94
29.19.
27.88
2141
21.17
21.33'
28.36

29.11
29.11
29.06
21.62
33.87
28.81
30.14
31.19
34.37
35.95
32.43

4.4.2.4Dynamic Mechanical Analysis (DMA)

DMA spectra of Nylon 6/HDPE blends with MAH-gEIDPE

and 100% zinc-neutralization of MAH-gHDPE compatibilizers are presented in
Figure 4.7. No significant changes were seen in the spectra, as expected for the

Tm( C)

131.2

131.03
130.53
130.53
131.20
131.37
130.53
129.87
129.20
129.53
131.20
131.20

133.20
133.20
132.87
133.53
132.53
132.37
133.37
133.03
132.53
133.87
132.70

29

HDPE

113.63

113.80
114.13
114.13
114.47
115.30
114.63
114 .47
114.80
114.97
115.63
114.80

114.47
114 47
114.47
114.13
115.13
114.80
115.13
114.97
115.13
115.97
114.80

HDPE rich blend given that no change was found in HDPE crystallinity with
blending. For the Nylon 6 rich phase material, a drop in modulus was expected upon

blending given the drop in crystallinity of the major Nylon 6 phase, especially for the

10 phr compatibilized material, but no drop was found.
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4425 Meltrheologicalproperties

The apparent viscosity of neat HDPE at 240°c shown in
Figure 8 was higher than that of Nylon 6 and MAH-gHDPE. The apparent shear
viscosity of Nylon 6 rich blend without compatibilizer was almost the same as that of
pure Nylon 6. However, the apparent shear viscosity in the Nylon 6 rich blend with
MAH-gHDPE compatibilizer increased proportionally to the amount of MAH-
gHDPE compatibilizer which we attribute to the formation of covalent bonds
between amine or amide groups in Nylon 6 and carboxylic acids in MAH-gHDPE.
Surprisingly, the melt viscosity increase at a given compatibilizer level did not
depend on the neutralization level. Especially at 100% neutralization, we expected to
see a smaller viscosity vs. that at lower neutralization levels due to less covalent
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(e) HDPE-rich blend with ! zinc-neutralized MAH-gHDPE, and (f) Nylon 6 rich
blend with 10 phr zinc-neutralized MAH-gHDPE.
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bond formation as evidenced by poorer mechanical and larger dispersed phase sizes,
blit no change in viscosity was found.

For the HDPE rich blend, the viscosity dropped substantially
with the addition of Nylon 6 to the unblended PE. An increase in viscosity with an
increase in compatibilizer level was found for the HDPE rich blend as well; however,
the viscosity decreased as the neutralization level increased as opposed to staying
constant in the Nylon 6 rich blends. Note that this behavior is exact opposite of the
viscosities of the pure compatibilizer, where an increase in neutralization leads to an
increase in melt viscosity. A number of possibilities could explain this inconsistency;
for example changes in miscibility of the compatibilizer with the HDPE upon
neutralization, or a change in interface partitioning with neutralization.

45 Conclusions

Zinc-neutralized samples of maleic anhydride grafted HDPE were
successfully prepared by melt neutralization with zinc acetate dihydrate using a twin-
screw extruder. FTIR spectra confirmed the neutralization reaction via disappearance
of maleic anhydride characteristic peaks and appearance of the zinc-carboxylate
characteristic peaks. The shear viscosity increased upon neutralization as expected,
although the highest viscosity was found for 75% neutralization rather than 100%
neutralization. Dispersed phase sizes decreased with added compatibilizer; with 10
phr compatibilizer showing much smaller dispersed phase sizes than 1 phr
compatibilizer. Compatibilization improved the mechanical properties, and the
improvement at 10 phr compatibilizer for elongation at break was much more
dramatic vs. 1 phr compatibilizer. A significant nucléation effect was found for the
Nylon 6 upon blending. Melt viscosity results showed that increased compatibilizer
level increased the melt viscosity significantly, consistent with the conclusion that
covalent bonding between the Nylon 6 and the compatibilizer was occurring. The
neutralization level behavior was unexpected, in the Nylon 6 rich blend the
neutralization level did not affect the melt viscosity while in the HDPE rich blend,
the viscosity decreased as the neutralization level increased even though pure
compatibilizer showed the opposite trend. Overall, the addition of zinc did not have a
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large effect on the compatibilization capabilities of the maleic anhydride grafted
material; which was the same conclusion reached when zinc oxide rather than zinc
acetate dihydrate was used to neutralize the compatibilizer [21],
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