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ABSTRACT: Reactive processing is a useful method to improve the compatibility of immiscible polymer blends. Nylon 1010/Ethylene-
vinyl acetate rubber (EVM) blends were prepared via melt blending at 240°C and tetrabutyl titanate (Ti(OBu),) was used as a cata-
lyst. Ester—amide exchange reactions were proven to take place between Nylon and EVM during the shear processing. Melt flow index,
Fourier transform infrared spectroscopy, and proton nuclear magnetic resonance spectra were used to study the reactions. It was
demonstrated that tuning the shear rate could control the properties and reaction extent of Nylon 1010/EVM/Ti(OBu), blends. The
results revealed that the reactions were promoted by high shear rate. Tensile strength of the blends increased from 4.5 to 11.4 MPa
when the shear rate increased from 20 to 80 rpm. Meanwhile, scanning electron microscopy was adopted to study the morphology of
the reactive blends. It was found that the morphology of the blends was changed from sea-island structures to co-continuous struc-
tures while increasing the shear rate from 20 to 100 rpm. Dynamic mechanical analysis confirmed that high-shear processing was

found to promote the compatibility of the blends. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40064.
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INTRODUCTION

Immiscible polymer blends have gained wide attention in recent
years because of the possibility of combining the advantage fea-
tures of each component."” To prepare the blends with good
performance, some specific strategies were adopted to improve
the compatibility of the blends.”* Properties of polymer blends
are influenced by several factors, such as size, shape, morphol-
ogy of the dispersed phase, and interfacial adhesion. The addi-
tion of compatibilizer could lower the interfacial tension
between different polymer phases and improve the interfacial
adhesion. Reactive compatibilization was also commonly used
and could be achieved by reactions between functional groups
of the components of the blends and formation of a graft or
block copolymer in situ during melting processing.”°

As a reactive compatibilization method, ester—ester and ester—amide
exchange reactions have been studied for many years. The reactions
for various polymer blends, such as PBS/Polyamide,” EVA/PLA,®
PET/PC,°* PC/PMMA,"'¢ etc,'” ™ were studied, and it was
found that some random or graft copolymers were generated by the
exchange reactions. The reaction products, which acted as compati-
bilizer, could effectively improve the compatibility of the blends.
However, these studies seldom focused on the influence of process-
ing conditions on the reaction and the effects of the reactions on the
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mechanical properties of the blends. In this study, the effect of shear
rate on the ester—amide exchange reactions was studied. Moreover,
the tensile properties of the blends were improved through tuning
the shear rate. Therefore, this research might provide a possible
method to regulate the reaction extent and even the mechanical
properties for such kinds of polymer blends.

The aim of this study was to have a clear understanding on the
ester—amide exchange reactions and their effect on the properties of
Nylon/EVM blends. In this work, ester—amide exchange reactions
in Nylon/EVM blends were studied in the presence of Ti(OBu), as
the catalyst. The amide or terminated amine groups of Nylon 1010
were expected to react with the ester groups of EVM to form graft
copolymers at the interface during melt-blending operation. The
reactions were characterized by "H NMR and Fourier transform
infrared spectroscopy (FTIR) analysis. The reaction extent,
mechanical properties, and morphology of the blends under differ-
ent shear rate were studied systematically. Dynamic mechanical
analysis (DMA) was used to study the compatibility of the blends.

EXPERIMENTAL

Materials
Nylon 1010 (grade, 09) was produced by Shanghai Salient
Chemical Co., Ltd, with the intrinsic viscosity of 83.4 mlL/g
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Table I. MFI of Nylon 1010/EVM/Ti(OBu), Blends

Nylon 1010/EVM/Ti(OBu)4 MFI (g/10 min)
50/50/0 (10 min) 10.9
50/50/1 (10 min) 6.5
50/50/0 (30 min) 14.2
50/50/1 (30 min) 8.4
50/50/0 (60 min) 45.3
50/50/1 (60 min) 19.8

(25°C, 96% H,SO,). Ethylene-vinyl acetate rubber (EVM 400,
contain 40 wt% vinyl acetate (VA)) was kindly supplied by
Lanxess Company (Germany). The Moony viscosity is 20. Tetra-
butyl titanate (Ti(OBu),), deuterated chloroform (CDCl;), and
trifluoroacetic acid (CF;COOD) were used as received.

Sample Preparation

Nylon 1010 and EVM was vacuum dried at 80°C for 12 h and
60°C for 4 h, respectively. Blends were prepared by two steps:
EVM rubber was compounded with or without catalyst on a
two-roll mill for 5 min. Then, Nylon 1010 and EVM were mixed
in a Haake rheometer (Haake RC9, Germany) at a set tempera-
ture of 240°C and a given rotor speed (20, 50, 65, 80, 100 rpm)
for 30 min. Nylon 1010/EVM/catalyst weight ratio was 50/50/1.

The mixed compounds were compression molded on a com-
pression molding machine (Labtech Engineering Co., Ltd., Thai-
land) at 230°C for 5 min followed by cold pressing for 10 min
under 10 MPa to get samples for testing.

Separation

To remove unreacted EVM, 1.0 g of Nylon/EVM/Ti(OBu),
blends was added to 20 mL HCOOH/CHCI; mixed solution
(1:1,v/v) and stirred at room temperature for 24 h. Then, the
upper solution (HCOOH) was precipitated using methanol.
The suspension was filtered afterward. The CHClI;-insoluble
fraction was then washed with CHCI;, filtered, and subsequently
dried for 24 h. This procedure of washing and drying was
repeated until the weight of CHCls-insoluble fraction was
invariable.

Characterization

To verify the chemical structure changes between CHCl;-insolu-
ble fraction of the blends and the neat Nylon, the infrared spec-
tra of Nylon 1010, EVM, and CHCl;-insoluble fraction were
obtained using a Nicolet 510P FTIR (USA). The sample was
compressed into a thin film for FTIR analysis.

'"H NMR was used to study the reaction mechanism and the
reaction extent. Samples were dissolved in a mixture of CDCls/
CF;COOD (1:1, v/v) for '"H NMR measurement using a Bruker
500 MHz spectrometer (Avance AV 500WB, Switzerland) with
tetramethylsilane (TMS) as the internal standard.

Melt flow index (MFI) was used to study the effect of blending
time and catalyst on the fluidity of the blends. MFI was per-
formed in a Dinateste plastometer (MPCA MFI, Ray-Ran Test
Equipment Ltd., UK), according to GB/T 3628-2000, at 230°C
with a 2.16 kg load.
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Figure 1. "H NMR spectra of Nylon, EVM, and CHCls-insoluble fraction

of Nylon/EVM/Ti(OBu), blend (100 rpm, 30 min).

Tensile test was adopted to study the mechanical properties of
the blends. Tensile properties were measured using an Instron
4465 test machine (Instron Corp., USA) at a crosshead speed of
20 mm/min according to ASTM D638-2010.

DMA was used to study the compatibility of the blends.
Dynamic mechanical behavior of the blends was determined
using a DMA 8000 (Perkin-Elmer, USA) in tensile mode at a
frequency of 1 Hz and a heating rate of 4°C /min in the tem-
perature range of —60 to 120°C.

To study the effect of catalyst and the shear rate on the mor-
phology changes of the blends, scanning electron microscope
(SEM) was used. Morphology of cryogenically fractured surfaces
of the specimen was observed using SEM (HITACHI-S-2150,
Japan) with an accelerating voltage of 20 kV. The blends were
fractured in liquid nitrogen and etched by CHCIl; for 8 h to
remove EVM phase before observation.

RESULTS AND DISCUSSION

Melt Flow Index
MFI was measured to study the fluidity of the blends at molten
state. The effects of blending time and catalyst on the fluidity of

Table II. Assignment of the Characteristic Peaks for Nylon 1010, EVM
and the Reaction Products

Chemical

Assignment shift (ppm)
Nylon 1010 a (~NH-CH2-) 3.50

b (-CO-CH>2-) 2.66
EVM ¢ (-CO0-CH) 218

Q 4.98

d (proton in —CH—O—M—)
Reaction e (CHs-CONH-) 2.43
products
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Scheme 1. (a) Two different mechanisms of melt reaction between Nylon 1010 and EVM at 240°C: ester group attacked amide group. (b) Two different

mechanisms of melt reaction between Nylon 1010 and EVM at 240°C: ester group attacked terminated amine group.

the reactive blends were studied and the results are shown in
Table 1. The MFI values of controlled Nylon 1010 and EVM are
68.3 g/10 min and 4.2 g/10 min, respectively. All these blends
were prepared under a shear rate of 50 rpm. As shown in Table
I, the MFI values of all the blends were between that of Nylon
and EVM. First, MFI values increased with increasing blending
time, independent of the catalyst. This might be resulted from
the decomposition of the polymers with longer blending time,
leading to decreasing molecular weight and therefore higher flu-
idity of the polymer matrix. Second, MFI values of the blends
decreased after adding the catalyst, independent of blending
time. For example, MFI of Nylon 1010/EVM (50/50, 10 min)
was 10.9 g/10 min. After adding catalyst, the value decreased
notably to 6.5 g/10 min. This change was more obvious when
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the blending time was increased to 60 min. This means that
after adding catalyst, some graft or crosslinking structures might
be generated in the blends, which leads to high viscosity and
poor fluidity of the blends.

'"H NMR Analysis

'"H NMR was used to analyze the ester—amide exchange reac-
tions in the blends. For comparison, the chemical structures of
Nylon and EVM were also analyzed under the same condition.
The spectra are shown in Figure 1.

Chemical shifts of the CH, groups adjacent to the NH and CO
groups in Nylon 1010 were observed around 3.50 ppm (a) and
2.66 ppm (b), respectively.*® The peaks at 2.18 ppm (c) and
243 ppm (e) corresponded to the methyl protons in the
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Figure 2. FTIR spectra of (a) EVM, (b) CHCls-insoluble fraction of
Nylon/EVM/Ti(OBu), blend (100 rpm, 30 min) and (c) Nylon 1010.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

molecular chains of EVM and the reaction product (CH;CO—
NH-), respectively.*® Table II lists the assignments of the proton
peaks in the spectra.

It has been reported that”®'® the polyester chain would break at

the ester bond site in the presence of catalyst. The proposed
exchange reaction mechanism was shown in Scheme 1. The
ester—amide exchange reactions occurred between amide groups
of Nylon 1010 and the ester carbonyl groups of EVM, leading
to the formation of new copolymers comprised of the segments
detached from Nylon 1010 and EVM chains. The acetamide ter-
minated Nylon 1010 was generated in the two pathways
(Scheme 1) through the reactions between amide or terminated
amine groups of Nylon 1010 and the ester groups of EVM.
Meanwhile, Nylon-g-EVM and alcoholyzed EVM also were gen-
erated by the reactions. The copolymers generated in the reac-
tion might act as a compatibilizer between Nylon 1010 and
EVM phase. But unfortunately, compared with the raw materi-
als (Nylon and EVM), the reaction products (Nylon-g-EVM and
alcoholyzed EVM) showed no distinguishing peaks in 'H NMR
spectra. The only indicative peak for the exchange reactions
appeared at 2.43 ppm assigned to proton of methyl in aceta-
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mide terminated Nylon 1010, which was used to evaluate the
reaction extent later.

FTIR Analysis

Figure 2 depicts the FTIR spectra of neat Nylon, EVM, and
CHCl;-insoluble fraction of Nylon/EVM/Ti(OBu), blend (100
rpm, 30 min). The FTIR spectrum of EVM in Figure 2(a)
showed a clear distinguishable stretching vibration peaks at
1738 cm ™! corresponding to the C=0 of ester group. The other
two characteristic stretching vibration peaks were located at
1024 and 1237 cm™ ', corresponding to ~COO- and —O-CH-
in —COOCH- group, respectively. The presence of these two
peaks with carbonyl group (1738 cm™') indicates the presence
of ester.*”” In the spectrum of Nylon 1010, the absorption
bands in curve ¢ for amide group appeared at 1641 and 1539
cm™ !, corresponding to the N-H and C-N of Nylon, respec-
tively.53 CHCl;-insoluble fraction of Nylon/EVM/Ti(OBu),
blends not only showed the N-H and C-N peaks of Nylon, but
also the peak at 1738 cm ™' for C=0 of ester group. This sug-
gested that EVM-Nylon 1010 copolymer was generated by
exchange reactions, and the copolymer was insoluble in chloro-
form. The result corroborated the conclusions obtained on the
basis of '"H NMR spectra about the Nylon-g-EVM formation in
the presence of Ti(OBu), catalyst.

Effect of Catalyst on the Morphology of the Blends

To study the effect of the exchange reaction on the morphology
of the blends intuitively, the blends with or without catalyst
were prepared for comparison. The blends were etched by chlo-
roform and the EVM phase was removed. The morphology is
shown in Figure 3. In Figure 3(a), Nylon/EVM (10 min) blend
showed a sea—island structure. The dispersed phases existed in a
spherical form as a result of the poor compatibility between
Nylon 1010 and EVM. After adding catalyst Ti(OBu),, the size
of the dispersed phase became smaller evidently. The catalyst
could promote the ester—amide exchange reaction, and the reac-
tion product (Nylon-¢g-EVM) might be the main driving force
for the morphology evolution. This result revealed that reactive
processing might be a useful method to improve the compati-
bility of the blends. The reactive compatibilization for Nylon/
polymer blends have also been studied by other researchers.
Valenza et al.>* studied the reaction between Nylon 6 and ethyl-
ene acrylic acid copolymers (EAA) at different acrylic acid con-
tent. They found that the presence of acrylic acid group
improved the compatibility between polyethylene and Nylon
phases with modifications of blends morphology. And the

Figure 3. Morphology of (a) Nylon/EVM (10 min) and (b) Nylon/EVM/Ti(OBu), (10 min).
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Figure 4. "H NMR spectra of Nylon/EVM/Ti(OBu), blends with different
shear rate.

/

compatibilizing effect was enhanced with increase in the acrylic
acid content in EAA.

Effect of Shear Rate on the Ester—Amide Exchange Reactions

'"H NMR Analysis. '"H NMR was used to study the effect of
shear rate on the reaction extent. Figure 4 shows the 'H NMR
spectra of Nylon/EVM/Ti(OBu), blends with different shear
rates. Under a shear rate of 20 rpm, the peak at 2.43 ppm for
the proton of CH;~CONH- can hardly be observed. This means
the reaction extent was very low and difficult to be detected.
When the shear rate increased, the methyl protons at 2.43 ppm
[Figure 4(e)] appeared in the spectra and became stronger. This
means that reaction extent between Nylon and EVM increased
during the melting processing. The proton signal intensity ratio
between the peak at CH;CO-NH- (2.43 ppm) and —-NHCH,
(—3.50 ppm) (21,.45/315.59) was used to evaluate the dependence

—u— Reaction extent

~

g | _—

0.00 T T T T T T T T T
20 40 60 80 100
Shear rate (rpm)
Figure 5. Reaction extents of Nylon/EVM/Ti(OBu), blends with different
shear rate.
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Table III. Mechanical Properties of Nylon/EVM/Ti(OBu), Blends with
Different Shear Rate

Shear Tensile Elongation
rate (rpm) strength (MPa) at break (%)
20 45+03 18+2

50 6.4+03 19=+1

65 6.5+0.2 22=*2

80 11.4+0.4 32=+1

100 10.0+0.3 30=3

of the reaction extent with shear rate. After a careful data processing,
the integral area ratio (2L 43/3L550) (Figure 5) increased with the
increasing shear rate, which indicated the increased reaction extent
by increasing the shear rate. The result means that the reaction of
Nylon 1010/EVM blends was promoted by higher shear rate.

Mechanical Properties. The effect of shear rate on the mechan-
ical properties of the reactive blends was studied and the results
were shown in Table III. The blends processed at 80 rpm
showed the best tensile properties. It was found that the tensile
strength of the Nylon/EVM/Ti(OBu), (80 rpm) blend was about
150% higher than that of the same blend prepared under 20
rpm. This might be resulted from the improved miscibility
between the two components by high-shear processing. When
the shear rate increased to 100 rpm, the decomposition effect of
the polymers might be significant, and this led to a decrease in
the tensile strength.

Morphology. The morphology plays an important role in the
properties of polymer blends. The morphology of the reactive
blends with different shear rate is shown in Figure 6. It was
found that the morphology of the blends changed from a sea—
island structure to a co-continuous structure when the shear
rate increased from 20 to 80 rpm. The blends under a shear
rate of 20 rpm or 50 rpm showed a sea—island structure. More-
over, when the shear rate increased from 20 to 50 rpm, the size
of dispersed phase was decreased. This indicated that the com-
patibility of the blends was improved. When the shear rate
increased to 65 rpm or 80 rpm, the blends changed to co-
continuous phase morphology. The domains of EVM phase for
high-shear processing (80 rpm) blends became further smaller
compared with that of 65 rpm. This indicated that the high-
shear processing (80 rpm) refined the morphology efficiently.
When the shear rate increased to 100 rpm, the blends changed
to a complex structure. The irregular morphology might be
resulted from the high-shear processing and the serious decom-
position of the polymers matrix.

The morphology of the blends changed from sea—islands to co-
continuous phase morphology. This could be explained by two
reasons: (1) The refinement effect of high shear rate was benefit
for obtaining smaller disperse phase. The agglomeration and
partial coalescence of the dispersed droplets caused a change
from a disperse morphology to a co-continuous morphology
during compression molding.55 (2) More reaction products
might be generated by high-shear processing as proved by 'H
NMR. The reaction extent increased with higher shear rate,
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Figure 6. Morphology of the Nylon/EVM/Ti(OBu), with different shear rate (a) 20 rpm; (b) 50 rpm; (c) 65 rpm; (d) 80 rpm; (e) 100 rpm.

resulting in more reaction products staying at the interface and
affecting the viscosity ratio. Therefore, the viscosity of the two
phases became close to each other, and the co-continuous phase
morphology appeared.

To verify the responsibility of the exchange reaction for the co-
continuous structure of the blends, the blend without catalyst
was prepared under a shear rate of 65 rpm for comparison and
the morphology was analyzed by SEM (Figure 7). It can be seen
from Figure 7(a), the blend without catalyst showed a complex
structure (phase morphology contains sea—island and co-
continuous structure). After adding catalyst, as mentioned above,
the morphology of the blend changes from partially co-
continuous structure to complete co-continuous structure [Fig-
ure 7(b)]. The domain size of EVM phase increased obviously
compared with Figure 7(a). Excluding the effect of shear rate, it
can be concluded that the morphology of the blends was changed
after adding catalyst, and exchange reactions played an important
role in affecting the morphology development of the blends.

Dynamic Mechanical Properties. The dynamic properties of
the Nylon/EVM/Ti(OBu), reactive blends with different shear

—

=808 @088 28KV Soum

rate were investigated by DMA experiments, as shown in Figure
8. The glass transition temperature (T,) of controlled EVM and
Nylon was —31.8 and 60.9°C, respectively. However, T, of the
blends was found to be dependent greatly on shear rate. As
shown in Figure 8, T, of EVM in the low-shear-processed
blends (50 rpm) was at —31.5°C, while that of the high-shear-
processed blends (80 rpm) was remarkably shifted to about
—26.3°C, indicating the improved miscibility between the two
components by high-shear processing. The effect of shear rate
on the compatibility of the blends has been studied for many
years.*™®! For example, Shimizu et al.®® reported the formation
of nanostructured PVDF/PAI11 blends using high-shear process-
ing. They also found that high-shear processing could improve
the miscibility of the blends.

CONCLUSIONS

Nylon 1010/EVM blends were prepared in this study. The ester—
amide exchange reactions mechanism and the influence of shear
rate on the reaction extent and mechanical properties of the
blends were studied. FTIR and "H NMR analyses suggested that

3 —
e o
"3,9. >4
x800-.9008 2BKY S0um

Figure 7. Morphology of the (a) Nylon/EVM and (b) Nylon/EVM/Ti(OBu), blends under a shear rate of 65 rpm.
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Figure 8. Temperature dependence of the tan ¢ for Nylon, EVM and

Nylon/EVM/Ti(OBu), blends with different shear rate. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

the graft copolymer Nylon 1010-g-EVM was generated during
the processing. By tuning the shear rate, the reaction extent
increased with increasing shear rate and the tensile strength of
the reactive blends reached a maximum value of 11.4 MPa
when the shear rate was 80 rpm. It was also found that the
morphology of the reactive blends changed from sea—island
structure to co-continuous structure by increasing the shear
rate. DMA showed that the glass transition temperature of the
Nylon 1010 and EVM phases got closer to each other after
high-shear processing, which confirmed that high-shear process-
ing could promote the compatibility of the Nylon/EVM blends
effectively.
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