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ABSTRACT: In this article, the synthesis and properties of the (ethylene-vinyl acetate-
vinyl alcohol ) terpolymer are studied in detail. A transesterification reaction with alco-
hols was conducted on poly(ethylene-vinyl acetate) to obtain terpolymers with varying
hydroxide contents through three different routes: in solution, in a mixing chamber,
and in a twin-screw extruder. The kinetics of the reaction in the mixing chamber are
compared with those of the twin-screw extruder. Mechanical and rheological properties
of the terpolymer are examined as a function of conversion. Blends of the terpolymer
with polyamide (Nylon-6) were prepared for various compositions. They show a steep
reduction in the equilibrium torque with respect to that of the polyamide. A region of
compatibility at high polyamide contents gives rise to an increase of some mechanical
properties above the simple mixing rule (Young’s modulus). On the other hand, blends
with poly(styrene-acrylonitrile) and poly(styrene maleic anhydride) show a region of
compatibility at equal proportions of the styrene copolymers and with 10% terpolymer
content, induced by the reaction of the hydroxide and maleic anhydride groups. This
reaction is inhibited at high styrene-acrylonitrile concentrations due to interference
presented by the effect of interactions between the maleic anhydride and acrylonitrile
groups. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 1071-1083, 1998

Key words: ethylene-vinyl acetate-vinyl alcohol terpolymer ; polymer blends; polyam-
ide blends; styrene acrylonitrile-styrene maleic anhydride copolymer blends; rheological
and mechanical properties

INTRODUCTION

Ethylene vinyl acetate (EVA) and ethylene vinyl
alcohol (EVOH) copolymers are thermoplastic
materials of great commercial interest. These
polymers have been used to induce compatibility
of blends, because they contain reactive acetate or
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hydroxide groups that may interact with reactive
groups of other polymers. In this regard, it is de-
sirable to obtain polymers that contain both reac-
tive groups in the same macromolecule and, in
this case, it is possible to transform a proportion
of acetate into hydroxide groups. The transforma-
tion of vinyl acetate groups into vinyl alcohol is
a kind of acetate—hydroxide exchange known
as transesterification reaction' producing the
terpolymer ethylene vinyl alcohol-vinyl acetate
(EVA-OH). This terpolymer has been used as a
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starting step in the synthesis of biocompatible
materials.?

EVOH copolymers have been used in binary
blends with Nylons® and polypropylene.* It com-
bines a superior gas barrier property and high oil
resistance with good processability. The blending
of EVOH with polypropylene in a multilayer coex-
trusion results in structures that exhibit mechan-
ical strength, light weight, and also excellent
barrier properties. On the other hand, EVA copol-
ymers have been used in blends with ethylene-
propylene copolymers. The addition of maleic an-
hydride-grafted polypropylene in the blend im-
proves the dispersion of the rubber phase in the
plastic matrix, producing good impact resistance
and low-temperature brittleness.” Studies on
EVA copolymer blends also include those with
natural rubber,® polyethylene,” poly(vinyl chlo-
ride)/polyethylene,® poly(ethylene oxide),® and
poly(vinylidene fluoride-co-hexafluoro acetone).'
EVA copolymers are also good compatibilizers in
blends of high-density polyethylene and poly(eth-
ylene terephtalate).'* In addition, studies on the
substitution of polybutadiene for EVA in acryloni-
trile butadiene styrene (ABS) polymers, due to
the excellent weatherability of EVA, have been
performed.'?

The transesterification reaction to transform
the acetate groups of the EVA copolymer into vi-
nyl alcohol groups has been studied in solution
and in the bulk.’®'* High conversions, of the order
of 60—70%, have been obtained by reactive extru-
sion using various alcohols and catalysts. A ki-
netic study shows that the rate constants in solu-
tion and in bulk are the same, regardless of the
reactant concentrations and viscosity of the re-
actant mixture. Because the reaction rate is rela-
tively slow, compared with the rate of diffusion,
mechanical mixing effects are unimportant.

Although various studies have been made on
the use of EVOH and EVA copolymers in blends,
the analysis of the properties and use of the ter-
polymer (EVA-OH) in blends is still scarce. In
this work, the synthesis of the terpolymer is per-
formed through different routes, and its proper-
ties and those of some of its blends are studied. To
produce the terpolymer with various vinyl alcohol
proportions, a transesterification reaction is con-
ducted on the EVA copolymers (that contain ~ 30
wt % vinyl acetate groups) in solution and in the
melt, using a mixing chamber and a double-screw
extruder. Characterization of the resulting prod-
ucts obtained for various compositions was per-
formed, and mechanical and rheological studies
were also performed as a function of concentration

of hydroxide groups. Thereafter, blends of the ter-
polymer with polyamide (Nylon 6) and with co-
polymers of styrene-acrylonitrile (SAN) and sty-
rene-maleic anhydride (SMA) were processed.
Use of the EVA-OH terpolymer allows investiga-
tion of the influence of hydroxide and acetate
groups on blend compatibility and their properties
and processing.

EXPERIMENTAL

EVA (Atochem, France) had approximately a 30
wt % of vinyl acetate content and was used as
received. Characterization of the functionalized
polymers was performed by differential scanning
calorimetry (DSC), thermogravimetry (TGA),
Fourier-transform infrared (FTIR) spectroscopy,
and proton NMR. TGA (Du Pont 951 controlled
by a TA 2100 thermal analyzer, under nitrogen
atmosphere at a heating rate of 10°C/min) was
used to obtain information on the decomposition
temperatures and also to quantify the vinyl ace-
tate content in the EVA copolymer, according to
the technique reported by Chiu.’®!® This tech-
nique is based on the thermal decomposition of
vinyl acetate to produce acetic acid using a TGA
device. DSC (Du Pont 910 under nitrogen atmo-
sphere with a heating rate of 20°C/min) deter-
mined the glass transition and the fusion temper-
atures. FTIR (Perkin-Elmer 1600, with polysty-
rene standards) was performed on film samples.
Finally, proton-NMR (Varian VXR-300S, 300
mHz, with tetramethyl silane as standard) deter-
mined the presence of esters in acetate groups of
EVA and that of alcohol groups in the function-
alized products.

The functionalization of EVA was performed
through a transesterification reaction resulting in
a partial conversion of the acetate groups. It was
performed through three different stages: in solu-
tion, in two Banbury chambers of 60-ml capacity
(Haake Rheocord 254 and Brabender), and in a
twin-screw extruder (Haake Rheomix TW-100),
according to the technique described else-
where. ">

Synthesis of EVA-OH in Solution

Transesterification of poly-EVA was conducted
using a 1N solution of KOH in diethylene glycol
at 80°C. EVA was dissolved in toluenein 1 g EVA :
12 mL toluene ratio at the same temperature with
stirring in a reflux system. The transesterification
agent was added according to the values shown
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Table I Reaction in Solution: Variation of
Conversion with Reaction Time and Amount of
Transesterification Agent

KOH/EVA Reaction Time Conversion
(g/g) (min) (%)
0.012 30 5.7
0.023 30 11.3
0.058 30 19.0
0.100 30 33.3
0.112 30 40.0
0.120 30 59.0
0.112 60 44.0
0.112 90 46.0

in Table I at 100°C for 30 min. Thereafter, the
synthesized terpolymer was precipitated and
washed with ethanol, filtered, and dried in an vac-
uum oven at 30°C for 72 hr.

Synthesis of EVA-OH in the Mixing Chamber

This process was performed in two stages. In the
first one, the reaction agent used was 1-octanol
with sodium methoxide as catalyst. EVA, 1-octa-
nol, and sodium methoxide were mixed in several
proportions. The variables of the mixing process
included temperature of mixing, time, and veloc-
ity of rollers. Table II shows the operating condi-
tions for several molar ratios. Once the mixing
time is completed, extraction of the products in
an ethanol solution by a Soxhelt fixture for 2.5 h
and drying at 30°C under vacuum for 24 h were
conducted. In the second stage, the catalyst pro-
portion was kept at 2.4 wt % and besides octanol,
ethanol was also used. Alcohol content was fixed
in an equal molar ratio to the vinyl acetate con-

Table II Mixing Chamber Results: First Stage

tent. The reaction was performed at 180°C at a
roller speed of 32 rpm. Table IIT shows the reac-
tion times and the corresponding conversions
achieved for both alcohols. With these data, the
reaction kinetics are worked out.

Synthesis of EVA-OH in the Twin-Screw Extruder

This process was conducted using octanol and eth-
anol in separate experiments: at 180°C and 32
rpm. The process via octanol was performed with
several proportions of catalyst and octanol in the
reacting mixture (as shown in Table IV). For a
particular sample, a second extrusion was per-
formed at the same conditions. The reactant com-
position in the process via ethanol is also given
in Table IV.

The functionalized products were character-
ized by DSC at a heating rate of 10°C/min. An
initial heating from —50°C to 150°C was followed
by a constant temperature plateau at the peak
temperature and a subsequent decrease from
150°C to —30°C. Thereafter, a further increase
to the peak temperature was conducted. TGA
provided the material composition. FTIR identi-
fied the hydroxide (OH) vibration at 3300—3600
cm ™! of a primary alcohol, C—OH band at 1150
cm ! of a secondary alcohol, C=0 band at 1735
cm ! of aliphatic esters, C—O band at 1240 cm !
of ethoxy groups (acetates), and the symmetric
and asymmetric bands of C—O at 1300-1050
cm™! of the ethoxy group for esters. Elemental
analysis (Desert Analytics, Tucson, AZ) was also
used to determine the percentage of the atomic
species in the products. Proton-NMR determined
the coupling of hydrogen atoms in alkane chains
at 1.1-1.8 ppm, the corresponding features of

T t 14 Composition Conversion T, T, T,
Sample (°C) (min) (rpm) (%) (%) °C) °C) °C)
EVA-1 170 8 50 100/21.2/3 50 53.9 88.7 312
EVA-2 150 8 50 100/21.2/3 58 61.6 89.5 312
EVA-3 150 5 50 100/21.2/3 38 40.7 87.1 313
EVA-4 150 8 40 100/21.2/3 54 60.1 89.2 312
EVA-5 150 8 30 100/21.2/3 48 52.8 88.5 313
EVA-6 150 8 50 100/10.6/3 16 -23.1 70.3 312
EVA-7 150 9 50 100/21.2/3 59 66.5 89.4 312
EVA-8 150 10 50 100/21.2/3 60 67.2 90.1 313
EVA-9 130 8 50 100/21.2/3 36 334 87.7 313

T, ¢, and V are the temperature, time, and roller speed. T, and T; are the melting and decomposition temperatures, respectively.

2 Percentage of octanol/catalyst/100 g of EVA.
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Table III Mixing Chamber Results: Second Stage

rpm = 32 T = 180°C

Ethanol Ethanol Octanol Octanol
Composition (%)* Conversion (%) Composition (%)* Conversion (%) t (min)
100/16/2.4 7.5 100/45.4/2.4 10.3 1
100/16/2.4 17.0 100/45.4/2.4 21.2 2
100/16/2.4 24.0 100/45.4/2.4 32.1 4
100/16/2.4 29.0 100/45.4/2.4 43.2 6
100/16/2.4 33.3 100/45.4/2.4 45.3 8

? Percentage of alcohol/catalyst/100 g of EVA.

esters in acetate groups, and the alcohol group
at 4.0-5.5 ppm.

Finally, a rheological study and mechanical
tests of the resulting products were conducted.
These included viscosity measurements performed
in a capillary rheometer (Instron Corp., Canton,
MA) using three capillaries with length to diame-
ter ratios of 20, 50, and 60, and torque measure-
ments conducted in the twin-screw extruder.

Blends were made with polyamide (Nylon-6,
Celanese, Mexico), poly-SAN (Resistol, Mexico),
and poly-SMA (Cadon, Monsanto, Mexico). The
polyamide had a fusion peak at 225°C, a density
of 1.14 g/mL, and a melt flow index of 12. The
poly-SAN had a 25 wt % of acrylonitrile groups
and poly-SMA had a 25 wt % of maleic anhydride
groups. These blends were prepared in the twin-
screw extruder for three different proportions (30,
50, and 80% of PA-6 content). The blending pro-
cess was conducted by maintaining a temperature
profile in the extruder of 250, 240, 240, 240, and
235 (°C) for the different heated zones. The sam-
ples were fed with negligible humidity content.

Table IV Twin-Screw Extruder Results

The screw was of the barrier type, with a 2.5 : 1
compression ratio. In the case of the SAN/SMA/
EVA-OH blends, the ingredients were mixed at
200°C, 32 rpm, and with a residence time of 10
min. The proportion of functionalized EVA in the
blends was in all cases 10 wt %. The resulting
blends were characterized by DSC, TGA, and
FTIR. DSC was performed twice from —100°C to
250°C, and the heating rate in the TGA test was
fixed at 10°C/min.

RESULTS AND DISCUSSION

For EVA, glass transition, fusion, and degrada-
tion temperatures are —26.8, 69.9, and 301.3°C,
respectively. For the solution process, results of
conversion as a function of the reaction time and
KOH to EVA ratio are given in Table I. Determi-
nation of the OH content by TGA and elemental
analysis rendered similar results. NMR spectra
identified the band at 5.5 ppm of the alcohol
group. Similarly, FTIR determined the presence

rpm = 32 (¢ = 8 min)

Variable Residence Time

Octanol Octanol Ethanol Ethanol

Composition (%) Conversion (%) Composition (%) Conversion (%) t (min)
100/45.4/2.5 54 100/8/2.5 42.5 19.0
100/42.3/2.7 54 100/8/2.5 38 16.7
100/33.3/2.5 42.5 (54.4%) 100/8/2.5 27 12.5
100/33.3/2.0 42.5 100/8/2.5 21 10.0
100/33.3/1.85 42.1 100/8/2.5 17 8.4
100/33.3/1.6 37 100/8/2.5 14 7.2
100/26.6/1.5 14.8 (24.7%)

2 After a second extrusion.
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of the OH group at 3425 cm ™! and the correspond-
ing band of the C—OH group at 1126 cm ™.

In the mixing chamber, the resulting OH con-
tent of the functionalized products depends on the
composition of EVA, octanol, and catalyst concen-
trations in the reactive mixture; roller speed; re-
action time; and temperature of the chamber. Ta-
ble II shows the resulting conversion expressed
as a percentage of acetate groups transformed
into OH groups, for several processing conditions.
(Because EVA contains 30% of acetate groups, the
resulting OH content in EVA-OH is 30% of the
conversion percentage.) If the composition (100/
21.3/3), roller speed (50 rpm), and reaction time
(8 min) are maintained fixed, conversion grows
with temperature and attains a maximum (58%)
at 150°C. Above this temperature, final conver-
sion drops linearly, as indicated in Figure 1(a).
At the peak temperature, for the same composi-
tion and roller speed, conversion increases as a
function of reaction time and attains the 60% con-
version at 10 min [as shown in Fig. 1(b)]. A reac-
tion time of > 10 min results in polymer degrada-
tion.

The observed decrease in conversion for tem-
peratures higher than 150°C is attributed to octa-
nol vaporization, producing a lower alcohol pro-
portion in the reactive mixture. This observation
is similar to results presented by Lambla and col-
leagues'® in a twin-screw extruder.

Percentage of OH content is also a function of
the roller speed. Figure 1(c) shows that the func-
tionalization degree attains a maximum at ~ 50
rpm, keeping the temperature, ingredients pro-
portion, and reaction time constant.

As observed in Table II, a drastic change in
the resulting vinyl alcohol proportion takes place
when the reactants concentration (alcohol and
catalyst) is modified. A 50% decrease in the alco-
hol content leads to a 75% drop in OH group pro-
duction. From Figure 1(a—c), it is apparent that
the optimum reaction conditions are achieved at
150°C, with a roller speed of 50 rpm, and with
a reaction time of 10 min for the 100/21.3/3.0
reactants content. Reproducibility is quite accept-
able, to within 1%.

Glass transition temperatures (7T,’s) of func-
tionalized EVA depend on the conversion degree

Figure 1 Percentage of conversion of acetate groups
into OH groups in the mixing chamber (first stage) as
a function of: (a) temperature (7'), (b) reaction time
(t), and (c) roller speed (V). Composition (R) is given
as 100 g EVA/octanol (wt %)/catalyst (wt %).
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Figure 2 Behavior of T, and melting temperature
(Tm) as a function of the percentage of conversion of
acetate groups into OH groups.

and are located between the T, of pure EVA
(—26.8°C) and that of the polyvinyl alcohol
(84.8°C). This relationship is logarithmic, and be-
tween 33 and 60% T, increases from 36 to 66°C
(Fig. 2). Melting temperatures vary little with
conversion, being close to 90°C for conversions
larger than 33%. Besides the resulting conver-
sion, Table IT shows the glass transition, melting,
and decomposition temperatures for the samples
considered.

Comparison of the torque curves of both EVA
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Figure3 Torque as a function of mixing time for EVA
and EVA-OH with 13.2 and 56.1% conversion.
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Figure4 FTIR spectra of EVA (a) and EVA-OH with
56.1% (b) conversion degree.

and EVA-OH as a function of the mixing time
(Fig. 3) indicates that the lowest torque at short
mixing times is achieved in the sample with the
highest proportion of OH groups. The equilibrium
torque (i.e., the torque at long times) is attained
sooner as the OH content is larger. Eventually,
for times longer than 5 min, the torque value is
the same for the three polymers shown in Fig-
ure 3.

Finally, for increasing OH groups content, the
FTIR spectra show changes in the width of the
3380 cm ! band corresponding to alcohol groups,
and the band at 1100—1200 of the group C—O of
secondary alcohols [ Fig. 4(a,b)]is also noticeable.

In the second stage, the evolution of the conver-
sion (x) as a function of time (¢), together with
the predictions of the reaction kinetics, are given
in Fig. 5(a,b) for both octanol and ethanol pro-
cesses. After the expressions used in ref. 13, the
continuous lines are predicted by the equation:
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)ﬁ In[Xo(X; — 2)/ X1 (X5 — x)]
= (k1 — ko)t (1)

X, X, are the roots of the equation
x? —(a + b)mx + mab =0 (2)
k1, ko are the reaction constants for the reversible

reaction

A+B<—I§C+D (3)

kg

where a and b are the initial concentrations of
EVA and alcohol, respectively, and

m = ki/(ky — kg) (4)

K = ky/ky; is the equilibrium constant. (5)

The resulting values of &, k5, and K at 180°C for
octanol are 0.072 L/mol-min, 0.0213 L/mol-min
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Figure 5 Conversion versus time plots of experimen-
tal data and theoretical predictions of the transesteri-
fication reaction [eq. (1)]. Mixing chamber results
(rpm = 32) of the reaction via (a) octanol and via (b)
ethanol (circles), together with the twin-screw ex-
truder results (X).
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Table V Mechanical Properties: Process Via

Ethanol as a Function of Conversion

Young’s Strain at Stress at

Conversion Modulus Break Break

(%) (MPa) (%) (MPa)
0 2.20 938 20.3
7.2 2.35 945 19.7
144 3.80 1,160 17.7
22.0 3.50 1,092 18.9
30.0 3.20 1,020 19.2
35.0 2.35 924 20.0
42.5 2.30 874 21.5

and 3.38, respectively. For ethanol, these are
0.0692, 0.0267, and 2.59, respectively. The maxi-
mum equilibrium conversions are 0.65 for octanol
and 0.62 for ethanol.

A study on transesterification reactions in
molten polymers (refs. 13 and 14) yields similar
results to those obtained herein for the reaction
and equilibrium constants (using octanol in the
mixing chamber), except that a different catalyst
was used (dibutyl tin dilaureate ). Rate constants
k, and k&, in the referred article are 0.053 and
0.022 L/mol min at 170°C and 0.13 and 0.031 at
190°C, respectively. Equilibrium constants ob-
tained at those temperatures are 2.4 and 4.2, re-
spectively.

In the twin-screw continuous process, a major
factor in the resulting conversion is the alcohol
content in the reacting mixture. In Table IV, the
effect of varying catalyst concentration is also il-
lustrated, keeping the same EVA/octanol ratio.
In this case, a constant conversion is attained for
catalyst contents of > 2 wt %. For lower concen-
trations, conversion is affected. Conversion may
be increased by performing a second extrusion un-
der the same processing conditions, as indicated
in Table IV.

With data of the evolution of conversion as a
function of time for ethanol (Table IV), eq. (1)
renders the corresponding results for 2, and &, in
the continuous process. These are 0.054 and 0.029
L/mol min at 180°C, respectively, and they are
also shown in Figure 5(b) for comparison with the
mixing chamber results. Deviations with results
obtained from the mixing chamber manifest dif-
ferent thermorheological histories, wherein vis-
cous dissipation and diffusion processes lead to
departures in the rate constants.

The mechanical properties of the resulting ter-
polymers as a function of conversion are shown
in Table V for the process via ethanol. Herein,
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Figure 6 Variation of viscosity with shear rate for the
terpolymer with 14.4% conversion. Data were obtained
using three capillaries with L/D values of 20, 50, and
60.

results are given for the percentage of strain at
break, stress at break, and Young’s modulus. As
observed, both percentage of strain at break and
Young’s modulus exhibit a maximum at 14.4%
conversion. On the other hand, the stress at break
attains larger values for higher conversions, al-
though these changes are not very substantial.

The rheological behavior of the products can be
examined analyzing the values of the equilibrium
torque and in the results of the viscosity versus
shear rate curves obtained from capillary data.
The process via octanol presented a lower equilib-
rium torque than the one via ethanol (8.7 and
11.7 Nm) due to higher alcohol proportion, which
diminishes the blend viscosity because an equimo-
lar ratio of alcohol/vinyl acetate is preserved in
both cases.

The viscosity variation with shear rate for the
terpolymer with 14.4% conversion is shown in
Figure 6. Data from the three capillaries coincide
along the shear rate range of the measurements.
Table VI illustrates in a concise form the results
from most of the samples for various conversions,
including those of EVA. All curves exhibit a power
law behavior, with a consistency index K and a
slope n-1. These values present substantial differ-
ences as the conversion is increased, showing the
larger viscosity for the highest conversion. Simul-
taneously, the pseudoplasticity of the samples in-
creases as the power law index diminishes with
conversion. These results indicate that, for higher
conversions, viscosity in general increases, but, at
the same time, the samples become more non-
Newtonian or more shear rate-dependent.

Blends of EVA-OH with PA-6 (Nylon-6)

Results for this blend are illustrated in Figures
7-9. In Figure 7, the fusion endotherms depict a

Table VI Rheological Properties: Process Via
Ethanol as a Function of Conversion

Consistency
Conversion Power Law Index (K)
(%) Index (n) (poises)
0 0.49 72,000
7.2 0.47 86,100
144 0.47 86,100
22.0 0.46 95,500
30.0 0.47 88,400
35.0 0.40 192,700

shift in the fusion peak of Nylon from 222°C to
almost 217°C as the concentration of EVA-OH in-
creases. Simultaneously, a decrease in the area of
the fusion peak of EVA-OH is observed, becoming
similar to the DSC diagram of pure Nylon when
the Nylon/EVA-OH content is 80/20 (EVA-OH
conversion degree is 33%). This result suggests
the incorporation of EVA-OH in the polyamide
by reaction that takes place between the reactive
COOH groups of the polyamide and those (OH)
of the vinyl alcohol in the terpolymer.

The decrease in the melting temperature of PA-
6 as the content of EVA-OH increases is similar
to that observed in miscible poly-EVOH-Nylon 6
blends® with 62% of vinyl alcohol content. This
blend presents a pronounced depression in the
melting temperature (from 221.2°C with 100%
Nylon to 214.6°C with 30% Nylon). A large melt-
ing point depression is associated with a small

L (a)
217°C
r T\ (b)
Heat Flow
L 218.6°C

(c)

F 20°C

mv/\/*“ (d)
222°C

50 100 150 200 250 300
Temperature °C

Figure 7 DSC results for the polyamide (PA-6), and
blends with different EVA-OH compositions. (a) PA-6/
EVA-OH = 30/70%, (b) 50/50%, (c¢) 80/20%, and (d)
100/0%. EVA-OH had a conversion degree of 33%.
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Figure 8 Equilibrium torque results for the same sys-
tems presented in Fig. 7. Processing temperature:
248°C.

intermolecular interaction parameter (related to
the heat of mixing per unit volume of the compo-
nents in the blend) and an increasing miscibility.
In the system, EVA-OH + PA-6 analyzed herein
the melting point depression amounts to 222—
217.5°C when the proportion of PA-6 changes
from 100% to 30%. In this case, however, the con-
tent of OH groups in the blend with 30% PA-6 is
7%, compared with 18.6% in the poly-EVOH blend
of ref. 3. Thus, the depression of 4.5°C indicates
a substantial degree of compatibility. It is inter-
esting that a common feature of both systems is
the similarity between the endotherms of 100%
and 70% (or 80%) Nylon [compare Fig. 3(c,d) of
ref. 3 with Fig. 7(c) of this article].

Figure 8 shows the equilibrium torque results
for the three systems, compared with that of pure
Nylon. There is a dramatic decrease in the torque
(~ 300%) for the blends with EVA-OH. It readily
illustrates that a small percentage of EVA-OH in
the blend (20%) is capable of reducing the energy
requirements of the processing of this blend by a
large extent.

Finally, Figure 9 shows the variation of the
Young’s modulus with polyamide content. The
most interesting observation is the unusually
high value of the modulus for the blend with 80%
polyamide content, quite close to that of the pure
polyamide. This effect provides blends with high
modulus and at the same time with high process-
ability. In addition, it is interesting to observe
that the previously described high value of the
modulus takes place inside the region of compati-

bility, also shown by the endotherms for the 20/
80 EVA-OH/PA-6 blend.

Blends of SAN/SMA/EVA-OH

The system SAN/SMA forms a miscible blend as
long as the proportion of the acrylonitrile groups
and that of the maleic anhydride groups in the
blend is equal.’” Blends were prepared inside and
outside the miscibility region to elucidate the ac-
tion of the compatibilizer in the system.

Results of the processing conditions are given
in Figure 10(a—c). Herein, it is interesting to ob-
serve that the torque is affected drastically by the
presence of EVA-OH and its OH content.

Variation of the torque as a function of time for
a sample with 10% EVA-OH and equal amounts
of SAN and SMA is presented in Figure 10(a). It
is observed that the equilibrium torque is attained
past 7 min, and its value depends on the OH per-
centage. It is 20% higher in samples with conver-
sions larger than 7%. Steady-state is attained
sooner in samples with the lower conversions and
an overshoot is observed at short times. The over-
shoot shifts to shorter times and grows in magni-
tude as the concentration of OH groups dimin-
ishes. The increase in the torque with time is in-
dicative of reaction between the reactive groups
of the polymers.

The peak magnitude of the torque as a function
of the SAN content is given in Figure 10(b). The
torque diminishes steeply in the presence of EVA-
OH in the blend and attains a magnitude consid-
erably smaller than that of the SAN/SMA blend.

PA-6 | EVA-OH

Figure 9 Variation of Young’s modulus with composi-
tion of the system PA-6/EVA-OH, expressed as a per-
centage of PA-6 in the blend. EVA-OH has a conversion
degree of 33%.
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This figure also illustrates that, for the system
SMA/EVA-OH (EVA-OH content is 10%), the
peak torque is a strong function of the OH content.
In this case, it further shows that the reaction
between the maleic anydride groups and the OH
groups is taking place without interference from
the acrylonitrile group. As the concentration of
acrylonitrile grows, differences in the peak torque
diminish as the reaction described previously is
restricted. This hypothesis is based in the strong
interaction existing among the acrylonitrile and
the maleic anydride groups, and the direct evi-
dence of such is the formation of miscible SMA/
SAN blends.

Figure 10(c) shows evidence that reaction be-
tween maleic anhydride groups and OH groups
in the SMA/EVA-OH blend takes place and its
extent increases as the OH content grows. This
figure also shows that the systems wherein the
torque is independent on the OH content are
those where the SMA content is equal or lower
than 45%, indicating a restriction in the reaction
of the reactive groups due to increasing amounts
of SAN in the blend. As observed, the sample
with 45/45/10 proportion of SAN/SMA/EVA-OH
presents the same asymptotic torque for conver-
sions up to 33%.

Results of the thermal characterization are
given in Table VII. Herein the glass transition
temperatures of selected blends are given, vary-
ing the proportion of the three components and
the conversion degree. A single T, is observed
for each compatible blend. In contrast to sys-
tems without EVA-OH, the presence of the hy-
droxylated compound gives rise to a subtle
change in T, (~ 2°C), with the exception of the
45/45/10 blend with 33% conversion, which
shows an increase of 11°C. T, increases upon
increasing the concentration of SMA in the
blend. No substantial variation in T, is observed
in the systems located outside the region of mis-
cibility (i.e., that found at equal proportions of
SAN and SMA in the blend).

In Table VII, decomposition temperatures indi-
cate that thermal stability is favored in systems
with high SAN concentrations, and this dimin-

Figure 10 Torque results for the system SMA/SAN/
EVA-OH. (a) Variation of the torque as a function of
time with various conversion degrees. Blend composi-
tion is 45/45/10%. (b) Variation of the maximum
torque as a function of composition, expressed as SAN
percentage (EVA-OH content is 10%), for various con-
versions. (¢) Variation of the equilibrium torque with
conversion for several compositions.
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Table VII SMA/SAN/EVA-OH Blends

System Conversion (%)* Composition (%) T, (°C) T, (°C)
SMA 0 100/0 152 292
SMA/EVA-OH 3.3 90/10 152 275
SMA/EVA-OH 33.0 90/10 152 268
SMA/SAN 0 50/50 126 297
SMA/SAN/EVA-OH 3.3 45/45/10 128 318
SMA/SAN/EVA-OH 33.0 45/45/10 137 301
SMA/SAN 0 10/90 109 336
SMA/SAN/EVA-OH 3.3 9/81/10 110 330
SMA/SAN/EVA-OH 33.0 9/80/10 110 315
SMA/SAN 0 5/95 108 347
SMA/SAN/EVA-OH 3.3 4.5/85.5/10 109 334
SMA/SAN/EVA-OH 33.0 4.5/85.5/10 110 328

T, = decomposition temperature.

* Percentage of acetate groups converted into OH groups in EVA-OH.

ishes with the increase in OH groups content. As
a conclusion, the blend 45/45/10 content with the
highest concentration of OH groups presents an
adequate torque for processing with a high T,
confirming the reaction between reactive groups
and the blend compatibility.

Figure 11(a,b) shows results from a FTIR
analysis. Schematically, the ratio of the ab-
sorbance intensities that is proportional to the
ratio of concentration of C—OH groups in sec-
ondary alcohols (located at 1156 cm™') to that
of C=0 groups in aliphatic esters (1736 cm™%)
(produced by the opening of the maleic anhydride
ring) is presented. This is shown for two samples
with different conversions. Because the reaction
that takes place between SMA and EVA-OH in-
volves the anhydride and OH groups of both poly-
mers, this ratio readily indicates the consump-
tion of OH groups in EVA-OH and the increase
in C=0 groups of the resulting products.

As observed in the results shown in Figure 11,
the consumption of OH groups increases as the
proportion of SAN in the blend diminishes. The
reaction is consequently favored with lower SAN
concentrations, in agreement with the torque
measurements [Fig. 10(c)] where an increase in
the torque due to the reaction is observed for lower
SAN concentrations. In the case of samples with-
out SAN with two contents of OH groups, it is
interesting to calculate the amount of OH groups
that have reacted from the data shown in these
figures. It turns out that, in the sample with the
lowest proportion of OH groups (conversion
=3.3%), 87% of these groups have reacted,

whereas in the blend with EVA-OH, 33% conver-
sion (initial concentration of OH groups is 10
times higher) 78% of OH groups have reacted.
Now, for the blend with 45/45/10 composition,
the corresponding percentages are 86% and 73%,
respectively. This illustrates that, when the
amount of OH groups is small, almost the same
amount of OH groups react in the SMA/EVA-OH
blend and the blend at equal proportions SAN/
SMA. On the other hand, when the amount is
large, interactions of the reactive groups with
SAN restrict the OH-maleic anhidride reaction,
and the proportion of OH groups that have re-
acted changes from 78% (in the SMA/EVA-OH
blend) to 73% (in the 45/45/10 composition
blend).

CONCLUSIONS

Results presented for the transesterification of
EVA show that the resulting terpolymer pos-
sesses mechanical and rheological behaviors quite
different to those exhibited by the EVA copolymer
alone. An increase in the Young’s modulus with
conversion is detected. Similarly, the percentage
of strain at break shows an increase over values
given by pure EVA, which seems simultaneous to
a small reduction of the stress at break, for spe-
cific conversions. An increase of pseudoplasticity
and viscosity is also observed at high conversions.
In addition, the incorporation of OH groups gives
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Figure 11 FTIR results for the system SMA/SAN/
EVA-OH. Ratio of absorbances of C—OH to C=0
groups, illustrating the consumption of OH groups for
several blend compositions expressed as a percentage
of SAN in the blend. The proportion of EVA-OH is 10%.
(a) 3.3% conversion. (b) 33% conversion.

rise to an increase in the degradation temperature
of the samples.
The addition of small quantities of EVA-OH to

polyamides (Nylon-6) gives rise to an increased
processability of the resulting blends, which ex-
hibits a reduction in the torque of the order of
300%. Compatibility is obtained for concentra-
tions lower than 20 wt % of EVA-OH in the blend.
This is evidenced by a positive departure observed
in Young’s modulus for these concentrations, as
also shown in the melting endotherms.

In the SAN/SMA/EVA-OH blend, a reduction
in the processing torque is obtained when EVA-
OH is added to the miscible SAN/SMA system.
At high SAN concentrations, evidences of the in-
terference of the acrylonitrile group in the reac-
tion between the maleic anhydride and OH
groups were presented, attributed to the high in-
teraction existing among the acrylonitrile and
maleic anhydride groups and acrylonitrile-OH
groups.

Compatibility of the ternary system was ob-
tained inside the miscibility region of the SAN/
SMA blend, when the proportion of EVA-OH is
10% and that of the acrylonitrile and maleic anhy-
dride groups is the same (45%). Evidences of the
reaction that leads to compatibility are the strong
decrease in the C—O band of a primary alcohol
in the FTIR spectra of the ternary blend, the in-
crease in the equilibrium torque that is propor-
tional to the conversion degree of the EVA-OH
terpolymer, and the increase in the glass transi-
tion (10°C) and degradation temperatures of the
blend.

The authors acknowledge the technical support from
Carmen Vazquez and Isabel Chavez.
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