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ABSTRACT: Blends of a polypropylene matrix and a miscible phase of ethylene vinyl
acetate and ethylene methyl acrylate copolymers were produced by twin-screw extru-
sion. The miscible phase can be crosslinked in situ through a catalyzed transesterifica-
tion reaction. Mechanical properties of reactive and nonreactive blends were character-
ized. Impact properties increase with the concentration of elastomeric phase and are
improved by the crosslinking reaction. Yield stress and Young modulus are not modified
by the reaction, but tensile stress and elongation at break are improved, which suggests
the development of network structure at the interface. q 1997 John Wiley & Sons, Inc. J
Appl Polym Sci 63: 1385–1390, 1997
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INTRODUCTION Actually, rubber particle size and rubber–ma-
trix adhesion are two important factors determin-
ing the toughness of polymer rubber blends.13

In recent years, different authors have reported
Therefore, a reactive processing operation, wherethat a major improvement in some mechanical
some type of chemical reaction can be expectedproperties of polymers could be obtained from
during the melt mixing stage, seems an originalblending processing.1–3 For instance, conven-
way to improve the impact properties.14

tional polypropylene (PP) has several distinctive
In the present work, we studied the effect of anengineering properties, but its impact strength at

in situ crosslinking of the dispersed phase on thelow temperature is moderate, due to the high
impact toughness and tensile-strength propertiesglass transition temperature of the polymer (Tg
of a based PP blend. This blend is constituted byÇ 07C). Therefore, the impact strength at low
a PP matrix, in which is dispersed by twin-screwtemperature of conventional PP is generally en-
extrusion a phase made of two miscible copoly-hanced by blending with various polymers, such
mers (ethylene vinyl acetate, EVA, and ethyleneas rubber polymers.4–8 On the other hand, the
methyl acrylate, EMA). The chemical reaction ofend-use properties of these polymer blends are
crosslinking of the EVA-EMA phase is an ex-mainly dependent on the structure that develops
change reaction of ester groups of the two copoly-during processing.9–12

mers, in the presence of dibutyltin oxide as pre-
cursor of the catalyst system. It was shown in
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Table I Composition of PP/EVA–EMA BlendsEXPERIMENTAL
and Gel Fraction of the EVA–EMA Phase

The experimental work on blend elaboration was Blend Composition % of EVA–EMA
carrefully described in previous work.15–17 Conse- (in Weight) Gel Fraction
quently, we only focus hereafter on the main ele-

5 —ments necessary for a clear understanding of the
10 0.60present article.
20 0.50
30 0.50
40 0.15

Materials 50 0.20

Polymers used were provided by Elf-Atochem
company. PP is an Appryl 3120MN1 (melt index

acterized by the gel fraction. The concentration12), EVA (Evatane 2803) and EMA (Lotryl
of dibutyltin oxide in the EVA–EMA phase was29MA03) are commercial copolymers, containing
reduced to 2% for the proportions of EVA–EMA ofrespectively in weight 28% of vinyl acetate and
40 and 50% in the blend (for which a cocontinuous29% of methyl acrylate.
phase was observed), because the crosslinking ofThe crosslinking of the EVA–EMA phase in
the EVA–EMA phase led to very high pressurethe molten state is due to the transesterification
at the diehead. After extrusion, the blends werereaction of ester groups of EVA and EMA copoly-
injection molded at 2007C under 10 MPa into 2mers. This reaction was well characterized by
mm thick bars, which were used for the mechani-chemical and rheological experiments.18 Further-
cal tests (impact and tensile tests) .more, it was shown19 that the gel fraction and the

extent of the reaction can be linked together from
Flory’s theory on rubber elasticity. Consequently,

Mechanical Teststhe gel fraction can be used as a quantitative esti-
mation of the network structure of the dispersed Impact strength was characterized at 0307C on a
phase. pendulum-type Charpy machine, according to ISO

179. The sample is percuted by a pendulum at
constant speed and the corresponding break-up
energy is recorded.Processing Equipments

A conventional Instron testing machine was
Extrusion experiments were carried out with an used for the tensile characterizations. A constant
intermeshing self-wiping corotating twin-screw speed of 50 mm/mn was selected, according to ISO
extruder (Clextral BC 45, centerline distance: Cl R527. The tensile force is recorded as a function
Å 45 mm, screw diameter: D Å 50 mm, barrel of the deformation. From these measurements, we
length: L Å 1.825 m, L/D Å 36.5). The extrusion can deduce the yield stress sy , the yields strain
conditions were adjusted from previous results in ey , the Young modulus (EÅ sy /ey ) , and elongation
order to obtain a high level of crosslinking of the and tensile strength at break.
EVA–EMA phase at the die exit. These conditions These experiments were carried out as a func-
are as follows: screw speed: 100 rpm, feed rate: tion of the blend composition, and for both reac-
15 kg/h, melt temperature at the die exit: 2007C. tive and nonreactive (it means without catalyst)
With such processing conditions, a mean resi- blends.
dence time of about 3 min was measured in the
extuder.

RESULTS AND DISCUSSION

Samples Preparation Impact Strength

The dependence of impact strength on composi-In Table I are reported the different blend compo-
sitions used in the study and the network struc- tion of the blend, with and without crosslinking

of the EVA–EMA phase, is shown in Figure 1.ture of the EVA–EMA phase at the die exit, char-
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respectively). Despite this fact, Figure 1 shows
that the in situ crosslinking of the dispersed phase
tends to improve impact strength for concentra-
tion of EVA–EMA lower than 30%. These results
cannot be exclusively explained from the Wu’s
generalized criterion for rubber toughening21 be-
cause the morphology of the crosslinked EVA–
EMA phase is not homogeneous and presents
higher particle size with coagulation aspect, as
shown in Figure 2. The observation, in a previous
work,15 of a low-frequency plateau of the elastic
modulus suggested high interactions at the inter-

Figure 1 Impact strength as a function of blend com- face, due to the formation of a network-type struc-
position. l: with chemical crosslinking reaction; s: ture. Therefore, these results suggest that the ma-
without chemical reaction.

trix/elastomeric phase interaction is also an im-

Without Chemical Reaction

We can observe that impact strength increases
monotonously with increasing the concentration
of the elastomeric phase. At concentrations lower
than 30%, these results are in good agreement
with those of Thomas20 on PP/EVA blends. Fol-
lowing the criterion for rubber toughening pro-
posed by Wu,13 these results mean that the blends
at those concentrations present a homogeneity of
their morphological structure, with a low particle
size (d õ 0.8 mm), which was confirmed by scan-
ning electronic microscopy observations.15,17 At
higher concentrations (40 and 50%, respectively),
Wu’s criterion can no more be applied, as we ob-
serve a cocontinuous morphology. In this region,
the impact strength remains approximatively con-
stant. Then, these results put in evidence that a
concentration of around 30% of EVA–EMA elasto-
meric phase is an optimal concentration for im-
proving the impact strength of PP.

With Chemical Crosslinking Reaction

It was shown in a previous study15 that for the
fully crosslinked dispersed phase (gel fraction
Ç 0.4), the final morphology remained remark-
ably stable during successive processing steps.
Nevertheless, the increase of the viscosity and the
elasticity of the dispersed phase during the devel-
opment of the crosslinking reaction shifted the
equilibrium between breakup and coalescence (or
coagulation) and led to larger particles compared
with the uncrosslinked blend with the same mix-
ing history. For example, at a concentration of
20% of EVA–EMA, the mean diameter of the par- Figure 2 SEM pictures of (a) nonreactive and (b)
ticles increases approximatively by a factor two reactive blend, after solvent extraction of the dispersed

phase. 80/20 blend composition.as the reaction develops (from 0.36 to 0.70 mm,
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PP/HDPE/EPDM,23 and PP/PE,24 similarly be-
have. On the other hand, the crosslinking of the
dispersed phase lead to slighty lower values of the
yield stress. This difference with the nonreactive
system may be attributed to the thermal degrada-
tion of the polypropylene matrix, induced by the
dibutyltin oxide.

Yield strain slighty increases with increasing
the amount of EVA–EMA phase in the blend.
However, the crosslinking of the dispersed phase
does not modify the yield strain behavior of the
blend. Accordingly to these results, yield proper-
ties of the PP/EVA–EMA blends change monoto-
nously with composition of the blend, but are less
sensitive to the chemical modification of the
EVA–EMA phase. Similarly, an identical trend
was observed for the variations of the Young mod-
ulus, as shown in Figure 4. These results prove
that the modulus of heterogeneous polymer sys-
tems depends mostly on the components and on
the composition, and is less sensitive to eventual
interfacial interactions and morphological changes,
as previously observed by Pukanszky et al.25,26

Figure 3 Yield stress (a) and yield strain (b) proper-
ties as a function of blend composition.

Ultimate Tensile Strength

Contrarily to Young modulus, mechanical charac-
portant factor for improving impact strength, in teristics measured at large deformations, espe-
the limit of the applicability of the Wu’s criterion cially failure properties, show much stronger de-
on domain size and dispersed phase spacing. pendence on crosslinking of the EVA–EMA phase
These result will be confirmed in the later part [Fig. 5(a) – (b)] . Figure 5(a) shows that the ten-
from tensile properties. sile stresses at break of the reactive blends are

At the values above 30% of EVA–EMA corre- considerably higher than those of nonreactive
sponding to a smaller amount of catalyst, the im- blends. These results qualitatively agree with
pact strength drastically decreases. Such a behav- works on vulcanization of rubber phase in poly-
ior can be attributed to the cocontinous morphol- olefin blends.27,28

ogy, with a brittle behavior of the slightly On the other hand, in situ crosslinking of the
crosslinked EVA–EMA phase (gel fractionõ 0.2) elastomeric phase results in an increase in the

Tensile Properties

Yield Stress (sy ) and Yield Strain (ey )

The yield stress and the yield strain of the blend
at different compositions are shown in Figure
3(a) and (b), respectively. Figure 3(a) shows that
yield stress slowly decreases with increasing the
content of the elastomeric phase. These results
qualitatively agree with those of Thomas on PP/
EVA blends,20 who explains that yield stress de-
pends of the cristallinity of PP, which was ob-
served to decrease with the elastomeric composi-
tion. Furthermore, it was observed by other au- Figure 4 Young modulus at room temperature as a

function of blend composition.thors that PP-based blends, such as PP/EPR,22
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attributed to an agglomeration of the EVA–EMA
particles. Actually, SEM observations refuted this
assumption. Therefore, the origine of this plateau
can provide from the presence of an interphase
matrix particle, which could induce a modification
of long relaxation time mechanisms by trapping
physical entanglements of the matrix chains. In-
deed, on SEM pictures of the Figure 2(b), it may
be observed that the outline of the droplets was
very different between the reactive blend and the
nonreactive blend. The shapes were more irregu-
lar and the picture suggests the presence of an
interphase PP-(EVA–EMA), which has been
swollen by the solvent during the extraction step
of the EVA–EMA phase. On the other hand, visco-
elastic behavior30 of (EVA–EMA)/PP constituted
in weight of 80% EVA–EMA matrix and 20% PP
dispesred phase, showed that interactions other
than hydrodynamic ones can exist in the interfa-
cial region. On the other hand, from the theoreti-
cal evaluation of the thickness of the interphase
and the radius giration of macromolecular chain

Figure 5 Ultimate tensile properties as a function of a concept of an interfacial volume was defined.
blend composition: (a) tensile stress and (b) elongation From this concept point of view and assuming
at break. that a direct interaction among dispersed droplets

cannot be unambiguously excluded because the
percolation threshold for the system of monodis-elongation at break. A significant improvement
perse spheres is w Å 0.156, we can imagine anwas observed for the compositions lower than 30%
interconnectivity between EVA–EMA dropletsof EVA–EMA phase. For these compositions, both
through the physical entanglements of the matrixtensile strength and elongation at break increase
trapped by the EVA–EMA network in the interfa-wiht crosslinking of the dispersed phase. Further
cial volume.increase of the EVA–EMA fraction, with or with-

out crosslinking, leads to a dramatic drop of the
mechanical properties.

The improvement of the elongational proper-
ties of the reactive system suggests that a good
transfer across the interface is ensured by a net-
work structure at the interface, as already ob-
served by Legros et al. on PET/EVA blends.29 In
order to explain the network structure, some ex-
periments were carried out on a mechanical spec-
trometer (Rheometrics RMS 800) using a parallel
plate geometry. Furthermore, a previous result15

on rheological behavior of these reactive blends
had already put into evidence the existence of
high interactions at the interface. From this idea,
a reactive blend constituted by 80% PP and 20%
EVA–EMA dispersed phase was cured 1 h at the
temperature of 2167C. Then, Figure 6 shows the
viscoelastic behavior of this sample at the temper-
ature of 1607C. At low frequencies, a secondary Figure 6 Viscoelastic behavior of a reactive blend

(80/20) after curing (1 h) at T Å 2167C.plateau is clearly observed. This plateau could be

3941/ 8E7C$$3941 07-28-97 13:17:43 polaas W: Poly Applied



1390 DE LOOR ET AL.

8. M. Tanaka and M. Sugi, Eur. Pat. Application, 0CONCLUSIONS
353 981 (1990).

9. I. Fortelny, D. Michalkova, J. Koplikova, E. Na-In this work, significant evidence has been found
vratilova, and J. Kovar, Angew. Makromol. Chem.,to support the in situ crosslinking of the elasto-
179, 185 (1990).meric phase of a PP/EVA–EMA blend, for im- 10. F. C. Sthehling, T. Huff, C. S. Speed, and G. Wis-

proving its mechanical properties. Improvement sler, J. Appl. Polym. Sci., 26, 2693 (1981).
of the impact strength and ultime tensile strain 11. B. Z. Jang, D. R. Uhlmann, and J. B. Van der
properties of the reactive system suggests that a Sande, J. Appl. Polym. Sci., 30, 2485 (1985).
network-type structure develops at the interp- 12. I. Fortelny, D. Kamenicka, and J. Kovar, Angew.
hase, ensuring a good adhesion between the two Makromol. Chem., 164, 125 (1988).

13. S. Wu, Polymer, 26, 1855 (1985).phases. Same assumption was proposed pre-
14. W. E. Baker and M. Saleem, Polym. Eng. Sci., 27,viously on the base of rheological experiments15

1634 (1987).and confirmed in this study.
15. A. De Loor, P. Cassagnau, A. Michel, and B. Verg-Mechanical properties drastically drop with the

nes, J. Appl. Polym. Sci., 53, 1675 (1994).development of a cocontinuous system when the
16. A. De Loor, P. Cassagnau, A. Michel, L. Delamare,

composition of the EVA–EMA phase is higher and B. Vergnes, Intern. Polym. Proc., 11, 139
than 30%. A 70 PP/30 EVA–EMA composition (1996).
seems to be optimal in terms of mechanical be- 17. A. De Loor, P. Cassagnau, A. Michel, and B. Verg-
havior. nes, Intern. Polym. Proc., 9, 211 (1994).

18. P. Cassagnau, M. Bert, V. Verney, and A. Michel,
Polymer, 34, 124 (1993).Financial support from French Ministère de la Recher-

19. P. Cassagnau, A. De Loor, R. Fulchiron, and A.che et de l’Espace and from Multibase company are
Michel, Polymer, 34, 1975 (1993).gratefully acknowledged. The authors wish to thank

20. S. Thomas, Mater. Lett., 5, 360 (1987).Mr. Coiffier, Coutier, and Milesi for fruitful discussions.
21. S. Wu, J. Appl. Polym. Sci., 35, 549 (1988).
22. S. Panesi and R. S. Porter, Polymer, 19, 448 (1978).
23. V. Choudary, H. S. Varma, and I. K. Varma, Poly-

REFERENCES mer, 32, 2541 (1991).
24. M. M. Dumoulin, P. J. Carreau, and L. A. Utracki,

1. J. R. Still, D. R. Paul, and J. W. Barlow, Polym. Polym. Eng. Sci., 27, 1627 (1987).
Eng. Sci., 27, 1627 (1987). 25. B. Pukanszky and F. Tudos, Makromol. Chem.,

2. M. E. J. Dekkers, S. Y. Hobbs, and V. H. Watkins, Macromol. Symp., 38, 221 (1990).
Polymer, 32, 2150 (1991). 26. B. Pukanszky, I. Fortelny, J. Kovar, and F. Tudos,

3. D. Hoppner and J. H. Wendorff, Colloid Polym. Plast. Rubber Compos. Proc. Appl., 15, 31 (1991).
Sci., 268, 500 (1990). 27. A. Y. Coran and R. Patel, Rubber Chem. Technol.,

4. S. Onogi, T. Asada, and A. Tanaka, J. Polym. Sci., 56, 1045 (1983).
Part A-2, 7, 171 (1969). 28. Z. Izumi, S. Kurosawa, and R. Akiyoshi, Eur. Pat.

5. J. Karger–Kocsis and L. Kiss, Polym. Eng. Sci., 27, Application 0 376 213 (1990).
254 (1987). 29. A. Legros, P. J. Carreau, B. D. Favis, and A. Mi-

6. J. Varga and G. Garzo, Angew. Makromol. Chem., chel, Polymer, 35, 758 (1994).
180, 15 (1990). 30. P. Cassagnau, I. Espinasse, and A. Michel, J. Appl.

Polym. Sci., 58, 1393–1399 (1995).7. M. R. Rifi, Eur. Pat. Application 0 294 770 (1988).

3941/ 8E7C$$3941 07-28-97 13:17:43 polaas W: Poly Applied


