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New Ethylene-Propylene Elastomers
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FIGURE 1—Infrared spectra of polyethylene, ethylene-pro-
pylene copolymer (50 percent ethylene) and polypropylene
between 9.5 and 154.
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* -differences from the spectra of the two homopolymer

Part 1: Characterization, constitution,
analysis and monomer distribution

Giulio Natta, Guido Sartori, Alberto Vulvcssori,
Giorgio Mazzanti, Giovanni Crespi
Polytechnic Institute of Milan, Milan, Italy

SUCCESSFUL POLYMERIZATION of alpha olefins with
ethylene has led to ethylene-propylene copolymers of
high interest. Forecasts®? show these copolymers to have
interesting elastomeric properties. Important results ob-
tained from ethylene-propylene copolymerization studies
indicate a method of characterization, significant el
tomeric properties and vulcanization methods for
products. ‘

CHARACTERIZATION OF COPOLYMERS

monomers, a series of criteria of analysis are necessa
to establish whether the products obtained actually con-
sist of a copolymer and not of homopolymer mixtures.
Moreover, it is necessary to improve methods of analysi
to determine quantitatively the monomers present in the

copolymer. .

Constitution Criteria. The criterion adopted to estab-
lish that the products examined actually consisted of
ethylene-propylene (EP) copolymers is based on a com-
parison of the IR (Infrared) spectrum of the raw c'%
polymerization product (or of the fractions obtained fro
it by extraction with boiling solvents), with the IR spec-.
trum of pure polyethylene and with the IR spectrum ¢
polypropylene (or of its corresponding fractions obtaine|
by extraction with boiling solvents).

The IR spectrum of EP copolymers shows remarkab

[a TR

(see Figure 1). As a matter of fact, while the last ong
show absorption bands due to the presence of crystallin
zones which can be ascribed to sterically ordered chain
or chain segments, in the IR spectra of copolymers ther
are no such bands, but other characteristic bands. Pat
ticularly in the zone between 13 and 13.8 p, bands whic
can be ascribed to the presence of sequences of methy
ene groups of different length are present.

More precisely, it is possible to find bands due to
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Polyethyiene

Ethyiene - Propylene Copolymer /\

50% Ethylene

—]
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- -

P~

Cu Ka

FIGURE 2-—~X-ray diffraction spectra (CuX @) of polyethyl-
ene, ethylene-propylene copolymer (50 percent ethylene) and

polypropylene.

(—CH. ), sequences, where n <5 and the band cor-
responding ton 2> 5.

The X-ray examination of the copolymerization prod-
ucts of EP mixtures confirms too that such products ac-
tually consist of copolymers.

The products prepared, unlike ethylene and propyl-
ene homopolymers prepared in the same conditions which
show a high crystallinity, are completely amorphous (see
Figure 2).

Besides, the curve of diffraction intensity for EP co-
polymers shows a maximum which corresponds to an
angle different from that of pure arorphous polypropyl-
ene and from the one which can be foreseen for an amor-
phous polyethylene.

From the comparison of the fractionation of the
copolymerization products with the results of the frac-
tionation carried out on homopolymers, it was further
confirmed that the products obtained consist of EP
copolymers. |

Table 1 shows the polyethylene obtained from pure
ethylene, under the same polymerization conditions
adopteH for the synthesis of the copolymers, cannot be
extracted with the solvents used. Polypropylene obtained
from pure propylene, under the same polymerization con-
ditions, contains a fraction which remains as a residue
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TABLE 1-—Boiling solvent extraction of pure ethylene and pro-
pylene homopolymers and of some ethylene-propylene copoly-
mers obtained under the same conditions

WEIGHT PERCENT EXTRACTED BY
Product Ether n-Hexane{n-Heptane{ Residue
Polyethylene................. 0 0 0 100
Polypropylene. . ............. 39 30 16 15
Ethylene-propylene copolymer
(mole % ethylene = 30).... 84 16 0 0
Ethylene-propylene copolymer
(mole % ethylene = 50).... 85 35 0 0
Ethylene-propylene copolymer
(mole % ethylene = 66).. .. 30 60 10 0

after n-heptane extraction. The copolymerization prod-
ucts, having an ethylene content lower than 75 mole per-
cent, are completely .extractable with boiling n-hexane
or boiling n-heptane.

Analysis for Copolymer Composition. The composi-
tion of the EP copolymers has been determined by means
of a radiochemical method and IR spectrography.

Radiochemical Method. Carbon 14 labelled ethylene
has been used in the synthesis of the copolymers. The
specific activity of ethylene used (A,) and that of the
copolymers to be examined (A) has been determined by
means of a counter with a 1.6 mg/cm? thin window on
a polymer plate.®* )

Indicating by X the mole fraction of ethylene in the
copolymer: '

IR Method. The propylene content in the copolymers
has been measured from the absorption intensity of the
7.25 s band, using carbon tetrachloride as a solvent.
Other methods of analysis for the EP copolymers by
means of IR spectrography have been proposed.*®

MONOMERIC DISTRIBUTION

The characterization of copolymerizates, carried out as
stated above, and the determination of composition of
the copolymers obtained, are not sufficient to determine
their chemical structures. It is obvious that a very great
number of possible distributions of the monomeric units
corresponds to a given composition of a copolymer.

For instance, in a copolymer consisting of m; and m,
monomers, with 50 mole percent of m, monomer, and
50 mole percent of m. monomer, the arrangement of the
monomeric units may be schematically indicated as fol-
lows, calling R the first monomer that starts the polymer-
ization chain:

R— (1'1'11):(1 - (mz)yl_‘ (ml)x2_ (m2)Y2——‘ M

where x,; and y; are integers that may assume values equal
or higher than unity. .

If x, and y, are always equal to 1, the monomeric
units alternate regularly and the polymer will show a reg-
ular chemical structure. In the case where a regularity of
steric structure also occurs, the polymer is crystallizable.

By adopting particular copolymerization conditions, it
is also possible to obtain copolymers having high values
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FIGURE 3—Distribution function of sequences of different lengths in ethylene-propylene
copolymers, having different compositions and prepared with Al{G.Hi):-VCl catalyst.

of x; and y, that the crystallization of the sterically
ordered m; and m, sequences is possible (block copoly-
mers) %%

Therefore, depending on the average values of x, and
y1, the physical properties can be different, even when
comparing polymers with an identical over-all compo-
sition.

The distribution of the monomeric units must be nec-
essarily determined for a complete characterization of the
copolymerizate.

“The method of calculation, indicated by Alfrey and
Goldfinger'® was applied to the EP copolymerization,
carried out in the presence of catalysts prepared from
transition metal compounds and organic aluminum com-
pounds.

The values thus obtained of the distribution functions
- for the sequences well agree with the values deduced
~ experimentally from both IR and X-ray analyses.!?

Distribution of Monomeric Units. By indicating with
Vi1, Vis, Va3 and V,, the rates of the four propagation
reactions that occur in the copolymerization of two m,
and m, monomers, one obtains:

Vll = kll [Ml*] [Ml*]
V12 = k12 [Lil*] IMZ*]
Vor =kyy [M*1[M, ] .
Vo = kyy [IM*] [M, ]

[M;*] and [M,*] indicate the concentrations of the
growing polymeric chains having an m, or m, monomeric
unit respectively at their end. [M,] and [M,] are the
concentrations of the two monomers. The probability that
a sequence of m, units contains n members is:

i 1 n-1 1
P(m,}, =P, (a-1) (] —P )= 1_—_’:___1__ m
r, T
Similarly:
1 g
P(m,), = Py (31 (1 —Py,) = =
. 1+~._‘ 1+ 1‘2 a
r,
where
‘ k k
r, = . r,= 2. and F= [MIJ.
k12 21 [MZ]

These values represent the fraction of all the m, sequences
(or m, respectively) formed by n members.

TABLE 2—Distribution function of sequences of different length in ethylene-propylene copolymers having
different compositions and prepared with Al(C,H,;), - VCI, catalyst—

Mole Percent PERCENT P (mai)a
of M; in the 1
Copolymer n=1 n =2 n =3 n =4 n=5%5'n=6|n=7|n=28 n=9 n=15
13.20 11.20 9.430 7.941 6.687 3.630 4.741 3.992 for n between 10 and 14, P(ms)a = 12.2719% 9.006
19.74 14.40 10.30 7.658 5.584 4.073 2.970 2.166 for n between 10 and 14, P(mx)a = 4.6319, 1.204
24.69 13,71 7.614 4.228 2.347 1.303 0.724 for n between @ and 14, Plin:dn = 0.7627 0.142
24.65 10.87 4.796 2.116 0.933 0.412 . lor n between & and 14, P(mi)n = 0.324‘74’; (.003
22.21 7.398 2.464 0.820 0.273 Cee AN for n between 7 and 14, P(m.)n = 0.136%, 1.10-3
15.27 2.871 0.340 0.101 R s0r n between 6 and 14, P{ms)n = 0.023%, 11072
9.377 0.982 0.103 e for n between 35 and 14. P(mx)e = 0.012% 1.1073
Percent P(m:)a = percentage of sequences of ethylene (or respectively of propylene) containing n monomer units.
n = number of monomer units present in each sequence.
August 1962, Vol. 41, No. 8 105
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By introducing, in these two last equations, the value
of F as a function of the ratio (f) between the molar con-
centrations of m; and m, in the copolymer:

. f—14+ V{E—1)24+4rrtf

2r,

F

(which can be obtained from the copolymerization equa-
tion of Lewis and Mayo,'? written as proposed by Fine-

man and Ross'®) new expressions of the sequence distribu-.

tion functions are obtained that result in a function of
only the r;r; product.
Table 2 and Figure 3 show the values of the distribu-

tion functions P for sequences of different length for EP

copolymers of different composition, obtained with the aid
of the VCI, — Al (CgH,3); catalytic system.!?

By comparing the values of the distribution functions
for the monomeric units, which should be present in
copolymers for which the r;r, product ranges from 0.1 to
10, it can be easily observed? that the distribution of the
monomeric units of the EP copolymers, obtained with the
aid of the VCl; — AIR; catalytic system, does not differ
considerably from the random distribution that can be
foreseen for copolymers in which the rir; product is equal
to unity.

From the data reported above, it is possible to conclude
that:

1. The probability of existence of long sequences of
ethylene, or of propylene respectively, increases with
the increase of the content of the considered mo-
nomer in the copolymer.

2. The highest dispersion in the lengths of sequeﬁces

of both monomers takes place for copolymers con-
taining equimolecular amounts of ethylene and
propylene. :

3. Ethylene sequences that are long enough to be
crystallizable, containing, for instance, at least 15
monomeric units, may in practice exist only for
ethylene contents of 80 mole percent in the copoly-
mer.

4. The distribution of monomeric units in the EP
copolymers, obtained with the aid of catalysts acting
through an anionic coordinated mechanism, is prac-
tically independent of the catalytic system adopted.
In fact, the rir, product of the EP copolymerization,
in the presence of different catalytic systems is
always very near 1,'#%% and the distribution of the
monomeric units is a function only of the rr,
product and not of the single values of r; and r».

Experimental Verification has been tried to confirm
the values of the distribution functions for the sequences
deduced from the statistical theory outlined above.

The first verification is given by the absence of crys-
tallinity of the polyethylenic type in copolymers contain-
ing up to 80 mole percent of ethylene.** This agrees with
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the values of the distribution functions for sequences
reported in Table 2. In fact, only for copolymers con-
taining more than 80 mole percent of ethylene, does the
Pic,u,, value (with n > 13) reach significant values.

A further experimental verification is based on the IR
analysis. In fact the wide absorption between 13.4 and
13.8 & which can be ascribed to sequences of methylenic
groups of different length is originated by three bands
respectively at 750, 731, 724 cm*. The one with a lower
frequency can be ascribed to sequences formed by 5 or
more than 5 methylenic groups, whereas the two bands
with a higher frequency can be ascribed to sequences
formed by less than 5 methylenic groups.*® -

From an examination of the intensity of the absorption
maxima, it is possible to state that. for copolymers con-
taining less than 45 moles percent of ethylene, the
sequences of less than five methylenes (band at about
731 cm™) prevail, with respect to those of 5 or more,
whereas for copolymers containing more than 55 mole
percent of ethylene, most of the methylenic- sequences
have a length equal to 5 or more units,

As was previously described, the polymerization of pro-
pylene with catalysts acting with anionic coordinated
mechanism, takes place by insertion of the monomer
molecules in a metallorganic bond and the subsequent
monomeric units orient themselves in such a way that
the tertiary carbon atom is at the side of the growing
chain, whereas the methylenic group is on the side of the
catalyst.)™

By operating in such a way that this mechanism is
valuable also for ethylene-propylene copolymerization, the
chemical structure of the resulting copolymers corresponds

to the formula:

—CH — CH, — (CH, — CH,),, — CH—CH,

| |
CH, CH,

For n =1 there is just‘one ethylene molecule, situated
between two units of propylene (polymerized head-to-tail,
with respect to one another), which gives rise to a
sequence of 3 methylenes, and for n = 2 (or more than 2)
there are sequences of 5 methylenes (or more than 3).
Therefore the calculated probability of existence of

HvyDproCAREON Processing & Perroreum REFINER
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FIGURE 5—Composition of ethylene-propylene copolymers
plotted against the ratio between the moles of dissolved pro-
pylene and the total moles of the two monomers in solution for
different catalytic'systems, prepared from hydrocarbon soluble
transition metal compounds.

sequences of one ethylene monomeric unit shall be com-
pared with the content of sequences of three methylenic
groups, deduced from the IR experimental measure,

The sequences of two or more than two ethylene
molecules should correspond to those of 5 (or more than
5) methylenic groups. The comparison of the calculated
values with those deduced from the measurements by
means of the IR spectrography show a very good agree-
ment (see Figure 4).

MONOMER REACTIVITY RATIOS IN THE
COPOLYMERIZATION

The monomer reactivity ratios has been determined by
carrying out the copolymerizatiorn tests in the presence of
n-heptane as a solvent, at temperatures between — 20 and
+ 75°C. The monomer mixture was circulated con-
tinuously through the reactor at high space velocity, so
as to have a low conversion of each monomer per pass.

As previously published41%:18:19.20 we have found that
the EP copolymer composition is independent of the fol-
lowing factors:

1. Time elapsed between the preparation of the
catalyst and its use

2. Catalyst concentration

3. Ratio between the moles of alkyl aluminum and the
moles of transition metal compound used in the
preparation of the catalyst.

The composition of the copolymers is, on the contrary,
highly influenced by the feed composition and, for a
certain feed, changes with the employed catalyst (see
Figures 5 and 6).

The catalytic systems most suitable for the production
of EP copolymers are those prepared from hydrocarbon-
soluble vanadium compounds. By using halogen con-
taining vanadium compounds {as VOCl. VCL). it is

10 O = VCiz + AHCgH|3l3
® — TiCly + AllCgH(3)3
20 A = Tz + Alf{cgHials
304
40+

504

601

% Moles CgHg tn thé Copolymer

70+

804

T J
0.60 o0 080 ©.90 .00
Males CaMg

Motes CyHg+Moles Cang " 5o

FIGURE 6—Composition of ethylene-propylene copolymers
plotted against the ratio between the moles of dissolved pro-
pylene and the total moles of the two monomers in solution
from different catalytic systems, prepared from hydrocarbon
insoluble transition metal halides.

possible to employ either trialkyl aluminum compounds
or halogen containing alkyl aluminum compou-.ds in the
catalyst preparation. o

On the contrary, by using halogen free vanadium com-
pounds (as vanadium triacetylacetonate, vanadyl trialc-
oxide), the presence of a halogen in the alkyl aluminum
compound is necessary to obtain catalysts capable of pro-
moting the EP copolymerization.?2°

TABLE 3—Monomer reactivity ratios in the ethylene-propylene
copolymerization, in the presence of different catalytic systems

Catalytic System N rcgm rc;,B, References
VOCls + Al{CsHia)s.... 17.95 0.065 éls)
VCls + Al(CeHis)s. .. 7.08 0.088 197
VCls + Al(Csthis)s. ... . 5.61 0.145 14)
VAc*s 4+ A(C2Hs)2Cl............ ... 15.0 0.04 20)
TiCld 4+ Al(CsHaa)a... . 33.36 0.032 15)
TiCls + Al(CsHia)a,.. . 15.72 0.110 515)
TiCle 4+ Al(CeHis)a............o..L .. 15.72 0.110 15)

*VAcs = Varadium triacetylacetonate.

In Table 3, the values of the reactivity ratios in EP
copolymerization carried out in the presence of different
catalytic systems are reported. The reactivity ratio of
ethylene is always much higher than that of propylene
and the product of the reactivity ratios is always very
near 1. This is in agreement with what generally hap-
pens in ionic polymerization.?1 2223

The values of the reactivity ratios have been calculated
by the methods of Fineman and Ross!® and Lewis and
Mayo.'? These methods derive from the copclymerization
equation proposed by Alfrey and Goldfinger,*®* Mayo and
Lewis'? and Wall.** When applying this equation, the
reactivity of a monomer with respect to a growing chain
is supposed to depend only on the last chain unit, The
good results obtained confirm that also for EP copolymeri-
zation this assumption is valid. Some authors?® have pro-
posed copolvmerization eaquations which take into acconnt
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a possible contribution of the penultimate unit (or of still
preceding units) but up to now, such a contribution has
never been demonstrated as experimentally noticeable.**
In the particular case of ionic copolymerizations the re-
activity of a monomer with respect to a growing chain
is independent also of the last chain unit and depends
only on the nature of the monomer.*"***" In other words,
the ratio between the reactivities of two monomers with

respect to a growing chain should be constant, inde-

pendently of the last chain unit.

Besides the reactivity ratios for EP copolymerization,
also those concerning the ethylene-butene-1 copolymeriza-
tion, in the presence of different catalytic systems, have
been determined.?® Their values are reported in Table 4.

TABLE 4—Monomer reactivity ratios in the ethylene-butene-1
copolymerization.

Catalytic System - Topu, TG, Hg
AT T 29.60 0.019
VCls 4 ALCOHIZNI - e onsemeonnoinneananenn 26.96 0.043
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8 - lIsoprene - [sobutylene
8 - Natural Rubber

8 - Polyisoprene

Notice the stability of ethylene-propylene and isoprene-isobutylene

S in 150 ppm ozone as compared to four other common elastomers.

New Ethylene-Propylene Elastomers

Part 1: Characterization, constitution, analysis, and monomer distribution
Part 2: Viscoelastic behavior and Vulcanization

Giulio Natta, Guido Sartori, Alberto Valvussorl,
Giorgio Mazzanti, Giovanni Crespi
Polytechnic Institute of Milan, Milan, Italy

Part 1 piscussep methods of proving the structure and
characterization of ethylene-propylene copolymers. Also
methods of analysis and proof of monomer distribution
were shown. Catalysts systems and copolymers resulting
from different monomer compositions were shown, Part 2
will show the elastomer propertics of EP copolymers and
discuss methods of vulcanization.

Viscoelastic Behavior of Copolymers. High molecular
weight ethylene-propylene EP copolymers are typical rub-

= "ber-like substances having a behavior similar to that of

the best known synthetic elastomers. Their elastic-viscous
properties are connected with the intrinsic properties of
the macromolecular chains of the copolymer itself. The
main parameters influencing these properties are:

1. Average molecular weight of the copolymer
2. Distribution of molecular weights

3. Average chemical composition

4. Homogeneity of such composition.

The molecular weight of a copolymer can be de-
termined by measuring the intrinsic viscosity in various
solvents. From measurements in tetralin at 135°C. and
knowing the chemical composition of the copolymer,
it is possible to determine the average molecular weight.

The viscosity of a copolymer and, therefore, its processa-
bility depend on its average molecular weight and on the
distribution of molecular weights. High molecular weight

copolymers are difficult to process, owing also to the fact

that they do not undergo the usual degradation during
the processing operations. It is therefore necessary to
produce, directly in the polymerization step, copolymers
having a molecular weight suitable for a good processa-
bility and having gocd mechanical and elastic properties
after vulcanization.

Processability is also influenced by the distribution of
molecular weights; the average molecular weight being
equal, copolymers containing high molecular weight frac-
tions are difficult to process.

Furthermore the crude copolymers containing fractions
with high ethylene content (higher than 75 mole percent)
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FIGURE 7—Rebound versus temperature curves for different types of

rubbers with ethylene-propylene copolyniers shaded.

can be hardly processed cven if their average molecular
weight is low enough; this is due to the fact that the high
ethylene content fractions do not behave as an elastomeric
material.

As already reported,®® 3! the average chemical composi-
tion of the copolymer exerts its influence mainly on the
dynamic properties of the elastomer and on its 2nd order
transition temperature. 4

By increasing the total ethylene content in the copoly-
mers, within the limits allowed to avoid crystallization, the
number of the chain sections formed by methylene groups
increases; thus an increase of the overall flexibility of the
macromolecules and an improvement of the dynamic
properties of the elastomer derive from it.

Figure 7 shows the rebound vs. temperature curves for
different types of rubbers, compared with the field covered
(shaded region) by the EP copolymers, having an ethy-
lene content ranging from 30 to 70 mole percent. As may
be seen, it is possible to obtain copolymers showing a
dynamic behavior similar to that of natural rubber,
whereas copolymers having a lower ethylene content, have

a resilience lower than that of butadiene-styrene rubber
(SBR).

TABLE 5—Fractionation of ethylene-propylene copolymer.
Data of raw copolymer: [7]* = 1.65 dl/g; C:H,
Mole Content = 579,

Percent
Ethyvlene [n)* _
Fraction N Weight In Moles dl/g M-
0n.175 61 1.80 132.000
0.115 59 P
0.120 59 1.43 91.000
0.131 38 R
0.123 57 1.04 58.000
0.097 57 P B
0.074 55 0.74 39.000
0.118 55 T
XWi = 0,953

[n] * = Intripsic viscosity in tetralin at 135° C.
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FIGURE 8—High ethylene content in the EP
copolymer results in these rebound versus
temperature curves.

The rebound vs. temperature curves, beside furnishing
data on the dynamic properties, also give useful informa-

tion on the nature of the copolymers. In fact, as men-

tioned before,* when increasing the ethylene content.be-
yond certain limits (75-80 mole percent), it is possible
to obtain long sequences of methylene groups that cause

an anomalous behavior of the copolymer, at least within

certain ranges of temperature.®?

Figure 8 shows the rebound-temperature curves for two
copolymers containing 86 and 80 mole percent of ethylene
respectively.

It is possible to observe that the minimum rebound
value is higher than that usually found (3-7 percent) in
the copolymers having a good elastomeric behavior.
Furthermore the minimum rebound temperature for
copolymers of high ethylene content does not correspond
to that foreseeable on the basis of the ethylene molar
content.3?

An analogous phenomenon is also observed in chlori-
nated linear polyethylene having chlorine contents lower
than 30 percent by weight. In fact, in these cases, the
chlorine introduced is not sufficient to completely destroy

the crystallinity of polyethylene, since long sequences of -

methylene groups remain along the chain.?®* With regard
to copolymers having an homogeneous chemical composi-
tion and ethylene molar contents lower than 75 percent,
the rebound-temperature curve is similar to that of the
most known elastomers, since crystallinity does not appear
even at very low temperatures.

An anomalous behavior of the rebound vs. temperature
curves is also observed when the copolymer contains only
one fraction having a high ethylene content. Figure 9
shows the rebound vs. temperature curves for two copoly-
mers having the same average chemical composition (67
mole percent of ethylene); however curve I refers to
a homogenecous copolymer, whereas curve II refers to
a non-hornogeneous copolymer. By fractionating the
latter, two fractions are obtained that show the rebound
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FIGURE 9—Rebound versus temperature curves for a homo-

geneous and a non-homogeneous copolymer each containing
67 mole percent ethylene.
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FIGURE 11—Distribution curve for an ethylene-propylene
copolymer containing 45 mole percent ethylene.

curves reported in Figure 10; curve A is due to the frac-
tion containing 49 mole percent of ethylene, curve B is
due to the fraction containing 86 mole percent of
ethylene.

The regularity of distribution of chemical composition

for a copolymer can be determined by extraction with
solvents or by fractionated precipitation. When operating

“under suitable polymerization conditions and using proper

catalysts, it is possible to obtain copolymers that show
only a limited dispersion in their chemical composition
(Table 5). Figure 11 shows the distribution curve of
the composition for a copolymer containing 45 mole per-
cent of cthylene in the crude copolymer. As may be seen
from this curve, the distribution of compositions is rather
narrow. :

The influence exerted by the dispersion of the composi-
tinn 1mon

the vicrnnalactin mranmontine anmmanwe  da ha

70 -
/”‘ »
.,
-,
60 . Z =
7/ / ‘
8,7 ) .
. A

T 50 Y 5~
2 \ / /
] \ /
& \ 7,
. 40 N - l/
° ~—— /
§ 30 1 /
g \\ 7

20 \ /'

10 £

| ~
[} I
=60 -40 -20 [+] +20

Temperature °C

FIGURE 10—These rebound versus temperature curves are -

for two fractions obtained from a non-homogeneous copolymer
containing 67 mole percent ethylene. Curve A is for a fraction
containing 49 mole percent ethylene and Curve B for a frac-
tion containing 86 mole percent ethylene.
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FIGURE 12—Relaxation modulus of an ethylene-propylene
copolymer (40 mole percent ethylene) versus time.

important only in the casc that crystallizable chain seg-
ments are present. In fact, our experiments prove that the
properties of non-crystallizable copolymers consisting of

different macromolecules, differing from each other in
Amvmmanitiae ke ARATE B4
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TABLE 6—Properties of vulcanizates obtained from chlorosul-

fonated ethylene-propylene copolymers

TABLE 7—Properties of vulcanizates obtained from grafted
ethylene-propylene copolymers

PROPERTIES OF VULCANIZATES RECIPE PROPERTIES OF VULCANIZATES
Chlorine| Sulfur
Content| Content Modulus EPC Elonga- | Modulus | Hard- Re-
Percent| Percent | Intrinsic | Tensile | Elongation] At200 Resilience Stearic Ziac Dutrex | Carbon | Tensile tion At 300 ness | silience
by by Viscosity | Strength | At Break | Percent | Hardness | At20°C Acid Ozxide R 353 Black | Strength | At Break { Percent | Shore | At20°C
Weight{ Weight dl/g kg/cm? Percent kg/em? Shore A Percent phr phr phr phr kg/cm? | Percent | kg/cm? A Percent
10.8 2.1 0.70 200 530 55 .. 50 4 2.5 .. .. 130 520 45 57 83
4.4 1.0 1.54 200 620 39 64 58 4 25 5 45 415 520 150 73 71
2.3 0.8 2.25 205 75 31 57 61 4 2.5 10 45 390 650 85 3 70
2 2.5 5 45 395 550 130 7 74
2 2.5 10 45 395 650 93 70 7
Recipe
Chlorosulfonated copolymer..................... 100 T - .
PhO.. .o . 40 Vulcanization 160° C x 30 min.
Colophony 5

Vuleafor MB’ .
Vuleanization 150° C x 30 min.

K

~

differ in practice from the properties of more homo-
geneous copolymers. -

The relaxation modulus vs. time measured at different
temperatures is reported in Figure 12.%* As may be seen in
this figure, the modulus at —-60°C assumes values of the
order of 10° dine/cm,? which are considerably lower than
those of a polymer in the vitreous state (10%°—103
dine/cm?) ; the brittle temperature is, in fact, —100°C.
for a copolymer containing 50 mole percent ethylene.

v

VULCANIZATION

meg to the absence of unsaturation and to the lower
react1v1ty of the hydrogen atoms bound to tertiary carbons
in comparison with that of allylic hydrogen, vulcanization
of chemically non-modified ethylene-alpha-olefin copoly-
mers, and in particular of EP copolymers, cannot be car-
ried out with the aid of ingredients usually employed for
unsaturated rubbers.

The problem of transforming copolymers in cured rub-
bers was at first faced using methods similar to those
already employed in the case of polyethylene.

Here we want to point out briefly some crosslinking
methods studied for EP copolymers and the main proper—
ties of the vulcanizates obtained.

We will finally indicate the possibility of preparing
terpo}yniers having a low unsaturation content. Follow-
ing this way, sulfur-vulcanizable elastomers have been ob-
tained which still substantially possess the elastomeric
properties of EP copolymers.

Crosslinking of chlorosulphonated copolymers.
Crosslinking after chlorosulphonation has been applied to
the EP copolymers by modifying the chlorosulphonation
process substantially with respect to what is already
known in the case of polyethylene. The chlorine content
introduced in the copolymer amounts to only 2-3 percent
by weight with the simultaneous introduction of chloro-
sulphonic gréups in a number sufficient for a good vul-
canization.3® This restriction in the introduction of
chlorine and of chlorosulphonic groups is made possible
by the following factors:

TABLE 8-~—Aging properties of vulcanized ethylene-propylene
copolymers

Properties Properties After Ageing

Before

Ageing 70h at 150° C | 288h at 150° C
Tensile strength kg/cm?...... 310 270 175
Elongation at break %. .. ... 600 530 469
Modulus at 300% kg/cm?2. ... 80 100 98
Hardness Shore A........... 69 64 71
Resilience 2t 20°C %. . ..... 73 72 72
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(a) the copolymer is completely amorphous and (b) its
molecular weight is high enough to require just a limited
number of reactive groups for vulcanization.

Table 6 shows the main properties of the copolymers
having a decreasing chlorine and sulfur content, after
vulcanization with metal oxides. It can be observed that
an increase in the chlorine and sulfur content causes a
progressive increase of the modulus at 200 percent, a
decrease of the elongation at break and of resilience.

Vulcanization of the Copolymers Grafted With
Acid Monomers, The mechanical properties of EP
copolymers are improved if small amounts of unsaturated
substances containing acid functions and of polyvalent
metal oxides are added to the compound.

Also studied was the possibility of grafting small
amounts of acid monomers (maleic anhydride, maleic
acid) on the copolymer chain, by reacting the acid mono-
mer on the copolymer in the presence of radicalic
initiators,%*

The grafted copolymer may be easily cured thh the
aid of only zinc oxide and yields vulcanizates showing
good mechanical and elastic properties (Table 7). In this
type of vulcanization scorching phenomena can be ob-
served. These last can be limited or eliminated by adding
small amounts of acid compounds to the recipe. Resist-
ance to aging and to high temperatures of these vulcani-

zates is very high, as may be seen from the data of.
Table 8.

Vulcanization of Chlorinated Copolymers. The
copolymers chlorinated up to a chlorine content of 16-20
percent by weight, may be cured with the aid of the
recipes usually employed for elastomers having a low
degree of unsaturation, taking advantage of the partial
dehydrochlorination occurring during vulcanization.*® The

TABLE 9—Influence of reinforcing fillers (MPC carbon black)

Modulus | Modulus
MPC Tensile Elongation at 300 at 500
C1 Percent Carbon | Strength At Break Percent | Percent
By Weight Black (kg/cm?) Percent (kg/em?) | (kg/cm?)
5.24 0 72 845 11.5 17.0
5.24 30 297 820 37.0 97.0
8.40 0 72 625 14.5 26.0
8.40 30 305 695 55.0 152.0
16,98 203 700 16.0 36.5
16.98 30 292 490 116.0 N
Recipe: chilorinated copolymer 100
Stearic acid 2
ZnO 5
S.... 2
Vuleafor-TMT. . .2

Vuleafor-MBT... ... ... ... .. ...
Carbon black. ............. As Indlcated

Vulcanization 160° C x 30 minutes
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FIGURE 13—When various quantities of DICUP 40° C are used to vulcanize
an ethylene-propylene copolymer these cross-linking densities result.
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FIGURE 14—Volume swelling ratic in ben-
zene at 25°C for an ethylene-propylene
copolymer cross-linked by DICUP 40° C as
a function of density of cross-linking.
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FIGURE 15—FEffect of sulfur on tensile
strength and modulus of an ethylene-propyl-
ene copolymer vulcanized with peroxides and
sulfur.

chlorine content in the copolymer must be high enough
in order to obtain a complete vulcanization, but it must
not be too high, otherwise it would exert a negative in-
fluence on the dynamic properties of the elastomer,
Table 9 shows the main characteristics of these vul-
" canizates obtained both in the presence and in the absence
of reinforcing fillers (carbon black); it can be observed
that for chlorine contents of about 15-20 percent by
weight, high tensile strengths are obtained also ‘in the
absence of reinforcing fillers. :
Crosslinking of Copeclymers by Organic Per-
oxides. Crosslinking with the aid of organic peroxides
alone has been effected mainly in order to study the
crosslinking yield as a function of the amount of vul-

Temperature °C

FIGURE 16—Typical rebound curve versus temperature of a vulcanized
ethylene-propylene copolymer containing double bonds.

canizing agent employed, the mechanical properties of the
chain of the copolymer, and in order to determine the
parameters of interaction between copolymer and solvent.®

The mechanical properties of these vulcanizates can
reach good values if vulcanization is effected in the
presence of suitable reinforcing fillers,

Figure 13 shows the crosslinking density of an EP co-
polymer vs. the amount of peroxide (DICUP 40° C)
employed for vulcanization, whereas Figure 14 shows the
swelling degree at equilibrium in benzene at 25° C vs.
the crosslinking density.

Vulcanization of Copolymers With Peroxides and
Sulfur. If the copolymer is cured with an organic per-



TABLE 10—Properiies of the copolymers vulcanized in the absence of reinforcing fillers—vulcanization
150° C x 30 min.

PROPERTIES OF RAW POLYMERS ! PROPERTIES OF YVULCANIZATES
Double [ Modulus RESILIENCE
Bonds Mooney Tensile Elongation At 300
Content Intrinsic Viscosity ! Strength At Break Percent Hardness At 20° C At 90° C
Percent Viscosity ML 1+ 4 kg/em? Percent kg/cm? Shore A Percent Percent QOn -
0.65 2.06 70 60 750 10.5 65 76 76 3.68
1.25 1.96 66 21 550 10.0 62 75 74 3.46
145 1.63 .. 24 510 11.8 56 66 72 3.43
1.8 1.74 51 33 465 14.5 64 76 78 3.01
2.2 1.55 22 22 460 12.0 58 69 71 3.57
2.2 1.62 35 34 460 15.2 65 80 82 3.00
2.8 1.80 54 25 325 21.5 68 80 86 2.78
RECIPE zincoxide................... 5 phr sulphur. .. ... o L.l 2 phr
stearicacid.................. 2 phr TMTDS. ..........0.uuiee, 1 phr
antioxidant (FNA)........... lphr MBT..........ciiiiiiiinns 0.5 phr

TABLE 11—Properties of the copolymers vulcanized in the presence of reinforcing fllers—vulcumzahon
150° € x 30 min.

PROPERTIES OF RAW POLYMERS PROPERTIES OF VULCANIZATES
Double Modulus RESILIENCE
v Bonds Mooney Tensile Elongation At 300
Content Intrinsic Viscosity Strength At Break Percent Hardness At 20° C At 90° C
Sample N ~Percent Viscosity ML 1+ 4 kg/cm? Percent kg/cm? Shore A Percent Percent
PN 0.65 2.06 70 175 390 47 82 55 56
2 1.25 1.96 66 240 620 71 86 53 56 -
G e 1.45 1.63 .. 224 530 89 80 45 54
L 1.8 1.74 51 230 430 120 85 54 80
B e 2.2 1.55 22 196 440 121 85 43 53
P 2.2 1.62 35 227 400 154 84 54 60,
B e e e 2.8 1.80 54 191 280 e 90 54 64
RECIPE: zincoxide................... Sphr  sulfur.................... 2 phr
stearic acid.................. 2phr TMTDS................. 1.25 phr
antioxidant (FENA}.......... lphe MBT.................... 0.75 phr
HAF black............... 50 phr N

oxide, in the presence of small amounts of sulfur, a high
crosslinking yield and a remarkable improvement of the
physical properties of the vulcanizates are obtained.?®

Figure 15 shows the effect of sulfur on the main phys-
ical properties of the vulcanizate (165°C X 45 min.)?®
One can observe that the modulus at 300 percent in-
creases rapidly up to a concentration of 0.2 percent of
sulfur; beyond this limit, an increase of sulfur con-
centration causes a marked decrease in the crosslinking
degree.

The vulcanizates obtained with peroxide cure have good
characteristics, even for long vulcanization times or by
performmg the vulcanization at very high temperature.
This is due to the fact that during this cure, reversion
or breakdown reactions do not take place.

Resistance to aging is a characteristic of these vulcani-
zates; also the resistance to ozone is excellent. If we con-
sider the excellent electric properties of the copolymer
and its resistance to degradation agents, we can foresee
that these vulcanizates will acquire a particular impor-
tance in the field of cables.

It is also interesting to mentién here the very high re-
sistance of the copolymers vulcanized in this way to chem-
ical reagents such as concentrated sulfuric acid and nitric
acid.

Sulfur Vulcanization of EP Copolymers Containing
Unsaturations. In order to obtain, through vulcaniza-
tion with the aid of compounds normally used for syn-
thetic rubber of low unsaturation vulcanized products
having good mechanical properties, we have studied the
preparation of copolymers containing double bonds in
their macromolecules. These unsaturations should be
present in such a limited number so as not to reduce the
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very good properties of resistance to aging and to oxida-
tion; on the other hand, it is necessary that these double
bonds are present in all the macromolecules and, further-
more, that they are distributed in a suitable way in each
macromolecule.

By choosing particular catalytic systems and particular
types of monomers, we succeeded in preparing unsatu-
rated sulfur-vulcanizable copolymers of homogeneous
composition.*® These copolymerization products are made
of macromolecules essentially consisting of ethylene and
propylene monomeric units and containing small amounts
of double bonds. Therefore, the physical properties of
these terpolymers are very similar to those of the pure
EP copolymers. The rebound vs. temperature curve of
a vulcanized terpolymer is reported in Figure 16; one can
observe the very high resilience at room temperature and
the rather low. minimum rebound temperature (about
—40° C).

The vulcanization, when using recipes based on sul-
fur and accelerating agents, leads to vulcanized products
having good mechanical properties. Table 10 reports some
characteristics of pure gum vulcanizate obtained from
terpolymers having a different content of double bonds.

Table 11 gives the properties of carbon black reinforced
vulcanizates obtained from the same terpolymers.

As may be seen from the data reported in the two
tables, these products show mechanical and dynamic prop-
erties that are similar to, or even better than those of
SBR rubber, whereas their resistance to aging can be
compared with that of butyl rubber.

The high content of ethylene and propylene indicates
cconomic production of these copolymers; this should
make possible large scale commercial application. ##
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