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ABSTRACT: Samples of virgin and a crosslinked fluorinated rubber, containing different
amounts of carbon black and solvated with methylethyl ketone, have been investigated
by differential scanning calorimetry. Although the polymer—solvent interaction in-
creases with decreasing temperature, a process of solvent separation was observed for
all of the systems. This process can be attributed to a T, regulation effect in which
solvent crystallization occurs only when the crystallization temperature is higher than
the T, of the system. The interaction between rubber and filler, approximately tem-
perature independent, was found to not influence the glass transition of the rubber—
methylethyl ketone systems, even when the carbon black content is on the order of 35
wt %. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 377-384, 1999
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INTRODUCTION

The marked dependence of the glass transition
temperature (7',) on diluent concentration in bi-
nary polymer—diluent mixtures, a well-estab-
lished experimental fact, has been the subject of
several thermodynamic treatments.!™ In this
context, the term polymer has a broad meaning:
the macromolecular structure can be linear,
branched, or crosslinked. The latter structural
variable was considered years ago by ten Brinke
et al.,’ who extended the Couchman thermody-
namic theory® to swollen crosslinked polymers.
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This extension modification of the theory indi-
cates that the initial negative slope (d7,/
dwq),, —o (where T, is the glass transition tem-
perature of the mixture and w,; is the weight
fraction of the solvent) increases in absolute value
with increasing crosslinking degree. Some exper-
imental results have confirmed this behavior.®
The aforementioned findings are relevant
also from an industrial standard. In the auto-
motive industry, for example, crosslinked rub-
ber items like O-rings, gaskets, and fuel hoses
are in contact with gasoline or other liquids,
which results in swelling of the rubber. To avoid
significant dimensional variations, the solvent
take-up usually must be minimized by using
specialty rubbers, such as fluoroelastomers.
The fuel resistance of these materials is quite
good, and their swelling ratio is low, but unfor-
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tunately their T, is often not adequate for low-
temperature applications. For example, for a
random vinylidene-fluoride/hexafluoropropene
(VDF/HFP) copolymer 79/21 mol %, the T, is
approximately —23°C, so the requirement for a
rubber elastic behavior down to low tempera-
tures (typically down to —40°C) is not fulfilled
unless special rubber types are used. However,
Streit,” in his work on the leakage temperature
of fuel injectors, has shown that a very modest
swelling can be beneficial, as it shifts the leak-
age temperature down by some 20°C without
impairing the O-ring performance.

Moreover, industrial rubber items are not only
crosslinked, but are also filled with carbon black,
other inorganic fillers, or a suitable mixture of
both. As shown by Kraus,® the volume fraction of
fillers can affect swelling through an interaction
between polymer and fillers; the stronger the in-
teraction, the higher the constraint against swell-
ing. Consequently, the industrial practice re-
quires knowledge not only of the effect of the
degree of crosslinking on the 7', for the polymer—
diluent system, but also of how this dependence is
changed by filler type and loading.

The purpose of this article is to investigate the
effect of filler concentration on the 7', of a swollen
crosslinked and filled fluoroelastomer rubber. Be-
cause such rubbers are commonly used in the
automotive industry [in the past two of the au-
thors® have determined the glass transition de-
pendence on solvent concentration of a VDF/HFP
uncrosslinked copolymer swollen with methyl-
ethyl ketone (MEK)], it seems worthy to investi-
gate the same system after crosslinking of the
rubber and as a function of the carbon black con-
centration.

The solvent used was MEK, which is a good
solvent for these polymers, so the 7,-MEK con-
centration curve can be obtained over a large
concentration range. The relationship, once deter-
mined, should in principle be easily translated to
other solvents, including the poor ones, for which
the rubber swelling is low. As a matter of fact, the
T, of a binary polymer—solvent mixture is depen-
dent mainly on the T, of the solvent used. Be-
cause the T, of many simple liquids is between
—180 and —140°C*° (T, of MEK is —162°C™), it
is reasonable to apply the T,—w; equation ob-
tained for a good solvent like MEK to a poor
solvent as well (clearly in the composition range
in which the poor solvent and the polymer are

Table I Vulcanization Recipe and Crosslinking
Degree

Formulation (phr)

Ingredient T, T, T,
Tecnoflon 100 100 100
M1* 4 4 4
M2P 1.5 1.5 1.5
MgO 3 3 3
Ca(OH), 6 6 6
MT black 0 30 60
Volume swelling ratio® 5.10 4.10 3.60

2 Commercial Ausimont master containing the crosslink-
ing agent.

> Commercial Ausimont master containing the accelerant.

¢ Defined as the ratio of the volume of the swollen polymer
to the volume of the dry polymer measured at 30°C.

miscible), if its glass transition temperature is
close to that of the model solvent investigated.

EXPERIMENTAL

Materials

The VDEF/HFP copolymer rubber investigated
(Tecnoflon® FKM) and the solvent 2-butanone or
MEK are commercial products supplied by Ausi-
mont S.p.A. (Bollate, Italy) and Carlo Erba (Mi-
lan, Italy), respectively. Molecular weight and
molecular weight distribution were measured by
GPC analysis in tetrahydrofuran at 30°C; a five-
column set (precolumn, 10, 10%, 10°, and 10° A)
was used. The following weight averages were
obtained: M, = 95,300 and M,, = 294,300, the
polydispersity index is M, /M, = 3.1. The limit-
ing viscosity number, measured in 2-butanone at
30°C by a dilution Ubbelohde viscometer, is 90.8
mL g 1.

The fluororubber was crosslinked by conven-
tional ionic vulcanization (bisphenol AF as
crosslinker and a phosphonium salt as accelerant)
and additioned with different amounts of carbon
black MT (Table I). The compounding procedure
was close to that recommended by ASTM D 3182;
milled rubber sheets were crosslinked at 170°C
for 10 min, and the plaques so obtained (13 X 13
X 2 mm) were postcured for 24 h (8 h heating
+ 16 h isotherm) at 250°C.

The crosslinking degree, as measured by equilib-
rium solvent swelling,!'! was obtained in 2-bu-
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Figure 1l Volume swelling ratio @ as a function of the
quantity ¢/(1 — ¢) at 0°C (0), 30°C (A), and 50°C ().

tanone at 30°C, following the ASTM D 471 stan-
dard. Raw data, corrected for the soluble fraction,
are reported in the last row of Table I. For the sake
of comparison, a few mixtures of the uncrosslinked
Tecnoflon® FKM and MEK were also investigated.

Calorimetric Analysis

Calorimetric data on the samples were obtained
by using a Perkin—Elmer DSC 7 differential scan-
ning calorimeter, driven by a Unix computer. A
liquid nitrogen (“cold finger”) subambient appara-
tus was used as cooling accessory to extend the
temperature range down to —180°C. The instru-
ment was calibrated with high-purity standards
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Figure 2 Calorimetric curve of a mixture fluororub-
ber T,—MEK (solvent weight fraction 0.242).

(indium, cyclohexane, n-decane, n-heptane) at
20°C min!. Dry helium was used as a purge gas.
The polymeric mixtures were prepared directly in
aluminum 50 uL capacity pans by adding appro-
priate amounts of MEK to weighted amounts of
polymer (with the total sample mass ranging
from 10 to 20 mg); the pans were then sealed and
weighed. Before performing the measurements,
the polymeric mixtures were left to equilibrate at
least 15 days. Additional equilibration time did
not modify the DSC results. The samples, trans-
ferred in the calorimetric furnace kept at room
temperature, were then rapidly quenched (actual
average cooling rate of —40°C min '), and the
calorimetric curves were recorded in the temper-
ature range from —180 to 30°C, at a scanning rate
of 20°C min !. Excellent reproducibility of the
second and subsequent scans on selected samples
was obtained. No evaporation of solvent was
found after the measurements. The T, was taken
as the fictive temperature; that is, the T, defined
by the intersection of the extrapolated pretransi-
tion and posttransition enthalpy data.'? (Integra-
tion of the calorimetric curves was done with the
Perkin—Elmer software package.) The specific
heat increment Ac, values were calculated from
the calorimetric curves as the distance between
the two extrapolated baselines at the fictive 7.

RESULTS AND DISCUSSION

The fluororubbers investigated in this work were
crosslinked with a standard industrial recipe. The
crosslinking degree obtained in this way can be
considered as medium crosslinking; the M, value
is estimated to be between 10,000 and 15,000.!!
The rubbers contain variable amounts of carbon
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Figure 3 Calorimetric curve of a mixture fluororub-
ber T—MEK (solvent weight fraction 0.605).
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Figure 4 T, of the mixtures as a function of nominal
weight fraction (w;om)) of MEK: uncrosslinked flu-
ororubber (@), sample T, (<), sample T, (A), sample T,
(). The T, of pure MEK is also shown (m).'°

black, and the main scope of the work was to
investigate the possible carbon black influence on
the rubber—solvent interaction.

The latter is known to be temperature depen-
dent, as expected and shown in Figure 1, where
the volume swelling ratio @ (defined as the ratio
of the volume of the swollen polymer to the vol-
ume of the dry polymer) is plotted, following the
Kraus treatment,® versus ¢/(1 — ¢), where ¢ is
the volume fraction of the fillers calculated with
respect to the volume of the dry rubber. In the
present case, not only the carbon black but also
two of the components of the vulcanization recipe,
MgO and Ca(OH),, were considered as fillers in
the calculation of ¢. Because the @ data decrease
rapidly (by as much as 20%) with increasing filler
concentration, filler-rubber interactions are
clearly present. The effect of temperature on
swelling degree is also quite clear, with the mu-
tual solubility of rubber and solvent decreasing on
average by about 8% when the temperature in-
creases from 0 to 50°C. This means that the poly-
mer—solvent interaction is decreasing with in-
creasing temperature; that is, the Flory interaction

parameter x'! is increasing with temperature.
A rough estimate of the change of y with tem-
perature can be obtained by the Flory—Rehner
equation®!

x(T) =ax(T, + 0.5(1 — a) (1)

where T, is a reference temperature and

. (Q(T) )5/3( p(T))< VI(T)) @)
Q(To)) \p(To)/\Vi(Ty)

with V; the molar volume of the solvent and p the
polymer density. Because a value of y = 0.290 was
calculated from the second virial coefficients from
osmometric measurements in MEK at 30°C for
fractions,!® the values x(0°C) = 0.265 and x(50°C)
= 0.307 can be calculated from the @ data.

The trend of y with temperature is also con-
firmed by intrinsic viscosity measurements car-
ried out on the virgin uncrosslinked material at
temperatures between —20 and 56°C. The viscos-
ity number decreases from 102 to 83.5 mL g1,
indicating that coil expansion decreases with in-
creasing temperature.

Moreover, it must be noted that the tempera-
ture influence on @ seemingly is not substantially
affected by changes of the filler concentration, as
indicated by the curves of Figure 1 being clearly
similar in shape. It is tempting to conclude that
the temperature-independent polymer—filler in-
teractions do not influence the temperature-de-
pendent polymer—solvent interaction.

One of the interesting results obtained in this
work is related to the fact that when the T, of the
solvated polymer is higher than the crystalliza-
tion temperature T, of the pure MEK, the only
transition revealed by the DSC measurements is
the T, of the polymer—solvent mixture. On the
other hand, when T, is lower than T',, both the T,
of the system and the separation of part of the
solvent are revealed by DSC. A melting peak is in
fact found in the heating scan, at a temperature
higher than the 7',, and the peak corresponds to
the fusion of pure MEK (T,, = —86.5°C). Figure
2 shows an example of this behavior, which is
common to all formulations.

As expected, the amount of solvent that sepa-
rates from the solvated polymer in the cooling pro-
cess is a function of both the initial solvent concen-
tration and the cooling rate. Some experiments car-
ried out at different cooling rates have shown that
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Figure 5 Weight fraction of the free separated MEK (w..,,,) versus the nominal
weight fraction (w;,om)) (a) and corrected weight fraction of the free separated MEK
(W1 (sep,corry) Versus the corrected weight fraction (w(corr) (b) (see text); symbols are as

in Figure 4.

the amount of MEK separated in the cooling step is
inversely proportional to the cooling speed.

In many cases, however—particularly when
samples of high MEK concentration are investi-
gated—a broad crystallization minimum is
present in the heating scan that follows a quick
cooling, as shown in Figure 3. The sum of the area
of the crystallization exotherm in the cooling pro-
cess and of the area of the crystallization occuring
during the heating step is equal (within experi-
mental error) to the melting endotherm area,
demonstrating that the two processes must be
considered real crystallizations. Figure 3 shows
that the fusion of the separate MEK can be char-
acterized by a double melting peak, a feature
observed only when the cold crystallization phe-
nomenon is present in the heating stage. The
narrower peak, centered at —86.5°C, (and thus
identical to that of pure MEK) must be attributed
to the solvent separated in the cooling step,
whereas the broad melting peak centered at
about —91°C appears to be typical of the small
MEK crystallites that are separating from the
polymer—solvent system in the cold crystalliza-
tion process that occurs between —120 and

—95°C. As a matter of fact, the areas of the two
peaks of cold crystallization and melting at
—91°C are the same, within experimental error.

The effect of crystal size on the melting point
depression of liquids separated from crosslinked
polymers was first reported long ago for polysty-
rene swollen in several solvents and for rubber
swollen in benzene.'* Recently, similar results
have been reported for the system poly(vinyl al-
cohol)-water!® and polyacrylamide—water.617

Because, as pointed out previously, the poly-
mer—solvent interaction increases with decreas-
ing temperature, the observed solvent separation
must be attributed to a T, regulation effect.'®"’
Thus segregation of the solvent can occur only
when its crystallization temperature is higher
than the T, of the system.

The T,-composition curves for the four series of
samples of different composition are plotted in
Figure 4 against the nominal diluent weight frac-
tion Winem) Where wiom) is defined as the
weight fraction of the total MEK, unseparated
and separated. It is possible to calculate the real
solvent concentration at the T, of the mixture by
subtracting from the total the amount of free
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Figure 6 T, of the mixtures as a function of solvent
weight fraction (w,); symbols are as in Figure 4.

MEK obtained from the DSC fusion peak area.
For samples in which the cold crystallization phe-
nomenon occurs, the area of the crystallization
peak is subtracted from the total melting area,
keeping in mind that this separation take places
above T',. A plot of the weight fraction of the free
solvent separated in the cooling step wi(gep)
against wq(,om) 18 shown in Figure 5(a). It seems
that when w;,om) exceeds 0.4, the free solvent
amount increases rapidly for the crosslinked rub-
ber—-MEK systems. Moreover, the quantity of sol-
vent that separates in the crosslinked mixtures is
higher than that of the uncrosslinked system. In
the former case the added fillers could act as
nucleating agents, favoring the MEK crystalliza-
tion process.

Because the real concentration of the solvent at
T, is known, it is possible to plot T, as a function
of the real w,, as shown in Figure 6. It is worth
noting that for crosslinked samples, the T, tends
to level out at an approximately constant value.
As far as MEK crystallization is concerned, it has
been observed that supercooling effects play a
considerable role, owing to the marked difference
between the melting point and the crystallization

temperature (which ranges from —100 to —120°C,
depending on the cooling rate). It appears from
Figure 6 that an increase in carbon black content
brings about, at constant w,, a lower T',. If, how-
ever, a new weight fraction of the solvent w .o
is used by taking into account only the unsepa-
rated solvent amount and the rubber (plus the
crosslinking agent and the accelerant) and by ex-
cluding the fillers [carbon black, MgO, and
Ca(OH),], then the data for all four series fall on
the same curve, as shown in Figure 7. Moreover,
in Figure 5(b), in which w1 (sep corr) 1S Plotted as a
function of w (.., the three curves concerning
the crosslinked FKM-MEK systems approach
each others and tend to overlap.

CONCLUSIONS

Despite the interaction between rubber and filler,
the latter does not influence the 7, of the rubber—
MEK system, even though the content of carbon
black can be as high as 35 wt %. The composition

T, (°C)

W1 (corr)

Figure 7 T, of the mixtures as a function of solvent
correct weight fraction (w; o.)); Symbols are as in Fig-
ure 4. The solid line corresponds to the T, curve calcu-
lated according to eq. (3).
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Figure 8 Specific heat increment Ac, as a function of w, (a) and specific heat
increment Ac,,(corr) @s a function of w ;0. (b) (see text): uncrosslinked fluororubber (@),
sample T, (), sample T, (A), sample Ty, (). The Ac,, of pure MEK is also shown (m ).18

dependence of the T, in binary polymeric systems is
analyzed using the entropic Couchman equation®*

7= wiAc, Ty + woAc,o Ty
£ wiAc,; + wylcyy + (Ash, — Asé)

3

where w; is the weight fraction of component i,
T, is its glass transition temperature and Ac,; its
specific heat increment at 7',;, and As! and AsE,
are the entropies of mixing in the liquid state and
the glassy state, respectively. As noted previously,*
the difference (As’, — As#,) can be considered as
an adjustable parameter that indicates the
strength and the type of interactions between the
mixture components. According to the Wunder-
lich rule,'® Ac,; was estimated to be approxi-
mately 0.64 J g1 K 1. The curve calculated from
eq. (3) by taking Ty, = 111 K,"° T,, = 257 K, and
Ac,, = 0.20 J g ' K and by assuming (Asl,
— As?) = 0, is shown in Figure 7. The excellent
agreement between calculated and experimental
T, data up to w1 (corr) = 0.5 seems to indicate that
strong and specific interactions are absent in the
polymer—diluent system under investigation. The
departure from a monotonic decrease shown by

the experimental 7, data in the range 0.5
< Wieory < 1.0 is a feature common to other
plasticized polymer systems, as previously re-
ported* and discussed.

Of some interest are the curves of Figure 8, in
which the specific heat increments at the T, are
plotted against both w, and w; ., The values
Ac,, and Ac,,(corr) are different because they have
been calculated in different ways: Ac,, refers to
the system comprising unseparated solvent and
rubber (plus crosslinking agent, accelerant, and
fillers), whereas Ac,, ) does not take the fillers
into account. Although the Ac, data are more
scattered than the relative 7', data, it is clear that
the fillers do not affect the T, and the specific heat
increment of the FKM-MEK systems.

Dr. A. Minutillo is gratefully acknowledged for preparing
the compounds and Dr. P. Dardani for measuring swell-
ing ratio and intrinsic viscosity. Ausimont S.p.A. is also
acknowledged for the permission to publish this article.

REFERENCES

1. Di Marzio, E. A.; Gibbs, J. H. J Polym Sci Part A:
Polym Chem 1963, 1, 1417.



384

10.

. Streit,

RIGHETTI ET AL.

. Braun, G.; Kovacs, A. J. in Physics of Non-Crystal-

line Solids; Prins, J. A. Ed.; North-Holland: Am-
sterdam, 1965; p. 303.

. Couchman, P. R. Macromolecules 1987, 20, 1712.
. Righetti, M. C.; Ajroldi, G.; Marchionni, G.; Pezzin,

G. Polymer 1993, 34, 4307.

. Brekner, M.-J.; Scheider, H. A.; Cantow, H.-J. Poly-

mer 1988, 29, 78.

. ten Brinke, G.; Karasz, F. E.; Ellis, T. S. Macromol-

ecules 1983, 16, 244.
G.; Aschenbach, M. Kautsch Gummi
Kunstst 1993, 46, 812.

. Kraus, G. J Appl Polym Sci 1963, 7, 861.
. Serbenski, F.; Pezzin, G.; Ajroldi, G. Polym Eng Sci

1989, 6, 366.
Lesikar, A. V. J Chem Phys 1977, 66, 4263.

11.

12.

13.

14.

15.

16.

17.

18.

Flory, P. J. Principles of Polymer Chemistry; Cor-
nell University Press: New York, 1953.
Richardson, M. J. in Comprehensive Polymer Sci-
ence, Vol. 2; Allen, G.; Bevington, J. C. Eds.; Per-
gamon Press: Oxford, U.K., 1989.

Unpublished data, by courtesy of AUSIMONT.
Kanig, G.; Karge, H. J Colloid Interface Sci 1966,
21, 649.

Rault, J.; Gref, R.; Ping, Z. H.; Nguyen, Q. T.; Néel,
dJ. Polymer 1995, 36, 1655.

Rault, J.; Ping, Z. H.; Nguyen, T. J Non-Crystal
Solids 1994, 172, 733.

Ponomariova, T.; Melnichenko, Yu.; Albouy, P. A.;
Rault, J. Polymer 1997, 38, 3561.

Cheng, S. Z. D.; Wunderlich, B. J Polym Sci Part B:
Polym Phys 1986, 24, 1755.



