Thickening Reaction of Unsaturated Polyester Resins with
Inorganic Oxides and the Rubber Elasticity Theory

Sheet molding compounds are increasingly becoming an important class of materials for many
technological applications. These materials are expected to grow in the next decade because of the
good physical and mechanical properties obtained with these materials, at relatively low cost. For
instance, one of the current applications of SMC materials is in automobile body panels where a
very good surface quality is a primary goal.l:2

A great portion of the SMC materials are based on unsaturated polyester resins. These resins,
when combined with fillers and glass fibers, result in composite materials that offer combinations
of properties not found in other materials such as high strength, dimensional stability with low
weight and thickness, corrosion and chemical resistance, and very good surface quality.

One of the keys for the success of the SMC materials has been the fact that unsaturated
polyester resins can be thickened with inorganic oxides and hydroxides to yield a tack-free sheet
stiff enough to permit easy handling. These inorganic materials belong to the group IIA metal
oxides or hydroxides: MgO, Mg(OH),, Ca0, Ca(OH),, and ZnO, the most commonly used.> Small
concentrations of these inorganic oxides are usually enough to achieve high viscosities (10° p)
being the ratio of 1 mol of inorganic salt to 1 mol of undiluted prepolymer, the most commonly
used.

Unsaturated polyester resins are manufactured by several techniques.>* Among them, the
two-stage fusion reaction is found to produce polyester resins with a more reproducible thickening
reaction. In a two-stage reaction the glycol and the saturated carboxylic acid are heated to 190°C
until a low acid value is reached. Then the unsaturated anhydride or carboxylic acid is added.
Figure 1 shows an example of a two-stage reaction between an isophthalic acid and propylene
glycol, followed by the addition of maleic anhydride. The termination groups in the polymer may
be one acidic group in each end, one acidic and one alcohol group, or two alcohol functionalities in
the ends of the polymer chain. The nature of the functional group in the terminal points of the
polyester chains is very critical to the thickening reaction with inorganic salts. In this regard,
Burns et al.> have shown that in a series of unsaturated polyester resins prepolymers with
terminal acidic groups at the two ends of the chain have shown higher viscosities with magnesium
oxide than prepolymers with alcohol functionalities. Additionally, the unsaturated polyester
prepolymer is usually diluted with a vinyl monomer, most commonly styrene, that acts as a
crosslinkage agent and lowers the viscosity of the prepolymer.

The thickening reaction between an unsaturated polyester resin and magnesium oxide has been
discussed by several investigators.®~® Two theories have been proposed: the first one postulating
a two-stage reaction®~® and the second one postulating the formation of chain extension and
chain entanglement.>? In the two-stage reaction, it is proposed that a high molecular weight salt
is formed by the reaction between magnesium oxide and the carboxylic acid groups on a polyester
chain followed by the formation of a complex between the salt and carboxyl groups of the ester
linkages (Fig. 2). In the chain extension/chain entanglement theory, it is postulated that the
dicarboxylic acid groups on a polyester chain react with magnesium oxide (MgQ) yielding very
high molecular weight species (via condensation polymerization) and thus giving rise to a large
increase in viscosity (Fig. 3).

Recently, Rao and Ghandhi'® proposed that the thickening reaction is due to the formation of
the ionic sites with close resemblance to other polymers containing metal ions or ionomers.
Through a slow diffusion process, the metal ions aggregate to form domains that are intercon-
nected by hydrocarbon chains. Since the molecules are held by ionic forces to the domains, the
latter act like a strong entanglement point.

After the thickening reaction takes place to achieve the desired viscosity, the unsaturated sites
of the polyester resin are then reacted with the styrene monomer (crosslinkage agent) via free
radical polymerization to form a dense network structure.
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Fig. 1. Hlustration of a two stages synthesis of an unsaturated polyester resin.
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Fig. 2. Illustration of the magnesium complex.

In this note, the theoretical description of a rigid polyester resin is presented, taking into
consideration the existence of both ionic and covalent crosslinks in the final rigid network. The
analysis is based on the rubber elasticity theory for soft networks which is here extended to rigid
unsaturated polyester resins.
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Fig. 3. Illustration of linear molecular weight species formed from terminal carboxyl groups in
the unsaturated polyester chain and the inorganic oxide (MgO).

THEORETICAL DESCRIPTION OF A RIGID
POLYESTER NETWORK

Unsaturated polyester resins, when cured, usually form rigid networks with glass transition
temperatures well above room temperature. This is the opposite of rubber networks which usually
show a glass transition temperature well below room temperature, resulting in a relatively flexible
network. Thus, the main fundamental thermodynamic difference between these two systems
would be in the entropic nature of the network where the rigid network should be less
thermodynamically entropic.

In rubber elasticity the quantitative relation between chain extension and entropy reduction
have been clarified by the research of Guth and James,*"'% Treloar,'®!?7 Wall,'® and Flory.!%%°
The idea developed was that the retractive forces of an elastomer arise through the reduction of
entropy rather than through the changes in enthalpy. From the rubber elasticity theory, the
equation of state for a macroscopic network can be written as?

aF RT?}’ 1
o—(aa)T,v—n 702<a—ﬂ2) o

where RT is the ideal gas constant times the absolute temperature. 7 refers to the mean square
end to end distance of the chain in the network and 7Z to the mean square end to end distance of
the isolated chain. « is the extension ratio. The quantity 72/#Z is known as the “front factor,”
usually taken as the unity. The quantity n represents the number of active network chain
segments per unit volume. For crosslinks formed from covalent bonds

S

where M, is the molecular weight between crosslinks and M is the molecular weight of the
repeating unit and p is the density.

For a rigid unsaturated polyester network, eq. (1) has to be modified to include the possible
semi-ionic weak crosslinks and the physical crosslinks which are permanent loops and entangle-
ments existing in the network structure. Therefore,

n=n+n;+n, (3)

where 7, n;, and n, are the concentration of chains bound by covalent bonds, ionic interactions,
and physical crosslinks, respectively. Then,
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which for small strains 2a? + 1/a = 3 and for a = 1. Then,
72

=321 2M, + RT-.
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and, assuming 72/7¢ = 1, then

E=3| 2 (- 2 T
= E( - M)+n,~+np R (5)

Equation (5) indicates that, in addition to the covalent crosslinks, the semi-ionic and the physical
crosslinks should increase the stiffness of a rigid, unsaturated polyester resin.

Ion-containing polymers, more specifically thermoplastic ionomers, have been studied substan-
tially.22 Many studies have suggested that in ionomers the ions are associated in small domains
where the size of the grains are about 50-60 A2 Within the ionic domains, the ionic forces,
unlike the covalent bonds found in chemical crosslinking, are diffused randomly and act at greater
distances because they decay as the square of the distance.

A theoretical treatment of the problem of ion association and clustering in polymers has been
made by Eisenberg.2* Making various assumptions, the electrostatic energy released on the
cluster formation was balanced against the net elastic energy necessary to stretch and contract
the hydrocarbon chains between ions. The temperature at which these energies balanced, 7, was
identified with the temperature of transition in ionomers, about 50°C.2> We have assumed that
the clustering in ionomers is similar to the ionic interaction in a thickened, unsaturated polyester
resin. Thus, from the Eisenberg theory,?* n; can be approximately defined by the equation
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where N,y is the Avogadros number, M_; is the molecular weight of the repeating unit,  is the
length of a C—C bond, ¢ is the dielectric constant, A is a function of the cluster geometry, n, is
the number of ions pairs in the multiple, 7, is the cluster decomposition temperature, e is the
electron charge, and r is the distance between centers of charge.

Therefore, the theoretical description for a rigid network obtained from a thickened, un-
saturated polyester resin followed by the crosslinking reaction with styrene monomer through
free radical polymerization can be obtained from egs. (5) and (6).

The above theoretical description for a rigid network would require experimental testing to
confirm its validity. Figure 4 shows a representation of the covalent and ionic crosslinks in the
polyester network. One of the issues that remains to be solved is the effect that the inorganic
oxides may have on the physical and mechanical properties of a rigid unsaturated polyester
network.

The rise in the glass transition of a polymer due to crosslinks has been studied by several
authors. Gibss and DiMarzio®® described a theory to account for the increase in the glass
transition with crosslinks. Crosslinking decreases the configurational entropy and, therefore,
raises the glass temperature. Gibbs and DiMarzio found that the increase in glass transition with
crosslinks density follows the equation

0
T, - T, BX

4 =
T, 1- BX ™

where T, is the glass transition temperature of the crosslinked polymer, Tg° is the glass
temperature of the uncrosslinked material, X is the crosslink density, and B is a constant
independent of the material.

For our case, eq. (7) takes the form
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Fig. 4. Representation of a rigid polyester network showing ionic and covalent crosslinks.

to account for the covalent crosslink density X, and the ionic crosslink density X;. As for
ionomers, it is expected that the introduction of semi-ionic crosslinks would raise the glass
transition temperature of the polyester network.?’

Thus, mechanical characterization and glass transition determination are recommended in
order to understand how the ionic crosslinks change the physical properties of the rigid network.
Analytical techniques such as infrared spectroscopy, proton and carbon-13 NMR are also
suggested to identify the possible mechanism that control the thickening reaction of an un-
saturated polyester resin with inorganic oxides.

To conclude, a theoretical model based on the rubber elasticity theory is proposed to describe a
rigid unsaturated polyester network where ionic and covalent crosslinks are present. Some
experimental work is required and is proposed to confirm the validity of the model.

References

1. G. A. Landsettle and J. C. Jensen, 41st Annual Conference SPI, 18-B, 1986.

2. C. Fintelmann, Q. Zaske, and A. H. Horner, Polym. Plast. Technol. Eng, 17(2), 225 (1981).
3. R. Burns, Polyester Molding Compounds, Dekker, New York, 1982.

4. P. F. Bruins, Ed., Unsaturated Polyester Technology, Gordon and Breach, New York, 1986.
5. R. Burns, K. 8. Gandhi, A. G. Hankin, and B. M. Lynsky, Plast. Polym., 43, 228 (1975).
6. F. B. Alve, J. Polym. Sci., A-1, 9, 2233 (1971).
7. V. 1. Szmercsanyi, Kunsto/fe Bel., 58, 907 (1986).



886

8
9.

JOURNAL OF APPLIED POLYMER SCIENCE, VOL. 34 (1987)

V. L. Szmercsanyi, Kunststoffe Bel. 60, 1066 (1970).
M. Gruskiewicz and J. Collister, Proc. Annu. Conf.-Reinf. Plast./Comp. Inst. Soc. Plast.

Ind., 35, 7-E (1980).

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

K. B. Rao and K. S. Gandhi, J. Polym. Sci., Polym. Chem. Ed., 23, 2135 (1985).
E. Guth and H. M. James, Ind. Eng. Chem., 33, 624 (1941).

E. Guth and H. M. James, J. Chem. Phys., 11, 455 (1943).

H. M. James, J. Chem. Phys., 15, 651, (1947).

H. M. James and E. M. Guth, J. Polym. Sci., 4, 153 (1949).

H. M. James and E. Guth, /. Chem. Phys., 15, 669 (1947).

L. R. Treloar, Trans. Faraday Soc., 39, 36 (1943).

L. R. G. Treloar, The Physics of Rubber Elasticity, Clarendon, Oxford, 1975.

F. T. Wall, J. Chem. Phys., 11, 527, (1943).

P. J. Flory, Trans. Faraday Soc. 57, 829 (1961).

P. J. Flory, Principles of Polymer Chemistry, Cornell Univ. Press, Ithaca, NY, 1953.
L. Holliday, Ed., Ionic Polymers, Applied Science, Essex, U. K. 1975.

A. Eisenberg and M. King, Iorn-Containing Polymers: Physical Properties and Structure,

Academic, New York, 1977.

23.

W. J. MacKnight, W. P. Taggart, and R. S. Stein, J. Polym. Sci., Symp. 45, 113-128

(1974).

24.
25.
26.
27.

A. Eisenberg, Macromolecules, 3, 147 (1970).

W. J. MacKnight, L. W. McKenna, and B. E. Read, J. Appl. Phys., 38, 4208 (1967).
J. H. Gibbs and E. A. DiMarzio, J. Chem. Phys., 28, 373 (1958).

W. E. Fitzgerald and L. E. Nielsen, Proc. Roy. Soc., A282, 137 (1964).

E. L. RODRIGUEZ

Owens-Corning Fiberglas Corporation
Technical Center
Granville, Ohio 43023

Current address:

B.F. Goodrich Chemical Group
Avon Lake Technical Center
P.O. Box 122

Avon Lake, Ohio 44012

Received September 29, 1986
Accepted January 13, 1987





