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PREFACE

For many years we have been assembling data on polyesters. This
task seems nearly endless. Several times when we thought the data were
up to date and suitable for presentation in book form, some new advances
in the art made it necessary to rewrite the manuscript completely. When
this rewriting was completed, there were new advances which required
still further work.

In order to terminate this potentially endless process of improvement,
we decided to print the data as available June 1, 1954, (Some pertinent
references published after this date are listed at the end of the
bibliography.)

It is the intention of the authors to publish supplements to this book
periodically. We will therefore greatly appreciate any comments and par-
ticularly suggestions for improvements or extensions of the present
material.

We have to the best of our ability followed and reported on the best
practice available today from published sources. Beyond this we can
accept no responsibility.

Bjorksten Research Laboratories, Inc.
Madison, Wis.
March 1, 1956
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THEORETICAL CONSIDERATIONS

A detailed exposition of the theory of high polymers (1203) is beyond
the scope of this book. In this chapter the concepts necessary for an
understanding of high polymers are presented briefly. The thermoplastic
and thermosetting characteristics of resins are interpreted on the basis
of the functionality theory. The reactions leading to the formation of
high polymers and the mechanisms of these reactions are described. De-
gree of polymerization, average molecular weight, and methods for de-
termination of these values are discussed.

Polyesters, both saturated and unsaturated, are discussed extensively
in a separate section. The fiber-forming characteristics of the linear

polyesters and cross-linking reactions of the unsaturated polyesters are
described.

GENERAL CONCEPTS
Functionality Theory

High polymers are formed by continuous reaction of simple molecules.
The molecules that can partake in the reactions leading to the formation
of high polymers must possess certain characteristics. R. H. Kienle,
whose work on alkyds contributed greatly to an understanding of the for-
mation of high polymers, proposed the functionality theory (1176, 1177).
According to this theory only molecules which contain at least two active
centers (two reactive groups) can react to form a polymer. Thus, a mono-
hydroxy alcohol may react with a monocarboxylic acid to form an ester,
but no polymeric molecule will be produced by such a reaction. A di-
basic acid, however, may react with a dihydroxy alcohol to form a macro-
molecule of a polyester:

HOC —(CH,),—COH + HO—(CH,),, —OH —

]

HOC—(CH,),.—CO—(C}{,)m—ol:—(cuz)n_!(ljo oo+ HO

This type of reaction Kienle called a 2: 2 polymerization, thus indicating
that each of the monomeric molecules partaking in the reaction has a
functionality of 2.

1
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2 THEORETICAL CONSIDERATIONS

However, not all the bifunctional molecules will form polymers (1136).
Stereochemical factors, such as the shielding of functional groups by
other groups, are important. If in a 2:2 reaction it is possible for the
two reactants to form a six-membered ring by intraesterification, in gen-
eral almost no polymer will form. Polymerization in solution, particularly
in dilute solution, will also favor ring formation (1136). The solvent
molecules separate the reactant molecules, so that the chance of the
ends of the same molecules coming together is greater than that of their
contacting other molecules.

Addition Polymerization

W. H. Carothers’ work, which eventually led to the discovery of nylon,
also contributed to our understanding of the high polymers (1208, 1212).
Carothers proposed a division of the high polymers according to the
mechanism of reaction by which they are formed. Some monomers poly-
merize by addition- through their unsaturated bonds, and the process is
called A-polymerization or addition polymerization. The polyvinyls, the
polymethacrylates, and the polystyrenes are representative of polymers
formed by this type of polymerization. For example, a molecule of styrene

( @CH—‘=CH,) contains a vinyl double bond. Polystyrene is formed

by styrene molecules adding on to each other at their double bonds, and
thus it contains no unsaturation:

—CH—CH, —-CH——CH,—fH—CH, —fﬂ—cu, —

Free Radical Mechanism. The addition polymerization reaction has
been the subject of much study (1119, 1122, 1128, 1140, 1196, 1197, 1198,
1213, 1214). It is now known that addition polymerization proceeds by a
free radical mechanism (1119).

Free radicals can be produced by the decomposition of labile mole-
cules by heat, light, or fast nuclear particles or formed in the course of a
chemical reaction. Benzoyl peroxide is an example of a compound that
decomposes to give free radicals:

I ]

(1) C,H,—C—0—0—C—CH,; = 2C,H,—C—O.

i i

(1a) CgHy—C—0—0—C—C,H; — 2C,H, - + 2CO,

Gouogle



THEORETICAL CONSIDERATIONS 3

Free radicals, as produced in reactions 1 and la, attack the double bond
of a monomer and add on to it:

0
@) C{;—C—O0+ + H,C=CHX — C,H,—C—0—CH, —CHX -

The dimer formed remains activated, attacks another double bond, and a
chain macromolecule grows.

The chain formation is terminated when the molecule is inactivated.
The inactivation occurs, according to some authorities, only when there
is a collision between two activated molecules (1223):

(3) CgHy—C—O0—CH,+++ CHX+ + C;H;—C —O0—CH,-+-CHX* —

C,H, —C—0—CH, —CHX" ++ CHX—CH, — 0—C —C,H,

Others say that the chains are terminated when an activated molecule
collides with another activated molecule, an unactivated monomer mole-
cule, or a molecule of solvent (1223).

The rate of formation of the chain molecule is very rapid. The con-
centration of the monomer may still be fairly large when a number of long
chains are present. There are some indications that the gel points of the
polymers depend on the rate of diffusion of the polymer molecules, as
well as on the rate of the polymer chain growth (1249). Any effect of dif-
fusion rate on gel points may be questioned, however, in view of the fact
that the reaction rate does not show any dependence on viscosity, but
the diffusion rate does (1149).

Catalysts. Substances promoting the formation of free radicals are
commonly used during addition polymerization reactions. They are called
“catalysts’’ by the trade, though because they take part in the reaction
.and appear chemically combined with the resulting polymers they are not
“catalysts’’ as the chemist usually understands this term. The Commis-
sion on Nomenclature of the International Union of Pure and Applied
Chemistry (IUPAC) proposed that these substances be called *‘initiators’’
inasmuch as they initiate addition polymerization (1116).

Benzoyl peroxide is a popular polymerization ‘‘catalyst.”” A descrip-
tion of how this compound breaks down to give free radicals which initi-
ate addition polymerization is given on page 2. More detailed information
on the effects of various ‘“‘catalysts’’ on addition polymerization is given
in the chapter on catalysis and inhibition (p. 46).

Gouogle



4 THEORETICAL CONSIDERATIONS

Condensation Polymerization

Some monomers polymerize with elimination of water. They are said
by Carothers to partake in a C-polymerization or polycondensation. The
phenolics, polyamides, and polyesters are examples of the products of
this type of polymerization.

In the synthesis of nylon, a dicarboxylic acid condenses with a diamine
in a typical 2:2 polycondensation, giving a long, chainlike polyamide.
Water is formed as a by-product.

]

HOC — (CH,), —COH + H,N—(CH,),, —NH, —

]

HOC — (CH, ), —CNH— (CH,),, —NHC—(CH,),,—ENH' -+ + H,0

The mechanism of the polycondensation reaction is similar to that of
any normal condensation reaction (1144). Unlike the addition polymeriza-
tion, the polycondensation reaction proceeds in a steplike fashion. At
any state of the reaction most of the material reaches the same level of
polymerization before further polymerization occurs. For example, most
of the monomeric substances present change to dimer form before higher
polymers are formed to any great extent. Thus, the polymer is formed
gradually.

Since this reaction is by-product forming and reversible, its progress
is greatly affected by the rate of removal of the by-product (1225).

Catalysts are sometimes used in this reaction. The esterification
catalysts are discussed in the chapter on catalysis and inhibition (p. 46).

Thermoplastic High Pol ymers

The 2:2 type of polymerization results in a long chainlike molecule.
These molecules form the so-called linear polymers, which are essen-
tially thermoplastic, that is, are capable of indefinite, inelastic deforma-
tion at elevated temperatures.

Enough energy is usually supplied by heating thermoplastic material
to counteract the effect of intermolecular forces and to permit the mole-
cules to slip past each other. The intermolecular forces vary for chemi-
cally different polymers, however. They are stronger, for example, for
highly polar molecules, such as polystyrene, where they are augmented
by electrical forces, than for those with no polarity, such as butadiene-
styrene synthetic rubber. The sterical structure of the molecules also
affects the intermolecular forces; a more symmetrical and ordered ar-
rangement results in partial crystallinity and greater strength.

Google



THEORETICAL CONSIDERATIONS 5

Thermosetting High Polymers

High polymers produced by reaction between compounds whose func-
tionality is greater than 2 are not thermoplastic (1151). If at least one of
the monomers partaking in the reaction has an active functionality of 3 or
higher, a space network (or three-dimensional) type of high polymer may
result. In a completely cured polymer of this type, the whole structure
is, in effect, one enormous molecule in which each carbon atom is bound
to any other carbon atom by primary valence bonds.! The phthalic anhy-
dride-glycerol polycondensation is an example of a 2:3 reaction result-
ing in such a polymer:

O+ oo
1:1-1,0}1 |? fo
C HOCH,CHCH, 0CO
fHOH + _0 —
co
OOCH,CHCH,O- -
(0]
CO- -
phthalic
glycerol anhydride glyceryl phthalate

A compound with such a structure has little flexibility and is thermo-
setting, that is, once cured it cannot be softened by heating and reformed.
Even at high temperatures the cured plastic is incapable of much defor-
mation and is infusible and insoluble.

Various phases of reaction are possible. The phenolics, for example,
pass through three stages during polymerization. Stage A represents the
monomeric stage; stage B, the partially polymerized but not completely
cured (thermosetting) stage; and stage C, the completely cured (thermo-

IH. P. Staudinger, who first championed the theory that high polymers are

single molecules in which the atoms are connected with primary valence bonds,
was given the Nobel Prize for Chemistry in 1953 in recognition of his work.

Gouogle



6 THEORETICAL CONSIDERATIONS

set) stage. In fabrication of the phenolic plastics, the manufacturer
makes the resin and polymerizes it to stage B, when it may be formed
into pellets, etc. The molder then forms the resin into the final desired
shape and cures it to the C stage.

Degree of Pol ymerization

Both the degree of polymerization (average number of base units per
molecule, e.g., number of styrene units in a molecule of polystyrene) and
the degree of polymerization distribution (relative amounts of low- and
high-molecular-weight macromolecules) greatly affect the properties of a
plastic material.

A minimum degree of polymerization (DP), ranging from 40 to 80, is
necessary to obtain mechanical strength (1204). The mechanical strength?
rises with the DP until the latter reaches about 250. Then the propor-
tionality is less direct, but the strength still rises with the DP up to a
DP of about 600. Above this value the mechanical strength has little
relation to the DP.

The degree of polymerization is important for flexural or bending
strength. J. J. Lamb et al. performed a series of tests on the flexural
strength of glass fabric reinforced unsaturated polyester laminates and
found that it changed as the temperature was raised from — 70° to + 200°F.
(1194). The authors emphasize that the change may have been a function
of further cure.

The mechanical strength of a plastic depends not only on the average
molecular weight of the macromolecules it contains, but on the range of
distribution of high- and low-molecular-weight macromolecules in it.
Thus, the DP distribution is important for plastics since they are codis-
persed systems in which macromolecules of different molecular weights
are dispersed in each other (1118). For example, a resin in which one-
half of the macromolecules have a molecular weight of 200,000 and the
other half a molecular weight of 100 would be vastly different in prop-
erties from a resin in which all the macromolecules have a molecular
weight of 100,000,

Solubility characteristics are also affected by the DP distribution.
Some solvents will dissolve only compounds of a low degree of polymeri-
zation; but they may attack a plastic that contains some low polymeriza-
tion products. The resulting mixture of solvent with the low polymeriza-
tion products is a better solvent for the higher polymerization products,
and thus solvation of the plastic may occur by a stepwise process.

Although these are extreme examples, uniformity of molecular weight is
generally preferable. In addition, the higher the average molecular weight,

3See the chapter on testing for mechanical strength tests (p. 233).
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THEORETICAL CONSIDERATIONS 7

the better generally speaking will be the toughness and strength of the
resin, but the lower will be its solubility.

Determination of Molecular Weight

The determination of the molecular weight of high polymers is important
not only from the theoretical point of view but also for practical applica-
tions in the manufacture of resins (p. 44).

The principal methods for the determination of molecular weight are
based on the following definitions (1207):

(1) The number average molecular weight, M,,, defined as

" 3N,
where M; is the molecular weight of particles of chain length i, and N, is
the number of particles of chain lengthi.

(2) The weight average molecular weight, M, defined as

— ZMAN
W - £y
IMN,

(3) The sedimentation average molecular weight (or z average molecu-
lar weight), M, , defined as
— 3IMAN
o 19

‘ SMjN,

If a resin were composed of macromolecules of identical molecular
weight, all of the preceding formulas would give the same results. For
example, assume a sample of resin composed of 50 molecules, each hav-
ing a molecular weight of 10,000; then

M, = 10,000 x SO = 10,000
50
— 10,0002 x 50
@ M = 70,000 x 50 = 10000
— 10,000 x 50
3) M, = 10,0007 x 50 - 10,000

However, no one has been able, as yet, to prepare a highly polymeric
resin composed of molecules of identical weight. Resins are actually
composed of mixtures of macromolecules whose molecular weights vary
over a wide range. For this reason the various methods of determining
average molecular weight give results that differ considerably.

Gouogle



8 THEORETICAL CONSIDERATIONS

We can assume, for the sake of simplicity, that a given sample of resin
contains 50 molecules of only three different molecular weights:

N,” = 15 molecules of molecular weight ,” = 15,000
N;”” = 30 molecules of molecular weight M;”” = 10,000
N,’” = 5 molecules of molecular weight M,””* = 7,500

(1) The number average molecular weight will be

ﬁ“ EM,N' MIN’I + M‘I'N"r + M‘IIIN"PI

n = EN‘ - N‘l + N!ll + N"” -
(15,000 x 15) + (10,000 x 30) + (7,500 x 5) 11.240
15+ 30+ 5 s

(2) The weight average molecular weight will be:
R ZM'IN' [(M, ')2N' I] + [Q”] ")'N, rr] + [w‘ ttt)zNi lll]

leN’ - (M"N") + W'”N'") + W[”’NI”’)
(15,000% x 15) + (10,000% x 30) + (7,500 x 5)

w =

(15,000 x 15) + (10,000 x 30) + (7,500 x 5) =~ 184
(3) The sedimentation average molecular weight will be:
b,__ mlN‘ ~ [W)’)'Ni’] + [w'fl)]leI] + [wlltl)‘Nlltl]
L] ZM‘Nj [w'l)zNir] + [Wil’)leIl] + [(M l)l)leflI]
s 3 3
(15,000® x 15) + (10,000° x 30) + (7,500* x 5) - 12,429

(15,000% x 15) + (10,000% x 30) + (7,500% x 5)

The example was chosen so that the weight average molecular weight
was larger than the number average molecular weight, as is usually the
case. In actual experience, the difference in results is much larger than
found here, since the greater the polydispersity (or size range of the vari-
ous molecules), the greater is the disparity between the different types
of average molecular weight (1233).

Determination of Number Average Molecular Weight. The experimental
methods which result in determination of the number average molecular
weight all depend on estimating the number of molecules present in a
sample of given weight. These methods include the cryoscopic and
ebullioscopic methods, the methods which utilize osmotic pressure meas-
urements, and the methods which depend on estimation of end groups by
chemical analysis.

Cryoscopic and Ebullioscopic Methods. The cryoscopic and ebullio-
scopic methods are seldom used for polymers of molecular weight of over
5,000. They depend on the changes in the melting and boiling points of
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THEORETICAL CONSIDERATIONS 9

pure compounds effected by the presence of the molecules of the polymer.
Since these changes depend on the number of molecules in the small
amount of solute in the mixture, the giant molecules of the higher poly-
mers exert an effect too minute to be measured conveniently.

Osmotic Pressure. The osmotic pressure method also depends on the
number of macromolecules in the solvated sample of the polymer (1226).
Because it gives excellent results, it is often used for basic studies on
high polymers. Because of the difficulties in using semipermeable mem-
branes for nonaqueous solvent systems and the rather involved procedures,
however, other methods are usually favored in the production plant.

End-Group Analysis. Estimation of the terminal groups gives good re-
sults in a much shorter time than the osmotic pressure method. The
‘“acid number’’ test is often used in polyester manufacture. In this
method free carboxyl groups in the resin are determined by titration to
give an indication of the extent of polyesterification and the molecular
weight of the resin.

Other applications of end-group analysis are the quantitative addition
of bromine to the double bond of styrene, the use of the ‘‘iodine number’’
for the determination of the molecular weight of cellulose, and the meas-
urement of the Raman spectra of double bonds (1217).

Some of the errors incident to end-group analysis methods are dis-
cussed by P. J. Flory (1150).

Determination of Weight Average Molecular Weight. Viscometric, light
scattering, and sedimentation or diffusion velocity methods give the
weight average molecular weight.

Viscometric Method. The viscometric method depends on Staudinger’s
basic formula relating the viscosity of a solution of a high polymer to its
molecular weight (1226):

Nap = KCMw

where ¥, is the molecular weight, c is the concentration of the solution,
K is a constant, and 7,, is the specific viscosity of the solution. This
relation depends on the length of the molecules. Kuhn modified it to

Nep = K;CM 0.8 or 0.9

asserting that the molecules are coiled and therefore actually longer than
measurements indicate (1162). Houwink postulated an even more coiled
structure and proposed

Nep = KicM 0.6

as the equation giving the actual molecular weight (1162). He stated that
the adoption of this formula would bring the results obtained by the vis-
cometric method nearer to those obtained by osmotic determinations.
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10 THEORETICAL CONSIDERATIONS

Other discussions of the viscometric method are given by Kriiger and
Broser (1193) and Flory (1150, 1152).

G. N. Chelnokova et al. obtained the same results for average molecu-
lar weight by the viscometric, cryoscopic, and end-group titration methods
for polyesters prepared from stoichiometric amounts of adipic acid and
ethylene glycol (1135).

Light Scattering. The light scattering method for determination of
molecular weight depends on the fact that the presence of foreign parti-
cles in a solution greatly increases the power of the solution to scatter
light (1252). P. Debye related the scattering (or turbidity) constant to
the weight average molecular weight, M, by the equation:

Hc/yr = 1/M,, + 2Bc

where r is the turbidity constant, ¢ is the concentration of the solution,
and H and B are constants (1138, 1139). The turbidity constant r is de-
fined as

r=Q0/Dinq/1,)

where I is the length of the path of light through the solution, I, is the
initial intensity of the light, and I is the intensity of the transmitted
light.

Sedimentation Velocity. Sedimentation (or diffusion) velocity is another
method which gives the weight average molecular weight. This determina-
tion can be done in an ultracentrifuge. As the sample of the solvated
polyester is rotated, a boundary between pure solvent and the solution
becomes apparent. In polydispersed systems, since molecules of various
weights will not move at the same speed under the centrifugal force, the
boundary will not be clear-cut. Its shape indicates the degree of poly-
dispersity: The more uniform the sample, the clearer is the boundary.

The rate at which the boundary moves away from the center is deter-
mined and correlated with the weight average molecular weight, ¥, by
the following equation prepared by T. Svedberg (1242):

RTs

Yo =0 -vp)

where R is the gas constant, T is the absolute temperature, D is the dif-
fusion constant, V is the partial specific volume of the solute, p is the
density of the solution, and s is the sedimentation rate constant.
Sedimentation Average Molecular Weight. Also using an ultracentrifuge,
but at a lower number of revolutions per minute, it is possible to observe
the final equilibrium between sedimentation and diffusion. This equi-
librium permits determination of the molecular weight of the solute ac-
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cording to the following equation (1241):

v - 2RT In (c/c,)
T (= Vet (x? - x?)

where R, T, V, and p have the same meaning as in previous equations,
¢, and ¢ are the equilibrium solute concentrations at the distances x, and
x from the axis of rotation, respectively, w is the angular velocity of the
centrifuge, and M, is the sedimentation (or z) average molecular weight.

Birefringence. The birefringence (double refraction) of macromolecules
in solution has been studied as a means for determining the size and
shape of molecules in solution (1188). Doty and Mark discuss this method,
as well as most of the other methods previously mentioned in reference
(1142).

Other reviews on the determination of molecular weight are given by
G. V. Schulz (1223) and Losev and Trostyanskaya (1199).

POLYESTERS

Many classifications have been proposed for plastics, but the term
“polyesters” is still applied to many different types of resins (1297,
1322). We shall define polyesters as the polycondensation products of
dicarboxylic acids with dihydroxy alcohols. These compounds may be
modified by monocarboxylic acids, monohydroxy alcohols, and even small
amounts of polycarboxylic acids or polyhydroxy alcohols. This definition
does not include materials commonly known as alkyds, which are usually
modified by fatty acids and drying oils. Unsaturated polyesters, which
are produced when any of the reactants contain nonaromatic unsaturation,
can be cross-linked or copolymerized with another unsaturated copoly-
merizable monomer.

The kinetics of polyesterification reactions were studied extensively
by P. J. Flory and his coworkers (1278). Flory reports that the rate of
polyesterification is independent of both the molecular weight increase
and the increase in viscosity that occur during this reaction (1149).

The effect of varying proportions of reactants in a polycondensation of
glycol with adipic acid was studied by V. V. Korshak et al. (1295). At
stoichiometric proportions the average molecular weight of the polymer
was 3,800; at 20% excess of acid it went down to 1200, and at 80 to 100%
excess of acid, to below 500. Analogous results were obtained with ex-
cess glycol. When the polyester was heated with either excess acid or
glycol, a cleavage occurred, and low-molecular-weight compounds were
formed in proportion to the excess acid or glycol used. It is possible
that esterification and ester cleavage occur simultaneously in the poly-
condensation reactions.
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12 THEORETICAL CONSIDERATIONS

Unsaturated Polyesters

The major portion of polyesters now in production contain unsaturation.
The unsaturation is usually introduced by the use of unsaturated di-
carboxylic acids, such as maleic and fumaric acids. It can also be intro-
duced by the use of unsaturated alcohols (1273).

The unsaturated polyesters are usually cross-linked by dissolving them
in a monomeric copolymerizable compound, such as styrene, and heating
(curing) the mass (1317).

*‘Drying’’ Properties. In the late 1930’s, when all the polyesters were
lumped together under ‘‘alkyds,’’ work began on the clarification of the
““drying’’ properties of the unsaturated polyesters (1265). It was noted
that the unsaturated polyesters are converted by oxygen, heat, and light
to insoluble, infusible structures. T. F. Bradley extended the theories
of Carothers and Kienle to this ‘‘drying’’ phenomenon, and discovered
that the main requirement for ““drying’’ is not the ability to oxidize, but
the possession of a unit molecule with a sufficient number and proper
type of reactive centers to permit unrestricted growth in all directions
(1267, 1268). “‘In other words, the simplest monomeric unit should be
capable of joining with more than two other units.”’

H. L. Vincent continued this line of investigation and found that linear
polyesters from glycols and maleic, fumaric, and citraconic acids undergo
gelation through their double bonds (1323). A mixed ester containing
10% of maleic acid and 90% of succinic acid showed full convertability
to an insoluble, infusible state. Kropa, Bradley, and Johnston experi-
mentally established that the convertability is connected with the double
bond by experiments with triethylene glycol and succinic acid and the
glycol and maleic anhydride (1270). They discovered that addition poly-
merization (cross-linking) is accelerated by heat, ultraviolet light, and
the presence of minute amounts of oxygen, but will not occur unless the
molecule contains at least two carbon-to-carbon double bonds. Soluble
cobalt salts accelerate the reaction, but antioxidants such as hydro-
quinone inhibit it.

In the preparation of unsaturated polyesters it is necessary to conduct
the first or polycondensation step under conditions that will prevent, or
at least substantially reduce, the tendency of the double bonds to poly-
merize (1291). Control of temperature during the polycondensation and
the use of inhibitors of addition polymerization are essential. Oxygen
should be excluded during the polycondensation in order to get the reac-
tion to proceed far enough to give a resin of low acid number and still of
low viscosity. The reaction therefore is usually carried out in an atmos-
phere of inert gas, such as nitrogen or carbon dioxide.
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Cross-Linking. Thermosetting resins are obtained by cross-linking of
unsaturated polyesters. In this reaction it is vital to balance properly
the amounts of catalyst, inhibitors, and promoters, to regulate the tem-
perature, and to consider the reactivity of the resin, particularly as it af-
fects the speed and temperature of the reaction. An excellent review of
the cross-linking reaction is given by Patterson and Robinson (1310).
These authors discuss the exothermic curve in terms of the four parts of
the curing cycle: the induction period, the initiation period, the peak tem-
perature, and the reduction temperature.

It is possible, by activating the double bonds in the unsaturated poly-
esters, to cause the unsaturated residues in the polycondensate to poly-
merize by addition polymerization among themselves (1270). For ex-
ample, prolonged heating of the linear unsaturated polyester obtained
from ethylene glycol and maleic anhydride

—R—CH=CH—R—CH=—CH—R—
[R is —OCOCH,CH,0C0—]

will cause a certain amount of reaction between double bonds resulting
in the formation of a cross-linked structure

—R—CH—CH—R—CH—CH—R—
—R—CH—CH—R-—CH—CH—R—
—R—CH—CH—R—CH-—CH-—R-—
I I
The unsaturated polyesters are more commonly cross-linked with un-
saturated monomers, usually styrene. One type of cross-linking which
can occur is illustrated by the following formula, which represents the

compound formed when styrene cross-links the double bonds in the linear
ethylene glycol maleate of the preceding example:

— OCH,CH,0COCH — CHOCOCH,CH,0 —

(liﬂz
L
|

—OCH, CH,0COCH — CHOCOCH,CH,0—
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14 THEORETICAL CONSIDERATIONS

The structure of the cross-linked unsaturated polyesters is very much
like that of the space network type of polymers (p. 5). The cross-linked
resins are thermosetting and, when fully cured, are insoluble and infusible.

The extent of cross-linking can be controlled by varying (1) the amount
of unsaturation in the polyester, for example, by the proportion of maleic
and adipic acids and (2) the amount of cross-linking agent. It is easier
to vary the unsaturation, since most common polyesters contain 30% of
styrene but need only 16% to become thermoset. Catalytic systems and
reaction conditions will also affect the extent of the reaction. There is
no exact parallel, however, to the three stages exhibited by phenolic
resins, unless the linear stage, before addition polymerization takes
place, be called stage B. Of course, there is a similarity between the B
stage in phenolics and the preimpregnated polyester plastics (p. 112),
particularly those in which diallyl phthalate is used as the cross-linking
agent. The reason for the lack of stages is the difficulty encountered in
stopping the exothermic cross-linking reaction once it is started.

Nevertheless the cross-linked polyesters hold a big advantage over the
space network type of phenolic polymers inasmuch as the cross-linking
reaction is an addition polymerization and produces no by-products which
could evaporate, forming pores. This advantage is utilized commercially,
for example, by the coating industry in the so-called ‘‘solventless’’ var-
nishes, and it is the key to the success of polyesters in electrical ap-
plications (p. 182). In the production of the phenolics the polycondensa-
tion reaction carries the resin through all three stages and produces by-
products. In the final molding step, high pressures and high temperatures
must be used to hold the gaseous by-products in solution.

Saturated Polyesters

The polyesters prepared from saturated compounds are an example of a
typical 2: 2 polycondensation product. They are linear, chainlike struc-
tures that are soluble and, depending on their degree of polymerization
and their individual components, range from viscous liquids to solids.

To be sure, these linear polymers can be made to cross-link. W. O.
Baker reports that compounds which break down with the formation of
free radicals, such as benzoyl peroxide, can cause the linear poly-
undecanoates to become thermoset (1259). He suggests that the free
radicals activate the polyester by removing a hydrogen from the —CH, —
(methylene) group alpha to the ester group. The active —~CH— group
formed can combine with another active —CH — group or attack another
methylene group.
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0 (o)

CeHg—C—O0- (or CjHy*) + —CH,—C—0— —>
0 0

C¢H,—C—OH (or C,H,) + —CH—C—0—
0 0

—CH—C—0— + —CH,—C—0— —
0

—CH—C—O0— + H-
0
|
—CH—C—0—

This free radical reaction is suggested as the cause of aging, oxidation,
and similar phenomena occuring in the high polymers that contain little
or no polythenic unsaturation. The linear polyesters, however, do not
cross-link under ordinary conditions. ,

Fiber-Forming Polyesters. Many high polymers of the thermoplastic
type are microcrystalline. Plastics composed of these polymers can be
stretched, so that the molecules become alined with their chains more or
less parallel to each other. An actual straightening of the chains on
stretching is suggested for polymethylene glycol polyesters by changes
in diffraction patterns (1266). Such an arrangement increases the strength
of the plastic in the direction of the stretch, and in general, gives it
fiber-forming characteristics.

The stretched or oriented polymers are anisotropic and exhibit different
properties when tested along different axes. Boyer and Spencer suggest
that below the transition temperature (T,,)* the polymer chains can ex-
pand sideways but not lengthwise (1266). At T,,, the parallel expansion
becomes prominent, and there is a sudden increase in thermal expansion.

Crystal linity. rCrystalline areas contribute high strength to fibers;
therefore, factors that influence the tendency of polymers to crystallize
are important (1306). Polyesters derived from polymethylene glycols and
polymethylene dicarboxylic acids are more crystalline than those pre-
pared from compounds containing hetero atoms, unsaturated carbon-to-

3The ‘‘second-order transition’’ is the discontinuity in thermal expansion,

specific heat, and other physical properties that occurs over a relatively small
temperature range and that is characteristic of any plastic composition.
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16 THEORETICAL CONSIDERATIONS

carbon bonds, and side-chain constituents, particularly of unsymmetrical
type:l(3, 1278). For example, crystalline polyesters can be prepared from
fumaric acid if a symmetrical glycol, such as ethylene glycol, is used.
If diethylene glycol, which contains an odd oxygen atom, is introduced
into the polymer, however, an amorphous product is obtained (1278). On
the other hand, if the fumaric acid is wholly or partly replaced by adipic
acid, which is saturated, crystallinity is increased. Polyethylene adipate
is highly crystalline and fiber-forming. Even with adipic acid, however,
noncrystalline polymers may be obtained if an unsymmetrical glycol is
used. Polypropylene adipate, in which one of the hydrogen atoms of the
glycol portion of the polymer chain is randomly replaced by a methyl
group, is a very viscous syrup (1312).

[_ The length of the polymethylene chain also affects the crystallinity.
For example, polyisopropylene succinate does not become highly crystal-
line, even when as much as 50% of the isopropylene glycol is replaced
by ethylene glycol. However, if only about 30% of the isopropylene glycol
in polyisopropylene sebacate is replaced by ethylene glycol, a polyester
of a relatively high degree of crystallization is obtained £3).

{‘Another factor influencing crystallinity, aside ffdm the molecular
structure of the individual constituents, is the degree of order in the
polyester molecule. The most ordered molecules, having the most regu-
lar polar group spacing, all other factors being equivalent, are the most
crystalline’ (3). The greater the number of acids and of glycols used,
the lesser is the tendency to crystallize.]

Melting Point. | The main difficulty encountered in the utilization of
linear polyesters in fibers is the low melting point of such compounds.
Carothers experimented with polyesters, but, discouraged by their low
melting point, turned to polyamides for fiber-forming.

One way to increase the melting point of polyesters is to introduce ring
compounds (aromatic rings) in the structure. In 1949 Fisher and Lincoln
obtained patents on the use of trans-quinitol in the formation of poly-
esters (4, 6). They state that this compound increases the melting point
to such a degree that a polymethylenic dicarboxylic acid may be used for
polyester production without lowering the melting point considerably. If
acids containing aromatic nucleii are used, thus also contributing to the
high melting point, some glycol may be used instead of the trans-quinitol.

Another way to make fibers higher melting, as well as stronger, and
less soluble, is to introduce into the linear resin some unsaturation and
then cross-link the double bonds. If prolonged heating is required for
esterification, however, the cross-linking may make the resin very viscous
and may even cause gelation during the polycondensation reaction.
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J. B. Howard discloses a method for shortening the time of esterifica-
tion by the use of catalysts (ZnClL,), continuous agitation, and a large
excess of glycol (2). The excess of glycol is maintained until substan-
tially complete esterification is obtained and no further water is evolved.
At this point, the reaction mixture consists largely of low-molecular-
weight polyesters. Further polymerization, to produce chains of suf-
ficient length for fiber-forming, proceeds by ester interchange. Removal
of the free glycol produced is necessary and is accomplished by applying
a vacuum.

H. A. Pohl found that the thermal stability of polyethylene terephthalate
resin is increased by replacing the hydrogen on the methylene group two
carbons removed from either oxygen of the carboxyl in the polyethylene
glycol by a methyl (CH,) group (1311).

Edgar and Hill concluded that in polyethylene terephthalate the para-
phenylene linkage itself has an elevating effect on the melting point
(1277). It reduces the possibilities of change of shape available to a
given length of chain, resulting in a low entropy of crystallization and a
high melting point.

In terephthalates increasing the distance between the ester groups, as
in the trimethylene, tetramethylene, and hexamethylene polymers, has
but little effect on the melting point (1277). In isophthalates, however,
the effect is very marked, the tetramethylene derivatives having by far
the most favorable properties (5).

E. F. Izard has made excellent studies of the effects of variation in
chemical structure on the physical properties of linear polyesters (1168,
1169).

Commercial Fibers. The linear polyesters from which commercially
available fibers are made are those made from terephthalic acid and
ethylene glycol. These polyesters were discovered in England, and were
first produced there, under the trade name of Terylene, by Imperial Chemi-
cal Industries, Ltd. (ICI). Recently, production of films from polyethylene
terephthalates was started by ICI.

The American counterparts of the English-made polyethylene tere-
phthalate fibers and films (Terylene) are ‘‘Dacron’’* fijbers and ‘“‘Mylar’’*
film produced by E. I. du Pont de Nemours & Co., Ing.j The terephthalates
are discussed more fully in the chapter on linear fiber-forming polyesters
(p- 199).

There is no definite, accepted nomenclature in use for man-made fibers.
A classification based on the raw materials and methods of preparation
of the fibers was proposed by H. D. Smith (1321). He proposes rayon for

“Du Pont trademarks.
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fibers made from a natural cellulosic base; synthons for fibers made from
organic substances that have been synthesized from simple raw materials;
and prolons for fibers from natural protein bases. Glass and miscel-
laneous fibers made from natural bases other than cellulose or protein
would be named according to the base. Such fibers as nylon and Dacron
would therefore be classified as synthons.
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I. RAW MATERIALS

The materials used in the production of polyester resins are discussed
in this chapter. The compounds most widely used and various methods
for their manufacture are described in some detail. Other compounds
which are not widely used are described less extensively., Compounds
which have been suggested as raw materials for polyesters are listed.
Production volumes and other economic considerations are included for
all of the important raw materials,

The basic raw materials in polyester manufacture are dicarboxylic
acids and dihydroxy alcohols. If any of the reactants used are unsaturated,
the polyesters produced may be unsaturated and are then usually cross-
linked with compatible unsaturated monomers, Inert gases are generally
used in the manufacturing process, and solvents are used in some cases.
Addition-polymerization inhibitors and esterification catalysts are con-
sidered in the chapter on catalysis and inhibition (p. 46). Glass fibers
and other fillers are also considered in a separate chapter (p. 73). The
effects of variation in ingredients on the properties of polyesters are dis-
cussed in the chapter on tailor-making polyesters (p. 156).

ACIDS

The most important unsaturated acids used in the manufacture of poly-
esters are maleic and fumaric acids. Saturated acids used in large vol-
umes are phthalic, terephthalic, and adipic acids. The acid anhydrides
are often used when available and applicable. Terephthalic acid is used
principally in the production of saturated polyesters and is discussed in
the chapter on linear fiber-forming polyesters (p. 199).

Maleic Acid

Chemistry. Maleic acid (HOOCCH=—CHCOOH) is the cis form of a
four-carbon, alpha,beta-unsaturated dicarboxylic acid. Both carboxyl
groups in maleic acid can be easily esterified, and addition polymeriza-
tion is possible through the reactive double bond. The form most widely
used in polyester manufacture is the anhydride.

Synthesis and Production. Commercial production of maleic anhydride,
which is a purely synthetic product, began in 1933. The first production
method used was the catalytic oxidation of benzene, which still accounts
for over three-fourths of the total maleic anhydride production. In this
process, a mixture of benzene vapor and air is passed over a vanadium

21
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22 UNSATURATED POLYESTERS

catalyst at a temperature of approximately 450°C. (1368). Yields of
about 65% are reported,

Experiments on some variables in the benzene oxidation process have
been reported by Takikawa (1369).

Maleic anhydride is also recovered commercially as a by-product from
the production of phthalic acid or anhydride. The yield is about 5%, based
on the phthalic anhydride produced. This method was announced by
Gibbs and Conover in 1916, but commercial production did not begin until
1934 (1368). In this process the maleic anhydride is separated from the
crude phthalic anhydride by crystallization or by scrubbing the tail gases
from the condenser system (1334). A method for improving yields of
maleic and phthalic anhydrides, which utilizes the effluent reaction va-
pors as cooling media for the catalyst chamber, is described by F. Porter
(42).

Other methods of producing maleic anhydride are:

(1) By the oxidation of butenes or butadiene in the presence of a
vanadium catalyst at temperatures up to 400°C., This process gives
yields in excess of 25% of the theoretical, but has not been successful
commercially (1368).

(2) By the controlled oxidation of haloaliphatic compounds containing
at least four carbon atoms in a straight chain, using an oxide of vanadium,
molybdenum, tungsten, chromium, or uranium as the catalyst. The tem-
perature of operation is 300° to 550°C. Either maleic anhydride or fumaric
acid can be produced by properly controlling the reaction conditions (36).

(3) By the vapor-phase oxidation of butyrolactone, using vanadium
oxide or copper oxide as the catalyst at a temperature of 220° to 250°C.
(38).

(4) By the vapor-phase oxidation of furfural, using a catalyst comprising
vanadium and molybdenum oxides. This process yields from 71 to 81% of
both maleic anhydride and maleic acid (43).

(5) By waming malic acid with acetyl chloride, or dehydrating malic
acid by heating. The first method yields maleic anhydride, and the sec-
ond yields both maleic and fumaric acids. They are convenient labora -
tory methods of preparation.

Physical Properties. Maleic anhydride is produced in the form of
white crystals which melt at 53°C. It is soluble in water and very slightly
soluble in alcohol and chloroform.

Fumaric Acid

Chemistry. Fumaric acid (HOOCCH ==CHCOOH) is the trans form of
the four-carbon, alpha,beta-unsaturated dicarboxylic acid. Both carboxyl
groups in fumaric acid are easily esterified. Polyesters formed from it
are reported to be more crystalline than those prepared from maleic anhy-
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dride, because the trans structure produces a more linear polymer. An
important reason for the use of fumaric acid in the preparation of poly-
esters is that it is less corrosive than maleic acid as indicated by a
comparison of their primary dissociation constants [fumaric, 1 x 10~%;
maleic, 1.5 x 10~? (1356)]. No anhydride is possible for fumaric acid.

Synthesis and Production. Although fumaric acid is found in nature, it
is made synthetically in commercial production. The raw material most
generally used is maleic acid, which is easily converted to the more
stable fumaric acid by heat alone, or by the use of catalysts. One method
of preparation involves separating monosodium maleate from the scrub
liquor from the phthalic anhydride plant, heating it in a hydrochloric acid
solution, and separating the fumaric acid (44).

In another method the converter gases from the oxidation of benzene
are passed into a hydrochloric acid solution, The fumaric acid produced
by this method may be crystallized to a purity of 99.6 to 99.8% (40). Fu-
maric acid may be recovered from aqueous fermentation products by a
somewhat similar method (66).

Fumaric acid may also be prepared by heating a 50% solution of maleic
acid in maleic anhydride. (An equimolar mixture of maleic anhydride and
water may be used as the equivalent of maleic acid) The yield after
filtering the hot dispersion is about 80%. Recycling the filtrate for con-
tinuous production provides an efficiency of 95%. This process prevents
the formation of malic acid as a by-product (45).

Catalysts for the conversion of maleic acid to fumaric acid are de-
scribed by W. Scott. They include thiazoles and bithiocarbamates. Yields
of approximately 80%, based on the maleic acid used, are obtained (41).
Fumaric acid may also be obtained by the catalytic oxidation of a frac-
tion separated at 60°=71°C. from the reaction products of the pyrolytic
conversion of dichlorobutane to butadiene (35).

Physical Properties. Fumaric acid is sold commercially in the form of
white to yellowish crystals which have a melting point of 287°C. It is
slightly soluble in cold alcohol (5.8 grams in 100 grams of alcohol).

Other Unsaturated Dibesic Acids

None of the other unsaturated dibasic acids are used in the polyester
resin industry in large volume. Generally, no advantages are obtained by
their use, and the expense of these compounds limits their commercial
value.

Endomethylene tetrahydrophthalic acid (or anhydride),® the Diels-Alder
reaction product of maleic anhydride and cyclopentadiene, is noteworthy,

1This compound is sold by Carbide & Carbon Chemicals Co. under the trade
name of Carbic Anhydride (1333). The resing produced with it are sometimes
called Carbic Resins.
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however. It
drying properties
scribed by Carter and

Hexachloroendomethyl ydrophthalic acid,? the Diels-Alder re-
action product of maleic ydride and hexachlorocyclopentadiene, is
also of special interest. This compound possesses over 50% of its
weight of stable chlorine and is used to obtain polyester resins® with a
very high degree of flame resistance (1342). Preparation of hexachloro-
endomethylene tetrahydrophthalic acid and similar compounds is described
by Herzfeld, Lidov, and Bluestone (51). The anhydride of this acid picks
up moisture and slowly converts to the acid.

The double bonds in both endomethylene and hexachloroendomethylene
tetrahydrophthalic acids are not reactive under the usual conditions for
producing polyesters, They are therefore used in combination with maleic
anhydride or fumaric acid in order to obtain unsaturated polyesters which
can be cross-linked.

Phthalic Anhydride

Chemistry. Phthalic acid [C;H,(COOH),] has two carboxyl groups di-
rectly attached to a benzene nucleus in the ortho position. Both carboxyl
groups may be esterified, but the molecule contains no unsaturation which
is capable of double-bond polymerization. Since the carboxyl groups are
in the ortho position, the anhydride of this compound is prepared with
ease, It is the form of the commercial product.

The main functions of phthalic anhydride in polyesters are to reduce
the amount of unsaturation present (provide flexibility) and to increase
the compatibility of the polyesterification product with the aromatic
cross-linking monomer. Tetrachlorophthalic anhydride is one of the
principal raw materials used to make flame-resistant polyesters (1357).

Synthesis and Production. The most important commercial process for
the production of phthalic anhydride is the controlled oxidation of naphtha-
lene (1334). Crude naphthalene is vapcrized and fed, with a large ex-
cess of pressurized air, into the converter. With a supported heavy metal
oxide as the conversion catalyst, a contact time of 0.1 second is suffi-
cient for conversion. A fluid catalyst of very finely powdered vanadium
pentoxide may also be used. The vapor emerging from the converter is
cooled to just above the dew point by a vapor cooler and condensed in a
series of three condensers. The crude product is transferred to a melt
tank and purified by distillation.

sed as an ingredient in polyesters to obtain better air-
. Preparation of this type of compound is de-

3This compound is used under the trade name of HET acid by Hooker Electro-
chemical Co. to produce flame-resistant polyesters with the trade name of Hetron
resins.
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The yield of phthalic anhydride is 70 to 80% based on the naphthalene
used. Maleic anhydride is obtained as a by-product. The commercial
phthalic anhydride from this process contains 0,25 to 0.4% of maleic
anhydride (1334).

The production of phthalic anhydride from other coal tar fractions and
higher aromatics has been investigated. A fraction separated at 200° to
225°C. from crude coal tar gave a 75% yield of high-purity phthalic an-
hydride when a silica-base vanadium oxide catalyst was used (1359).

Physical Properties. Phthalic anhydride is produced in the form of
translucent, white, crystalline needles or flakes. It melts at 131°C, and
is soluble in alcohol, slightly soluble in ether and very slightly soluble
in water.

Adipic Acid

Adipic acid [HOOC(CH,),COOH] is a six-carbon, saturated dicarboxylic
acid. Both carboxyl groups are capable of esterification. Adipic acid is
widely used in the preparation of flexible polyester resins.

This acid is produced commercially by the oxidation of cyclohexanol.
It is sold in the form of white crystals which melt at 150° to 153°C. and
are very soluble in alcohol.

Other Saturated Acids

Other saturated acids which are sometimes used in polyesters are
malonic, succinic, glutaric, pimelic, sorbic, and similar acids. Consump-
tion of these compounds by the polyester resin industry is not large, how-
ever, and no detailed discussion of their syntheses is given here. Di-
basic rosin acids have been suggested for polyesters but not yet used.

_ ALCOHOLS

The alcohols used in large volume in polyester manufacture are di-
ydroxy alcohols or glycols. This class of compounds is capable of
polymer formation through the reaction of both hydroxy groups. A long-
chain linear compound may be built up by reacting these compounds with
dibasic acids. The saturated glycols most generally used are ethylene,
propylene, diethylene, and dipropylene glycols.j

Allyl alcohol, which is unsaturated, has been used in quantity in poly-
ester preparation. This compound is mostly used with a dibasic acid to
produce a ‘‘trimer’’ (two allyl alcohol molecules and one dibasic acid
molecule) which is capable of further addition polymerization. For ex-
ample, diallyl phthalate is frequently used as a cross-linking agent for
polyesters (p. 31).
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'Ethylene Glycol

iEthylene glycol [C,H,(OH),] is the first member of the glycol series
which, as the formula indicates, contains no double-bond unsaturation.
This compound is widely used in polyester manufacture and was used al-
most exclusively before the higher members of the glycol series became
more readily available.

Commercially, ethylene glycol is prepared from ethylene. The inter
mediate steps involve the synthesis of ethylene chlorohydrin, the dehy-
drochlorination of this compound to ethylene oxide, and hydrolysis of the
oxide to the glycol (1463).

Another method involves the catalytic hydrogenation of hydroxyacetic
acid and its derivatives (110).

Ethylene glycol is sold as a liquid which boils at 197° C. It is miscible
with water and alcohol in all proportions;]

Propylene Glycol

Two isomers of propylene glycol exist, namely, 1,3-ptopanediol and
1,2-propanediol. The 1,2-propanediol (CH,CHOHCH,OH) is commercially
available. Propylene glycol became commercially available later than
ethylene glycol, but is currently used in production of polyesters as a
single glycol constituent and with other glycols. Propylene glycol poly-
esters, especially propylene glycol fumarate polyesters, tend to be less
crystalline and more soluble in styrene than their ethylene glycol counter-
patrts.

Propylene glycol is prepared commercially from propane.

Commercial propylene glycol is sold as a liquid that boils at 189°C,
and is miscible with water and alcohol in all proportions.

Diethylene Glycol

Diethylene glycol (HOCH,CH,OCH,CH,OH) reacts similarly to ethylene
and propylene glycols in that both hydroxyl groups are easily esterified.
The oxygen bridge or ether linkage is reasonably stable and polyesters
prepared from this compound tend to be more flexible and less crystalline
than those prepared from ethylene glycol. Because of the oxygen bridge,
however, they tend to be more water-sensitive, and to have less favorable
electrical characteristics.

Diethylene glycol is prepared commercially from ethylene glycol.

Diethylene glycol is sold commercially as a liquid that boils at 245° C,
and is soluble in water, alcohol, and ether.

Dipropylene Glycol

Polyesters prepared from dipropylene glycol [(CH,CHOHCH,),0] are
not so sensitive to water as those prepared from diethylene glycol. Di-
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propylene glycol is prepared from propylene glycol. It is sold as a liquid
which boils at 232°C. and is soluble in toluene and water.

Other Saturated Glycols

The higher saturated glycols have not been extensively used for poly-
esters on a commercial scale. Their use in polyesters generally imparts
increasing flexibility with the increasing length of the hydrocarbon chain
between the hydroxyl groups. The expense of these compounds prohibits
their use, except in instances where special properties might be desired.
Flexibility is imparted to a resin more economically by use of adipic
acid in the formulation.

Allyl Alcohol

Allyl alcohol (CH,=—=CHCH,OH) is used to prepare monomers that may
be used to cross-link unsaturated polyesters and polymers closely re-
lated to the polyester resins. This compound, which is an unsaturated
monohydroxy alcohol, cannot form a linear long-chain molecule by esteri-
fication, but forms instead a monoester or diester with a monocarbhoxylic
or dicarboxylic acid. These esters may be polymerized with themselves
or copolymerized with other compounds; in the latter case they may be
used to cross-link the polyester resins.

Allyl alcohol is prepared commercially from allyl chloride by hydrolysis:

CH, =—CHCH,CI + H,0 &> CH,—CHCH,0H + HCl

Another method for the preparation of allyl alcohol is the electrolytic
reduction of acrolein (111).

Allyl alcohol is sold as a liquid that boils at 97°C., and is miscible
with water, alcohol, and ether in all proportions.

Unsaturated Glycols

It is possible to make unsaturated polyesters from saturated and un-
saturated dibasic acids and some unsaturated glycols. The use of both
unsaturated acids and glycols permits additional cross-linking and pro-
duces a more rigid cured resin. Until recently, unsaturated glycols have
not been readily available to industry. The development of acetylene
chemistry, however, is likely to increase commercial sources of such
glycols (1374). Unsaturated glycols which are commercially available
include 2,5-dimethyl 3-hexyne-2,5-diol; 3,6-dimethyl 4-octyne-3,6-diol; and
2-butene-1,4-diol (1371, 1373, 1377).

Another type of compound that might be used in polyesters is the reac-
tion product between an alpha,gamma-dialkyl crotonaldehyde and formal-
dehyde. The preparation of this type of compound is described in U.S.
patent 2,418,290 (106).

.
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CROSS-LINKING AGENTS

Compounds containing double-bond unsaturation are used with a linear
unsaturated polyester to achieve a three-dimensional structure when the
resin is cured. There are, of course, many compounds that can be used
for this purpose, but the ones most commonly used are styrene and diallyl
phthalate. Certain other allyl derivatives have been used to achieve
special effects in the final polymer. The use of triallyl cyanurate to pre-
pare resins with exceptional heat resistance is a recent and important
development,

Styrene

Styrene (C,H;CH=—=CH,), also called vinylbenzene, contains the requi-
site double bond for the addition polymerization which is involved in the
cross-linking of the polyester resins., It is the most widely used cross-
linking agent because of its availability, cheapness, and speed of reac-
tion, and because it gives certain desirable properties to the final product,
such as rigidity, light color, and resistance to aging.

Synthesis and Production. Ninety percent of the styrene produced in
this country is made all or in part by the ethylbenzene process. This
process consists of three steps (1419):

(1) The reaction between benzene and ethylene in the presence of
aluminum chloride to give ethylbenzene.

(2) The catalytic dehydrogenation of the ethylbenzene in the presence
of steam to produce styrene.

(3) The purification of the product.

In the first step, the reaction is carried out at 190°F. and 15 pounds
gage pressure. Seventy-five to 100 pounds of ethylbenzene are produced
per pound of aluminum chloride catalyst, and 80% of the spent catalyst
can be recovered. A grade of benzene having a 2°F. boiling range can
be used without a detrimental effect on the quality of the product. Sulfur
or small amounts of unsaturates do not have to be removed from the
benzene (1404). Ethyl chioride may be added along with ethylene (1402,
1423).

The dehydrogenation step is carried out in the presence of steam and a
catalyst. Copper-chromium or chromia-alumina catalyst systems are used
(1398, 1399, 1417). If the crude ethylbenzene from the first phase is
washed and distilled to 99% purity before dehydrogenation, the styrene
produced is of higher purity (1426).

The styrene is purified by removing the ethylbenzene, crystallizing the
styrene, and washing the crystals, or by polymerizing the styrene, separating
it from the ethylbenzene, and depolymerizing the polystyrene at 350° to
500°C. (1427). Recovered ethylbenzene may be recycled to the dehydro-
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genation apparatus. The styrene may be distilled to remove tars and some
hydrocarbons, such as toluene. Sulfur is often used as a polymerization
inhibitor during the distillation, and other inhibitors, such as tertiary-
butyl catechol, may be added to the styrene product to inhibit polystyrene
formation during storage (1402).

Methods for separating styrene from ethylbenzene are:

(1) Extraction with aqueous silver nitrate and pentane in a two-stage
operation (131).

(2) Fractional distillation and crystallization (138).

Processes for the production of styrene from ethylbenzene using varia-
tions in catalysts and the hydrocarbon feed mixture are described in ref-
etences (130, 133, 135, 144, 154, 159, 1429).

Styrene has also been produced from various hydrocarbon fractions by
the following methods:

(1) Conversion of a butadiene dimer (142).

(2) Extraction of an alkylated benzene fraction with furfural and de-
hydrogenation of the extract (136).

(3) ““Relatively homogeneous cracking’’ of a primarily naphthenic
petroleum product (134).

(4) Dehydrogenation of a solvent naphtha (155).

(5) Cracking of hydrocarbons in the presence of coke (151).

Some processes for production of styrene that use other starting com-
pounds are:

(1) From ethyl alcohol via acetophenone, This process was used by
Carbide & Carbon Chemicals Co. during World War II, but is not believed
to be competitive with the ethylbenzene process under market conditions
as of June 1, 1954,

(2) From the vapor-phase dehydration of methylphenyl carbinol, using
a titania catalyst (143).

(3) From the reaction of chloromethylbenzene and trichloromethane,
using a magnesium iodide complex as catalyst (149).

(4) From the pyrolysis of isopropylbenzene and alpha-methylstyrene
(148).

(5) From passing vapors of ethylcyclohexane over a catalyst composed
of aluminum, chromium, and magnesium oxides (139).

Further reviews, discussions, or descriptions of styrene production are
given in references (1396, 1410, 1462, 1469).

Styrene is toxic. Its principal biological action is irritation of the
lungs and skin, although more damage could result from concentrated or
prolonged exposure. The danger of overexposure to styrene during pro-
duction may be lessened by enclosing only the control room and leaving
other equipment out-of-doors. Safety precautions used in styrene manu-
facture are described in references (1405, 1422).
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Physical Properties. Styrene is a liquid which boils at 146°C. and is
soluble in all proportions in alcohol and ether and very slightly soluble
in water.

Styrene Stabilizers

Styrene will polymerize under storage conditions. If styrene is ex-
posed to air and sunlight at room temperature, polymerization commences
slowly, but it is soon accelerated by peroxides formed by auto-oxidation
in air. The raw material supplier must therefore stabilize the monomer
before shipping it to the resin manufacturer or storing it.

The stabilizing agents for styrene are many, and since a number of
books and articles on styrene and styrene inhibition are available, we
shall not attempt to list them all. Sulfur, hydroquinone, pyrogallol, mono-,
di- and tri-nitrobenzenes, picramide, para-aminophenol compounds, tri-
phenyl compounds, certain phenolic sulfides, hydroxylamine hydrochloride,
hexamine, hematoxylin, hematein, and phenylacetylene are some of them
(120, 121, 122, 123, 132, 146, 152, 157, 158). Alkoxy derivatives of poly-
hydroxy aromatic compounds are claimed by E, R. Ericson to protect the
monomer during distillation as well as storage (156). T. S. Chambers uses
very volatile dienes and acetylenes as styrene inhibitors and thus ob-
tains the additional benefit of using a gaseous system (150). The con-
ventional way to store styrene is to dilute it with an inert low-boiling
solvent, add hydroquinone, and keep under a nitrogen atmosphere (270).

Alpha- and beta-conidendrols, which are not commonly used inhibitors,
were evaluated by Mack and Bickford. They report that the inhibiting ac-
tion of the conidendrols is equal or even surpasses that of such popular
stabilizers as phenyl beta-naphthylamine or ditertiary-butyl para-cresol
(1415). Frank and Adams, who determined the relative efficiency of 12
inhibitors, also found that some of the widely used ones, such as tertiary-
butyl catechol and phenyl beta-naphthylamine, are not so effective as
those less known, such as picric acid and trinitrobenzene (1408).

The removal of polymerization inhibitors is usually done in the manu-
facturer’s plant, if it is done at all. It is usually accomplished by dis-
tillation. G. Goldfinger boiled styrene with carbon black to absorb the
inhibitor (147). E. W. Gluesenkamp purified stored styrene by refluxing
it with an amine (126).

Additional references to styrene inhibition will be found in references
(1396, 1401, 1407, 1409, 1411, 1418, 1425).

Other Vinyl Derivatives of Benzene

Other vinyl derivatives of benzene, such as divinylbenzene and alpha-
methylstyrene, have been used as cross-linking agents for polyesters,
but only in small quantities. The ready availability and low price of
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styrene outweigh any advantages that these compounds might give to the
final product. In addition, divinylbenzene is difficult to blend with the
resin without gelling the product.

Chloro- and fluoro-styrenes might impart better heat resistance and
electrical properties to the final products. The preparation of some of
these derivatives is given in U, S. patent 2,406,319 (145).

For tracer experiments with polyesters and other styrene resins, tritium-
labeled styrene might be used. The method of preparation of this com-
pound is given by Berstein et al (1400).

Vinyltoluene is a new monomer that is expected to compete in price
and uses with styrene (1394), It is similar in chemical behavior to styrene.

Diallyl Phthalate

Diallyl phthalate [C,H,(COOCH,CH=—CH,),] is sometimes used as a
cross-linking agent with unsaturated polyesters. Since it is less easily
polymerized than styrene, polyesters containing diallyl phthalate are
slower curing and tend to be more flexible than those containing styrene.
This compound offers certain advantages as a cross-linking agent, how-
ever. With diallyl phthalate the polymerization reaction may be arrested
in the gel stage if desired. In addition, diallyl phthalate has a very low
vapor pressure and thus is less likely to evaporate in wet lay-up processes.

Diallyl phthalate is prepared by esterifying one mole of phthalic an-
hydride with two moles of allyl alcohol. It is sold in the forms of a
monomer, a monomer plus low-molecular-weight polymer, and a partial
polymer.

Other Cross-Linking Agents

Methyl methacrylate has been used as a cross-linking agent in poly-
esters. It offers the advantages of fast reaction and low viscosity of the
unreacted mixture of cross-linking agent and resin. Possible disadvan-
tages are its low boiling point and high expense, Methyl methacrylate is
used with phosphonates to obtain resins having refractive indices matched
to those of glasses for making transparent laminates.

Resins which retain many of their room-temperature physical properties
when exposed to temperatures as high as 500° F. for prolonged periods
have been prepared with triallyl cyanurate as the cross-linking agent
(1438, 1439, 1440). This compound, which has three allyl groups at-
tached to a triazine nucleus, forms extremely stable cross-links that
make the polyester resins resistant to heat and chemicals. Because it
contains three polymerizable groups, triallyl cyanurate can be incorpo-
rated into a wide variety of resins, Triallyl cyanurate can be prepared
from cyanuric chloride and allyl alcohol (187).
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Allyl diglycolate has also been used
esters, It may be prepared from diglycolic a and allyl alcohol
(175, 203). One reason for the use of allyl diglyco is that it has a
high index of refraction, which influences the index of refraction of the
cured resin. Laminates that are almost transparent have been made from
glass fibers and polyester resins cross-linked with allyl diglycolate,
Diallyl phenyl phosphonate has been used similarly in glass fabric
laminates (1445).

Other allyl compounds may be used as cross-linking agents for the un-
saturated polyester resins. (In fact, almost any monomer capable of ad-
dition polymerization could be used.) R. D. Bright gives an interesting
discussion of allyl polymers and copolymers, including the cross-linking
of polyester resins (1436).

Unsaturated compounds for cross-linking may be prepared from phosgene,
an unsaturated alcohol, and a glycol. Among these are diethylene glycol
bis(allyl carbonate) (131, 180) and 1,2-propylene glycol bis(allyl carbonate)
(169). Phosgene may also be used with an unsaturated ester that has an
available hydroxyl group to prepare similar unsaturated compounds, such
as bis{allyl lactate) carbonate (189, 190) and bis(allyl glycolate) carbonate
(162).

Other compounds that might be used for cross-linking are allyl carbonate
(179); 1,4-bis(allyl carbonato) 2,3-dichlorobenzene and similar compounds
(196); diallyl isopropylidene bis(para-phenoxyacetate) (176); allyl suc-
cinyl allyl glycolate (181); and methallyl maleate (170).

SOLVENTS

Solvents are occasionally used in the preparation of polyester resins to
form azeotropes with water and thereby aid in its removal. When used
with maleic anhydride polyesters, they perform the additional service of
diluting the corrosive acid vapors. They also reduce corrosion by mini-
mizing the corrosive activity of water traces held in the mix during the
reaction. The solvents most generally used are cyclic hydrocarbons, such
as xylene or toluene, which may be obtained from petroleum fractions.

INERT GASES

An inert gas is used during polyester manufacture to prevent oxidation
and discoloration of the resin. The gases most commonly used are car-
bon dioxide, nitrogen, and combustion gas, although any gas that would
exclude oxygen could be used.

Commercial nitrogen is sometimes not sufficiently free from oxygen and
should be checked in this regard before use. For this reason it is usually
not used alone but as a diluent for carbon dioxide. Nitrogen is produced
by distillation of liquid air. ’
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Carbon dioxide, which is more expensive, may be diluted with nitrogen
to reduce plant expense. Commercial carbon dioxide gas contains little
oxygen and is produced from solidified carbon dioxide.
chased by the plant in cylinders or produced there with a carbon dioxide

generator.

It may be pur-

Combustion gas is produced in the plant with a combustion gas genera-
tor. This system is widely used because of the low cost of the inert gas
obtained. In some processes, however, a question might exist as to pos-
sible catalytic effects of traces of nitrogen oxides which might be present

in the combustion gas.

ECONOMICS

Production of polyester resins, particularly for use in resin-glass fiber
products, is expanding at a rate of roughly 60% a year.
that by 1958, the demand for polyesters will be more than triple the pto-

duction in 1952, which was around 19 million pounds (1450).

It is predicted

Of course, a limiting factor in the expansion of this field is the supply
of raw materials. Production figures for the more important raw materials

are given in table No. 1.

Table No. 1.—Production of raw materials used in manufacture

of polyester resins*

Production
Raw material
1950 1951 1952 1953
Pounds Pounds Pounds Pounds

Fomaric acid ... 4,655,000 ... 3,829,000

Maleic anhydride 15,978,000 23,718,000 17,838,000 ...

Phthalic anhydride 216,206,000 248,042,000 228,576,000 226,646,000

Diethylene glycol ... 49,913,000 64,191,000 47,436,000

D:propylene glycol 4,304,000 5,928,000 5,570,000 4,227,000

Ethylene glycol 519,013,000 596,737,000 760,959,000 624,324,000 )
~ Propylene glycol 78,964,000 88,712,000 90,626,000 59,646,000

Styrene 539,379,000 706,780,000 699,666,000 798,433,000

*Source: U. S. Tariff Commission (1465, 1466, 1467, 1479a, 3239),

New plants and plant expansion are lifting production capacity for
phthalic anhydride toward the 425-million-pound mark (1473). By compari-
son, current consumption for polyester resins—about 5 million pounds—
seems very small, but these products may ultimately become tonnage con-

sumers as they move into larger markets.

Maleic anhydride consumption for polyester resins is also about 5 mil-
lion pounds a year. The consumption of fumaric acid for these resins is
about 2 million pounds a year (1337). The supply of both maleic anhy-
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dride and fumaric acid can be expanded to meet any requirements foresee-
able as of June 1, 1954.

Current production rates for ethylene glycol exceed future estimated
needs (1449). For example, the estimated consumption in 1962 will be
800 million pounds; at the end of 1952 the estimated production rate had
already reached 810 million pounds annually, and production goals for
1955 are set at 850 million pounds. Nearly 70% of the total ethylene glycol
production is sold directly for use as antifreeze. The remaining 30% is
used for a miscellany of uses, of which Dacron® polyester fiber (p. 217).
is among the top three. In 1953 5.4 million pounds of ethylene glycol was
used for Dacron (a polyester of terephthalic acid and ethylene glycol) (1456).

The supply of styrene monomer seems adequate to take care of any antici-
pated expansion of polyester resin production in the predictable future.
Of the total yearly styrene production in this country, only about 1% is
used in polyester resins (1421). Nearly 90% of the total styrene produc-
" tion goes into two products-—GR-S synthetic rubber and polystyrene (1456).

Vinyltoluene is now in volume production (1394). New processes have
also been developed for production of methyl homalogs of styrene (1416).
These materials will give manufacturers a wider choice of vinyl type of
cross-linking agents. '

3Du Pont trade name.
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ll. RESIN MANUFACTURE

The manufacture of polyester resins at present is still a batch process
carried out in two steps (1490). In the first step the acids and alcohols
are condensed to a fusible, soluble resin. The next step consists of the
bleading of this product with a polymerizable monomer. A flow sheet for
the manufacture of polyester resins is given in figure No. 1.

——e Water and Excess Glycol

Pelymerizat: —_— Polymerization Inhibitor
Inhibitor ] ” ~-—01 Styrene
~

sl ol ——
Acids

Blending Tank

Reaction Kettle ——

Glycols —e- : Resin

lnert Gas——o J_—‘

Figure No. 1.—Flow sheet for manufacture of styrene-polyester resins.

—— Completed
Resin

EQUIPMENT

Condensation Reaction

Kettle. The condensation (or polyesterification) reaction is carried out
in a stainless steel or glass-lined kettle, which is insulated to prevent
heat loss and resulting variations in temperature. This kettle is equipped
with various attachments (fig. No. 2). These attachments, and the rea-
sons for their use, are discussed in the following paragraphs,

Manhole. Since the same kettle can be used for making polyesters from
various reactants, it is not economical to have individual permanent pipe-
lines for the introduction of the reactants. The reasons for this are:

(1) The pipes would require cleaning after various reactants had been
added, unless a very large number of pipes were available,

(2) Introduction of solids of various consistencies (phthalic anhydride
is in flake form, fumaric acid is in powder form, etc.) would necessitate
expensive equipment,

(3) It is also sometimes necessary for a worker to enter a kettle—to
clean it, to check the extent of corrosion, to dry out the inside, or to
check the internal equipment, such as the blades and shaft of the agitator,

35

Gouogle



36 UNSATURATED POLYESTERS

\

Figure No. 2.—Egquipment for condensation reaction in manufacture of poly-
ester resins: A, reaction kettle; B, propeller stirrer; C, inert gas inlet; D, pro-
peller driving mechanism; E, reflux condenser; F, total condenser; G, distillate
sampling tube; H, distillate receiver; I, resin sampling tube; J, resin removal
tube; K, manhole; L, heating and cooling coils.

For these reasons the kettle is equipped with a manhole large enough
to admit a man and to permit easy addition of ingredients, The manhole
is covered with a hinged, gasketed top, which is bolted in place by swing
bolts,

Heating and Cooling Coils. A heat-exchange system is necessary be-
cause the temperature of the reaction must be controlled, The reactants
must be heated initially to increase the reaction rate and to maintain the
ingredients in a liquid condition. During the reaction, they must be held
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at a specified temperature that will insure the most efficient rate of reac-
tion but that is not high enough to cause double-bond polymerization,
discoloration, gelation, and excessive vaporization of the ingredients,
When the desired degree of condensation has been attained, the product
must be cooled, both to prevent premature gelation and to save time—no
inhibitor known would prevent gelation if the polyester were blended with
the monomer at the reaction temperature,

The usual heat-exchange system consists of stainless steel coils
spirally mounted on the intemal walls of the kettle, going from near the
bottom up to about three-quarters of its height. The coils must be de-
signed so that they provide a large enough surface for efficient heat ex-
change between the heat-exchange medium and the reaction mixture. A
popular heat-exchange medium, Dowtherm, is made by Dow Chemical
Co. (1482).

It is possible to utilize other methods, such as direct flame or electri-
cal resistance, for heating the reaction mixture, It is necessary, then, to
provide also for the cooling of the system., If direct flame or radiant
heating is used, excellent agitation is required to avoid hot spots and
discoloration of the resin.,

Agitator. The reaction mixture must be thoroughly mixed to provide
for even temperatures throughout the mixture, to avoid local overheating,
to aid in water removal, and to keep the reactants in contact. The kettles
are therefore usually provided with a marine type of propeller-agitator,
which is positioned with its shaft in the center of the kettle and its blades
within 3 feet from the bottom, Turbo-type mixers are also employed,

The agitator must be powerful enough to mix viscous liquids with little
splashing. Splashing must be avoided because:

(1) It may be necessary to add reactants to the kettle while the reac-
tion is in progress, and the manhole is not far enough from the llqllld
surface to prevent the splashes from reaching the operator.

(2) When half batches are made, some of the splashed mixture may fall
on the exposed upper coils, overcure, char, fall down, and discolor the
whole batch,

(3) Very excessive splashing may cause the resin to camy over into
the condenser and gum up the system,

Inert Gas Inlet. An inert gas such as nitrogen or carbon dioxide diluted
with nitrogen is introduced to keep out oxygen, which may cause discolor-
ation and gelation of the resin; to assist in the removal of reaction by-
products, such as water; and towards the end of the reaction, to assist in
the removal of some of the unesterified reactants, if desired, For small-
scale production it is also valuable for agitation.
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The inlet pipe for the inert gas is positioned on the kettle so that the
gas is introduced near the bottom., The flow of the gas is regulated by a
valve at a flow meter, It is important that the inert gas used be entirely
free from oxygen; even traces of oxygen cause discoloration, When two
kettles are used in tandem so that the inert gas passes through both
kettles, the second kettle almost invariably produces a lighter colored

product,
View-Port. Because it is sometimes desirable to check the contents

of the kettle visually, a view-port may be provided. This view-port usu-
ally consists of two walls of heat-treated glass plate. It is usually
positioned in the top part of the kettle,

Sampling Tube. Since the progress of the reaction must be followed
directly, a ‘‘sampling tube’’ is located on the bottom part of the kettle.
It consists of a valve with a short length of small-diameter pipe.

Vapor Removal and Condensation. To carry the reaction to the desired
degree, the by-product water must be removed. The inert gas must also
have an outlet. A vapor outlet pipe is therefore provided on top of the
reactor, This pipe is fairly wide (4 to 8 inches), is constructed of stain-
less steel, and leads to a two-condenser system.

Reflux Condenser. A considerable amount of glycol may be found in
the vapors leaving the kettle through the vapor outlet pipe, Since it is
advisable to keep the reactants in original proportions (and glycols cost
money), it is necessary to retum the glycol to the kettle, This is the
function of the first, or reflux, condenser, This condenser is operated
at a temperature intermediate between the boiling point of the glycol used
in the reaction and the boiling point of water. It may be packed for more
efficient separation of glycol.

Total Condenser. The water vapor and the inert gases pass on into
the water-cooled total condenser, where the water condenses. Glycol not
removed by the reflux condenser will condense along with the water. The
amount of glycol in the condensate is determined by refractive index
measurements, ’

Condensate Sampling and Receiving. To obtain samples for the re-
fractive index measurements, a valved sampling tube may be placed in
the line leading from the total condenser to the receiver, The receiver is
a tank equipped with a gage to indicate the water level, a vent pipe on
the top for the removal of the inert gases, and a valve on the bottom for
disposal of the water, The amount of water collected indicates the stage
of the reaction, and it is therefore necessary—at the beginning—to
calibrate the water-level gage, The gases, before release into the at-
mosphere, may he scrubbed to remove noxious acid vapors.
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Solvents Handling. In the manufacture of maleic anhydride polyesters,
it is desirable to dilute the corrosive acid vapors with a solvent. This
solvent is so chosen that it forms an azeotrope with water, and thus
helps to remove it from the reaction mixture, It must also have a boiling
point lower than the reaction temperature,

If a solvent is used, it is necessary to condense the vapors, trap the
water, and retum the solvent to the kettle,

Use of Yocuum, A vacuum may be employed near the end of the con-
densation reaction to remove the residual water and solvent.

Blending Equipment

When a polycondensation is completed, the products are blended with a
suitable cross-linking agent. Although blending could conceivably be
done in the same reactor, for many reasons it is not. First of all, it is
usually desirable to add the hot polycondensation product to the cross-
linking agent, to minimize vaporization of the latter and splattering. Then,
the volume of the kettle may not be sufficient for the total amount of
resin, Also, the blending tanks may serve as temporary storage tanks,
before the various batches are mixed to form a uniform lot.

Transfer of Polyester. The polycondensation product is removed from
the reactor through a valved pipe on the bottom, This pipe, which leads
to the blender, is usually of stainless steel and 2 to 4 inches in inside
diameter, A pump must be provided to move the resin at a rate of from
15 to 30 gallons per minute, and since the polyester may he very viscous,
the pump must be powerful,

The transfer pipe introduces the polycondensation product into the
blending tank at a point near the top of the tank. If the cross-linking
agent is to be introduced into the polyester, another inlet is necessary.
This inlet delivers the cross-linking agent into the polyester just below
the resin level, to prevent splashing and flash vaporization, and to pro-
vide initial contact for more efficient blending,

Blending Tank. The blending tank is usually constructed from stain-
less steel or stainless steel-clad materials, Its capacity is from two to
four times that of the reactor, The stirring mechanism, which is of the
same type as the one in the reactor, is used to mix the polyester inti-
mately with the cross-linking agent, or to mix several batches into one
lot.

Insulation of the blending tank is imperative only in the special case
of the polycondensation product being difficultly soluble in the cross-
linking agent. In this case, it may be necessary to maintain higher tem-
peratutes while blending. If the tank is insulated, sufficient cooling
coils should be installed to permit an efficient cycle of operations,
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The blending tank is provided with a manhole similar to the one in the
reactor and with an inert gas inlet tube, It has an outlet in the bottom,
through which the finished resin is transferred into drums for shipping
and storage.

instrumentation

The instrumentation used in the manufacture of polyester resins need
not be elaborate. For observing the temperature of the reaction, record-
ing thermocouples are generally used. An additional thermocouple should
be placed in the condenser system line right after the reflux condenser,
to check the temperature of emergent vapors. Thermocouples are also
employed in the heat-exchange system.

The rate of flow of the inert gas is determined by a flow meter in the
line,

Other Equipment

Equipment used to cure and fabricate polyester resins is discussed in
the chapters on shaping (p. 97) and finishing (p. 124).

PROCEDURE
Ingredients Handling

The raw materials for the production of polyesters are brought to the
manufacturing plant in drums, bags, and other containers. The materials
are weighed and added to the reaction kettle in the following manner: The
alcohols are poured in first. The amount of glycol is usually somewhat
in excess of the amount required stoichiometrically. This is done to
ensure a sufficient amount of glycol, since not all of this compound may
be retumed by the reflux condenser system, Solvents may be added at
this point if desired. The usual quantity is about 10% of the total weight
of the reactants. The liquid ingredients are then heated up to about
160°C., while the agitator is started and the inert gases are passed into
the mix. The solids (acids, etc.) are then added gradually, and the mix-
ture is further agitated and heated.!

Among the solids may be added 0.01 to 0.2% of polymerization inhibi-
tors, to prevent premature gelation, and esterification catalysts. The
latter are usually not employed, because the reaction proceeds at a
satisfactory rate without them, and their removal from the reaction prod-
ucts is difficult.

! Ready-made esters can be charged to the resin kettle, rather than the indi-

vidual alcohols and acids, for greater convenience in handling and reduced proc-
essing time (1481).
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The volume occupied by all the reactants usually should not exceed
80% of the total volume of the reactor, because the water is removed very
rapidly initially and there is danger of foaming,

Initial Reoction Phase

The rate at which the temperature is raised depends on the boiling
point of the glycol used, and, above all, on the efficiency of the glycol
separation and the reflux condenser,

At the beginning of the reaction a large volume of water results from
the initial esterification, This water is vaporized faster if the rate of
heating is rapid, but the water vapor will carry with it glycol vapor. The
glycol vapor will be more concentrated the lower the boiling point of the
given glycol, and the faster the rate of heating. For a fast rate of heat-
ing, therefore, it is imperative that the reflux condenser system be effi-
cient enough to separate the glycol from this initial large volume of
vapor.

A high rate of heating will give fast cycles, which are economically
desirable. Thus, the rate of temperature increase must be a compromise.
Of course, it is assumed that the heating system can easily provide the
necessary heat, and that the mixing system can evenly distribute the
heat.

Reaction Temperature

The temperature of the reaction mixture is raised at the chosen rate
up to 190° to 200°C. and held at this point until the desired degree of
polyesterification has been obtained. Here again, the maximum tem-
perature is a compromise between the demand for economic efficiency,
which requires a high temperature for fast reaction, and the danger of
discoloration and premature gelation, which would occur at temperatures
higher than 200°C.

Of course, some compounds used in the manufacture of special poly-
esters are heat sensitive and would discolor at standard operating tem-
peratures. When they are used, the maximum temperatures must therefore
be much lower. Such heat-sensitive ingredients include certain of the
chlorine-containing acid components used for producing fire-resistant
resins (p. 165).

Reaction Time

The time of reaction at the maximum temperature depends on the follow-
ing factors:

(1) The nature of the reactants. Each acid reacting with each glycol
has a rate of reaction peculiar to itself.
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(2) The desired extent of reaction. It is usually desirable to complete
the reaction as far as possible without gelling the product. This, of
course, depends on the amount of double-bond unsaturation present. The
smaller the amount of unsaturation present, the lesser is the danger of
forming three-dimensional polymers and of gelation. Therefore, if less
unsaturation is present, the reaction may be carried safely to a greater
degree of polyesterification. A longer polyesterification time will be
required, however. For example, diethylene glycol maleate resin requires
a total heating period of approximately 6 hours; propylene glycol adipate-
maleate (adipic, 6 moles, maleic, 1 mole) requires about 16 hours. The
acid number that can be safely attained in the first case is about forty;
in the second case it is possible to go as far as five,

(3) Amount of glycol lost. If the amount of glycol lost is appreciable,
the danger of gelation is increased, and the heating time must therefore
be cut down.

(4) Efficiency of excess acid removal. In some cases, thé resin mix
will approach the desired viscosity, but the acid number of the mix will
remain undesirably high. The acid number may be decreased by passing
inert gas through the mixture at a higher rate, with the result that free
monomeric acid is removed from the reaction mixture. This process is
variable, depending on the rate of passage of the inert gas, and may
prolong the heating time,

Process factors that reduce the time cycle include: use of vacuum,
strong flow of inert gas, direct-heated kettle, and surface agitation of the
batch (but not enough to cause splashing).

Cooling and Blending

When the desired extent of reaction has been reached, the product
should be cooled and blended with the cross-linking agent. The excess
solvent is trapped and removed at this point, or just before it. The reac-
tion mixture is cooled as rapidly as possible to prevent undue loss of
time. The temperature to which it is cooled varies widely, depending on
the type of inhibitor system used in blending.

The mixture is mixed until uniform—usually for 2 to 4 hours. Individ-
ual batches may then be mixed together to form ¢‘lots.’’ The characteristics
of the lot are determined and, if necessary, adjusted to meet specifications.

Inhibitor System

The blending procedure is flexible and producers use widely different
techniques. The determining factor is the choice of inhibitor, which in
turn determines the highest possible temperature of blending,
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The necessity for an inhibitor system during the blending stems from
economic considerations. The blending could be done at room tempera-
ture, but the resin is then difficult to dissolve in the cross-linking mon-
omer. The solubility increases with increasing temperature, but at
higher temperatures there is the danger of a premature reaction between
the resins and the cross-linking agent. To assure a higher rate of solva-
tion, the higher temperatures are used—and inhibitors, such as hydro-
quinone and tertiary-butyl catechol, are used to prevent cross-linking.
[Inhibitors of addition polymerization are discussed in the chapter on
catalysis and inhibition (p. 46).]

The Naugatuck Chemical Division of the U. S. Rubber Co. uses hydro-
quinone as the inhibitor in the preparation of a general-purpose polyester
resin (1483). In this case, the resinous products are cooled to 100°C.,
and the hydroquinone is added; the batch is then cooled further to 70°C.,
and the blending operation takes place at this temperature. The resin is
transferred to the blending tank, and styrene is pumped into the tank
through a cloth filter, entering at a point just below the surface of the
polyester resin,

Storoge and Shipping

After the blending operation the resin is transferred into drums for
shipment and storage. The product may be filtered when drummed to
remove solid particles. A filter-aid, such as Celite, may also be added
to the resin to help clarify the product.

An interesting procedure for granulating solid polyester resins was
invented by B. W. Lew (219). He kneads the polyester with water at a
temperature slightly below its melting point. Other methods for producing
granular resins are given by E. M. Beavers (211) and M. Baer (212, 215).

PROCESS AND PRODUCT CONTROL

This section mentions some of the tests used for controlling the quality
of the raw materials, the manufacturing process itself, and the quality of
the final product. Details of these tests are given in the chapter on
testing (p. 233).

Raw Materials

Most of the raw materials arriving at the manufacturing plant have
passed the standard specifications established for their use, and gener
ally can be utilized without much further checking.

The one exception to this rule is the cross-linking agents, which are
less stable than the other ingredients and should therefore be tested for
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polymer formation. Styrene, for example, is tested for the presence of
insoluble polystyrene.

Glycols may be checked visually or colorimetrically against standards
for clarity and color.

Reaction Progress

The next product control tests are run on the reaction mix in the
reactor. The object of these tests is to detemmine the extent of poly-
esterification,

The quantity of water removed from the reaction is indicative of the
stage of polyesterification. It is not generally accepted as an independent
production control but is used in conjunction with other determinations.

The viscosity of the resin is related to the weight average molecular
weight; the acid number of the resin is related to the number average
molecular weight. Hence, both are indicative of the extent of reaction.
Viscosity determinations are usually reserved for higher-viscosity resins,
and as a final product (polyester plus cross-linking agent) control. The
usual tests of the mix in the reactor are acid number tests made on samples
removed from the kettle at periodic intervals.

On resins that are cooked to an acid number below 20, it is advisable
to use viscosity determinations to check the progress of the reaction. At
low acid numbers the accuracy of the acid number test is not good and
the mix may gel rapidly.

Finished Resin Testing

Additional tests are conducted on the finished resin to assure its
compliance to specifications. Specific gravity is determined by the usual
methods. The length of storage life is determined experimentally, some-
times by using accelerated weathering conditions. Gel times at peak
exotherm, or the maximum temperature reached by the resin during cure,
are also determined.

The refractive index is determined by refractometer measurements.
The color and clarity of the resin and the presence of foreign material in
it are determined by visual inspection,

OUTLOOK IN RESIN MANUFACTURE

Before polyester resin production can approach a mass-production
basis, continuous methods for manufacture of these resins will have to
be adopted. Already, the Dacron® and Mylar® types of terephthalate poly-
ester fibers and films are made in continuous operation. In these cases

2Du Pont trade names.
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the adoption of a continuous method was facilitated because large quan-
tities of a single formulation are needed, and the high surface-to-volume
tratio of the ultimate product favors water removal and thus completion of
the condensation reaction.

When continuous processes for making laminating polyester resins are
developed, they will no doubt utilize every known expedient to speed the
reaction without the use of destructive heat. These will include a high
surface-to-volume ratio during the reaction, which could be achieved by
working in thin films, or by using gas dispersion techniques, such as
those worked out for ore flotation or submerged culture in fermentation.
An unusually high vacuum will be used to accelerate water removal. The
entire process no doubt will be govemed by a series of automatic vis-
cometers, which will control the rate of feed and movement of raw
materials so as to secure an outgoing flow of closely controlled vis-
cosity. Automatic blending equipment is available for continuous mixing
and blending of two-component resin systems such as polyester-styrene
resins.
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Il. CATALYSIS AND INHIBITION

This chapter is concemed with the use of catalysts and inhibitors in
the manufacture and fabrication of polyester resins. This subject is dis-
cussed before the chapter on shaping because the catalyst is added to
the resin before fabrication, although its action usually occurs during or
after the shaping operations,

Although there are no hard and fast rules for catalyzing polyesters,
certain basic principles have been discovered. It is now possible to
choose an appropriate catalytic system for various methods of fabrication
without too extensive experimentation. The practical aspects of cataly-
sis—the choice of the proper catalyst and the concentration used—are
discussed here in detail. Theoretical considerations are limited to those
necessary for a basic understanding of the action of catalytic agents
used. The limitations of various catalytic systems are listed in order to
aid in the selection of a system suited to given cases,

DEFINITIONS

The word ‘‘catalyst’ in the preceding paragraph is used in the sense
in which it is used in the plastics industry. As in the chemical industry,
substances added in very small quantities for the purpose of changing the
rates of various reactions are called catalysts in the plastics industry.
This analogy is misleading, however. The ‘‘catalysts’’ used in the plas-
tics industry actually take part in the various reactions and are con-
sumed in the process. Indeed, it has been proposed to use the distinctive
ultraviolet light absormption characteristics of fragments of peroxide cata-
lysts in polymers for study of the mechanism of addition polymerization
(1519).

The International Union of Pure and Applied Chemistry, through its
Commission on Nomenclature, recently proposed a set of terms for the
field of high polymers, but the old terminology is still used almost uni-
versally in the industry. The proposed nomenclature, however, has con-
siderable merit, and if adopted would bring about a much needed
standardization,

The terms ‘‘catalyst,’’ ‘‘accelerator,”” and ‘‘promoter’’ are now used
almost interchangeably. The same is true for ‘‘stabilizer,’”’ ‘‘inhibitor,”’
and ‘“‘retardant.’’ This practice often results in confusion and misunder-
standing.

46
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The IUPAC names catalytic substances in accordance with the mech-
anism of their action, and not merely in accordance with their effect on
the reaction. The term ‘‘catalyst’’ is reserved for substances that are
not consumed as they speed the process. Substances used to initiate
addition polymerization, such as peroxides, are called ‘‘initiators.’”’ Come-
pounds which activate the initiators are called ‘“‘activators.’”’ If the ac-
tivator acts by reduction, as for example by reduction of the peroxide
initiator, it is called a ‘‘reduction activator,’’ and the initiator-activator
system a ‘‘redox system.’’

For further information on the proposed nomenclature the reader is re-
ferred to the Commission’s report (1116). Although we wish for the change,
it cannot be accomplished suddenly, and to avoid confusion this text
will, as a rule, refer to the compounds described in terms used in the
original references. The IUPAC temms will be inserted in the text occa-
sionally for the purpose of familiarizing the public with them.,

POLYESTERIFICATION CATALYSIS

The polyesterification of compounds commonly used in the manufacture
of polyesters proceeds readily without catalysis. Catalysts therefore are
seldom used in this process, particularly since their removal presents
difficulties.

When catalysts are used the object is to help reduce the well-known
reversibility of the reaction between alcohol and acid and force the reac-
tion to completion. This is done mainly by temoval of water from the
reaction mixture by mechanical means. [A detailed description of the ap-
paratus is given in the chapter on manufacture of resins (p. 38).] The cat-
alysts used for this purpose are water-removing agents, such as sulfuric
acid, gaseous hydrochloric acid, and anhydrous zinc chloride. The same
substances which catalyze simple esterifications catalyze polyesterifica-
tions as well.

In general, acidic substances are used in most large-scale operations.
Para-toluenesulfonic acid seems to be the most popular catalyst in the
manufacture of polyesters. Other compounds that have found the favor of
polyester manufacturers are hydroquinone, gaseous hydrochloric acid,
tannic acid, pyrogallol, sodium hydrogen sulfate, and aromatic amines
such as aniline or phenylenediamine,

The effectiveness of the catalytic agent used must be established for
each particular case since it will vary for different materials. For ex-
ample, the usual polyesterification catalysts, such as sulfuric acid,
sodium hydrogen sulfate, and zinc chloride, cause the reaction between
unsaturated alcohols and unsaturated acids to become too violent. Alkali
metal silicates are suggested as catalysts for this reaction (170). No
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definite proportions can be given in which polyesterification catalysts
are to be used. In general, amounts ranging from 0.5 to 2% of the total
weight of the reactants are sufficient.

An important consideration in the choice of catalyst is the ease of its
removal, If a catalyst is not removed or destroyed, its continued pres-
ence may lead to overpolymerization, discoloration, and impairment of
impact strength and other mechanical properties. Gaseous or highly
volatile compounds are preferred as catalysts since they can be easily
“topped off.”” Thermally unstable catalysts are destroyed by heating.
The catalysts, of course, must not have a deleterious effect on the final
properties of the resin.

Inhibitors of addition polymerization are often added to the reaction mix-
ture to prevent premature cross-linking. This step is discussed under a
separate heading,

INITIATORS OF ADDITION POLYMERIZATION

Substances used in the polyester industry to initiate addition poly-
merization are commonly called ‘‘catalysts.’”” When these ‘‘catalysts’’
decompose free radicals are formed. In the presence of unsaturated carbon-
to-carbon double bonds, the free radicals cause addition polymerization
to start as explained in the chapter on theoretical considerations (p. 3).
The formation of free radicals is illustrated by the following equations
for the decomposition of benzoyl peroxide:

(0] (0] (0]
| |

CcH; —C—0—0—C—CH, — 2C,H,—C—O-
o) )

CH—C—0—0—C—CH;, — 2C,H,- + 2CO,

Peroxide Initiators for Polyesters

Since some peroxide catalysts (initiators) decompose at higher temper
atures than others, the choice of an appropriate catalyst depends on the
intended molding temperature. Benzoyl peroxide, for example, starts to
decompose at a considerable rate at about 50°C., and is therefore used
mainly for resins which are cured at higher temperatures. Methylethyl
ketone peroxide is a popular initiator for lower temperatures, particularly
in conjunction with cobalt naphthenate.

The dissociation of peroxides can be accelerated by various reducing
compounds and metallic salts, or retarded by certain substances. The
action of accelerators and retardants is discussed in detail in other
sections.
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Some of the commonly available peroxide catalysts for polyester resins
are listed in table No, 2.

Trade name

Cadox BDP

Luperco CDB

Lupersol DDM

Cadox MDP

Luperco JDB

peroxide catalysts for polyesters

Composition

Benzoyl peroxide
Benzoyl peroxide
Benzoy! peroxide purified
Benzoy! peroxide
Benzoy! peroxide compounded
with tricresyl phosphate
Benzoyl peroxide compounded
with tricresyl phosphate
Benzoyl peroxide compounded
with dibutyl phthalate
2,4-Dichlorobenzoyl peroxide
compounded with dibutyl
phthalate
Methylethyl ketone peroxide
in dimethyl phthalate
Methylethyl ketone peroxide
in dimethyl phthalate
Cyclohexanone peroxide
(mixed ketone peroxides)
Cyclohexanone peroxide com-
pounded with dibutyl
phthalate
Cumene hydroperoxide

Physical
form

Granules
Fine granules
Fine crystals
Fine granules
Thick paste
Thick paste

Thick paste

Thick paste
Liquid
Liquid
Granules

Thick paste
Liquid

Table No. 2.— Composition, form, and suppliers of

Peroxide
assay

%
96
96
99
96
50
SO

50

50

60

50
73 (as

hydroper-

oxide)

Supplier*

-NNN

b

3

*Supplier: (1) Lucidol Division, Wallace and Tiernan Inc., Buffalo, N. Y. .
(2) McKesson & Robbins, Inc., Chemical Division, New York, N. Y,

(distributors for Cadet Chemical Corp., Buffalo, N. Y.)

(3) Hercules Powder Co., Naval Stores Department, Wilmington, Del.

Other peroxide catalysts mentioned in the polyester patent literature
are bis(para-bromobenzoyl) peroxide, bis(phthalyl) peroxide, bis(para-
chlorobenzoyl) peroxide, bis(succinyl) peroxide, acetylbenzoyl peroxide,
bis(chloroacetyl) peroxide, bis(acetyl) peroxide, tertiary-butyl perbenzoate,
tertiary-butyl hydroperoxide, bis(dichlorobenzoyl) peroxide, ozonides such
as di-isopropylene ozonide and di-isobutylene ozonide, peracetic acid,
petbenzoic acid, benzoyl peracetate, and peroxycarbonates such as ethyl

peroxydicarbonate.
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Ditertiary-butyl peroxide and 2,2-bis(tertiary-butylperoxy) butane have
been proposed for use as polymerization catalysts at temperatures above
100°C. They are liquids and are therefore more readily soluble in poly-
esters (1514, 1534). Ditertiary-alkyl peroxides (246) are claimed to be
more suitable as polymerization catalysts than the usual peroxide cate-
lysts because they are relatively stable and do not discolor the resin (1527).

The National Bureau of Standards has detemmined the order of activity
of peroxides in polymerizing a special casting resin developed by the
Bureau (1515) (table No. 3).

Table No. 3.—Order of activity of peroxides in polymerizing
NBS casting resin®*

Percentage of

Concentration, polymer after
parts /100 as— 17 hours at
Peroxide 25°c. plus —

Pure Commercial
peroxide product 2 hours 24 hours
at 50°C. at 50°C.

Cumene hydroperoxide 0.12 0.17 75 98-100
Uniperox 60 (CyH,;OOH) 0.13 0.21 75 9%
Dichlorobenzoyl peroxide 0.24 0.48 60 98--100
Tertiary-butyl hydroperoxide 0.06 0.10 59 98-100
Benzoyl peroxide 0.16 0.16 20-30 98-100
Tertiary-butyl perbenzoate 0.16 0.17 20-30 95
Acetyl benzoyl peroxide 0,12 0.13 <25 98
Caprylyl peroxide 0.19 0.21 <25 98-100
Lauroyl peroxide 0.27 0.31 <25 97
Hydroxyheptyl peroxide 0.19 0,20 . 87
Methylethyl ketone peroxide 0.06 0.17 80
1-Hydroxycyclohexyl hydroperoxide-1  0.086 0.09S 74
Ditertiary-butyl perphthalate 0.11 0.11 70
Dibenzaldiperoxide 0.08 0.16 - 61
Tertiary-butyl peroxide 0.09 0.091 <35
2,2-(Tertiary-butylperoxy) butane 0.08 0.11 24

*Source: P. J. Franklin, D. M. French, and W. C. Nyberg, ‘‘Development of the
National Bureau of Standards Casting Resin,’’ National Bureau of Standards
Circular No. 493 (1950).

Although the NBS resin is not a polyester, the order of activity of
peroxides in it is nearly the same as that found in unsaturated polyester
resins by Rybolt and Swigert (1530), if the aldehyde and ketone peroxides
and peroxides containing hydroxyl groups are considered separately. The
order of decreasing activity for this classification in both the NBS resin
and polyester resins was: hydroxyheptyl peroxide, methylethyl ketone
peroxide, 1-hydroxycyclohexyl hydroperoxide-1, dibenzaldiperoxide (1515).
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For other peroxides, the order of decreasing activity was as follows

(1515):

In NBS casting resin

Dichlorobenzoy! peroxide
tert.-Butyl hydroperoxide
Benzoyl peroxide
tert.-Butyl perbenzoate
Lauroyl peroxide
ditert.-Butyl perphthalate

In polyester resins

Dichlorobenzoyl peroxide
tert.-Butyl hydroperoxide
Lauroyl peroxide
Benzoy!l peroxide
tert.-Butyl perbenzoate
ditert.-Butyl perphthalate

Catalysts for Polymerization in Presence of Copper

The electrical industry uses a large volume of ‘‘solventless varnishes’’
for embedding condensers, coils, and similar apparatus. Polyesters are
ideal for this application, and have indeed made possible great savings in
weight in electrical equipment because, in addition to their insulating
value, they also assume a mechanical function, thus reducing the amount
of structural metal necessary.

One factor which must be noted, however, is that organic copper salts
are inhibitors for polymerization. Therefore, prolonged contact of copper
electrical equipment with polyester resins before cure should be avoided.
Goggin and Boyer inhibit the formation of aldehydes, which cause the
formation of the polymerization-inhibiting organometallic compounds, by
addition of para-tertiary-butyl catechol to the resin (1518). According to
Nordlander and Loritsch, discoloration and inhibition of the resin are also
caused by the benzoyl peroxide initiator commonly used in polyesters.
They disclosed experimental evidence that the use of secondary- or
tertiary-butyl hydroperoxide as initiator solves the problem (270).

A method of stabilizing polyesters with an organic complex of a drier
metal, such as zinc or lead, so that they can be used in coatings for cop-
per wire, is disclosed by a British patent (358).

Other Polymerization Catalysts

Peroxides are not the only polymerization catalysts, although the field
is predominantly theirs. According to M. Hunt, organic azo compounds
are better polymerization catalysts than peroxides because they do not
affect the color of dyes used and will not oxidize the resin (261).

Ascaridol is said to polymerize unsaturated polyester-vinyl monomer
mixtures exclusively; it does not catalyze addition polymerization of
vinyl compounds alone (235).

Other types of polymerization catalysts are described in references
(250, 251, 260, 264, 265, 305, 314, 1535).
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INHIBITION OF ADDITION POLYMERIZATION

Unsaturated polyesters, and particularly mixtures of unsaturated poly-
esters with polymerizable monomers, are not stable and will polymerize
on standing, even at room temperature. This problem has been given
considerable attention, and although the first polyesters had to be shipped
in dry ice (1541), the useful life of most commercial polyester resins is
now longer than 6 months.

An early polyester patent gave special emphasis to the problem of
stability. C. Ellis discovered that various fillers, such as cellulose, as-
bestos, chalk, and ground glass, will prevent premature gelation of the
resin (316). Even completely inert fillers, however, will affect the cure
characteristics of the filler-resin mix, acting simply as diluents of the
resin. [The role of inert fillers in curing polyester resins is discussed in
the chapter on fillers (p. 94).]

Some pigments and dyes also affect the cure of polyesters. Not enough
systematic work has been done on this subject, however, and the effect
of pigments, fillers, and dyes must still be evaluated by a trial and error
method.

The use of fillers as inhibiting agents for polyesters would greatly
limit the applications of these resins. Therefore, research in this field
has been concerned mainly with developing inhibitors for unfilled resins.

Two main types of inhibitors have been developed for polyester resins.
The inhibitors of one type are often called ‘‘retardants,’’ and their in-
hibiting effect is directly proportionate to their concentration in the resin.
The inhibitors of the second type are called “‘stabilizers’’ in the patent
literature to distinguish them from the ‘‘retardants.’”’ They have the ad-
vantage of losing their inhibiting effect at higher temperatures and thus
pemitting the economically important fast-cure cycles.

Retardants

The inhibitors belonging to the retardant group are usually reducing
agents which are capable of donating hydrogen atoms in a reaction.
Their inhibiting effect depends on the suppression of free-radical forma-
tion, and can perhaps best be illustrated by the reactions:

(1) cH,—O0—OH — CH,O: + OH.

(1a) CH,—O0—OH — CH,:- +H. +0,

(2 CHO.+OH.+HO—CH,—OH — CHOH +HO0 + 0O=CH,=O
(2a) CH,—0 —OH + HO—CH,—OH — CH,OH +H,0 +0=CH, =0

Reactions 1 and 1a show the products of the disintegration of tertiary-
butyl hydroperoxide in the absence of hydrogen-donating retardants. The
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products of these reactions are free radicals, which initiate addition poly-
merization. Reactions 2 and 2a show how hydroquinone, a popular re-
tardant, prevents the formation of free radicals by donating two hydrogen
atoms to the disintegration products of the peroxide.

Other retardants of this type are phenols, particulatly di- or poly-hydroxy-
phenols; phenolic resins; aromatic amines, particularly symmetrical
alpha,beta-naphthyl para-phenylenediamine; antioxidants, such as pyro-
gallol, tannic acid, and ascorbic acid; benzaldehyde; alpha-naphthol; re-
sorcinol; and sulfur compounds (353). The proportions used are usually
less than 1%, based on the total weight of the resin; the preferred re-
tardants give satisfactory inhibition when used in the proportion of 0.01%.

TRe retarding action of these inhibitors is independent of the tempera-
ture of the reacting mass. Of course, an increase in the temperature of
the resin will result in an increase in the rate of disintegration of the
peroxide, and any given amount of the retardant will be used up faster.
But at any temperature a given amount of the retardant will ‘‘neutralize’’
a given amount of the peroxide initiator. To achieve a fast and complete
cure, even at the higher temperatures of molding, peroxide must therefore
be added in considerable excess of the amount which can be ‘‘neutralized"’
by the retardant. Thus, a certain amount of the peroxide initiator, when
used in conjunction with these retardants, is always wasted. Furthermore,
the initiator must be added to the resin shortly before it is used, so that
the amount will be large enough to overcome the inhibiting action of the
retardant and still be sufficient to pemmit a complete cure. Polymeriza-
tion will start as soon as the retardant is used up.

Attention therefore has been directed toward developing inhibitors that
are continuously active at all temperatures, Such inhibitors belong to
the stabilizer group.

Stabiltzers

Inhibitors which stabilize the resin at room temperature and yet permit
fast and complete cure at molding temperatures have many advantages
over the retardants, A longer storage life and a longer pot life for the
resin (the terms ‘‘tank life,”’ ‘‘shelf life,”” ‘‘pot life,’”’ and ‘‘bench life’’
all refer to the useful life of a resin to which a catalyst has been added)
are their principal advantages. The only information about these com-
pounds is in recent patent disclosures, and since it is only necessary for
the inventor to say how a compound acts, and not why it has this action,
there is no information available on the mechanism of their action.

Saits of substituted hydrazines (331), quaternary ammonium salts (333),
and substituted para-benzoquinones (336) are compounds which can be
classified in this group.
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Salts of Substituted Hydrazines. The salts of substituted hydrazines
are claimed to stabilize uncatalyzed polyesters at room temperatures,
yet permit an easy and fast cure at higher temperatures. These claims of
the inventor, E. E. Parker of the Pittsburgh Plate Glass Co., are sub-
stantiated by the data in table No. 4.

Table No. 4.—Gel! time of various resins with and without
substituted hydrazine salts as stabilizers

Gel time Gel time

Resin at 150°F. at 70°F,
Days Days

Propylene maleate phthalate-diethylene glycol bis(allyl

carbonate) 1 30
Propylene maleate phthalate-diethylene glycol bis(allyl

carbonate) with 0.015% phenylhydrazine hydrochloride 18 6 months
Propylene maleate phthalate-methyl methacrylate Less than

1 30

Propylene maleate phthalatesmethyl methacrylate with More than More than

0.015% phenylhydrazine hydrochloride 40 180
Propylene maleate phthalate-vinyl acetate 1 30
Propylene maleate phthalate-vinyl acetate with 0,015% More than More than

phenylhydrazine hydrochloride . 40 180
Diethylene fumarate-diethylene glycol bis(allyl

carbonate) 1 30
Diethylene fumarate-diethylene glycol bis(allyl More than

carbonate) with 0.015% phenylhydrazine hydrochloride 50 180
Propylene maleate-diethylene glycol bis(allyl carbonate) 1 30
Propylene maleate-diethylene glycol bis(allyl More than

carbonate) with 0.01% phenylhydrazine hydrochloride 50 180

A resin stabilized in this way can be cured by incorporating 0.1-5% of
a peroxide catalyst (initiator) and heating to about 93°C. At 75°C. it
takes about an hour for the resin to set, and it can then be hardened by
baking at 125° to 150°C.

Quaternary Ammonium Salts. More recently Parker disclosed that
quaternary ammonium salts retard high-temperature cure less than other
commonly used inhibitors (333). Parker’s experiments also prove that
these compounds prevent the cracks and discolorations that commonly
occur in the resins when other inhibitors are used. For example, a pro-
pylene maleate phthalate-styrene polyester, inhibited with 0.1% of tri-
methyl benzyl ammonium chloride and catalyzed with 0.3% of tertiary-
butyl hydroperoxide, gelled on heating at 100°F. for 1 hour; three other
samples of the same resin, catalyzed in the same manner but inhibited
with 0.1% of para-benzyl aminophenol, 0.1% of di-beta-naphthyl para-
phenyldiamine, and 0.0168% of hydroquinone did not gel in this time. Ogq
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farther heating at 110°F., all samples gelled, but the latter three were
discolored and severely fractured.

A further comparison of results obtained with various inhibitors is
given in table No. 5. The resin used was prepared from 2.2 moles of pro-
pylene glycol, 1 mole of maleic anhydride, and 1 mole of phthalic anhy-
dride; 2 parts of this resin were combined with 1 part of styrene.

Some of the inhibitors in this disclosure have the very important prop-
erty of prolonging the pot life of the resin. This property is particularly
important for fabricating large objects, where the time required by the
various complex lay-ups is fairly long, Trimethyl benzyl ammonium oxa-
late has this property in a very high degree. When the following inhibitors
wete used in a concentration of 0.1% in the propylene maleate phthalate-
styrene resin, the pot life of the resin at 77°F., withl 1.5% of benzoyl
peroxide added, was more than 100 hours:

Trimethyl benzyl ammonium acid oxalate
Di(trimethyl benzyl ammonium) oxalate
Trimethyl benzyl ammonium maleate
Di(trimethy! benzyl ammonium) maleate
Trimethyl benzyl ammonium tartrate
Di(trimethyl benzyl ammonium) tartrate
Trimethyl benzyl ammonium lactate
Trimethyl benzyl ammonium glycolate

Substituted Benzoquinones. A third class of stabilizing agents—the
substituted para-benzoquinones disclosed by T. F. Anderson of the Libbey-
Owens-Ford Glass Company (336)—is of great economic importance. The
stabilizers of this class have the important advantage of preventing pre-
mature gelation of polyester resins which have been precatalyzed with
peroxide initiators without proportionately decreasing the curability of
the compositions at higher temperatures. They do not ‘‘use up’’ the per-
oxide while the resin is in storage, and moldings prepared from precata-
lyzed stored resin stabilized with them have the hardness and water and
heat resistance of moldings prepared from freshly catalyzed resins. The
manufacturer, rather than the fabricator, can then mix in the catalyst. He
is usually better equipped to mix in the catalyst evenly, so that the resin
will develop no hard centers, and no lumps of hardened resin are likely to
be found in molds.

To test the effectiveness of these stabilizers Anderson designed a spe-
cial procedure in which a resin was tested for stability at the rather
severe conditions of 90°F. and 30% to 50% relative humidity. The resin
tested was an ethylene phthalate maleate-diallyl phthalate resin (32.8
parts) containing 1.3 parts of Luperco ATC catalyst (50% benzoyl perox-
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ide and 50% tricresyl phosphate). Seven different stabilizers were added
to separate samples of this resin, and one sample was used as a control.
The results were as follows:

o e Days

Inhibitor stable
0.12% Para-xyloquinone 18
0.1% Para-toluquinone 44
0.04% Quinone dioxime 26
0.1% Thymogquinone 40
0.08% 2,6-Dichloroquinone 109
0.15% 2,6-Dibromoquinone 23
0.08% Thymoquinone monoxime 21
Control 8

Oxygen as an Inhibitor

The inhibiting effect of oxygen on the addition polymerization of poly-
esters is only too well known to anyone who has tried to cure them in air.
(See pp. 63 and 163 for means of reducing air inhibition.) This effect
can also serve a useful purpose, however; it can be used to stabilize
resins. H. L. Gerhart bubbled oxygen through a diethylene maleate-
styrene resin catalyzed with benzoyl peroxide and made it stable in
storage (326). T. F. Anderson disclosed that N-aryl-hydroxy-3-naph-
thamides, such as N-para-tolyl-2-hydroxy-3-naphthamide, prevent gelation
if the resin is permeated with air (328). Dearing and Howald dispose with
adding inhibitors to the resin, and prevent premature gelation of precata-
lyzed polyesters simply by permeating them with air (340,341).

In all cases the air inhibition seems to disappear on heating, and the
resins are readily moldable to hard cbjects resistant to water and elements,

To pemmit the resins to be in continuous contact with air they must be
prepared in an appropriate physical state. This can be accomplished by
the use of a filler that imparts a leathery texture to the mix and prevents
the chopped pieces of the filled polyester from sticking to each other
(340). Metallic-base compounds can be similarly used, Another way of
assuring air permeation is to use compounds that give crystalline resins,
which can be powdered and will stay dry (341).

Inhibitors for Thixotropic Polyesters

Thixotropic polyesters have a tendency to skin® in storage. They can
be stabilized with tertiary-butyl catechol, but this inhibitor, when used in
conjunction with peroxide initiators, destroys the thixotropy of the resin.

IForm a scum or ‘“skin’’ on the top of the resin.
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According to R. E. Bumett, a small amount of quinone, added together
with the tertiary-butyl catechol, preserves the thixotropy of the resin
(337). General Electric Co., the assignee of Bumett’s patent, is said to
grant nonexclusive licenses under this patent.

Effect of Physical State of Resin on Stability .

The physical state of the resin influences the degree of its stability.
Solid resins even in the presence of catalysts are slow to cure. Advan-
tage is taken of this property, for example, in the manufacture of preim-
pregnated glass fabrics or mats, Polyesters which are crystalline at
room temperature, such as fumaric acid-ethylene glycol polyesters, are
used. These resins, because of their solid state, are sufficiently in-
hibited to be mixed with a catalyst and used for impregnating glass fiber
or mat that will be stored several weeks and even months before use.
The resin-catalyst mixture is activated by molding at elevated temperatures.

ACCELERATORS AND PROMOTERS

It is not easy to obtain a good cure with polyesters catalyzed with per-
oxide initiators alone. Too much peroxide may result in a very fast cure,
giving polymers of comparatively low molecular weight and poor properties.
Too little peroxide results in too long cure times, which are economically
undesirable; attempts to speed the cure with heat can result in a product
full of bubbles and cracks. A partial answer to this problem is provided
by accelerators and promoters, which activate the initiator.

- J. A. Loritsch obtained a number of patents on mixtures of resins with
oxygen-releasing peroxide catalysts and a reducing substance capable of
being oxidized by accepting an oxygen atom (273, 274). The following re-
actions, all of which have been used previously to illustrate principal re-
actions, will serve us once more:

] | ]
({14 cH,—C—0—0—C—CH;, - 2CH,—C—O-

] |
(1a) CHy—C—0—0—C—CH, — 2CH, - +2CO,
(2a) CH,—O0 —OH — CH,0.+0M-

(26) CH,—0—0OH 35 CH,0H +H,0
(2¢) CH,—O—OH — CH,-+H. +0,

Reactions 1 and la show the dissociation of benzoyl peroxide. No oxy-
gen is formed. Reactions 2a, 2b, and 2c show the dissociation of tertiary-
butvl hydroperoxide, which can go in three directions: a, in which only
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free radicals are produced; b, in which the dissociating peroxide accepts
two hydrogen atoms and no free radicals are formed; and c, in which both
free radicals and oxygen are produced.

Loritsch’s invention consists of introducing into the reaction a com-
pound that accepts the atomic oxygen readily, thus forcing the reaction to
proceed by route c, with the production of free radicals. The IUPAC
term for accelerators of this type is ‘‘reduction activator.”’

Phosphorus compounds, such as pheny! phosphinic acid, in which oxy-
gen is attached directly to phosphorus, and in which the phosphorus is
capable of increasing its valence by adding on another oxygen, are used
as reduction activators (273). Similar organic sulfur compounds are also
used (273), as are ascorbic and isoascorbic acids (274). Tables Nos. 6
and 7 illustrate the effectiveness of accelerators of this type. In each
case a diethylene maleate-diallyl phthalate resin was used.

Table No. 6.— Effect of phenyl phosphinic acid accelerator on the gel time
of a polyester resin catalyzed with various catalysts

Phenyl Average gel time
Catalyst phosphinic at room
acid content temperature
% Hours
1% Benzoyl peroxide 0 120
1% Benzoyl peroxide 2 160
1% Diheptanol peroxide 0 About 340
1% Diheptanol peroxide 2 1
1.5% Tertiary-butyl perbenzoate 0 50
1.5% Tertiary-butyl perbenzoate 1.5 4
1.5% Ditertiary-butyl diperphthalate 0 55
1.5% Ditertiary-butyl diperphthalate 1.5 4
1.5% Tertiary-butyl perfuroate 0 79
1.5% Tertiary-buty!l perfuroate 1.5 5
1.5% Ditertiary-buty! diperadipate o 55
1.5% Ditertiary-buty! diperadipate 1.5 7
1.5% Ditertiary-butyl dipersuccinate 0 85
1.5% Ditertiary-buty! dipersuccinate 1.5 12
1.5% 1-Hydroxycyclohexy! hydroperoxide-1 0 300
1.5% 1-Hydroxycyclohexyi hydroperoxide-1 1 12
1% Tertiary-amyl hydroperoxide 0 320
1% Tertiary-amyl hydroperoxide 1 12
1.5% Diacetyl peroxide 0 20
1.5% Diacetyl peroxide 2 3
1.5% 1-Acetyl benzoy! peroxide (1] 20
1.5% 1-Acetyl benzoyl peroxide 1.5 6
1.5% Ditertiary-butyl peroxide 0 90
1.5% Ditertiary-butyl peroxide 1.5 94
None 0 96
None 2 More than
1,080
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Table No. 7.— Effect of various accelerators on the gel time of a polyester
resin catalyzed with tertiary-butyl! hydroperoxide

Amount of Average gel time
Accelerator catalyst at room
in resin temperature
o Hours
None 1 340
None 1 216
None LS 144
2% Tertiary-butyl catechol 1 More than 384
2% Guaiacol 1 More than 384
2% Quinone 1 More than 384
2% Phenyl phosphinic acid 1 12
2% n-Butyl sulfite 1 12
2% Dipheny! hydroxyphosphine 1 60
1% Diphenyl phenylphosphine 1.5 S

Catalytic Systems for High-Speed Molding Cycles

According to R. R. Harris the use of inorganic reducing agents with
peroxide initiators, while effective for acceleration of the polymerization
of linear unsaturated polyesters with polymerizable monomers at room tem-
perature, has not been effective in reducing the cure time of polyester
resins at high temperatures (271). Hydrochloric acid, sulfuric acid,
oxalic acid, and sulfonic acid have all been proposed as cure promoters,
but have no appreciable effect,.

Harris uses 0.03 to 0.3% of an aromatic sulfonic acid as a promoter
with a phenolic type of inhibitor and a peroxide initiator to accelerate the
cure of polyester resins at high temperatures. The acid is added as a
30% solution in ethylene glycol.

Table No. 8 gives cure time data for a resin composed of 3.6 moles of
ethylene glycol, 3 moles of diethylene glycol, 4 moles of fumaric acid,

Table No. 8. —Effect of various amounts of para-toluenesulfonic acid
promoter on the cure time of a polyester resin

Amount of para- R Time Time
toluenesulfonic Stability of at 70°C, at 70°C.
) accelerated
acid added to . necessary necessary
. mix
resin to set to cure
Yo Hours Minutes Minutes
0 3 63 74
0.03 More than 24 38 43
0.03 More than 24 42 47
0,06 More than 24 14 19
0.06 More than 24 18 21
0.12 More than 24 40 18
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and 2 moles of phthalic anhydride and diluted with one-half of its weight
of styrene, The resin was stabilized with 0.01% of hydroquinone and
contained 0.5% of benzoyl peroxide. Various amounts of para-toluene
sulfonic acid were added as promoter.

This invention is particularly suitable for polyester resins that are
stabilized with phenolic type of inhibitors in concentrations of from 0.01%
to 0.1%.

Catalytic Systems for Laminating of Complex Shapes (Low-Temperature
Cure)

For polyester molding compounds it is desirable to develop a catalytic
system that keeps the resin stable at room temperature and permits high-
speed curing at the higher temperatures of molding. Polyesters used for
laminating must have different cure characteristics, however, For ex-
ample, in one method for laminating large objects, resin-impregnated fil-
ler is laid up in the mold and the mold is heated, Temperatures of about
125°C. are often necessary to cure the resin, which usually contains an
inhibitor and a peroxide initiator. At these high temperatures the resin
becomes less viscous than at room temperatures and tends to flow down,
leaving so-called ‘‘starved spots,?’ particularly in the upper parts of the
molded article. This behavior results in a spotty and weakened molding.

The U. S. Rubber Co. is the assignee of a number of patents designed
to overcome this difficulty. Catalytic systems that pemit fast gelation
at temperatures below 50°C., at which the resin is not thin enough to
flow, were developed by E. C. Hurdis (252, 253, 257, 263). He incorpo-
rated methylene poly(N,N-dialkylarylamines), aliphatic polyamines, N-
monoalkyl mono{monocyclic aryl) monoamines, and dialkyl monoaryl
tertiary amines as promoters in the inhibited resin together with a perox-
ide initiator. C. F. Fisk used sulfhydryl promoters, such as dodecyl
mercaptan (256). The following data show the effect of promoters of
these types on the gelling time at 25°C. of a diethylene maleate-styrene
resin; the resin contained 0.01% of para-tertiary-butyl catechol and 2% of
benzoyl peroxide.

Gel time

Promoter at 25°C.

Minutes

2.0% 4,4-(Tetramethyl diamino)

diphenylmethane 12
0.4% 1,2-Propylenediamine 11
0.2% N-ethyl-meta-toluidine 4
0.2% Diethylaniline 9
0.1% Dodecyl mercaptan 23

None 50 hours
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Hoover, Paulsen, and Landgraf used hydrazine or aromatic hydrocarbon
substituted hydrazine in concentrations of 0.01 to 0.5% to get a peroxide-
catalyzed unsaturated polyester to gel at room temperature. The final
cure was still necessary and was done at 175° to 250°F. (249, 309).

Another method of curing laminates of complex shapes without heating
the resin so that it flows away from high spots is given by D. A. Swedlow.
He irradiates cellophane-covered lay-ups of resin-impregnated reinforcing
fabrics with light until the structure is rigid. The cure is then completed
at higher temperatures (310).

Other Room-Temperature Catalytic Systems

Room-temperature cure is also obtainable by the use of oxides and hy-
droxides of metals in Group 2A of the Periodic Table, e.g., barium,
strontium, magnesium, and calcium. According to V. J. Frilette, no ex-
ternal heat is necessary to convert a stabilized, unsaturated polyester-
styrene mixture to a solid if 0.5 to 5% of calcium hydroxide is added to it
with a conventional peroxide catalyst (277).

Phosphines were disclosed by M. M. Lee for use as promoters with a
peroxide catalyst to cure inhibited polyester-monomer resins at room tem-
perature. Dimethyl phenylphosphine (0.15 to 0.5%) gelled such a resin in
7 minutes at room temperature. A hard, fracture-free solid was formed
within 30 minutes (269).

M. M. Levine uses triethanolamine or tri-isopropanolamine as promoter
with a conventional peroxide catalyst (254). With this type of promoter a
polyester-styrene-acrylate resin gelled in 10 minutes and hardened in 22
minutes at room temperature. Without the promoter, the gelling time was
5 days.

Meta-toluidine, diethylenetriamine, and piperidine are also useful pro-
moters, but require external heat to cure fully (254).

Other accelerators that gel polyester resins at room temperature but re-
quire further heating at higher temperatures for a complete cure are dis-
closed by H. L. Gerhart (278). These are aldehyde amines, or other rub-
ber vulcanizers of this type.

Multivalent metals in a lower state of oxidation (SnCl,, for example)
are used by R. R. Harris to speed up peroxide-catalyzed polymerization
at room temperature (295).

Fraser and Park obtained haze-free transparent castings from polyester
polymerizable monomer copolymers when 0.01 to 1% of an alkali metal
sulfonate of organic compounds was included with the conventional per
oxide catalyst (332).

Metallic salt driers have been used with peroxide initiators to promote
gelation of polyesters at room temperature, but a complete cure cannot be

Google



CATALYSIS AND INHIBITION 63

obtained. If organic hydroperoxides and peracids containing an easily
oxidized hydrogen group are used with the metallic driers, a complete
cure can be obtained overnight at room temperature, or in about 1 hour at
40°C. The larger the proportion of the drier, the faster the cure, but the
softer the final product (272). A fraction of 1% of cobalt naphthenate
used with benzoyl peroxide catalyst accelerated the curing rate of a di-
ethylene glycol maleate-polymerizable monomer resin 5 to 6 times (1517).

Many of the metallic accelerators color the resins. Cobalt naphthenate,
for example, colors the resin purple red. These colors, however, can be
easily masked with pigments and other coloring agents.

A catalytic system which inhibits the formation of excess heat, and
thus permits embedding of delicate biological specimens, is disclosed by
G. L. Fraser (268). It consists of tertiary-butyl catechol (0.005 to 0.1%),
cobalt or manganese naphthenate (0.0002 to 0.002%), and 1-hydroxycyclo-
hexyl hydroperoxide-1 (0.25 to 5%) in ethylene maleate phthalate-styrene
polyester resin. This resin is clear, transparent, tough, and resilient,
and is fully cured to a hard product in 2 to 5 hours at room temperature.

D. M. French uses a catalytic system containing an accelerator that
can combine with oxygen (an organic reducing agent) to prevent air in-
hibition of polyester polymerization (1516). Dodecyl mercaptan, used
in an unsaturated polyester resin with tertiary-butyl hydroperoxide and
manganese naphthenate, permits full, nontacky cure even if the resin is
not protected from air.

Hydrogen halides, when used with peroxide catalysts, prevent dis-
coloration sometimes caused by the peroxide (322).

An interesting method of polymerization of unsaturated compounds is
given in a British patent assigned to Shell Development Co. The poly-
merization rate is increased without increasing the total catalyst amount,
and without raising the temperature, by using two or more catalysts that
have their maximum catalytic effectiveness at different temperatures (303).

ADDITION OF CATALYTIC SUBSTANCES

The addition of the catalytic substances to the polyester resin must be
done carefully. For example, a serious explosion can be caused by add-
ing a peroxide catalyst with an accelerator. An expensive molding can be
spoiled by using a resin that has developed hard centers because the ini-
tiator has not been dispersed in it properly.

Ishibitors

Polymerization retarders are often put into the reaction kettle during or
before the polyesterification reaction. Although the bulky molecules of
linear polyesters do not cross-link by addition through their unsaturated

N
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carbon-to-carbon bonds easily, the high temperature of the reaction may
cause some cross-linking. The additional advantage of introducing in-
hibitors at this point is that some inhibitors would not be readily soluble
in the polyester. Of course, the danger exists that some parts of the in-
hibitor will attach themselves to the resin and decrease some of the de-
sirable properties of the final product.

Additional amounts of inhibitors are often introduced just before the
linear polyester is combined with the copolymerizable monomer. Since
this operation is also done in the manufacturing plant, with large batches
of resin, thorough distribution of the inhibitor in the resin is assured.

Initiators and Promoters

Most resin manufacturers conduct extensive studies on the effect of the
various catalytic systems they recommend, and it is usually advisable to
follow the procedure they prescribe. Little trouble is experienced with
the newer precatalyzed-stabilized resins, since with these the whole job
is done by the resin manufacturer. If the fabricator needs to introduce the
initiator himself, the situation is not so easy.

One way out is to buy the initiator in a form which is fairly easily soluble
in the resin. Various pastes and even liquid initiators are available.
But the economy-minded fabricator, who prefers to buy his peroxide in
the dry state, must first weigh it out in exact proportions. Since the
catalysts are used in minute amounts, this requires care. The usual
procedure for adding benzoyl peroxide is to soak it in its own weight of
styrene for about 10 minutes. The mixture should then be used right away
and completely, because it can explode if left for too long a time.

Promoters should never be added together with peroxide initiators.
Some prefer to add the initiator first, mix it in well, and then add the
promoter shortly before use. Another method is to divide the total amount
of resin into two parts, one of which is usually larger than the other.
The initiator is mixed into the larger part, and the promoter into the
smaller. The two parts are combined shortly before use.

The initiator, the promoter, or any other catalytic substance must be
evenly and thoroughly distributed throughout the resin to avoid local
saturation and resulting hard spots. At the same time the agitation must
not be so violent as to introduce air into the resin. Entrapped air will
result in voids in the final product.

Gerhart and Lycan obtained a patent on a method of introducing perox-
ide catalyst into polyester resins (275). They prepared a fluid, unsat-
urated polyester paste containing 10 to 80% of a peroxide catalyst. This
paste can be put in a tube, similar to a toothpaste tube, from which it is
easily pushed out in the form of a ribbon. Since the length of the ribbon
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can be measured on a ruler and a weight of initiator-length of ribbon

tratio easily established, the cumbersome weighing of the initiator is
eliminated.

CURING

Three factors are important in the curing of polyester resins: (1) the
time and (2) the temperature necessary to cure the resin, and (3) the
shrinkage that takes place in the resin during curing. Since these factors
are interdependent, the fabricator can obtain the type of cure which is
most appropriate for his application by the proper choice of resin, cata-
lyst, and curing conditions.

Elevated Temperatures

All polyesters liberate heat during cure. The amount of heat liberated,
or exotherm, is constant for any type of resin, and depends on the amount
of unsaturation in the polyester and the type of monomer copolymerized
with it. The rate of liberating the heat, however, may be varied by cata-
lysts, inhibitors, accelerators, and cure temperatures. Thus, if a cata-
lytic system is used which causes very fast cure at a given temperature
(““trigger’’ system), all the heat is liberated at once, and the temperature
of the resin rises very fast. Since the resin shrinks on polymerization,
and the rising temperature causes the polymer to extend, two opposing
forces are always at work during the cure, and strains and cracks may
result.

Curing time is inversely proportional to the curing temperature. For
economic reasons it is desirable to make the curing time as short as
possible to permit fast cure cycles and fast production. But high temper-
stures of cure cannot be used for some applications—for example, for
very large objects or for objects that must be strain-free. Therefore, a
number of factors must be considered when deciding whether high-tem-
perature cure can be used.

(1) The total mass of resin. A polyester resin is a poor conductor of
heat. As the mass of the resin increases the heat generated by the cure
increases, and since it is not conducted away, the danger of cracks is
proportionately greater. As the size of the batch increases, therefore,
the temperature of cure must be lowered, and a catalytic system must be
chosen which will spread the exotherm over a longer period of time.

(2) The nature of the resin. The more unsaturation a resin contains
the more heat it will give off during polymerization, and the more it will
shrink. Resins with a large amount of unsaturation, therefore, must be
cured at low temperatures, and the catalytic systems chosen for them
must be designed to avoid very rapid cure.
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(3) The amount and type of filler. Most fillers are inactive and, at
any rate, do not contribute to the exotherm. Their effect is therefore that
of inert diluents, and the greater the ratio of filler to binding resin, the
faster the cure can be without danger of cracking. This means that both
higher temperatures and ‘‘trigger’’ catalytic systems can be used.

(4) The type of mold. Since heat should not be permitted to build-up
excessively within the molded part, the thermal conductivity of the mold
is very important. In metal molds, which conduct the exothermic heat
away easily, polyesters can be cured at higher temperatures and in a
shorter time than in molds composed of wood, plaster, or other noncon-
ducting materials. Metalizing of a nonmetal mold is helpful, as is the in-
troduction of a circulating liquid or gas for heat transfer near the surface
of the mold.

Room Temperature

When the mass of resin is large, and it is necessary to avoid high
strain concentration and cracks, it is advisable to spread the exotherm
over a longer period of time and to avoid high-temperature cure. In other
applications it is not possible (or economical) to provide the external
heat necessary for high-temperature cure. Room-temperature cure may be
used in these cases if the usual peroxide initiators are supplemented
with accelerators and promoters that activate the initiators.

Cobalt naphthenate is often used to accelerate gelation at room tem-
perature. It should be used with a hydroperoxide type of catalyst such
as Lupersol DDM, not with a peroxide. The proportions employed vary
from 0.006 to 0.12% of cobalt. If commercial products are used, the
amounts should be calculated on the basis of the cobalt content. For
example, Nuodex (made by Nuodex Products, Inc.), which contains 6% of
cobalt metal, is used in proportions ranging from 0.1 to 2% (1503).

Many prefer to add the cobalt to the resin first, because the mixture is
stable for several months. The hydroperoxide is added shortly before
use. (Never add the two together!)

By a proper selection and ratio of catalyst and promoter, it is possible
to achieve a cure in which the exotherm results in only a 5° to 10°C. in-
crease in temperature. Since some of the room-temperature casting ap-
plications utilize wax molds, it is obvious that the allowable heat build-
up cannot be very high.

Pot Life

The pot life of the catalyzed resin (time the resin will stay liquid at
room temperature after all catalysts are added) is another important con-
sideration in fabrication of polyesters. It must be at least long enough to
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permit the fabricator to perform all the necessary operations in making up
molds. In most cases, the pot life is determined by the choice of resin
and catalyst system.?

For example, by using a very active hydroperoxide catalyst, such as
methylethyl ketone peroxide, and cobalt naphthenate accelerator with
certain resins, a pot life of only 30 minutes may be obtained (1506). By
decreasing the concentration of the accelerator the pot life can be pro-

Table No. 9.—Gel time of Paraplex P-43 resin
with various catalyst systems®

Gel time
Catalyst Accelerator at 25°C.
1% Benzoyl peroxidke @ ... 6 days
1% Methylethyl ketone peroxide @ ... 15 hours
2% Methylethyl ketone peroxide @ ... 7 hours
1% Methylethyl ketone peroxide 1.6% Cobalt naphthenate
solution (6% metal) 50 minutes
1% Methylethyl ketone peroxide 0.16% Cobalt naphthenate
solution (6% metal) 4 hours
1% Cumene hydroperoxide @ ... 48 hours
1% Methylethyl ketone peroxide 1% Accelerator B** 20 minutes
1% Cumene hydroperoxide 1% Accelerator B** 60 minutes
1% Cumene hydroperoxide 1.6% Cobalt naphthenate
solution (6% metal) 35 hours

*Source: Rohm & Haas booklet on Paraplex ‘‘P’’ Series Resins.
*¢ Accelerator B is an organic liquid accelerator supplied by Rohm & Haas Co.

Table No. 10.—Storage life of Laminac resins with and without
catalyst and accelerator®

Storage life

Resin .
Resgin** With cobalt, With 0.004%
temperature U(n ciatI:l‘z:‘e)d but uncatalyzed cobalt and 0.5%
(minimum) Lupersol DDM
°c. Days Days Hours
Laminac 4116 25 90 90 3.5=4.0
52 18=21 18-21 ...
75% Laminac 4116
with 25% 25 90 90 3.5-4.0
Laminac 4134 52 18=21 18-21 ...

*Source: American Cyanamid booklet on ‘‘Casting with Laminac Resins.”’
**As manufactured, both Laminac resins 4116 and 4134 contain 0.04% cobalt,
as metal.

For some coating applications it is possible to prolong the pot life of a resin
by adding to it about 10% of methyl alcohol.
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longed up to 6 to 8 hours without losing the characteristic of complete
cure at room temperature.

Table No. 9 lists some typical pot lives obtainable with Paraplex’
P-43 resin with various catalyst systems (1506).

Table No. 10 gives the storage life of Laminac* resin 4116 and a mix-
ture of this resin with Laminac flexible resin 4134 with and without a
catalyst and an accelerator (1495).

The manufacturers of the various accelerators on the market, usually
indicate what gel times can be expected from any given concentration of
their product. In general, the smaller the amount of accelerator used, the
longer is the gel time.

Table No. 11 and figure No. 3 show the gel times, with varying amounts
of methylethyl ketone peroxide catalyst and cobalt accelerator, for poly-
ester resins made by Bakelite Co., and General Electric Co., respectively
(1496, 1498).

Table No. 11.—Gel time of Bakelite resin BRS-193 with various amounts
of catalyst and accelerator®

Amount of methylethyl Amount of cobalt . .
. X Time until
ketone peroxide naphthenate Gel time

catalyst** accelerator*** set hard
¥/ % Minutes Minutes

2 0.5 10 12

1 0.5 20 25

0.5 0.25 40 558

0.5 0.15 80 90

0.25 0.10 120 130

*Source: Booklet on ‘‘Polyester Resins for Reinforced Plastics.”” (Courtesy
of Bakelite Co.)
**Solution of methylethyl ketone peroxide in dimethyl phthalate. Peroxide
assay: 60%.
*3%6% cobalt, as metal.

Figures Nos. 4, 5, 6, and 7 show the peak exotherms obtained with
various Laminac resins (American Cyanamid Co.) and different amounts
of methylethyl ketone peroxide catalyst and cobalt accelerator (1495).
When all other variables are kept constant, increasing the amount of
cobalt used increases the peak exotherm (highest temperature reached
by the resin during cure) and decreases the time of cure; keeping the
amount of cobalt constant and increasing the amount of catalyst has the
same effect.

3T'rade name of Rohm & Haas Co.
“Trade name of American Cyanamid Co.
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Figure No. 3.—Gel time curves for a typical polyester resin catalyzed with
Lupersol DDM and Nuodex cobalt naphthenate accelerator (courtesy of General

Electric Co.).
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Figure No, 4.—Exotherm curves for Laminac resin 4116 at 25°¢c, (77°F.)
with 0, 75% Lupersol DDM (courtesy of American Cyanamid Co.).

In addition to the catalytic system and the nature of the resin, the pot

life is considerably affected by the temperature. An increase in tempera-
ture of about 10°C. will approximately double the rate of polymerization
and cut the pot life in half.

Pot life is also shortened by ultraviolet light, which accelerates poly-

merization and eventually causes gelation of the resin. Therefore, the
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Figure No. 5.—Exotherm curves for Laminac resin 4116 at 25°cC. (77°F.)
with 0.012% cobalt (courtesy of American Cyanamid Co.).
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Figure No. 6.—Exotherm curves for Laminac resin 4116 at 52°C, (125°F.) with
0.5% Lupersol DDM in a forced draft oven (courtesy of American Cyanamid Co.).
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Figure No. 7.—Exotherm curves for a blend of 75% Laminac resin 4116 and
25% Laminac resin 4134 at 52 °c. (125°F.) in a forced draft oven (courtesy of

American Cyanamid Co.).
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resin should not be stored in ordinary glass containers, but in containers
that protect it from light. Impurities in the resin, particularly metallic
impurities, can also accelerate polymerization and considerably shorten
its pot life.

The age of the resin also affects pot life. Since the inhibitor put in
the resin by the manufacturer is gradually used up on standing, the older
the resin, the less active inhibitor is present. When the catalyst is
added it has then but little inhibitor to overcome and may cause almost
instant polymerization.

Evaluation of State of Cure

The state of cure of a resin is related to its hardness and is usually
determined by hardness tests, such as the Barcol or Rockwell tests for
rigid resins and the Shore A hardness test for flexible resins. Specific
gravity and solvent-resistance tests are also used for determination of
the degree of cure. Methods for these tests are given in the chapter on
testing (p. 239).
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IV. FILLERS AND REINFORCEMENTS

Fillers are substances added to the catalyzed polyester resin before
curing and shaping to enhance various properties of the final product or
to reduce its cost. For the purpose of this chapter, fillers are divided
into three broad groups: reinforcing (fibrous), bulk, and special.

Reinforcing fillers include such fibrous materials as glass, quartz,
cotton, nylon, asbestos, ramie, and sisal. They are usually incorporated
into the resin toimprove strength, particularly impact and flexural strengths.
They also may improve temperature resistance, electrical properties, and
many other properties of the resin.

Bulk fillers, such as silicates, carbonates, and clays, are used to
decrease the cost of the final products, give better flowing characteris-
tics to the resin, give it enough consistency to support suspended fibers,
and provide a smoother surface on the finished laminate. Another advan-
tage of bulk fillers in most cases is that they absorb some of the exother-
mic heat of the curing reaction. This lessens internal strains and settling
effects due to extreme viscosity changes, which might cause a more
porous surface, and reduces thermal expansion and shrinkage (1608).

Special fillers include metals added for special effects. For example,
metallic powders may be used to weight bases of objects by allowing the
powders to settle to the bottom of the mix in the mold. Pattemns and
decorative effects can be obtained by the use of embossed metallic foils
(1699). Coloring matter, added for decorative purposes, also may be
classed as a special filler. Other fillers in this classification are those
which are used to increase the electrical properties or fire resistance of
the final products beyond properties obtained by using fibrous or bulk
fillers.

Several fillers are combined when a combination of the properties they
contribute is desired. "

REINFORCING FILLERS

Fillers used for reinforcing polyester resins are generally fibrous.
They may be used as short staple fibers, continuous fibers, woven cloth,
or in other forms. The primary aim in using reinforcing fillers is to
increase the strength of the final product, although several other advan-
tages are obtained with their use. The most outstanding filler used for
reinforcing polyester resins is glass fiber, because of the high strength
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values that are possible with this material. Since the use of glass is so
widespread, major attention is paid to its manufacture, uses, and forms
in this chapter. Other materials are discussed to less extent.

Manufacture of Glass Fiber

Glass fiber is made in two basic forms: wool and textile (1660). The
wool form is used mainly for insulation and filtering purposes and is not
used in reinforcing polyesters to any great extent. There are two types
of textile fibers: staple fibers, which are 8 to 15 inches long, and con-
tinuous filaments. The continuous filaments are widely used as a filler
for polyester resins. The staple fibers offer certain advantages for
possible use in the laminating field.

Glass Wool. The production of wool-like glass fibers is a batch proc-
ess. The raw materials are mixed in a rotary mixer and melted and
refined in furnaces that have a capacity of 40 tons or more. After melting
and refining, the glass reaches a forehearth where it flows through per-
forated bushings in thin streams. As the streams emerge from the orifices
high-pressure steam jets force them to thin down into long, resilient
fibers. The fibers are gathered on a traveling conveyor at the bottom
of the forming chamber. This type of fiber forming lends itself to the
production of glass mat.

The diameter and length of the fibers are controlled by the viscosity
and temperature of the glass, the size of the orifices, and the steam
pressure. The depth of the mass on the conveyor is controlled by the
belt speed (1634).

Staple Fibers. In one method for the manufacture of staple fibers the
raw materials are mixed and melted in small furnaces, and the melt is
formed into small marbles % inch in diameter. These marbles are ex-
amined for impurities that might impair the fiber quality. Those passing
inspection are remelted in small electric furnaces. The furnaces contain
electrically heated platinum orifices in the base through which the molten
glass flows by gravity (1639).

Another method eliminates the marble-forming operation, In this method
the raw materials are melted in one part of a furnace and flow to a fore-
hearth that contains the orifice plates (1594). liere, as in glass wool
mamfacture, the fibers are drawn by jets of high-pressure steam. A
‘‘blowing plate’’ has been used to aid in the drawing of the fibers (1639).

After the fibers are drawn they are sprayed with a ‘size,’”’ which
prevents the fibers from breaking or abrading one another in subsequent
handling operations. The fibers then fall on a revolving, perforated drum
that is under a slight vacuum, from which they are removed in ‘“‘sliver”’
form and wound on tubes (1604). When a ‘‘blowing plate’’ is used, it is
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adjusted so that the glass fibers remain parallel, and these fibers are
carried away on a belt conveyor and cross-wound on a bobbin before
twisting and weaving operations (1647).

The diameters of staple fibers are controlled by the size of the ori-
fices (the usual orifice diameter is 0.04 to 0.08 inch), the temperature
and viscosity of the batch, and the speed of flowing (1652). The latter
is the simplest method of control, a high speed producing a fine fiber and
a low speed a coarser fiber (1639).

Staple fibers have not been widely used in laminates. They have
been used, however, to build up thickness between layers of continuous
filament glass cloth. In combination with continuous filament yarns,
they have been woven into cloth with increased hairiness, which in-
creases resistance to delamination in rubber laminates (1604).

Staple fibers offer certain advantages for use in the laminating field.
This type of yam is cheaper than continuous filaments. Better adhesion
in Iaminates has been claimed because of more surface area extending
into the resin. [This advantage is of little importance, however, since
the introduction of modern bonding finishes (p. 86).] More uniform bulk,
because the fiber concentration is spread over a larger area, and less
surface shrinkage, crazing, and blooming might also be obtained from the
use of staple fiber fabrics (1602).

The use of staple fibers as reinforcing material for polyester laminates
is presently being examined by at least one yamn producer (1594). There
is a question, however, whether the filament strength of staple yarn can
ever equal that of continuous filaments, which are cooled under tension,

Continvous Filoments. The first steps in the manufacture of con-
tinuous filaments are similar to those in the manufacture of staple fibers.

The raw materials are combined and made into marbles which are
inspected for impurities and remelted in electric furnaces. The orifice
plates in the bottom of the fumaces usually contain 102 or 204 holes.
The molten glass filaments are drawn from these holes mechanically,
sprayed with a ‘“‘size,’”” and combined into strands at the same time they
are wound on a revolving drum or spindle (1626).

Spinning directly from a melt tank is also possible, but inspection is
more difficult than in the marble-forming method.

Some patents relating to the manufacture and the equipment used in
the manufacture of glass fibers are given in references (403, 404, 405,
406, 407). Glass filaments may be colored by incorporating pigments in
the batch (1633).

The diameter of the glass filaments produced by the continuous proc-
ess depends on the speed of drawing, which varies from 5,000 to over
10,000 feet per minute, the orifice size, and the temperature and viscosity
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of the molten glass (1583). Continuous filaments were originally made
as thin as possible, because it was recognized that the smaller the
filaments the greater is their ability to bend without fracture (1627).
Recently, however, in an attempt to reduce cost the filaments have been
made in larger diameters. It is now possible to buy at least four grades
of yarn in which the filament diameter in each progressive grade is 10%
larger than the previous filament size (1602).

Filament sizes are designated by letters indicating the filament di-
ameter: ‘“‘D’’—0.00023 inch, ‘‘E’’—0.00028 inch, ‘‘G’’—0.00038 inch,
and ‘‘K’’—0.00053 inch. Two hundred and four filaments usually make a
single strand of yarn, although yarns of 102 filaments are made and
used. Yarn sizes are designated by a yamn number, which multiplied by
100 equals the number of yards it takes to make a pound (1635). The
““D'! yams are usually called 450’s, the “E’’ yarns 225's, the “G”
yams 150’s, and the “K’’ yarns 75's; thus, 45,000, 25,000, 15,000 and
7,500 yards, respectively, are required to make a pound of these yarns.

The types of fabrics made from the coarser yarns can be used in lami-
nates without undue loss in strength properties, Consequently, the
laminating industry is today veering away from an ultimate strength basis
toward the use of more practical and economical fibers and fabrics (1602).

Forms of Glass Fiber Reinforcing Materials

The strands produced by the continuous process provide the basic
material for the glass threads used as fillers in the polyester resins.
The reinforcing materials made from these basic strands may be in the
form of reinforcing cloth, yarns, mats, rovings, milled fibers, parallel
strands, or surfacing mats. A fairly new development is the incorporation
of very short glass fibers that would otherwise be waste or chopped
rovings in molding compounds for compression or transfer molding (p. 108).

The following is a partial list of suppliers of glass fiber reinforcing
materials:

Bigelow-Sanford Carpet Co., Fiber Glass Products Division, New York, N. Y.
Cheney Bros., Textiglas Division, New York, N. Y.

Coast Manufacturing & Supply Co., Livermore, Calif,

Deering Miliken Co., New York, N. Y.

Ferro Corp., Glass Fiber Division, Nashville, Tenn.

Glass Fibers, Inc., Toledo, Ohio

Hess, Goldsmith & Co., Inc., New York, N. Y.

Libbey-Owens-Ford Glass Co., Fiber Glass Division, Toledo, Ohio
Modigliani Glass Fibers, Inc., Lancaster, Ohio

Owens-Corning Fiberglas Corp., Toledo, Ohio

Pittsburgh Plate Glass Co., Fiber Glass Division, Pittsburgh, Pa.
St. George Textile Corp., New York, N. Y.
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J. P. Schwebel & Co., New York, N. Y.

Soule Mill, New Bedford, llass.

J. P. Stevens & Co., New York, N. Y.

Strandcote Corp., Los Angeles, Calif.

Texas Glass Fiber Corp., Grandview, Texas

United Merchants Industrial Fabrics, New York, N. Y.
U. S. Glass Fiber Co., Manchester, Ohio

Parollel Reinforcing Strands. Parallel reinforcing strands are produced
by winding the basic strands directly from the fiber-forming operation on
cellophane-covered drums, using a traverse winding mechanism. The
number of strands per inch can be varied by varying the speed of the
traverse; 400 strands of 204 filaments each is usual. The strands may
be impregnated with the laminating resin by brushing or dipping as they
are wound. After the strands have been applied to the full width of the
drum, the mat is cut and removed from the drum while still wet and flex-
ible and laid out to dry at room temperature.

Utili zation of glass fibers in this way eliminates the textile operations
necessary in preparing the other forms of reinforcing materials. Other
advantages are that the maximum glass content in the laminate is more
easily achieved by the use of parallel strands, and that reinforcement in
the direction of the load is possible., A disadvantage in the use of
parallel strands is that the strands separate during lamination with
resulting cracks and fissures in the laminate. In addition, there are
many handling operations after the mat is removed from the drum, and the
process is a batch operation. Consequently, more time and effort have
been devoted to the development of the other reinforcing materials than
to ironing out the present disadvantages in this method.

Reinforcing Yarns. Reinforcing yamns are usually made by unwinding
the ‘‘forming packages’’ or bobbins containing the basic strands, twist-
ing these strands on a standard ‘‘textile bobbin,’’ and winding the twisted
strands in multiple wound packages. Yarns have also been made in
which the strands are not twisted, but held together by a binder (1569).

Reinforcing yarns are used for the reinforcement of plastics, mainly
in rod form, and as electrical insulating material (1624, 1629, 1650,
1655). The twisted strands should have received, somewhere in the
process, a surface treatment or finish to promote adhesion between the
glass and plastic (p. 85).

Reinforcing Rovings. Reinforcing rovings are made by running together
a number of strands from the forming package, or a number of yarms, into
multiple wound “‘roving packages’ (1569, 1583). Usually 60 ends of the
basic strands are used to make a 35- to 40-pound ball or roving package
(1580). The bundles of fibers are held together by a binder (p. 117).
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The roving packages are a convenient form for shipping glass or for
use in preforming, rod fabrication, and formation of parallel strand mats
(1583).

Milled Fibers. The textile strands may be hammermilled into short
individual fibers which vary in length from *4, to ¥ inch (1580). Fibers
that might otherwise be wasted may be used to make this type of rein-
forcement. The short milled fibers may be used with mat or cloth rein-
forcing material (361, 365, 366, 1640). Their use promotes interlaminar
strength and gives better surface characteristics to laminates (365, 1640).

Surfacing Mat. Filament types of random distribution mats are made
by laying rather coarse filaments on a belt (1604). They are used with
other types of reinforcing material to produce a smooth surface on a mold-
ing (1580).

Reinforcing Mats. Glass fibers are frequently used in the form of mats
for reinforcing polyester resins. There are presently two basic types
of reinforcing mats available, the chopped strand mat and the continuous
strand mat.

The continuous strand mat is made by laying continuous filament
strands on a moving belt in either a random-coil fashion or a diamond
pattemn (378). The random-coil mat is infrequently made and has been
replaced by the chopped strand mat. The diamond mat is made by laying
continuous strands in a uniform pattern and is used as a substitute for
unidirectional cloth where cost is a factor. Both the coiled and diamond
mats are held together by a binder (p, 117).

Chopped strand mats are made by depositing 2- to 3-inch lengths of
chopped yarn or strands on an endless moving belt in a random fashion.
Variations in the amount of fiber per unit area are possible, and the
distribution of glass can be made very uniform (1604), A powdered or
liquid binder (p. 117) is usually used to hold the mat together for subse-
quent handling operations (1580). This binder may or may not be soluble
in the resin, Soluble or partially soluble binders provide light trans-
mission in the finished laminate but also may allow the fibers to flow, so
that an uneven distribution of glass in the laminate may result. Recently,
a mat held together by stitching or needling instead of a binder has been
made (1603). The use of this product, which could be provided with a
commercial polyester finish for better adhesion, should result in mat
laminates with higher strength values.

It is also possible to introduce continuous strands in a chopped strand
mat to provide better orientation of the strength values in one or more
directions (1603).

Mats are used in the laminating and molding of many products, partic-
ularly of trays and boxes. They are used in large amount in the manu-
facture of corrugated wall paneling and awnings (1546, 1604).
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REINFORCING CLOTH

The first market for woven glass fabric was in the electrical equipment
field. At this time, the type ‘‘D’’ filament (0.00023 inch in diameter) was
used because of the belief that the coarser fibers would be unsuited to
weaving. When the type ‘‘E’’ filament was developed, however, it was
found to be entirely suitable for cloth, and specifications were soon
established for its use. The type ¢‘G’’ filament came into production in
1943 and was also thought to be too coarse for weaving. But in 1947 it
was woven into fabrics that duplicated the weaves of the type ‘‘E?” and
that were entirely suitable for reinforcing laminates. The type “K?”
yams are under evaluation for use in fabrics.

The fabrics presently used in laminating and molding are designated
by numbers and are 112, 128, 162, 120, 181, 182, and 183 (1566). The
numbers used indicate the type of weave and may also indicate other
relevant data. The 112, 128, and 162 fabrics are ‘‘plain’ or “‘square’’
weaves (p. 81); the 120, 181, 182, and 183 fabrics are long-shaft ‘‘satin’’
weaves that differ in thickness (p. 81).

Manufacture of Reinforcing Glass Cloth

Twisting and Plying. Reinforcing fabrics are seldom woven from
single strand yam. Usually, one or more strands of the basic yams are
twisted and the twisted strands are plied together to form plied yams,
which are woven into fabric. The twisting and plying are usually done
in opposite directions. Twisting is usually held to a minimum for better
resin penetration during lamination,

The plied yam is designated by a number that shows the original
aumber of yards to make a pound, followed by a fraction. The numerator
of the fraction indicates the number of strands twisted, and the denomi-
nator shows the number of twisted strands plied together. For example,
the yam used in weaving the standard 181 cloth is designated ¢“225-1/3.”
This means that in the first operation one strand of 225°s yam is twisted,
and in the second operation three ends of twisted strands are plied
together to make the final yam. The number of yards per pound of the
plied yarn is obtained by dividing the yards per pound of the original
yam by the number of plies multiplied by the number of twisted strands
in each ply, e.g., for the 181 cloth, dividing 22,500 by 3 (1594). The
yams used in weaving other laminating fabrics are as follows: 112 fabric,
450-1/2; 128 fabric, 225-1/3; 162 fabric, 225-2/5; 120 fabric, 450-1/2;
182 fabric, 225-2/2; 183 fabric, 225-3/2 (1566).

Weaving. Weaving of glass fabrics is done on standard textile equip-
ment, and the fabrics are produced in many patterns or weaves. Factors
that affect the cost of the weave and the fabric produced are the thread
count and the yam size.
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Thread Count. The threads in the various weaves run in two direc-
tions; the ‘‘warp’’ threads or ‘‘ends’ run along the length of the cloth,
and the ¢‘filling’’ threads or ‘‘picks”’ or ‘‘weft”’ threads run across the
fabric perpendicular to the ‘‘warp.’”’ The thread count of a fabric is
expressed as the number of threads running in each ditection per inch,
and the number of ‘‘warp’’ threads is expressed first. For example, a
42 by 32 count fabric has 42 threads per inch running lengthwise and
32 threads per inch running across the fabric.

The number of threads per inch determines to a great extent the break-
ing strength of a fabric; generally, the more threads per inch, the higher
the breaking strength. The warp and filling threads, however, have a
shearing action on one another. In the case of a fabric with about the
same number of threads in each direction, the higher the thread count the
lower the breaking strength on a weight basis.

The cost of weaving is usually based on the number of filling threads
per inch, Although the optimum would be a cloth with warp threads only
(which is no longer a woven fabric), a certain number of filling threads
are required to hold the warp together (1594). Of course, a fabric with a
minimum of filling threads would have strength in only one direction in a
laminate, but this type of fabric could be cross-laminated, or the plies
could be arranged to give strength in many directions.

Yarn Size. The yam size detemmines the thickness of a fabric; the
higher the ply of the yarn, the greater the thickness of the fabric (1594).
Except for impact strength, the strength of a laminate, especially its
compressive strength, decreases with increasing cloth thickness. Impact
strength increases with increasing cloth thickness (1604).

The yarn size also affects the cost of the fabric. If the same thread
count is maintained, the higher the yam size, the lower the cost per
pound. The cost is also reduced if the thread count is lowered but larger
yams are used to maintain the same weight. A compromise is usually
effected involving the lowest cost possible with the yam size and the
amount of flexibility in the fabric and the strength values necessary in
the laminate.

Type “D’’ yams are not generally used in laminating; type ‘‘E’’ yarns
are widely used, but are slowly being replaced by type ¢‘G’’ yams, which
cost less.

Recently, fabrics have been woven from rovings that offer high strength
at substantially reduced cost (1556).

Types of Weaves of Glass Cloth. Many of the weaves of glass cloth
in current production are not used for reinforcing plastics because of
obvious disadvantages, and many are used for surface applications only.
Two of the basic weave pattems that have been used extensively in
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laminating are the ‘¢
(1604).

Plain Weave. In the plain weave the same number of threads per inch
are used in each direction, and each thread passes over one thread and
under the next. This results in a uniform close-packed weave in which
the threads are crimped (waved) to a great extent (1604).

A modification of the plain weave is the “‘leno’’ weave, in which the
warp threads are used in pairs and cross each other after passing around
each filling thread. This results in an open type of weave in which the
fibers hold their positions and do not slip on the cross threads (1602). A
further modification of the plain weave is the “‘mock leno? weave, which
resembles a leno weave in that an open pattern is formed, but the fibers
are held together in the open pattern by a system of interlacings, rather
than by the warp threads crossing over one another.

Basic plain weave fabrics are used in applications where uniform
strength is required in two directions, easy removal of entrapped air is
necessary, and in the case of thicker cloths, where considerable drawing
properties are needed (1604). Other advantages of the plain weave are
the closer control of glass-to-resin content permitted by the unifomm
weave; the high impact strength of laminates prepared from this cloth,
since the “‘crimp’’ absorbs the impact, and the stability of the warp and
weft threads (1594, 1602).

The plain weave fabrics are not used where high compressive strength
is required, because the crimped columns of fibers collapse under edge-
wise pressure. This effect is less in the thinner cloths than it is in the
thicker cloths (1604). Other disadvantages of the plain weave are low
pliability and, since this weave contains a maximum number of interlac-
ings and the fibers abrade one another, lower flexural and tensile strength
than other weaves (1594).

Leno weaves, which produce a uniform fabric whose glass content and
price approach a minimum, have shown promise in the reinforcing of
thin glass sheaths (1602). Because of their lower glass content, these
weaves are not generally used where high laminate strength values are
essential.

Satin Weave. In the satin weave the warp and weft threads go under
one thread and over three, five, or seven threads, depending on the
s‘shaft’’ or “harness’’ of the weave prepared. Thus, in an eight-shaft
or eight-harness satin weave (type 181 fabric), each warp and filling
thread passes over one thread and under seven threads (1604). In the
“crowfoot’”” or four-shaft satin weave, the interlacings are over one
thread and under three threads (1594).

The eight-shaft satin weave has been widely used to reinforce poly-
esters, second in volume only to the plain weave (1602). It is best

plain” or ‘‘square’”’ weave and the ‘‘satin” weave
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suited for applications requiring high strength in all directions combined
with light weight and a minimum of lay-up time; high strength coupled
with a low material cost; or where its excellent surfacing and decorative
characteristics may be used to advantage (1604).

The straightness of the fibers and the small number of interlacings in
the satin weave are factors contributing to high laminate strength. Since
the elimination of ‘‘crimp’’ also allows the fabric to lie flatter, more
layers of fabric can be packed into a smaller space, which, in tum,
gives better strength values for the same thickness as compared to the
plain weave. This factor may also reduce the cost of the laminates
somewhat, since fewer layers are necessary to achieve the desired
strength values (1594).

In the satin weave the threads may slip over one another, which is
generally an advantage but might be a disadvantage in some cases. The
advantage of this property is that the cloth may be formed around curves
to a certain degree. Porosity cannot be maintained evenly, however, and
laminates prepared from satin weave fabrics often exhibit nonuniform
strength unless the cloth is handled carefully before lamination (1594).
This disadvantage can be reduced by higher thread counts, which, how-
ever, also reduce the flexibility of the cloth (1594). A recent develop-
ment is a ‘‘stretchable’ glass fabric that is more suited to compound
curves or deep draw applications than the ordinary eight-shaft weave
(1571). In this weave, the thread alinement plays up, and yet controls,
the slippage of the fibers to give a fabric that is ‘‘stretchable’’ (1571).

An outgrowth of the satin weave is a unidirectional weave in which
there are the minimum number of filling threads necessary to hold the
cloth together and the maximum number of warp threads. The filling

threads are usually of smaller diameter than the warp threads (1602).

" The advantages of fabrics of unidirectional weave are that they allow
reinforcement to be limited to necessary directions, that they can be
cross-laminated to meet predetermined directional load requirements, and
that they can be used as a cheap means of spot reinforcing for structures
requiring additional localized strength (1604). The unidirectional weave
uses the minimum number of interlacings, so that the abrasion of the
fibers by each other is reduced to a minimum. The laminate strength
values obtained from fabrics of this type are excellent. The weight of
the fabrics is low, and they give higher strength values than the plain
weaves for the same laminate thickness (1602).

Other Weaves. Glass cloth is woven into other weaves, such as the
““twill” variety, but these weaves have not been used so widely in
laminating as the plain and satin weaves. The twill weaves have not
been examined thoroughly as a reinforcement for polyesters. They pos-
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sess a high degree of abrasion resistance, which might make them desir
able in some instances (1602).

PROPERTIES OF GLASS FIBERS, YARNS, AND FABRICS

At one time glass fibers were used as reinforcement for high-pressure
laminates, but the pressure used crushed the glass or made it flow and
created a nonuniform molding. The abrasive effect of the glass also
caused excessive mold wear when high pressures were used (1645). It
is possible to mold with glass under very high pressure if the mold is
designed to permit escape of the resin. The resin is then added in
sufficient quantity to stop compression before the glass is crushed. This
technique gives very good surfaces and good impregnation of the resin
in the glass reinforcing material,

The change from high-pressure to low-pressure laminating made some
of the more desirable properties of resin-glass combinations apparent.
These properties depend, for the most part, on the properties of the glass
fibers. The functions of the resin in the laminate are to support the
glass fibers, to distribute any applied load evenly, and above all to
separate the fibers to reduce their abrasive effect on one another—thus,
to help the glass approach its inherent high strength properties (1638).
A comparison of the strength of glass in the fibrous and solid forms is
given by G. Slayter (1653).

The most outstanding property of glass fibers is their tensile strength,
which is generally over 250,000 pounds per square inch and may reach
the range of 2,000,000 pounds per square inch in very fine fibers (1663).
The electrical insulation value of glass fibers is also high; the dielectric
strength with proper impregnation has been reported as 1,200 volts per
mil (1658). Other valuable properties are high temperature resistance,
resistance to most acids and milder alkalies, high thermal insulation
value, and resistance to rot, germs, and mildew (1591, 1663).

Possible disadvantages in the use of glass fibers are their present
high cost and their higher density as compared to natural or organic
fibers (1614, 1623).

Glass fabrics contribute certain advantages to polyester resin lami-
nates that stem from properties in the basic fibers and yam. Glass
yams have ‘‘greater tensile strength, stiffness, heat resistance, plus
less elongation than any other textile yarns now available in commercial
quantities?’ (1625). Glass fabrics also provide a means for obtaining
consistent and reproducible results in laminating. Ease of handling is
another advantage of this form of glass fibers (1604). The higher cost
of glass fabrics as compared to mats or rovings may prohibit their use
in some instances.
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SIZING AND FINISHING OF GLASS FIBERS

Important phases of glass fiber manufacture and the use of glass
fibers for reinforcing plastic materials are ‘‘sizing’’ and “‘finishing.”” A
‘‘size’ is usually applied to glass fibers right after they emerge from
the orifices in the manufacturing process. The main function of a size
is to lubricate the fibers to prevent them from abrading and consequently
weakening each other during the subsequent handling and weaving opera-
tions. A ‘“finish,’’ at present, is generally applied to the fibers after
fabrication or weaving. However, application of the finishing agent as
the glass fibers are formed is practiced to some extent and will undoubt-
edly find increasingly wider use. The prime function of a finish is to
bond the glass to the laminating resin.

The ideal glass treatment, of course, would be one that combines the
advantages of a size, permitting the glass fibers to be woven, and the
advantages of a finish, providing good chemical bonding between the
glass and the resin (1583, 1584, 1585).

Improvement of Handling Characteristics. Sizes especially designed
to impart good handling characteristics to glass fibers usually contain
the following ingredients: water, an emulsifier, a film-forming constituent,
and a lubricant. The film-forming ingredient must be tough enough to
bond the fibers together in a strand and prevent abrasion of the fibers,
and flexible enough to permit winding and processing operations without
cracking or otherwise destroying its protection. The lubricant enables
the fibers to move freely over surfaces during processing. These ingre-
dients must be balanced so that the strand has the proper degree of
‘‘integrity, pliability, lubricity, and high abrasion resistance’’ (1583,
1584).

The ¢“Dutch oil’’ size has been popular in the past for imparting good
handling characteristics to textile fibers. This size consists of water,
an emulsifying agent, starch as the film-former, and a vegetable oil as
the lubricant. Additional ingredients have been used, such as gelatin
ot a vinyl polymer to aid the film-forming characteristics and a softener
with the lubricant (1583, 1584). A similar size is given in U. S. patent
2,343,180 (362). It improves handling characteristics but does not pro-
mote adhesion between the glass surface and the laminating resin.

Size Removal. Since relatively poor adhesion is obtained from sizes
of the lubricating type, the usual practice is to remove them after the
fibers have been fabricated and before lamination.

Carmelization. A partial removal of the lubricating size by heating the
fibers or cloth to 200° to 300°C. for a short time effects some improve-
ment in bond strength (367, 1651). A treatment of this nature on cloth is
designated as 111, V11, or V11A finish (1594). The cloth subjected to
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this operation is brown, and the laminate strength, although better than
that obtained with the starch-oil size, is poor when compared to the
strength obtained with more recently developed finishes. This finish,
however, is inexpensive because it requires little equipment for additional
treatment; other finishes require fairly extensive machinery. It is used
currently in high-pressure melamine or phenolic laminates and in some
special low-pressure work (1594).

Heat Cleaning. The lubricating size can be completely removed from
the fabric by washing or by heat cleaning, The preferred method is heat
cleaning because no traces of detergent, soap, or organic matter are
left on the fabric (1585). It is usually accomplished commercially by
heating the glass at 500° to 600°F. for 50 to 60 hours. This treatment,
which is known commercially as 112 or V12 finish, is used before most
finishes applied to glass reinforcement for polyesters, because it leaves
the glass free of all previous sizing materials. Cloth prepared with this
finish may be used in some specialized applications without further
finishing (1594). Heat cleaning impaits the handling characteristics of
the fibers, however, so that care should be taken to avoid loss of strength
from fiber breakage (1618).

Other Methods. Sizes can be removed by treatment with starch-splitting
enzymes, followed by an emulsifier or detergent wash to remove oil
constituents. E. Balz has found that treatment with a urea solution or
treatment with a chlorate solution followed by a heat treatment will also
remove lubricating sizes (401).

Chemical Bonding Finishes

Several finishes have been developed that promote adhesion between
the glass surface and the polyester resins used for laminating, The
oldest of these is the 114 finish, which, on its development, represented
a substantial improvement over the starch-oil finish previously used.
This finish involves the treatment of the heat-cleaned glass surface with
a methacrylate-chrome complex solution (363, 375, 382). It was the first
commercial finish specifically designed to improve the bond between the
glass and the resin,

In military as well as commercial applications, however, the 114
finish was limited by its sensitivity to moisture. On continuous exposure
to high humidity, laminates with this finish lost 40 to 50% of their flex-
ural strength, with corresponding impairment in other mechanical as well
as electrical properties. This was taken in account in the prevailing
military specifications. To compensate for the loss in strength, a 40 to
50% excess of weight and material had to be used in all laminated parts
that might be exposed to high humidity. For this reason, the Materials
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Laboratory, Research Division, Wright Air Development Center,! initiated
a study to improve the moisture resistance of laminated glass-polyester
plastics (1670).

Yinyl Silone Treatments. Working under an Air Force contract, L. L.
Yaeger and his co-workers proceeded on the assumption that a vinyl
group which was copolymerizable with the styrene in the polyester sys-
tem and tied to the glass with a silicon atom should effect an anchorage
resistant to any moisture condition. They found that treatment of glass
(or other filler material) with vinyl trichlorosilane, followed by a quick
water wash, produced a filler that when laminated retained its original
strength properties even on unlimited exposure to moisture or immersion
in water (1669, 1670).

The vinyl trichlorosilane can be applied either in the liquid phase,
from a solution in mineral spirits, carbon tetrachloride, or other organic
solvents, or in the gaseous or vapor phase. Modification of the vinyl
trichlorosilane with beta-chloroallyl alcohol before application results in
higher strength values (1670).

Several adaptations of the principle of the vinyl silane treatment were
made by industry, to provide the most convenient means for binding the
vinyl group, via silicon, to the glass. Owens-Coming Fiberglas Corp.
introduced the 136 finish, which is said to be vinyl trichlorosilane hydro-
lyzed with an alkali and applied from an acidic water solution. Linde
Air Products Co. introduced a silicone size GS-1, which on heating
deposits a film of vinyl silicone on the glass (1619). A third proprietary
finish, the Garan finish of Libbey-Owens-Ford Co., is generally classed
with the silane finishes, although its composition has not been disclosed
(1657). (Also see references 372, 376.)

The steric effects of the various vinyl structures employed in chemical
finishes have been investigated by Erickson and Silver (1606). They
report favorable results with a finish comprising, for example, an un-
saturated alkyl trichlorosilane reacted with glycidyl methacrylate and
triphenylamine.

Modification of 114 Finish. Yaeger found that the moisture resistance
imparted to glass fabrics by the vinyl silane treatment is greatly en-
hanced if application of the finishing chemical is followed by a thorough
afterwash with water (1669). This finding was applied in a modification
of the 114 finish, called the Volan A finish (1616, 1661). Although the
results with this treatment fall short of those obtained with the vinyl
silane finishes, they nonetheless represent a marked improvement in
moisture resistance over those obtained with the 114 finish.

l!Wright-Patterson Air Force Base, Ohio.
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Other Finishes. Some finishes that are applicable to glass fibers but
that are not specifically designed toward the improvement of strength in
polyester laminates have been reported. Various compositions contain-
ing formaldehyde with other compounds are claimed to improve the strength
of laminates made from glass fibers and urea-formaldehyde, phenolic, and
similar resins (364, 369). The use of an amino polymer as a coating for
glass fibers has been proposed (377). For polyester resins, these fin-
ishes now have only historical interest.

Comparison of Finishes. The optimum properties of a polyester lami-
nate are obtained by the vinyl trichlorosilane treatment as originally
disclosed (1636). The commercial variations of this treatment entail a
compromise, in which some sacrifice in moisture resistance (about 5 to
10%) has been made to gain ease in applicability.

Table No. 12 gives a comparison of the properties of glass fabric-
polyester laminates made from 181 fabric with the following finishes:
starch-oil size, heat cleaned, methacrylato-chromic chloride, sodium
vinylsiloxanolate, and vinyl trichlorosilane modified with beta-chloroallyl
alcohol (1585). The methacrylato-chrome and siloxanolate finishes were
commercial finishes applied from water solution,

Flexural strength values in excess of 85,000 pounds per square inch
have been reported for laminates prepared from glass cloth finished with
vinyl trichlorosilane (1606). After immersion for 3 hours in boiling water
the laminates retained 96% of their original strength. These tests were
made with Selectron 5003’ resin. For laminates made with resins other
than Selectron 5003, flexural strength values ranging from 58,600 to
74,000 pounds per square inch have been reported (1586). Strength reten-
tion for these laminates after 3 hours in boiling water ranged from 81 to
99%.

Much less laminating pressure is required to obtain translucent, clear
laminates of optimum strength if the glass fabric has a vinyl type finish
tather than a 114 finish. This is due to the more favorable wetting be-
havior of polyester resins toward the vinyl finishes. Press settings
established with 114 type finishes will therefore have to be revised for
the vinyl finishes.

Owtlook in Finishes ond Sizes

The trend in finishes undoubtedly will favor gas-phase application to
the virgin fiber as it is formed. This type of application has the advan-
tages of absolutely uniform application, lowest material cost, and ease
of bonding to a virgin glass surface. Vinyl chlorosilane has been applied

}Pittsburgh Plate Glass Co. trade name.
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in gas phase on a laboratory and pilot-plant scale with results as satis-
factory as those obtained by liquid application. The gas-phase applica-
tion, however, will require special provisions for corrosion-resistant
equipment, ventilation, and spacing, which may make it necessary to
await the construction of specially designed plant facilities for its
adoption.

As a lubricating and parting size for glass fibers, a resin emulsion
might be developed that is compatible with the laminating resin and thus
would not have to be removed before laminating. Such a size could be
applied over a gas-phase-applied bonding finish.

Recently, a technique was developed by which a vinyl ethoxysilane
bonding agent can be applied to glass rovings by inclusion in the im-
pregnating resin (1€37). This method eliminates the need for separate
application of vinyl silane finishes, but must be carefully controlled to
produce roving fibers with good mechanical properties.

The chemical bonding finishes are being extended to non-glass mate-
rials, including fibrous organic materials and bulk fillers. The bulk
fillers are particularly adapted for gas-phase treatment, and such treat-
ment should materially improve the properties, particularly moisture
tesistance, of laminates made with them.

OTHER REINFORCING MATERIALS

Because of the outstanding properties of glass fiber reinforced poly-
esters, the investigation and the utilization of other types of reinforcing
materials have not received much attention in the United States.

Asbestos

Asbestos has been used extensively as a filler in England because of
its cheapness and availability. Some English sources claim that asbestos
gives laminates of higher elastic modulus than those obtained from glass
fibers, but other sources dispute this claim (Discussion, Reinforced
Plastics Division, Society of the Plastics Industry Conference, 7th
Annual, 1952, Section 8, p. 5). Asbestos is used, mainly with phenolic
tesins, in the preparation of laminates having high heat resistance and
good electrical properties (1612).

Cotton

Cotton fillers are used where cost may be a factor but have not been
exteasively used with polyester resins because of their poor water resist-
ance (Discussion, Reinforced Plastics Division, Society of the Plastics
Industry Conference, 6th Annual, 1951, Section 4, p. 11). They are usually
laminated with phenolic resins. Cotton fillers lend themselves well to
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use in preforms and thus serve well in high-speed compression molding
(1612). They have also been used in bag molding (1607). A method for
reducing the flammability of cotton laminates has been disclosed (1667).

Other Fillers

Ramie, sisal, cellulose, nylon, rayon, and other fibers have been
suggested as fillers (368, 408, 1612) but, as far as published literature
indicates, have not been widely used because they cost more, have higher
water absorption, or are less available than other fillers (1612; Discus-
sion, Reinforced Plastics Division, Society of the Plastics Industry
Conference, 6th Annual, 1951, Section 4, p. 11). The high resilience of
these fibers, and consequent stress distribution over a wide area, might
be an advantage in laminates. Application of sizing procedures for glass
to these materials might greatly reduce the moisture sensitivity of some
of them. ‘

High-strength paper has been used to a small degree with polyester
resins but is used mostly with phenolic resins (370, 1623). A discussion
of the choice of paper for laminates is given in reference (1582). The
difficulty of poor bonding between resins and paper seems to have been
overcome to some degree (1615).

BULK FILLERS

Properties Required

Bulk fillers do not chemically combine with the resin but may be added
to increase the volume of the final mix or for other reasons. A bulk filler
should possess the following properties: minimum oil absorbency; a
particle size of 1 to 3 microns for easy dispersion in the resin; low metal
content to reduce cure variations; a specific gravity of less than 1.50 for
good bulking characteristics; a white or neutral color to produce good
coloring backgrounds; low solubility in water to maintain low water ab-
sorption in the laminate; and for particular applications the desired effect
on the curing cycle (1676, 1677, 1679). No one bulk filler is known that
meets all of these requirements.

Types of Bulk Fillers

The bulk fillers most often used with polyester resins are clays, sili-
cates, and carbonates. Wood products have been suggested as fillers
(430, 1517), but have not been generally used because of their high water
absorption (1699). The following is a partial list of bulk fillers used
with polyester resins and their suppliers:
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Filler

Atomite

Carbonate of magnesia

Cliffstone Whiting

Kalite
Keystone Filler

Lesamite
Precipitated Chalk

Purecal

Snow Flake White
Surfex

Suspenso

Terra Alba

Aluminum Flake
Asbestine
Cab-o-8il

Celite

Grey Slate Flour
Magnesium silicate

Mica
Mineralite
Microsil Super

Nuca

Quartz
Silene

Silica Super White
Talc

Wollastonite

ASP Clay
Georgia Clay

Ideal Clay No. 2

Go 3h:

Supplier

CARBONATES

Thompson-Weinman Co., New York, N. Y.

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Diamond Alkali Co., Cleveland, Ohio

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Thompson-Weinman Co., New York, N. Y.

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Wyandotte Chemical Corp., New York, N. Y.

Thompson-Weinman Co., New York, N. Y.

Diamond Alkali Co., Cleveland, Ohio

Diamond Alkali Co., Cleveland, Ohio

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

SILICA AND SILICATES

Aluminum Flake Co., Akron, Ohio

W. H, Loomis Talc Corp., Gouverneur, N. Y.

Godfrey L. Cabot, Inc.,, Boston, .iass.

Johns-Manville Corp., New York, N, Y,

Parsons Manufacturing Co., Pen Argyl, Pa.

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Mitchell-Rand Insulation Co., Inc., New York,
N. Y.

Mineralite Sales Corp,, New York, N. Y.

Standard Silica Corp., Chicago, Ill.

harshaw Chemical Co., New York, N. Y.

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Columbia Chemical Division, Pittsburgh Plate
Glass Co., Pittsburgh, Pa.

C. K. Williams & Co., Easton, Pa.

Whittaker, Clark, & Daniels, Inc., New York,
N. Y.

Godfrey L. Cabot, Inc., Boston, Mass.

CLAYS

Edgar Brothers Co., Metuchen, N. J.

Albion Kaolin Unit, Interchemical Corp.,
Hephsibah, Ga.

Witco Chemical Co., New York, N. Y.

R. T. Vanderbilt Co., New York, N. Y.
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Three of the main reasons for the use of bulk fillers in laminates are
to improve appearance, to improve water resistance, and to lower cost
(1555). A proper choice of filler can also reduce crazing and tendency
to shrink in molded parts (1676). Bulk fillers are used to thicken resins
so that reinforcing fibers can be incorporated in the same mass without
settling out.

At this time the data are inconclusive conceming the action of different
types of bulk fillers. This discussion of bulk fillers will therefore be
restricted to the end results obtained by their use.

Cost Reduction

The reduction in material cost obtained from the use of bulk fillers is
often less than might be expected (1677, 1679). For example, assume
that a typical resin costing $0.40 per pound and a filler costing $0.05 per
pound are used; 25 cubic centimeters of the resin weigh 1 ounce, and 10
cubic centimeters of the filler weigh the same. With a ratio of resin to
filler of 3 to 1 by weight we obtain 1,360 cubic centimeters of a mix
costing $1.25. The same volume of resin, without filler, would cost
$1.36. Therefore, if the resin-filler mixture could be substituted for the
unfilled resin volume for volume, the cost saving in raw materials (aside
from labor, handling, and other expenses, which may be substantial)
would be only 8%. On a weight for weight basis the cost would be 22%
less but the reduction in volume of 15% with the resin-filler mixture
makes substitution on this basis impractical.

It is not usually possible to substitute a resin-filler mix for a resin on
an equal volume basis, because the reduction in strength that usually
occurs may make it necessary to use more of the resin-filler mix, thereby
reducing the cost differential (1677). If a resin-filler mix, using the
filler of the previous example at 30% concentration, is substituted for one
particular resin, the dry tensile strength of the molded parts is reduced
from approximately 8,500 pounds per square inch to 5,500 pounds per
square inch (1677). However, substitutions on a volume basis resulting
in cost reductions of up to 18% have been reported with no detrimental
effects on the molded part (1676).

The tendency today in the use of bulk fillers is to concentrate on
attaining the other more obvious advantages rather than a cost saving at
a possible reduction in quality (1677).

In some speciality applications, fillers may actually be employed to
cause weakness, for example, expendable structures in movie scenes
that are easy to destroy as well as to make.

Improvement of Water Resistance
A distinct decrease in water absorption is obtained, in most cases,
through the use of bulk fillers. In tests on some fillers, increases in
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tensile strength for resin-filler mixtures were reported after immersion
for 16 hours in water at 160°F., 4 hours in boiling water, and 20 hours
in water at room temperature (1677). The strength results for the resin-
filler mixtures were less, however, than the original dry strength of the
unfilled resin, but could be improved by the addition of fibrous fillers.

Other results have been reported in which a 40% filled resin had higher
original strength values than the unfilled resin and excellent strength
retention after water immersion for periods up to 14 days (1676). Improved
water resistance is also attributed to the use of bulk fillers with silicate
fibers (416).

Treatment of bulk fillers with a size, preferably vinyl chlorosilane
applied in gas phase, would undoubtedly lower water absorption
considerably.

Improvement of Appearance

The addition of bulk fillers to resins reduces surface ‘‘crazing’ of
molded parts and produces a smoother surface with reduced porosity
(1676).

Reduction in surface ‘‘crazing’’ may be due in part to the reduction in
exotherm noted with the use of fillers (1677). The slower cure and re-
duction in peak heat reduce strains and are very helpful in eliminating
surface or internal flaws due to extreme variations in internal heat. The
improvements in other surface characteristics might be due in part to the
fine size and even distribution of the filler, which would tend to ‘‘hold”’
the resin and reduce flow in molds.

Fillers improve the appearance of pigmented parts because they impart
opacity and thus increase the hiding power of the pigments. The white-
ness of many bulk fillers also makes coloration in the resin more apparent.

Improvement of Other Properties

Bulk fillers are used to improve the handling characteristics of a resin
for hand lay-ups, to change the flow characteristics of a resin in a mold,
and to improve the hardness of a cured resin (1679). Improvements in
handling and flow characteristics are due, in part, to the increase in
viscosity obtained by loading the resin with filler, which reduces its
tendency to flow. Thixotropy, or resistance to flow except under stress,
can be obtained in resins by the use of flocculated suspensions of fillers
(1683). Resins with this property are of special value in gel coating,
spray molding, hand lay-ups, and matched metal die molding.

Effect on Strength Properties

The available information on the effect of fillers on the strength prop-
erties of polyester resins is scanty and in poor agreement. In some
cases the published results are even contradictory. Testing programs
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are underway, however, to compile more reliable data on the effects of
fillers (1677, 1678). The conclusions at present are that the effect of
fillers on strength depends on the type and particle size of the filler and
on the particular resin used.

The present practice in industry is to incorporate up to 40% of filler in
a reinforced polyester resin. Higher concentrations are commonly be-
lieved to cause reduction in product properties, as well as difficulties in
processing (1681).

One series of tests indicates the following effects of filler concentra-
tion on the strength properties of a glass mat reinforced polyester mold-
ing: Flexural and impact strengths remain constant up to 40% filler; the
compressive strength is raised about 2,000 pounds per square inch by
10% filler, and this value remains almost constant up to about 50% filler;
the tensile strength is lowered about 1,000 pounds per square inch over
the range of from 0 to 40% filler; the flexural modulus remains constant
for from 0 to 30% filler, and then increases from 1.5 x 10® to 2 x 10° as
the filler concentration increases from 30% to 50% (1676).

Patker and Whittaker determined a correlation between the reciprocal
of the particle size of the filler and the compressive strength and cross-
breaking strength of mineral filler bonded with resins (1680).

Effect on Curing Characteristics

Some fillers may have a profound effect on the curing characteristics
of the resin. The gel time, using a controlled amount of catalyst, may be
raised from about 15 minutes to about 425 minutes, and even further, by
the choice of filler. Other fillers, such as Witco Clay No. 2, lower the
peak exotherm, which is sometimes useful in production molding or for
producing objects with less intemal strains (1677, 1678). Carbon black
retards the cure of polyesters catalyzed by organic peroxides, but ac-
celerates cure in the presence of certain peroxide-promoter combinations
(3235).

Use of Bulk Fillers

Bulk fillers have been most often used in consumer products rather
than military items. In consumer products a reduction in peak strength
values is less important since it may be counter-balanced by the improve-
ment in appearance, and perhaps a reduction in cost.

SPECIAL FILLERS

Coloring of Polyester Resins

It is advantageous, especially in the consumer field, to color polyester
resin products for better appearance and sales appeal. The coloring of
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polyester resins may be done in two ways: internally and externally. The
external application of coloring material is considered a finishing process
(p. 129). This section is concerned with the intemal or ‘‘filler’’ type of
coloring agent. :

Methods of Coloring. Coloring agents used may or may not be soluble
in the polyester resins. The pigmentation of plastics with the insoluble
variety of pigments can be improved by milling the pigment with a small
amount of a polyester oil, dispersing the pigment in the monomer (or
mixture of monomer and polymer) to be used, and polymerizing the mix-
ture (431). This method could be used with polyester resins but would
probably necessitate having on hand a supply of the polyester without the
cross-linking agent added. A careful working of the pigment with the
potential cross-linking agent might be used, however. The prevalent
method of coloring polyester resins involves merely mixing a suitable
amount of pigment and resin.

P. Fram et al. found that a rigidly adhered-to procedure of resin formu-
lation and fabrication is required in order to obtain consistent and re-
producible color with pigments in low-pressure laminates (1693). Varia-
tion in nearly any phase of procedure can produce great changes in the
final color of the laminate. For example, in producing flesh-colored
laminates for artificial limbs, an increase in the concentration of promoter
caused a marked red-to-yellow shift. high oven temperatures as well as
premature oven treatment caused an increase in both yellow content and
luminous reflectance. During the early stages of gelling of the resin-
pigment mix, the color is highly sensitive to a rapid increase in tempera-
ture. It is therefore recommended that partial polymerization be allowed
to occur at room temperature before laminates are placed in ovens for
heat curing.

Properties of Pigments. Pigments used for polyester resins should
exhibit heat and light fastness and chemical stability (1695). The gel
characteristics of the resin should not be affected, neither should the
long-range characteristics of the cured article. Some red pigments have
caused difficulty after the resin has been cured (1676). A copolymerizing
pigment would undoubtedly change the cure characteristics of the resin;
oil reds retard gelation; and titanium or zinc oxides accelerate the cure
(434, 1698).

Other Special Fillers

Fillers have been added to polyesters and other resins to improve
various specific characteristics, but usually at the expense of some
other characteristics of the cured resin. Mica has been added to enhance
the dielectric properties of the finished product, as has silica gel (415,
1612). The machinability of products in which mica has been used is
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poor, and the silica gel would probably reduce the hardness of the fin-
ished product.

Antimony trioxide is used to increase the fire resistance of general-
purpose polyester resins. It also imparts opacity, increases softness,
and may change the cure characteristics of the resin. Most commercial
fire-resistant polyester resins, however, are made by a change of ingredi-
ents in the original mix; for example, in some resins chlorinated phthalic
anhydride is substituted in equal proportions for phthalic anhydride.
Recently, fire-resistant resins were developed by the Hooker Electro-
chemical Co. in which hexachloroendomethylene tetrahydrophthalic acid
is the key ingredient (p. 600).

Metallic powders or foils may be used to give interesting effects, add
weight to bases, or provide additional decorative aspects (1699). Since
this type of filler is generally incompatible with the resin, it will settle
in the product, which may be desirable in some cases where base weight
is desired, but undesirable in others. Adhesion difficulties resulting in
delamination in the product may result from the use of metallic foils.
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V. SHAPING

The fabrication or shaping of polyester resins into final products dif-
fers somewhat from fabrication of other thermosetting resins in that little,
and sometimes no, pressure may be used. Low-pressure molding and
laminating are possible because no by-products that must be enclosed
are formed during the cure of the resins.

Tooling costs for the low-pressure fabrication processes used for poly-
esters are considerably lower than those for high-pressure processes. It
was this possibility for a very low capital investment that initially stim-
ulated the entry of many small operators into the polyester field. The re-
sultant sharp competition and insufficient capitalization and facilities
contributed to the drop in polyester sales that followed World War II (p.
194). Even in 1954, the industry was still made up of nearly 200 fabrica-
tors and molders, dividing up a market of approximately $45 million.
Fewer than a dozen of these companies had sales of more than a million
dollars (1978).

Steps are being taken, however, to eliminate the main industrial weak-
ness of polyester fabrication—the absence of a mass production tech-
nique. The present trend is toward larger installations, preferably con-
tinuwous operation, and high-pressure presses to obtain parts which need
few finishing operations. The introduction of preimpregnated polyester-
glass fiber molding and laminating materials (p. 112) eliminates separate
handling of the glass and resin, and thus a good part of the handwork in-
volved in polyester fabricating processes.

Since little or no heat is necessary in most cases for curing polyester
resins, they have been used widely for one-piece molding of large objects
that are not easily made from other plastics. Polyester resin-filler com-
binations are also adaptable for most standard molding and laminating
procedures.

Subjects covered in this chapter are: molds and mold making; methods
of molding and laminating; preforming; casting; and postforming; including
examples, equipment, and production variables. The fabrication of honey-
combs and foamed plastics is also included.

MOLDS AND MOLDMAKING
Mold Cost and Materials

One of the principal advantages derived from the low pressure and
temperature necessary to shape polyester resins is the low mold cost.
97
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The cost is lower because molds may be made from less expensive ma-
terial than molds for high-pressure work (although polished steel molds
may be used economically for large-volume production). Polyester resin
laminates have therefore been used widely in molding of large articles in
low volume. In this field the low tooling expense offsets the relatively
high material cost and provides a saving over the high tooling expense
necessary for other materials (1996). This saving is particularly great
when the object to be fabricated is curved in more than one direction.
When this is the case, polyester laminates are cheaper than steel of the
same strength, unless the cost of dies for fabricating steel can be dis-
tributed over a long run, say, of more than 20,000 items.

Molds for reinforced polyester resins may be constructed from wood,
plaster, plastics, or metal, depending on the size, shape, and number of
the articles to be molded and the molding operation to be used. For
some purposes flexible molds have been used (1738).

The reinforced plastics industry has recognized that reinforced plas-
tics themselves offer many advantages as tooling materials (1725).
These advantages include not only cost reduction, but wear resistance,
reduction in weight, and ease of manufacture and repair. Laminators and
molders are using molds and dies, as well as trim and check fixtures,
drill jigs, assembly jigs, and other special tools, made from reinforced
polyesters in increasing volume for fabricating their own polyester products.

For long-production runs, metal dies are generally used. The lower
end cost of quantity-produced items will usually make up for the higher
tooling cost.

A general discussion of mold making is given by D. A. Dearle (1720).
Some factors affecting mold designs are discussed by W. V. Prince (1734,
1735). Examples of molds that may be applicable to polyester resin
fabrication are given in references (435, 437, 445, 446).

Master Patterns and Matrices

The first step in the fabrication of a mold is the construction of a
‘‘master’’ pattern. The pattern can be made of many materials, but usually
wood, plaster, plastic, or metal is used (1721, 1741). After it is shaped
accurately, the pattern is finished, smoothed, and its surface treated with
a sealing agent, such as waxes or various resins (p. 113), to reduce
porosity. The sealing treatment is particularly necessary for pattems
made of wood or plaster; plastic molds usually need no surface sealer
(1741). The master pattern is usually a male mold (1716).

Before the master mold is used to make other molds, its surface is
coated with a mold release agent. The materials which may be used for
this purpose include waxes (1732), vaseline, light lubricating oils, stearic
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acid mixed with kerosene, or lard oil if plaster molds are to be made
(1741); polyvinyl alcohol is often used for releasing plastic molds (1716).
Other mold release agents are discussed on page 113,

One-piece molds can be made directly from the master mold by building
up plaster or reinforced plastics over it.

Plaster castings may be reinforced with hemp fibers, metal, or wood
bars (1741).

If reinforced plastics are used, a thin layer of quick-setting resin is
first applied to the pattern to provide a smooth finish on the final laminate.
A resin for this purpose is described by J. J. Coleman (1718). Glass
cloth reinforcement is then applied over the surface coat, impregnated
with resin by brushing or spraying (wet lay-up can also be used), and al-
lowed to cure.

Glass mat may also be used as a reinforcing material in making one-
piece molds, such as those used for boat manufacture. The process is
the same as that used with glass cloth—a male master is made (usually
of wood) and the female mold of mat reinforced polyester is taken from
it. The mold is then polished smooth (1711).

Matrices are a sort of intermediate pattern used in preparing both one-
and two-piece molds. They usually duplicate the master pattern or the
dimensions of the part to be molded. Matrices may be made of plaster
(1716, 1729) or reinforced plastics (1724, 1732). Before the master pat-
tem is used to make a matrix, it should be coated with a mold-release
agent, as is done in making molds directly from the patterm.

A matrix for a one-piece model can be made by ‘‘splashing’’ plaster
directly on the master mold, allowing the plaster to set, and removing the
cast. A reinforced plastic ‘“‘splash’’ can also be made by applying glass
fabric saturated with catalyzed resin to the master layer by layer until
sufficient thickness is built up. Final molds can be made directly from
the ‘“‘splash.” A more complicated but more accurate method, however,
uses a female ‘‘splash’’ obtained from a male master to prepare a rein-
forced plastic male matrix (1724). This matrix is a precise duplication
of the master mold and is used for making the final female mold.

When male and female molds are prepared, the plastic or plaster matrix
is built up over the male mold to the thickness of the part to' be molded
(1716, 1732). In preparing a reinforced plastic matrix, care must be
taken to exclude air from between the plies and to finish the lay-up be-
fore the resin gels, in order to stay within the accepted tolerances for the
molded part (1732). When the matrix has set or cured, its surface is
sanded smooth and a parting agent is applied. More plaster or layers of
resin-saturated glass cloth are then built up to the desired thickness on
the matrix to form the female mold section.
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Polyester resins reinforced with clay and chopped glass have been
used for small development molds in research on plastic items (1716). A
wooden box or flask is placed around the pattern, which also may serve
as a male mold during molding. Copper tubes for heating are bent to the
shape of the pattern and suspended around it in the flask. The reinforced
plastic mixture is poured in until the flask is filled and allowed to harden.
Air pockets found on the mold surface can be filled with an epoxy resin-
clay mixture, and the surface sanded smooth.

Metalized Molds

Metalized molds are used in production where the size and number of
parts to be made are sufficiently large to justify this expense. For ex-
ample, radomes are shaped in metalized molds. There are two methods
of making these molds: electrodeposition and metal spraying. At present,
spraying is more widely used.

Electrodeposition. In the electrodeposition method, a female plaster
‘‘splash’’ is taken from the master, and a matrix (male) of reinforced
plastic (polyester or phenolic) is made from the plaster ‘‘splash.”” The
matrix is lowered into the electroplating bath. Nickel, copper, or iron
may be used for plating. Nickel gives the greatest strength, and there-
fore is used for larger parts. After a suitable thickness of metal has de-
posited [from % to % inch in most cases (1723)], the matrix and metal mold
are removed together, the metal mold is reinforced and mounted on a
frame, and the matrix is removed. The metal female mold may then be
finished by buffing to a high gloss (1733).

A male metal mold may be made by using a male plaster ‘‘splash,”’
taken from the female ‘““splash,’’ to make a female plastic matrix which
can be metalized.

Metal Spray. Metal-spray molds, which were more recently developed
for polyesters (1723), have been used mainly in making large-area mold-
ings. In this method a female “‘splash’’ is taken from the male master.
Reinforced polyesters are used for the ‘‘splash’ if a large-size mold is
to be made (1724); a plaster ‘‘splash’’ may be used for small molds (1716).
The ““splash’ is coated with a separating agent, and a male reinforced
polyester matrix is made from it. The male matrix is reinforced with metal
framework. Its surface is sanded smooth, all pinholes are removed and
refilled, and a coat of primer is applied to prevent volatilization during
the spray process.

Metal is sprayed on the surface of the matrix rapidly to prevent over-
heating; one side of the mold may be allowed to cool while the other is
being sprayed. Several metals may be applied during the spraying process.
For example, zinc can be applied first to give heat protection and low
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shrinkage; aluminum next, followed by Metco Spramold® wire, which is a
very dense metal, to seal the porous aluminum, and finally a bronze spray
to give rigidity and density.

After the spraying process the mold may be backed up with layers of
glass cloth reinforced polyester and an iron framework. It is then re-
moved from the matrix. As a final step the surface is polished to a high
gloss.

Sprayed metal molds may be made in male and female pairs and used in
compression molding in some cases (1716). They have the advantages of
a high-luster mold surface, fast and even heat transfer, and comparatively
low cost. They are considered permanent molds and require little main-
tenance (1716).

Metal Molds

When low-pressure lamination was originated, emphasis was placed on
low-cost tooling. As production volume increased, however, more ex-
pensive tooling proved necessary in order to maintain quality, as well as
economical when end costs were considered. According to W. B. Golds-
worthy, cheaper plastic or plaster tooling is adequate for short runs, but
metal should be used for large-production dies (1723). [Reinforced plas-
tics should not be discounted entirely. Reinforced polyester dies used for
cutting and molding steel take a terrific beating, yet stand up well (1710).
In the automotive industry, reinforced plastic tooling has won wide ac-
ceptance (1710, 1726). Die runs of over 20,000 parts at more than 300 per
hour have been made.]

Metals and Alloys. Various metals and alloys have been used for dies,
including aluminum, Meehanite and other steel alloys, and Kirksite, a
zinc base alloy. Kirksite can be hobbed or cast and lends itself to low-
cost tooling for low-volume production (1737). It does not meet all the
requirements, however, for the positive-pressure dies used in large-scale
production.

Cast aluminum dies are used for large reinforced plastic parts, such as
automobile bodies, aircraft wing sections, radomes, and large tanks (1719).
Aluminum sheet dies have also been made (436). The recommendation
has been made, however, that aluminum dies be used only for low-volume
production or for experimental work (1740). Aluminum has the disadvan-
tage of being very porous, and surfaces of articles molded with aluminum
dies are fairly rough (1740). Finishing of articles molded in such dies is
likely to be expensive unless a suitable surface coating can be applied.

For large-scale production of reinforced polyester items, positive-
pressure matched metal dies are used. These dies are generally made of

Trade name of Metallizing Engineering Co., Long Island, N. Y.
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steel, nickel iron castings, Meehanite, or chill-cast iron. They may be
cast or a plate may be used (1736). Various types of steel for use in
dies are discussed by O. Mirt and by G. B. Thayer (1730, 1739). The
advantages and disadvantages of matched metal dies are discussed on
pages 111-112,

Die Making. Matched metal dies are machined so that they hold the
molding material in the desired thickness of the molded part at all points.
Any projection or reinforcing ribs are machined exactly in the dies. Posi-
tive pressure means that the dies are constructed so that the plastic is
confined within the dies and is under the full pressure of the press through-
out the cure (1731, 1988). This type of die must telescope, one inside
the other, with a minimum clearance between the upper and lower dies.
This is in contrast to flash types of molds, which are made with stops or
lands that absotb part of the pressure, In order to maintain pressure on
the plastic, the mold must be overcharged. Excess material is ‘‘flashed’’
out when pressure is applied (1988).

Three methods of forming positive-pressure matched metal dies are:
casting, ‘““coring’” or machining of the cavity (1736), and hobbing, which
involves pressing out the cavity in a soft metal block or sheet with a
hardened steel master and subsequently hardening the cavity (1737).
The dies are generally made with flame-hardened pinch-offs (sealing
points) and case-hardened guide pins and bushings (1731). The die sur-
faces can be polished and chrome plated if desired (1740). A wet-blasting
technique was recently developed that is said to save costs involved in
manual polishing of dies (1706).

HEATING EQUIPMENT AND METHODS

Three basic types of heating which may be used during molding opera-
tions are: heated air (gas-fired heating), electric, and circulating hot
liquid or vapor (1746).

Gas-Fired Heating

Gas-fired heating is cheap to operate and only moderately expensive to
install. The efficiency of the system is low, however, and temperature
distribution is unequal (1752). This type of heating is therefore impracti-
cal for most molds for reinforced polyesters (1748).

Electric Heating

Electric heating systems are easy and relatively inexpensive to install.
The heat applied is exactly and easily controlled, and in metal dies may
be much more evenly distributed than heat supplied by gas-fired systems.
Further advantages of electric heating are the possibilities of localizing
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heat at needed points, so that the entire room won’t be heated up and be-
come unpleasant for working, and of using separate units that may be re-
paired individually (1752). In dies and molds for polyesters that are not
of metal, however, and even in metal dies, ‘“hot spots’’ may be created
by electric systems,

Many applications for electric heat exist in the molding plant in addi-
tion to heating dies. It is used for controlled heating of the oil reservoirs
of the hydraulic presses, which eliminates variations in oil viscosity and
flow, and consequently in press closure time (1752). Infrared ovens are
used for drying glass mat, curing plastics in continuous lamination proc-
esses, drying preforms, and preheating plastics for punching or post-
forming operations (1752).

High-frequency heating is a fairly recent development and has not been
widely used for polyesters. It depends on the fact that electrical waves
or impulses impinging on a nonconducting material cause a molecular
disturbance which creates heat (1756). Although a short cure time may
be obtained with high-frequency heating systems (1754), they are ex-
pensive to install (1901) and have been used mostly for high-temperature
preheating of preforms for compression molding (1744, 1747, 1757). High-
frequency heating is further discussed by T. Hazen and by P. N. Lategan
(1751, 1991).

Fluid Heating

The most important types of fluid heating are hot oil heat, hot water
heat, and steam heat. Other fluids, such as molten alloys or wax, have
been used, but are restricted to special uses (449). Hot oil is infre-
quently used because the temperatures usually necessary for molding are
within the range of steam or hot water heating units,

Steam heat is widely used. The cost of installation of either a steam
or hot water system is high as compared to electricity, but operating
costs are lower, Both the water-based systems and the electric systems
provide even heating (in metal dies), but temperatures are more difficult
to vary in the water-based systems and they have less flexibility in op-
eration (1752).

Supertherm systems (hot water circulated under pressure) ate more ex-
pensive to install than steam systems, but they eliminate the corrosion
difficulties associated with the condensation apparatus that is necessary
with steam heat (1748). These systems are most adaptable to low-pressute
molding operations where nonmetallic or sprayed metal dies or molds are
used. Both steam and supertherm systems have the disadvantage of
‘“‘heating the whole plant’’ in addition to the presses (1752).

A circulating-liquid heating medium is recommended for use in a con-
tainer for heating molds (448).
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PRESSES FOR MOLDING

Hydraulically operated presses are generally used in the low-pressure
laminating field. They are used mainly for large production runs, with
metal dies. For other types of low-pressure laminating which require no
pressure or little pressure, vacuum or autoclave techniques are used.

Some hydraulic presses for low-pressure laminating are described by
Brinkema and Wilkins, Hastings, Muller, and Powell (1764, 1765, 1766,
1767).

MOLDING AND LAMINATING METHODS

Low-pressure laminating and molding were first tried with phenolics,
with fair success (1849), but the polyesters have somewhat overshadowed
them, The polyesters give no by-products during polymerization, and are
perhaps more suited to this field (1823) except in high-temperature and
some specialty applications, The versatility of low-pressure molding in
the different end products that can be produced has been pointed out by
D. Swedlow (1892), one of the most resourceful pioneers in this field.

Fabrication processes first used for polyesters used little or no pres-
sure. Contact pressure was considered sufficient, although higher pres-
sures sometimes were applied (462, 1880). From the first use of the
““hat-press’’ technique, in which a rubber plunger was used to apply pres-
sure, the field has expanded to include many methods of laminating and
molding. The methods used today include vacuum or pressure bag mold-
ing, no-pressure molding, such as the ‘‘Marco’’ or double-mold vacuum
injection process, progressive or single mold lamination, continuous
lamination, conventional compression and transfer molding with chopped
glass reinforced polyesters, and matched metal die molding (1580, 1842,
1859, 1884, 1891). At the present time matched metal die molding is the
process most widely used for large-volume production.

Hot-Press Techniques

The hat-press process, which was adopted from the felt hat industry,
utilizes a metal female mold and a rubber plunger to apply pressure
(1868, 1873, 1894). It was one of the first methods used to shape poly-
esters, Now, however, matched metal positive-pressure dies are chosen
more frequently than the hat-press technique, because they produce a
more desirable product and are better suited to production molding. The
hat-press method utilizes inexpensive equipment, and the articles pro-
duced are satisfactory for many uses (1899). Glass mat or cloth is usually
used as reinforcing material. The previously catalyzed resin is applied
to the reinforcement during the lay-up, with any additional filler if de-
sired. In another type of lay-up wet resin-impregnated fillers are used.
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The plunger is lowered, and the pressure is then applied. Cure time may
be varied by varying the heat, pressure, and catalyst.

One item made by this method is a bread tray cover. The lay-up for
the cover, either wet or dry, is stamped to a metal strengthening frame.
The assembly is then placed over a rubber plug and into a metal die, and
cured at 250°F. and a pressure of 100 pounds per square inch for 3 min-
utes (1845).

Bag Molding

Bag molding is a process in which a flexible bag or blanket is used to
apply pressure against a lay-up while it cures, A single mold, either
male or female, is used. This method is useful for items of relatively
large area but not too complex shape (1830). Low-cost tooling is used.
Bag molding is therefore widely used for low-volume production, where a
very smooth surface is not required (1607).

Bag molding can be divided into two types: vacuum bag molding and
pressure bag molding. In vacuum bag molding, the bag or blanket is
pulled over the lay-up in the mold and clamped down, and the air is
evacuated from between the bag and the mold. Atmospheric pressure on
the bag presses it down against the lay-up. In pressure bag molding,
additional pressure is applied to the bag, either by placing a pressure
plate over the mold to make an air-tight enclosure and admitting pressure
or by placing the assembly in an autoclave (1858), Stronger molds are re-
quired for pressure bag molding,

Bag molding can be applied equally well to parts cured at room tem-
perature or at higher temperatures (1858). Heat cures can be obtained by
placing the complete lay-up in an oven or autoclave, equipping the mold
with heating facilities, such as steam pipes or electric blankets, or
using heat lamps or heating blankets on the bag side of the lay-up.

Either wet or dry lay-up can be used. In the wet method, resin-saturated
reinforcement is laid-up on the mold. In the dry method the reinforcement
is laid-up dry, then saturated with resin, Presaturated reinforcement can
also be used (p. 112). In pressure bag molding, make-up can be facilitated
by making the lay-up on a light mold, allowing it to gel, and transferring
it to a heavy mold for cure (443).

Materials used for bags include cellophane, polyvinyl alcohol, poly-
vinyl chloride, and neoprene and other rubbers. Polyvinyl chloride is
the most widely used material in the vacuum bag molding field. Neoprene
is recommended for pressure bag molding if steam is used for both pres-
swe and heat. Inhibition of the cure of polyester resins by neoprene can
be prevented by placing a cellophane sheet as a barrier between the neo-
prene and the lay-up or by hand rubbing the neoprene with a silicone
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grease. If air pressure is used with heated molds, specially compounded
rubbers should be used rather than neoprene, which ages rapidly and be-
comes brittle (1858).

Several molds designed for bag molding are described in references
(436, 438, 443).

Continuous Lamination

Flat sheets and reinforced pipe are made by the continuous lamination
process. This process offers the highest speed of production.

Flat Sheets. The production of flat sheets by continuous laminating ac-
tually involves several operations performed essentially as one con-
tinuous operation: (1) application of resin to the reinforcing material, (2)
combining of resin-impregnated reinforcing material into a laminate, and
(3) curing of the laminate under heat and pressure (1863).

The webs of reinforcing material can be impregnated by passing them
through a tank of low-viscosity resin and squeezing off the excess resin.
Some reinforcing materials such as dense paper or closely woven fabrics
are difficult to saturate by this method. These materials can be coated
with sufficient high-viscosity resin for saturation and then stored in roll
form until saturation is complete (1863).

Several resin-impregnated webs are passed between two rolls to lami-
nate them into a single sheet. The gap between the rolls determines the
final thickness of laminate produced (1863). As the laminates emerge
from the rolls, it is encased, top and bottom, with cellophane sheets in
order to exclude air and prevent surface tackiness. The cellophane-
encased laminate is then carried to the heating section of the laminator
for cure.

The contraction of the cellophane during heating provides lateral pres-
sure on the laminate, Longitudinal pressure may be supplied by running
the rolls at each end of the heating oven at different speeds (1870).
Pressure may also be supplied during the heating cycle by moving steel
belts which clamp and ptess down on the web (461), as in the Rotocure?
machines (1793).

A continuous-lamination apparatus has been described that uses hy-
drostatic pressure to cure insulating covering for wire (453). °

In continuous lamination, it is necessary to use a resin with a short
pot life and a low exotherm for accurate control of the process (1842).
The process is economical for high-volume but not low-volume produc-
tion, It can be used to produce thin laminates that are not economically
feasible by any other method, but thick laminates are not practical in any
reasonable length of machine (1863).

Trade name of Boston Woven Hose & Rubber Co.
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Reinforced Pipe. Reinforced polyester pipe is curmently made by an
essentially continuous process (1791, 1809). All operations occur in
sequence on a rotating mandrel that moves vertically in the plant build-
ing. The fabrication apparatus requires a tower about 75 feet high (1862).

In the first step of the pipe-making operation, one or more thicknesses
of glass fiber tape, made from 10-mil surfacing mat bonded together with
22 roving ends per inch, are passed through a resin bath and spirally
wound on the mandrel at an angle. Three layers of resin impregnated
rovings are applied next: The first and second layers are spirally wound
on the mandrel, the first layer in the same direction as the surfacing
layer and the second layer in the opposite direction. In the third layer
equally spaced strands are applied parallel to the axis of the mandrel.
Next, two thicknesses of glass fiber tape are spirally wound under ten-
sion to squeeze out excess resin. [Preimpregnated glass fiber materials
(p. 112) can also be used in this process (1907).] A double layer of cel-
lophane is then applied under tension, and the lay-up is cured to the gel
state, The pipe is removed from the mandrel in this state and heated in
an oven to full cure,

Polyester pipe has been made in lengths up to 20 feet by this process,
and in diameters up to 12 inches, although most commercial pipe is from
2 to 6 inches in internal diameter (1791, 1809).

A method developed in Sweden permits continuous production of poly-
ester pipe of unlimited length and without seams. The equipment is
relatively simple and inexpensive. Although the method was developed
peimarily for small-diameter pipe, it should be applicable to large-diameter
pipe as well. A Swedish-developed polyester resin that is not inhibited
by air is used in the process, which eliminates the need for cellophane
or other air-excluding materials.

Centrifugal casting and extrusion have also been used to fabricate
pipe, although neither method has proven as satisfactory as the mandrel
wrapping method. Pipe made by centrifugal casting has been success-
fully used for gasoline distribution, Pipe 7 inches in diameter in 10-foot
lengths for pressures up to 700 pounds has been made by the extrusion
method (1862). Reinforced plastic raw stock of tube, bar, angle, channel,
and other structural shapes can be produced on a single ‘‘continuous ex-
trusion’”” machine which permits quick changeovers from one cross-
sectional shape to another. The production of raw stock by this machine
is also believed to be applicable to pipe manufacture (1847). Reinforced
plastics shaped in this machine are cured by radio-frequency heating,

Ducting is made on a machine similar to cable wrapping machines in
which glass tape is wound around a mandrel by a rotating creel (450,
451). The number of bobbins holding the tape on the creel, and thus the
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thickness of the part, can be varied. Two contrarotating creels provide
for winding in opposite directions for strength (1852).

Compression and Transfer Molding

In compression molding, the molding material is charged directly into
the heated mold cavity, the mold is closed, and pressure is applied. In
transfer molding, the molding material is heated in a separate pressure
chamber and forced into the closed, heated mold. Transfer molding, which
is the newer method, is also called closed-mold or plunger molding.
Further descriptions of these methods are given by Borro, Donohue, Hantz,
and Otero (1826, 1839, 1848, 1871),

Until recently, polyester resins were not used in these processes. The
materials most commonly used were thermoplastics and the thermosetting
phenolics, melamines, and ureas, which require high pressure during mold-
ing in order to retain volatile by-products in the polymerization product.
The polyesters give off no by-products, with the exception of some sty-
rene vapors, during polymerization. In addition, the glass fiber rein-
forcement commonly used with polyesters is difficult to use successfully
at high pressures (1900).

To enable fabricators to use standard molding equipment for polyesters,
new glass-polyester molding compounds have been developed that may be
compression or transfer molded. These compounds are mixtures of chopped
glass fibers, usually % to % inch long, polyester resins, and inert mineral
fillers (1799, 1838, 1860, 1883, 1900). The chopped fibers used may be
material that would otherwise be scrap, such as chopped glass cloth or
glass mat left as trimmings from laminating operations. Most commer-
cially available premixes, however, contain chopped rovings. For opti-
mum strength and water resistance, the fillers and glass fibers used
should be sized, for example, by a vapor-phase treatment with vinyl
trichlorosilane (p. 86).

Resins cross-linked with diallyl or polyallyl esters, such as diallyl
phthalate, diallyl diglycol carbonate, or triallyl cyanurate, are used more
commonly than resins cross-linked with styrene, which has a low boiling
point. The fact that no volatile by-products are produced in polymeriza-
tion of polyester molding compounds has proved to be an advantage in
closed molds, because blistering and gassing is avoided (1770).

The glass-polyester premixes tend to fall into two general classes: the
putty type, which has a low glass content (under 20%), and the straw
type, which has a high glass content (over 20%). The low glass mixes
generally are less expensive, give less trouble with cracking during rapid
curing, but may give more trouble with flow into complex shapes. They
have lower physical properties but tend to have excellent dimensional,
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electrical, and chemical stability., The high glass mixes are generally
much more difficult to handle in preforming and molding and may yield
erratic results, but they give outstanding physical properties, Parts
molded from premixes have extraordinary impact resistance, although con-
trary to general opinion, they are not high in tensile strength (1900).

One of the major problems in the use of glass-polyester premixes is
the tendency toward strongly directional fiber orientation due to the flow
characteristics of the mix (1883, 1900). Random orientation of the fibers
is particularly difficult to obtain in transfer molding (1878). The flow
characteristics of the mix are also an important factor in producing un-
desirable resin-rich areas in which there is little or no glass present.
The straw-type mixes offer an advantage here, since in loading the glass
is well distributed throughout the mold cavity, due to the large bulk fac-
tor of these mixes. When the piece is molded, very little flow is required
to produce uniform distribution of the mix in the mold (1883).

High-glass mixes are usually formed into a loose wad, ball, or other
preform shape by hand and placed in the mold cavity. Low-glass mixes
are more commonly used in the form of extruded rope, sausages, or slugs.
Pressures used in compression molding of premixes are relatively low;
usually 500 to 2,000 pounds per square inch is adequate (1900). Much
higher pressures are used in transfer molding, with usual values being
6,000 to 8,000 pounds per square inch (1878).

No-Pressure Molding

In no-pressure (or contact-pressure) molding of reinforced polyester
parts, glass cloth or mat is laid up in layers on a mold, impregnated with
resin, and cured at room temperature using a special catalyst system but
no external pressure. No-pressure methods use either one mold or matched
molds, depending on whether smooth surfaces are required on both sides
or on one side of the part, They are best suited to making large moldings
such as boats and tanks (1856, 1861) or to surfacing of reinforced poly-
ester parts.

An important no-pressure molding method is the Marco® or vacuum in-
jection process (1732, 1776, 1855). Two molds are used, with the male
mold mounted in a trough and the female having one or more vacuum out-
lets at the top. The molds may be made of metal, plaster, or reinforced
plastic, but they must be nonporous and have very smooth internal sur-
faces. For this reason, reinforced plastic molds are often given a sprayed-
netal coating.

A dry lay-up of the reinforcing cloth or mat is made on the male mold
(preforms may also be used), and the female mold is lowered over it.

*Trade name of Celanese Corp. of America.
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Resin is placed in the trough running around the bottom of the male mold
and is drawn up into the lay-up by a vacuum applied on the top. Thorough
impregnation may be obtained by leveling off the vacuum periodically and
allowing the resin to saturate the reinforcing material (1732). The best
wetting is obtained with glass reinforcement having a vinyl silane finish.
When impregnation is completed and all entrapped air is removed from the
lay-up, the vacuum is turned off and the resin is allowed to set until hard.

The no-pressure methods are particularly useful in molding boats from
reinforced polyesters. One-piece hulls as large as 36 feet have been
made for landing craft with sheet steel molds. Buoyancy was provided
by initially molding carefully sealed blocks of Styrofoam* into the hulls
(1864). Boat hulls 24 feet long have been molded using a ‘‘one-shaft’’
plaster male mold only, Cure time, in this case, was accelerated by
placing a box containing infrared heating elements over the lay-up (1827).

Glass fiber reinforcing with quick-curing resin has been used to patch
boat hulls and to make them impervious to water. A no-pressure process
is used: The glass cloth is placed over the sanded hull, to which a coat
of resin has been applied, more resin is brushed on, and the smoothed
surface is allowed to cure (1801). ‘

Automobile bodies for sports cars have been molded using a plaster
male mold and a reinforced polyester female mold. Curing time is speeded
by the use of infrared heating (1772). No-pressure molding is suitable
for low-volume sport car production where the higher operational and raw
material costs are offset by the lower tooling cost, as compared to costs
for production of the same parts from steel (1818).

Oil transport tanks have been molded using only a wooden master male
mold. The tanks are made in partially cured halves, which are then joined
together, and the whole assembly is cured by blowing steam into the
tank (1773).

The no-pressure methods have certain disadvantages which limit their
applications (1855, 1861). The chief disadvantage is the time required to
lay-up and mold each part, This is the primary factor which prevents
their effective use in large-scale production. Although tooling costs are
low, the higher labor costs involved in no-pressure molding may cause
over-all costs to be excessive. Another important disadvantage is the
difficulty in obtaining a high resin-to-glass ratio, which means lower
mechanical strength,

Positive-Pressure Molding With Matched Metal Dies

Positive-pressure molding with matched metal dies is used especially
for the production of reinforced polyester items for the consumer field.

“Dow Chemical Co. trade name.
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The dies used are generally of steel and therefore expensive. The presses
used are hydraulically operated.

The glass fiber reinforcement, usually in the form of mat or preforms,
is placed in the dies, a weighed amount of resin is introduced, and the
dies are closed. The closure is in three stages: (1) a fast approach at a
speed of about 300 feet per minute; (2) as the dies approach each other,
a slow down to about 30 feet per minute to let entrapped air escape from
the mold; and (3) approximately 1 inch before final closure of the die, a
slow down to under 5 inches per minute to permit the resin to saturate the
reinforcement. At stage (3), the mold also pinch-trims the part. After the
dies are closed a predetermined pressure is built up (usually from 100 to
200 pounds per square inch), and the part is cured. The die is then
rapidly opened and the part removed (1767).

Adventages. The advantages of positive-pressure molding with matched
metal dies are:

(1) Vaporization of the styrene is reduced, which in turn reduces the
amount of blistered and pitted areas. Furthermore, because the styrene
cannot escape, it is forced to polymerize and copolymerize with the
polyester, creating a larger molecule and increasing the strength of the
part,

(2) With the proper resin amount and distribution the entrapped air is
forced out by the closing cycle of the press, eliminating surface pinholes
and bubbles.

(3) Filled resins are more easily hardened by this method, because the
high pressure forces viscous materials to spread more easily.

(4) Higher pressures transfer heat more rapidly because of better con-
tact. This reduces curing time and speeds production.

(5) Surface shrinkage is reduced, so that the surface fiber pattem so
evident on parts molded by other methods is minimized. Metal die sur
faces are accurately reproduced, making any type of finish desired
possible.

(6) The dies are easily cleaned, and their highly polished surfaces
need only infrequent application of a parting agent, if at all (1731).

Disadvantages. Disadvantages of positive-pressure molding with
matched metal dies are:

(1) The cost is high, because construction of the dies is expensive,
and corrections in them are difficult and expensive to make. This mold-
ing operation can therefore only be used on parts in large-volume produc-
tion and not for experimental operation, It is estimated that for one part
500 moldings must be made to make this process economical (1862).

(2) No undercuts can be molded because moving parts in the dies have
not been found practical.
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(3) Presses to handle these dies must of necessity be heavy and
strong, and thus are expensive (1731).

Glass Reinforcement. Glass mat or preforms used with matched metal
dies should be strongly bonded. Further, the thickness and fiber dis-
tribution should be very even, with no thick or thin sections. Uneven
fiber distribution can cause crushing of fibers, as well as warping of the
molded part due to variation in resin shrinkage (1731).

Glass mat reinforcement is recommended for forming simple shapes,
such as shallow draw parts, Flat mat can be readily tailored with little
waste to conform with the part contour and at less cost than preforming.
Preform molding, on the other hand, is recommended for making complex,
deep-draw parts. Material waste and labor costs are considerably lower
than those inherent in te loring mats to suit intricate shapes. In addition,
the preformed part has a more uniform surface finish and appearance (1844).

Preimpregnated glass fiber materials are widely used in matched metal
die molding, as well as other molding processes. These materials, which
are commonly called prepreg, are a combination of resin and glass cloth
or mat purchased in catalyzed, ready-to-use sheet rolls. Prepreg can be
laid-up directly on the mold or made into preforms. Polyester resins, in-
cluding both styrene and diallyl phthalate copolymers, are used to a great
extent in prepreg; the ones containing no styrene are the most stable and
widely accepted (1907).

Prepreg is characterized by the following properties (1846):

(1) 1t is relatively dry or has a slight tack so that it does not readily
adhere to the hand but does adhere to itself.

(2) It is stable in that it can be stored for practical periods (over 3 to
6 months) at room temperature (approximately 70° F.).

(3) The resin will flow and cure under heat and minimum pressure to
produce a good laminate,

High-grade prepreg is thoroughly predried just before impregnation,
which improves wetting of the fibers and is generally reflected in better
properties (1907). Since resin distribution and resin content can be
closely controlled, the danger of resin-rich or resin-starved areas is
eliminated and quality control of the products is made easier. With pre-
preg, irregular shapes, build-ups, and varying thicknesses can be readily
attained because the material can be cut with accuracy, with nonraveling
edges, and placed where desired (1846, 1907).

Prepreg material impregnated with a partially cured resin could prob-
ably be fed continuously into heated stamping and drawing presses like
those used for sheet metal. Such mechanization of fabrication processes
would place reinforced polyesters on a more even footing for competition
with sheet steel.
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Prepreg costs more than other molding materials, although this disad-
vantage may be offset by labor and other savings (1907). Another disad-
vantage is the difficulty in removing air entrapped in the glass cloth
during prepreg preparation, The resin in prepreg does not become suffi-
ciently liquid upon heating in the mold nor does it move enough to allow
air to escape. Vents are therefore often necessary on molds to prevent
air locks (1846, 1906). In addition, it is difficult to use pinch-off dies
with prepreg (1846).

Preimpregnated, ready-to-mold reinforced sheet produced by bonding
together individual thin plies of unidirectional glass fiber filaments en-
cased in resin (epoxy or polyester) has been developed (3221). This
material pemits controlled alinement of the reinforcing filaments, making
possible controlled directional strength,

Other Types of Dies. A less expensive type of matched metal dies is
useful when the number of items needed is not large, but surface finish
and part tolerances (in dimensions) are important. Cheaper metals, such
as aluminum or Kirksite, may be used, and presses are not essential but
may be used. The lay-up is done by hand or by preforming, The resin is
applied, the molds are closed and heated, and the parts are removed after
cure. Pressures on the part in molding with nonsteel dies are usually
under 100 pounds per square inch. For example, helicopter rotor blades
have been molded with cast Kirksite matched dies in a clamped set-up at
a pressure of 50 to 75 pounds per square inch (1898). Ammunition boxes
have also been made by a similar process using aluminum molds heated
to 275°F.; the part is cured at a pressure of 80 pounds per square inch
for 4 to 10 minutes (1879).

Other processes that use metal molds and that might be applicable to
polyesters are described in references (457, 459, 464).

Mold Release Agents

Polyester resins have a tendency to stick to surfaces unless they are
perfectly smooth. Even then certain shapes are difficult to separate from
the molds. Application of a mold release or parting agent to molds is
therefore generally required in polyester molding.

Parting agents should be inexpensive, easily handled, heat stable over
the molding temperature range, resistant to oxidation, aging, and decom-
position, and inert to both the mold material and resins. They should wet
and adhere to the mold surface, and should decrease the friction between
the mold and molded part (1856).

If the mold surfaces are porous, as in the case of plaster, wood, and
some meta] molds, a sealer must be applied before the parting agent.
Furane, phenolic, and urea resins, waxes, and modified styrene have
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been used (1856, 1857). Lacquers, shellac, and varnish also have been
used, but are not dependable because they are likely to be vulnerable to
the solvent action of the resin or the heat of cure.

Classes. Mold release agents may be divided into four general classes:
films, film-forming solutions or emulsions, waxes, and lubricants. Films
commonly used are cellophane, vinyl films in the form of polyvinyl al
cohol or polyvinyl chloride-acetate combinations, and glassine paper.
These are useful only if no complex shapes are involved, since they
wrinkle if they are applied over a multicurved surface (1856). Film formers
used include alginates, cellulose derivatives such as methyl cellulose
and cellulose acetate, and polyvinyl alcohol solutions. Such waxes as
carnauba and candelilla may be used. Lubricants in common usage are
sulfate esters, graphite, lecithin, alkyl phosphates, petroleum jelly, and
silicones. ,

Oleic acid has been incorporated into polyesters, and is said to migrate
to the surface, effecting mold release without affecting the cure of the
resin (1856). Saran latex and some vinyl lacquers have been tried, but
did not provide good mold release (1893).

When some resins are molded, two-component systems, for example,
polyvinyl alcohol and cellophane, are necessary (1857).

Recommendations. One fabricator gives the following recommendations
for different types of molds (1857):

(1) On polished metal matched dies used in press molding, a lubricant
type agent should be applied infrequently.

(2) On a sprayed-metal mold used in bag molding, a lubricating agent is
first applied, followed by a sprayed film coat. The parting system must
be renewed after each molding operation,

(3) Plaster master patterns should be sealed and sanded, and a heavy
coat of wax applied for parting. The coating must be renewed after each
molding operation.

(4) Aluminum molds for bag molding require the application of a lubri-
cant type of release agent after each molding.

(5) Gel-coated polyester molds and tool plastic (cast phenolics and
others) molds require the combination of a lubricant and a sprayed film
coating, which is renewed after each molding.

For permanent application to a separate surface, where high production
is involved, a thin sprayed plastic coating of ““Teflon,’” baked at 750° F,
for a fused surface, is recommended (1936). The film formed has excep-
tional wear resistance, is insoluble in almost all solvents, and no ordi.
nary resin will stick to it. Another parting agent is ‘‘Pan Glaze,’™ g4

*Du Pont trade name.
‘Dow Corning trade name.
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silicone varnish that is sprayed on the mold surface and baked. The
film formed is not so tough or so thick as that of Teflon but is satisfac-
tory for ordinary purposes (1936).

A test has been described for evaluating mold release agents in which
a measurement of the force necessary to remove a part from a mold is
used as a criterion (1909).

Yoriables in Molding

The effects of humidity during fabrication on the flexural strength and
other physical properties of glass fabric-polyester laminates were evalu-
ated by J. E. Wier et al. (1903, 1904). These effects were pronounced at
molding temperatures above 160° F. The finish on the glass fabric was
114 finish, however; newer types of sizes and finishes have greatly in-
creased the moisture resistance of reinforced plastics.

The laminating pressure has little effect on the physical properties of
laminates made in positive-pressure dies. ' An increase in pressure may
aid in void removal, especially in open mold operation. Care should be
taken not to force an excess of the resin out of the laminate. An increase
in pressure decreases the cure time (1902).

Cure times are variable, and depend on the catalyst, filler, and resin
used and the molding pressure and temperature. Plant operational cure
times are usually established by trial and error.

An attempt has been made to standardize the terminology used for de-
fects in molded parts. This work is summarized in references (1833, 1889).

PREFORMING

Three major types of preforming are used in the plastics industry today;
they may be called “‘pellet,’’ ““pulp,’’ and “‘/dry’’ preforming,

Pellet preforming is used mostly with molding powders, but polyester
molding compounds might be used. The molding powders are weighed and
shaped into solid rectangular, cylindrical, or oval pellets. The pellet
preforms are preheated by high-frequency, infrared, or other methods, and
molded by compression or transfer molding techniques (1747, 1754, 1826,
1839, 1927).

Pulp or ““slush’’ preforming has been used extensively for paper rein-
forced thermosetting resins (1917). In this method a slurry is made of the
resin and the reinforcing material; the viscosity of the slurry is controlled
by varying the concentration of the two ingredients, One or more preform
screens are suspended on one end of a hollow dipping arm; the other end
of the arm has a trap and return for the excess resin and a vacuum outlet.
The screen is dipped into the slurry, and the vacuum pulls the resin-fiber
mixture against the screen. The thickness of the preform can be controlled
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by the amount of the vacuum, the viscosity of the slurry and the concen-
tration of resin in it, the type of filler, and the time of immersion (1924),
Polyester and allyl resins have been suggested for preforming by this
method (1925), but the bulk of the preforming for polyester molding is
done by the dry process.

Dry or “‘loose fiber flock’’ preforming is a technique used for many
years in the felt hat industry. The process consists basically of de-
positing loose fibers on a screen by means of suction. The fibers are
built up to a predetermined thickness or weight, held together by a binder.
After the binder is cured, the preform unit is removed from the screen and
molded, usually in a positive-pressure molding operation (1911).

Preforming for Polyester Molding

Three glass fiber preforming processes are used in polyester resin
molding: the tailored mat, open-air, and closed-chamber processes.

Tailored Mat Preforming. Tailored mat or hand-made preforms are made
by wrapping a frame with mat and stapling the mat in place. The mat may
be tailored (or trimmed) either before or after stapling. This process is
useful for products in which frames or staples are allowed (1919). It is
slow, however, and uses much glass.

Open-Air Preforming. Open-air preforming is accomplished by spraying
cut glass fibers on a rotating screen while applying a binder. The glass
fibers are cut by feeding rovings into a cutter, and are air-blown onto the
screen. This operation requires good coordination on the part of the oper-
ator. It is particularly adaptable to building up fibers in a part with
square corners, or where the wall thickness is to vary, or where inserts
are to be used. This process is more variable than machine-controlled
preforming, although weight variations on the preform may be held within
10% (1919).

Closed-Chamber Preforming. Closed-chamber preforming is done on a
machine basically similar to those used in the felt hat industry. This
machine consists of the following parts: (1) a cutter that chops the glass
fibers into predetermined lengths; (2) a suction chamber to draw the
fibers out onto the preform screen; (3) a turmntable, which is usually tilted
for more even fiber distribution and which has a preform screen on top;
and (4) a system for applying a powdered or a liquid binder to the pre-
form (1920).

In operation this machine draws air in from the top; the air picks up the
loose fibers fed into the air stream by the cutter, and deposits them on
the screen. The binder is applied, the screen and preform are removed to
an oven to cure the binder, and the screen is then removed from the pre-
form. The preform is placed in a positive-pressure mold, the resin ap-
plied, and the part molded (1569).
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A basically similar machine that is entirely automatic in operation was
developed recently, This machine uses recirculated heated air. It has
cycle timers that (1) delay the cycle after the removal of each preform
unti] the chamber comes to the required temperature, (2) start the flow and
control the amount of glass fibers, (3) delay the flow of binder until a
layer of fiber has been applied to the screen, (4) control the amount of
binder applied, and (5) provide time for curing the binder (1922).

Advantages of loose fiber preforming over other methods of lay-up are:
(1) lower material costs, since this method uses the glass fibers in a
basic form; (2) elimination of tailoring; (3) mechanical control for high-
speed production; (4) possibility of planning and controlling variations in
wall thicknesses; (5) easy loading of molds; (6) less scrap loss; and (7)
possibility of reclaiming rejected preforms (1920).

Preforming Variables

Variables associated with preforming and molding with preforms are the
type, amount and distribution, and cure of the binder; the texture and
amount and distribution of the fibers in the preform; the type of resin and
the type and amount of catalyst and pigmentation used in it; and the
press used (1915).

Binder. Both liquid and powdered binders are used in preforming.
Liquid binders are more easily distributed on the preform than the pow-
dered variety (1921). Binders in common usage are water emulsions of
liquid polyesters (1923), polystyrene emulsions, which may be used in
conjunction with a urea-formaldehyde binder (1920), and polyester pow-
ders (1920, 1922). Other binders not so commonly used are phenol-formal-
dehyde, urea-formaldehyde, and starch binders; the first gives a dark
color to the molding; the second has poor water resistance; and the third
has a tendency to produce lumpy preforms (1920).

Variations in the amount of binder may cause a difference in fiber em-
phasis great enough to change the color of the molding. Variations in
binder distribution may cause areas of high and low fiber emphasis lead-
ing to moldings of nonuniform appearance (1915). Insufficient binder may
also cause fiber washing, resulting in moldings of uneven appearance and
strength. Automatic control over the amount of binder and proper selec-
tion of the type of binder may be sufficient to control these variables
(1915).

Cure of the binder is controlled by oven cycle. One advantage of the
automatic preforming machine is that the binder is cured in the preforming
operation, eliminating one handling operation and reducing the number of
screens necessary for production (1922).

An increase in flexural strength of 100% was obtained in test polyester-
glass laminates made from glass fibers treated with a binder as they
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were freshly formed and in a nascent state of reactivity (1926). The in-
crease in strength was attributed to improved adhesion between the glass
fibers and the adjacent plastic. Epoxy resin binders were used in these
experiments,

Fibers. Accurate control over the fibers is a must for production pre-
forming. Important variables to be controlled are the texture, length,
weight, and distribution of the fibers.,

Texture. The texture of the fibers must be uniform, to avoid wrinkles
in the molded part (1915). If the fibers are too soft, it is difficult to col-
lect them properly on the screen. This variable may be controlled, if
necessary, by installing a beater after the fiber chopper to condition the
fibers before their collection. If the texture of the fibers is too fluffy,
they will ‘‘mat’’ on the screen, cutting down the air flow.

Length and Weight. The length of the fibers is controlled by regulating
the speed of the chopper and feed (1921). An automatic variable-feed
chopper, which can chop various lengths of glass, has been built for use
with the automatic preform machine. For example, %-inch glass fibers
can be chopped first for a surface layer; next, 2-inch glass fibers for the
body of the preform; and third, another layer of Y-inch glass fibers for
the second surface. The 2-inch fibers give strength to the part, and the
L-inch fibers give better resin retention and thus help to give a smooth
surface to the molded part (1922).

The weight of the fibers for each preform is controlled either by weigh-
ing the amount of fibers before chopping, or more commonly, by controlling
the time of the chopping cycle.

Distribution. Even and consistent distribution of the fibers on the pre-
form is most essential to production of parts by this method. Uneven dis-
tribution will result in variation in the wall thickness and strength (1920).
Parallel orientation of the fibers on the screen may cause the fibers to
‘“‘wash’’ or separate, resulting in uneven distribution of the filler in the
molded part.

Distribution of the fibers is regulated by rotating and tilting the turn-
table and by controlling the amount of air flow (both the total amount and
the amount passing through each part of the screen) by variations in the
size and number of perforations in the screen, or by baffles, Dirty air
and screens will unevenly reduce the flow of air through the screen,
causing uneven distribution of fibers, Dirty air will also produce dirty
preforms, and consequently a nonacceptable molded product. All air
used in preforming should be filtered (1915, 1921).

Uncontrolled bulkiness of the preform will result in uneven resin pene-
tration or wrinkled moldings. Bulk is reduced by increasing the air flow
during preforming and curing of the binder, or by compression of the pre-
form before and after curing of the binder (1921).
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Resin. Varations in the cure time, catalyst concentration, and pig-
mentation of the resin can cause variations in the strength properties and
appearance of the molded part. Since a change in any one of these usually
necessitates a change in the other two, these three factors must be care-
fully adjusted and kept in balance by laboratory control (1915).

Press. The closing speed of the press is important. If too fast, the
preform may tear or wash, the resin may be unevenly distributed, and air
may be entrapped in the molding. If the closing speed is too slow, the
resin may gel before the dies are closed, resulting in entrapped air, sur-
face pinholes and other defects, and uneven distribution of the resin. The
cycle must be carefully adjusted before the beginning of production, and
then automatically controlled.

Fluctuation in shop temperature causes changes in the viscosity of the
oil used in hydraulic presses, which in turn influences the closing speed
of the press. This variable is controlled by warming the oil to a constant
temperature (1915).

CASTING

Another method of shaping polyesters is casting. This operation is
used particularly in the electrical industry for ‘‘potting’’ electrical parts
such as transformers. One advantage of polyesters for this application is
the contribution of these resins to the physical strength of the product.,
The heavy cases required with other potting media may be made lighter,
or entirely eliminated.

Casting consists of pouring the resin into a mold and allowing it to
harden without much external pressure. The resin should be poured down
the side of the mold to the bottom, to avoid entrapping air (1929). The
casting temperature is around 50°C. (20 to 30 minutes) followed by a
postcure at 100° C. for at least one-half hour (1770).

Resins which have low shrinkage and a low exotherm during cure are
recommended for casting in order to obtain crack-free and strain-free cast-
ings. Fillers may be incorporated in the resins, usually as short fibers
or powders, to enhance the appearance or increase the strength of the
part (368). An even more important function of mineral fillers is to ab-
sorb part of the heat of reaction and thus reduce the tendency for crack-
ing. Shrinkage is also reduced (1770).

Castings produced by swelling the cast resin with a polymerizable
monomer, and subsequently polymerizing the monomer, are claimed to be
strain free and useful for optical glasses (495, 497).

To speed up casting operations it has been suggested that the resin be
polymerized in the mold only to the gel state. As soon as the part can be
removed without falling apart, it is taken from the mold and subsequently
heated to achieve the desired degree of cure (492). This method is also
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claimed to reduce the internal strains in cast objects (496). The use of
flexible molds or mold sections will help prevent cracking of the resin
when it solidifies.

Potting of electrical equipment may be divided into two types: (1) the
deep impregnation and embedment of parts, such as capacitors and re-
sistors, and (2) the outer protection of coils or assemblies, which is
called encapsulation (1936).

According to G. Firth, an ideal resin for impregnating of electrical
equipment would have the following properties (1936):

Mixed resin

Low viscosity (below 1000 centipoises)’

Long pot life (more than 4 hours)?

Curing temperatures below 200°F.

Short cure time (2 hours or less)

Nontoxic

Good storage life

100% solids—no solvents or unreactive materials
Volume shrinkage in cure below 2%

Good wetting of surfaces and tolerance for presence of moisture
Nonhygroscopic

Adherence to material surfaces after cure

Polymerized resin

High heat distortion (above 80°C.)

Reasonably low coefficient of thermal expansion

Resistance to solvent action and absorption of common fluids
such as alcohol, fuels, lubricants, and water

Tough enough to withstand mechanical abuse

Good power factor and dielectric strength over the ambient
temperature range

High arc resistance

No commercially available resin meets all of these qualifications, but
some can be formulated to be close.

One of the most common methods of potting is the vacuum impregnation
technique. The electrical device, in a mold or permanent container such
as a can or molded case, is freed from moisture by baking in an oven and
then placed in a vacuum chamber to cool with the vacuum on. Dry air or
gas is admitted and the resin poured into the mold. The chamber is then
closed and a vacuum drawn. After all bubbling has ceased, air is ad-
mitted and the molds are placed in an oven for cure (1936).

A newer and faster method of potting uses a centrifugal spinner in
which the resin-loaded devices are spun to obtain more thorough pene-
tration (1936).

"Higher viscosity and shorter pot life are recommended for encapsulation.
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POSTFORMING

Postforming, as the name implies, is a shaping of thermosetting resins
after partial curing. This process is applicable to polyesters to a slight
degree, but is more important for the other thermosetting resins. It is
particularly suitable for resins that rapidly become flexible above 100° C.
without giving off volatile matter (1942), or for the resins that are slow in
curing to an absolutely rigid structure (1830).

The glass reinforcement often complicates postforming of glass fiber
filled polyesters. Once the glass becomes rigidly held by the resin, the
strands are no longer free to slip past one another. Thus, the degree of
postforming is limited to the amount the glass will stretch, which is about
3% (remarks by A. Smith, Reinforced Plastics Division, Society of the
Plastics Industry Conference, 7th Annual, 1952, Section 24, p. 14). Even
so, combinations of glass fiber and certain polyester resins can be post-
formed to a certain extent (remarks by H. M. Day and R. Brinkema, same
source, Section 24, p. 14). Postforming may well prove a good field of
entry for reinforcing fibers of treated cotton or other materials of rela-
tively high elasticity.

HONEYCOMBS AND FOAMED RESINS

Cellular and expanded plastics are useful for insulation purposes,
buoyancy, and various structural uses (1970). Their advantages include
low density, high strength, high stiffness, insulating properties and, in
some cases, ease of fabrication (1953). Three types of structures are
used foams, which have unit cells; sponge, in which all cells intercon-
nect; and honeycomb, in which the cells run the length of the structure.
The sponge structure is very seldom made from polyester resins. Honey-
comb and foamed plastics are used extensively as core for sandwich
construction, which consists of thin skins or facings separated by a rela-
tively thick low-density core material.

Foams

Foams have been made from almost every plastic, including polyesters,
but the polyesters and other thermosetting resins have not received as
much attention as the thermoplastics (1951). The advent of di-isocyanate-
modified polyesters, which can be foamed-in-place, promises to change
this situation. A full discussion of di-isocyanate-polyester foams can be
found on page 228. For further reviews of foamed plastics, see references
(1950, 1960).

The methods used to make plastic foams are numerous. Each method,
however, generally involves the release of a gaseous blowing agent at an
opportune time during the process of curing, usually as the plastic is

Go 31C



122 UNSATURATED POLYESTERS

gbout to harden, The foaming agent may be a gas whipped into a harden-
ing viscous plastic mass, the gas released from a plastic as a vacuum is
applied, by-product gas evolved from the plastic during polymerization, or
an agent added to the mix that releases a gas (1957). When water is
added to di-isocyanate-polyesters, carbon dioxide is released, which
causes foaming (1954). A combination of sodium bicarbonate and an acid
has been used as a blowing agent for styrene cross-linked polyesters
(1969). Vinyl acetate vapors have also been used as blowing agents
(1969).

Honeycomb

Early methods for making plastic honeycomb used cellophane tubes
filled with sand and placed alternately over and under a reinforcing glass
web, Resin was applied to the web, outer layers were built up on top and
bottom, and the set-up was cured under pressure. After the cure, the
tubes were removed, resulting in a cellular structure (1972, 1973).

Two general methods are used for making glass cloth and other types
of honeycomb today (1966). In one method resin-impregnated sheets are
formed and cured in a continuous corrugating machine. The corrugated
sheets are then cut to length, indexed, and assembled into a square-
shaped log. The log is sliced lengthwise across the honeycomb structure
on a bandsaw to give a sheet of desired thickness.

In the second method, indexed sheets of resin-impregnated material are
strip-glued in a flat assembly and pressed. The pack is then cut into
narrow strips which are expanded to form the honeycomb core. After the
impregnating resin is cured, the core will hold its expanded shape.

Glass-polyester honeycomb, because of its high transparency to radar
rays, is used in sandwich-type housings for radar equipment, or radomes.
The radomes are usually made in female molds by vacuum bag molding
techniques. The outer plies of glass-polyester laminates are laid up
first, resin is applied, and bubbles are smoothed out. The honeycomb
core is dipped in resin, the resin allowed to drain, and the core carefully
placed in the mold, The inner-skin plies are placed in next, resin is ap-
plied, and the set-up is cured (498, 1956, 1958). This entire process re-
quires skill, because the dimensions of radomes are very critical.

Honeycomb radomes have also been made on a male plastic mold, using
a technique similar to that used with the female mold (1852). [Solid-wall
types of radomes are made by forming a thin shell of polyester-glass
laminate with female or male molds and the rubber bag technique (1852).]

Because radome dimensions are critical, it was originally thought that
damaged structures could not be repaired. These items are expensive to
replace, however, and a method has been worked out that permits satis-
factory repair (1967).
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A method that eliminates the difficulty of forming honeycomb struc-
tures with compound curves has also been developed. Bundles of honey-
comb cylinders which can be moved independently and made to conform to
compound curved surfaces are used. If both surfaces of a part have com-
pound curves, molds are used and the structure is joined in the middle
(1959).

Due to the extremely light weight of honeycomb in relation to its strength
end insulation values, its use in sandwich building panels would repre-
sent considerable savings in labor. On the basis of today’s costs pri-
marily, and labor practices secondarily, however, the time has not yet ar-
rived when honeycomb sandwich construction is to take its place as a
major factor in the building industry. When it does, resin-impregnated
paper honeycomb will probably prove to be the choice material from a cost
standpoint (1974).

The labor cost involved in producing foams is inherently lower than for
honeycomb, and the insulation values are better because of the smaller
cell size, It seems plausible, therefore, to expect that sandwich materials
with foamed-in-place polyester-di-isocyanate cores will find major uses

in building.
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VI. FINISHING

Most fabricated polyester products require some finishing operation to
give them a surface with customer appeal. In general, the machining and
surface finishing techniques used for polyesters are similar to those
used for most thermosetting plastics (2003). The presence of glass
reinforcing material may present difficulties, however, such as excessive
wear on tools or an undesirable surface appearance. This chapter is
therefore mainly concerned with recommendations for finishing reinforced
polyester products.

MACHINING

Usually it is not necessary to employ extensive machining on polyester
molded parts other than flash removal. Surfaces may need to be sanded
or abraded for smoothness, especially if a surface coating is to be ap-
plied. If parts are to be joined, conventional polyester resins are satis-
factory as adhesives (2013), and these may be reinforced for strength
with glass fiber in some form if necessary. Epoxy resins are likewise
used as adhesives for polyesters. Mechanical fasteners, such as bolts,
rivets, and screws, may also be used for joining.

Glass reinforced polyesters may be machined by standard equipment.
One of the difficulties involved is the hard wear on the tools used, be-
cause of the abrasiveness of the glass. For this reason, carbide abrasive
wheels have been recommended for major cutting, trimming, and turning
operations in place of saws (1645, 2007, 2010, 2011), and carbide-tipp ed
drills for drilling operations (2006, 2010, 2011). In some applications an
increase in tool speed has been unexpectedly beneficial to tool life,
possibly because at the increased speed the reinforcement breaks ahead
of the leading edge of the tool.

Because a skin irritation may result from the dust produced in machin-
ing operations, dust removal is also a problem. All dry machining opera-
tions should have a vacuum dust removal system.

Recommendations

Recommendations for machining operations and speeds for glass rein-
forced polyesters are given in the following paragraphs (1988, 2003,
2005, 2006, 2010, 2011). The speeds given are not hard-and-fast rules,
and machining trials should be made to determine optimum speeds for g
particular plastic.
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Drilling and Tapping. For drilling holes up to ¥%, inch in diameter
high-speed steel drills may be used. The speeds generally used are 50
to 150 feet per minute, depending on the size of the drill, the depth of
the hole, and the capacity of the machine. Carbide-tipped drills should
be used for drilling holes larger than ¥, inch in diameter or for long-run
production. These drills are usually operated at a surface speed of 250
to 350 feet per minute.

Drilling parallel to laminations must be done carefully to prevent
splitting. Faster drilling perpendicular to laminations is possible if the
material is backed with a tightly clamped support of wood or metal. The
use of drilling jigs eliminates the need for backing and produces a more
accurate hole.

For tapping and threading, a high-speed nitrided and chromium-plated
tap is best. Ground taps are desirable. Hholes to be tapped should be
drilled larger than is customary for metal in order to leave only about
75% of a full thread. This will prevent the top of the thread from break-
ing or peeling off and give a cleaner job.

Drill and tap wear is rapid at first but becomes stabilized after the
first few pieces. Wet operation will greatly prolong tool life and elimi-
nate dust.

In parts with a high percentage of filler, holes are usually molded
rather than drilled or tapped. Threaded metal inserts may be molded
into the part.

Punching. Holes and blanks can be made in sheet laminates with
dies similar to those used for punching metal.

The recommended minimum distance between the holes and the edge
of the sheet is three times the thickness of the sheet. Punched holes
should not be smaller in diameter than the thickness of the sheet.

Sawing. Reinforced polyesters can be sawed with all types of hand
metal-cutting saws. Power sawing of these plastics is limited to band-
saws, carbide circular saws, and abrasive wheels. Abrasive wheel
cutting gives the cleanest cut and the cost of blade maintenance is
appreciably lower than for other types of saws. The wheels are run at
3,500 to 6,000 revolutions per minute. Wet cutting permits greater speeds
and requires less power than dry cutting, and the dust problem is
eliminated.

Smooth, accurate edges and fast cutting can be obtained with extremely
high blade speeds (5,000 to 10,000 feet per minute) with certain types of
bandsaws, but extra low blade speeds (300 to 400 feet per minute) are
recommended for longer blade life with standard machines.

Grinding and Sanding. With the proper wheel (glass or cotton fiber
reinforced silicon carbide resinoid wheels are recommended) grinding of
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reinforced polyesters can be done with light cuts and feeds but the glass
fibers tend to heat up. Efficiency may be considerably improved if the
liquid coolant is refrigerated.

Sanding works very well for both flash removal and surface and edge
finishing. Disk sanders are suitable for preparing a surface for coating,
which involves removal of the mold lubricant and the top surface of the
plastic. This operation can be performed either wet or dry. For heavier
sanding jobs, such as removal of wrinkles and surface blemishes, removal
of flash, or sanding of rough edges, the endless belt type of sander is
usually recommended. (Disk sanders are useful for removal of blemishes
from large surface areas, such as the top of an automobile body.) Belt
sanding is preferably done dry, with suction to remove the dust rather
than a liquid coolant.

Belt sanders are operated at speeds of 2,000 to 5,000 feet per minute;
for cold-molded articles the speed is usually 3,000 to 4,000 feet per
minute. Disk sanders are run at 1,750 to 2,000 revolutions per minute
for cold-molded articles.

Turning and Milling. High speeds, similar to those recommended for
brass, and carbide-tipped tools are most satisfactory for working rein-
forced polyesters. The tools should be kept sharp in order to avoid
inaccuracies and delamination where the cutting edge rises over the
laminations.

Shearing. Thin sheet laminates can be cut by hand with sheet metal
shears, or they can be cut with foot-power square shears such as are
used for thin sheet metal.

Routing. Properly set up for edging operations, routing will give clean
and accurate surfaces in reinforced polyesters. It has to be done dry,
however, and produces a great amount of dust which must be removed by
a vacuum system. Carbide bit construction is essential.

SURFACE COATINGS AND TREATMENTS

In the early years of the plastic industry, most of the objects made
were small. Therefore, the cost of the plastic was relatively slight in
relation to the cost of fabrication, and the industry developed a habit of
depending only on plastic selection to achieve the desired surface prop-
erties. (This habit still persists to a surprising degree today.)

As the size of fabricated plastic parts and objects increased, and as
they became more specialized, it became necessary to develop various
coating and surface treatments for plastics. Designers seized upon the
possibility of using the plastic that is most desirable mechanically for
each application, and coating it to give it the desired surface character
istics. Inclusion of pigments opened the way to decorative applications
as well.
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The most highly developed surface treatments can be compared with
electroplating in the metal industry—they provide a body of one plastic
with a surface of another, adhered so firmly that it cannot be removed by
any amount of mechanical violence, short of destroying the entire object.
The first of these integral coatings were the Logoquant' coatings for
making polystyrene resistant to oil and gasoline. These coatings are
described in patents issued to the Nash-Kelvinator Corp. (515, 516, 519,
522) and are essentially cellulose ester coatings integrally bonded to
polystyrene.

Usually finishing coats are applied by spraying, brushing, silk-
screening, or printing. One development utilizes an electrostatic field
for spraying. In this operation the parts to be coated are passed through
an electric field, and a difference in charges attracts the paint to the
part. One advantage claimed for this process is that the entire piece
may be coated by spraying from one side only. This process is also
useful for removing excess paint, or ‘“‘de-tearing’’ (2027).

Paints and Other Coatings

Polyesters are difficult to finish using conventional paints or coatings.
One manufacturer had to resort to nine operations to finish a part of a
machine which would duplicate the finish on the rest of the machine.
These operations were: (1) cleaning the part with naphtha or xylene;
(2) drying to evaporate the solvent; (3) filling the surface with a light
wood filler, working it into all pinholes, and removing all excess filler;
(4) drying for 2 hours; (5) applying a primer coat; (6) baking for 45 min-
utes at 150° to 160°F.; (7) sanding with 220 grit abrasive paper; (8) ap-
plying two cross-sprayed coats of enamel; and (9) baking for 20 hours at
150° to 160°F. (2036).

In most applications where a polyester is to be finished, a high-quality
coating is required. In many instances it is required to pass an exposure
test of 1,000 hours at 100°F. and 100% relative humidity; in some cases
it must withstand salt spray at 100° or 110°F.; and frequently it must
also pass grease and water-soak tests. Good hardness and resistance to
shock and embrittlement are usually required. If the coating is applied
to improve the decorative appearance or sales appeal of the part, or to
match adjoining metal parts, it is obvious that the quality must be high.

For polyester parts that are to be surface coated, it is important to
select a mold release agent that can be removed entirely before the coat-
ing is applied or that is compatible with the coating. Otherwise, the
mold release agent will weaken the bond between the part and the coating
and cause the coating to peel and chip off. In some cases the coating
may not even wet the plastic parts at all (comments by S. A. Moore,

!Trade name of Logo, Inc.
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Reinforced Plastics Division, Society of Plastics Industry Conference,
6th Annual, 1951, Section 14, p. 12).

One of the main difficulties in finishing polyester moldings is that
pinholes are often present in the surface of the part. These must be
eliminated before applying any baked-on finishes, as entrapped air or
solvents in the pinholes blow out (blowholes) during baking, thus spoil-
ing the finish,

Although larger surface imperfections and irregularities cannot be
overcome to any degree without filling and sanding, an obvious method
of overcoming the problem of blowholes is to use an air-drying coating.
A coating material was recently announced that can be used as either an
air-drying finish or a baked-on finish (2016). The baking, which is done
at low temperature, principally gives the advantages of fast through-dry
and slightly increased hardness. This particular coating is used as an
air-drying finish in numerous applications where the longer time of through-
drying before handling is not objectionable. «

Good results in filling pinholes and obtaining a uniform surface for
subsequent coating have been obtained by using polyester surfacers.
These are resins which have enough stickiness to be sprayable, yet
enough flow to enter pinholes easily and fill them completely. Since
they are 100% converted to a solid on drying (about 10 minutes at 300° F.;
20 minutes at 180°F.), the pinholes are thus eliminated.

The production of a uniform, smooth surface on reinforced polyester
automobile bodies is particularly important, in order to give them the
type of finish to which the public has become accustomed. In the manu-
facture of plastic bodies for sports cars, polyester surfacers have been
used as primer coatings under nitrocellulose lacquer.

When polyester surfacers are to be used, the vinyl silane type of finish
should be used on the glass to minimize moisture adsorption, so that no
blisters will be formed between the primer and the surfacer. This is
particularly important in matched die moldings, in which very small and
numerous pinholes are formed. Bag-molded parts are much less touchy
in this respect.

Wrinkle finish is very sensitive to pinholes. When the outside finish
is set, any pinhole is likely to blister, particularly if it reaches a fiber
bundle which has retained moisture.

National Cash Register Co. uses spray coats of a low viscosity vinyl
plastisol as a primer, to close pinholes, on reinforced plastics. The noz-
zles are controlled so that globules are sprayed; heating causes the
globules to merge into a uniform coating (Discussion, Reinforced Plastics
Division, Society of Plastics Industry Conference, 9th Annual, 1954,
Section 5).
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Initial coatings on plastic parts can be formed in the molding operation
by the use of gel coats. These are essentially pigmented polyester resin
mixtures which can be applied by simple brush or spray technique before
molding or laminating operations. The pigmented layer then coreacts
with the molding resin during the curing cycle and becomes an integral
part of the molded product. By this process continuous colored surfaces
are produced without any subsequent finishing operations. Reinforced
products can be obtained with porcelain-like surfaces which have ex-
cellent weathering properties (2120).

Post-mold gel coating, in which filled and pigmented resin is applied
directly to the molded part instead of to the mold surface, can also be
used. This process may be applied on conveyorized paint lines and thus
offers the advantage of not extending molding press cycle times and
slowing up molding production (2035).

Coloring Plastics

One system for dyeing or coloring the surfaces of plastic parts which
may be applicable to polyester resins is given in reference (512). In
this system the surface of the plastic part is first made hydrophilic by
treatment with sulfuric acid or similar compounds, and then a basic dye
is applied from an aqueous solution. Another method, useful for diallyl
phthalate resins (and similar resins), uses a dye dissolved in a glycol or
a glycol-water mixture to color the part (513, 525).

The Polyfax process for the reproduction of wood grains, leather, and
similar patterns on flat or irregular surfaces may be applicable to poly-
ester resins. A polyester resin is used as a coating in this process
(2030).

A review of coloring methods for phenolic plastics is given in refer
ence (2041).

Decorative printing of polyester sheet laminates requires special inks
that do not dissolve in the resin used. Commercial inks for this purpose
usually have a dextrin base in water solution.

Metalizing

A fairly recent commercial application of coatings is that of metalized
plastics. This process has not been applied extensively to polyesters,
although the technical difficulties involved are being overcome. For
further review of this subject see references (2031, 2032, 2033, 2037).
“‘Mylar’’? polyester (polyethylene terephthalate) film is available with an
aluminized mirror-like surface.

21Du Pont trade name.
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The clear finishes used in conjunction with metalizing hold the key to
success for this process. If metal were vacuum-deposited directly on a
plastic surface and left there without after-coating, it would normally not
be smooth, not adhere well, and would soon lose its luster and fom
blemishes. Therefore, a base coating is applied to the plastic before
metalizing, to provide a smooth, fresh surface, free from fingerprints or
adgorbed matter. After metalizing, a top coating is applied to seal the
metal surface and to protect it from oxidation, moisture, and marring,.

The specifications for both the base and top coatings are exacting.
The base coat must have exceptional flow-out and must adhere to the
base plastic as well as to the metal. It must be free from any ingredient
which in itself, or on aging, could attack the metal or which could cause
blistering in the very high vacuum employed in metalizing. The top
coating must also adhere to the metal, and its solvent system must be a
nonsolvent for the base coat, so as not to dissolve it in the metal coat-

ing. Further, the top coating must provide an excellent moisture seal and '

good mar resistance. The formulation of such coatings, which is a
recent development, has made possible the adaptation of metalizing
as a finishing process for plastics (2016).

In many cases, effects equivalent to metalizing can be attained at
lower cost by using finishes for polyesters in which metallic powders of
the bronze or aluminum type are incorporated (2016). These finishes
give highly attractive effects that increase sales appeal. A clear finish
is applied over the metallic coating, thereby giving an appearance of
depth and richness. The clear finish is usually applied immediately
after the application of the metallic coating, so that only one handling of
the part and one air-drying or baking cycle are needed. The finishes may
be baked in 7 to 30 minutes at 250° to 300°F., after air-drying for 10 to
15 minutes.

As-Molded Surfaces

Reinforced plastic parts can be produced with ‘‘as-molded’ surface
finishes that do not require further finishing unless desired. One of
these is the ‘‘pronounced fiber’’ system in which the characteristically
raised fiber pattern is accentuated to produce a contrasting pattemn
against the resin background (2035). Colored fibers can be used with
different colored resins to obtain this effect (2025). A ‘“suppressed
fiber’’ system, in which fine surfacing fibers or mats are applied to
preformed or mat parts before molding (2035), can also be used. This
system produces a very fine filament-resin surface that is fairly smooth.
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VII. COMMERCIAL RESINS

In this chapter specific resins offered by various manufacturers and
suppliers are described. The lists of resins given should by no means
be taken as complete, since new products are constantly appearing. In
addition, space limitations do not permit listing of the entire selection of
resins offered by many large manufacturers. The lists do, however, in-
clude representatives of important types of polyester resins on the market
as of June 1, 1954.

In general, the data on physical properties given in this chapter are
taken from manufacturers’ technical literature. The data are also from
tests conducted at room temperature, unless otherwise indicated.

GENERAL-PURPOSE RESINS

General-purpose (rigid) resins can be used for most types of molding
and laminating. Table No. 13 shows, however, that these resins have a
wide range of properties, and a particular resin may have properties that
make it especially suitable for certain applications. For example, high-
viscosity resins are useful in vertical lay-ups, where low-viscosity resins
would run off. Low-viscosity resins are needed when rapid penetration is
desirable. Some general-purpose resins are fast curing and have good
“hot strength,’’ which are properties of value in matched metal die mold-
ing. Other resins meet the qualifications of a good casting resin (p. 145).
Resins containing diallyl phthalate (DAP) may be preferred for some ap-
plications because they do not contain odorous volatile constituents.
DAP resins also generally have a longer pot life than resins containing
styrene, which is an advantage in laying-up large parts such as radomes.

Table No. 14 lists a number of rigid general-purpose resins and their
manufacturers, as well as some special properties of these resins.

131
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Table No. 13,— Properties of unfilled, cast rigid and flexible
polyester resins*

NOTE: This table is based on maximum and minimum values submitted by a num-
ber of manufacturers and should not be used as a guide in choosing a resin for a

specific use.
resins.

Property

Specific gravity
Refractive index, np

Cast rigid
polyester
resins

1.10-1.46
1,53-1.57

MECHANICAL PROPERTIES

Tensile strength, psi

Elongation, %

Modulus of elasticity in tension,
10® psi

Compressive strength, psi

Flexural strength, psi

Impact strength (Izod), ft.-1b.
per in. notch

Hardness

6,000~10,000
5

3.0-6.4
13,000=-27,000
8,500=17,000

0.2-0.4
M70-M115 (Rockwell)

THERMAL PROPERTIES

Thermal conductivity, 10~4 cal.
per sec. per 8q. cm. per
1°c. per cm.

Coefficient of thermal expan-
sion, 10~ per °C.

Heat distortion temperature, °F.

4

8-10
140-400

ELECTRICAL PROPERTIES

Dielectric strength, % in. thick-
ness, volts per mil
Short-time
Step-by-step
Dielectric constant
60 cycles
1 kilocycle
1 megacycle
Dissipation factor
60 cycles
1 kilocycle
1 megacycle
Arc resistance, sec.

380-500
280-420

3.0-4.36
2.8-5.2
2.8-4.1

0.003-0.028
0.005-0.025
0.006-0.026
125

Manufacturers should be consulted for the properties of particular

Cast flexible
polyester
resins

1.12-1.20
1.537-1.55

>7.0
89-94 (Shore)

250-400
170

4.4-7.2
4.5=5.1
4,1=5.2

0.026-0.26
0.016-0.019
0.023=0.052
135

*Source: Modern Plastics Encyclopedia, plastics properties chart.
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COMMERCIAL RESINS

Table No. 13.— Properties of unfilled, cast rigid and flexible
polyester resins®* (Cont’d)

Cast rigid Cast flexible
Property polyester polyester
resins resins

CHEMICAL AND SOLVENT RESISTANCE

Effect of weak acids Nil Nil

Effect of strong acids None to considerable

Effect of weak alkalies None to slight

Effect of strong alkalies Attacked

Effect of organic solvents Attacked by ketones
and chlorinated

None to slight
Attacked

None to considerable

Attacked by ketones
and chlorinated

solvents solvents
MISCELLANEOUS

Water absorption, 24 hr., % in,

thickness, % 0.15-0.60 0,50-2.5
Burning rate (ASTM Method 1.1 to self-

D635) extinguishing ...
Effect on metal inserts Nil Nil
Machining qualities Good Fair
Clarity Transparent to opaque Transparent to opaque
Color possibilities Unlimited Unlimited

Table No. 14.—Rigid general-purpose polyester resins and

Manufacturer’s
designation

AR-403
Aropol 7110

Atlac 382

BRS-264

BRS-265

Go

their manufacturers

Manufacturer

General Electric Co.

Archer-Daniels-Midland

Co.

Atlas Powder Co.

Bakelite Co.

Bakelite Co.

Remarks

Medium viscosity; can be
used for matched metal
die molding and casting

Medium viscosity; light
color; exceptional chemi-
cal resistance

Powder; dissolves in sty-
rene to give resin of high
viscosity, high heat re-
sistance, low shrinkage

Medium viscosity; high de-
gree of toughness; recom=
mended for casting

Medium viscosity; high de-
gree of toughness; recom=
mended for casting
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Table No. 14.—Rigid general-purpose polyester resins and
their manufacturers (Cont’d)

Manufacturer’s
designation

Duolite 364
Glidpol 1001
Glidpol 1001-HV .

Glidpol 1011

Glidpot 1012

Glykon R-100

Glykon R-100MV

1C-312

IC-420HV

Laminac 4116

Laminac 4119
Laminac 4120

Laminac 4123

Laminac 4128

MR-28C

Google

Manufacturer

Chemical Process Co.
Glidden Co.
Glidden Co.
Glidden Co.
Glidden Co.
General Tire & Rubber

Co., Chemical Division

General Tire & Rubber
Co., Chemical Division
Interchemical Corp.

Interchemical Corp.

American Cyanamid Co.

American Cyanamid Co.

American Cyanamid Co.

American Cyanamid Co.

American Cyanamid Co.

Celanese Corp., Marco
Products Department

Remarks

Low viscosity; high heat
resistance

Low viscosity; can be used
for casting

High viscosity variation of
Glidpol 1001

Low reactivity; recom-
mended for molding where
warpage is possible

High reactivity; good ‘‘hot”’
strength

Low viscosity; high hard-
ness; can be used for
matched metal die mold-
ing and casting

Similar to Glykon R-100 ex-
cept for higher viscosity

Medium viscosity; can be
used for matched metal
die molding and potting;
excellent outdoor weather-
ing characteristics.

High-viscosity variation of
1C-312

Low viscosity; low shrink-
age; low heat distortion
point; low exotherm; very
adaptable to casting and
potting

Medium viscosity; high heat
resistance; good resist-
ance to abrasion and
staining

High viscosity; high heat
resistance; good resist-
ance to abrasion and
staining

Medium viscosity; provides
good surface finish in
compression molding

Low viscosity; high heat re-
sistance; superior resist-
ance to abrasion and
staining

Low viscosity; cures tack-
free in air; can be used
for casting and coating



COMMERCIAL RESINS

135

Table No. 14.—Rigid general-purpose polyester resins and
their manufacturers (Cont’d)

Manufacturer’'s
designation
MR-28H

MR-28R
MR-28V
Narmco Formula 3117

Paraplex P-43

Paraplex P-43HV

Plaskon 911

Plaskon 920

Plaskon 941

Plaskon 942

Polylite 8000

Polylite 8001

Polylite 8002

Polylite 8006

*Diallyl phthalate.

Manufacturer

Celanese Corp., Marco
Products Department

Celanese Corp., Marco
Products Department

Celanese Corp., Marco
Products Department

Narmco Resins & Coating
Co.

Rohm & Haas Co.

Rohm & Haas Co.

Allied Chemical & Dye
Corp., Barrett Division

Allied Chemical & Dye
Corp., Barrett Division

Allied Chemical & Dye
Corp., Barrett Division

Allied Chemical & Dye
Corp., Barrett Division

Reichhold Chemicals, Inc.

Reichhold Chemicals, Inc.

Reichhold Chemicals, Inc.

Reichhold Chemicals, Inc.

Google

Remarks

High-viscosity variation of
MR-28C

Medium-~viscosity variation
of MR-28C

Very low viscosity variation
of MR-28C

Low-viscosity, mineral-
filled resin

Low viscosity; can be used
for matched metal die
molding and casting

High-viscosity variation of
Paraplex P-43

DAP* resin; high viscosity;
high heat distortion point;
suited for hand lay-up

DAP resin; low viscosity;
high heat distortion point;
primarily used as mat or
preform binder in emulsi-
fied form

Low viscosity; cures tack-

- free in air; good heat
stability; can be used for
matched metal die molding

Similar to Plaskon 941 ex-
cept for medium viscosity,
which makes it preferred
for matched metal die
molding

Low viscosity; medium re-
activity; can be used for
matched metal die molding

Low viscosity; low reac-
tivity; can be used for
casting

Low viscosity; good *‘‘hot
strength’’; outstanding
for deep-draw matched
metal die molding or
rubber plug molding

Identical to Polylite 8000
except for medium
viscosity
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Table No. 14.—Rigid general-purpose polyester resins and
their manufacturers (Cont’d)

Manufacturer’s

Manufacturer Remarks
designation

Polylite 8007 Reichhold Chemicals, Inc. Identical to Polylite 8001
except for lower viscosity

Polylite 8008 Reichhold Chemicals, Inc. Identical to Polylite 8001
except for medium
viscosity

Polylite 8009 Reichhold Chemicals, Inc. Medium viscosity; good
‘‘hot strength;’’ recom=
mended for all forms of
matched metal die molding

Selectron 5003 Pittsburgh Plate Glass Co. Low viscosity; can be used
for casting

Stypol 405 H. H. Robertson Co. Low viscosity; excellent

wetting; high degree of
translucency; for general-
purpose laminating

Stypol 407 H. H, Robertson Co, Medium viscosity; excellent
wetting; high degree of
translucency; for general-
purpose laminating

Stypol 705 H. H. Robertson Co. Low viscosity; excellent
wetting; for general-
purpose laminating

Synvar V-30 Synvar Corp. Low viscosity; for laminat-
ing and casting

Synvar V-301 Synvar Corp. Low viscosity; for laminat-

) ing and casting

Synvar V-32 Synvar Corp. Low viscosity; gives water-
clear castings

Synvar V-322 Synvar Corp. Low viscosity; gives water-
clear castings

Synvar V-35 Synvar Corp. High viscosity

Vibrin 114 U. S. Rubber Co., Nauga- Low viscosity; air curing;

tuck Chemical Division good high temperature

strength; can be used for
matched metal die mold-
ing and potting

Vibrin 117 U. S. Rubber Co., Nauga- Low viscosity; medium heat
tuck Chemical Division distortion temperature;
excellent transparency in
laminates

FLEXIBLE RESINS

" Certain polyester resins cure to a flexible, tough solid rather than a
rigid solid. These flexible resins are usually obtained by reducing the
ratio of unsaturated acid groups to saturated acid groups, as by the use
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COMMERCIAL RESINS 137

of a long-chain saturated acid such as adipic acid in the resin formula-
tion. The following flexible resins can be used alone or blended with
rigid resins for applications requiring increased impact or shock resistance.

Manufacturer’s designation Manufacturer

AR-501 General Electric Co.

Aropol 7300 Archer-Daniels-Midland Co.

Atlac FLX (in development) Atlas Powder Co.

BRS-136 Bakelite Co.

Duolite 211 Chemical Process Co.

Glidpol 2002 Glidden Co.

Glykon F-600 General Tire & Rubber Co., Chemical Division
IC-401 Interchemical Corp.

Laminac 4134 American Cyanamid Co.

MR-30C Celanese Corp., Marco Products Department
MR-30V Celanese Corp., Marco Products Department
Paraplex P-13 Rohm & Haas Co.

Plaskon 9600 Allied Chemical & Dye Corp., Barrett Division
Polylite 8150 Reichhold Chemicals, Inc.

Selectron 5096 Pittsburgh Plate Glass Co.

Stypol 12 H. H. Robertson Co,

Syavar V-2 Synvar Corp.

Vibrin 121 U. S. Rubber Co., Naugatuck Chemical Division

The range of properties of commercial unfilled, cured flexible polyester
resins is given in table No. 13.

SEMIRIGID (RESILIENT) RESINS
Semirigid or resilient resins combine high flexural strength with a com-
paratively low flexural modulus. They are tougher and less brittle than
the rigid general-purpose resins and usually have a lower heat distortion
point. The following resins have the properties of semirigid resins:

MNanufacturer’s designation Manufacturer
BRS-262 Bakelite Co.
Glidpol 2001 Glidden Co.
1C-433 Interchemical Corp.
IC-58S Interchemical Corp.
Laminac 4160 American Cyanamid Co.
Plaskon 9500 Allied Chemical & Dye Corp., Barrett Division
Selectron 5083 Pittsburgh Plate Glass Co.

Table No. 15 lists the properties of BRS-262 (2054), Plaskon 9500
(2044), and Selectron 5083 (2083).

LIGHT-STABLE RESINS

The aging properties of general-purpose polyester resins are unsatis-
factory for some applications requiring exposure to sunlight, such as
structural panels and skylights. The resins in the following list are of-
fered to fill this need. They have improved light stability (probably
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138 UNSATURATED POLYESTERS

Table No. 15.— Properties of three semirigid cured polyeaster resins

BRS-262 Plaskon 9500 Selectron 5083

Property (Allied Chemical (Pittsburgh
(Bakelite) & Dye) Plate Glass)
Specific gravity 1.246 1.22 1.22
Heat distortion point, °F. 136 140 160
Tensile strength, psi ... i 7,000 10,000
Flexural strength, psi 18,750 16,000 17,000
Modulus of elasticity in flexure,
10° psi 0.47 0.4 0.5
Compressive strength, psi 15,900 30,700 23,000
Impact strength (Izod), ft.-1b. 2.70
or ft.-lb. per in. notch (unnotched) ... 0.25 (notched)
Hardness:
Rockwell M 98 . 105=-110
Barcol 44 31 40-45
Water absorption, 24-hr.
immersion, % 0.26 0.23 0.21
Viscosity of resin as supplied,
cps. 450-650 800 525=-725

through the addition of a stabilizing agent) but otherwise have properties
similar to those of the standard resins.

Manufacturer’s designation Manufacturer
Aropol 7110LS Archer-Daniels-Midland Co,
BRS-193 Bakelite Co.
Duolite 022 Chemical Process Co.
Duolite 023LS2 Chemical Process Co.
Glidpol 1001-LS Glidden Co.
IC-312-2. Interchemical Corp.
Laminac 4123LS-1 American Cyanamid Co.
MR-28RL Celanese Corp., Marco Products Department
Paraplex P-431 Rohm & Haas Co.
Plaskon 9404 Allied Chemical & Dye Corp., Barrett Division
Polylite 8010 Reichhold Chemicals, Inc.
Selectron 5051 Pittsburgh Plate Glass Co.
Selectron S051A Pittsburgh Plate Glass Co.
Stypol 4055 H. H. Robertson Co.
Vibrin 152LS U. S. Rubber Co., Naugatuck Chemical Division

EXTENDED POT-LIFE RESINS

~Resins with an extended pot (or tank) life are useful when fabricating
conditions require that the catalyzed resins remain liquid over periods of
time during which most conventional resins gel. (For example, in mold-
ing large or complex parts a resin with a long flow period is desirable in
order to fill all parts of the mold before the resin gels.) These resins
usually contain an inhibitor system which extends the liquid flow period

Go 3h:



COMMERCIAL RESINS 139

before gelation but not the other curing characteristics. The fully cured
resins exhibit the same properties as the general-purpose resins,

Marco MR-28CS (Celanese Corp.), which is identical in properties to
MR-28C when cured, Selectron 5003L (Pittsburgh Plate Glass Co.), which
is identical to Selectron 5003 when cured, Glidpol 1001-A, which is identi-
cal to Glidpol 1001 when cured, and Laminac 4108 (American Cyanamid
Co.) are examples of this type of resins. Table No. 16 compares the gel
times of MR-28C and MR-28CS (2058). Table No. 17 compares the tank
lives and gel times of Selectron 5003 and 5003L (2083).

Table No. 16.—Gel time of Marco MR-28C and MR-28CS resins®

_ Gel (bulk) time
Marco MC-1 Marco Accelerator E
catalyst MR-28C MR-28CSs**
% % Min. Min,
2 2 45=55 109
2 3 35-40 76
2 4 30-35 59
2 S 25-30 35

*Source: Celanese Corp. of America, Marco Products Department, Customer
Service Bulletin No. Ml.
$*Specially modified for long catalyzed working life.

Table No. 17.— Tank life and gel time of Selectron 5003 and Selectron 5003L*

. Tank life at 77°F., Gel time
Resin Catalyst minimum (SPI procedure)

Selectron 5003 1% benzoyl

peroxide 12 hr, 4,5-6,0 min.
Selectron 5003 0.5% tert.-butyl

hydroperoxide 30min. = ...
Selectron SOO3L** 1% benzoyl

peroxide 7 days $.7=7.3 min.
Selectron SOO3L** 0.5% tert.-butyl

hydroperoxide 10days = ...

sSource: Pittsburgh Plate Glass Co. booklet on Selectron polyester reinforc~
ing resins (5000 series).
**Specially modified to give a long tank life.

NONAIR-INHIBITED RESINS

Conventional resins do not develop the hardness in contact with air
that they do when protected by a cover sheet or die. In some applica-
tions, such as boat coverings or tanks, however, it is impossible to ex-
clude air from all resin surfaces. Resins have therefore been developed
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140 UNSATURATED POLYESTERS

that will cure to a tack-free condition on exposure to air. The resins
listed below have this property and are also specifically designed for
low- or room-temperature curing. The gel times of these resins are con-
trolled by the percentage of catalyst used. Their properties, when cured,
are in the range of general-purpose resins.

Manufacturer’s designation Manufacturer
Glidpol 1002 Glidden Co.
IC-625 Interchemical Corp.
IC-670 Interchemical Corp.
Laminac 4110 American Cyanamid Co.
MR-28C Celanese Corp., Marco Products Department
Polylite 8027 Reichhold Chemicals, Inc.
Selectron 5119 Pittsburgh Plate Glass Co.

FLAME-RESISTANT RESINS

General-purpose polyester resins may be rendered flame-resistant by
the use of fireproofing fillers such as antimony trioxide. The commercial
flame-resistant resins, however, are usually prepared by using an in-
gredient in the synthesis of the resin which will make the product flame-
resistant. The ingredients most commonly used are tetrachlorophthalic
anhydride and hexachloroendomethylene tetrahydrophthalic acid® (HET?
acid). They are substituted for phthalic anhydride in general-purpose
formulations. Resins containing HET acid (“Hetron’’? resins) have
especially good flame resistance. Some resins designated as flame-
resistant and self-extinguishing require the addition of at least 5% of
antimony trioxide to develop these properties to the maximum.

The following commercial resins are flame-resistant or self-extin-
guishing:

Manufacturer’s designation Manufacturer
Aropol 7200 Archer-Daniels-Midland Co.
Atlac FP (in development) Atlas Powder Co.

BRS-203 Bakelite Co.

Cordo H57C-FR Cordo Molding Products, Inc.
Duolite 371LS1 (also light-stable) Chemical Process Co.
Glidpol 1010 Glidden Co.

Hetron 23 Hooker Electrochemical Co.
Hetron 92 Hooker Electrochemical Co.

Hetron X-31 (semirigid, low viscosity) Hooker Electrochemical Co.
Hetron X-32 (semirigid, low viscosity) Hooker Electrochemical Co.
Hetron X-32A (semirigid, low viscosity) Hooker Electrochemical Co.
IC-S94FR Interchemical Corp.
IC-636FR Interchemical Corp.

1Also called chlorendic acid.
2Trade names of Hooker Electrochemical Co.
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Manufacturer’s designation (Cont’d) Manufacturer (Cont’d)
IC-670FR (cures tack-free in presence Interchemical Corp.
of air)
Laminac 4146 American Cyanamid Co.
MR-32 Celanese Corp., Marco Products
Department
MR-33C Celanese Corp., Marco Products
Department
Polylite 8061 Reichhold Chemicals, Inc.
Selectron 5041 Pittsburgh Plate Glass Co.
Selectron 5000, 514-68 Pittsburgh Plate Glass Co.
Synvar V-33 Synvar Corp.
Vibrin 142 U. S. Rubber Co., Naugatuck Chemical
Division
Vibrin 144 U. S. Rubber Co., Naugatuck Chemical
Division
. HIGH HEAT DISTORTION POINT RESINS

One of the difficulties in the use of polyester resins for some applica-
tions is their low heat distortion point. Some manufacturers offer high
heat distortion point resins, which retain their initial strength at higher
temperatures than most general-purpose resins. The following resins are
designated as having a high heat distortion point by their manufacturer or
have a heat distortion point of at least 110°C.

Manufacturer’s designation Manufacturer

BRS-141 Bakelite To.

BRS-142 Bakelite Co.

BRS-147 Bakelite Co.

BRS-193 Bakelite Co.

Duolite 354 Chemical Process Co.
Glidpol 1005 Glidden Co.

Hetron 23 Hooker Electrochemical Co.
Hetron 92 Hooker Electrochemical Co.

Hetron X-31 (semirigid, low viscosity)

Hetron X-32 (semirigid, low viscosity)

Hetron X-32A (semirigid, low viscosity)

IC-382 HHDT

Leminac 4111 (designed primarily for
resistance to hot aqueous solutions)

Hooker Electrochemical Co.
Hooker Electrochemical Co.
Hooker Electrochemical Co.
Interchemical Corp.
American Cyanamid Co.

Laminac 4119 American Cyanamid Co,

Laminac 4128 American Cyanamid Co.

Laminac 4146 American Cyanamid Co.

Leminac PDL 7-719 American Cyanamid Co.

MR-32 Celanese Corp., Marco Products
Department

MR-33C Celanese Corp., Marco Products
Department

Paraplex P-47 Rohm & Haas Co.
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142 UNSATURATED POLYESTERS

Manufacturer’s designation (Cont’d) Manufacturer (Cont’d)

Paraplex P-49 Rohm & Haas Co.

Plaskon 911 Allied Chemical & Dye Corp., Barrett
Division

Plaskon 920 Allied Chemical & Dye Corp., Barrett
Division

Polylite 8009 Reichhold Chemicals, Inc.

Polylite 8061 Reichhold Chemicals, Inc.

Selectron 5016 Pittsburgh Plate Glass Co.

Selectron 5117 Pittsburgh Plate Glass Co.

Selectron 5118 Pittsburgh Plate Glass Co.

Stypol 407 H. H. Robertson Co,

Vibrin 115A U. S. Rubber Co,, Naugatuck Chemical

' Division

Even the commercial resins designated as high heat distortion point
resins are not sufficiently high in this respect to compete with metals.
Recently, however, resins have been developed that exhibit good prop-
erties when aged at 300°F. and which retain much of their strength at
S500°F. Triallyl cyanurate, instead of styrene or diallyl phthalate, is
used as the cross-linking agent in some of these resins.

The following are newer heat-resistant resins that retain strength prop-
erties at very high temperatures:

Manufacturer’s designation Manufacturer
AR-493 General Electric Co.
Laminac PDL 7-669 American Cyanamid Co.
Laminac PDL 7-679 (solid, for dry American Cyanamid Co.

impregnation)
Laminac PDL 7-680 (self- American Cyanamid Co.
extinguishing)
Selectron 5000, 468-53 Pittsburgh Plate Glass Co.
Stypol 16B H. H. Robertson Co.,
Stypol 25 H. H, Robertson Co.
Vibrin X-1047 U. S. Rubber Co., Naugatuck Chemical
Division

The compositions of AR-493 and the Stypol resins have not been re-
vealed, but all of the other resins listed contain triallyl cyanurate. Gen-
eral Electric AR-493, Stypol 16B, and Stypol 25 have heat and chemical
resistance far superior to conventional polyester resins, however. Test
results indicate that the maximum operating temperature for glass cloth
laminates prepared with AR-493 resin may be as high as 150° C. (302°F.)
and intermittent temperatures as high as 250°C. (482°F.) may be toler-
ated (2069). Stypol 25 has excellent strength retention at high tempera-
tures (350°F.) after continuous exposure at these temperatures. Stypol
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144 UNSATURATED POLYESTERS

168 was developed especially for short term high-temperature (300°-
550° F.) applications.

Table No. 18 gives the flexural properties of laminates made with
Laminac PDL 7-669 (2046), Selectron 5000, 468-53 (2084), and Vibrin
X-1047 (2101).

LOW.EXOTHERM RESINS

Some polyester resins are characterized by a low exotherm, which
means that less heat is generated during cure of these resins than during
cure of general-purpose resins. This property is valuable when strain-
free castings or moldings are desired, as in applications requiring thick
sections. The heat distortion points of these resins are generally lower
than those of general-purpose resins. The following are examples of low-
exotherm resins:

Manufacturer’s designation Manufacturer
Glidpol 1010 Glidden Co.
Laminac 4116 American Cyanamid Co.
MR-31C Celanese Corp., Marco Products Department
MR-31L Celanese Corp., Marco Products Department
Plaskon 951 Allied Chemical & Dye Corp., Barrett Division
Polylite 8001 Reichhold Chemicals, Inc.
Polylite 8004 Reichhold Chemicals, Inc.
Selectron 5081 Pittsburgh Plate Glass Co.
Selectron 5107 Pittsburgh Plate Glass Co.

The properties of Polylite 8001 (2092) and Selectron 5081 (2083) are
summarized in table No. 19.

Table No. 19. —Properties of two polyester resins with a low exotherm

Polylite 8001 Selectron 5081
Property (Reichhold (Pittsburgh
Chemicals) Plate Glass)
Liquid resin as supplied:
Viscosity, cps. 800-1000 325=450
Peak exotherm, °F. 300-350 300-330
Cured, unfilled resins:
Specific gravity 1.22 1.22
Shrinkage during cure, % 6.5 .
Heat distortion point, °F. 155 130
Tensile strength, psi 6,865 6,000
Flexural strength, psi 11,790 13,000
Modulus of elasticity in flexure, 10 psi ...... 0.54
Compressive strength, psi 20,718 22,000
Impact strength (I1zod), ft.-lb. ... 0.18 (unnotched)
Hardness:
Rockwell M 109 108-113
Barcol 44 43-48
Water absorption, 24 hr, immersion, % = ...... 0.20
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COMMERCIAL RESINS 145

CASTING RESINS

Resins which combine several of the following properties serve best
for casting applications:

(1) Low shrinkage during cure.

(2) Good resistance to cracking and crazing.

(3) Low exotherm if strain-free castings are desired.

(4) Clearness and minimum color.

(5) Toughness (increased by blending with flexible resins).

The resins in the following list are recommended for casting applica-
tions by their manufacturers and suppliers:

Manufacturer’s designation Manufacturer
Alkydol S-452 Alkydol Laboratories, Inc.
AR-401 General Electric Co.

AR-403 General Electric Co.

Bio-Plastic (embedding) Ward’s Natural Science Establishment

BRS-262 Bakelite Co.

BRS-264 Bakelite Co.

BRS-265 Bakelite Co,

Castolite (embedding) Castolite Co.

Chemiglas (embedding) Technicraft Co.

Cordo HS7C Cordo Molding Products, Inc.

Formula 3117 Narmco Resins & Coatings Co.

Glidpol 1001 Glidden Co.

Glidpol 1002 (nonair-inhibited) Glidden Co.

Glidpol 1010 (flame-retardant; low Glidden Co.

exotherm)

Glykon F-600 (flexible) General Tire & Rubber Co., Chemical
Division

Glykon R-100 General Tire & Rubber Co., Chemical
Division

Homalite 100°? Homalite Corp.

Homalite 1012 Homalite Corp.

IC-312 (water-white) Interchemical Corp.

IC-401 (flexible) Interchemical Corp.

IC433 (semirigid) Interchemical Corp.

1C-457 Interchemical Corp.

IC-514 (water-white) Interchemical Corp.

IC.548 Interchemical Corp.

IC.585 Interchemical Corp.

Laminac 4116 (low exotherm) American Cyanamid Co.

MR-28C Celanese Corp., Marco Products
Department

MR-30V (flexible) Celanese Corp., Marco Products
Department

MR-31C (low exotherm) Celanese Corp., Marco Products
Department

YAvailable in cast sheets.
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146 UNSATURATED POLYESTERS

Manufacturer’s designation (Cont’d.)

MR-31V (low exotherm)

Paraplex P-43
Paraplex P-13 (flexible)
Plaskon 951 (low exotherm)

Manufacturer (Cont’d.)

Celanese Corp., Marco Products
Department

Rohm & Haas Co.

Rohm & Haas Co.

Allied Chemical & Dye Corp., Barrett

Division

Reichhold Chemicals, Inc.
Reichhold Chemicals, Inc.
Pittsburgh Plate Glass Co.
Pittsburgh Plate Glass Co.
Pittsburgh Plate Glass Co.
Pittsburgh Plate Glass Co.
H. H. Robertson Co.

Polylite 8001 (low exotherm)
Polylite 8004 (low exotherm)
Selectron 5003

Selectron 5081 (low exotherm)
Selectron 5096 (flexible)

Selectron 5107 (very low exotherm)
Stypol 102E

Stypol 107E H. H. Robertson Co.
Synvar V-2 (flexible) Synvar Corp.
Synvar V-30 Synvar Corp.
Synvar V-32 (water-clear) Synvar Corp.
Synvar V-50 (styrene-free, for use at Synvar Corp.

elevated temperatures)

Vibrin 108 (minimum color) U. S. Rubber Co., Naugatuck Chemical

Division

Vibrin 114 U. S. Rubber Co., Naugatuck Chemical
Division

Vibrin 121 (flexible) U. S. Rubber Co., Naugatuck Chemical
Division

Table No. 20 gives the properties of the following resins: Laminac
4116, which has excellent electrical properties and is recommended for
casting because of its low shrinkage (2046); Polylite 8004, which has a
low exotherm and is recommended for casting, potting, and tooling ap-
plications (2092): and Paraplex P-43, which is a general-purpose resin
with a very light color (1506).

RESINS FOR ELECTRICAL APPLICATIONS

The polyester resins in general have very good electrical properties at
room temperature (table No. 13) and are widely used in electrical equip-
ment. In certain applications, however, it is desirable to have a resin
exhibiting no drop-off in electrical properties at elevated temperatures or
electrical properties superior to those of conventional resins. Other
resins are made especially for use as insulating varnishes or coatings.
Resins for potting should have the properties of good casting resins (p.
145), as well as good electrical properties. The following resins are
either of electrical grade or recommended for specific types of electrical
applications by their manufacturers:
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Manufacturer’s designation

Alkydol S-452 (casting of electronic
equipment)

AR-401

AR-403

BRS-147

Glidpol 1001 (potting)

Glidpol 1002 (potting and impregnating)

Glykon F-600 (flexible; potting)

IC-237 (impregnation of copper electri-
cal devices)

IC-312 (potting)

IC-401 (potting)

IC-433 (potting)

IC-457 (potting)

IC-514 (potting)

IC-548

IC 585

Laminac 4116 (potting)

Laminac PDL 7-719

MR-28C (potting)

MR-28CS (impregnating of electrical
components)

MR-32 (flame resistant, used as base
for electrical molding putties)

MR-33C (flame resistant)

Plaskon 951 (potting)

Polylite 8004 (potting)

Selectron 5209 (potting)

Stypol 102E (flexible, impregnation of
electrical windings, pottings)

Stypol 107E (impregnation of electrical
windings, pottings)

Vibrin 109

Vibrin 114 (potting)

UNSATURATED POLYESTERS

Manufacturer
Alkydol Laboratories, Inc.

General Electric Co.

General Electric Co.

Bakelite Co.

Glidden Co.

Glidden Co.

General Tire & Rubber Co., Chemical
Division

Interchemical Corp.

Interchemical Corp.

Interchemical Corp.

Interchemical Corp.

Interchemical Corp.

Interchemical Corp.

Interchemical Corp.

Interchemical Corp.

American Cyanamid Co.

American Cyanamid Co.

Celanese Corp., Marco Products
Department

Celanese Corp., Marco Products
Department

Celanese Corp., Marco Products
Department

Celanese Corp., Marco Products
Department

Allied Chemical & Dye Corp., Barrett
Division

Reichhold Chemicals, Inc.

Pittsburgh Plate Glass Co.

H. H. Robertson Co.

H. H. Robertson Co.

U. S. Rubber Co., Naugatuck Chemical
Division

U. S. Rubber Co., Naugatuck Chemical
Division

Filled materials based on Stypol 102E and 107E are available for cast-

ing and potting applications (Stypol 302E, 502E, 207E, S07E).

Filled

materials based on Stypol 102E are also available for dip-coating applica-

tions (Stypol 602E, 602EP).

The properties of BRS-147, which is recommended for high-frequency
electrical applications (2054); Laminac PDL 7-719, which has uniform
dielectric properties over a wide temperature range (2107); Selectron
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150 UNSATURATED POLYESTERS

5209, which was especially developed for potting (2084); and Stypol 107E,
an insulating varnish (2093); are given in table No. 21.

RESINS FOR MATCHED METAL DIE MOLDING

Two properties are of importance in resins for matched metal die mold-
ing: a fast cure rate and good ‘‘hot strength’’ (that is, the cured resin

Table No. 22.— Properties of three cured polyester resins recommended
for matched metal molding

Plaskon 942
AR-401 Paraplex P-49 .
Property (General Electric) (Rohm & Haas) CAllied Chemical
& Dye)
Specific gravity 1.291 0,02 ... 1.23
Heat distortion point, °C. 68.5-70.0 110 90
Flexural strength, psi 18,600 15,000 12,300
Modulus of elasticity in
flexure, 10° psi 0.58 0.46 0.63
Compressive strength, psi 27,30 ... 25,800
Impact strength, ft.-1b. 0.246 (Izod 3.2 (Charpy
notched) unnotched)
Barcol hardness 4612 42 ' 50
Water absorption, 24-hr.
immersion, % = ... 0.5 0.22
Viscosity of resin as sup-
plied, cps. 3000-4000 2000~-2400 2200

will hold together when taken from the mold). The following are ex-
amples of resins recommended for this type of molding by their
manufacturers:

Manufacturer’s designation Manufacturer
AR-401 General Electric Co.
AR-403 General Electric Co.
AR-493 General Electric Co.
Aropol 7100 Archer-Daniels-Midland Co.
Glidpol 1012 Glidden Co.
Glykon R-100 General Tire & Rubber Co., Chemical Division
1C-312 Interchemical Corp.
IC-457 Interchemical Corp.
IC-514 Interchemical Corp.
IC-548 Interchemical Corp.
Laminac 4108 American Cyanamid Co.
Laminac 4123 American Cyanamid Co.
Laminac 4128 American Cyanamid Co.
Paraplex P-47 Rohm & Haas Co.
Paraplex P-49 Rohm & Haas Co.
Plaskon 941 Allied Chemical & Dye Corp., Barrett Division
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COMMERCIAL RESINS 151

Manufacturer’s designation (Cont’d) Manufacturer (Cont’d)

Plaskon 942 Allied Chemical & Dye Corp., Barrett Division
Polylite 8000 Reichhold Chemicals, Inc.

Polylite 8002 Reichhold Chemicals, Inc.

Polylite 8009 Reichhold Chemicals, Inc.

Selectron 5117 Pittsburgh Plate Glass Co.

Selectron 5118 Pittsburgh Plate Glass Co.

Vibrin 114 U. S. Rubber Co., Naugatuck Chemical Division
Vibrin 115A U. S. Rubber Co., Naugatuck Chemical Division

Table No. 22 gives the properties of AR-401 (2069), Paraplex P-49
(2094), and Plaskon 942 (2044). Paraplex P-49 cures to a rigid solid;
Paraplex P-47 cures to a tough solid and is designed for applications
requiring some flexibility.

THIXOTROPIC RESINS

Celanese Corp., Marco Products Department, makes a thixotropic rigid
resin, Marcothix #1, especially for use in hand lay-up. It is claimed that
this resin will not even drain from smooth vertical surfaces (2058).
Marcothix #2 is a thixotropic flexible resin designed primarily for modi-
fication of Marcothix #1. Marcothix # 3 is a semirigid resin with thixo-
tropic characteristics like those of Marcothix #1.

Some resins may be made thixotropic by addition of a filler (pp. 93,
173). For example, Laminac 4110 or Laminac 4111 (American Cyanamid
Co.), which are low-viscosity resins, can be used in hand lay-up without
danger of run-off if they are compounded with a thixotropic filler such as
Cab-o-sil (Godfrey L. Cabot, Inc.).

COATING RESINS

Polyester resins are used for certain types of coating and surfacing
applications. Open-assembly surfacing applications require a resin that
cures at room temperature in contact with air. (Even some of the nonair-
inhibited polyesters will not dry to a tack-free surface in film form. The
resins used for thin surface coatings are generally modified polyesters
whose compositions are commercial secrets.) Other coating applications
include gel coats, or pigmented surfacing resins applied to molds before
molding, impregnating resins for porous materials such as wood, metal,
and brick, and baking finishes. Some resins recommended for various
coating purposes are: '

Manufacturer’s designation Manufacturer
Alkydol S-1700 (baked-on finish) Alkydol Laboratories, Inc.
Amberlac 292 (baked-on finish) Rohm & Haas Co.

Cordo HS7C (gel coating) Cordo Molding Products, Inc.
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Manufacturer’s designation (Cont’d)

Duolite 64C (protective coating for
wood, etc.)

Gel-Kote (gel coating)

Glidpol 1002 (cures tack-free in pres-
ence of air)

Glidpol 4001 (cures tack-free in pres-
ence of air)

IC-237 (impregnating of metals, includ-
ing copper and copper alloys)

IC-336HV (high viscosity, excellent
wear and stain resistance)

IC-988 (impregnating of metals, except
copper)

Laminac 4110 (cures tack-free in pres-
ence of air; gel coating)

Laminac 4111 (for chemical resistant
applications)

Laminac 4116 (gel coating)

Marcothix #1 (protective coating for
concrete or cement block)

MR-28C (spray coating and
impregnating)

MR-28VS (impregnating of porous
surfaces)

MR-28V (impregnating of porous
surfaces)

Plaskon 9500 (gel coating)

Synvar V-30 (baked-on finish)
Synvar V-32 (baked-on finish)
Synvar V-35 (baked-on finish)
Vibrin 108 (protective coating)*

Vibrin Shellcoat X-1626 (for automobile
bodies)

UNSATURATED POLYESTERS

Manufacturer (Cont’d)
Chemical Process Co.

Glidden Co.
Glidden Co.

Glidden Co.
Interchemical Corp.
Interchemical Corp.
Interchemical Corp.
American Cyanamid Co.
American Cyanamid Co.

American Cyanamid Co.

Celanese Corp., Marco Products
Department

Celanese Corp., Marco Products
Department

Celanese Corp., Marco Products
Department

Celanese Corp., Marco Products
Department

Allied Chemical & Dye Corp., Barrett
Division

Synvar Corp.

Synvar Corp.

Synvar Corp.

U. S. Rubber Co., Naugatuck Chemical
Division

U. S. Rubber Co., Naugatuck Chemical
Division

PREIMPREGNATING RESINS AND PREFORM BINDERS

Certain resins are recommended for preimpregnating of glass filler
when the material is to be stored and later used in molding or laminating.
Some of these resins may be supplied as a powder, which is dissolved in

a solvent before use.

Other resins are recommended for use as mat or preform binders. These
resins are generally used in emulsion form.
Examples of preimpregnating resins and binders are:

“Applied by special film transfer method. Vibrin 109, 112, 132, and 142 may

also be used in this method.
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Manufacturer’s designation Manufacturer
AR-499 (for preimpregnating) General Electric Co.
Atlac 382 (powder; for preimpregnating) Atlas Powder Co.
Atlac 370E-32Z (low-solubility Atlas Powder Co.

powdered binder)
Atlac LV (used as emulsion binder) Atlas Powder Co.
Glidpol 1002 (preform binder) Glidden Co.
Glidpol 1007 (preform binder) Glidden Co.
IC-524 (emulsion binder) Interchemical Corp.
IC-553 (nonvolatile emulsion binder) Interchemical Corp.
IC-625 (used as emulsion binder) Interchemical Corp.

IC-638 (very high viscosity DAPS resin Interchemical Corp.
for preimpregnating)
Laminac 4128 (used as emulsion binder) American Cyanamid Co.

Laminac 4171 (powder; for American Cyanamid Co.
preimpregnating)
MR-33H (for preimpregnating) Celanese Corp., Marco Products
Department
Plaskon 920 (DAP resin; used as Allied Chemical & Dye Corp., Barrett
emulsion binder) Division
Paraplex Binder P-800 (emulsion) Rohm & Haas Co.
Selectron 5930 (preform binder) Pittsburgh Plate Glass Co.
Vibrin X-1055 (for preimpregnating) U. S. Rubber Co., Naugatuck Chemical
Division
PREFILLED MATERIALS

Certain polyester manufacturers offer prefilled resins. The fillers may
be inert mineral fillers, such as silicates and carbonates, or reinforcing
fillers, such as glass fibers. Interchemical Corp. offers a wide range of
mineral-filled resins for molding, casting, potting, and hand lay-up (2074).
Formula 3118, which is a puttylike polyester molding compound produced
by Narmco Resins & Coatings Co., also contains inert mineral filler
(2082).

The glass fiber filled resins are precatalyzed, ready for immediate use
in molding. They are widely used for compression molding at low pres-
sures. Examples of this type of product are:

Manufacturer’s designation Manufacturer
AICO 100 American Insulator Corp.
Cordopreg Molding Fiber Cordo Molding Products, Inc.
Glaskyd 1901 (supplied in rope form) Glaskyd, Inc.
Glaskyd 1902 Glaskyd, Inc.
Glastic Glastic Corp.
Fiberfil Styrene G Fiberfil Corp.
Plaskon 446 Allied Chemical & Dye Corp., Barrett
Division

$Diallyl phthalate.
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COMMERCIAL RESINS 155

Manufacturer’s designation (Cont’d) Manufacturer (Cont’d)
Pre-imp Flexfirm Products
Thermaflow Thermaflow Chemical Co.

Some of these compounds may be obtained with special properties, de-
pending on the type of resin used. For example, Thermaflow is available
as rigid, semi-rigid, high arc resistance, and flame-resistant types. AICO
and Cordopreg are also available as fire-resistant types, as well as
standard types. The properties of Fiberfil Styrene G (2065), Glaskyd
1901 (2071), Pre-imp (2067), and Thermaflow 100T (2100) are given in
table No. 23.

Precatalyzed resin-impregnated glass cloth materials (prepreg) are
available for laminating. These materials are easily handled and provide
better control of the resin-to-glass ratio in laminates. The following are
examples of preimpregnated glass cloth products:

Manufacturer’s designation Manufacturer
Cordopreg Cordo Molding Products, Inc.
Dryply Flexfirm Products
Sunform Sun Chemical Corp., Electro-Technical Products
Division

Go 3h:



VIil. TAILOR-MAKING POLYESTERS

In the utilization of plastics by various manufacturers, it is a rare
occurrence when requirements of even two of the manufacturers are identi-
cal. For example, in the polyester field one manufacturer may require
tremendous strength in his product, another flexibility, and still another
decorative beauty. Most of the polyesters supplied by the major com-
mercial firms, however, are designed for general-purpose use. To meet
a specific requirement, it may be necessary to tailor-make a polyester
resin. It may also be necessary to compromise on certain properties in
order to obtain a special property.

The main factors with which we can work in tailor-making polyesters
are:

(1) The acid components.

(2) The glycol components.

(3) The cross-linking agent.

(4) The molecular weight of the polyester.

(5) The catalyst and inhibitor systems.

(6) The filler materials.

The changes which take place in polyester resins when modifications
are made in these factors are discussed in this chapter.

GENERAL CONSIDERATIONS

Before the effects of specific components in unsaturated polyesters
are described, some general relationships between properties and chemi-
cal composition and structure will be summarized. These will serve as
guides for selecting reactants which will contribute desired properties
to polyester resins.

Mechanical Strength

In general, the higher the molecular weight of the condensed portion of
the polyester resin, the greater the ultimate hardness and strength prop-
erties of the cured resin. Flexural strength (bending strength) in partic-
ular increases with an increase in molecular weight.

156
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TAILOR-MAKING POLYESTERS 157

Thermosetting resins which cure to a rigid solid are obtained by cross-
linking unsaturated polyester resins with other unsaturated substances.
The more unsaturation present in the polyester, the more cross-linking
that can occur, and the more rigid is the cured resin. High-molecular-
weight unsaturated resins, of course, provide more double bonds for
cross-linking and thus a more rigid structure when cured than do low-
molecular-weight resins. Abrasion resistance also increases with an
increase in the amount of cross-linking.

Flexural strength increases with an increase in the polarity as well as
in the molecular weight of the resin (1991, 2159). The introduction of
excess hydroxyl or carboxyl groups or an increase in the number of ester
or ether linkages will increase the polarity of polyester resins.

Tensile strength depends on a high degree of linear growth of the
polyester molecule in the condensation reaction (642). When glycols and
dicarboxylic acids containing no nonaromatic unsaturation are used,
strictly linear polyesters of high tensile strength are obtained. When the
reactants contain substantial amounts of unsaturation, however, it is not
always possible to achieve a high degree of linear growth because of
cross-linking at the double bonds. To secure maximum tensile strength
in the cured polyester, the condensation reaction must be carried out
under conditions which will prevent cross-linking and insure the maximum
degree of esterification before the reaction is interrupted.

The degree of order in the molecular chain of the polyester also plays
an important part in obtaining high tensile strength. Regular spacing of
polar groups gives higher tensile strength than random spacing. There-
fore, the total number of glycols and acids used in a single polyester
should be limited as far as possible if an increase in strength character-
istics is desired (643).

Although inherent strength in the resin is desirable, the strength prop-
erties of reinforced plastics are largely contributed by the reinforcing
filler, i.e., glass fiber. Other properties, such as thermal stability,
chemical resistance, and electrical insulation ability, may be of greater
importance in the unsaturated polyesters used in reinforced plastics.
When polyesters are used without reinforcement, as in casting, potting,
or coating, good strength properties are usually required. A certain
amount of flexibility is also necessary to help prevent crazing, cracking,
and brittleness in the unsupported structure.

Flexibility

Flexibility in polyesters is due mainly to long saturated molecular
chains (1991, 2159). It is obtained by reducing the amount of unsatura-
tion, which in turn reduces the chances for cross-linking and prevents
branched chain growth.
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158 UNSATURATED POLYESTERS

A high ratio of saturated dibasic acid to unsaturated dibasic acid in
the resin formulation imparts softness and flexibility to the cured resin
(€32). Aliphatic saturated acids have greater effects in these respects
than aromatic saturated acids. The flexibility and softness of the resin
also increases with increase in the chain length of the saturated acid or
with increase in the molar ratio of saturated acid to unsaturated acid.
Increased flexibility may require a compromise in regard to the curing
rate of the resin, which decreases with increase in the amount of saturated
acid since there are fewer chances for cross-linking.

The higher saturated glycols also impart increasing flexibility with
increasing length of hydrocarbon chain between the hydroxyl groups.
However, it is easier to control the degree of flexibility obtained when
long-chain acids are used, and the final resins generally have better
strength properties.

The brittle point of cured resins occurs at higher temperatures as the
concentration of groups having polar activity, e.g., ester, aromatic, and
hydroxyl groups, increases in polyesters. Compounds with long methylene
chains tend to form polyesters having low brittle points. Polyesters
containing no aromatic groups and fewer than one ester group per five
atoms in the linear chains will produce cured polymers which have brittle
points below =40°C. (643).

Crystallinity

Liquid resins are generally preferred in the low-pressure laminating
and molding processes in which unsaturated polyesters are used. They
give good impregnation of glass reinforcing material and will flow iato
all parts of a mold cavity. Limited crystallinity at room temperature,
however, may be desirable to improve ease of handling in shipping. This
property is also of value in the resins used in preimpregnated glass cloth
or mat (prepreg) which is to be stored for later use. Application of heat
will melt the resin crystals.

Crystallinity can be controlled by the choice of reactants in preparing
the polyester. Resins formed by the reaction of a polymethylene glycol,
such as ethylene glycol, with a polymethylene dicarboxylic acid, such as
adipic acid, are very crystalline. On the other hand, noncrystalline
resins are usually formed by the reaction of glycols with dicarboxylic
acids where either contains frequently occurring or large side chains,
large amounts of nonaromatic unsaturation, aromatic groups, or hetero
atoms. However, if the other member of the reaction mixture is a poly-
methylene glycol or polymethylene dicarboxylic acid, the crystallizing
tendency increases as the length of the polymethylene chain increases
(3, 414, 643).
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TAILOR-MAKING POLYESTERS 159

Propylene glycol, which may be considered an alkyl-substituted poly-
methylene glycol, reduces the crystallizing tendency of polyesters be-
cause it introduces methyl groups unsymmetrically into the polyester
chain. (The reduction in crystallizing tendency is less if side chain
constituents are introduced symmetrically, as with neopentyl glycol.)
Unsaturation may be introduced by the use of unsaturated acids such as
fumaric acid or maleic anhydride. Phthalic anhydride provides aromatic
groups and thus reduces crystallinity. The most readily available react-
ants containing hetero atoms are diethylene and dipropylene glycols,
which contain oxygen bridges.

The greater the number of acids and glycols used in the resin, the
lesser is the tendency to crystallize.

Thermal Stability

The thermal stability of polyesters may be improved by elimination of
weak spots in the polyester molecular chain and by using catalysts which
do not leave unstable decomposition products. Cross-linking, crystallinity,
and aromatic groups also contribute to heat resistance (2173). Other
beneficial changes in chemical structure are incorporation of fluorine,
chlorine, or inorganic nuclei such as boric acid in the molecule.

The introduction of structures which have poor thermal stability should
be avoided, since these structures will in turn reduce the stability of the
final resin., Oxygen ether linkages in glycols, for example, result in
tesins of low heat resistance. Heat resistance also decreases with
increase in the length of the glycol chain. Unreacted carboxyl groups in
polyesters provide a weak point for thermal degradation; polyesters with-
out these groups but otherwise similar are more stable. Other weak
points are alkyl branching on alpha carbon atoms; nitrile, acetoxy, chloro,
or hydroxyl groups on alternate carbon atoms of hydrocarbon chains; and
terminal hydroxyl groups.

The presence of a methylene group (—CH,—) two carbon atoms re-
moved from either oxygen of a carboxyl group is a key weak point for
thermal degradation (1311). Replacing a hydrogen of this beta-methylene
group with a methyl group (CH,—) considerably increases themal sta-
bility. Accordingly, it would seem that glycols whose beta carbon atom
is methylated, as in neopentyl glycol (2,2-dimethyl propanediol-1,3),
should give good heat resistance.

In the glass reinforced polyesters, the use of vinyl trichlorosilane
finish on the reinforcement results in a better bond between the glass
and the resin, thus increasing the thermal stability of the reinforced
plastic.
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Melting Point

High-melting polyesters generally contain aromatic nuclei introduced
through the use of an aromatic acid. An aromatic glycol such as trans-
quinitol may also be used (4). It is virtually impossible to obtain poly-
esters of relatively high melting point (above 180°-200°C.) from ordinary
aliphatic dicarboxylic acids and glycols.

An odd number of atoms in the hydrocarbon chain will give low melting
points (1169).

Flame Resistance

Introduction of suitable chlorine compounds into polyester molecules
results in lowering of flammability. The chlorine in these compounds
must be stably bound, in order to retain flame-proofing effectiveness at
relatively high temperatures. Chlorinated paraffins are sometimes added
to polyesters in an attempt to reduce flammability, but the chlorine in
these compounds is very loosely held (2108). More effective agents are
chlorinated aromatic dicarboxylic acids, such as tetrachlorophthalic acid,
which also provide aromatic nuclei for added heat resistance., Polyesters
of very high flame resistance are produced with hexachloroendomethylene
tetrahydrophthalic acid, which contains over 50% of stable chlorine.

Addition of antimony oxide to chlorine-containing polyesters further
improves flame resistance,

Bromine and fluorine compounds in which the halogen is stably bound
can also be used to impart flame resistance. Fluorine might give even
higher resistance than chlorine because of the high thermal stability
obtained by incorporation of fluorine in polyester molecules. For example,
a polyester from difluorotetrachloroendomethylene tetrahydrophthalic
acid, maleic anhydride, and ethylene glycol had a weight loss of only
6.7% after exposure to 200°C. for 30 days. Corresponding polyesters
from phthalic anhydride and from hexachloroendomethylene tetrahydro-
phthalic anhydride had weight losses of 25.6% and 14.4%, respectively
(2203).

Certain phosphonate compounds, such as diallyl isobutenyl phosphonate
and diallyl phenyl phosphonate, increase flame resistance when used as
cross-linking agents (700, 701).

High hydrocarbon content should be avoided when low flammability is
desired in polyesters (2173).

Electrical Properties

The electrical insulating properties of polyesters improve with a de-
crease in polarity and an increase in hydrocarbon content. Since mechan-
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ical strength improves with an increase in the number of polar groups in
the resin, there must often be a compromise between strength and elec-
trical properties (2173).

For low electrical conductivity, the number of unreacted hydroxyl and
carboxyl groups should be kept as low as possible. One method of achiev-
ing this is to use the methyl esters of dicarboxylic acids and prepare
polyesters by an ester-exchange reaction. Resins of very low acid num-
ber are obtained because the residual carboxyl groups remain esterified
with the methyl group.

For optimum electrical properties, it is also preferable to use glycols
which do not have any oxygen bridges, since ether linkages increase the
polarity of the resin.

Chemical Resistance

Cross-linking and crystallinity are the building elements for chemically
resistant polyesters (2173). Fluorine also improves chemical resistance
(2159).

Resins of high hydrocarbon content should not be used for applications
requiring chemical resistance. Ester and amide linkages are not stable
in strong alkali (2173). However, polyesters containing a large number
of ester groups in their linear chains are claimed to have good resistance
to liquid hydrocarbons (643).

Addition of compounds containing olefinic unsaturation and having a
functionality greater than two is claimed to increase the resistance of
polyesters to hydrolysis (3). Aconitic acid is especially suitable for
this purpose.

Viscosity

The viscosity of a polyester in the liquid state can be controlled by
the type of reactants used in its preparation. The more nearly equal the
molecular proportions of dicarboxylic acids and dihydroxy alcohols used,
the greater is the average number of acid and alcohol residues in the
molecular chain of the polyester, and the greater the viscosity (420).
Modification with monohydroxy alcohols and monocarboxylic acids helps
terminate linear chain growth, thus reducing the average number of acid
and glycol residues and lowering the viscosity (610).

The addition of alcohols with more than two hydroxyl groups or acids
with more than two carboxylic groups to the resin formulation will in-
crease viscosity, since additional cross-linking can occur through the
excess hydroxyl or carboxyl groups. The danger in using these reactants
is that excessive viscosity will be obtained through cross-linking before
maximum esterification and linear growth can occur (420).
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Water Sensitivity

Low water absorption is related to high hydrocarbon content and crys-
tallinity (2173). Structural features to be avoided if water sensitivity is
undesirable include excess hydroxyl groups, amide linkages, and ether
linkages.

Ether linkages are sometimes introduced in polyester resins to obtain
water solubility (731). Glycols which contain oxygen bridges, such as
diethylene glycol, are used in this case. However, the water sensitivity
of the ether linkages makes other methods of obtaining soluble resins
more advantageous (see p. 167).

Clarity and Light Stability

To obtain clear, colorless resins, the first step is to use raw materials
which are free from color-forming impurities (see p. 233) or which do not
give rise to color bodies during preparation of the resins, It is best to use
glycols which do not contain oxygen bridges, since the presence of oxy-
gen bridges may lead to the formation of color bodies. Metallic ions (e.§.,
cobalt ions from cobalt salts used as accelerators) also act as color
formers,

Clear, colorless resins for use in transparent laminates may be pre-
pared by using compounds with a high index of refraction, close to that of
glass. High-boiling allyl compounds, such as allyl diglycolate and diallyl
phenyl phosphonate, are particularly suitable since they can be used as
cross-linking agents. These compounds also reduce the rate of cure, and
in some instances a compromise must be made between this property and
the degree of transparency desired.

Even if care is taken in choosing high-purity raw materials and formu-
lating resins, conventional polyesters are not stable on prolonged ex-
posure to light. They strongly absorb ultraviolet light (sunlight contains
3 to 5% of ultraviolet radiation) which initiates chemical changes causing
yellowing or datkening. The aromatic nuclei of the phthalic esters and sty-
rene groups in cured polyesters ate largely responsible for the ultraviolet
absorption properties of these products (3227).

In translucent glass fiber-polyester panels used as decorative and
structural materials, light stability is necessary. To provide this prop-
erty, resin manufacturers incotporate in the resin materials which have a
high absorption capacity for ultraviolet light but which dissipate the ab-
sotbed energy in a manner that neither physically damages the polyester
nor produces color. Dean and Manasia investigated a number of such
stabilizers (3227). They found that ortho-hydroxy-benzophenone derive-
tives were very effective in stabilizing polyesters. Phenyl salicylate
was also a good stabilizer but somewhat less active.
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Air-Drying Properties

The preparation of polyester resins substantially insensitive to inhibi-
tion by atmospheric oxygen has been an objective of commercial research
for several years. The successful development of such resins would
facilitate continuous production of curved shapes, by eliminating require-
ments for surface protection by films or inert gas, and would open the
field to new lacquer-type products. Ordinary polyesters are air-inhibited
in thin films even when so-called driers such as cobalt naphthenate are
present.

Several commercial firms have recently introduced resins with markedly
improved resistance to air inhibition (see p. 139). The approaches used
in these developments may include:

(1) Placing protective end groups on unsaturated polyester chains.
Monocarboxylic acids or monohydroxy alcohols may be used for this pur-
pose, depending on whether the polyester contains an excess of hydroxyl
or carboxyl groups (see p. 170).

(2) Using mercaptans as accelerators (see p.63).

(3) Mixing with the resin a substance which becomes less compatible
with the resin as it polymerizes and therefore synerizes out to the resin
surface and forms an air-excluding film,

(4) Using certain chemical types of polyester resins which are less
susceptible to air inhibition than others., Pentadiene polyesters with cer-
tain acceleratorcatalyst systems (see p. 164) offer some advantages,
Isophthalic acid also decreases air inhibition,

Commercial nonair-inhibited resins will dry to a nontacky surface under
most conditions, but not usually in thin film form, Those resins recom-
mended for film coatings are generally modified polyesters whose compo-
sitions are commercial secrets,

VARIATION IN INGREDIENTS

Unsaturated Acids

The most important unsaturated dicarboxylic acids used in commercial
polyester resins are maleic acid (anhydride) and fumaric acid, which have
alpha,beta unsaturation. When maleic acid is used, a certain amount of
isomer conversion to fumaric acid occurs during the esterification reac-
tion. However, resins prepared from each of the acids do exhibit some
differences.

Maleic acid polyesters are more quickly prepared and are less crystal-
line than fumaric acid polyesters. The latter difference is especially ap-
parent in polyesters prepared from glycols which possess a symmetrical
structure and which are free from oxygen bridges (219, 2181), Such gly-
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cols include ethylene glycol, trimethylene glycol, and neopentyl glycol.
If ethylene glycol is used, for example, the fumaric acid polyesters tend
to crystallize from styrene solution on standing, but the maleic acid poly-
esters are more stable in this respect,

The pastelike consistency of fumaric acid polyesters in styrene is
sometimes a useful property when a thixotropic resin is necessary, as in
vertical lay-ups. The fumaric polyesters can also be converted to a free.
flowing granular form which is easier to handle in shipping than a liquid
resin (219),

When nonsymmetrical glycols such as propylene glycol are used in
fumaric acid polyesters, there is a slight increase in the solubility of the
ester in styrene and in the softness of the cured resin, Fumaric acid-
propylene glycol polyesters have a slightly higher heat distortion point
than their maleic acid counterparts.

One of the principal reasons for using fumaric acid instead of maleic
acid in the preparation of polyesters is the corrosiveness of the maleic
acid vapors, Glass-lined equipment or a diluent (usually xylene) for the
corrosive vapors should be used in the preparation of maleic acid poly-
esters. An antioxidant should also be used to prevent premature gelation.
These precautions are not necessary in the preparation of fumaric acid
polyesters.

Other alpha,beta-unsaturated dibasic acids, such as muconic, dihydro-
muconic, citraconic, mesaconic, and itaconic acids, are sometimes used
in polyesters. With increase in the chain length of the acid used, a cor-
responding increase in flexibility and softness is obtained. No advan-
tages in strength or other properties are obtained, however, over the
fumaric and maleic acid polyesters. Price restrictions also limit the
commercial use of these acids.

Polycarboxylic acids having a functionality greater than two, for ex-
ample, aconitic acid, may be added to reaction mixtures in order to ob-
tain polyesters with increased viscosity in the liquid state and increased
resistance to hydrolysis (3).

Adducts of maleic anhydride with certain conjugated dienes can be re-
acted with glycols to form polyesters. Two compounds of this type are of
special interest: endomethylene tetrahydrophthalic acid (‘‘Carbic Anhy-
dride’”) from cyclopentadiene and hexachloroendomethylene tetrahydro-
phthalic acid (HET? acid) from hexachlorocyclopentadiene. The first is
used in polyesters to improve air-drying properties, generally in conjunc-
tion with a cobalt drier to reduce stickiness (271). (The resins obtained,
however, ate not airedrying in thin films,) The second contains over 50%

Trade name of Carbide & Carbon Chemicals Co.
*Trade name of Hooker Electrochemical Co.
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by weight of stable chlorine and imparts unusually high flame resistance
to polyesters.

Tetrahydrophthalic acid is the adduct of maleic anhydride with buta-
diene, It forms resins with properties similar to those from endomethylene
tetrahydrophthalic acid (612).

All three adducts contain double bonds, but these bonds do not have
sufficient reactivity to enter into addition reactions with styrene under
the usual conditions for cross-linking polyesters. In order to form thermo-
set resins, it is necessary to incorporate active unsaturation. Such un-
saturation can be provided by maleic anhydride or fumaric acid, usually in
the ratio of 2 moles of active unsaturated compound to 1 mole of adduct.

Saturated Acids

In commercial unsaturated polyesters, phthalic anhydride is the saturated
acid used in largest volume. It is used primarily in rigid resin formula-
tions, where its principal functions are to increase the compatibility of
the resin with styrene and to reduce brittleness. It is sometimes added
to resin formulations in order to obtain some flexibility without too much
sacrifice in ultimate flexural strength. The aromatic groups introduced by
phthalic anhydride may also serve to reduce crystallizing tendencies.

The molar ratio of phthalic anhydride to unsaturated acid usually
ranges from 1:2 to 1:6. The latter ratio gives very rigid resins with
very high heat distortion points. An increase in the molar ratio of phthalic
anhydride to unsaturated acid results in an increase in the softness and
flexibility of the cured resin. However, this is not generally used as a
means for preparing commercial flexible polyester resins, since there is a
corresponding decrease in tensile strength. When the molar ratio (saturated:
msaturated) is between 2:1 and 4:1 the cured resin is very ‘“cheesy’’
and shatters rather than bends upon impact.

Other saturated aromatic acids used in unsaturated polyesters are, for
the most part, chlorinated dicarboxylic acids used in preparing flame-
tesistant resins, The most common of these acids is tetrachlorophthalic
anhydride. Dicarboxylic acids containing chlorinated aromatic nuclei,
however, should not be used for the preparation of polyesters for high-
temperature applications, since they are more easily decarboxylated than
their analogues containing no chlorine (2194).

Increased strength, higher melting points, and other advantages might
be obtained by substitution of isophthalic or terephthalic acids for phthalic
anhydride.

Isophthalic acid produces polyesters with substantially higher softening
points than those of phthalic anhydride polyesters (3225). Cured iso-
phthalic resins have higher heat distortion temperatures, and better flex-
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ural and impact strength properties than similar resins prepared from
phthalic anhydride. The viscosity of isophthalic unsaturated polyestets
is considerably greater than that of phthalic anhydride polyesters of cor-
responding acid number. If a phthalic anhydride-maleic anhydride poly-
ester which has a 1:1 molar ratio of saturated to unsaturated acid is
cooked to an acid number of 18 and dissolved in 30% of styrene, the solu-
tion has a viscosity of 2700 centipoises. An isophthalic acid-maleic
anhydride polyester with the same molar ratio and cooked to an acid num-
ber of 16 gives a viscosity of 27000 centipoises in 30% of styrene.

Terephthalic acid at present is used largely in the preparation of linear
saturated polyesters for high-strength films and fibers (see p. 199), Al-
though no data are available, it is possible that the substitution of this
acid for phthalic anhydride in unsaturated polyesters would cause even
further increases in certain strength values for cured resins, particularly
in tensile strength.

Not much advantage is gained by using an aliphatic dicarboxylic acid
as the saturated component of polyesters until the chain of the acid be-
comes long enough to contribute a certain amount of flexibility and still
retain tensile strength, Straight-chain saturated (polymethylene) acids
increase the crystallizing tendencies of polyesters, especially if used
with polymethylene glycols.

Commercial flexible resins are generally prepared by using a fairly
high molar ratio of saturated acid to unsaturated acid. Adipic acid is the
saturated acid commonly used for this purpose, although other long-chain
aliphatic acids such as sebacic and pimelic acids may also be used.

Adipic acid may be used in molar ratios of saturated to unsaturated
acid ranging from 2: 1 to 8: 1. A molar ratio of 8: 1 usually gives a resin
which approaches the point of being ‘‘cheesy’’ and loses much of its
tensile strength. A molar ratio of 2:1 yields a resin which is very stiff
but which still has a certain degree of toughness and impact resistance.
Intermediate degrees of flexibility are obtainable by using molar ratios
between these two extremes. The usual ratio of adipic acid to unsaturated
acid in commercial flexible resins is 6: 1.

Glycols

The glycol component, as well as the acid component, has important
effects on the properties of a polyester resin. Properties which are
particularly affected by the choice of glycol include flexibility, crystal-
linity, and water sensitivity.

As the chain length of the glycol increases, the flexibility of the poly-
ester increases, The resultant resins, however, do not have the general
overall strength characteristics of the flexible resins made by increasing
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the chain length of the saturated acid component, unless the chain length
of the glycol is very long. Price considerations in this case dictate
preparation of commercial flexible resins from saturated acids.

Polymethylene glycols and other glycols of symmetrical structure in-
crease the crystallizing tendency of polyesters. Ethylene glycol is the
most readily available glycol of symmetrical structure. Polyesters pre-
pared essentially from ethylene glycol and unsaturated dicarboxylic acids,
especially fumaric acid, tend to become hazy or to crystallize upon stand-
ing (684). With polymethylene acids such as adipic acid, ethylene glycol
produces very crystalline polyesters.

Higher polymethylene glycols, such as trimethylene, tetramethylene,
and decamethylene glycols, increase the crystallizing tendency in pro-
portion to the increase in chain length of the glycol. Glycols in which
methyl groups are attached symmetrically to the glycol chain will also
produce crystalline polyesters. Neopentyl glycol (2,2-dimethyl propane-
diol-1,3), for example, contains two symmetrical methyl groups and pro-
duces crystalline polyesters with fumaric acid (1297).

The most available glycols for reducing crystallinity are propylene
glycol, which contains an unsymmetrical methyl group, and diethylene and
and dipropylene glycols, which contain an odd oxygen atom. Propylene
glycol produces viscous gums with most dicarboxylic acids. Even with
polymethylene dicarboxylic acids (between succinic and sebacic) it
yields noncrystalline polyesters (3, 414, 643).

The oxygen bridges in diethylene and dipropylene glycols will increase
the water sensitivity of the cured resins. This is also true of the tri- and
tetra- ethylene and propylene glycols which are occasionally used in
commercial polyesters,

Propylene glycol will give water solubility without the introduction of
an undesirable oxygen bridge (271). Propylene glycol polyesters also
generally dissolve more easily in styrene than polyesters from other gly-
cols, e.g., diethylene or ethylene glycols.

The introduction of propylene glycol into ethylene glycol polyesters
(1:1 molar ratio of ethylene to propylene glycol) increases the stability
of these polyesters in the liquid state and their miscibility with styrene
(684). The propylene glycol-ethylene glycol polyesters also have high
compressive strength as compared to the low strength of polyesters pre-
pared from propylene glycol alone,

Substitution of polyhydroxy alcohols containing more than two hydroxyl
groups for commercially used glycols permits more cross-linking through
the additional hydroxyl groups. Resins with a highly branched structure
and a great rigidity can be produced in this manner. However, the poly-
hydroxy alcohols react very readily with unsaturated acids, and it is not
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easy to control the reaction and prevent premature gelation. Polyhydroxy
alcohols such as glycerol and pentaerythritol are used in resins which are
to be cross-linked by isocyanates to provide the excess hydroxyl groups
required for this reaction.

Resins which are water soluble but not water sensitive can be prepared
from maleic anhydride and certain polyhydroxy alcohols (731). The al-
cohols should contain 2-6 hydroxyl groups but no oxygen except in the
hydroxyl groups and have an OH/C ratio of 0.6 to 1.0. Pentaerythrito] is
listed as a suitable alcohol for this purpose.

One type of glycol which has not been thoroughly investigated is un-
saturated glycols, probably because these compounds have not been com-
mercially available until recently. Several unsaturated glycols are now
on the market, including 2,5-dimethyl 3-hexyne-2,5-diol, 3,6-dimethyl 4-
octyne-3,6-diol, and 2-butene-1,4-diol (1371, 1373, 1377).

It would seem that resins prepared from unsaturated glycols should
have certain advantages if the glycols could be obtained relatively cheaply.
An additional point for cross-linking in the glycol part of the polyester
molecule would provide for a more highly branched structure, and, conse-
quently, a more rigid structure. It remains to be seen, however, whether
such a structure would have sufficient tensile strength to be usable.

Cross-Linking Agents

Styrene is commonly used for cross-linking polyesters. The most im-
portant properties of resins which are affected by varying the amount of
styrene ate hardness and strength. If the theoretical amount of styrene for
a 1:1 reaction with the resin unsaturation (around 15 to 20%) is used, the
the resultant polymer is fairly brittle and hard and has little strength
value for commercial application. Optimum strength is obtained by in-
creasing the amount of styrene to about 30%, as is common with most
commercial resins. (See table No. 13, p. 132, for the range of strength
properties of commercial rigid and flexible polyester resins.) Increasing
the styrene amount to 40%, 50%, or 60% resultsin a decline in the strength
properties of the resin.

Diallyl phthalate is also important commercially as a cross-linking
agent. It is used to obtain resins for applications where a slower cure
may be tolerated and somewhat greater flexibility is necessary, as in re-
inforced pipe manufacture, The polymerization of resins cross-linked
with diallyl phthalate can be interrupted in the gel state, which is an ad-
vantage for use in preimpregnated cloth and mat. Diallyl phthalate has a
very low vapor pressure and thus is less likely to evaporate in wet lay-up
processes.

Triallyl cyanurate is used as a cross-linking agent when high-temperature
stability is required. It forms extremely stable cross-linkages which im-
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part not only heat resistance but also chemical resistance. Glass cloth
laminates prepared from polyester resins cross-linked with triallyl cy-
anurate exhibit good properties when aged at 300°F. and retain much of
their strength at 500° F. (see table No. 18, p. 143),

Diallyl bicyclo(2,2,1)-hept-5-ene-2,3-dicarboxylate also forms poly-
esters with high strength retention at S00° F., according to Cummings and
Botwick (3226). Mixtures of this monomer with triallyl cyanurate give
polyester-glass cloth laminates which heat age better than laminates
prepared with either monomer.alone. This synergism is related to a reduc-
tion of laminate crazing and a corresponding decrease in surface exposed
to oxidative attack.

A tremendous variety of cross-linking agents may be used for polyester
resins, including any material which has vinyl unsaturation and which
can be polymerized. Materials which have been specifically mentioned
for this purpose are divinylbenzene, vinyltoluene, a great number of
acrylate and methacrylate monomers, and many allyl compounds. Aside
from special properties contributed by certain of these agents (pp. 30-32),
their main effects are on the cure time, either lengthening or shortening
it, and on the softness and flexibility of the resin. For example, divinyl-
benzene gives additional rigidity to polyester resins but the cure cycle of
the resins is very difficult to control. In the preparation of the resins,
premature gelation may occur unless conditions are closely controlled.
Vinyltoluene produces no great changes in polyester resins as compared
with resins cross-linked with styrene. Any of the materials mentioned for
use as cross-linking agents may, of course, be used to produce resins of
varying softness by varying the amount of cross-linking agent used,

MOLECULAR WEIGHT CHANGES

An increase in the molecular weight of a polyester resin results in an
increase in the hardness, softening point, and flexural and tensile strength
values of the cured resin. To increase the (average) molecular weight of
a resin, low-molecular-weight chain segments must be eliminated. This is
accomplished in unsaturated polyesters by controlling the polycondensa-
tion conditions so that maximum esterification is obtained and addition
pelymerization through double bonds is prevented. Inhibitors of addition
polymerization, such as hydroquinone, are therefore usually added during
the polycondensation reaction. Cooking for a longer time at a lower
temperature will increase the formation of high-molecular-weight chain
segments.

The greater the amount of unsaturation present, the more closely the
cooking time and temperature have to be controlled in order to prevent
gelation through double-bond polymerization. One method for reducing
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this danger is to esterify the saturated acid with the glycol until an acid
number of about 50 is reached and at this point to add the unsaturated
acid and continue the polymerization. By this means, the unsaturated
acid is not allowed to react at the esterification temperature and double-
bond polymerization is prevented. The resultant resin has a higher mo-
lecular weight, as indicated by viscosity, and somewhat better strength
characteristics when cured than a resin prepared by adding all reactants
simultaneously.

In another method used for varying the molecular weight of commercial
polyester resins, a resin batch with a low acid number of about 20 is
prepared and blended with other resin batches with an acid number of
about 50. A resin with a large proportion of highly polymerized molecules
is obtained in less time by this method than by straight polymerization.
Flexible resins, that is resins containing adipic acid, may be safely
condensed to a low acid number because of the smaller proportion of un-
saturated acid they contain.

A third method for controlling molecular weight in polyester resins is
the use of either monocarboxylic acids or monohydroxy alcohols to pro-
vide chain-terminating groups. In this procedure if an excess of glycol is
used in the reaction, the end of each chain should contain a glycol group
after a certain point in the reaction has been reached. Sufficient mono-
carboxylic acid, such as acetic acid, is then added to react with the gly-
col groups and thus end the chain growth and the polymerization reaction,
Monohydroxy alcohols have similar effects when excess dicarboxylic acid
is used and the chain ends contain carboxyl groups.

Commercial polyester resins are usually based on a molecular weight
which is a compromise between desired strength factors and an economi-
cal time of preparation. Final viscosity adjustments on all commercial
resins are made with styrene, ‘

CATALYST AND INHIBITOR SYSTEMS

The catalysts used with polyester resins largely determine the cure
cycle of the resin (see chapter on catalysis and inhibition, p. 46), which
may in tumn influence the physical properties of the final products. The
catalyst benzoyl peroxide, for example, effects the rapid cure of poly-
esters at elevated temperatures; methylethyl ketone peroxide is commonly
used for slower room-temperature cures. Table No. 24 gives a compari-
son of the electrical properties of a typical glass reinforced polyester
laminate cured by heat and at room temperature.

In general, moldings produced by low-temperature cures are more strain-
free than those produced by high-temperature cures. Mohaupt and Freas,
however, found that glass cloth polyester laminates cured with benzoyl
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Table No. 24.— Electrical properties* of a typical glaas reinforced
polyester laminate cured by heat and room temperature®*

Heat cure Room-temperature cure
Elec 1 property (25 psi, 110°-120°C.) (contact pressure)

Dielectric strength, volts

per mil
Short-time 278 422
Step-by-step 244 350
Power factor at 25°C., 1
megacycle
Dry 0.0173 0.0148
3 days wet 0.061 0.0574
Dielectric constant at 25°C.
Dry 4,20 4,13
3 days wet 4.86 4.60
Arc resistance at 25°C., sec. 154 135
¢Average.

*sSource: General Electric Co. booklet on ‘*Polyester Resins for Matched Die
Molding, Wet Lay-Up, and Laminating.”’
peroxide at high temperatures had slightly higher hardness and static
strength than laminates formulated with the same resin-catalyst system
but with promoters added in order to effect cure at room temperature
(3169). High-temperature cures are also faster and therefore more eco-
nomical than low-temperature cures.

Resin manufacturers must compromise between the most desirable
properties for their products and the most economical molding cycles. In
most cases this can be determined only by actual plant tests with various
catalyst systems and operating conditions., Valuable information can
also be obtained from catalyst manufacturers on the effects of their
products.

The effect of the catalyst system on the light stability and other aging
properties of polyester resins is important, especially if a clear, color-
less resin is desired. Cumene hydroperoxide is claimed to cause less
yellowing or darkening of cured resins after aging than other common
catalysts. Dean and Manasia found that cast polyester panels cured with
benzoyl peroxide paste (50% benzoyl peroxide in tricresyl phosphate) had
poorer light stability than panels cured with solid benzoyl peroxide
(3227). This was attributed to an adverse action of the tricresyl phos-
phate. In the same series of tests, addition of small amounts of cobalt
naphthenate with benzoyl peroxide, methylethyl ketone peroxide, or
cumene hydroperoxide did not affect the light stability of cured panels.
When the cobalt naphthenate content became appreciable, however, there
was noticeable deterioration, (Cobalt and other metallic ions, even in
minute amounts, act as catalysts for the development of color.)
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The R,R,CHO— radicals formed in decomposition of hydroperoxide
catalysts are said to serve as centers of themmal degradation (2163).

Certain accelerators used with peroxide catalysts, such as cobalt
naphthenate and mercaptans, will improve the air-drying properties of
polyester resins (see pp. 63, 163, 164).

Inhibitors play an important part in the detemination of resin prop-
erties. The peak exotherm (highest temperature reached by the resin
during curing) and the cure time of polyester resins are mainly determined
by the inhibitor they contain. To some extent the inhibitor may also af-
fect the strength and flexibility of the cured resin, if the amount of in-
hibitor is so great as to prevent the full cure of the resin under ordinary
conditions.

The amount of heat (or exotherm) liberated during curing is constant for
a particular type of polyester. The rate at which this heat is liberated,
however, can be greatly changed by variations in either the concentration
or type of inhibitor, For all practical purposes, resins can be fashioned
which meet almost any curing conditions simply by varying the amount of
inhibitor. Resins which will gel in 2 minutes or in 25 to 30 minutes at
180° F. may be prepared by using the same resin base and catalyst sys-
tem and varying the amount of inhibitor., In like manner, peak exothemms
for these resins can be varied from approximately 450° F. down to 190°F.

Inhibitor formulations used in commercial polyester resins are closely
guarded secrets. In order to avoid violating commercial confidences, the
comments made here will be restricted to published information regarding
inhibitors. The various types of inhibitors have been discussed fully in
the chapter on catalysis and inhibition (p. 52). We shall therefore also
limit this discussion to remarks on the effects of specific inhibitors on
resin properties.

Hydroquinone, a widely used inhibitor, is generally used in concentra-
tions of 0.005% to about 0.01%, based on the total weight of the resin.
Greater amounts of hydroquinone cause the exotherm curve to be drawn
out and the peak exothemn to be lower. Increasing the amount of hydro-
quinone may also cause yellowing and other undesirable aging charac-
teristics such as poor surface and decreased weather resistance.

Excellent inhibition is obtained with quatemary ammonium salts, such
as trimethyl benzyl ammonium chloride, and most important, side effects,
such as gelation caused by metal contaminants, are eliminated. Inhibitors
of this type are covered by a patent issued to the Pittsburgh Plate Glass
Co. (333).

Quinone is ordinarily used when the resin is to be sold and used im-
mediately; this inhibitor, in the concentrations in which it is generally
used, may not prevent gelation during long-term aging. A common practice
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when quinone is used in resins that are to be stored for any length of
time or shipped great distances is to add some hydroquinone. Increasing
the amount of quinone greatly increases yellowness in polyester resins,

Para-tertiary-butyl catechol may be used in resins to be stored at room
temperature, but high-temperature stability is not practical with this
inhibitor.

FILLERS

Fillers have been discussed previously (p. 73), but it may be advis-
sble to mention again some of the variations which are possible by the
use of fillers.

Structural fillers, such as glass fiber, are used mainly to prepare panels
and other materials having high flexural and tensile strengths. The
strength characteristics of the final materials are due almost entirely to
the glags. The resin serves as a supporting medium for the glass fiber to
allow it to attain as much of its ultimate strength as possible.

The usual reasons for modification of polyesters with bulk fillers are
to increase water resistance, relieve strains, lower price, or provide
opaqueness. Another change possible with bulk fillers is adjustment of
viscosity., The most important application of fillers, particularly clays,
for this purpose is in thixotropic resins. The thixotropic resins are the
so-called stay-put materials and flow only when pressure is applied.

EQUIPMENT FOR TAILOR-MAKING POLYESTERS

When polyesters are prepared on a laboratory scale with the aim of
working out process variables, it is important to work under such condi-
tions that the results can be projected immediately to a large-scale
plant. If the ultimate resin is to be prepared in glass-lined containers,
the laboratory preparation obviously should be in glass containers. Like-
wise, if stainless steel equipment is to be used in the plant preparation
of these resins, it is advisable to use stainless steel laboratory equip-
ment. Even in laboratory preparation of polyesters the inert gas flow and
the mixing action in the reactor must be carefully controlled, since these
two factors materially affect the rate of polymerization.

Miniature stainless steel polymerization vessels are available commer-
dally.? These vessels have automatic programming equipment and thus
aprecise duplication of large-scale resuits is possible,

SCastor Engineering Co., Carnegie, Pa.
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IX. FINAL PRODUCTS

The end results of the knowledge gained by researchers and fabricators,
as found in the application and use of polyester and reinforced polyester
products, are discussed in this chapter. Only a brief mention of most of
the numerous consumer items appears, but the important classes of prod-
ucts are covered with attention to their properties.

Shortages of materials during World War II promoted the acceptance and
use of polyesters, and military purposes are still among the most important
ones utilizing these materials. Industrial and consumer uses are rapidly
coming to the forefront, however, and expansion of the polyester industry
is definitely in that direction.

A section on the general properties of polyester resins and reinforced
polyesters is included in order to illustrate the advantages and disadvan-
tages involved in their use in fabricated products. A short discussion of
the future of the polyester field is also included.

PROPERTIES OF POLYESTER RESINS

Cured, Unfilled Polyester Resins

Cured polyester resins vary from soft and flexible to hard and rigid.
Their electrical properties are excellent, they are dimensionally stable,
and they can be obtained in many colors.

The range of properties of unfilled, cured rigid and flexible resins is
shown in table No, 13 in the chapter on commercial resins (p. 132). The
general types of polyester resins available are also discussed in that
chapter.

Reinforced Polyesters

Addition of reinforcing material, such as glass fibers, to polyester
resins gives them greater strength, dimensional stability, and over-all
versatility for a wider range of product uses.

It is impossible, however, to list specific properties for reinforced
polyesters, as one can do for a metal. The properties vary with the type
of resin (p. 131) and the amount and type of filler and reinforcement (p.
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73). Fabrication variables also affect the properties of finished ma-
terials (p. 97).

Even if reliable property data were available, the absence of practical
experience with many products and the absence of good nondestructive
test methods would prevent engineers from designing to the highest prop-
erty values, The Standards of the American Society for Testing Materials
and other test methods set up for quality control and comparison of resins
are not intended as a basis for engineering design data. Load-deformation
curves indicate that parts may fail at strength levels far below the ulti-
mate determined by these tests (1926). Some designers recognize this
fact and design at 20% of ultimate strength.

At present, experience and experimentation are the most reliable guides
in choosing a reinforced polyester for a product and in designing the
product.! Some general property indications, however, can be given for
reinforced polyesters. Their outstanding properties are:

,/ (1) A high strength-to-weight ratio. This may result in a saving of
over 50% in weight when reinforced polyesters are substituted for steel,
and over 30% when substituted for aluminum,

(2) Resiliency. The impact resistance of reinforced polyesters com-
pares favorably with that of aluminum and steel.

7 (3) Excellent electrical properties. Reinforced polyesters have a low
power factor, good arc resistance, and high dielectric strength.

(4) Good resistance, in general, to attack by water, salts, weak acids
and alkalies; and organic solvents. Actual plant tests are advised, how-
ever, for specific applications,

(5) Moldability. It is possible to mold any shape, and once the rein-
forced polyester has set, it is dimensionally stable. Color and metal
parts can be molded in directly.

(6) Low heat transmission.

(7) Good light transmission.

Some properties of reinforced polyesters, however, are disadvantages
in many applications. These include the following:

(1) Rapid loss of strength with temperature increase. Many commonly
used resins begin to lose their strength above 180°F. Resin manufac-

1Since this text was written, one book has been published and another is near
publication which will aid designers of reinforced plastic products. ‘‘Fiberglas
Reinforced Plastics,’’ prepared by Owens-Coming Fiberglas Corp. (Reinhold,
New York, 1954, 250 pp.), contains a chapter on design considerations, as well
as useful property tables. In the revised ANC-17 Bulletin on Plastics for Air-
craft, which is being prepared by the U, S. Forest Products Laboratory in co-
operation with the Air Force, Civil Aeronautics Authority, and Navy Bureau of
Aeronautics, data on the properties of glass reinforced plastic laminates will be
compiled and summarized (expected publication date: June 1956).
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turers should be consulted for the heat distortion point of each resin, how-
ever, since high heat resistance resins are available for special pur-
poses. The loss of strength with temperature increase should be watched
particularly when continuous pressure is present, as in pipes.

(2) Poor abrasion resistance. Surface hardness comparable to steel and
aluminum has not yet been obtained.

Table No. 25.— Properties of glass reinforced polyester laminates*

Polyester laminate with—

Property
Glass fabric base Glass mat base
MECHANICAL PROPERTIES
Specific gravity 1.5=2.1 1.5=1.8
Tensile strength, psi 40,000-~50,000 15,000-24,000
Modulus of elasticity in tension,

10% psi 10-28 10-19
Compressive strength, psi 30,000=60,000 30,000~-50,000
Flexural strength, psi 50,000-63,000 20,000-35,000
Impact strength (Izod), ft.-1b. per

in. notch 19=35 11=25
Bond strength, 1b. 700-1,100
Hardness (Rockwell M) 100-110 90-100

ELECTRICAL PROPERTIES
Dielectric strength, short-time, %

in. thickness, volts per mil 200~600 250-500

Dielectric constant

60 cycles . 4.3-4.8

1 megacycle . 4,0-4.7
Dissipation factor

60 cycles .. 0.01-0,02

1 megacycle .. 0.01-0.04
Arc resistance, sec. 80-120 80-180

CHEMICAL AND SOLVENT RESISTANCE
Effect of weak acids None None
Effect of strong acids Some attack Some attack
Effect of weak alkalies Slight Slight
Effect of strong alkalies Attacked Attacked
Effect of organic solvents Generally nil Generally nil
MISCELLANEOUS
Water absorption, 24 hr., % in. 0.3~0.9 0.3-1.0
thickness, %

Burning rate Slow to nil Slow to nil
Effect of sunlight Approximately nil Approximately nil
Machining qualities Fair Good

*Source: Modern Plastics Encyclopedia.
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(3) Tendency to creep and flow under continuous loading.

(4) Poor fatigue strength under repeated loads.

(5) Difficulty in obtaining a smooth surface finish. (See chapter on
finishing, p. 126, for some approaches to this problem.)

(6) Low modulus of elasticity in bending. The stiffness of a glass
fabric reinforced polyester laminate is much less than that of common
metals, such as magnesium, aluminum, titanium, and steel (2411). The
development of a higher modulus glass fiber is under investigation, since
only minor improvements can be expected through resin or resin-glass
bond modifications (3234). Additional stiffness may often be obtained by
the use of sandwich construction. Recently developed prestressing tech-
niques for reinforced plastics also give some increase in average-stiffness
(3229).

Table No. 25 lists the range of mechanical, electrical, and other prop-
erties of glass reinforced polyester laminates. It is based upon maximum
and minimum values submitted by a number of manufacturers,

Chemical resistance ratings for reinforced polyesters reflect a wide
difference of opinion. Table No. 25, based on manufacturers’ informa-
tion, gives these products a generally high rating, which, however, ap-
pears optimistic. Table No. 26 gives a more cautious rating (p. 184).
Seymour and Steiner, basing their rating on laboratory test data and prac-
tical experience, state that properly designed and fabricated polyester
structures are possibly satisfactory for continuous exposure to water,
salts, and nonoxidizing acids at temperatures up to 100° F. (possibly up
to 140° F. for specific applications) (2279).

TRANSPORTATION
Aircraft

The aircraft industry was one of the first to find practical and success-
ful applications of reinforced polyesters. The shortage of metals and
certain plastics in World War II was an effective stimulus to the use of
reinforced polyesters as a replacement for other materials. The physical
properties of the reinforced polyesters, however, and their adaptability
to the making of specific parts soon made them in demand in their own
right,

The uses of reinforced polyesters in aircraft up to the present time can
be classified as follows: (1) applications based on their superior dielec-
tric properties; (2) nonstructural highly stressed parts; (3) ballistics ap-
plications; (4) parts of complex contours that are difficult to fabricate
(2413, 2414).

The superior dielectric properties of reinforced polyesters made them a
natural choice for radomes and other antenna housing structures, In the
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slower propeller-driven aircraft of World War II, the reinforced polyester
housings stood up well in use and their service life was usually as long
as that of the aircraft itself. When damaged by combat operations, they
could be repaired by ground crews if the damage wasn’t too extensive,
but in any case they could be replaced with a minimum of effort.

Today’s jet aircraft which operate at near sonic or sonic speed present
special problems. For example, at these extreme speeds erosion of the
polyester laminates, caused by the impact of rain particles, increases
and could result in failure of the radar or radio apparatus. At present, in
order to overcome this drawback, the Air Force uses thin air-drying neo-
prene coatings over the radomes (2409). An elastic coating with higher
temperature resistance and high tensile strength would be desirable.

Because higher temperatures are encountered at the high speed of jet
aircraft and guided missiles, glass fiber reinforced laminates which have
greater strength retention at temperatures near 500° F. are required. This
property is attained by the addition of triallyl cyanurate to the polyester
resin (pp. 31, 142).

The high strength-to-weight ratio of the reinforced polyesters is the
reason for their use in such parts as hatches, doors, fairings, bulkheads,
and wing tips, where rigidity and ruggedness with a minimum weight are
important. They have replaced relatively corrosion susceptible alloys of
magnesium and aluminum, Fabrication time is also cut down because the
parts can be made in one operation with simple molds.

In ballistics applications one of the most notable items made from
polyester laminates is the liner between the metal shell and the natural
rubber innerlayer (which swells in the presence of gasoline) in the self-
sealing gas tanks of military aircraft, (This was the first application of
reinforced polyesters in World War I1.) Before the liner was used, a bullet
penetrating the metal shell would cause it to splay or “flower.’”’ This
would keep the inner rubber layer away from the hole, so that it could not
perform its self-sealing function. The polyester tank-liner prevents this
by acting as a shield between the jagged metal and the rubber sealer and
thus contributes greatly to the dependability of self-sealing tanks (1297).

Special polyester-glass laminates with low resin content may serve as
flak and fragmentation armor for combat aircraft (2391). The performance
of the armor depends on a property that is undesirable in most applica-
tions of polyester laminates—the ability to delaminate. If properly used,
however, delamination is extremely effective in absotbing the impact
energy of projectiles.

Polyester laminates are used for air and heater ducts in aircraft be-
cause they lend themselves easily to the manufacture of complex con-
tours which are difficult to fabricate from metal (2414). The plastic
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parts can be made more cheaply than metallic parts, even though the
cost of raw materials is higher, because costly hand assembly is elimi-
nated. The low heat transmission of the reinforced polyesters also makes
them valuable for this use.

The use of sandwich construction in aircraft offers one solution to the
low modulus of elasticity of reinforced polyesters. By using two high-
strength laminates as outer faces, separated by a thick, lightweight core,
much greater rigidity is obtained than with ordinary laminate construc-
tion. Sandwich construction with reinforced polyester facings is used for
radomes, airfoil surfaces, and helicopter rotor blades (1898). Polyester-
isocyanate foams (p. 228), which can be foamed-in-place, are used as
core materials for sandwich structures of complex contour.

Polyester usage in aircraft is not completely limited to reinforcing
structures. Rigid, cast polyester sheets laminated with a soft polyvinyl
innerlayer provide a nonshatterable, transparent material for aircraft
canopies, enclosures, and windows (2407, 2451).

Many of the applications of reinforced polyesters on commercial air
craft are identical to those on military aircraft. In general, however, com-
mercial emphasis is placed on nonstructural functions. In one commercial
plane, polyester resin laminates are used as cargo compartment liners,
battery containers, wing trailing edge strips, power distribution boxes,
oil drip pans, and antenna masks (2408). The use of sandwich construc-
tion (polyesterimpregnated giass cloth skins, cellular cellulose acetate
core) helped provide the weight reduction required to compensate for the
greater passenger load carried on tourist-class transatlantic planes (2340).

In agriculture, airplanes are widely used for crop dusting, spraying,
seeding, and fertilizing. The Personal Aircraft Research Center of Texas
A & M College has conducted research on corrosion of aircraft structural
materials by agricultural chemicals. Of the 512 materials tested, only
two-——glass fiber reinforced polyesters and stainless steel—withstood
all the chemicals tested (2223).

Boats

Reinforced polyesters have several properties that have attracted the
manufacturers of boats, They are resistant to attack by salt water, sun-
light, worms, temites, bamacles, and rot. They can be molded easily
into any shape the hull designer wants. The light weight of the hulls is
also an advantage (2404). Generally, the first cost of plastic boats
seems to be higher than that of wooden boats (2394), but the lower main-
tenance and repair costs, as well as the longer service life, must also be
considered. Many small boats made from reinforced polyesters are used
by civilians and by the Armed Forces. “
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The Navy has successfully made a number of reinforced plastic harbor
craft, such as wherries and whaleboats. These boats are seamless and
thus require no calking; are nonsinkable due to the incorporation of foamed
plastics during manufacture; are stronger than the wooden boats they re-
place; are not attacked by sea water; and require very little upkeep (2385,
2393). Because of the success with the smaller boats, the Navy has
also experimented with 36-foot landing craft (LCVP) and 57-foot mine-
sweepers (1864, 2394).

The Coast Guard has also had a program for procuring, testing, and
evaluating laminated plastic boats. Included were such boats as landing
craft, surf boats, sailboats, dinghies, and even a 40-foot utility boat
(1827).

Boats manufactured from reinforced polyesters for civilian use range
from small rowboats to a 42-foot sailing ketch (2290, 2331, 2389, 2401).
To aid the owner of a leaky or damaged wooden boat, kits are on the
market which will pemit him to cover his craft with a polyester-glass
fiber covering, thus adding years to its use (1801). The racing enthusiast
can protect his speedboat hull from many minor repairs if he coats it both
inside and out with polyester resin and glass cloth (2315, 2326).

The use of reinforced polyesters has been most successful with small
boats. [Experience with larger boats which cannot be molded in one
piece, so far as known, has been unsatisfactory or spotty, largely due to
the difficulties of joining, the need for special design to compensate for
a lower modulus, and the lack of nondestructive methods for testing the
laminates.

Sandwich construction may offer the increased strength and rgidity re-
quired in large reinforced plastic boats, just as it does in aircraft. A 50-
foot self-propelled barge has been built using sandwich construction with
glass reinforced polyester facings and a phenolic impregnated cotton duck
honeycomb core (2402). This type of construction is also favored in pres-
ent design plans for the 57-foot minesweepers of the Navy (2394). By
varying the thickness of the honeycomb used, it is predicted that boats
up to 100 feet long could be constructed (2402).

Reinforced polyesters have a potential future in certain types of in-
stallations on large ships, such as storage tanks and piping systems,
These materials are noncritical in supply, completely nonmagnetic (a re-
quirement in minesweepers), and not attacked by saltwater. In addition
they offer weight savings of about 40% over metal tanks and about 20%
over metal piping (2394).

In one installation by the Navy, reinforced polyester pipes were more
durable than metallic pipes, once the problem of pinholes was controlled
(1790). Metal pipes installed close to the forward guns in a combat ves-
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sel failed from a combination of corrosion and shock, but plastic pipes
neatby remained intact.

Rigid glass reinforced plastic construction or semirigid rubber con-
struction is required for the small *‘ready’’ tanks (20 to 250 gallon capac-
ity) used for storage of fresh water and diesel oil on present-day mine-
sweepers. The use of larger reinforced plastic tanks which are built
right into the hull awaits the results of service tests on the tanks now
installed (2394).

There ate some reservations conceming the use of reinforced polyester
piping and tanks on ships. In order to use plastic pipes extensively be-
low decks, they must have improved fire resistance (2385, 2393). The
new resins containing HET? acid (p. 140) may be an answer. Porosity,
which permits leakage of the liquids they contain or carry, is another
problem to be solved before shipboard use of plastic tanks and pipes re-
ceives wider acceptance (2394).

Automobiles

Adoption of reinforced polyesters as a material for volume production
of automobile bodies was brought a step closer by the announcement at
the end of 1953 of assembly-line production of Chevrolet’s Corvette
sports car (2344). The Corvette has a reinforced polyester body made up
of 41 parts. Chevrolet was the first major U, S, car manufacturer to set
up a production line to tum out automobiles with plastic bodies. Previ-
ously, most reinforced plastic car bodies produced in the United States
were handled on an experimental or prototype basis, or produced by inde-
pendent body firms for custom installation on a modified chassis (2337).

The advantages of reinforced polyester automobile bodies include
weight saving without sacrifice in strength, resistance to weathering,
greater resistance to shock than steel bodies, and ease of repair and
maintenance. Surface finishing presents a major problem, however. Glass
fiber show-through is often considered attractive in building panels and
other products, But in automobiles the public demands a smooth, mirror-
like finish, Finishes used on reinforced plastic bodies are discussed in
the chapter on finishing (p. 126).

Cost of the tooling for the Corvette plastic bodies is reported to be
$500,000 as compared to an estimated $4,500,000 if steel bodies were
used, Chevrolet engineers calculate that polyester bodies are less ex-
pensive than steel in runs of 15,000 cars or less. (Present planning calls
for a production rate of 30 Corvettes a day in 1954). If this proves tre,
plastic would prove the choice over steel for such low-volume items as
truck cabs, ambulances, and airport limousines, as well as sports car
bodies.

*Trade name of Hooker Electrochemical Co.
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For long production runs, the higher initial tooling costs required for
steel bodies can be justified by the faster rate at which these bodies can
be produced, as well as the lower material cost, Steel might even reclaim
the low-volume items now being groomed for plastics if the development
of cheap reinforced plastic dies and tools for forming sheet steel con-
tinues (p. 185).

Glass fiber reinforced polyesters will probably completely replace
steel, however, for prototypes or testing models of automobiles (1707).
Operating models are produced faster and at lower cost from the rein-
forced polyesters.

Polyester resins are also used in truck trailer production. Some new
trailers have a skylight roof of 5einforced polyester; others have rein-
forced polyester sides, interior lines, and doors (2341). The light weight
of the reinforced polyester trailers permits pay-loads to be increased.

Miscellaneous

The use of reinforced plastics for transportation equipment has not
been entirely limited to the aircraft, boat, and automobile fields. When
used for tie plates for railroad tracks, they have proved stronger and
tougher than the steel plates they replaced (2332). Glass fiber-polyester
mats are also used for parts of railroad coach seats (2323).

Sleds molded of reinforced polyesters are used by the Army for trans-
porting supplies and ammunition and evacuating wounded on snow and
ice. They are strong enough to withstand usage on rough terrain and have
a permanent white surface for camouflage purposes (2397).

ELECTRICAL APPLICATIONS

From the standpoint of the electrical industry, polyesters have twd" out-
standing properties: They dry without losing any volatiles, and they in-
crease the mechanical strength of the material or parts to which they are
applied.

Before the advent of polyesters it was the practice to apply insul ating
vamishes from which a solvent was evaporated. This left the insulation
more or less porous, which led to imperfect electrical resistance. No
such weakness is present when polyesters are used; they can be applied
in a low-viscosity condition, and they harden throughout, without any
porosity.

The strength of polyesters permits reduction of the amount of iron or
steel in the composite mechanisms to which they are applied. When they
were introduced for electrical use, the industry, for the first time, had in-
sulation that contributed significantly to strength. The savings in weight,
space, and cost were immediately apparent. Therefore, the electrical in-
dustry was among the first to enter the field of manufacture of polyesters.
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In order to control composition and properties, the major electrical
firns manufacture their own polyesters. Relati