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Abstract Results of investigations on novel formulations, structure-property relation-
ships, curing, and compositions with fillers and reinforcing fibers (1997–2004) are re-
viewed with about 200 references to articles and several references to patents. The
following topics are considered in particular: novel dibasic acids, glycols, crosslinking
monomers, and curing systems, “vinyl ester” resins, fire retardant materials, IPNs and
other systems comprising built-in thermoplastic polymers and oligomers with terminal
functional groups. Information on unsaturated polyesters manufactured using PET scrap
is given. Analytical (mainly spectrometric) methods for studying the chemical structure
of crosslinked unsaturated polyester resins are presented. Approaches to the decrease in
styrene emission on processing of unsaturated polyester resins are also discussed.

Keywords Unsaturated polyester resins · Reinforced polyesters ·
Poly(ethylene terephthalate) · Vinyl ester resins · Curing

Abbreviations
∆Hr heat released
ρv depolarization ratio
AFM atomic force microscopy
APP ammonium polyphosphate
ATH aluminum trihydroxide Al(OH)3
BHET bis(hydroxyethyl)terephthalate
Bis-GMA 2,2-bis[4-(3-methacryloyloxy-2-hydroxypropoxy)phenyl]
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BMI bismaleimide
CDRE convulsion difference resolution enhancement
CMDB composite modified double-base
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CPD cyclopentadiene
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DAD diode array detection
DCPD dicyclopentadiene
DD dipolar decoupling
DEF diethyl fumarate
DEPT distortionless enhancement by polarization transfer
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DGEBA diglycidyl ether of bisphenol A
DKGA diketogulonic acid
DLS dynamic light scattering
DMA dynamic mechanical analysis
DMB 2,5-dimethyl-2,5-bis(2-ethylhexanoylperoxy)hexane
DMC dough molding compounds
DSC differential scanning calorimetry
DTA differential thermal analysis
E′ storage modulus
E′′ loss modulus
Ea activation energy
EMTHPA endomethylene tetrahydrophthalic anhydride
ESR electron spin resonance spectroscopy
FID free induction decay
FT-IR Fourier transform infrared spectroscopy
FUPR fluorine-modified unsaturated polyester resin
GC/FT-IR gas chromatography-Fourier transform infrared spectroscopy
GC/MS gas chromatography-mass spectrometry
GIC fracture energy
GPC gel permeation chromatography
GPC-MALLS multiangle laser light scattering detector
HDT heat deflection temperature
HPLC high-performance liquid chromatography
HPN hybrid polymer network
IPN interpenetrating polymer network
iTBN maleimide terminated liquid butadiene-acrylonitrile rubber
k0 frequency factor
LLCT lyotropic liquid-crystalline thermoset
LOI limiting oxygen index
LOM laminated object manufacturing
LPA low profile additives
LRP-NMR low-resolution pulse 1H-NMR
LSA low shrink additives
LSE low styrene emission
Mn number-average molecular weight
Mw weight-average molecular weight
MDI methylene diphenyl diisocyanate
MEKP methylethylketone peroxide
MI maleimides
MMT montmorillonite
MPD 2-methyl-1,3-propane diol
MTDSC modulated temperature differential scanning calorimetry
MTGA modulated thermogravimetric analysis
NBR acrylonitrile-butadiene rubber
NPI Novolac-type polyisocyanate
PB pentabromoethylbenzene
PCL poly(ε-caprolactone)
PD 1,2-propanediol
PDO tert-butylperoxy-2-ethyl hexanoate
PET poly(ethylene terephthalate)
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PFPE perfluoropolyether
phr weight parts of additive per 100 parts by weight of resin
PPF poly(propylene fumarate)s
PTSA p-toluenesulfonic acid monohydrate
PU polyurethane
PVAc poly(vinyl acetate)
Py-GC pyrolysis-gas chromatography
RDA rheometric dynamic analyzer
RO rapeseed oil
RTM resin transfer molding
S antimony trioxide, Sb2O3
SBR styrene-butadiene rubber
SCRIMP Seemann composites resin infusion molding process
SIN semi-interpenetrating polymer network
SLS static light scattering
SMC sheet molding compounds
TTT time-temperature-transformation
SPE solid-phase extraction
TH

1 proton spin-lattice relaxation time
TH

1ρ spin-lattice relaxation time in the rotating frame
T2 spin-spin relaxation time
Tg glass transition temperature
tan δ loss tangent
TCTFE 1,1,2-trichloro-1,2,2-trifluoroethane
TDI toluene diisocyanate
TEM transmission electron microscopy
TFA trifluoroacetic acid
TGA thermogravimetric analysis
TMS tetramethylsilane
TSR thermal scanning rheometry
TX/PCL fluorinated macromers/poly(ε-caprolactone)
TXCL poly(ε-caprolactone)-perfluoropolyether-poly(ε-caprolactone) block copoly-

mer
UP unsaturated polyesters
UPR unsaturated polyester resin
VARTM vacuum-assisted resin transfer molding
VE vinyl ether
VEUH vinyl-ester-urethane hybrid
VER vinyl ester resin
VTBN vinyl terminated poly(butadiene-co-acrylonitrile)
x order of reaction
ZSA zero shrink additive
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1
Introduction

Unsaturated polyester resins (UPRs) have been known for many years. The
production of UPRs started in the 1930s. Recently, their manufacture has
reached a peak level. UPRs are, along with polyurethanes, the most import-
ant crosslinkable polymeric materials. The importance of UPRs is due to their
important fields of application, mainly in glass fiber reinforced plastics. The
rapid increase in the share of UPRs in the plastics market, comprising also
highly filled materials, coatings, and cast objects etc., is due to their simple
processing.

The chemistry of UPRs involves the synthesis of unsaturated polyesters
(UPs) by polyesterification or step-by step ionic copolymerization. The thus
synthesized UP is then dissolved in an unsaturated monomer and crosslinked
applying the radical polymerization approach. Thus, the chemistry of UPRs
involves the polycondensation or ionic polymerization methods and crosslink-
ing by peroxide or photochemically initiated radical polymerization.

Thanks to the various types of chemical reactions being applied in the
manufacture and processing of UPRs and to the versatility of industrial appli-
cations, the progress of research and development in UPRs is very fast. The
industrial progress in UPRs is accompanied by intense research, design and
processing activities making the UPR industry an important component of
polymeric materials science and technology.

2
Major Raw Materials

A classification of methods for the synthesis of unsaturated polyesters on the
basis of conceptions of condensation and polycondensation as well as add-
ition and polyaddition has been proposed [1]. The presented methods were
characterized taking into account a regularity of the distribution of unsatu-
rated bonds and the appearance of side reactions. A model to estimate the
average number of chain branches and of chain ends of UP prepolymers has
also been proposed [2]. Fundamental molecular parameters, i.e. hydroxyl and
carboxyl values, Ordelt saturation (reaction of hydroxyl groups with dou-
ble bonds) extent, mass polydispersity index, short- and long-chain branch
distribution, and composition of starting reactants were included in the pro-
posed model. The real molar mass, especially the molecular mass of the linear
backbone chain, as well as the carboxyl and hydroxyl functionalities of UP
prepolymers [3] could be estimated using the described model. The obtained
results should be very useful for developing UP sheet-molding compounds
(SMC) thickening technology.
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2.1
Dicarboxylic Acids and Acid Anhydrides

The introduction of dicarboxylic acids or acid anhydrides with cycloalkene
configuration into the polyester chain results in an increase in impact
strength, chemical resistance and resistance against UV light as well as
a decrease in refractive index and surface tackiness. UP resins were pre-
pared (Scheme 1) from cis-4-cyclohexene dicarboxylic anhydride (tetrahy-
drophthalic anhydride), diethylene glycol, propylene glycol and 2,2-di(4-
hydropropoxyphenyl)propane [4]. An improvement of mechanical proper-
ties, shortening of drying time of the casting surface, lowering of refractive
index, more than twofold decrease in water absorption as well as a consider-
able increase in the Martens temperature of cured UPRs were observed when
phthalic anhydride was replaced with tetrahydrophthalic anhydride. Next,
partial substitution of maleic anhydride (Table 1) with an eutectic mixture of
anhydrides of cyclic non-aromatic dicarboxylic acids (hexahydrophthalic an-
hydrides and three isomeric tetrahydrophthalic anhydrides) was studied [5].
Crosslinked UPRs prepared from the mixture of acid anhydrides were char-
acterized by improved mechanical properties (Table 2) and considerable
resistance to sunlight, particularly in regard to the impact strength and heat
resistance. Epoxyfumarates formed by the addition of acrylic or methacrylic
acid or acid esters of maleic or fumaric acid to epoxy resins (Scheme 2) are an
important group of chemically resistant resins, sharing advantages of UPRs
and epoxy resins [6]. The synthesis consists of the following stages:

• addition of an alcohol to maleic anhydride to form an alkyl hydrogen
maleate/fumarate;

• addition of the thus obtained acid maleate (hydrogen maleate) to the li-
quid epoxy resin;

• catalytic cis-trans isomerization of the thus obtained addition product
(the maleate) to form the corresponding fumarate;

• dissolution in styrene of the thus obtained fumarate followed by peroxide-
initiated radical copolymerization (crosslinking).

Scheme 1

Scheme 2



Unsaturated Polyester Resins 7

Scheme 3

Scheme 4

Scheme 5

Table 1 Composition of the studied UPRs. Reprinted from (1995) Polimery 40:669 [5] with
permission

Components [mol]
Resin Mixture of Maleic Diethylene Propylene Glycerol Xylene

anhydrides anhydride glycol glycol

1 1 1 2.1 – – 0.072
2 1 1 – 2.1 – –
3 1 1 – 2.0 0.07 –

Table 2 Properties of cured UPRs prepared from a mixture of acid anhydrides (accord-
ing to Table 1) and commercial reference resin. Reprinted from (1995) Polimery 40:669 [5]
with permission

Resin
1 2 3 Polimal 103

Flexural strength [MPa] 67 69 72 60
Compression strength [MPa] 190 82 102 102
Static stress at break [MPa] 32 35 26 20
Impact strength [kJ/m2] 9.6 3.4 4.0 2.3
Heat deformation temperature 58 75 76 55
(Martens) [◦C]
Water absorption [%] 0.34 0.2 0.1 0.3
Hardness [MPa] 85 147 160 103
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Similar to the vinyl ester resins, the cured epoxyfumarate resins are dis-
tinguished by enhanced chemical resistance (e.g. in aqueous 20% NaOH at
60 ◦C), heat deflection temperature and flexibility. The chemical composi-
tion of the R group (methyl, ethyl, n-butyl, benzyl, cyclohexyl) influences
the properties of the crosslinked epoxyfumarate resins [6]. If the R group
contains bromine (e.g. tribromoneopentyl or 2,3-dibromopropyl), the cured
resins are fire retardant [7]. Moreover, the brominated resins are distin-
guished by increased Martens heat deformation temperature and low water
absorption.

To further increase the crosslinking density and thus the Martens heat
deformation temperature, an allyl group was built into the molecule of epoxy-
fumarate resin (Scheme 6) [8]. A Martens heat deformation temperature ex-
ceeding 100 ◦C could be reached.

Fig. 1 One- and two-step syntheses of the studied epoxyfumarate resins. Reprinted from
(2000) J Appl Polym Sci 77:3077 [11] with permission
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Scheme 6

The synthesis of epoxyfumarate resins by adding an acid ester of maleic
acid to the commercial low-molecular weight epoxy resin (Epidian 5) with
simultaneous isomerization of maleate groups to fumarate ones was pre-
sented [9]. The resins were synthesized in the two-step procedure using the
acid ester of maleic acid prepared separately with epoxy resin or in the one-
step synthesis (Fig. 1). The acid ester of maleic acid was obtained in the
reaction of maleic anhydride and cyclohexanol, although use of benzyl alco-
hol [10] and n-hexanol was also reported [11].

2,4,6-Tris(dimethylaminomethyl)phenol was used as a catalyst for the re-
action of carboxyl and epoxy groups. The studied resins were crosslinked
using styrene. Next, piperidine was added as the isomerization catalyst of
maleate groups to fumarate ones (Table 3).

The structure of the synthesized resins was ascertained by 1H-NMR spec-
troscopy and the content of the trans isomer was determined from the NMR
spectra according to the method of Curtis using the areas of the signals
due to fumarate at about 6.9 ppm and maleate at about 6.4 ppm. It was
found that the isomerization of maleate bonds did not occur without piperi-
dine [10]. Moreover, unsaturated epoxymaleate resins were significantly less
reactive than the epoxyfumarate resins. The properties before curing and of
the crosslinked resins obtained in one- and two-step procedures are similar
(Table 4), although the resins prepared in one-step synthesis were character-

Table 3 Composition of the synthesized epoxyfumarate resins. Reprinted from (1998)
J Appl Polym Sci 68:1423 [9] with permission

Substrates Resin Number

[g] 1 2 3 4

Epoxy resin (Epidian 5) 29.10 26.64 29.72 27.29
Cyclohexanol – – 14.63 13.40
Maleic anhydride – – 15.20 13.90
Acid cyclohexanol maleate 30.46 27.95 – –
Styrene 40.00 45.00 40.00 45.00
2,4,6-Tris(dimethylamino- 0.149 0.136 0.149 0.136
methyl)phenol
Piperidine 0.298 0.273 0.298 0.273
Hydroquinone 0.0075 0.0075 0.0075 0.0075
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Table 4 Thermomechanical properties of the crosslinked epoxyfumarate resins. Reprinted
from (1998) J Appl Polym Sci 68:1423 [9] with permission

Resin number (according to Table 3)
Properties 1 2 3 4

Initial decomposition 180 180 160 160
temperature [◦C]

Heat deformation 82.5 80.5 79 80
temperature (Martens) [◦C]
Impact strength 3.6 4.5 2.7 2.8
(Charpy) [kJ/m2]
Ball indentation 119.5 107.8 111.1 117.2
hardness [MPa]
Tensile strength [MPa] 44.8 31.5 38.1 39.1
Flexural strength [MPa] 70.4 72.6 84.2 75.8

ized by higher flexural strength. On the other hand, the resins obtained in the
two-step procedure exhibited particularly high tensile strength.

The studied epoxyfumarate resins absorb organic solvents and become
more flexible. Generally, epoxyfumarate resins are characterized by higher re-
activity and higher tensile and flexural strength as well as better chemical
resistance than the corresponding epoxymaleates. It was also shown that the
chemical structure of alcohol used for the synthesis of the acid maleate ester
affected the cis-trans isomerization temperature. Nitrogen-containing unsat-
urated epoxyfumarate resins (Fig. 2), prepared from monobutyl maleate and
tetraglycidyl methylenedianiline in the one- and two-step procedure, were
also studied [12].

No significant differences between the properties of resins synthesized ac-
cording to either procedure were found. The resin obtained in the single-step
method without the use of the inhibitor (hydroquinone) was, however, more
easily curable than the other resins. The resulting N-containing epoxyfu-
marate resins were characterized by a good chemical resistance to inorganic
liquids.

Various anhydrides and acids, i.e. phthalic anhydride, maleic anhydride,
succinic acid, adipic acid and sebacic acid, with various glycols, i.e. ethylene
glycol, diethylene glycol, triethylene glycol, were used for the synthesis of a se-
ries of UPRs for casting large-sized objects [13]. Different types of aromatic
and aliphatic dibasic acids with various combinations of polyhydric alcohols
were applied to obtain resins with a lower heat of crosslinking with styrene
and suitable mechanical properties. It was found that the maximum curing
temperature (Tmax) was related to the molecular weight of the glycol used
for the synthesis. It decreased with increasing molecular weight of glycol, al-
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Fig. 2 One- and two-step syntheses of the epoxyfumarate resin

though the time to peak temperature increased. On the other hand, the type
of the saturated acid as well as the molecular weight of the glycol affected
Tmax, Young’s modulus and compressive strength. An equation representing
the variation of compressive strength as a function of equivalent polymeriz-
able double bonds was proposed and could be used to predict the compressive
strength of any particular UP formula.

The novel UP resins were synthesized by a three-step polyesterification
process from mixed glycol (based on ethylene glycol and neopentyl glycol),
an aliphatic dibasic acid, isophthalic acid, and maleic anhydride [14]. Suc-
cinic acid, suberic acid and sebacic acid were used as dibasic acids. It was
found that the increase in the chain length of dibasic acid resulted in an in-
crease in gel time, elongation, nitroglycerine absorption (from double-base
propellants) and thermal conductivity (Table 5). On the other hand, it also
leads to a decrease in exotherm peak temperature, tensile strength, bond
strength with composite modified double-base (CMDB) propellants, hardness
and heat resistance.

The results obtained by the investigation enabled authors to select the best
UPRs for inhibition of CMDB propellants.

Maleopimaric acid, diethylene glycol and maleic anhydride in the molar
proportions 1 : 4 : 3 were used in the synthesis of unsaturated polyester pre-
polymer [15]. Levopimaric acid was obtained by the acid isomerization of
natural rosin or abietic acid and used for the synthesis of maleopimaric acid
(Fig. 3). The reaction of maleopimaric acid with a suitable excess of diethy-
lene glycol, carried out at a temperature reasonably lower (220 ◦C) than the
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Table 5 Properties of the synthesized novel UPRs based on dibasic acids. Reprinted from
(1997) React Funct Polym 34:145 [14] with permission

Resin based on
Properties Succinic acid Suberic acid Sebacic acid

Gel time [min] 51.0 71.0 74.0
Exotherm temperature [◦C] 64.1 58.2 56.0
Bond strength∗ [kg/cm2] 7.6 4.5 3.1
Elongation [%] 8.33 48.0 49.2
Tensile strength [kg/cm2] 118.0 11.0 10.0
Shore hardness (D scale) 66.0 55.0 48.0

∗- with CMDB propellants

Fig. 3 Synthesis of maleopimaric acid

melting point of maleopimaric acid (229.5 ◦C) to prevent the decomposition
of the acid anhydride, was performed as the first step of polycondensation.
In the second step, the esterification with maleic anhydride was carried out
at 170 ◦C in the presence of dibutyltin oxide as the catalyst. The lower tem-
perature of esterification prevented maleic anhydride from sublimating from
the reaction medium. The used catalyst reduced the amount of unreacted
maleopimaric acid.

The synthesized UP prepolymer (Mw = 2250 g/mol, Mn = 879 g/mol, Ip =
2.56) was crosslinked with styrene. Similar mechanical properties (Table 6)
were obtained for the chosen commercial product and the tested resin. The
resin based on maleopimaric acid was characterized, however, by the higher
Vicat softening temperature.

Polyalicyclic N-(2-hydroxyethyl)maleimidopimaric acid (Scheme 7) was
obtained from maleopimaric acid and used jointly with maleic anhydride for
the synthesis of the unsaturated polyesterimide (Scheme 8) [16]. The thus
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Table 6 Thermomechanical properties of tested UPRs. Reprinted from (1993) Eur Polym J
29:491 [15] with permission

Commercial The Synthesized The Synthesized
UPR UP + 30% UP + 40%
(SPRA 1004) styrene styrene

Flexural strength σ [MPa] 96 85 90
E Modulus [GPa] 3.9 3.5 3.4

Vicat softening 77 109 109
temperature [◦C]

Scheme 7

Scheme 8

obtained resin was converted into crosslinked products by radical copoly-
merization with styrene initiated with organic peroxides or hydroperoxides.
The resulted products were characterized by an elevated alkali resistance and
a relatively high heat deformation temperature. Moreover, decomposition of
the studied polyesterimide resin begins at a slightly higher temperature in
comparison with the UPRs based on propoxylated bisphenol A.

Maleic anhydride adducts of anthracene and cyclopentadiene (Fig. 4) were
used in the synthesis of UPRs and applied directly during the polyconden-
sation reaction of maleic anhydride with ethylene glycol or diethylene glycol
(Table 7) [17].

The optimum molar ratio of substrates for UPR synthesis was found to
be 1.10 : 0.75 : 0.30 (glycol : maleic anhydride : anthracene/cyclopentadiene).
Polycondensation reactions were carried out with the addition of xylene, in
the temperature range of 140–150 ◦C. The polyesters were crosslinked with
styrene (45 wt %) in the presence of cumyl hydroperoxide and cobalt naph-
thenate. The results of determination of mechanical and electrical properties
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Fig. 4 Synthesis of maleic anhydride adducts of cyclopentadiene and anthracene.
Reprinted from (1995) Polimery 40:624 [17] with permission

Table 7 Compositions of UPRs based on maleic anhydride adducts. Reprinted from (1995)
Polimery 40:624 [17] with permission

Amount [mol]
Substrate 1 2 3 4 5 6

Glycol 1.10 1.10 1.10 1.10 1.10 1.10
Maleic anhydride 0.55 0.60 0.75 0.55 0.55 0.55
Phthalic anhydride 0.30 0.25 – 0.10 0.10 –
Anthracene 0.20 – 0.30 – 0.40 –
Cyclopentadiene – 0.20 – 0.40 – 0.50

of modified UPRs (Table 8) showed that the amount of introduced anthracene
and cyclopentadiene adducts did not affect the final properties of cured
resins.

Generally, UPRs prepared using maleic anhydride adducts were character-
ized with higher thermal resistance and better dielectric properties than the
reference resin, although the mechanical properties were similar.

2.2
Glycols and Other Polyhydric Alcohols

Among the glycols used for the synthesis of UPs, 2-methyl-1,3-propanediol
(MPD) is preferred both due to its high reactivity in polyesterification and the
improved properties of cured UPRs using MPD. The increased polyesterifica-
tion rate of MPD with maleic anhydride, phthalic anhydride and isophthalic
acid was ascertained [18]. Kinetic studies were carried out.

UPRs with enhanced chemical, thermal and mechanical resistance were
synthesized from neopentyl glycol and isophthalic acid [19]. Phosphorus-
containing catalysts, especially a composition of ortho-phosphoric acid with
molybdenum trioxide, were found to be the most effective in decreasing
polyesterification time and giving light-colored products. Next, the properties
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of isophthalic-neopentyl resins and the commercial ortho-phthalic resin were
compared (Table 9).

The resin based on neopentyl glycol was characterized by higher impact
and flexural strength as well as higher chemical and thermal resistance.

Soluble unsaturated polyesters were synthesized from maleic anhydride
and glycidol in dimethoxyethane. At 80 ◦C, an acid anhydride ring opening
occurred and monomaleate ester was formed. In the second step, at 120 ◦C,
the epoxy ring was opened by the COOH group (Fig. 5), formed in the first
step [20].

Table 9 Properties of isophthalic-neopentyl resins and a commercial UPR. Reprinted from
(1990) Polimery 35:24 [19] with permission

Properties Isophthalic- ortho-Phthalic resin
neopentyl resin (Polimal 109)

Molecular weight 2500 1800
Mn [g/mol]
Acid value 21 35
[mgKOH/g]
Styrene content [%] 38 35
Viscosity at 850 820
25 ◦C [mPa · s]
Impact strength 7.5 2.0
[kJ/m2]
Flexural strength 98.5 70.8
[MPa]
Heat deformation 74 59
temperature (Martens) [◦C]
Heat deflection 85 68
temperature (HDT) [◦C]

Fig. 5 Synthesis of monomaleate ester. Reprinted from (2003) J Polym Sci Polym Chem
41:2549 [20] with permission
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The synthesized UPs exhibited a molecular weight in the range of 6000–
18 000 and could be crosslinked with vinyl monomers (styrene in particular).

Unsaturated diols prepared by the transesterification of diethyl adipate
and diols: cis-2-butene-1,4-diol and 2-butyne-1,4-diol (Scheme 9) were used
for the synthesis of UPRs. Products with the molecular weight of Mw =
500–2000 g/mol and a low polydispersity were obtained [21]. The chemical
structure of the synthesized hydroxypolyesters was proved by elemental an-
alysis, IR and 1H-NMR spectroscopy. The resins were also characterized using
thermogravimetry (TGA) and gel permeation chromatography (GPC). The
advantages of the transesterification method of the UPRs synthesis compar-
atively to the direct polycondensation method were pointed out: lower diol
consumption, decreased reaction temperature and time, the absence of de-
carboxylation reactions, higher molecular weight, lower polydispersity, easy
removal of alcohol, and an easy process control. However, the use of a catalyst
and the higher costs of the diethyl adipate which should be prepared a priori
from the corresponding diacid and ethyl alcohol are the disadvantages of this
procedure.

The acetylated derivatives of pentaerythritol (Scheme 10) were obtained
and used as the glycol component in the synthesis of UPRs [17]:

A molar ratio of pentaerythritol to acetic anhydride from 1 : 1.37 to 1 : 3.5
and a temperature in the range of 100–150 ◦C were found to be the best reac-
tion conditions for the synthesis of pentaerythritol diacetate. UP resins based
on acetylated derivatives of pentaerythritol diacetate were obtained in the
presence of a small amount of o-xylene at 140–150 ◦C with p-toluenesulfonic
acid as the catalyst, under dry conditions. It was found that pentaerythritol
diacetate also contained free pentaerythritol and pentaerythritol monoac-
etate, which caused a premature crosslinking of the synthesized resin. Thus,
ethylene glycol and diethylene glycol were used in the synthesis of the UPR
together with pentaerythritol diacetate.

Scheme 9

Scheme 10
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The mechanical properties of the UPR prepared using pentaerythritol
diacetate were comparable with the properties of a commercial UP resin
(Table 10). Novel unsaturated para-linked aromatic polyesters and copolyesters
(Scheme 11) containing fumaroyl units were synthesized by the interfacial

Table 10 Mechanical properties of UPR prepared using pentaerythritol diacetate.
Reprinted from (1995) Polimery 40:624 [17] with permission

Property UPR synthesized using Reference UPR
pentaerythritol diacetate

Impact strength 5.8–7.5 6–12
[kJ/m2]

Flexural strength 55–85 70–100
[MPa]
Tensile strength [MPa] 24.5–36.0 40–65
Compressive strength 85–115 90–140
[MPa]
Ultimate elongation [%] 3.8–5.5 5–8
Brinell hardness [MPa] 73–105 80–120

Vicat softening 80–110 85–120
temperature [◦C]

Scheme 11
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and melt polycondensation from fumaroyl chloride and tert-butyl-, phenyl-,
and phenethylhydroquinone or 2,2′-dimethylbiphenyl-4,4′-diol [22].

Next, the obtained polyesters and copolyesters were dissolved in styrene or
vinyl acetate forming lyotropic liquid-crystalline thermoset (LLCT) systems,
capable of thermal crosslinking by the addition of a free-radical initiator. The
thermal and liquid crystal properties of the novel UPs were investigated. It
was also reported that UPRs prepared from propylene glycol, maleic anhy-
dride and isophthalic acid were used as a matrix for nematic liquid-crystal
droplets [23].

2.3
Crosslinking Monomers

The influence of styrene concentration in UPR on the miscibility with unsat-
urated polyester and the mechanical properties was investigated [24]. A com-
mercial UPR containing 38 wt % styrene was used to prepare samples with
6–58 wt % styrene by partial evaporation of styrene in vacuo or dilution with
fresh styrene. Sets of curves presenting the effect of styrene content on the
glass transition temperature and the mechanical properties of the cured UPR
vs. temperature were presented. Phase separation in the crosslinked UPR with
increase in styrene concentration was observed.

The viscosity of UPRs, being solutions of UPs in styrene, presents an
important property, which influences the processing. It is obvious that the
viscosity of UPR depends mainly on the unsaturated polyester-styrene ratio.
Moreover, it depends on the temperature and on the molecular weight of
the unsaturated polyester. The viscosity vs. temperature and logarithmic vis-
cosity vs. reciprocal of temperature dependencies were determined [25]. The
shear stress vs. shear rate of UPRs dependence follows the Arrhenius-type
correlation. The UPRs viscosity depends on the compatibility of the unsat-
urated polyester with styrene. The difference was exemplified by viscosity
determinations of styrene solutions of UPs made of maleic anhydride and 1,2-
propylene glycol or maleic anhydride, 1,2-propylene glycol and isophthalic
acid or maleic anhydride, diethylene glycol and neopentyl glycol. The num-
ber average molecular weight of the investigated polyesters was in a range
between 1490 and 4370, whereas the weight average molecular weight was
between 5420 and 35 050.

Styrene is predominantly used as the crosslinking monomer in UPRs.
Some other polyunsaturated monomers, e.g. triallyl isocyanurate, have been
applied jointly with styrene in order to increase the glass transition tem-
perature of crosslinked UPRs. Recently, bismaleimide (Scheme 12) joined the
monomers being used in UPRs exhibiting enhanced heat resistance [26, 27].
The presence of bismaleimide results in an increase in crosslinking density
and in the overall rigidity of the network. Moreover, the yielding and frac-
ture behavior are improved. During the investigation of the fracture behavior
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Scheme 12

Table 11 Some thermal properties of cured UPRs with partial replacement of styrene with
the bismaleimide (Scheme 12) [27]

Concentration of Ball Initial Glass transition
bismaleimide indentation decomposition temperature
Scheme 12 [%] hardness [MPa] temperature [◦C] [◦C]

0 144.4 200 78.4
5 150.3 220 179.9

10 156.5 240 181.9
15 159.3 280 184.1

Table 12 Properties of used crosslinking monomers. Reprinted from (1995) Polimery
40:636 [28] with permission

Properties Styrene Vinyltoluene 2-Hydroxyethyl Glycerol
methacrylate α-allyl

ether

Ignition 32 53 102 98
temperature [◦C]
Boiling 145 168 67∗ 245
temperature [◦C]
Vapor pressure at 9 5 – –
room temperature
[hPa]
Emission [%] > 15 > 15 – –
Maximum 20–50 50–100 2000 –
permissible
concentration [ppm]
LD50 [mg/kg] 5000 > 4000 5888 –

∗ - under the pressure of 0.47 kPa (3.5 mm Hg)

of the crosslinked polymers comprising an unsaturated polyester, styrene
and the bismaleimide, three distinct types of crack propagation mode were
observed [26]: stable, brittle propagation; unstable, brittle propagation; and
stable, ductile propagation. Incorporation of bismaleimide into a UPR affects
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some important thermal properties of model UPRs (Table 11). A commercial
standard ortho-phthalic UPR was used.

Vinyltoluene, 2-hydroxyethyl methacrylate and glycerol monoallyl ether
(Table 12) were tested as the crosslinking monomers for the curing of un-
saturated polyesterimide resins [28]. The monomers were chosen taking into
account their lower volatility and toxicity in comparison to styrene.

The enthalpy (∆H) and activation energy (Ea), pre-exponential coefficient
[ln(K0)], and order of reaction (n) for each monomer were determined using
the DSC method (Table 13).

It could be assumed on the basis of the results of the DSC study on kinetics
of the free-radical copolymerization of unsaturated polyesterimide resins that
the reactivity of the tested monomers occurs in the sequence: glycerol α-allyl
ether > vinyltoluene ≥ styrene > 2-hydroxyethyl methacrylate. On the other
hand, the curing rate depends on the type of polyesterimide resin and varies
for the products of one- and two-step synthesis.

2.4
Dicyclopentadiene

Dicyclopentadiene (DCPD) is a very interesting raw material, readily avail-
able from the products of crude oil refining. Traditionally, it has been used
in the production of hydrocarbon resins, pesticides, elastomers and fire-
retardant additives. However, due to easy availability from cracking processes,
DCPD became an important raw material for synthesis of UPRs, mainly in
the USA. During the UP synthesis, DCPD undergoes different reactions de-
pending on the temperature. DCPD is a stable compound up to 150 ◦C, but at
a temperature above 150 ◦C (especially above 170 ◦C), the de-dimerization re-
action (retrodiene reaction) proceeds and cyclopentadiene (CPD) is produced
(Fig. 6). In the presence of maleic anhydride, CPD undergoes the Diels–
Alder reaction and endomethylene tetrahydrophthalic anhydride (EMTHPA)
is formed. Further reaction of EMTHPA with glycols is possible (Fig. 7). At
a temperature below 120–140 ◦C and in an acidic environment, DCPD under-
goes nucleophilic addition to carboxylic acids, glycols or water (Fig. 8). The
reaction proceeds via the reactive double bond in the norbornene ring due to
rearrangement followed by formation of a non-classic stable carbocation. Nu-

Fig. 6 Formation of endomethylene tetrahydrophthalic anhydride (EMTHPA). Reprinted
from (1999) Polimery 44:745 [29] with permission
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Fig. 7 Reaction of endomethylene tetrahydrophthalic anhydride with ethylene glycol.
Reprinted from (1999) Polimery 44:745 [29] with permission

Fig. 8 Nucleophilic addition of dicyclopentadiene to carboxylic acid, glycol and water.
Reprinted from (1999) Polimery 44:745 [29] with permission

cleophilic addition to the cyclopentene ring could occur under more drastic
conditions (Fig. 9). Four basic methods of synthesis of UPRs modified with
DCPD are known. In the “beginning” method, the reaction of maleic anhy-
dride and phthalic anhydride, glycols and DCPD is carried out for 2–3 h, in
a temperature range of 120–140 ◦C under nitrogen [29]. The acid catalyzed
DCPD addition to carboxyl and hydroxyl groups occurs. Next, the reaction is
continued for 5–6 h at the temperature of 200 ◦C and the condensation water
is removed. In the “Halfester” method, maleic anhydride, phthalic anhydride
and glycols are mixed at the beginning and heated under nitrogen for 1–2 h,
at a temperature of 120–140 ◦C [30]. The acid anhydrides react with glycols at
this stage (Fig. 10). Next, DCPD is added slowly and the reaction is continued
for 1 h. The addition of carboxyl and hydroxyl groups to DCPD occurs.

In the “anhydride” method, a mixture of maleic anhydride and DCPD
is heated under nitrogen at a temperature of 180 ◦C [31]. In the retrodiene
reaction of DCPD, cyclopentadiene is formed. Then it reacts with maleic an-

Fig. 9 Nucleophilic addition to cyclopentene ring of cyclopentadiene. Reprinted from
(1999) Polimery 44:745 [29] with permission
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Fig. 10 Reactions occurring in the “Halfester Method”

hydride giving endomethylene tetrahydrophthalic anhydride (Fig. 6). Next,
phthalic anhydride and glycol are added and the reaction mixture is heated
up to 200 ◦C, while water is removed. In the “end” method, the polyesterifica-
tion reaction of maleic and phthalic anhydrides with glycols is carried out at
200 ◦C under nitrogen [32]. When the acid value of 35 mg KOH/g is achieved,
the reaction temperature is decreased down to 160–180 ◦C. The methods
based on the Diels–Alder reaction are not as popular because the products
are dark brown and the smell of the DCPD remains. The synthetic proced-
ures are complicated and the reactivity of the synthesized UPRs is low. The
beginning method is economical (saving 15% of the raw materials cost) and
more popular due to easy availability and easy processing (even at low tem-
peratures) of the raw materials. The products prepared using these methods
are characterized by increased chemical resistance, high UV stability, good
thermal properties, excellent dielectric properties and adhesion to glass fibers
and steel, and good compatibility with other resins (e.g. urea-formaldehyde
and maleic resins).

Three different UPRs were prepared from maleic and phthalic anhydrides
and ethylene and diethylene glycols [29]. Two of them were modified with
DCPD used in the amounts of 6 and 12 wt % and one was mixed with resins
that contain 6 wt % DCPD. Then, the resins containing 2, 4, 6, 8, and 10 wt %
DCPD were prepared and examined at – 10 ◦C and at room temperature to
establish miscibility with styrene, gel time, maximum copolymerization tem-
perature and time elapsed to attain the maximum temperature (Table 14).

It was found that DCPD enhanced solubility of the resins in styrene almost
to an unlimited level, even at – 10 ◦C. The presence of DCPD resulted in an
increased gel time and time to achieve Tmax and significantly decreased max-
imum copolymerization temperature. Next, ball indentation hardness was
determined for cured UPRs (Table 15). Generally, the final hardness and the
hardness after 2 days were higher for resins with higher DCPD contents.
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Table 14 Gel time and maximum copolymerization temperature in relation to the amount
of DCPD built into UP. Reprinted from (1999) Polimery 44:745 [29] with permission

DCPD content Styrene content Gel time Maximum copolymerization
temperature

[wt.%] [wt.%] [min] t [min] Tmax [◦C]

0 35 14.5 30.5 106.4
6 35 15.0 40.0 86.6
6 40 12.0 43.0 83.2
6 45 10.5 45.0 79.1
6 50 10.0 61.5 61.2

12 35 16.5 42.0 79.1

Table 15 Ball indentation hardness of cured UPRs. Reprinted from (1999) Polimery
44:745 [29] with permission

DCPD Styrene
content content 6 h 1 day 2 days 6 days 10 days
[wt.%] [wt.%]

0 35 45.6 33.9 59.0 76.2 91.2
2∗ 35 21.5 49.2 67.2 76.6 95.7
4∗ 35 32.1 59.0 67.0 95.3 119.6
6∗ 35 35.1 54.1 69.1 92.1 119.4
8∗ 35 21.8 56.6 78.1 98.2 123.5

10∗ 35 32.1 59.3 77.5 95.7 123.3
12 35 37.2 54.5 77.8 103.2 136.7

6 35 14.7 49.5 67.8 83.2 92.2
6∗∗ 40 13.2 66.3 74.2 83.9 93.4
6∗∗ 45 22.8 52.4 70.9 89.0 99.5
6∗∗ 50 9.5 54.5 73.6 95.7 95.7

∗ – Resins obtained from mixed UPRs containing 0 wt. % and 12 wt. % DCPD
∗∗ – Resins prepared by dilution with the resin containing 6 wt. % DCPD and the
resin from direct synthesis with styrene

DCPD built into UPR enhanced the degree of drying of the coating surface
and their Persoz pendulum hardness (Table 16). Comparable properties could
be achieved for UPRs based on propylene glycol, but the use of dicyclopenta-
diene is more effective from the economical point of view.

DCPD/vegetable oil derived UPRs were synthesized in the standard way
from maleic anhydride, phthalic anhydride, ethylene glycol, and 1,2-pro-
pylene glycol. The UP thus obtained was dissolved in styrene. To flexibilize
the resin, 5–20% rapeseed oil was incorporated into the polyester [33]. More-
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Table 16 The degree of drying of the coating surface and Persoz pendulum hardness of
the surface of UPR in relation to the amount of DCPD built into the UPR. Reprinted from
(1999) Polimery 44:745 [29] with permission

Persoz pendulum
DCPD Styrene Degree of drying of the coating surface hardness
content content 4 days 7 days 10 days Postcuring of the surface
[wt.%] [wt.%] (2 h, 80 ◦C) after 10 days

0 35 0 0 0 0 –
2∗ 35 0 0 0 0 –
4∗ 35 0 0 0 0 –
6∗ 35 0 0 1 1 0.17
8∗ 35 0 1 2 2 0.28

10∗ 35 1 2 3 3 0.38
12 35 1 2 3 3 0.45

6 35 0 0 1 1 0.12
6∗∗ 40 0 1 2 2 0.21
6∗∗ 45 0 1 2 2 0.20
6∗∗ 50 1 2 3 3 0.28

∗ – Resins obtained from mixed UPRs containing 0 wt. % and 12 wt. % DCPD
∗∗ – Resins prepared by dilution with styrene of the resin containing 6 wt. % DCPD and
the resin from direct synthesis

over, 10% dicyclopentadiene was built-in. The formulation and the properties
of the uncured resins are given in Table 17.

In Table 18, mechanical properties of the cured resins are presented.
The incorporation of rapeseed oil improved the mechanical properties

which depend on flexibilization: tensile, flexural and impact strength and
elongation at break as well. Dicyclopentadiene increased the flexural and
compression strength, hardness and heat deflection temperature (HDT) and
the chemical resistance, which is, in general, better in water and in aqueous
solutions of acids than in alkali (10% KOH).

Low viscous UP was designed using an appropriate glycol and adipic
acid [34]. Moreover, two different kinds of copolymerizable double bonds
were incorporated: maleic/fumaric and a terminal cyclopentadiene adduct,
in direct neighborhood to the maleic/fumaric unsaturation. Unfortunately,
detailed formulations have not been given in the article.

Acrylic derivatives of 5,6-dihydrodicyclopentadiene could be applied as
the reactive diluents for coating and adhesive compositions to replace high
volatile aliphatic acrylates. They could be synthesized from acrylic acid and
DCPD in the presence of acidic catalysts and inhibitors (e.g. hydroquinone)
(Fig. 11) [35]: or in acrylic acid esterification with the reaction product of
DCPD with water or glycol in the presence of acidic catalyst (e.g. BF3 or
p-toluenesulfonic acid) (Fig. 12) [36, 37]:
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Table 18 Mechanical properties of the cured UPRs with built-in rapeseed oil (RO) and
dicyclopentadiene (DCPD). Reprinted from (2004) Fatipec Congr 2:617 [33] with permis-
sion

Resin sample No 1 2 3 4 5 6 7 8
(Table 17)

RO [wt.%] – 5 10 20 – 5 10 20
DCPD [wt.%] – – – – 10 10 10 10

Mechanical properties
Tensile strength 27.5 37.0 40.3 42.7 24.6 29.4 33.3 34.8
[MPa]

Elongation at 1.6 2.3 3.4 4.8 1.7 1.5 1.8 3.1
break [%]
Flexural strength 68.9 71.4 88.0 90.2 75.4 82.7 91.2 92.8
[MPa]
Impact strength 6.0 6.1 6.4 6.8 4.2 4.6 5.2 5.6
[kJ/m2]
Compression 120.0 115.4 105.0 98.5 125.4 129.5 112.0 108.3
strength [MPa]

Hardness 143.1 141.9 115.8 104.4 148.5 152.3 130.1 126.1
[MPa]
HDT [◦C] 58.9 54.5 53.5 50.2 60.7 60.0 57.3 52.0

Fig. 11 Synthesis of acrylic derivatives of 5,6-dihydrodicyclopentadiene from acrylic acid
and DCPD

Fig. 12 Acrylic acid esterification of the reaction product of DCPD with water or glycol

2.5
Manufacture of UPRs Using PET Scrap

PET scrap was utilized for the manufacturing of UPRs [38]. The manu-
facturing process, which consisted of the reaction of glycolyzed PET with
acid anhydrides (maleic anhydride in particular) and a glycol, was first
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patented in Poland [39] and then described by Ostrysz in the articles [40, 41].
A vast patent and literature review on PET bottle scrap can be found in the
book [42], where numerous patents and papers on PET scrap utilization were
collected. Most of the information contained in that review concerns the man-
ufacture of UPRs from PET waste. The review is based on 159 citations. The
methods of chemical recycling of waste PET were described in detail [43].
UPRs based on glycolyzed PET are widely applied as for example a superfi-
cial layer increasing chemical and thermal stability of reinforced plastics (gel
coat resins), wax-free varnish, binders for glass fiber mat, pre-pregs and pul-
trusion products; molding compound [44]; polymer concrete and polymer
mortar [45]; materials for sewerage systems [46], artificial marble, putties for
car body repair [47] and adhesive cartridges for mining [48]. The reaction ki-
netics [49, 50] and conditions of glycolysis of PET wastes [43, 51] as well as the
glycolysis products were studied in detail [52–54].

After many years from the first papers on UPRs from PET scrap having ap-
peared in the early 1970s in Poland, the polycondensation of PET glycolyzate
with maleic anhydride followed by the dissolution in styrene of the UP thus
obtained was described [55]. The glycolysis of PET waste was performed with
ethylene glycol, diethylene glycol or propylene glycol in the presence of zinc
acetate as the catalyst. It was found that the extent of the glycolysis depends
on the moles of the glycol present when glycolyzed on a weight basis and
was the highest for ethylene glycol [56]. On the other hand, the products of
PET waste glycolysis with propylene glycol and diethylene glycol exhibited
a higher number average molecular weight and a broader molecular weight
distribution. In another article, the glycolysis of PET with 1,4-butanediol and
triethylene glycol was described [57]. To synthesize UPRs using PET recy-
clate, PET was first glycolyzed with 1,2-propylene glycol, diethylene glycol or
their mixtures [58]. The propylene glycol/diethylene glycol ratio affects the
curing characteristics and the mechanical properties of UPRs from glycolyzed
PET. Diethylene glycol decreases the tensile modulus and increases the tough-
ness of the cured UPR. It was also shown that the extent of depolymerization
decreased and the gelation time was delayed with an increasing amount of
diethylene glycol [54]. Moreover, the incorporation of diethylene glycol units
greatly increases the tensile toughness of UPR. With the use of different glycol
compositions, it is possible to control the extent of depolymerization, gelation
time and the brittleness of UPRs, these being very important features for the
application of UPRs as matrices in fiber-reinforced composite systems.

Different metal acetates, i.e. cobalt acetate, Co(CH3COO)2 ·4H2O; man-
ganese acetate, Mn(CH3COO)2 ·4H2O; cupric acetate, Cu(CH3COO)2 ·H2O;
sodium acetate, Na(CH3COO)2 ·3H2O, and zinc acetate, Zn(CH3COO)2 ·2H2O
were examined as the PET glycolysis catalysts [53]. Zinc acetate was found
to be the most effective catalyst. It might facilitate the bond scission of poly-
mer chains and subsequently increase the extent of depolymerization, giving
lower oligomers as the glycolysis products. The polycondensation reactions
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of depolymerized PET waste was found to follow third-order kinetics [49].
It was demonstrated that the reactivity of the terephthalic-acid-based sys-
tems increased with a decrease in the amount of terephthalic acid moieties.
Moreover, the reaction rate increased with temperature and decreased with
the extent of polymerization. The kinetics of glycolysis of PET melts with
ethylene glycol carried out in a pressurized reactor at the temperature above
245 ◦C was studied [50]. A first order (in both ethylene glycol and ethylene di-
ester concentration) kinetic model was proposed. It was found that ethylene
glycol did not play a significant role as an internal catalyst in the glycolysis of
PET. Moreover, the zinc salts used did not seem to influence the glycolysis rate
at a temperature above 245 ◦C, they catalyzed however the melt hydrolysis in
an earlier study and appeared to have a catalytic effect on glycolysis below
245 ◦C. The authors suggest that the difference in catalytic behavior may be
explained by the differences in the solubility of PET and its oligomers in water
and in ethylene glycol.

The curing reactions of UPRs based on glycolyzed PET and maleic anhy-
dride were studied by differential scanning calorimetry and various kinetic
parameters were obtained from dynamic data using the Kissinger expres-
sion [59]. It was demonstrated that the polymerization heat, associated with
styrene and polyester double bonds, can be calculated by extrapolating the
heat of reaction obtained from different styrene contents.

Water-extended UPRs were prepared using depolymerized PET scrap. Two
different UPRs were mixed together: the first one with built-in maleic anhy-
dride and another one with incorporated sebacic acid. The thus prepared UPs
were cured with styrene monomer and benzoyl peroxide as the initiator and
applied for making decorative art objects [60].

Recently, the thermal characteristics of cured UPRs based on recycled PET
was given [61]. The results of tensile tests performed at various temperatures
were discussed.

3
Vinyl Ester Resins

“Vinyl ester” resins are related to UPRs. They consist of a styrene monomer
and the addition products of epoxy resins with methacrylic acid. The vinyl es-
ters are usually cured using a peroxide initiator at elevated temperature [62]
or at ambient temperature using a peroxide initiator with a cobalt promoter.
Vinyl ester resin can also be photopolymerized [63]. Photocurable vinyl es-
ter systems with methacrylic acid/phenyl glycidyl ether addition product as
a diluent were used with (±)-camphorquinone photoinitiator and N,N,3,5-
tetramethylaniline photoreducer [64]. The effect of the monomethacrylate
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diluent and other components of the resin on the photopolymerization rate
and the postcuring in the dark was investigated.

The structure of vinyl ester resins is based on the low-molecular-weight
epoxy resin (DGEBA) esterified with methacrylic acid. VERs with a different
structure are based on triglycidyl maleopimarate [65]. Thanks to the particu-
larly voluminous structure of maleopimaric acid, more styrene can be used
in that resin than usual. At a styrene monomer content as high as 70 wt %,
satisfying thermomechanical properties (i.e. Tg and deformation in the high
elastic area) and chemical resistance were achieved. In general, the male-
opimaric VERs with methacrylic groups exhibit better thermomechanical
properties and higher chemical resistance with the corresponding acrylates.

Aliphatic and cycloaliphatic polyesters exhibit much higher UV resis-
tance than the aromatic ones [66]. A cycloaliphatic dimethacrylate was
prepared by the addition of methacrylic acid to the cycloaliphatic diepoxide,
3,4-epoxycyclohexylmethyl, 3,4-epoxycyclohexanecarboxylate (ERL-4221,
Scheme 13) in the presence of triphenylphosphine catalyst.

The diepoxide was used in excess in relation to methacrylic acid. Then the
remaining epoxy groups were reacted with glutaric acid. That chain extension
yielded the oligomeric cycloaliphatic vinyl ester resin (Scheme 14).

Radical copolymerization of the cycloaliphatic vinyl ester resin with
methyl methacrylate monomer led to a crosslinked polymer characterized by
high UV resistance.

Styrene solutions of cycloaliphatic epoxy-based divinyl ester resin (45, 50
and 55 wt % styrene) were prepared and modified with TDI at room tempera-
ture [67] (Table 19).

Modification with TDI led to an increased viscosity of the resins, shorter
gelation time in comparison with the parent resin, and to reduced exotherm
peak temperature. The modified resins as well as the resins with a higher
styrene concentration were more stable at elevated temperatures. An increase
in TDI concentration also caused a significantly higher Tg and thermal resis-
tance (by about 40 ◦C; Table 20). However, the addition of TDI did not affect
the hardness. The decrease in flexural strength of the prepared resins was

Scheme 13

Scheme 14
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Table 20 Properties of the cured resins. Reprinted from (2001) J Appl Polym Sci
81:2062 [67] with permission

Resin Thermal Glass Impact Ball Tensile Flexural
No. resistance transition strength indentation strength strength

(Martens) temperature (Charpy) hardness [MPa] [MPa]
[◦C] Tg [◦C] [kJ/m2] [MPa]

1 – 101.3 – 128.8 – 113.00
2 94.0 138.2 2.46 140.0 82.01 138.12
3 96.0 139.0 2.50 145.3 85.27 122.24
4 99.0 140.9 2.63 149.4 88.96 109.88
5 102.5 142.5 2.85 150.8 92.11 108.33
6 96.5 – 3.83 151.6 81.23 130.10
7 99.0 – 4.41 153.3 82.45 127.52
8 101.0 – 7.39 152.4 84.45 121.25
9 104.0 – 8.4 153.2 92.03 120.00

10 96.0 – 3.61 145.5 67.48 118.12
11 97.0 – 4.13 147.8 72.34 113.43
12 99.0 – 4.84 149.8 79.00 104.88
13 102.0 – 5.39 147.7 83.91 103.35

negligible. The crosslinked polymers were characterized by a high impact re-
sistance and, unexpectedly, by a high tensile strength value. The results of the
investigation proved that the epoxy-based divinyl ester resins can be easily
modified with diisocyanates and this type of modification could improve the
properties.

Two liquid rubbers, i.e. carboxyl-terminated poly(butadiene-co-acryloni-
trile) (CTBN) and vinyl terminated poly(butadiene-co-acrylonitrile) (VTBN)
were used for the modification of VER cured with styrene [68]. CTBN rub-
ber is almost unreactive with VER and styrene, and the phase separation,
similar to that occurring in UPRs modified with a low profile additive, was
observed during the crosslinking process. Some toughening was achieved for
the system containing 5 wt % CTBN. The morphology of small rubber par-
ticles included in the crosslinked VER/styrene matrix was found for VTBN.

Further toughening of VERs modified with a CTBN elastomer by intro-
ducing an epoxy-terminated butadiene-acrylonitrile copolymer diluted with
a styrene monomer (Hycar ETBN 1300x40 from BF Goodrich) was pre-
sented [69]. The improvement of toughness achieved by the incorporation
of the CTBN elastomer (Table 21) extends the range of VER applications
from corrosion resistant equipment to automotive, marine and infrastructure
markets.

An increase in the fracture energy (GIC) of a standard bisphenol-A VER
and a significant increase in the mechanical properties of the CTBN-
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Table 21 Mechanical properties of VERs. Reprinted from (1996) Reinf Plastics 10:50 [69]
with permission

Bisphenol-A Flexible CTBN elastomer
vinyl ester resin vinyl ester resin modified vinyl

ester resin

Tensile strength 76–86 28 62–76
[MPa]
Tensile elongation 4.9–5.2 22 8–10
[%]
Tensile modulus 3170–3273 2005 2480–3170
[MPa]

GIC [J/m2] 100 659 409
Tg [◦C] 120 56 105

Table 22 Improvement of the toughness of VERs. Reprinted from (1996) Reinf Plastics
10:50 [69] with permission

Bisphenol-A Bisphenol-A CTBN elastomer CTBN elastomer
VER VER + modified modified VER +

ETBN 1300x40 VER ETBN 1300x40

Total rubber parts 0 12.5 8 12.5
Tensile strength 76–86 34 62–76 41–42
[MPa]
Tensile elongation 4.9–5.2 3.5 8–10 10–12
[%]
Tensile modulus 3170–3273 1654 2480–3170 1929–2203
[MPa]
GIC [J/m2] 120 910 410–550 1770–2180
Tg [◦C] 120 121 95–125 114–120

elastomer-modified VER were observed after the addition of ETBN 1300x40
(Table 22).

The best morphology for toughening purposes was obtained in the case of
the VER modified with ETBN 1300x40 and was due to small rubbery particles
varying from a nanometer to a few microns size.
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4
Flexibilization

4.1
Incorporation of Segmental Modifiers into the UP Molecules

Several possibilities have been proposed for adding oligomeric segments at
the chain ends (i.e. in the terminal position) or as the pendant groups along
the chain of a UP. Particular properties are obtained, if a polyether segment
is located in the terminal position. Perfluorinated polyether segments impart
unique properties to UPs, if randomly incorporated into the UP chain. In-
corporation of elastomeric segments may enhance the properties which are
connected with flexibility. However, it does not adversely affect the glass tran-
sition temperature.

4.1.1
Terminal Poly(oxyethylene) Segments in the UPs

A carboxyl-terminated unsaturated polyester was esterified with poly(oxy-
ethylene) diols [70]. Using poly(oxyethylene) diol with a number average
molecular weight of 2000, partly crystalline block copolymers were obtained.
The unsaturated block copolyetherester contained predominantly one termi-
nal polyether group per molecule. Block unsaturated copolyetheresters with
shorter poly(oxyethylene) terminal groups of Mn = 350 and 550 were also ob-
tained. The effect of the composition of those UPRs on the mechanical and
thermal properties was investigated [70]. The block copolyetherester with
Mn = 2000 can be dissolved in styrene monomer, thus forming a UPR with
acceptable viscosity at as little as 20% styrene.

4.1.2
UPs with Incorporated Perfluoropolyether Segments

The incorporation of saturated segments into molecules of unsaturated
polyesters is not limited to poly(oxyethylene) blocks. Application of hydroxyl-
terminated segments of perfluoropolyethers represents another approach [71].
In contradistinction to the poly(oxyethylene) segments (Scheme 15): the
perfluoropolyethers (Scheme 16): contain two reactive terminal functional
groups and thus are randomly incorporated along the chain of unsaturated

Scheme 15
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Scheme 16

polyester and not exclusively at the ends of the molecule. The block fluori-
nated polyetherester macromonomers are copolymerized with styrene.

The materials exhibit some unusual properties. The structure of the flu-
orinated polyether segments affect important properties of the UPRs. Phase
separation was observed. At a low molecular weight (1100) of the fluorinated
macromonomer, a very high adhesion of the fluorine-rich phase with the ma-
trix was found.

The morphology and its effect on resilience, on the behavior in flexural
and impact tests were investigated. In general, an increase in toughness with
respect to standard UPRs was observed.

Fluorine-modified UPRs (FUPRs) were prepared from conventional UPRs
and poly(ε-caprolactone)-perfluoropolyether-poly(ε-caprolactone) block co-
polymers (TXCL) [72]. The presence of poly(ε-caprolactone) (PCL) blocks
leads to an enhancement of compatibility with respect to pure perfluo-
ropolyether macromers. It was found that the morphology of crosslinked
FUPRs was strongly affected by the curing rate and by a critical balancing
of the fluorinated macromer/poly(ε-caprolactone) (TX/PCL) ratio and the
molecular weight of the TXCL copolymers. A slight plasticization effect was
observed by increasing the molecular weight and the PCL segment length of
the TXCL copolymers . On the other hand, the best toughening effect of the
TXCL copolymers was found for an intermediate TX/PCL ratio. Moreover,
a significant reduction of the water diffusion coefficient value for FUPRs was
shown.

4.1.3
Copolymerizable Rubber Flexibilizers

To improve the fracture properties, a copolymerizable liquid rubber flexi-
bilizer was used. The well-known commercial amino-terminated butadiene-
acrylonitrile copolymer (ATBN) reacted with maleic anhydride to form
maleimide-terminated liquid butadiene-acrylonitrile rubber [73]. A standard
two-stage procedure was applied. In the first stage, maleamic acid was formed
by the opening of the anhydride ring by the amino group. Then, in the sec-
ond stage, maleimide rings were closed by the dehydration of maleamic acid
amide groups with sodium acetate dissolved in acetic anhydride (Fig. 13).
Thus, a maleimide-terminated liquid butadiene-acrylonitrile rubber (iTBN)
was obtained. An unsaturated polyester, styrene and iTBN composition was
radically copolymerized. The morphology of the crosslinked copolymers was
investigated using TEM and SEM.
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Fig. 13 Synthesis of maleimide terminated liquid butadiene-acrylonitrile rubber

The addition of the rubber component resulted in a decrease in the modu-
lus and yield stress. However, toughening and an improvement in the impact
behavior were observed. The phase separation and formation of the rubbery
domains played an important role.

In a previous contribution [74], a hydroxyl-terminated polybutadiene
rubber was transformed into an isocyanate-terminated polybutadiene. That
modification changed the morphology of the thus-modified UPR and resulted
in an enhancement of toughness.

Blending of UPRs with functionalized rubber was applied to improve the
toughness, the impact and the tensile strength [75]. The most advantageous
complex of mechanical properties, in particular those relating to flexibility
and the impact characteristics, was achieved using nitrile rubber grafted with
maleic anhydride. UPR with incorporated hydroxy-terminated polybutadiene
or natural rubber, or epoxidized natural rubber exhibited inferior mechanical
properties. Another approach to the flexibilization of UPRs consisted in the
blending of the UPR with the reaction product of polycaprolactone diol with
maleic anhydride. The thus flexibilized UPRs were applied as binders in SMC
(sheet molding compounds). The flexibilization resulted in an increase in the
flexural and impact strength. From the range of the flexibilizer added to the
UPR of between 3 and 50% by weight, the optimum level of 20% was chosen.
At that level, the mechanical properties of the cured molding compounds, the
thickening behavior, the processing characteristics, and the fracture behavior
were determined. The phase separation on curing of the blends was observed.

Cured vinyl ester resins are fragile after curing like standard UPRs and
thus need flexibilization. The flexibilization of vinyl ester resins is made using
the known reactive rubber: vinyl-terminated liquid elastomeric butadiene-
acrylonitrile copolymer (VTBN) [76]. The macrostructure of the VTBN flex-
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ibilized vinyl ester resins is mainly affected by the composition and the con-
centration of the VTBN component, by the molecular weight, and by the cur-
ing temperature. These factors influence the morphology of the crosslinked
vinyl ester-styrene-VTBN copolymers, in particular the ratio and the shape of
the resin-rich and elastomer-rich domains, which are formed as the result of
phase separation.

Still another way to increase the toughness of vinyl esters consists of
formation of the semi-interpenetrating polymer networks (SIN) compris-
ing DGEBA dimethacrylate, styrene, a diisocyanate, and an epoxy resin, the
epoxy component containing, for example, cyclohexylene units [77]. The
boat/chair conformation of the cyclohexylene units influenced the toughness
characterized by fracture toughness and fracture energy.

Apart from the modification of UPRs through incorporation of various
oligomeric segments at the end or along the chain of unsaturated polyester,
the effect of structural changes in standard unsaturated polyesters on the
properties of UPRs was investigated. Thus, the influence of molecular weight
of unsaturated polyesters on the copolymerization with styrene and the prop-
erties of the cured UPRs was studied. The standard polyester composed of
maleic anhydride, isophthalic acid, 1,2-propylene glycol, and diethylene gly-
col in the equimolar ratio was the object of that study [78]. Increasing the
polycondensation time resulted in an increase in the number average molecu-
lar weight in the interval of 480–1700 and in the maleate-fumarate isomeriza-
tion degree from 85 up to 95%. The molecular weight was shown to affect the
compatibility with styrene. Moreover, it affects the glass transition tempera-
ture as determined by DSC and the water absorption. It seems that the effects
of molecular weight itself of the unsaturated polyester are superimposed by
the influence of different cis-trans isomerization degree and by the content
of the OH and COOH end groups as well. That approach resembles the older
publications on the influence of the position of unsaturated bonds at the ends
(“endenes”) or in the center (“centrenes”) of the polyester molecule on the
properties after crosslinking with styrene [79–83].

4.2
Interpenetrating Polymer Networks

UPRs can form interpenetrating polymer networks (IPNs). High mechanical
strength was achieved, if one of the components was a polyurethane [84]. Also
hybrid networks consisting of UPRs and polyurethanes were investigated by
many authors. In any case, an improvement of properties by incorporating
polyurethanes into crosslinked UPR [24, 85, 86] was found.

Polyurethane and UPR-hybrid IPN networks were studied by several
authors [86–88]. The thermomechanical properties of the networks were
investigated. Influence of hard domains on mechanical properties was the
main factor studied [86]. DSC measurements were applied to evaluate the



Unsaturated Polyester Resins 39

miscibility and the morphology of the polyurethane-UPR IPNs [87]. The
study was supported by DMTA. The same methods were applied for the
detailed investigation of these IPNs comprising the gelation, supermolecu-
lar structure, segmental and domain structure, static mechanical properties,
thermal stability and swelling in organic solvents [88]. Interpenetrating poly-
mer networks (IPNs) were obtained from UPRs and the acrylate-modified
polyurethane [89]. The morphology and multi-phase structure were char-
acterized. A multicomponent IPN system was created using an epoxy resin,
a bismaleimide, a cyanate ester, and components which form a UPR [90].
As the cyanate ester, 1,1-bis(3-methyl-4-cyanatophenyl)cyclohexane was ap-
plied, whereas N,N′-bismaleimido-4,4′-diaminodiphenylmethane was used
as the bismaleimide component. Materials with enhanced thermal degrada-
tion resistance and high heat deflection temperature were obtained.

A composite network was synthesized from a hydroxy-terminated unsat-
urated polyester derived from maleic anhydride, phthalic anhydride and ex-
cess 1,2-propylene glycol, styrene and an urethane prepolymer derived from
poly(oxypropylene) diol of a polyester diol based on adipic acid and excess
diethylene glycol, the oligomeric diols being reacted with excess toluene di-
isocyanate (TDI). Those three components react with each other to form
a network that is crosslinked with polystyrene bridges and urethane linkages.
The authors call such tridimensional polymers “hybrid polymer networks”
(HPN), to be distinguished from IPNs, wherein no linkages appear between
the networks. It was shown by TEM microphotography that the polymers
were microheterogeneous and rubber microdomains were separated from
the glassy UPR matrix. The obtained structure exhibited improved mechan-
ical strength in tensile and impact tests. Optimum impact strength, tensile
strength and flexural strength appear at a certain weight ratio of the compo-
nents.

A different approach consisted of the formation of a HPN by the reaction of
an unsaturated polyester as described above with a diisocyanate hard exten-
der [86]. The hard extender was created using a stiff glycol molecule (ethylene
glycol or 1,6-hexanediol) and MDI (Scheme 17):

Interpenetrating polymer networks (IPNs) consisting of a UPR, ethylene
glycol diacrylate, polyurethane from toluene diisocyanate and castor oil and
other components were investigated [91]. The effect of composition of the
IPNs on their mechanical properties and the morphology was studied. Sorp-
tion and diffusion of organic solvents through IPNs based on UPR and castor-
oil based polyurethane were tested for various weight compositions of PU and
UPR, different crosslinking density (NCO/OH ratio) and various hydroxyl
values of the used polyols [92]. It was found that all factors affect the sorption
behavior, i.e. diffusion coefficient increases with both an increase in NCO/OH
ratio and in UPR contents. The sorption coefficient showed a reverse trend.
Generally, all the IPNs studied showed high crosslinking densities and low
diffusion and sorption values.
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Scheme 17

Scheme 18

Graft VERs (Scheme 18) consisting of different side chains formed from
TDI and butanol (BO-g-VER) or poly(oxypropylene) with different molecular
weight (Mw = 200 and 390, called 200-g-VER and 390-g-VER) were synthe-
sized and used with polyurethane (formed with TDI) to obtain SINs, in which
there were no chemical bonds between the two networks [93]. The morph-
ology of the prepared SINs was studied using DSC and the SEM observation.

It was found that the interpenetration and/or compatibility between the
two networks depended on the morphology of graft VERs and the best inter-
penetration was obtained for 200-g-VER. Moreover, the compatibility of SINs
would be improved due to the higher content of urethane groups existing in
grafts which should mix well with groups in the PU networks (BO-g-VER).
The presence of BO-g-VER and 200-g-VER resulted in an increase in the
tensile strength and the elastic modulus of the investigated SINs (Table 23).

Table 23 Tg value (from DSC measurements) and mechanical properties of PU/VER SINs.
Reprinted from (2000) Eur Polym J 36:735 [93] with permission

Type of SIN Composition Tg1 Tg2 Tensile Elongation Elastic
[wt/wt] [◦C] [◦C] strength at break modulus

[MPa] [%] [MPa]

PU/BO-g-VER 100/0 232 – 9.4 489 12
70/30 249 303 16.2 239 73
50/50 248 302 20.0 68 262

PU/200-g-VER 70/30 – 350 15.5 261 55
50/50 – 312 18.5 78 245

PU/390-g-VER 70/30 272 319 8.3 282 46
50/50 – 303 9.7 97 97
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Although the elongation at break of SINs was seriously decreased, the BO-g-
VER and 200-g-VER phases reinforced the PU phase.

The inferior results obtained for the PU/390-VER systems were caused by
the microphase separation of the 390-g-VER network.

A novel approach to the modification of UPRs with thermoplastic
oligomers was presented [94]. Poly(ethylene terephthalate) (PET) oligomer
was used for the modification of properties of a commercial UPR. The PET
oligomer was extracted from the polycondensation product of bis(hydroxy-
ethyl)terephthalate (BHET). It was then dissolved in hot UPR after fine
disintegration to increase the dissolution rate. After the copolymerization
of the UP-styrene system, containing dissolved PET oligomer, a semi-
interpenetrating network was formed. Addition of the PET oligomer resulted
in an enhancement of flexibility, thus presenting an increase in the elongation
at break of the hardened UPR.

5
Decrease in Styrene Emission

5.1
With Low-Volatility Monomers

Styrene is well known as a volatile and toxic component of UPRs. Thus,
regulations in most countries limit the concentration of styrene in air. Never-
theless, styrene monomer evaporates during the processing of UPRs in open
mold. The evaporation of styrene takes place mainly on spraying and im-
pregnating of the reinforcement during the hand-lay-up laminating. Strong
ventilation contributes to styrene evaporation to the surrounding. The exist-
ing chromatographic methods for determining styrene in the industrial-area
air were elaborated by Galina and Potoczek [95]. The new selective and sen-
sitive methods using the surface acoustic wave chemical sensors or based on
measuring of absorption of ultrasonic-modulated laser beams were also pre-
sented.

There are two methods to decrease styrene concentration in air. First,
styrene replacement with less volatile and non-toxic monomers is possible.
More than 20 years ago, an attempt was made to replace styrene in UPRs
with a system of monomers consisting of glycol dimethacrylates and so-called
VeoVa, i.e., vinyl ester of a branched monocarboxylic acid [96]. A second
method is presented below.
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5.2
With Wax-Like Additives

The systems with styrene evaporation suppressants work well only if the sur-
face of the processed UPR is left undisturbed, allowing the waxy barrier film
to be formed and stay intact. As soon as laminators start working on the item,
the anti-emission film is broken and becomes ineffective.

In a general approach the styrene evaporation suppressants are dissolved
in the UPRs. It is soluble in the resin, i.e., in the solution of unsaturated
polyester in styrene and in styrene itself as well. It is, however, insoluble
in the polyester. In the course of processing, styrene monomer evaporates
from the surface and the suppressant forms a thin film, which exhibits barrier
properties in relation to styrene. This mechanism is well known as far as solu-
tion of paraffin wax in UPRs is concerned. Nevertheless, paraffin wax cannot
be applied as a styrene evaporation suppressant because of its antiadhesive
properties and the decrease in interlaminar adhesion in glass fiber reinforced
UPRs. Thus, a suitable styrene evaporation suppressant should contain an
adhesion promotor with a waxy consistence.

The general properties of a commercial styrene evaporation suppressant
are presented in an article [97]. The evaporation efficiency of that suppressant
was determined. The laboratory determination of the evaporation is carried
out by weighing the UPR before and after the weight loss in an air stream.
The effect of temperature and air stream rate on the evaporation was inves-
tigated [98].

The interlaminar strength of the additivated UPRs was evaluated using
qualitative, semiquantitative and quantitative methods [99]. Both static and
dynamic (impact) methods were applied. Following quantitative static meas-
urement methods were used: shear strength, peel strength and split resis-
tance, whereas the determination of flexural strength delivered semiquanti-
tative results. The dynamic quantitative methods comprised shear strength
and separation resistance. The semiquantitative dynamic method was based
on the impact strength test. Moreover, a peel strength evaluation method has
been recommended.

Since commercialization in the mid 1980s by Byk-Chemie of the styrene
evaporation suppressant BYK S 740 which was elaborated at the Indus-
trial Chemistry Research Institute in Warsaw, Poland, some new infor-
mation about low styrene-emission (LSE) UPRs was launched, cf., e.g.,
refs. [100, 101].

Styrene has been classified as a possible carcinogen. Thus, an operatively
simple method was needed to determine the styrene concentration in air
which the workers busy with laminating are occupationally exposed to. The
elaborated method of analysis consists of a diffusive sampler, which can be
analyzed using thermal desorption-gas chromatography, and is applied for
styrene absorption from the ambient environment [102].
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6
Decrease in Flammability and Smoke Emission

Many ways have been developed to decrease the inflammability of cured
UPRs. The most important method consists of incorporating brominated
raw materials or adding brominated fire retardants. The use of brominated
compounds, in particular polybrominated diphenyl ether, has been criti-
cized for toxicological reasons [103]. As the source of bromine in UPRs,
2,3-dibromo-2-butene-1,4-diol (Scheme 19):

Scheme 19

and dibromoneopentyl glycol diallyl ether (Scheme 20):

Scheme 20

have been proposed [104].
Phosphorus compounds, e.g. ammonium polyphosphate or encapsu-

lated red phosphorus particles were also mentioned as efficient fire retar-
dants [105, 106]. As an additive, which combines the fire retardant function
of nitrogen and phosphorus and exhibits synergism of nitrogen and phos-
phorus, melamine diphosphate was described [107]. Bromine compounds are
synergistic fire retardants, if used jointly with antimony oxide [108].

Another group of fire retardants presents additives, which evolve water on
heating, namely aluminum hydroxide [109] and magnesium hydroxide [110].
A disadvantage of such additives consists of the fact that they need to be used
in relatively large amounts, thus increasing the viscosity of UPR and mak-
ing the laminating difficult. However, they show an important advantage: they
sharply decrease the smoke emission on fire. Many years ago, the strongly
acidic zinc borate that contains water of crystallization was commercialized
as a fire retardant for UPRs [111]. Only recently, “plate-shaped” carbon black
particles were shown to be applicable as efficient fire retardants for IPNs com-
posed of styrenated UPRs and an amine cured epoxy resin [112]. In a study of
the thermal degradation of carbon black containing IPN, the conventional or
the modulated thermogravimetric analysis was applied. TGA apparatus was
used. The activation energy of the decomposition process was determined. It
was found that the activation energy increased when carbon black was added.

In addition to carbon black, expandable intercalated graphite flake was
shown to be an effective intumescent fire retardant additive for UPR [113].
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It decreases the flammability of the cured halogen-free UPR when added at
the level of 10 phr. Expandable graphite is manufactured using natural crys-
talline graphite. Because no covalent bonding exists between the layers, other
molecules can be inserted between them. In the commercial process, sul-
phuric acid is inserted into the graphite. Thereafter, the flakes are washed
and dried. The intercalant is trapped inside the graphite lattice, so the final
product is a dry, pourable, non-toxic material with negligible acidity. When
the intercalated graphite is exposed to heat or flame, the inserted molecules
decompose to generate gas. The gas forces apart the carbon layers and the
graphite expands. The expanded graphite is a low density, non-burnable,
thermal insulation. Commercial expandable graphite is named GRAFGUARD
220-80N. The decomposition temperature amounts to 220 ◦C.

An effect of expandable graphite and the expandable graphite com-
bined with other fire retardants on the flammability of a hardened standard
halogen-free unsaturated polyester resin is presented in Table 24.

The expandable graphite was particularly effective, if added in conjunc-
tion with ammonium polyphosphate as a synergist. The cast profiles made
of rigid UPR with expandable graphite added were observed to eject burn-
ing sparks. However, the generation of sparks was eliminated, if expandable
graphite (7.5–10.0 phr) was used together with the synergists: ammonium
polyphosphate (5–10 phr) or pentabromoethylbenzene (5 phr) and antimony
trioxide (2.5–3.0 phr). As far as fire retardation is concerned, the following
behavior was observed: self-extinguishing; after-flame time 0 sec; non-burnt
length 80 mm.

Among inorganic fire retardants, zinc hydroxystannate ZnSn(OH)6 should
be mentioned. ZnSn(OH)6 is a commercial product (Flamtard H) manu-
factured by Alcan Chemicals Europe. Some other tin compounds: tin(IV)
oxide SnO2 and zinc stannate ZnSnO3 can also be used [114]. Mixtures
of zinc hydroxystannate ZnSn(OH)6, zinc stannate ZnSnO3 and zinc borate
or zinc molybdate were used in UPRs as fire retardants and smoke sup-
pressants [115]. The heat release rate, the time required to ignite the glass
fiber reinforced UPR, the weight loss rate, and the surface extinction area
were determined using the cone calorimeter. The same fire retardants and
smoke suppressants in combination with Al(OH)3, Mg(OH)2 and Sb2O3 were
investigated in the chlorine and bromine containing UPRs and reinforced
polyesters [116]. Standard testing methods were applied. In the same se-
ries of publications, a study of the effect of ZnSn(OH)6 on the kinetics of
pyrolysis of a halogenated UPR was presented [117]. It was found that tin
compounds were effective fire retardants in halogenated UPR systems [114].
As the halogenated components of the UPR systems with tin fire retardants,
HET acid, dibromoneopentyl glycol and tetrabromophthalic anhydride were
used. Formation of tin halides from the thermal degradation of Sn/Cl and
Sn/Br systems was evidenced [114, 118].
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The application of tin compounds as fire retardants in UPRs has been criti-
cized due to the need of using halogenated components. Halogen-free systems
have been preferred. Nevertheless, tin compounds became the object of in-
vestigation as fire retardants and smoke suppressants in UPRs [114, 117, 119].
Among others, the cone calorimeter was applied [120]. Within those inves-
tigations, an attempt was made to consider the flammability of cured UPRs
on a background of the thermal degradation processes and kinetic calcula-
tions [117].

A similar approach was previously applied to the study of the thermal
degradation of UPRs based on dihydrodicyclopentadienyl-terminated unsat-
urated polyesters [121]. The thermal degradation products were identified
using coupled pyrolysis gas chromatography/mass spectrometry analysis. It
was found that end groups capping with dicyclopentadiene enhanced the
thermal stability [122]. Pyrolysis of standard UPRs was studied using ther-
mogravimetry, differential thermal analysis, differential scanning calorime-
try, and pyrolysis coupled with gas chromatography [123]. The effect of addi-
tives: glass and carbon fiber, silica, carbon black, metal oxide fire retardants,
smoking suppressants, and lubricants was investigated.

Smoke emission (optical density of smoke) during combustion of cured
UPRs can be decreased by using additives [124]. MoO3, zinc borate or water-
evolving additives [Al(OH)3, Mg(OH)2 and SnO2] are suitable. The smoke
decreasing efficiency of the additives in brominated UPRs depends on the
combustion temperature. MoO3 is efficient at high temperature (700 ◦C),
whereas zinc borate and SnO2 are efficient at a low temperature of pyroly-
sis (300–400 ◦C). The efficiency of Al(OH)3 is high over a broad range of the
pyrolysis temperature, it should be used, however, in large amounts.

Thermal degradation of UPRs used as a component of a binder in propel-
lants was investigated [125].

7
Chemical and Alkali Resistance

As cheap and easy to process materials, unsaturated polyester resins are
widely used as coatings as well as reinforced composites for the manufac-
ture of for example water pipes, hulls of boats, yachts and large ships, solvent
reservoirs, tanks, and other uses. It is well known that UPRs contain ester
groups (especially maleate/fumarate and phthalate) in the chain and thus
exhibit a relatively high sensitivity to hydrolysis. The hydrolysis can ini-
tiate cracking, which leads to macroscopic cracks. Vinyl esters containing
methacrylic ester groups exhibit much better hydrolytic stability.

It was found that the flexibilization of chemically resistant UPRs resulted
in an increase in the chemical resistance [126]. The comparison between stan-
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dard alkali resistant UPRs based on propoxylated bisphenol A, which are brit-
tle and tend to cracking, and their flexibilized analogues has confirmed the
advantageous effect of flexibilization on the chemical resistance. As the flexi-
bilizing components of the unsaturated polyester from propoxylated bisphe-
nol A and maleic anhydride, dimerized fatty acids, poly(1,2-oxypropy-lene)
diol and poly(1,4-oxybutylene) diol were applied. It is assumed that the flex-
ibilization counteracts the formation of microcracks. The microcracks open
up a path to the inside of the cured UPR, thus resulting in the chemical degra-
dation of the crosslinked polymer.

Polyester prepolymers based on a binary, ternary and quaternary com-
bination of maleic anhydride, isophthalic acid and various glycols (ethy-
lene, propylene, neopentyl, diethylene) were synthesized and used as model
compounds to predict the hydrolysis behavior of the corresponding styrene
crosslinked networks [127]. Thus, samples of the prepared materials were im-
mersed in water at 100 ◦C and the hydrolysis rate was determined by titration
of acids at chain ends. The obtained data on structure-stability relationships
and the proposed kinetic equations of the network hydrolysis gave a good
order of magnitude for the rate constant, there was, however, a systematic
overestimation. The rate constants were of second order and were indepen-
dent of hydrophilicity. It was also found that fumarates are 5–20 times more
reactive than phthalates as far as hydrolysis is concerned. No significant
differences in reactivity of used glycols except for the more reactive ethy-
lene glycol were observed. The hydrolytic stability of the four unsaturated
polyester networks with chain ends modified by isocyanate or dicyclopen-
tadiene were checked for comparison [128]. The results of gravimetric and
infrared spectrometry analyses demonstrate similar stability of modified and
standard polyester but for a given hydrolysis rate, the modification of chain
ends with an isocyanate decreases the rate of weight loss very clearly. Al-
though the use of dicyclopentadiene for the control of chain ends does not
reduce the weight loss rate, it helps to decrease the hydrolysis rate.

Another combination of experimental and theoretical methods was used
for the estimation of the solubility parameters of a bulk molding compounds
based on unsaturated polyester with poly(vinyl acetate) as the low profile
additive and glass fibers, calcium carbonate and various additives [129].
The BMC samples were dried in vacuo at 50 ◦C (constant weight) and were
placed in an organic solvent saturated atmosphere for 500 hours in a ther-
mostated chamber at 30 ◦C. The authors decided not to immerse the samples
in solutions of selected chemicals because they assumed that the extraction
was limited; the difference between the solvent concentration at the surface
of the composite is insignificant and the equilibrium volume is the same.
Moreover, the process is slower and could be observed by regular weigh-
ing. The Hildebrand solubility parameter calculated from the molar additive
laws and determined from unrelaxed elastic constants as well as partial sol-
ubility parameters from a sorption test using bidimensional solubility maps
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showed that inorganic fillers played no significant role, and the composite
characteristics are intermediate between polyester and poly(vinyl acetate).
These parameters determined with maximum discrepancy between the ap-
plied methods of less than 10%, could be used to predict the behavior of the
material in the presence of solvents of known characteristics, e.g. for a ratio-
nal choice among a range of paint solvents.

The effects of solvent exposure on the viscoelastic properties of several
vinyl ester resins (phenolic-novolac epoxy, propoxylated bisphenol-A fu-
marate, urethane and bisphenol-A epoxy based) and various unsaturated
polyester resins (terephthalic or isophthalic acid with a standard glycol based)
containing 10 wt % glass fiber were studied [130]. The results of dynamic
mechanical analysis showed that the influence of exposure time to the sol-
vent as well as the influence of temperature depended on the styrene content
and chemical composition of the studied resins, while the amount of cobalt
octoate used for the synthesis as the accelerator had no influence on the vis-
coelastic properties of the prepared materials after solvent exposure. It was
also found that not fully cured urethane vinyl ester and the terephthalic acid-
based unsaturated polyester resins showed excellent resistance to sulfuric
acid exposure. However, interactions between the tested resins and petroleum
could possibly occur through intermolecular bonding between the non-polar
chains of the cured resins and the solvent.

A highly water sensitive permeameter associated with a new method of
determination of the transport properties in polymer films was used for the
study of diffusion and permeation properties of liquid water through an
isophthalic acid-maleic anhydride-propanediol-based polyester resin [131].
The water migration was discussed on the basis of the change in the infrared
spectra and chemical structure of the resin during the curing process. The
concentration-dependent parameters related to the water transport in a UPR
were determined and would be used for prediction of the steady-state or the
transient flux of water through a polyester layer in the real application cases.
It was also found that the water sorption by the resin decreased the glass
transition temperature of the water saturated material by 20 ◦C and led to a dif-
fusivity enhancement by the plasticization effect. Moreover, the two methods:
the differential permeation and microgravimetry techniques were used for the
study of the same penetrant-UPR system and gave valuable information on the
behavior of water vapor in the sorption and diffusion in UPRs [132].

The microstructure of iso-phthalate polyester films before and after expo-
sure at room temperature to an alkaline solution was studied using tapping
mode atomic force microscopy (AFM) [133]. The results of structural charac-
terization as well as chemical analyses using attenuated total reflection FT-IR,
total carbon analysis and liquid chromatography-mass spectroscopy showed
that the base-catalyzed hydrolysis of polyester was a heterogeneous process.
The formation of pits occurs as a result of hydrolysis and the number and size
of pits increases with exposure time.
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The enzyme-catalyzed hydrolysis of phthalic units containing polyesters
could be used as a potential tool for the block length sequence analysis [134].
Thus, copolyesters undergo two kinds of degradation process in the pres-
ence of lipase from Chromobacterium viscosum: a fast and selective enzymatic
hydrolysis of the fumaric ester functions and a slow but non-selective uncat-
alyzed hydrolysis of fumaric and phthalic ester functions.

8
Thermal Degradation

Thermal degradation of UPRs prepared by the reaction of straight-chain as
well as branched-chain glycols with maleic anhydride and either phthalic anhy-
dride, isophthalic acid or terephthalic acid was studied using various methods,
i.e. thermogravimetry (TG), differential thermal analysis (DTA), pyrolysis-gas
chromatography (Py-GC) and differential scanning calorimetry (DSC) [135].
The effects of composition, the cure conditions and incorporating fillers on the
degradation processes of UPRs were analyzed. It was found that degradation of
the resins started at about 200 ◦C and proceeded with major weight loss at about
400 ◦C. The addition of fillers or glass fiber reinforcement decreases the ther-
mal stability of UPRs and the temperature of char oxidation, these changes are,
however, negligible. Similarly, the curing method and regime affect the stability
of the resins and the composition of the degradation products only to a small
extent. It is also well known from the previous research [136] that the structure
of the initiator affects the thermal properties of UPRs cured with MEKP being
more thermally stable than those cured with benzoyl peroxide.

TG, DTA, isothermal TG, IR and hot stage polarizing microscopy stud-
ies [137] of the thermal degradation of diethylene-glycol-based UPRs
synthesized by one-step, two-step and three-step polyesterification pro-
cesses showed that the mode of thermal degradation of the prepared
UPRs was different in air and in nitrogen. The degradation of resins
starts with the breaking of ester linkages (decarboxylation process with
CO2 forming) and occurs in a two-step first order reaction in air and in
a single-step reaction in nitrogen. The thermostability, both in air and
in nitrogen, and the fire behavior of UPRs synthesized from prepoly-
mers: the maleate/iso-phthalate/propylene glycol type, the maleate/iso-
phthalate/propylene glycol/neopentyl glycol type and the maleate/ortho-
phthalate/propylene glycol/neopentyl glycol/ethylene glycol/diethylene gly-
col type with the chain end capped with dicyclopentadiene (Scheme 21) were
studied [138]. The critical temperature of the thermal degradation was de-
termined and the products released during pyrolysis were identified using
a coupled PY/GC/MC technique to study the thermal and thermooxidative
mechanisms. Water, carbon monoxide and carbon dioxide were found to be
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Scheme 21

the most important degradation products, although styrene and its deriva-
tives as well as the products based on DCPD structure and on polycyclic
molecules were also detected. The ester linkage breaking was proposed to be
the major degradation step, and the activation energy was calculated for dif-
ferent reaction rates. Moreover, it was proved that the modification of UPRs
with DCPD and the post-curing process increased the oxygen index, i.e. the
material behavior in fire was better than that of the DCPD-free UPRs.

Conventional and modulated thermogravimetric analysis (TGA, MTGA)
was used for the study of thermal degradation behavior of carbon-black con-
taining IPNs based on unsaturated polyester/epoxy resins [139]. The decom-
position process of the IPNs consists of two non-interfering degradation
processes of epoxy resin and UPRs and the polyester seemed to decompose
first, but the epoxy component degraded at a higher conversion. The addition
of a carbon black flame retardant, chosen because of its ability to expand at
elevated temperature, increases the activation energy and changes the mech-
anism of IPN decomposition. Carbon black would inhibit the diffusion of
oxygen and heat into the IPNs and their porous structure is able to absorb the
volatile gaseous and liquid products of pyrolysis.

The thermal stability of UPRs prepared with styrene as the monomer re-
flects the extension of phase segregation of the mixture and therefore could
be controlled by the styrene content [24]. The thermogravimetric curves of
standard UPRs cured with different amounts of styrene show a single thermal
degradation process in argon and the temperature corresponding to the max-
imum degradation rate increases with the styrene content up to 38 wt %. It is
well known that crosslinked resins undergo spontaneous decomposition near
to 300 ◦C, even in the absence of oxygen. All vinyl copolymers are degraded
into monomeric units at high temperatures.

9
Chemical Analysis and Structural Investigation of Crosslinked Polyesters

Infrared and nuclear magnetic resonance spectroscopy are commonly used
methods for the structural investigation of the by-products and the finally



Unsaturated Polyester Resins 51

crosslinked UPRs. Ultraviolet spectroscopy is applied for the purity control
of the starting materials. The new techniques were developed, or adapted
to the UPRs analysis: the low-resolution NMR, 1H-13C correlation spectra,
high resolution 13C-NMR in the solid state and different polarization tech-
niques with high power dipolar decoupling giving more information about
the structure and enabling a detailed study of the morphology of crosslinked
UPRs and also of UPRs modified with other polymers, as well as of dif-
ferent types of IPNs with UPRs. The results obtained from the complex
spectroscopy studies are very often compared and/or completed by the rhe-
ological measurements, thermal (DSC, TG) and dynamic mechanical thermal
analysis (DMTA) [140]. Spectroscopic techniques and other different analyti-
cal methods (e.g. X-ray diffraction; SEM, TEM and microscopic observations,
static and dynamic light scattering) are presented in this chapter.

9.1
Spectrometry

Polymerization kinetics of polyurethane and vinyl ester resin SINs were
studied [141] by using FT-IR spectroscopy in a temperature range from 60 up
to 110 ◦C. A decrease in the characteristic absorption peaks at 2274 cm–1 cor-
responding to the isocyanate group, styrene at 910 cm–1 and vinyl ester (VER)
at 812 cm–1 was observed (Fig. 14) as the reaction of PU/VER proceeded.

Fig. 14 Decrease in characteristic absorption peaks as the reaction proceeds of PU/VERA
(the resin with pendant hydroxyl group capped with acetyl groups) (50/50) SIN at
100 ◦C: a isocyanate group at 2274 cm–1; b styrene at 910 cm–1; c vinyl ester at 812 cm–1.
Reprinted from (1996) J Appl Polym Sci 59:1417 [141] with permission
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The C-H peak at 2924 cm–1 and the phenyl peak of styrene at 700 cm–1

were chosen as the internal standards for PU and styrene and the absorbance
area determined by the tangent base-line method was used to calculate the
reaction conversion from the change of the normalized absorbance. The pen-
dant hydroxyl groups of vinyl ester resin (VER) were capped with acetyl
groups to minimize the possibility of chemical bond formation between both
networks and therefore infrared spectroscopy was assisted by 1H-NMR an-
alysis. Irrespective of the kinetic study of PU/VER SINs, FT-IR could be also
applied to optimize the operational parameters involved in the production of
such materials by RIM technology. The olefinic absorption at 989 cm–1 (bond
stretching vibration) [142] and 1650 cm–1 (bond deformation vibration) with
the inner cis (1H-NMR: chemical shift 6.24 ppm) and trans (1H-NMR: chem-
ical shift 6.82 ppm) stereoisomeric forms of the ester unit could be used for
the confirmation of the unsaturated nature of the polyester [143]. The two
small NMR signals for outer fumarate (6.78 ppm) and maleate (6.20 ppm)
protons are useful for the determination of the molecular weight of UPs. The
main absorptions in the IR spectra of polyesters are listed in Table 25.

1H-NMR (200.13 MHz with a sweep width of 3600 Hz) and 13C-NMR
(50.33 MHz with a sweep width of 13.5 kHz) spectroscopy were used to study
the microstructure of fumarate-based polyesters for use in bioresorbable
bone cement composites and the impact of their microstructure on the phys-
ical properties as well as hydrolysis of the cements [145]. Poly(propylene
fumarate)s (PPF) were synthesized by the transesterification polyconden-
sation of diethyl fumarate (DEF) with different diols: (±)-1,2-propanediol
(PD), (S)-(+)-1,2-propanediol, 2-methyl-1,3-propanediol, and 2,2-dimethyl-
1,3-propanediol in the presence of p-toluenesulfonic acid monohydrate
(PTSA) or metal-containing catalysts: zinc chloride, aluminum trichloride, ti-

Table 25 The main absorptions in the IR spectra of UPs [143, 144]

Absorption [cm–1] Assignment

3560 (small, broad) Stretching OH terminal hydroxyl
3450 (small, broad) Stretching OH terminal carboxyl
3100 (small, broad) Stretching = C – H olefinic
2870 (strong, sharp) Stretching sym methylene
2800 (medium, sharp) Stretching asym methylene
1700–1740 (strong, sharp) Stretching C= O ester
1650 (medium, sharp) Stretching – C= C – olefinic
1580 (small, sharp) Stretching – C= C – aromatic and olefinic
1480 (medium, sharp) Bend methylene
1150–1380 (medium, sharp) Stretching – C – O – C –
1185 (strong, sharp) Stretching – C – O – (C= O) –
670, 750, 880 (medium, sharp) cis-olefinic and aromatic residues
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tanium tetrabutoxide and titanium tetrachloride. Applying high-resolution
NMR analysis with the distortionless enhancement by the polarization trans-
fer technique (DEPT, evaluation delay of 3.704 ms) and 1H-13C correlation
spectra showed that the extent of formation of branched structures associ-
ated with the addition of hydroxyl end groups to the unsaturated bonds in
the polyester depended on the acidity of the catalyst. Polycondensation in
the presence of a metal-containing catalyst, which can coordinate with the
hydroxyl groups of 1,2-propanediol, gives a polymer with a more regular
structure and with a higher content of double bonds than the polymerization
with PTSA as the catalyst. The different regiospecificity in the case of using
PTSA is a consequence of the different modes of addition of 1,2-propanediol.
A decreasing number of double bonds results from the side reactions.

The structure of thermotropic block copolyesters containing aliphatic un-
saturated units was studied using 13C and 1H NMR with selective homo-
and heteronuclear irradiations and off-resonance 13C{1H} experiments [146].
Copolyesters were prepared by interfacial polycondensation between fu-
maroyl chloride, 2-methyl-1,4-dihydroxybenzene and a variable amount of
the α, ω-dichlorocarbonyl oligomer corresponding to the flexible UP block,
and the aliphatic UP with unsaturations in the main chain, poly(2-methyl-1,2-
propanediyl fumarate) (Scheme 22):

Scheme 22

and with unsaturations in side groups, poly(oct-7-ene-1,2-diyl adipate)
(Scheme 23):

Scheme 23

were obtained. The carboxylic nature of the end groups in α,ω-dicarboxy
polyester (precursor of the α,ω-dichlorocarbonyl oligomer) is shown by the
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absence of CH2OH and CHOH signals (60–65 ppm for 13C and 3.5–4.0 ppm
for 1H), as well as the presence of a COOH resonance in the 13C-NMR
spectrum (Fig. 15), additionally confirmed by the end groups chemical
titration. 1H-NMR spectroscopy also provides information about the ex-
tent of the side reaction of hydroxyl groups on the double bonds, be-

Fig. 15 1H-NMR (250 MHz) and 13C-NMR (62.9 MHz) spectra (CD3COCD3, ref. TMS,
S – solvent) of α,ω-dicarboxy polyester. Reprinted from (1995) Eur Polym J 31:733 [146]
with permission
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low 6% of the total number of double bonds (H1S signal at 3.05 ppm,
Fig. 15). The 13C-NMR spectra (e.g., Fig. 16) of the final block copolyesters,
recorded from trifluoroacetic/CDCl3 solutions fit with the chain structure of
(Schemes 22, 23) and present signals (starred small peaks observed in the
110–155 ppm range) corresponding to 4-hydroxy-3-methylphenyl fumarate
and 4-hydroxy-2-methyl fumarate end groups. The glass transition tempera-
ture of copolyesters and the melting processes were investigated by DSC and
the thermal crosslinking in the nematic state was studied using IR spec-
troscopy. Anisotropic melts with nematic textures for some branched poly-
mers were observed by polarizing microscopy and the nematic mesophase
was confirmed by X-ray diffractometry.

The 1H-NMR (300 MHz) analyses performed by using a CDCl3/1,1,2-
trichloro-1,2,2-trifluoroethane (TCTFE) mixture as the solvent were applied
for the monitoring of the degree of synthesis and structural investigation of
the UPRs modified with perfluoropolyethers [71]. The number-average mo-
lecular weight (Mn) of the used telechelic-fluorinated macromers based on
perfluoropolyethers (HO–RH–PFPE–RH–OH) was determined by 19F-NMR.

Some low-molecular-weight model molecules were prepared by the re-
action between the diols (1,2-propanediol and telechelic macromers) and
maleic and phthalic anhydrides. Model compounds were used to assign the

Fig. 16 13C-NMR (62.9 MHz, CDCl3/TFA, ref. TMS, TFA–trifluoroacetic acid) spectrum of
block copolyester (Scheme 22) contains 75 wt % of rigid block. Reprinted from (1995) Eur
Polym J 31:733 [146] with permission
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peaks in the 1H-NMR spectra of the final resins, as described below:

– CF2 – CH2 – O – (CH2 – CH2 – O)0.5 – CH2 – CH2 – O – (C= O) –

at 4.46 ppm (broad singlet)

– CF2 – CH2 – O – (CH2 – CH2 – O)0.5 – CH2 – CH2 – O – (C= O) –

at 3.5–4.0 ppm (broad multiplet)

– O – (C= O) – CH= CH – (C= O) – O –

at 6.25 ppm (cis, broad singlet)

at 6.85 ppm (trans, broad singlet)

and in Table 26, where the typical 1H-NMR signals in spectra of polyesters
are presented. The maleate (cis)-fumarate (trans) isomerism in dicarboxy di-
esters and UPs from maleic anhydride and various diols (propylene glycol,
propylene oxide and propoxylated bisphenol A) was studied by 1H (300 MHz)
and 13C (75 MHz) nuclear magnetic spectroscopy with tetramethylsilane
(TMS) as an internal standard [147]. The cis-trans isomerism and the pres-
ence of fumarate unsaturation sites play a key role in determining the physical
and chemical properties of the crosslinked UPRs, owing to a higher reac-
tivity of the trans isomer in copolymerization with vinyl monomers. The
assignments of the resonances were confirmed by using DEPT (Distortionless
Enhancement by Polarization Transfer) experiments. The spectral resolution
(consequently the accuracy of integration) and peak position determination
were improved by using the CDRE (Convulsion Difference Resolution En-
hancement) method. Thanks to the sensitivity of the carbon atoms in diols
to the maleate/fumarate isomerization, it was found that the extent of iso-
merization at a given temperature appeared to be intimately associated with
the chemical structure of the diol units, and was governed by the distance be-

Table 26 The main chemical shifts in the 1H-NMR spectra of UPRs [71, 143, 144, 148]

Resonance signal (δ) [ppm] Assignment

7.2–7.6 doublets – CH= CH – aromatic
6.82–6.85 singlet – CH= CH – fumarate
6.24 singlet – CH= CH – maleate
4.35 singlet – (C= O) – O – CH(CH3) – CH2 – O – (C= O) –
4.22 triplet – O – CH2 – (CH2)4 – CH2 – O –
3.5–5.5 multiplet – O – CH2 – CH2 – O – glycol
2.5–3.0 singlet – (C= O) – (CH2 – CH2) – (C= O) –
1.4–1.5 triplet CH3 – group
1.1–1.4 multiplet – (C= O) – O – CH(CH3) – CH2 – O – (C= O) –
1.32 multiplet – O – CH2 – (CH2)4 – CH2 – O –
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tween the hydroxyl groups, their structure (primary or secondary) as well as
the molecular mobility.

The structural changes upon crosslinking of UPRs derived from maleic
anhydride and propoxylated bisphenol A were followed by measuring the
proton spin-lattice relaxation time, TH

1 and spin-lattice relaxation time in
the rotating frame, TH

1ρ vs. crosslinking temperature and styrene content,
using high resolution 13C-NMR in the solid state with cross polarization
along with high power Dipolar Decoupling (DD) and Magic Angle Spinning
(CP/MAS) [149]. It was found that the crosslinking effect was governed by
the number of residual unsaturation sites, the length of styrene subchains
as well as the concentration of styrene and polyester chain ends. The extent
of the crosslinking effect can be determined by subtracting the calculated
values of relaxation times related exclusively to the composition (so called
copolymer effect) from the experimental values resulting from the crosslink-
ing and combined copolymer effects. The 13C-NMR results of the further
study of styrene crosslinked mixed polyesters were in good agreement with
Tg values obtained from DSC analyses as well as with some mechanical prop-
erties and showed that the extent of the crosslinking effect under fixed curing
conditions (i.e., for a given polystyrene segment sequence length and cur-
ing temperature) might be associated also with the changes in crosslinking
density, controlled by the variations in the UP composition [150]. The 13C-
NMR (50.3 MHz) spectroscopy in solid state with CP/MAS was applied for the
determination of residual unsaturation in styrene-cured UPRs containing fu-
marate, iso-phthalate and propylene glycol structural units [151]. Problems
appear with overlapping peaks in 13C-NMR spectra of solid styrene-cured
UPRs, but the used interrupted decoupling pulse sequence reduced the level
of interference by suppressing the signals from the CH and CH2 groups. The
signals at recorded spectra were assigned as described below:

129 ppm – CH groups in the phenyl rings of styrene units and the aroma-

tic rings of isophthalic units;

131 ppm – non-protonated aromatic carbon in iso-phthalate units;

144 ppm – aromatic rings in structural units derived from styrene;

165 ppm – carboxylic carbon in unreacted fumarate and isophthalic units;

172 ppm – carboxylic carbon in the saturated reaction products derived

from fumarate structural units.

It was found that decreasing the styrene content below 47% by weight re-
sulted in residual polyester unsaturation, whose degree was estimated from
the relative area of peaks at 172 ppm and 165 ppm. Both 13C (50.28 MHz) and
1H-NMR (200 MHz) spectroscopies (in CDCl3 solution with TMS as a stan-
dard) were used jointly for analysis of the copolyesterification in bulk be-
tween phthalic anhydride, oleic acid and neopentyl glycol [152]. Application
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of the high resolution NMR techniques enabled the identification and quan-
titative determination of the different polymeric sequences and monomeric
structures formed during the process of copolyesterification.

Low-resolution pulse 1H-NMR nuclear magnetic resonance (LRP-NMR)
was used to study the curing behavior of five UPRs with different molar ra-
tios of styrene to the double bonds in the polyester chain [153]. The method
is based on the monitoring and characterizing of the 1H-NMR signal—Free
Induction Decay (FID) by the constant T2 (spin-spin relaxation time) and, be-
cause the decay of the FID signal is sensitive to the motion of the molecules,
three components could be seen in the crosslinking reaction: styrene (very
mobile, T2 ≈ 3 s), free polyester molecules (less mobile, T2 ≈ 150 ms), and
cured resin (immobile, T2 ≈ 0.04 ms). At the gel point, the third compon-
ent could be detected and the proton population of the cured resin started
to increase, while the proton mobilities of styrene and free polyester were
rapidly decreasing. The crosslinking of UPRs was characterized by the gel
time, the curing time and the maximum temperature. The results obtained
from the standard (ISO 584-82) method based on changes in electrical con-
ductivity with temperature and low resolution 1H-NMR spectroscopy were
in good agreement with each other. They showed that the gel and the cur-
ing time decreased when the molar ratio of styrene to double bonds in UP
decreased, while the maximum temperature of the crosslinking decreased,
respectively. Subsequent investigation, correlated with the rheological meas-
urements of viscoelastic properties, led to a conclusion that the time value
taken from the LRP-NMR method was not actually the gel time, but the time
at which the resins transform from the microgel formation stage to the tran-
sition stage [154].

The XPS method was applied for the investigation of the morphology of
crosslinked fluorine-modified UPR (FUPR) systems, prepared from conven-
tional UPRs and poly(ε-caprolactone)-perfluoropolyether-poly(ε-caprolac-
tone) block copolymers (TXCL) [72]. A very strong surface enrichment in
fluorinated segments, which increases by increasing the TX/PCL ratio, was
demonstrated by XPS analysis.

Apart from the structure investigation of crosslinked polyesters, differ-
ent methods were used to check the purity of raw materials for making
polyesters. Solid-Phase Extraction (SPE) and analytical techniques such as
High-Performance Liquid Chromatography (HPLC) coupled with Diode Ar-
ray Detection (DAD), Gas Chromatography-Mass Spectrometry (GC/MS) and
Gas Chromatography-Fourier Transform Infrared Spectroscopy (GC/FT-IR)
were jointly applied for the identification of impurities affecting commercial
ethylene glycol UV transmittance [155]. The elaborated method allows one
to determine the concentration of impurities which were estimated to be less
than 2 µg/ml. That method could be used as a practical technique for the
identification of impurities in commercial ethylene glycol. Conventional Gel
Permeation Chromatography (GPC) using a single column packed by a mixed
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gel packing with polystyrene calibration and GPC connected with the Multi-
angle Laser Light Scattering Detector (GPC-MALLS) provides good molecular
characterization of UPRs, as well as even the trace amounts of their high-
molecular weight by-products [156]. A slight tendency to overestimate Mn
and to underestimate Mw values of samples containing high-molecular weight
fractions was indicated.

9.2
Other Methods

Different methods were developed and applied for the structure analysis and
characterization of the polyesters properties. The morphology of the unsatu-
rated polyester and vinyl ester networks was studied using the ArF excimer
laser (λ = 193 nm, pulse duration time 16 ns, in air under atmospheric pres-
sure) surface treatment, followed by SEM observations [157]. Samples were
analyzed, after laser treatment, by profilometry to determine the ablation
threshold. The differences between the thresholds at which ablation of vari-
ous consistent phases of the materials occurs were used. That method enabled
the determination of the two-phase structure of the vinyl ester matrices and
the organized structure network of UPs. SEM analysis was also used for inves-
tigation of the compatibility of uncured fluorinated UPR systems. The results
were in good agreement with the macroscopic results obtained by visual in-
spection [72].

Structure-property relationships in crosslinked polyester-clay nanocom-
posites, prepared by dispersing methyl tallow bis-2-hydroxyethyl quaternary
ammonium chloride-modified montmorillonite in prepromoted polyester
resin and subsequently crosslinking using the methylethylketone peroxide
initiator at room temperature and at several clay concentrations, were ana-
lyzed by X-ray diffraction combined with Transmission Electron Microscopy
(TEM), thermal (TGA) and dynamic mechanical analyses as well as by
the determination of mechanical and optical properties [158]. In all cases
the formation of a nanocomposite and the morphology of a dispersion of
intercalated/exfoliated aggregates of clay sheets in the resin matrix were con-
firmed (Fig. 17). In the absence of reflection irrespective of clay concentration
in the scattering curves for all the polyester-clay nanocomposites was ascer-
tained.

Dynamic mechanical analysis is the most widely used technique for the
investigation of mechanical properties and the structure-property relation-
ships in polymeric materials. The dynamic mechanical results expressed as
storage modulus (E′), loss modulus (E′′) and loss tangent (tan δ) in the func-
tion of temperature demonstrate for example the phase composition, phase
transition with glass transition temperature and the structural relaxation pro-
cesses. The phase segregation in the cured UPRs with an increase in styrene
concentration and the dependence of glass transition temperature of UPRs
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Fig. 17 X-ray scattering profiles for organically modified montmorillonite clay
(Closite®30B) and crosslinked polyester nanocomposites containing 1, 2, 5, and 10 wt %
clay. Reprinted from (2002) Polymer 43:3699 [158] with permission

on styrene content were studied using dynamic mechanical tests [24]. It was
found that the phase segregation was governed by the crosslink density and
by the immiscibility of UPR and polystyrene.

Transmission Electron Microscopy (TEM) and Atomic Force Microscopy
(AFM) followed by dynamic mechanical parameter tests were used for the
investigation of the morphology of unsaturated polyester/diol-polyurethane
hybrid polymer networks (UP/PU HPNs). The effect of phase separation on
mechanical properties was described [142].

The results of DC-electrical conductivity, confirmed by DSC measure-
ments, were used for the monitoring of radiation and thermally initiated
crosslinking of UPRs [159]. Interpretation using conductivity data itself in-
stead of the commonly used logarithmic data form (Fig. 18), as proposed by
the authors, showed the influence of the upper liquid-liquid transition on the
rate of radiation induced reaction, as well as two reaction rate maxima of
thermally initiated crosslinking with the rate increase caused by heat release
in the first part of the process.

The relaxation processes of styrene-butadiene rubber (SBR) and acryloni-
trile-butadiene rubber (NBR) modified with 5 phr UPR were studied using
the ultrasonic technique at 2 and 5 MHz in a range between 180 and
346 K [148]. Measurements of the ultrasonic velocity and attenuation, made
at higher frequencies because of the extremely high ultrasonic absorption,
showed a main relaxation peak and a secondary one due to the small-scale
segmental motion of butadiene. It was also found that the blending of rubber
with UPR increased the glass transition temperature and the apparent acti-
vation energy of the main relaxation process in SBR. Moreover, it increased
the activation energy in NBR, while it has no effect on the Tg of NBR. DSC,
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Fig. 18 Change of electrical conductivity of UPR during radiation induced crosslinking
at the dose rate B = 0.345 kGy/h at 290 K in non-logarithmic (solid symbols) and loga-
rithmic scale (open symbols). The logarithm of conductivity is calculated from the data
presented in non-logarithmic form. The changes of free styrene content after extraction
are also shown (large solid squares). Reprinted from (1999) Radiat Phys Chem 54:95 [159]
with permission

mechanical and swelling data confirmed the observed improvement of rubber
characteristics by UPR addition.

Static (SLS) and dynamic light scattering (DLS) methods were jointly ap-
plied to study the microgelation phenomenon in the early stage of curing
of a UP/styrene system [160]. The change of shape and anisotropy of the
UP molecules in the styrene monomer and the compatibility of UP with
styrene before gelation were analyzed by the measurement of molecular
weight Mw, depolarization ratio ρv, second virial coefficient A2 (SLS) and the
particle-size distribution (DLS). The formation of microgel due to the in-
tramolecular crosslinking reactions inside the UP coils in the early stage of
curing and a strong decrease in compatibility between the partially cured UP
and the styrene monomer as the intermolecular crosslinking process among
the microgel particles were demonstrated. Moreover, two modes of microgel
particle-size distribution during curing were analyzed and discussed.

Vibration damping tests were carried out using polymer concrete made
from an isophthalic UPR to prove that the filled polyester resin was an appro-
priate material for the manufacturing of machine tool beds with respect to
damping [161]. Vibration analyses of polyester samples with different ratios
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of quartz filler and cast iron samples showed that the critical damping ratio
of polymer concrete was approximately four to seven times higher than that
of the cast metal.

10
Curing of Unsaturated Polyesters and Vinyl Ether

Standard linear unsaturated polyesters contain approximately ten unsatu-
rations per chain and are usually transformed into a crosslinked polymer
network by free radical copolymerization with a vinyl monomer in the pres-
ence of a reinforcement, fillers and other additives. The crosslinking process
is very complex because of possible simultaneous reactions, i.e. styrene-UP
copolymerization, styrene homopolymerization and UP homopolymeriza-
tion, which occur depending on the curing conditions. Styrene is the com-
monly used monomer, although other commercially important crosslinkers
including vinyl esters, dimethacrylates and divinylbenzenes may also be used.
Moreover, new initiators, promoters and comonomers are still searched. The
curing process, its kinetic and physical changes in a resin system are studied
analytically and described with mathematical models.

10.1
Initiators: Peroxides

Novel functionalized peroxides which may be used as UPR curing agents
as well as initiators for polymerization reactions and as monomers for
polymerizations to form peroxy-containing polymers were elaborated [162].
Initiators may be prepared by reacting hydroxy-containing tertiary hydroper-
oxides with diacid halides, dichloroformates, phosgene, diisocyanates, acid
anhydrides and lactones to form the functionalized peroxides. These reac-
tion products may be further reacted, if desired, with dialcohols, diamines,
aminoalcohols, epoxides, epoxy alcohols, epoxy amines, diacid halides,
dichloroformates and diisocyanates to form additional functionalized perox-
ides. The use of monoperoxyoxalates of the structure (Scheme 24) as initiators

Scheme 24
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for the curing of UPRs was proposed [163]. Dibenzoyl peroxide was described
as an initiator for road paint compositions containing UPRs [164].

Different organic peroxides, i.e. 3,3-bis(tert-butylperoxy)ethyl butyrate,
1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane, tert-butyl perbenzoate,
hexamethyltetraoxacyclo-nonanone, 1,3-bis(tert-butylperoxy-isopropyl)ben-
zene, dicumyl peroxide, and 2,5-dimethyl-2,5-di(tert-butylperoxy)hexane,
with a minimum curing temperature of between 140–190 ◦C were proposed
as crosslinking initiators for powder coatings which are applicable to tem-
perature sensitive and metallic substrates [165].

New additives for UPR processing were developed. Peroxide initiators were
synthesized by Gawdzik et al. from an aqueous solution of hydrogen peroxide,
methylethylketone and ethylene glycol or 1,4-butanediol [166].

10.2
Promoters

Unsaturated polyester resins are usually crosslinked at an elevated tempera-
ture or at room temperature in combination with suitable initiating systems.
An organic peroxide initiator and a cobalt salt or aromatic amine as acceler-
ators are predominantly used for curing at room temperature. Some typical
aromatic amine accelerators, e.g. aniline and its derivatives, are classified as
toxic substances, therefore the accelerating effects of other compounds were
tested. Different organic peroxides with ferrocene and its derivatives were
used to initiate the crosslinking process of UPs [167] and a mechanism of the
formation of active radicals was proposed (Fig. 19).

It was found that the promoting activity of the tested ferrocene compounds
occurred in the sequence: acetylferrocene > ferrocene > benzoylferrocene
> 1,1′-diethylferrocene > 1,1′-dibenzoylferrocene > 1,1′-diacetylferrocene >
1,2-diferrocenylethane > N,N-dimethylamino-methylferrocene > chlorofer-
rocene. Ferrocene and its derivatives were able to accelerate the decompos-
ition of benzoyl peroxide, but were inactive to methylethylketone peroxide,
butylhydroperoxide, 7-cumylhydroperoxide and tert-butylhydroperoxide.

Fig. 19 Decomposition of dibenzoyl peroxide due to ferrocene effects. Reprinted from
(1995) Eur Polym J 31:1099 [167] with permission
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10.2.1
Cobalt Accelerators

The curing of UPR initiated with MEK peroxide and Co octoate as the pro-
moter was studied by DSC [168]. The kinetic analysis of an asymmetrical
DSC peak was performed. It was assumed that the asymmetrical shape of the
DSC curves resulted from two independent reactions. When two independent
reactions were considered, the fit of the experimental data was better.

2,4-Pentanedione was applied as either a co-promoter in the copolymer-
ization of a UP or a vinyl ester resin with styrene [169]. The activity of
2,4-pentanedione consists of the chelating of metal compounds, e.g. cobalt
carboxylates. It shows first a retarding action to achieve a long gel time during
mold filling and then increases the curing rate as a result of its co-promoting
activity. Thus, it can be applied in low-temperature composite manufacturing
processes to control mold filling and curing time.

10.2.2
Aromatic Amines

UPRs are composed not only of UPs and a crosslinking monomer, usu-
ally styrene; they contain, moreover, initiators (hardeners), curing promoters
(accelerators) and polymerization inhibitors. In the systems with benzoyl per-
oxide as the initiator, tertiary aromatic amines, e.g. N,N-dimethylaniline or
N,N-dimethyl-p-toluidine, are applied as the promoters. Some amino-glycols
were built into the UP molecules, thus increasing the reactivity [170]. The
best results were achieved when using 3,6-diaza-3,6-diphenyloctane-1,8-diol
(Scheme 25):

Scheme 25

followed by 4,7-diaza-4,7-diphenyldecane-2,9-diol and 3,10-diaza-3,10-di-
phenyldodecane-1,12-diol (Scheme 26):

Scheme 26
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synthesized by the addition of ethylene oxide or propylene oxide to the corres-
ponding amines. The increase in reactivity consisted of a reduction in gelation
time, both in the cobalt- and amine-promoted system. However, the amine in-
corporated into the UP molecule decreased the storage stability. That property
could be improved, if benzyltrimethylammonium chloride was added to the
amine-modified UPR. Aminodiols were incorporated into the UP molecules as
accelerators for the systems curable with benzoyl peroxide [171]. The amin-
odiols were synthesized by the reaction of N,N-dimethyl-p-phenylenediamine
with ethylene oxide or propylene oxide (Fig. 20). The cold-curing systems con-
sisting of benzoyl peroxide and toxic tertiary amines (N,N-dimethylaniline or
N,N-dimethyl-p-toluidine) were replaced by Matynia et al. [172] with similar
systems which contain non-volatile tertiary amines as the promoters. The novel
promoters were synthesized by the addition reaction of aniline or p-toluidine
with epoxy compounds (m-cresyl glycidyl ether, phenyl glycidyl ether, bisphe-
nol A/epichlorohydrin and p,p′-dihydroxydiphenylmethane/epichlorohydrin

Fig. 20 Synthesis of aminodiols from N, N-dimethyl-p-phenylenediamine and ethylene
oxide

Fig. 21 Chemical structure of the adduct: aniline with phenyl glycidyl ether and ani-
line with bisphenol A-based epoxy resin. Reprinted from (1997) J Appl Polym Sci
65:1525 [172] with permission
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low-molecular weight epoxy resins) (Fig. 21) and were used in combination
with dibenzoyl peroxide for crosslinking UPRs.

It was found that the obtained adducts accelerated the cure of UPRs. The
efficiency of the tested accelerators was characterized by the gelation time
and peak exotherm temperature. The shortest gelation time was obtained for
the adduct of p-toluidine and bisphenol A or p,p′-dihydroxydiphenylmethane
based low-molecular weight epoxy resins. Adducts remained in the polyester
resin as permanently bonded fragments and could not be extracted with
methylene chloride from the cured UPR. Moreover, products extracted from
the crosslinked resins were determined by the chromatographic and gravi-
metric methods.

10.3
Photopolymerization: Maleimides and Vinyl Ethers

Vinyl ethers add to the family of styrene-free unsaturated monomers for
UPRs [173]. In a study of UV-curable UPRs, triethylene glycol divinyl ether
(Scheme 27), a member of the family of large vinyl ethers, was used.

Scheme 27

The unsaturated polyester, being applied in the UV-curable systems with
the vinyl ether-type monomer, contained maleate ester bonds. It was shown
that it (Scheme 27) copolymerizes with the maleate polyester when UV-
irradiated in the presence of a commercial hydroxyphenyl ketone as the pho-
toinitiator. Formulation of the maleate polyester was as follows: maleic anhy-
dride (3), phthalic anhydride (2), ethylene glycol (4.5), triethylene glycol (0.5),
and trimethylolpropane (0.5 mole). The maleate/vinyl ether systems may find
application in very fast UV-curable coatings. The existence of a complex of
electron donor-acceptors on UV-curing was ascertained. This confirmed the
results of an earlier study on the photopolymerization of vinyl ether-maleate
systems in the presence of different radical photoinitiators as well as using
a hexafluorophosphate triarylsulfonium salt as a cationic photoinitiator [174].
A donor-acceptor mechanism of photopolymerization of vinyl ether-maleate
systems makes the process less sensitive to oxygen inhibition. Moreover, tri-
ethylene glycol divinyl ether could be partially replaced by a telechelic vinyl
ether polyurethane (Scheme 28):

Scheme 28



Unsaturated Polyester Resins 67

to increase the formulation viscosity and to additionally reduce the inhibiting
effect of oxygen on photopolymerization.

Clearcoats based on combinations of various maleimides (MI) and vinyl
ethers (VE) or VE blends were tested with respect to their UV-photocuring
in air [175]. It was found that MI/VE binders and reactive thinners could
be cured without additional photoinitiators. Moreover, the equimolar MI/VE
blends could be used as photoinitiators for acrylate systems, although their
reactivity compared with commercial Norrish type I initiators proved to
be poor. The observed limitations, e.g. changes in the properties of cured
UPRs, limited reactivity in the air and irritation effects, could be eliminated
using aliphatic MI types with further increased reactivity, higher functional-
ity and/or molecular weight and lower irritation.

Allyl ethers were used as built-in monomers in UPRs [176]. High hard-
ness of the coatings cured in air using photoinitiators was achieved. Follow-
ing polyfunctional allyl ethers were incorporated into polyester molecules:
1-allyloxy-5,6-hexanediol, trimethylolpropane monoallyl ether, pentaerythri-
tol diallyl and triallyl ether, glycerol monoallyl ether, and diallyl ether
of propoxylated cis-2-butene-1,4-diol. The allyl ether monomers with hy-
droxyl groups were reacted with a mixture of fumaric acid, adipic acid and
1,2-propylene glycol, thus forming a maleic unsaturated polyester with termi-
nal and pendant allyl ether groups.

UV-curable UPRs are mainly used in coatings, waterborne ones in particu-
lar. For that purpose, unsaturated polyesters were synthesized from ethylene
glycol, diethylene glycol and 1,2-propylene glycol combined with dicarboxylic
acids or acid anhydrides: fumaric acid, tetrahydrophthalic anhydride, tereph-
thalic acid and trimellitic anhydride [177]; trimethylolpropane diallyl ether
was incorporated into the polyester as an air inhibitor of cure. Moreover, tri-
ethylamine was added to neutralize the unreacted carboxylic groups, whereas
2-hydroxy-2-methylphenylpropane-1-one was added as the photoinitiator.
Properties of the UV-curable systems for wood coatings were investigated.
The accelerated weatherability of the coatings was tested. Propenyl ethers of
diols and polyols were used as comonomers in the UV photoinitiated radi-
cal or cationic copolymerization with UPs [178]. The investigated systems are
suitable as UV curable coatings. The propenyl ethers were obtained by iso-
merization of corresponding allyl ethers, the isomerization being catalyzed
with ruthenium complexes.

The matrix of thermosetting polymers is generally very brittle and sus-
ceptible to failure. Shrinkage of UPR during the crosslinking process leads
to warping and cracking. These problems could be solved by the blending
of UPR with thermoplastic additives, but the molecular structure developed
upon curing causes an extremely broad glass transition region with a main
relaxation process starting just above room temperature and extending for
over 100 ◦C [179]. A different solution consists of the modification of UPRs
by another co-reactive component, e.g. bismaleimide resin (BMI) due to
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Scheme 29

its very high rigidity, excellent thermal stability, up to 300–350 ◦C, fatigue
resistance even at high humidity and high Tg which would give an in-
crease in the stiffness of the UP matrix. The thermosetting bismaleimide,
1,1′-(methylenedi-4,1-phenylene)bismaleimide was used as a second co-
reactive monomer up to the concentration of about 20 wt %. The curing
process of the bismaleimide-modified UPRs was investigated using FT-IR
spectroscopy and dynamic mechanical thermal analysis [179]. BMI strongly
accelerates the curing process of the UP system and enables the crosslinking
to proceed even at a lower temperature, not suitable for the polymeriza-
tion of UPR. Spectroscopic data and the proposed molecular structure of the
UPR-BMI network (Scheme 29) proved that BMI reacted preferentially with
styrene unsaturations and showed that BMI as the tetrafunctional co-reactive
component increased the crosslinking density as well as the overall rigidity of
the UPR network.

10.4
Copolymerization Kinetics, Thermochemistry and Rheology

The crosslinking process consists of chemical cure reactions followed by
physical changes in the resin during the transformation from a liquid into
a gel during the gelation process, although vitrification may take place at high
conversion as the Tg increases. The formation of structural inhomogeneities
(microgels) as a result of intramolecular crosslinking is one of the reasons
that the gelation occurs at higher levels of conversion than that theoretically
predicted [180]. The described physical changes as a result of diffusion-
controlled termination and propagation could affect the kinetics of the curing
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process. A new mechanistic kinetic model based on a free radical polymer-
ization mechanism and the free volume concept followed by measurement
of the glass transition temperature of partially cured samples using the DSC
method and dynamic mechanical analysis (DMA) was presented [180]. The
combination of modeling with experimental cure data delivered a good agree-
ment in the results and showed that a greater extent of physical trapping of
radicals at a higher isothermal cure temperature occurred rendering them
inactive. The effect of temperature and catalyst concentration on the curing
kinetics, chemo-rheology and on the dynamic mechanical properties of UPRs
were studied using DSC and static and dynamic viscometry [181]. An isother-
mal time-temperature-transformation (TTT) diagram was proposed and the
activation energy was determined from the gel time obtained by viscome-
try and from the variation in the maximum exotherm temperature obtained
by the DSC method. It was found that the amount of 50 wt % methylethylke-
tone peroxide solution used as the catalyst does not significantly affect Tg
and the crosslinking density, but an increase in the catalyst concentration
could result in a decrease in gelation time. Moreover, an excess of the cata-
lyst could act as a plasticizer, thus modifying the final properties of the cured
resin. The curing process of the diacrylated diglycidyl ether of bisphenol
A (DGEBA) with different proportions of styrene (4, 20, 40 wt %) was studied
by DSC using isothermal and dynamic modes [182]. The kinetic model as-
sumed that the curing reaction was divided into two regiments: below the
vitrification regimen and during the vitrification regimen. This was proposed
and confirmed by experimental data. The autocatalytic model developed by
Kamal was used for the analysis of the reaction below the vitrification regi-
men. The diffusion control due to the low mobility of the reactive groups and
molecules during the vitrification stage was incorporated into the overall rate
constant according to the Rabinowitch model. Moreover, the gel influence on
the radicals termination rate and the structure constraints on the reactivity of
pendant vinyl groups were taken into account. The effects of the initial ratio
of styrene to unsaturated C= C bonds per polyester molecule on the cur-
ing kinetics of UPRs at medium-temperature reactions (70–90 ◦C) [183] and
high-temperature reactions (100–120 ◦C) [184] were investigated by DSC and
IR spectroscopy. Microgel-based mechanisms were proposed for the curing
reactions. It was found that for high-temperature reactions the styrene con-
tent and the reaction temperature would affect the formation of the microgel
structure and would affect participation of the intramicrogel and intermi-
crogel crosslinking reactions. For the medium-temperature reactions with
the promoter-accelerated initiator systems, a predomination of intramicro-
gel reactions in the early stage of crosslinking was postulated. The higher
molar ratio of styrene to polyester C= C bonds increases the favorable
styrene swelling effect and enhances the intramicrogel reactions, but the
degree of C= C unsaturations of UPRs has less significant effects on the
curing time and the cure characteristics. The formation of a heterogeneous
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structure through intramolecular reactions and the phase separation pro-
cess being typical for free-radical crosslinking copolymerization of UPRs
with styrene was studied using optical microscopy, time-resolved light scat-
tering goniometry and FT-IR spectroscopy [185]. It was found that phase
separation started right after the primary polymers were formed, if the resin
system had moved into the two-phase region. The characteristics of the pri-
mary polymers agreed well with the description of the microgels and the
microgels remained unchanged before phase separation and gelation. During
the phase separation or when the reaction was approaching gelation, sec-
ondary intramolecular reactions and interparticle reactions of microgels were
observed. The phase separation process stopped after the resin reached its
gel point, and the domain size of the separated phase remained the same
throughout the rest of the reaction period. The morphological changes affect
not only the cure behavior and rheological changes of the resin, but also the
physical properties of the final products. Secondary intramolecular and inter-
particle reactions increased the styrene content in the polymer chain and the
vinylene conversion.

Low temperature polymerization of UPRs and VERs is applied in import-
ant industrial processes such as Resin Transfer Molding (RTM), Vacuum-
Assisted Resin Transfer Molding (VARTM), and hand lay-up. Apart from free
radical initiators (mainly peroxides) and the promoters which are needed to
perform curing at ambient temperatures (usually cobalt octoate, and cobalt
naphthenate, when hydroperoxides and ketone peroxides are used, or aro-
matic tertiary amines, when benzoyl peroxide is used), inhibitors and re-
tarders are also used. Inhibitors, e.g. hydroquinone, 1,4-benzoquinone, tert-
butyl catechol and oxygen, increase the storage life of the resins. Retarders,
e.g. 2,4-pentanedione and 1,4-benzoquinone reduce the curing rate because
they slow down the rate of radical generation. Dicyclopentadiene polyester
resin and the bisphenol A epoxy resin based VER are the major resins cur-
rently used for the Seemann Composites Resin Infusion Molding Process
(SCRIMP), a new variety of VARTM [186]. These resins were used to study the
effects of resin type, initiator, promoter, inhibitor and retarder on the reaction
kinetics and rheological behavior. Investigations using DSC and rheomet-
ric dynamic analyzer (RDA) showed that when using MEKP as the initiator,
1,4-benzoquinone provides a longer induction time and a higher final con-
version for UPRs. 2,4-Pentanedione seems to be a better inhibitor for VERs,
but at the same time it is an accelerator for UPRs. Next, the UPR reaction
is slightly more sensitive to the temperature change. Moreover, a model was
proposed for the prediction of the effects of resin type, temperature and dif-
ferent curing agents on gel time for UPRs and VERs.

A study of the inhibitors for UPRs was published by Matynia et al. [187].
Efficient inhibiting systems consist of a quinone (benzoquinone, anthraqui-
none, 1,4-naphthoquinone, or 9,10-phenanthrenquinone) and a diphenol
derivative [tert-butylhydroquinone or 4-(tert-butyl)pyrocatechol].
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The history of the radicals was studied during the reaction of a free-
radical chain growth polymerization of UP/styrene system, initiated with 2,5-
dimethyl-2,5-bis(2-ethylhexanoylperoxy)hexane (DMB) and tert-butylperoxy-
2-ethyl hexanoate (PDO) using electron spin resonance spectroscopy (ESR),
DSC and RDA [188]. The effects of crosslinking and the thermoplastic ad-
ditive [poly(vinyl acetate) (PVAc)] on the resin conversion and trapping
of free-radicals were investigated and the interaction between the radicals
behavior, reaction kinetics and rheological changes were discussed. The con-
centration of radicals increased during the crosslinking and changed the
character from liquid-like at an initial quasi-steady-stage region to solid-like
at the end of the transition region (gel time). Before any change of the conver-
sion was observed, the radical concentration was about 75% of its final value,
and could be increased when the initiator concentration was increased. What
is very important, it was found that the radicals in the crosslinked systems
were much more stable and their concentration was much higher than that
for the linear systems. Next, more trapped radicals were generated at higher
temperatures. The changed radicals concentration profiles testified that the
addition of PVAc affected the reaction mechanism.

The influence of the number-average molecular weight of a standard UP
on the rate of the crosslinking reaction with styrene and on the properties of
the resulting materials was investigated [78]. It was found that the reaction
heat did not depend on the molecular weight of the UPRs. On the other hand,
it was possible only for a higher value of molecular weight to obtain a fully
crosslinked material due to the higher compatibility of styrene and UP resins.
Also, a slight increase in the cure rate with an increase in molecular weight
was observed. This effect could be explained by an increase in the swelling of
microgels by the styrene monomer for UPRs with a higher molecular weight
value.

Gelation, vitrification and an autoacceleration or gel effect for the free rad-
ical chain-growth crosslinking copolymerization of UPs with styrene were
studied by combining modulated temperature differential scanning calorime-
try (MTDSC), Raman spectrometry (Table 27), and dynamic rheometry [189].
An important autoacceleration, assigned to an accelerating styrene consump-
tion, occurred before vitrification. This effect observed long after the gelation
of polyester resins implies that the termination reactions involving small rad-
icals are still important at an advanced conversion. Finally, the acceleration is
stopped when the propagation reaction slows down due to vitrification.

The DSC method is commonly used for the study of the curing kinet-
ics of a UPR. The kinetic analysis of the crosslinking process initiated with
MEKP was performed by means of an empirical and theoretical model based
on the concept of free-radical polymerization [190]. A calculation algorithm
based on the downhill simplex method and the Runge–Kutta procedure was
proposed. The non-isothermal DSC analyses allowed to obtain the concen-
tration of the initiator and the radicals as a function of cure temperature at
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Table 27 Raman peak positions and assignments for the UP prepolymer and for styrene
and evolution of peak intensity with cure (v = stretching; St = styrene; UP = unsaturated
polyester). Reprinted from (2001) Polymer 42:2959 [189] with permission

Wave number Tentative assignment Component Cure evolution
[cm–1]

3100–2975 Unsaturated vC – H St and UP ↓
(olefinic and aromatic)

2975–2850 Saturated vC – H UP ↑
1729 vC= O UP
1659 vC= C trans UP ↓
1650–1645 vC= C cis UP ↓
1631 vC= C styrene St ↓
1601 vC= C aromatic ring St and UP ↓

coupled with vC= C
styrene

1581 vC= C aromatic ring St and UP Shift

different heating rates. The crosslinking process of the UP system containing
MgO as a thickener was investigated using DSC in dynamic and isothermal
modes combined with rheological measurements [191]. It was found that at
higher temperatures, thermal polymerization may take place and the poly-
merization reaction was one-order under isothermal conditions. Moreover,
the complete cure has not been reached because the vitrification or diffusion
was difficult, especially when a high concentration of the thickener was ap-
plied. The Avrami theory, based on phase changes, was applied to describe the
curing process of a typical UP-styrene system. Various kinetic parameters,
in good agreement with the experimental data, were obtained [192]. It was
demonstrated that the change of the Avrami exponent revealed different reac-
tion mechanisms occurring at different curing stages. An investigation made
in situ, during the curing, the post-curing, and second post-curing periods
using DSC and FT-IR spectroscopy showed that the whole reaction enthalpy
(of styrene homopolymerization and of copolymerization of the UP/styrene
system) depends on the isothermal temperature [193]. It was shown that
when the homopolymerization stage was achieved, the copolymerization still
went on and about 5% of the styrene remained in the final solid state. Even
a second post-curing period did not significantly modify the final conver-
sion rate. The DSC method was also used for monitoring the formation of
vinyl ester resin [prepared from bisphenol A epoxy resin and methacrylic acid
(bisGMA) in combination with styrene] and polyurethane/simultaneous in-
terpenetrating polymer networks (SIN) [194]. Two kinds of VERs were used:
with pendant hydroxyl groups and only having negligible carboxyl group
content (hydroxyl groups were capped with acetyl groups). The study of cur-
ing kinetics and the SIN structure is complicated because the hydroxyl and
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carboxyl groups usually contained in commercial VER or UPRs can easily
react with isocyanates, giving inter-component chemical bonding between
the two networks. It was found that the share of PU formation remained al-
most the same, whereas the copolymerization of VER was greatly affected by
temperature, by the composition of SINs and by the molecular crosslinking
nature of both components of SINs.

The study of the crosslinking of dimethacrylate-based VERs using
scanning/isothermal DSC and DMTA describes the correlation between the
reaction kinetics, as well as the relaxational behavior, cure temperature
and peroxide and cobalt catalyst concentration [195]. An increase in the
methylethylketone peroxide concentration increased the polymerization rate
and reduced the gel time. The use of cobalt octoate as the promoter also
reduced the gel time but retarded the reaction rate, except at very low con-
centrations. This could be explained by the dual role of the cobalt species: as
a catalyst of the formation of radicals from MEKP (Scheme 30):

Scheme 30

and as a scavenger of the primary and polymeric radicals (Scheme 31):

Scheme 31

Differences between the values of Tg observed at low, intermediate and
higher cure temperature were reported and assigned to the influence of dif-
fusion on the polymerization rate. The Tg conversion relation of Pascault and
Williams was applied to describe the dependence between Tg and the degree
of cure in the VERs. Although two apparent glass transition regions were ob-
served in a partially cured sample using the DMTA method, it was caused by
the re-initiation of the cure of the sample during the DMTA experiment. Ki-
netics and the network structure of thermally cured VERs based on bisGMA
and on epoxy-novolak based multimethacrylate oligomers (Scheme 32) were
investigated using gravimetry, FT-IR spectroscopy, NMR spectroscopy, DSC,
and DMTA [196].

Also in that research, it was proved that the increase in the initiator con-
centration raised the polymerization rate, but did not affect the final con-
version. On the contrary, the increase in styrene concentration reduced the
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k

Scheme 32

polymerization rate due to a combination of the relative stability of the styryl
radical reducing the rate of propagation, and the lower crosslink density
increasing the termination rate constant. Moreover, increased styrene con-
centration led to the higher final conversion due to the decreased crosslink
density which reduced topological constraints.

UPRs based on a mixture of maleic anhydride, phthalic anhydride and
adipic acid in a molar ration of 1 : 2 : 2 were prepared in the presence of the
polyesterification catalysts, i.e. lead dioxide, p-toluenesulfonic acid monohy-
drate and zinc acetate dihydrate, and next crosslinked with styrene by using
MEKP as the initiator and cobalt naphthenate (CoNp) as the promoter [197].
Most often, the catalysts used in the polyesterification process cannot be eas-
ily separated from the polyester, thus the effect of the residual catalysts on
the curing process and color of the cured polyester resin should be taken into
account. It was shown that the residual catalyst could affect the curing reac-
tion even in a small amount (Table 28), increasing the activation energy Ea,
frequency factor k0 and the reaction order x.

The polyester systems in the presence of residual catalyst behave as if hav-
ing a heat rather than redox initiation mechanism, and the more organic
nature of zinc acetate and p-toluenesulphonic acid produces greater differ-
ences. Moreover, the residual catalysts affect the color of the final products.

A Fourier transform infrared spectroscopy study of two different UPRs
cured at two different temperatures showed that the kinetic mechanism of
the beginning of the crosslinking process is dominated by near-azeotropic
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Table 28 Curing exotherm (DSC) and kinetic parameters. Reprinted from (2001)
Mikrochim Acta 136:171 [197] with permission

Catalyst Peak temperature [K] Heat Kinetic parameters of curing
Tonset Tpeak Tfinal released Ea X k0 [s–1]

∆Hr [J/g] [kJ/mol]

– 309.5 355.0 385.0 233.3 62.9 1.08 1.4E+9
PbO2 310.0 358.0 383.0 210.6 77.7 1.20 5.92E+11
(CH3COO)2Zn 313.0 357.0 384.0 202.9 91.6 1.35 5.56E+13
p-toluenesulfonic 312.0 353.0 382.0 193.3 89.5 1.42 7.51E+13
acid

copolymerization, while the conversion of polyester vinylene groups becomes
much more favorable than styrene later in the reaction [198]. The conversion
of styrene and vinylene groups at the end of isothermal curing depends on
the initial molar ratio (styrene content). The styrene dilution effect causes
an increase in gelation and vitrification times as well as the time required to
complete crosslinking. The conversion of styrene and vinylene groups at the
end of isothermal curing depends on the initial molar ratio (styrene content).
The styrene dilution effect causes an increase in gelation and vitrification
time as well as the time required to complete crosslinking. The study of the
relaxation mechanism occurring for UPRs cured with different amounts of
styrene proved that the higher content of styrene resulted in an increased
fragility of the polyester network. In addition, the styrene content does not
affect the average elementary energy barrier that the molecular species (or re-
laxation units) must cross during the relaxation process. It changes only the
number of these species [199].

The vinyl-ester/urethane hybrid (VEUH) resin consisting of the vinyl-
ester resin (VER) (produced by the reaction of bisphenol-A type epoxy
resin with methacrylic acid) diluted with styrene and novolak type poly-
isocyanate was synthesized and the reaction kinetics of the curing process
of the prepared resin were studied using the DSC method and FT-IR spec-
troscopy [200]. The study of curing with and without incorporating the poly-
isocyanate showed that VEUH is crosslinked via free radical polymerization
between the vinyl functions of styrene and VER, and the polyaddition reac-
tion between the secondary hydroxyl groups of VER and isocyanate groups
of the polyisocyanate, but the curing of VEUH is more complex than the de-
scribed reactions. The curing process of VEUH is dominated by the radical
copolymerization of styrene with VER, although both reactions are not time
separated and thus the VEUH curing cannot be simplified for a peroxide-
initiated free radical crosslinking. No phase separation during the curing
reaction was observed.



76 P. Penczek et al.

The curing process of VER (Scheme 33) using methylethylketone peroxide
(MEKP) as the initiator and cobalt hexanoate (CoHx) as the promoter was
studied by means of thermal scanning rheometry (TSR) and DMTA under
isothermal conditions. Some kinetic parameters, i.e. gel time, apparent ac-
tivation energy (Ea) for this process were calculated [201]. The value of Ea
obtained from the TSR measurements is independent of both the initiator and
promoter concentration.

Scheme 33

Determination of the conversion of reaction up to the end of the gelation
process:

α =
G∗

t – G∗
0

G∗∞ – G∗
0

(where: G∗
t , G∗

0, G∗∞ are the values of the modulus at time t, at t = 0—uncured
resin, and at the end of the gelation process) was proposed. Moreover, the
DMTA data were used to obtain the vitrification times at several frequencies
as a function of MEKP and CoHx wt %

Microwave heating has been widely applied in the synthesis, crosslinking
and processing of polymeric materials [202], in particular in the step-growth
polymerization reactions. Recently, the synthesis of unsaturated polyesters by
microwave-assisted catalytic copolymerization of maleic anhydride, phthalic
anhydride, epichlorohydrin, and ethylene glycol as the molecular weight reg-
ulator [molar ratio 1 : 1 : 2(-2.2) : 0.1] in the presence of 0.1 wt % LiCl as
a catalyst was described by Bogdał et al. [203]. Optimum reaction tempera-
ture and time were 130 ◦C and 100 min, the radiation power was 90 W. The
Gardner-scale color was darker than that of conventionally prepared unsat-
urated polyester. As expected, the reaction time was shortened thanks to
the application of microwave heating. The temperature control was, however,
difficult.
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11
Low-Shrink and Zero-Shrink Systems

It is well known that UPRs exhibit intense shrinkage on curing at ambi-
ent temperature as a result of radical copolymerization of UP with vinyl
monomers, styrene in particular. The shrinkage takes place on curing of sheet
molding compounds (SMC) and recently during low temperature and low
pressure processing like resin transfer molding and vacuum-assisted resin
transfer molding. The shrinkage results in an uneven surface of the mold-
ings. In order to improve the surface quality, thermoplastic “low-shrink” or
“zero-shrink” additives are used.

11.1
Compositions with Thermoplastic Additives

In a paper by Cao and Lee [85], the use of a commercial carboxylated
poly(vinyl acetate) as a low-profile additive for a cold-curing UPR system
with a styrene monomer was described. A dual-initiator system consisting
of methylethylketone peroxide and tert-butylperoxybenzoate with a cobalt
promoter and benzoquinone inhibitor was applied. A potential increase in re-
sidual styrene content was taken into account in addition to the low-profile
characteristics. Morphology of the UPR samples cured in the temperature
range of 35–100 ◦C was studied.

In the following publication by the authors from the Ohio State Uni-
versity [204], the effect of the comonomers (styrene/methyl methacrylate)
ratio on volume shrinkage and residual styrene content was investigated. It
was found that the methyl methacrylate comonomer exhibits high reactivity
and thus decreases residual styrene content. The volume shrinkage decrease
mechanism was described. The effect of various thermoplastic polymers be-
ing used as low-profile additives in UPR-based sheet molding compounds
and bulk molding compounds (BMC), namely thermoplastic polyurethane,
poly(vinyl acetate), poly(methyl methacrylate) and polystyrene, on the me-
chanical properties, glass transition temperature and morphological struc-
ture was compared [205]. The molar ratio of styrene to the unsaturated bonds
in unsaturated polyester was optimized.

The effects of molecular weight and chemical structure of styrene-based
and vinyl acetate-based low-profile additives on the curing kinetics, compat-
ibility, shrinkage, water absorption, surface gloss, and bulk molding com-
pounds (BMC) pigmentability of UPRs was investigated [206]. It was found
that poly(methyl methacrylate) affected the properties of wood-flour filled
UPRs [207]. Poly(methyl methacrylate) acted as a low-profile additive. The
composites thus prepared exhibited enhanced flexural and compressive mod-
ule, whereas the flexural strength and ultimate strain were decreased. The
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system consisting of UP, styrene and poly(vinyl acetate) as the low-profile
additive was investigated [85]. Volume shrinkage was measured of the resin
cured with dual-initiator systems at lower (35 ◦C) and higher (100 ◦C) tem-
perature. The effect of curing temperature on phase separation, polymeriza-
tion kinetics, microvoid formation, and thermal expansion was studied.

Three series of UPRs were prepared from: maleic anhydride, neopentyl
glycol and diethylene glycol (with various molar ratios of glycols); maleic
anhydride and 1,2-propylene glycol (with and without modification by a sat-
urated dibasic aromatic anhydride or acid, such as phthalic anhydride or
isophthalic acid) and maleic anhydride, phthalic anhydride and 1,2-propylene
glycol (modified by a second glycol, such as diethylene glycol, 2-methyl-
1,3-propanediol or neopentyl glycol) [208]. The prepared UPRs contained
thermoplastic polyurethane, poly(vinyl acetate) and poly(methyl methacry-
late) as low-profile additives. The effects of glycol ratio, saturated dibasic
aromatic acid modification, second glycol modification, C= C unsaturation
and molecular weight of the UP on the mechanical properties were investi-
gated by an integrated approach of static phase characteristics-cured sample
morphology-reaction conversion-property measurements. It was found that
the mechanical properties depend also on the polarity difference between UP
and low-profile additives as well as on the molar ratio of styrene consumed
by the polyester unsaturated bonds reacted in the major continuous phase
of styrene-crosslinked polyester as a result of phase separation phenomena.
The better interfacial adhesion between UP and low-profile additives (favor-
able for impact strength and tensile strength) could be achieved by increasing
the UP molecular weight and due to the smaller polarity difference (more
compatible the styrene/UP/LPA system).

11.2
Mechanism of Decrease in Shrinkage

Thermoplastic low-profile additives are added to UPRs in order to decrease
the polymerization shrinkage [209]. As the additives, saturated polyesters
were used. A series of low-profile additives based on poly(vinyl acetate) were
examined [210]. Poly(vinyl acetate), copoly(vinyl chloride-vinyl acetate) and
copoly(vinyl chloride-vinyl acetate-maleic anhydride) differing in chemical
composition and molecular weight were compared. The effects of the ad-
ditives on the volume shrinkage and pigmentability were investigated. The
cured UPR morphology and microvoid formation resulting in decreased
shrinkage were studied. Moreover, the dependence of glass transition tem-
perature, mechanical properties and the morphology of cured UPRs with
the low-profile additives was explored [211]. In the presence of thermo-
plastic additives, a two-phase structure is created in UP resins during the
crosslinking process. Moreover, a volume expansion occurs in the late stage
of cure for resins containing high molecular weight poly(vinyl acetate). Both
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phenomena compensate a part of the polymerization shrinkage and reduce
the final shrinkage substantially [212]. The effect of various thermoplas-
tic additives, their molecular weight and concentration, and different UP
resins on the shrinkage control of UPRs cured at a low temperature was
studied by dilatometry and scanning electron microscopy. Two UPRs: a UP
from maleic anhydride and propylene glycol containing 35 wt % styrene, and
a flexible resin synthesized from ethylene glycol, propylene glycol, maleic
anhydride and isophthalic acid were used. The thermoplastic additives, i.e.
poly(vinyl acetate) with different molecular weight values (Mw = 90 000 and
190 000 g/mol, respectively), a linear polyurethane (Mw = 30 000 g/mol) and
a saturated polyester (Mw = 30 000 g/mol) were applied. It was found that the
thermoplastic additives are effective for shrinkage control only in the con-
centration range between two transitions. The concentration range depends
on the additive type, as well as its molecular weight. Next, there is a close
relationship between the microstructure and the microvoid formation. A co-
continuous or low profile additive (LPA)-rich phase dominated structure is
essential for thermoplastics to be effective as shrinkage control additives. Fur-
ther investigation of the microstructure formation [213] using DSC, FT-IR,
RDA and optical microscopy showed that, depending on the system miscibil-
ity and reaction kinetics, the formation of sample structure follows the same
route, but may end at different stages with a different structure. The final
structure depends on the volume fraction of the LPA-rich phase and the phase
separation period (time period between the onset of phase separation and
the gelation). A shrinkage control mechanism at low temperature cure was
proposed (Fig. 22).

The partially cured UP/styrene resins with various degrees of conver-
sion (lower than the gelation-related conversion) blended with poly(vinyl
acetate) and 2-fluorotoluene were prepared and the effect of poly(vinyl ac-
etate) on the conformation of UP microgel particles was investigated using
both static and dynamic light scattering [214]. 2-Fluorotoluene was used
because it is isorefractive with poly(vinyl acetate), thus only primary and
partially crosslinked UPs were visible in light-scattering experiments. It was
found that mixing poly(vinyl acetate) into UP/styrene resins caused an in-
crease in the compactness of polyester coils and favored the intramolecu-
lar UP/styrene cyclization in the early stage of curing. Moreover, replacing
low-molecular-weight 2-fluorotoluene with high-molecular-weight poly(vinyl
acetate) in UP/2-fluorotoluene solutions caused an increase in the excluded
volume of polymers. It led to a reduction of polyester microgel particle sizes
and compatibility between UP and poly(vinyl acetate)/2-fluorotoluene solu-
tions and in consequence to the decrease in anisosymmetry and differential
index of refraction of UP in the solution.

The effect of the thermoplastic low-profile additives on the properties of
additivated UPRs was investigated [215]. Poly(methyl methacrylate), copoly-
mers of methyl methacrylate with butyl acrylate and terpolymers of methyl
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Fig. 22 Scheme of the shrinkage control mechanism of the low temperature cure:
a induction stage; b spinodal decomposition; c coarsening to (i) the low profile additives
(LPA)-rich phase dominated structure, or (ii) the UP-rich phase dominated structure;
d coalescence and growth, (i) coarse co-continuous structure, or (ii) LPA-rich phase dom-
inated structure; e gelation; and f microvoid formation. Reprinted from (2000) Polymer
41:697 [213] with permission

methacrylate with butyl methacrylate and maleic anhydride were used. The
effect on the morphology, microvoid formation and phase separation was
particularly considered. The volume shrinkage and internal pigmentabil-
ity are the important factors. Curing of the investigated systems was taken
into account. The SEM, DSC and DMA methods of investigation were ap-
plied [216].

12
UPR-Based Nanocomposites

Nanoparticles added to thermoplastic polymers improve the mechanical
properties, increase Tg and enhance fire retardancy. Nanoparticles in UPRs
bring similar effects [217]. Montmorillonite (MMT) was used to obtain
polymer nanocomposites [218]. That general approach was applied to the
UPR-layered MMT nanocomposites. The structure of the nanocompos-
ites was investigated by XRD and TEM. Organophilic MMT was applied:
dodecylammonium-bromide treated MMT was used. A UPR synthesized
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from PET glycolyzate was, together with styrene, the main component of
the nanocomposites [219]. Organo-layered silicate structures ranging from
intercalated to exfoliated or delaminated were obtained.

As the source of nanoparticles, organically modified montmorillonite clay
was incorporated into UPRs and into diethylenetriamine crosslinked DGEBA.
UPRs were used as the main component of nanocomposites which contain,
moreover, sodium montmorillonite or an organically modified montmoril-
lonite as the reinforcing agent [220]. Tg values of the composites increased
from 72 ◦C for the neat UPR up to 86 ◦C for the composite with 10% or-
ganically modified montmorillonite which exhibited an increased degree of
intercalation (exfoliation). The incorporation of modified montmorillonite
resulted in an improvement of mechanical properties: an increase in ten-
sile modulus, tensile strength, flexural modulus, flexural strength, and im-
pact strength was found. Nanometer-sized Al2O3 particles increased con-
siderably the fracture toughness, if the UPR matrix/alumina particles inter-
face strength was enhanced by means of an organofunctional silane [221].
The ultrasonification method was applied to TiO2 (titania) in order to
enhance the nanoparticle dispersion in the UPR [222] which was veri-
fied by transmission electron microscopy (TEM) and scanning electron mi-
croscopy (SEM). An increase in dynamic fracture toughness was observed.
The importance of the interface strength between the UPR matrix and in-
organic polysilicic acid nanoparticles was ascertained using the nanoparti-
cles modified by the reaction of silanol groups on the nanoparticles sur-
face with phenyltrimethoxysilane, 2-(p-styryl)ethyltrimethoxysilane and 3-
(trimethoxysilyl)propyl methacrylate [223]. The homogeneous product cured
at 150 ◦C was a transparent inorganic/organic hybrid material, which exhib-
ited reduced shrinkage on curing and enhanced dynamic mechanical prop-
erties, due to increased interfacial force between the inorganic and organic
components.

In the UPR-based nanocomposites, the styrene monomer was replaced with
the polar hydroxypropyl acrylate [224]. X-ray and mechanical test data indi-
cated that mixing of the components for an extended period of time is essential
to improve the physical properties of nanocomposites in the UP/Cloisite 6A
system. This phenomenon was attributed to the high polarity of hydroxypropyl
acrylate which may disturb the preintercalation of UPR into the galleries of
montmorillonite. The UPRs with a styrene monomer were used in dispersions
with polymerizable quaternary ammonium-modified montmorillonite [225].
An increase in tensile and impact strength and heat resistance (Table 29) was
found when 2–5 wt % organophilic montmorillonite was added.

The effect of organophilic MMT is particularly advantageous, when the
organic substituent is copolymerizable.

A different method of incorporating organophilic MMT into the molecule
of UP consists of when a MMT functionalized with hydroxyl groups
copolymerizes ionically with maleic anhydride, phthalic anhydride, and
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Table 29 Effect of modified montmorillonite on the properties of UPR nanocompos-
ites [225]

Modified montmorillonite Tensile Impact Hardness HDT
(MMT), 4 wt. % strength strength [Barcol] [◦C]

[MPa] [kJ/m2]

None 44.1 6.32 12.4 86.2
Sodium MMT 47.8 4.35 13.3 89.8
Cetyltrimethylammonium 56.4 8.44 13.1 103.1
bromide MMT
Methacryloyloxyethyl-benzyl- 71.2 9.63 13.8 110.4
dimethylammonium chloride
MMT

epichlorohydrin. The UP thus obtained is then dissolved in styrene and
crosslinked by radical copolymerization [226]. The dispersion of MMT in
the UPR matrix in the form of exfoliated nanocomposites was confirmed
by X-ray diffraction study. In addition to incorporation of OH groups by
using methyl-di(hydroxyethyl)-alkyl (C14-C18)-ammonium substituted MMT
(Cloisite 30B), carboxylic groups were introduced by means of MMT sub-
stituted with H3N+(CH2)12COOH. The COOH groups participated in the
reaction with the acid anhydride and the monoepoxide (i.e. epichlorohydrin).
To compare the effect of functional groups in MMT with that of MMT without
functional groups, dimethyl-dialkyl (C14-C18)-ammonium substituted MMT
(Cloisite 15A) was used. Built-in MMT increased the hardness and HDT value.
It acts as a fire retardant (Table 30).

Smectic bentonite was added to UPRs of prolonged durability to pro-
vide them with thixotropic properties [227]. The quaternary ammonium salts
with the structure (R1R2R3R4)N+X– were used for bentonite modification or
added directly to UPRs in order to enhance resistance to sedimentation and
compatibility of resins and smectites. Different ammonium salts were tested
with the model system (styrene + maleic anhydride), commercial UP resin
and commercial pre-accelerated resin in relation to the structure of the sub-
stituent at the nitrogen atom. It was found that the applied ammonium salts
enhanced the durability of the resin with the reactivity only slightly affected.
The best result was achieved using the salts with one aromatic substituent and
the other an aliphatic one.



Unsaturated Polyester Resins 83

Ta
bl

e
30

Pr
op

er
ti

es
of

U
PR

/
M

M
T

na
no

co
m

po
si

te
s

[2
26

]

M
on

tm
or

ill
on

it
e

(M
M

T
)

U
P

U
PR

C
ur

ed
U

PR
(w

ei
gh

t
co

nt
en

t)
(b

ef
or

e
cu

ri
ng

)
A

ci
d

So
ft

en
in

g
St

yr
en

e
V

is
co

si
ty

H
ar

dn
es

s
H

D
T

LO
I

nu
m

be
r

te
m

p.
co

nt
en

t
at

22
◦ C

[N
/

m
m

2
]

[◦
C

]
[%

]
[◦

C
]

[%
]

[m
Pa

s]

N
on

e
40

78
35

91
9

11
6.

0
63

.5
24

.1
So

di
um

M
M

T
(2

%
)

18
78

36
11

07
11

9.
6

60
.3

22
.7

C
lo

is
it

e
15

A
(2

%
)

15
83

35
11

81
12

3.
5

64
.7

22
.3

C
lo

is
it

e
30

B
(2

%
)

18
87

36
99

3
12

7.
6

65
.6

27
.4

C
lo

is
it

e
30

B
(3

%
)

24
90

33
25

83
13

9.
7

67
.6

28
.7

H
3N

+
(C

H
2)

12
C

O
O

H
/

M
M

T
(2

%
)

63
88

34
67

15
13

4.
7

68
.7

21
.0

H
3N

+
(C

H
2)

12
C

O
O

H
/

M
M

T
(3

%
)

42
16

97



84 P. Penczek et al.

13
Major Application Processes

Manufacture of reinforced plastics is the main application of UPRs. The hand-
lay-up method is the most important manufacturing method. Glass fiber
fabric, mat or roving are used as the reinforcement. Apart from the traditional
manual processing, many mechanized processes are applied. The processing
of DMC (Dough Molding Compounds), SMC (Sheet Molding Compounds)
and BMC (Bulk Molding Compounds) should be mentioned. The use of SMC
needs UPRs, which are thickened with additives, like magnesium oxide or
isocyanates. To improve the quality of the surface of molded pieces, the
polymerization shrinkage should be diminished. To this effect, thermoplas-
tic additives are introduced into the UPR: polystyrene, poly(vinyl acetate),
polyesters, polyurethanes, a. o. Such additives are called LPAs (Low Profile
Additives), LSAs (Low Shrink Additives) and ZSAs (Zero Shrink Additives).

In addition to the glass fiber reinforcement, natural fibers are used. The
natural fibers involve different cellulosic materials, like jute, sizal, bast, flax,
hemp, ligno-cellulosics, cotton and many other classes of natural fibers of
plant origin. Natural fibers belong to the renewable materials. Actual infor-
mation on this area is available from the new Journal of Natural Fibers edited
by the Institute of Natural Fibers, 60-630 Poznań, Poland. As an example, the
following recently published articles should be mentioned: “Study on Flax
Genetic Transformation”, “Alkali Extracted Stem-Exploded Wood Fiber as
Reinforcing Material for Polypropylene-Based Composites”, “Evaluation of
Some Flax Genotypes Straw Yield”, “A Review of Natural Fiber Based Com-
posites”, “Low Dielectric Constant Material from Hollow Fibers and Plant
Oil”.

UPRs are also used as filled materials. The fillers may contain a differ-
ent amount of fillers. The content of a filler can be as high as 95 wt %. They
are usually inorganic products, like sand or chalk, applied in construction.
As examples, outlet pipes in sewage systems and cast seamless flooring can
be mentioned. The pipes in sewage systems can replace chemical stoneware.
Chalk-filled UPRs are used in the making of glass fiber reinforced sanitary
fillings. Large amounts of the filled UPRs are produced as artificial marble
with inorganic fillers.

Cast UPRs without fillers are used in fancy goods and for making buttons.
For these applications, transparent colorless UPRs are produced. Such UPRs
should be resistant to yellowing and discoloration.

UPRs are applied as a coating for wood, mainly in furniture manufactur-
ing. For that application, two-component liquid resin systems are formulated.
One component contains the peroxide initiator, whereas another one is addi-
tivated with a cobalt promoter. For the coating of particle board and other
substrates, fast-curable UPR systems with UV photoinitiators are used. Re-
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cently introduced UV curable UPR-based powder coatings for heat sensitive
substrates are described in a separate sub-chapter.

13.1
Composites with Glass Fibers and Natural Fibers

Glass fiber reinforced composites based on epoxy-acrylate modified UPRs
were studied [228]. The authors showed that UPRs, endcapped with acry-
late groups and diluted with reactive multifunctional acrylic and allylic
monomers in the presence of a photoinitiator, can be photocrosslinked with
UV radiation as glass fiber laminates in a rapid process. It was found that
the physical properties of the photo-crosslinked laminates are well correlated
with the molecular weight of the polyester, the amount of multifunctional
monomer added, and the glass fiber content. A greater improvement of the
tensile and flexural properties of the photocured products was observed for
multifunctional acrylate or acrylether monomers added to the UPR (Table 31)
than for allylic monomers.

The best mechanical properties and water resistance were obtained for
the laminates containing 20–50 wt % multifunctional acryl ether monomer,
40–55 wt % glass fiber, and 1 wt % photoinitiator.

The effect of weave structure on the mode-I interlaminar fracture energy
(GIC) of E-glass/rubber-modified VER laminates was examined [229]. Differ-
ent types of E-glass fibers were used, i.e. plain weave, twill weave, quadran
4-harness satin weave, and 8-hatness satin weave with weave index 2, 3, 4, and
8, respectively, to determine the influence of weave pattern on the delamina-
tion resistance of toughened VER laminates.

A new rapid prototyping technique, Laminated Object Manufacturing
(LOM), was described [230]. It was shown that, when properly treated, LOM
molds can be used in conjunction with the RTM process to produce proto-
type composite parts from a VER toughened with unidirectional E-glass fiber

Table 31 Effect of multifunctional monomer on mechanical strength of the photocured
laminates. Reprinted from (1994) J Appl Polym Sci 51:1129 [228] with permission

Mechanical Monomer Monomer content [%]
strength 10 20 30 40

Trimethylolpropane triacrylate 183 188 187 184
Tensile strength Trimethylolpropane triacrylether 195 197 192 187
[MPa] Pentaerythritol tetraacrylether 191 195 194 190

Trimethylolpropane triacrylate 89 91 90 87
Tensile modulus Trimethylolpropane triacrylether 97 95 94 93
[102 MPa] Pentaerythritol tetraacrylether 96 97 98 9
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mat. The proposed method of mold fabrication reduced the man-hours and
the time associated with conventional techniques.

The mechanical properties (i.e. tensile, compressive, flexural strength
and modulus, impact strength, inplane shear strength and modulus, in-
terlaminar shear strength, and Barcol hardness) of untreated woven jute
fabric-reinforced polyester composites were determined [231]. Although jute-
reinforced polyester composites exhibited inferior mechanical properties in
comparison with conventional composites, they were characterized by higher
strength than wood composites and some plastics. It was concluded that
a woven jute, as an eco-friendly, non-toxic, non-health hazardous, low-cost,
renewable and easily available material, could be a good substitute for wood
in both indoor and outdoor applications.

13.2
Composites Reinforced with Fillers

UPRs are predominantly reinforced with glass fibers or with natural fibers.
The use of powder fillers can also improve the properties of cured UPRs.
A study on the filling of UPRs with fly ash was performed [232]. Fly ash is
a side product of the burning of pulverized coal in power plants. It consists
mainly of silicon oxide and iron oxide. It contains, moreover, aluminum oxide
and unburnt carbon. The fly ash having been used exhibited a particle size
below 76 µm. An isophthalic UPR was filled with 10% fly ash and cast into
molds. The mechanical properties were tested in comparison with CaCO3
filled UPR. Tensile and flexural strength were determined. Filling with fly ash
decreases the strength, if used in an amount above 10%. The castings were
found to have poor acid and solvent resistance. However, the alkali, brine,
weathering, and freeze-thaw resistance was satisfactory. It is predicted that
the strength may further be increased, if the adhesion between fly ash and
UPR matrix is improved by applying a coupling agent. An ortho-phthalic UPR
reinforced with fly ash/mica hybrid was prepared [233]. The effect of loading
composition, the nature of filler surfaces and the surface treatment of fillers
were examined in both the uncured and cured state. The tensile strength of
cured composites increased with the addition of mica in the total filler. The
optimum filler composition was found to be 25 phr of mica and 15 phr of fly
ash.

Sand/clay UPR composites containing various amounts of styrene and
sand/clay, with different particle sizes of clay were prepared [234]. The ef-
fect of a radiation-initiated (γ -irradiation at 50 kGy) polyester curing on the
physicomechanical properties of the prepared composites was investigated. It
was found that the compressive strength decreased with an increase in the
sand/clay and styrene contents, as well as the size of clay particles, whereas
the apparent porosity and water absorption of the composites increased. New
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bands appeared in the FT-IR spectra indicating a chemical reaction between
UP and clay filler. The morphology of composites was studied using SEM.

It has been shown that recycled FR-4 epoxy laminates are advantageous
fillers for UPRs [58]. Moreover, calcium carbonate and copper were used as
additional fillers. The fillers affected the curing rate, decreased the flexural
strength and increased the flexural modulus. The shredded laminates were
used in the amount of 100 phr.

The creep of UPRs and the UPR composites filled with marble powder
and powdery PVC was studied [235]. The authors proposed a jump-like char-
acter for the creep rate of materials. It was also assumed that the creep on
the micron level reflected the structural inhomogeneity of UPRs and their
composites. An optimized cure cycle with reduced process-induced residual
stresses and the optimum temperature profile for the manufacturing of UPR
composites were searched using the numerical simulation [236].

13.3
Molding Compounds

A low-profile bulk molding compound (BMC) consists of an unsaturated
polyester, styrene, poly(vinyl acetate) as the low-profile additive, calcium car-
bonate, short-cut glass fibers, and various additives, which are contained in
minor amounts. Solubility parameters of both key organic components: the
polyester and poly(vinyl acetate) were determined [129]. The Hansen and
the Hildebrand parameters were calculated. They may be used to predict the
behavior of those materials in the presence of solvent-containing systems.
It was found that the low-profile additive significantly modifies the solubil-
ity parameter values. The relationship between morphology and paint sol-
vents interactions of a BMC was studied [237]. The existence of a poly(vinyl
acetate)-filler free polyester skin of about 0.1 µm thickness and the existence
of heterogeneously distributed porosities were also discussed with special ref-
erence to a protective effect towards solvent diffusion.

A reversible thickening method of UPRs was developed. The method con-
sisted of the use of thermally breakable functional groups derived from dike-
togulonic acid and a salt-forming diamine [238]. Diketogulonic acid itself was
prepared by hydratation of dehydroascorbic acid, being the product of oxida-
tion of l-ascorbic acid with H2O2 (Fig. 23).

Then the standard UP with terminal COOH groups was reacted with a di-
amine [A(NH2)2: 1,6-hexanediamine or p-xylilenediamine] followed by the
reaction with DKGA (Fig. 24) and the urethanization of terminal CH2OH
groups of DKGA with phenylisocyanate and a diisocyanate (MDI). The thick-
ening of the thus modified UP which contained the terminally breakable
diketo groups and amine salt groups was compared with the conventional one
being carried out with MgO in the SMC and BMC manufacturing technology.
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Fig. 23 Synthesis of diketogulonic acid. Reprinted from (1996) Polymer 37:2179 [238] with
permission

Polyester-based SMCs, their basic composition (various resin types),
fillers, and modifiers as well as the equipment and methods used to prepare
and to process SMCs are reviewed [239] with particular reference to short-
stroke polyester presses and to conditions of preparation and the properties
of moldings.

Chemical recycling of cured UPRs and sheet molding compounds may
become a feasible process of waste utilization. The processes are based on
the breaking of ester bonds in the crosslinked UPR. The breaking of ester
bonds consists of hydrolysis at 225 ◦C for several hours [240]. After filtra-
tion, isophthalic acid, styrene/fumaric acid copolymer and propylene gly-
col are recovered. According to another process, cured UPR is hydrolyzed
with butanone/water at 220–275 ◦C for 6 hours [241]. The separation into
an aqueous and organic layer resulted in the recovery of phthalic acid and
styrene oligomer, correspondingly. Hydrolysis of ground SMC with methano-
lic KOH in dioxane under reflux was described [242]. Recently, a utilization of
cured UPR by pulverization followed by glycolysis with 1,2-propylene glycol
at a temperature in the range of 70–80 ◦C was presented [243]. The gly-
colyzate was reacted with maleic anhydride and then dissolved in styrene.

Fig. 24 Modification of UPRs with diketogulonic acid. Reprinted from (1996) Polymer
37:2179 [238] with permission
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Thus, a UPR with acceptable mechanical properties after curing by radical
copolymerization was eventually obtained. The recycling of cured UPR was
developed whereby the resin was mechanically disintegrated and the thus ob-
tained fine powder was glycolyzed with propylene glycol. The glycolyzate was
then reacted with maleic anhydride to form a UP [243]. The UP was dissolved
in styrene and the resultant UPR was cured by radical copolymerization. Ten-
sile strength, tensile modulus and impact strength were determined. The idea
was based on the previous results by Kinstle et al. [240], Tesoro et al. [244] and
Patel et al. [242] who described the recycling of cured SMC. Those processes
began with hydrolysis of the ground material.

Waste polyester molding compounds/bulk molding compound articles
as well as glass-reinforced cold-cured polyester laminates scrap, and waste
printed-circuit boards made of epoxy-glass copper-coated laminates were
used as fillers for making polyester molding compounds [245]. Partial, up
to 10–15 wt %, replacement of a powdered chalk by the recyclates raised the
viscosity, accelerated the chemical thickening caused by MgO, and slightly de-
layed the exothermic peak of the crosslinking process and lowered the heat of
copolymerization, but did not significantly affect the properties of the cured
resin.

13.4
Powder Coatings from UPs

Solid UPs with solid monomers and photoinitiators are used after having
been powdered as UV curable powder coatings [246]. Both main compo-
nents are solvent-free and are melted after being heated with infrared irradi-
ation. The powder coating is first applied with a gun onto an electrostatically
charged surface. The powder particles undergo an electrostatic charging in
the gun. The molten powder coating is spread out on the surface of the ob-
ject to be coated. The components of the powder coating copolymerize (are
hardened) within a few seconds of the UV irradiation. In contradiction to
the thermal curing, the UV hardening does not need a high temperature or
a long application time. Thus, the UV curable coatings can be applied to the
elevated temperature sensitive substrates, such as wood, particle board and
thermoplastics.

Powder coatings have to be resistant to agglutination after prolonged stor-
age at an elevated or ambient temperature under a compression. The agglu-
tination resistance concerns both the powder and the solid monomer com-
ponent. The solid powdered components should exhibit a Tg value of around
50 ◦C. The UP component is a fumaric acid polyester with a glycol like ethy-
lene, 1,4-butylene and neopentyl glycol or 1,4-cyclohexane dimethanol. The
solid unsaturated monomer may comprise a vinyl-ester type DGEBA diacry-
late which is reacted with a diisocyanate, e.g. isophorone diisocyanate (IPDI).
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The urethanization of DGEBA diacrylate with IPDI results in an increase in
the Tg value.

The meltable components of the powder coating are mixed as a melt in
an extruder. To be extruded in melt, the components should exhibit a melt-
ing temperature in the range of 90–110 ◦C. The extruded composition is then
cooled down, powdered and screened. The given melting temperature enables
the powder coating to be spread out on the coated object.

References

1. Penczek P (1966) Polimery 11:351
2. Yang YS, Pascault JP (1997) J Appl Polym Sci 64:133
3. Yang YS, Pascault JP (1997) J Appl Polym Sci 64:147
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233. Şen S, Nugay N (2001) Eur Polym J 37:2047
234. Ismail MR, Ali MAM, El-Millicy AA, Afifi MS (1999) J Appl Polym Sci 72:1031
235. Peschanskaya NN, Hristova J, Yakushev PN (2001) Polymer 42:7101
236. Gopal AK, Adali S, Verijenko VE (2000) Compos Struct 48:99
237. Deslandes N, Bellenger V, Jaffiol F, Verdu J (1998) Compos Part A 29A:1481
238. Chiu YY, Saito R, Lee LJ (1996) Polymer 37:2179
239. Królikowski W, Spaay A (1999) Polimery 44:716
240. Kinstle JF, Forskey LD, Valke R, Campbell RR (1983) Am Chem Soc Div Polym Chem

32:446
241. Tesoro G, Wu Y (1992) Am Chem Soc PSME Prepr 67:459
242. Patel SH, Gonzalves KF, Stivala SS, Reich L, Trivedi DH (1993) Adv Polym Technol

12:35
243. Yoon KH, DiBenedetto AT, Huang SJ (1997) Polymer 38:2281
244. Tesoro G, Chum H, Power A (1992) Compos Inst, 47th Annu Conf SPI, Session 4C:1
245. Nowaczek W (1999) Polimery 44:758
246. Fink D, Brindöpke G (1995) Eur Coatings J 9:606



Adv Polym Sci (2005) 184: 97–126
DOI 10.1007/b136244
© Springer-Verlag Berlin Heidelberg 2005
Published online: 26 July 2005

Crosslinked Polyolefin Foams:
Production, Structure, Properties, and Applications

M. A. Rodríguez-Pérez

Departamento de Física de la Materia Condensada,
Universidad de Valladolid, 47011 Valladolid, Spain
marrod@fmc.uva.es

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

2 Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.1 Commercial Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
2.2 Foaming of New Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2.3 Improvements of Formulations . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.4 Experimental Characterization and Modeling of Foaming . . . . . . . . . . 107

3 Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.1 Characterization of the Cellular Structure . . . . . . . . . . . . . . . . . . . 108
3.2 Characterization of the Polymer Morphology . . . . . . . . . . . . . . . . . 109

4 Physical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.1 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
4.1.1 Mechanical Properties at Low Strain Rates . . . . . . . . . . . . . . . . . . 111
4.1.2 Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
4.1.3 Creep and Gas Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
4.1.4 Dynamic Mechanical Behavior . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.2 Thermal Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.2.1 Thermal Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4.2.2 Thermal Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.3 Recycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Abstract The purpose of this paper is to review the most significant developments of the
last 10 years in the field of crosslinked polyolefin foams. The methods to produce the
foams, the relationships between structure and properties, and the main applications of
these materials are briefly reviewed. Topics of possible future research are proposed.

Keywords Polyolefin foams · Polyethylene foams · Crosslinking · Foaming agents ·
Physical properties of foams
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Abbreviations
AAGR Average annual growth rate
AZD Azodicarbonamide
CPOF Crosslinked polyolefin foams
C Constant that accounts for the cell shape
C1, C2, C3 Fitting constants in the Gibson and Ahsby equations
Φ Mean cell size
δ Mean cell wall thickness
σc Collapse or yield stress
ρ Density of the foam
ρs Density of the solid polymer
DCP Dicumyl peroxide
EVA Ethylene vinyl acetate copolymer
ESI Ethylene styrene interpolymer
Def Effective diffusion coefficient
fs Fraction of material in the struts or edges
TN Fraction of radiant energy sent forward by a solid membrane of thickness δ

r Fraction of incident energy reflected by each gas-solid interface
t Fraction of energy transmitted through a solid membrane
HDPE High-density polyethylene
K Foam bulk modulus
L Foam thickness
p0 Initial gas pressure
LDPE Low-density polyethylene
LLDPE Linear low-density polyethylene
PO Polyolefin
PP Polypropylene
ρ/ρs Relative density
ω Refractive index of the plastic
ν Poisson ratio
P Polymer permeability
ε Strain
σ Stefan–Boltzman constant
λ Foam thermal conductivity
T Temperature
λg Thermal conductivity by conduction through the gas phase
λs Thermal conductivity by conduction through the solid phase
λr Thermal conductivity by radiation
λgas Thermal conductivity of the gas
λsolid Thermal conductivity of the solid
α Thermal expansion of the foam
αg Thermal expansion of the gas
αs Thermal expansion of the solid
Vgas Volume fraction of gas
Vpoly Volume fraction of solid
Es Solid polymer Young modulus
E Foam Young modulus
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1
Introduction

Polymer foams are two-phase materials in which a gas is dispersed in a con-
tinuous macromolecular phase [1–4]. These materials are important items in
the economy, and, because of technical, commercial, and environmental is-
sues, they represent an interesting dynamic in 21st-century society. The plas-
tic foam industry is a major segment of the U.S. plastics industry, accounting
for about 10% of total commodity resin consumption. This market [5] was
estimated at more than 3.34 billion kg in 2001 and it is expected to grow
at an average annual growth rate (AAGR) of about 2.8%, thus increasing to
3.83 billion kg by 2006. In terms of sales, polyolefin (PO) foams are ranked
fourth, behind polyurethane, polystyrene, and poly(vinyl chloride) foams;
however, polyolefinic materials have the highest AAGR of any resin group.
A growth rate of 3.8% is forecast for POs in 2006, largely based on increas-
ing demand for CPOF in market sectors such as construction, packaging,
buoyancy, automotive, medical, and the new and growing field of leisure and
sports items.

From a technical point of view a variety of properties, such as light weight,
buoyancy, chemical resistance, skin friendliness, no water absorption, cush-
ioning performance, shock absorption, and thermal insulation, have all en-
sured the success of these materials.

Olefins are defined as unsaturated aliphatic hydrocarbons. The commercial
materials currently used to produce PO foams are low-density polyethylene
(LDPE), high-density polyethylene (HDPE), linear low-density polyethylene
(LLDPE), polypropylene (PP), and ethylene vinyl acetate copolymers (EVA).
The density of a cellular material profoundly affects its properties. PO foams
are divided into two density categories: high and low density. The border-
line is at approximately 240 kg/m3 [3]. High-density materials are mainly
used in wires and cables and for structural purposes. Low-density foams are

Table 1 Market for polymeric foam in the USA by resin family (million kg). AAGR (aver-
age annual grow rate)

2001 2006 AAGR % 2001–2006

Polyurethane 1782 2124 3.6
Polystyrene 861 914 1.2
Poly(vinyl chloride) 520 592 2.6
Polyolefin 135 162 3.8
Others 41 46 2.3
Total 3339 3838 2.8
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mainly used for energy absorption and thermal insulation. This review fo-
cuses on these low-density foams. The majority of these foams have densities
lower than approximately 100 kg/m3, the relative density (ρ/ρs), defined as
the density of the foam ρ divided by the density of the solid polymer ρs, is
lower than 0.1, i.e., the volume of gas is higher than 90%.

PO foams are classified into three product groups depending on the pro-
duction process and final shape [3, 6]. Extruded PO foams were introduced
into the market by Dow Chemical Company in 1958. Crosslinked PE foams
emerged in the Japanese market in the mid-1960s. PO foam moldings were
introduced in the early 1970s by BASF AG in Germany [3, 6]. The produc-
tion routes are based on different technologies for the noncrosslinked and
crosslinked materials. This review considers mostly CPOF, though most of the

Fig. 1 Micrographs of foams produced from a high-pressure nitrogen solution process,
b compression molding process, c and d semicontinuous process, crosslinking by irradi-
ation (micrographs of the same sample in two perpendicular directions)
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results on the structure property relationships could be directly applied to the
noncrosslinked materials.

The structure is based on closed cells, which are polyhedra of differ-
ent sizes and shapes (Fig. 1). The solid phase is a crosslinked PO, which
is stretched during foaming, and, depending on the production route, this
polymer could contain a nonnegligible amount of foaming agent residues.
In addition, this solid phase crystallizes in very thin faces (for a LDPE foam
of 15 kg/m3 the cell wall thickness is approximately 1 µm). These features
make crosslinked poyolefin foams remarkable materials in which interesting
relationships between structure and properties should be expected [1, 2].

Due to the commercial and technical aspects mentioned in this introduc-
tion, the interest in these materials has increased notably in the last decade.

2
Production

2.1
Commercial Processes

The processes are characterized by three steps: sheet formation, crosslinking,
and foaming. There are several ways to perform and combine the steps, yield-
ing a number of possible routes [3, 6–8]. Figure 2 shows the processes that are
commercially used and the main steps of each one.

The raw materials are the base polymer, the crosslinking agent (for chemi-
cally crosslinked foams), the foaming agent, and several additional additives;
some of them are included as processing aids; others are added to impart
specific properties to the foam (carbon black, UV stabilizers, etc.).

In processes where foam expansion is accomplished by heating, cells need
to be stabilized by crosslinking the polymer. Crosslinking extends the rub-
bery plateau of the polymer melt, widening the temperature range in which
a stable foam can be produced (Fig. 3) [3, 6–8].

Two main crosslinking procedures are used, physical crosslinking by ir-
radiation (electrons or gamma irradiation) (process c in Fig. 2) and chemical
crosslinking by using crosslinking agents such as dycumil peroxide (pro-
cesses b, d, and e in Fig. 2).

Azodicarbonamide (AZD) meets most of the requirements for a success-
ful foaming agent [3, 6–8]. It decomposes in a narrow temperature range
(approximately 210–220 ◦C); however, the compound can be modified with
an activator (ZnO for instance) to decompose at temperatures as low as
130 ◦C. The gas it releases consists of nitrogen (65%) and carbon monoxide
(32%). This compound is used in processes b–e in Fig. 2. The other foaming
agent commercially used is gas nitrogen (process a in Fig. 2). This method
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Fig. 2 Schematic diagram showing the main steps of the most important commercial
technologies used to produce crosslinked closed-cell polyolefin foams

Fig. 3 Melt viscosity of polymer after crosslinking
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Table 2 Characteristic temperatures of the materials used in the production of CPOF

Base material (Tm) Crosslinking agent (Td) Foaming Agent (Tf)

Low-density polyethylene 110 ◦C
EVA copolymers Dicumyl peroxide Azodicarbonamide
≈ 80 to 100 ◦C Start at 130 ◦C, Start at 150 ◦C

Finish at 200 ◦C Finish at 200 ◦C
High-density polyethylene 130 ◦C Radiation, room temperature
Polypropylene 170 ◦C

is based on the diffusion of gas nitrogen on a solid sheet using high pres-
sures and temperatures above the melting point of the base polymer. After
the diffusion step the sheet is expanded by proper control of pressure and
temperature [3, 6–8].

A strong impression of the complexity of this technology is obtained
by considering the melting and decomposition temperatures of the various
chemical materials used in each process step (Table 2).

The following principles of temperature control must be established [9]:

1. Form a sheet at a temperature higher than Tm but below Td or Tf.
2. Start crosslinking above Td but below Tf.
3. Foam at temperatures higher than Tm and Td.

The advantage of using radiation for crosslinking comes in freeing the
temperature need for gas release from the relatively close temperature levels
of starting peroxide crosslinking. The overlap of the temperature ranges for
accomplishing peroxide cure and for decompose AZD are observed in the table.

Different processes result in foams with different cellular structures. Fig-
ure 1 shows the cellular structure of foams produced from three differ-
ent technologies. Foams produced from a nitrogen gas solution process are
isotropic and homogeneous with polygonal cells [10, 11]. Foams produced
from a compression molding technique show a microstructure characterized
by a small average cell diameter, with the produced blocks being nonho-
mogeneous; the cellular structure changes along the block thickness (cells
are smaller close to the surface of the blocks) [12]. Foams produced from
compression molding or semicontinuous processes present some residues of
foaming agent in the final structure. For a 30 kg/m3 density foam, foaming
residues account for 10% of the solid phase. The foams produced from the
semicontinuous process are anisotropic with cells elongated in the machine
direction (Fig. 1c) [13–16].

Early reviews on this topic considered in detail the different routes to pro-
duce crosslinked closed-cell PO foams [3, 7–9]. Recent research has concen-
trated on the foaming of new polymers, on the improvement of formulations,
and on the experimental characterization and modeling of foaming.
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2.2
Foaming of New Polymers

In the last few years, some new materials have emerged as base materials
for CPOF [17, 18]. Examples are ethylene–styrene interpolymers, metallocene
polyethylenes, polypropylene foams, and blends of different POs.

Ethylene–Styrene Interpolymer Foams

The properties of these random copolymers vary with the copolymerization
styrene content. Interpolymers having a styrene content greater than 65% are
amorphous and semirigid, while those containing a lower styrene content are
crystalline, soft, and resilient. Interpolymers have both aromatic and aliphatic
functionality. Hence, they are compatible with a variety of other thermo-
plastics as LDPE and polystyrene [19]. In addition, ESI resins with a high
styrene content exhibit good vibration damping because their glass transition
temperatures are near room temperature [18, 20]. On the other hand, they
are relatively expensive; consequently, there has been an interest in blending
these materials with cheaper LDPE, EVA, HDPE, and PP [21–23]. Applica-
tions that have been analyzed are midsoles for shoes and soccer shin guards.

Metallocene PE

The unique features of metallocene POs make these resins attractive for
a wide range of applications [24, 25]. In particular, foams from these POs
have been recently commercialized [26]. Foaming of metallocene LDPE
and LLDPE have been performed successfully by using DCP as foaming
agent [27–30] and silane grafted metallocene POs [31].

Polypropylene Foams

The interest in producing crosslinked PP foams has been enormous. However,
due to a high melting temperature, near the range of the AZD decomposition
(Table 2), and the inherent difficulties associated with the crosslinking of this
polymer, mainly PP/PE blends have been commercially produced [32].

When a few years ago high-melt-strength PP became commercially
available, several efforts were made to produce 100% noncrosslinked PP
foams [18, 33]. Moreover, attempts have also been conducted to produce
crosslinked PP foams. On the one hand, using a PP random copolymer with
low ethylene content, electron irradiation, and multifunctional nomomers as
crosslinking promoter, PP foams and PP/LLDPE blend foams have been pro-
duced and characterized [34]. On the other hand, PP films and sheets for use
in automotive applications have also been manufactured, using organosilane
crosslinking of selected PP copolymers [35]. The Zotefoams company [36],
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using the high-pressure nitrogen solution process, has introduced a 100% PP
foam. However, no details of the process are given in this paper.

Blends

Blending is one of the easiest ways to modify the properties of CPOF. The
physical properties of foams manufactured from blends of LDPE and EVA
have been studied as a function of the LDPE content in the blends [15, 16].
The properties of the blends usually lie between the limits of the foamed
constituents, although the relationship is not always linear, which mainly de-
pends on the blend morphology.

2.3
Improvements of Formulations

Crosslinking

Crosslinking is a critical step for a successful foaming process. Methods
to improve crosslinking efficiency have been analyzed empirically. One
possibility is to add crosslinking promoters [28, 37], such as triallyl-1,3,5-
benzenetricarboxylate or triallyl cyanurate. Another method is by using POs
that are silane grafted to enhance physical properties and processability [38].

The effect of gamma irradiation on the crosslinking degree and foam-
ing has also been considered [31, 39]. Cardoso et al. [40] compared foams
crosslinked by irradiation and materials crosslinked by using peroxides. The
foams, produced by radio-induced crosslinking, showed a smooth and homo-
geneous surface.

Foaming Agents

As was explained previously, commercial processes by chemical foaming use
AZD [6]. This chemical compound and the technology behind it are well
established, and therefore few trials exist to discover alternatives. In fact,
comparative studies on the thermal behavior between AZD and other foam-
ing agents showed that the older and lower cost AZD-based agent performed
well and was shown to be better than most of the bicarbonate/citric acid-
based agents. [41, 42]

Formulations

The interrelationships of base polymer type, crosslinking blowing agent
concentration and physical properties of resultant foams have been investi-
gated [43–50]. A small addition of crosslinked LLDPE, which has a low dens-
ity of crosslink points to LDPE, enhances the mechanical behavior at high
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temperatures, which reduces heterogeneous deformation during foaming. As
a result, foams with a uniform cell size distribution can be obtained [44].
It has been found that the expansion ratio decreases with increasing mo-
lecular weight and increases with blowing agent content for HDPE foams.
Moreover, increasing both the molecular weight and amount of blowing agent
decreases the cell size [46]. The expansion ratio of the LDPE foams decreases
with increasing DCP content, which is due to the enhancement of the elastic
modulus. The crystallization temperature (Tc) of the foams is also responsible
for the expansion ratio. The degree of shrinkage decreases with increasing Tc
because immediate crystallization prevents shrinkage [45].

Open-Cell Foams

One of the challenges in increasing the range of properties and applications
of these materials is to produce the foams with open cells. Open-cell foams
would have better acoustic absorption and better recovery after mechanical
testing. In the last few years several papers and patents have been published
on this topic. Two different approaches have been proposed.

On the one hand, the cell opening is produced by pressing the foam up
to very high strains (higher than 95%). This compression causes the rupture
of cell faces, producing a cellular structure with interconnected cells (Fig. 4).
This procedure can be performed at room temperature or at a temperature
below the glass transition temperature of the matrix [51]. The inconvenient
aspect of this method is a reduction of the mechanical properties due to the
plastic deformation of the polymeric matrix.

Fig. 4 Cellular structure of an open-cell polyethylene foam 30 kg/m3 density
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Other methods are able to produce the cell opening without pressing
the foams. For example, several patents propose to invert the relationships
between the decomposition temperature of the crosslinking agent and the
decomposition temperature of the blowing agent [52, 53], which results in an
open-cell material with a similar structure to that shown in Fig. 4, but without
plastic deformation of the polymeric matrix.

2.4
Experimental Characterization and Modeling of Foaming

Most of the developments in the field of foaming are based on empirical
knowledge. However, a few papers have considered more fundamental as-
pects of foaming.

For example, Tai et al. [54] investigated the reaction kinetics of foaming.
The crosslinking reaction of an LDPE/DCP system is controlled by a first-
order decomposition of DCP. The addition of ZnO into AZD not only lowers
the decomposition temperature, but also accelerates its decomposition. The
reaction kinetics of the LDPE/AZD/ZnO system was found to be similar to
those of the AZD/ZnO system. The numerical results of this paper could be
used as a framework for future prediction and simulation of these processes.

Tatibouët et al. [55] proposed an interesting experimental setup to follow
the reactions taking place during injection molding. The ultrasonic qua-
sistatic technique can mimic adequately the conditions prevailing during the
molding process (pressure, temperature, time) and monitor the blowing pro-
cess through sound velocity, attenuation, and specific volume measurements.

Mahapatro et al. [56] proposed a theory to predict the foam density of
a given formulation. The model is based on the gas pressure in a Kelvin foam
structure (see below) and a rubber-elastic analysis of the biaxial stretching of
the cell faces. The theory predicts with good agreement the final foam density.

3
Structure

The structure of PO foams can be studied at at least three different levels
(Fig. 5). The cell size distribution and anisotropy of the cellular structure
is observed in low-magnification micrographs (Fig. 5a). From these micro-
graphs important parameters such as mean cell size (φ), anisotropy ratio,
(ratio between the cell size in different directions), possible residues of foam-
ing agent, and overall cell shape are usually obtained. To obtain a more
detailed characterization of the cellular structure, it is necessary to deter-
mine the mean cell wall thickness (δ) and the mass fraction in the edges
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Fig. 5 The three levels of the structure in polyolefin foams. a General view of the cellular
structure. b The polymer phase is built from cell walls and cell edges. c This micrograph
corresponds to a cell wall after etching [11]

( fs) (Fig. 5b). Finally, it is convenient to consider a third structural level, the
morphology of the base polymer (Fig. 5c).

3.1
Characterization of the Cellular Structure

The most characterized parameter is cell size [11, 13, 57, 58], which can be de-
termined using various methods [59]. An interesting contribution is given by
Sims and Khunniteekool [60], who analyzed micrographs of closed-cell foams
by different techniques. Excellent agreement for mean cell size data was estab-
lished between image analysis and the intercept method, in which the number
of cells per unit length is measured. It was concluded that rapid accurate de-
termination of apparent cell size was more readily obtained by the intercept
counting method. Moreover, they found that characterization of cell size dis-
tribution was most accurately performed using an image analysis method.

The other parameters that characterize the cellular structure, i.e., mean
cell wall thickness measured directly in the micrographs, fraction of mass in
the struts (obtained by the Kuhn method [57]), cell shape, and anisotropy,
have been analyzed in several papers [10, 11, 58]. The most difficult charac-
teristic to evaluate is cell shape. Because of the closed-cell structure it is not
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Fig. 6 Examples of cell shapes of closed-cell LDPE foams of a 18 kg/m3 and b 30 kg/m3

density produced by a high-pressure nitrogen solution process

possible to observe this shape directly with a microscope. Two interesting
ways of determining it have been proposed [10, 11]. First, it can be deter-
mined using the equation

Cδ =
ρ

ρ s
Φ(1 – fs) . (1)

The constant C, which can be obtained by fitting the experimental data to
the equation, accounts for the cell shape. For example, C takes a value of
3.46 for pentagonal dodecahedrons and a value of 3.35 for tetracaidecahedra.
The other way to estimate the cell shape is by doing a permanganate etching
to the foam. Thin cell walls are removed, and the shape of the cells can be
observed directly with a microscope (Fig. 6). Pentagonal dodecahedrons and
tetracaidecahedra are usually observed.

Another interesting finding, which as we will see below has important con-
sequences for the physical properties, is that cell walls in low-density foams
are not completely flat; in fact, they are partly buckled or wrinkled [62].

3.2
Characterization of the Polymer Morphology

The polymer in the walls and edges of a foam could have different morpho-
logical characteristics than that of continuous polymers produced by extru-
sion or injection molding. Several reasons support this hypothesis.

1. The cell wall thickness of very low-density foams could be less than 1 µm.
These sizes are smaller than the typical spherulite dimensions of a LDPE.
As a consequence, a possible influence of the cellular structure on the way
in which the foam crystallizes could be expected.

2. The polymer in the foam is crosslinked.
3. The polymer is stretched during foaming.
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Fig. 7 Ratio between supramolecular units diameter and cell wall thickness for a col-
lection of polyethylene foams of different densities. LDPE foams of different nominal
densities (LD15 means LDPE foam of 15 kg/m3 density). LD50CN and LD70B were black
foams. The ratio is a constant for all the foams

All these features suggest a different morphology of the polymer in the foam
compared to that of the solid sheet from which the material is produced. This
idea has been suggested by several authors [11, 60–63], and, although it has not
beencompletelysolved, several experimental studieshaveconsidered this topic.

Using scanning electron microscopy on etched cell walls, Almanza
et al. [11, 60] found that the microstructure is not spherulitic and, in add-
ition, that cellular structure and polymer morphology are not independent
variables. In fact, the diameter of the supramolecular units that form the
structure is conditioned by the cell wall thickness. Figure 7 shows this result.
A possible explanation lies in the restriction of space the crystals have dur-
ing their growth in a cell wall. In a similar way, Zipper et al. [63] analyzed
PP-structural foam moldings by site-resolved X-ray scattering. The authors
showed differences in the microstructure of the foams compared to that of
compact injection molded parts.

4
Physical Properties

4.1
Mechanical Properties

PO foams’ main applications are packaging and protection against impact.
For this reason, an important part of the research on these materials is fo-
cused on their mechanical properties. This part of the paper is divided into
four sections, each one dedicated to the different types of mechanical sit-
uations in which these materials are used: behavior at low and high strain
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rates (impact), creep response, and dynamic mechanical behavior. Most of
the investigations considered compression experiments, which is the com-
mon situation in real applications.

4.1.1
Mechanical Properties at Low Strain Rates

The compressive stress–strain curve for PO foams shows three different re-
gions, which are associated to different deformation mechanisms [1] (Fig. 8).
At low strains, below approx. 5%, the stress–strain relationship is almost lin-
ear. Linear elasticity is controlled by cell wall bending and cell face stretching,
and the plateau is associated with the collapse of the cells by elastic buckling.
When the cells are almost completely collapsed, opposing cell walls touch,
and further stress compresses the solid itself, giving the final region of rapidly
increasing stress.

Foam mechanical properties are often explained using Gibson and Ashby’s
approach [1]. Their simplified microstructural model is built from cubic cells.
For closed-cell foams Gibson and Ashby predict three contributions for the
Young modulus of a foam:

E = Es

[
C1f 2

s

(
ρ

ρs

)2

+ C2(1 – fs)
(

ρ

ρs

)]
+

p0(1 – 2ν)
(1 – ρ/ρs)

, (2)

Fig. 8 The three different regions of the compressive stress–strain curve for foams of dif-
ferent densities and chemical compositions. EV50: EVA foam 50 kg/m3 density, VA35:
EVA foam 35 kg/m3 density, LD70: LDPE foam 70 kg/m3 density, MP45: LDPE foam
(metallocene PE) 45 kg/m3 density, HD30: HDPE foam 30 kg/m3 density, HL34, 50%
LDPE, 50% HDPE foam, 34 kg/m3 density
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which represents contributions from the bending of cell edges, stretching of
cell faces, and compression of the gas. v is the Poisson ratio, p0 is the initial
gas pressure, and E is the Young modulus of the polymer. The constants C1
and C2 are fitting constants.

A similar equation is proposed for the collapse or yield stress:

σc = Es

(
C3

(
ρ

ρs

)2

+
p0 – pat

Es

)
, (3)

where pat is the atmospheric pressure.
The postcollapse stress has also been modeled. Gibson and Ashby’s slight

modification of Rusch analysis [64] gives the following equation:

σ = σc +
p0ε

1 – ε – ρ/ρs
, (4)

where ε is the compressive strain. The assumptions are zero lateral expansion
of the foam, isothermal gas compression, and an incompressible polymer.
The polymer contribution σc to stress is assumed to be constant. The variable
ε/(1 – ε – R) is referred to as gas volumetric strain. Mills and Gilchrist [65]
repeated the analysis for foam with a nonzero, but constant, Poisson ratio ν.
They found that the slope of the graph of applied stress against the gas volu-
metric strain was p0(1 – 2ν).

None of these equations considers the possible effect of microstructural
parameters such as cell size, cell shape, cell wall thickness, etc. For this rea-
son, there has been an interest in improving the oversimplified model of
Gibson and Ashby both from an experimental and a theoretical point of
view.

Experimental Investigations

The following trends have been proposed [66–69]. The density of the foam is
the dominating parameter in the mechanical response followed by fs and ma-
trix Young modulus [66]. Foams with open cells are less stiff and strong than
those with closed cells. In anisotropic foams, strength and stiffness in the
direction of elongated cells are higher than perpendicular to it. The tempera-
ture dependence is mainly determined by the matrix Young modulus [67, 68].
Nonrecovered strain, collapse stress, and Young modulus seems to be ap-
proximately constant as a function of cell size [69].

PO foams, in contrast to PS or rigid PVC foams, are considered multi-
impact materials. This means that the foams can be used for more than one
impact. The modulus, collapse stress, and cushioning properties of CPOF
changes after preloading. Increase in the amount of strain increases the loss
in mechanical properties. The greater the foam stiffness, the larger the reduc-
tion in properties. [70, 71].
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Fatigue loading can occur, for example, during transit of packaging. Fa-
tigue test on crosslinked closed-cell PO foams showed [72], first, that local
temperature rises under cyclic loading and, second, the static compressive
stress increased with increasing test speed. The maximum stress in the fatigue
loading cycle decreased by 20–30% from the initial value. This could be due
both to the temperature increase or changes in the polymer structure.

Theoretical Approach

A more realistic model of the foam’s microstructure is the Kelvin model
(Fig. 9). In this model a collection of tetracaidecahedra are used as a basis to
model the cell morphology.

By using this microestructural model, Kraynik et al. [74] predicted, using
finite element analysis, the Young modulus. Kraynik assumed that the cell
faces remained flat. The values lay above the experimental data (Fig. 10).

Mills and Zhu [73] used the same microstructural model assuming 60%
of the polymer in the cell faces and compression in the (001) direction. Cell
edges were bent and compressed axially, while cell faces acted as membranes.
The predicted Young’s moduli were slightly low (Fig. 10) because compres-
sive face stresses were ignored, but the Poisson ratio was correctly predicted.
The predicted value of collapse stress for polyethylene foams was close to the
experimental value.

The foam bulk modulus also can be predicted by using the Kelvin
model [62]

K =
2E

9(1 – ν)
ρ

ρs
+ pat . (5)

The experimental data are lower by a factor of four than the predicted values.
As was pointed out in , this difference is explained by the fact that the
faces in low-density foams are partly buckled or wrinkled as a result of
processing [62].

Fig. 9 The Kelvin model, which is currently used to model the foam properties
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Fig. 10 Comparison between the predictions of different models and the experimental
values of the Young modulus [73]

4.1.2
Impact

The last review on this topic was published by Mills in 1994 [75]. In recent
years interest has been focused on:

1. The prediction of impact curves from experiments at low strain rates.
2. The estimation of cushion curves from a few impact tests.
3. The behavior of foams subjected to multiple impacts.
4. The analysis of impact with different geometries.

Gruenbaum and Miltz [76] found that the amount of energy absorbed in
low strain compression tests and impact tests is almost the same, while the
force applied to the product is about 30–50% higher in the dynamic test.
Therefore, there is a need for reliable data under impact conditions.

Two methods for the prediction of force-deformation curves of closed-cell
plastic foams at any strain rate from a limited number of experiments were
described [77]. Both methods use constitutive equations and experimentally
determined parameters. The modified Boltzman integral model uses data
obtained in a limited number of stress-relaxation experiments, while the ref-
erence model uses a very limited number of stress-relaxation and one force-
deformation curve data. Both models predict well the force-deformation
curves, the reference model providing somewhat better predictions.

Cushion curves are used in the industry to select the most appropriate
foams and geometry for a given packaging application. In these diagrams, the
maximum deceleration during the impact is presented as a function of the
static stress used in the experiment (Fig. 11). Loveridge and Mills [78] pro-
posed a method for the prediction of cushion curves from a single-impact
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stress–strain curve. The method is valid if there is a master curve for the in-
creasing stress part of the stress–strain curve. For viscoelastic PO foams the
divergence from the master curve is less than 10%.

As was mentioned, PO foams are considered multi-impact materials. It has
been found [79, 80] that strains in the 80–90% region cause some permanent
buckling of the cell walls, but the majority of the deformation recovers within
24 h. With HDPE foam the performance can deteriorate by 30% in a single
severe impact, but this is still better than the PS foam widely used. Recovery
occurs by the viscoelastic straightening of the buckled faces, but it is incom-
plete due to some plastic deformation in the structure, so the faces remain
slightly buckled [75, 77]. There is no gas diffusion in the time scale of an im-
pact (ms). Consequently, the gas inside the cells plays an important role in the
recovery of low-density PO foams after impact testing.

The effect of temperature was analyzed by Marcondes et al. [81]. The
materials were tested for shock and vibration under four different tempera-
tures (– 17 ◦C, 3 ◦C, 23 ◦C, and 43 ◦C). The results show that the properties
of expanded polystyrene (in the glassy state in this range of temperatures)
were least influenced and those of expanded polyethylene (between the glass
transition and melting temperatures) were most influenced by changes in
temperature.

Mills and Gilchrist [82] studied oblique impacts in PP bead foams. In
these tests, the material was compressed and sheared. This strain combina-
tion could occur when a cycle helmet hit a road surface. The results were
compared with simple shear tests at low strain rates and with uniaxial com-

Fig. 11 Cushion curves for a LDPE foam 45 kg/m3 and 50 mm thickness. The deceleration
values are measured in the first impact and for different drop heights
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pressive tests at impact strain rates. The observed shear hardening was great-
est when there was no imposed density increase and practically zero when
the angle of impact was less than 15◦. The shear hardening appeared to be
a unique function of the main tensile extension ratio and was a polymer
contribution, whereas the volumetric hardening was due to the isothermal
compression of the cell gas. Foam material models for finite element analysis
needed to be reformulated to consider the physics of the hardening mech-
anisms, so their predictions were reliable for foam impacts in which shear
occurred.

Velasco et al. [83] performed indentation rebound tests on PO foams of
different densities and chemical compositions. Elastic moduli were calculated
and found to increase when foam density and polymer crystallinity increased.

4.1.3
Creep and Gas Diffusion

Creep is dominated by the polymer viscoelasticity if the stress is less than
the collapse stress, but at higher stresses gas compression takes an increas-
ing proportion of the load. Gas diffusion is a creep mechanism operating on
a time scale that depends on the size of the foam block [84]. For a sample
(20 × 20 × 20 mm3) of EVA foam with a density of 275 kg/m3, experimental
testing has shown a 50% air loss on a time scale of 10 h [85].

The gas loss was analyzed by fitting the creep data at fixed times to the
postcollapse equation (Eq. 4) (Fig. 12). The slope of the different curves ac-
counts for the gas pressure at each time [84, 85].

Modeling of creep was performed following two different approaches. On
the one hand, using a discrete model, Mills et al. [84] calculated an effective
diffusion coefficient given by:

Def =
6Ppa

φρ
. (6)

Therefore, polymer permeability P, density, and mass fraction in the edges
are the key parameters for this property. Bhatt et al. [31, 39] suggested that
increasing the crosslinking degree reduces the gas loss during mechanical
testing, which is probably due to a reduction in polymer permeability.

On the other hand, Pilon et al. [86] presented an engineering model for
practical predictions of the effective diffusion coefficient of gases through
closed-cell foams. The analysis suggests that the effective diffusion coefficient
through the foam can be expressed as a product of a geometric factor and the
gas diffusion coefficient through the foam membrane. Comparison of model
predictions with experimental data available in the literature shows satisfac-
tory agreement.

Recovery after creep is a slow process [84, 85]. For LDPE, EVA, and PP
foams, subjected to creep for 106 s, it appears that 100% recovery from
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Fig. 12 Isochronous stress vs. volumetric strain curves for a LDPE foam of 60 kg/m3 dens-
ity for different creep times (hours). The slope of the linear fits is related to the pressure
of the gas inside the cells

the high creep strains will eventually occur, but this will take longer than
106 s. The deformation mechanism in creep and recovery occurs in a dif-
ferent order. If a significant percentage of the cell air has diffused out of
the foam during creep, the recovery will be slow, because there will be
a weak viscoelastic recovery, hindered by the slow reentry of the air to the
foam.

4.1.4
Dynamic Mechanical Behavior

The applications of DMA for CPOF foams have been analyzed [87–90]. It
has been shown that the storage modulus decreases significantly when the
temperature increases. This is typical behavior for semycristalline polymers
between the glass transition of the amorphous phase and the melting of the
crystalline phase. Consequently, the mechanical properties of all PE and PP
foams are strongly temperature-dependent above room temperature. The loss
factor (tan δ) of PE foams presents the typical relaxations of polyethylene;
the β and α relaxation can be observed in the temperature range between
– 20 and 80 ◦C. The deformation mechanisms that control the response of
these materials are the cell edge bending and cell face stretching and the
gas pressure inside the cells, a contribution which has a higher importance
at low densities and high temperatures. It has also been shown that the dy-
namic mechanical response is nonlinear. Taking into account that the main
mechanism that controls the foam response comes from the matrix poly-
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mer, this technique can be used to obtain information of the matrix polymer
morphology.

4.2
Thermal Properties

4.2.1
Thermal Conductivity

Because of the small proportion of solid in the foam and the consequent large
volume of gas, which has a much lower thermal conductivity, the resultant
conductivity of the foams is much less than that of the solid materials from
which the foams are produced. The other reason for the low conductivity is
the negligible contribution of convection because of the small cell size (lower
than 2–3 mm) [91].

It is well known [91–93] that heat transfer through a foam is a consequence
of four mechanisms: convection in the gas phase, conduction along the struts
and cell walls of the solid polymer, conduction through the gas within the
cells, and thermal radiation. Many of the early works in this field postulated
that the effective conductivity of the foam could be expressed by a superposi-
tion of the different mechanisms taken separately.

λ = λs + λg + λr , (7)

where λ is the thermal conductivity, λs is the conductivity due to conduc-
tion in the solid phase, λg is the conductivity through the gas phase, and
λr is the conductivity by radiation. This concept is an accurate approxima-
tion except for cases in which low emissivity boundary layers are used. In
that case, the actual effect on the foam conductivity will be far less than
predicted by assuming that radiation acts independently of the other heat
transfer mechanisms [91].

A good approximation to the conductivity by conduction can be obtained
by using the equation [91, 94]:

λ = λs + λg (8)

= λgasVgas + λsolid

(
2
3

–
fs

3

)
Vs ,

where λgas is the thermal conductivity of the gas that fills the cells, λsolid is
the thermal conductivity of the matrix polymer, Vgas is the volume fraction
of gas, and Vs is the volume fraction of polymer.

The radiation contribution has also been analyzed [10] using the models
of Roseland [91], Glicksman [91], Boets and Hoogendoorn [95], and Williams
and Aldao [96]. The best fit was obtained using the Williams and Aldao
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equation [96]:

λr =
4σT3L

1 +
( L

Φ

) (
1

TN
– 1

) (9)

TN =

(
1 – r

)
(
1 – rt

)
{ (

1 – r
)
t(

1 + rt
) +

(
1 – t

)
2

}

r =
{

ω – 1
ω + 1

}2

t = exp
(
– aδ

)
,

where σ is the Stefan–Boltzman constant, T is the temperature, L is the foam
thickness, Φ is the cell size, TN is the net fraction of radiant energy emit-
ted by a solid membrane of thickness δ, r is the fraction of incident energy
reflected by each gas–solid interface, t is the fraction of energy transmitted
through the solid membrane, ω is the refractive index of the plastic, and a is
the absorption coefficient of the plastic.

Two important parameters, cell size and foam thickness, are taken directly
into account for the model. The predicted increase of the thermal conductiv-
ity with the cell size is the same as that shown in the experimental results.
The model predicts an increase of the thermal radiation term for thick-
nesses lower than 10 mm, with the thermal radiation being almost constant
for foams of higher thicknesses. Experimental results confirm this behavior.
Moreover, black foams have a lower conductivity than white foams of the
same density and cell size due to the higher extinction coefficient of the black
cell walls [69]. Thermal conductivity increases linearly with temperature for
PO foams in a temperature range between 24 and 50 ◦C.

4.2.2
Thermal Expansion

The thermal expansion coefficient of PE foams [13, 15] (a) increases slightly
between 0 and 40 ◦C, (b) is approximately equal to the PE value for foam den-
sities > 80 kg/m3 but increases at lower densities, (c) is reduced if the Young
modulus of the PE increases, and (d) can be anisotropic, with lower values in
the direction in which cells are elongated. These trends have been explained
qualitatively in terms of the gas and polymer contributions to the total ther-
mal expansion coefficient [13, 15]. The Kelvin microstructural model can be
used to predict the thermal expansion coefficient [62]

α = αs +
(
αgas – αs

)p0

K
, (10)

where K is the foam bulk modulus (Eq. 5), αs is the thermal expansion of the
plastic, and αgas is the thermal expansion of the gas.
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The model underestimates the foam thermal expansion coefficient be-
cause it assumes that the cell faces are flat. The measured bulk modulus,
which is considerably smaller than the theoretical value, was used to estimate
the linear thermal expansion coefficient of the LDPE foams, obtaining good
agreement [62].

4.3
Recycling

One of the main disadvantages of CPOF compared to noncrosslinked PO
foams is that, due to the crosslinked matrix, these materials are not recy-
clable by melting of the polymer phase. Nowadays, the environmental impact
is reduced by using the foam scrap to produce other materials. For example,
Tamboli et al. [97] used finely ground waste of crosslinked foam as filler in
high-density polyethylene (HDPE). Waste foam powder concentration was
increased up to 40% by weight basis. The overall changes in mechanical prop-
erties are similar to the crosslinking effect. It seems that waste foam particles
act as a point of entanglement with different chains of polyethylene.

5
Applications

Table 3 shows the main applications of PO foams and the key properties that
are used in each application [3, 26, 32].

It is interesting to note that properties such as light weight, energy absorp-
tion, or thermal insulation, related to the cellular structure, are used in many
of the applications of these materials. In addition, other characteristics that
are connected to the polyolefinic character of the base material, such as low
water absorption and low water transmission, chemical resistance, nontoxici-
city, skin friendliness, and thermoformability are also used.

A growing sector is the sports and leisure markets [5]. The foam works
under very exigent conditions in many of these applications; therefore, much
care must be taken in the design of these materials. For this reason, several
recent studies have considered this aspect.

Mills and Gilchrist [98] performed impact tests on body protectors. Dubois
et al. [23] considered the use of ethylene styrene interpolymers (ESI) to pro-
duce extruded sheets, bun foams, and injection molded foams (IMF) for
footwear parts providing properties that enhance and/or outperform cur-
rent foams of EVA. Ankrah and Mills [89] evaluated football ankle protectors
against a kick from a studded boot. An anatomically correct test rig was used
to evaluate materials and designs. Mills and Gilchrist [99] analyzed the op-
timization of the foam used for shock absorption in bicycle and motorcycle
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Table 3 Main applications of CPOF

Type of Application Main properties Examples

Cushion packaging Multi drop-energy absorption Corner pads, pads and saddles,
Low weight encapsulation, case inserts,
Vibration damping overlap sheeting, bracing and
Surface protection blocking, micro electronics
Thermal insulation components packaging,

thermal bags

Sports a leisure Buoyancy Body protection, camping mats,
Low water absorption swimming pool covers, life
Energy absorption vests, swim aids, football ankle
Low weight protectors, Helmets, midosles in
Nontoxicity running shoes
Skin friendliness
Easy cleaning and drying
Wide color choice

Construction Low thermal conductivity Tube insulation, parquet
Sealing against water, underlay, air duct insulation,
dust, air, etc. sealing strips, gymnastic walls,
Sound reflection floating floors, sealant backer,
Vibration damping expansion joint filler,

closure strips

Industrial uses Compressibility Gaskets, flotation collars,
Oil resistance ship fenders, tape backing,
Buoyancy vibration pads

Automotive/ Weight savings Headliner, watershields,
transportation Sound reflection motor undershield, gaskets,

Thermal insulation dashboard, doorpanels
Sealing behavior
(noise, air, and water)
Cost savings
Soft feel
Crash protection
Thermoformability

Health Nontoxicity Plaster, electrocardiogram pads,
Chemically resistance orthopedic shoe inlays,
Hygiene covering for orthopedical
Adhesive compatibility supports
Safe disposability/
environmentally neutral
Wide range of
mechanical properties
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Table 3 (continued)

Type of application Main properties Examples

Shoes High level of comfort, Insoles, midsoles,
cushioning and sock shoe lining, needle
Absorption pouched insoles
Light weight
Nontoxicity
Good aesthetics

Adhesive coating Ease of adhesive coating Pressure-sensitive adhesive
after surface treatment coated applications, tapes,
or adhesive modification strips, pad,
Ease of postfabrication joints and gaskets
Smooth surface
Regular cellular structure
Wide range of
mechanical properties

helmets. Verdejo and Mills [100] performed measurements of plantar pres-
sure distribution in running shoes. The peak plantar pressure increased on
average by 100% after a 500-km run. Scanning electron microscopy shows
that structural damage (wrinkling of faces and some holes) occurred in the
foam after a 750-km run. Fatigue of the foam reduces heelstrike cushioning
and is a possible cause of running injuries.

6
Conclusions

The commercial processes used to produce CPOF are well established and
based on time-tested concepts and empirical methods. Different technologies
result in foams with different cellular structures, and, as a consequence, dif-
ferent properties should be expected. In the last few years, investigations in
the area of foaming have focused mainly on the foaming of new resins such
as ESI, metallocene polyethylenes, or PP and on the improvement of formula-
tions. In addition, to increase the range of properties and applications of PO
foams, open-cell materials have also been produced.

Experimental and theoretical studies have led to significant gains in know-
ledge on the structure (both cellular structure and polymer morphology) of
foams and on the physical mechanisms that control the different properties of
foams. Models have been developed to predict the Young and bulk modulus,
creep and gas diffusion coefficient, thermal expansion, and thermal conduc-
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tivity. In this area, the microstructural model based on the Kelvin cell has
played an important role.

CPOF foams are being used in more performance applications (especially
in the sports and leisure market). Due to this reason, the characterization, se-
lection and design of the foams and the foaming of new materials is nowadays
more important for this market sector.

Although knowledge in this field is continuously growing, several topics
require more research. Areas for future research are:

1. A more fundamental knowledge of the reactions taking place during
foaming could be helpful in the control and optimization of the different
processes, especially when a new polymer is being foamed.

2. The characterization of polymers in the cell walls of foams is a topic that
has not been deeply studied. The use of micro Raman spectroscopy or
X-ray diffraction with beams of a few microns in size would provide more
reliable knowledge of the polymer morphology in a given foam.

3. The deformation mechanisms are not fully understood. In situ microcom-
puted tomography combined with mechanical testing experiments would
yield more information on this important aspect.

4. The recyclability of CPOF is one of the major drawbacks for these materi-
als. Finding ways to reuse or recycle these foams is of great interest for this
market sector.
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Abstract Fluoropolymers are well-known for their good properties in terms of chem-
ical, thermal and electrical stabilities, inertness to acids, bases, solvents and oils, and
high resistance to ageing and oxidation. Polyvinylidene fluoride (PVDF) is useful as a
homopolymer endowed with interesting characteristics. It contains a high crystallinity
rate, but is base sensitive. In addition, VDF can be co- or terpolymerized with sev-
eral fluorinated monomers, rendering them suitable as elastomers and various exam-
ples of synthesis of VDF-copolymers are also presented. This review also focusses on
binary and tertiary systems containing VDF. Several curing systems for these VDF-
containing copolymers have been investigated, especially diamines and their derivatives,
aromatic polyhydroxy compounds, peroxides with coagents, such as triallylisocyanu-
rate, radiations, and thiol-ene systems. The best vulcanizate properties are obtained by
a two-step process. First, the material is press cured at different times and tempera-
tures, then, it is post cured in air or under nitrogen at higher temperature and time,
and under atmospheric pressure. Poly(VDF-co-HFP) copolymers can react with pri-
mary, secondary or tertiary monoamines, but they are mainly crosslinked by diamines
such as hexamethylene diamine (HMDA), their carbamates (HMDA-C), and derivatives.
A mechanism of crosslinking is identified by Infrared and 19F NMR spectroscopies,
and was evidenced to proceed in three main steps. First, a VDF unit undergoes a de-
hydrofluorination in the presence of the diamine, then the Michael addition occurs
onto the double bonds to form crosslinking, while HF is eliminated from crosslinks
in the presence of HF scavengers. The crosslinking mechanism with bisphenols takes
place also in three main steps (dehydrofluorination, then substitution of a fluorine atom
by a bisphenol, and elimination of HF). The most efficient crosslinking bisphenol is
bisphenol AF.

A fluoropolymer crosslinked with peroxide/coagent systems needs to be func-
tionalized or halogenated to insure a free radical attack from peroxide. The perox-
ide is introduced with a coagent that enhances the crosslinking efficiency, and the
most efficient one is triallylisocyanurate (TAIC). The crosslinking mechanism of the
peroxide/triallylisocyanurate system proceeds in three main steps. The crosslinking re-
action occurs from a macroradical arising from the functional or halogenated polymer
which is added onto the three double bonds of the TAIC. A fourth way to crosslink
VDF-based fluoropolymers deals with high energy radiation, such as X and γ (60Co or
137Cs)-rays, and charged particles (β-particles and electrons). Three different reactions
are possible after irradiation of a PVDF, and the one that leads to crosslinking is the re-
combination between two macroradicals. The irradiation dose used on the VDF-based
copolymer has an influence on the thermal and mechanical properties.

Finally, a crosslinking system also used to vulcanizate hydrogenated elastomers con-
cerns a thiol-ene system which requires a mercapto function born by the VDF-based
polymer. Crosslinking occurs via a non-conjugated diene. The mechanical properties
(tensile strength, elongation at break, hardness, elongation modulus, compression set re-
sistance . . .) of the three main crosslinking systems of fluoroelastomers are compared.
Finally, the main applications of crosslinked VDF-based fluoropolymers are summarized
which include tubing in the aircraft building industry, sealing, tube or irregular-profile
items of any dimension, films with good adhesion to metallic or rigid surfaces, mul-
tilayer insulator systems for electrical conductors, captors, sensors, and detectors, and
membranes for electrochemical applications.

Keywords Crosslinking · VDF-containing copolymers · Amines · Bisphenols ·
Peroxides/Triallylisocyanurate
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Abbreviations
BTPPC benzyltriphenylphosphonium chloride
CTFE chlorotrifluoroethylene
DBU 1,8-diazabicyclo[5-4-0]-undec-7-ene
DETA diethylene triamine
DMAC dimethylacetamide
d.o.g. degree of grafting
DSC differential scanning calorimetry
DTA differential thermal analysis
EDA (-C) ethylene diamine (carbamate)
HBTBP hexamethylene-N,N ′bis(tert-butylperoxycarbamate)
HFP hexafluoropropene
HMDA hexamethylene diamine
HMDA-C hexamethylene diamine carbamate
HPFP 1H-pentafluoropropene
MBTBP methylene bis-4-cyclohexyl-N,N ′(tert-butylperoxycarbamate)
ODR oscillating disc rheometer
PMVE perfluoro(methyl vinyl ether)
PVDF polyvinylidene fluoride
t1/2 half life
TAC triallylcyanurate
TAIC triallylisocyanurate
TFE tetrafluoroethylene
THF tetrahydrofurane
VDF vinylidene fluoride

1
Introduction

1.1
Introduction to Fluoropolymers

Fluorinated polymers are particularly interesting and attractive compounds
because of their properties. Indeed, the electronegativity of the fluorine atom
implies strong C – F bonds (about 110 kcal mol–1), and a higher strength of
the C – C bonds in fluorinated compounds (97 kcal mol–1). It also supplies
to fluoropolymers strong Van der Waals forces between hydrogen and fluo-
rine atoms [1–3], and it confers a lot of good properties to the fluorinated
polymers such as:

• Chemical, thermal, electric stabilities [4–6];
• Inertness to acids, bases, solvents and oils;
• Low dielectric constant;
• Low refractive index;
• No flammability;
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• High resistance to ageing, and to oxidation;
• Low surface tension.

Fluorinated polymers range from a wide scope of thermoplastics, elastomers,
plastomers, thermoplastic elastomers [7–14], and can be semi-crystalline or
totally amorphous. Hence, fluorinated polymers have been used in many ap-
plications: building industries (paints and coatings resistant to UV and to
graffiti), petrochemical and automotive industries, aerospace and aeronau-
tics (use of elastomers as seals, gaskets, O-rings used in extreme tempera-
ture for tanks of liquid hydrogen for space shuttles), chemical engineering
(high-performance membranes), optics (core and cladding of optical fibers),
treatment of textile, stone protection (especially for old monuments), micro-
electronics [8–14], and for cable insulation.

As a matter of fact, the performance of fluoropolymers, especially insolu-
bility and fusibility can be improved by crosslinking. Indeed, the crosslinking
reaction takes advantage of the base-sensitive characteristic of the VDF-based
polymer [15]. The crosslinking is a chemical reaction between the polymer
backbone and an ex-situ agent, both of which possess the same functions in
order to couple covalently the polymeric chains together, to produce a net-
work structure, and to increase the molecular weight.

Sulfur has been the predominant curing agent in the rubber industry since
it was first used with rubber in 1840[16]. Many efforts have been devoted
over the 40 years of existence of fluoroelastomers toward the development of
practical crosslink systems.

Fluoroelastomers are now usually cured by nucleophiles such as di-
amines [17–31], or bisphenols [3, 32–38], or with peroxides [3, 35, 39–43],
by chemical reactions when the polymers based on VDF contain a cure-site
monomer, such as a thiol function [44], or by radiation, such as an electron
beam [45–52].

The cure chemistry of VDF-based fluoroelastomers is connected with the
strong polarity of the C – F bond and specific polarization of molecules,
which determine their selective ability to split off hydrogen fluoride under the
influence of internal factors.

The first part of the review presents the generalities of the crosslinking
of VDF-based fluoroelastomers, and especially the two steps of the cure (the
press cure and the post cure). The second part deals with the crosslink-
ing involving different agents: first, the aliphatic and aromatic amines
and diamines, then the bisphenol-cure, third the peroxide-cure, fourth the
crosslinking by irradiation, and finally the thiol-ene system-curing. Then, the
third part compares all the crosslinking systems, by considering the main me-
chanical properties, and finally, the last part concerns the applications of the
crosslinked VDF-based fluoroelastomers.
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1.2
PVDF

Among fluoropolymers, polyvinylidene fluoride (PVDF) is a semi-crystalline
and thermoplastic polymer, with a glass transition temperature of – 40 ◦C
[53, 54]. This polymer exhibits interesting thermal, chemical and physical
properties, especially when it is co- or ter-polymerized with a fluorinated
alkene [14, 35, 50, 55–59]. Its main drawback is its sensitivity to base that
can degrade it by creating insaturations. PVDF homopolymer is a long chain
macromolecule endowed with a high crystallinity rendering it unsuitable as
an elastomer, and unsuitable for curing. Therefore, copolymers of VDF with
various comonomers can fall into three categories: (i) when the amount of
comonomers in the copolymer is small, the resulting materials are thermo-
plastics with a lower crystallinity than that of the PVDF [60]; (ii) with a
slightly higher content of comonomer, thermoplastic elastomers are obtained;
(iii) for a higher proportion of comonomers, the produced copolymers are
elastomeric and amorphous with low intermolecular forces [35, 50, 57, 58, 61–
65]. In the case of the poly(VDF-co-HFP) copolymer, when the molar percent-
age of VDF is higher than 85%, the copolymer is a thermoplastic, whereas for
a smaller content, the copolymer is an elastomer [35, 50, 66].

1.3
Copolymers Based on VDF

VDF has been involved in radical copolymerization with many monomers
[14, 60–67], listed in Table 1 [44, 68–94].

Most common co- or termonomers of VDF [14, 50] are hexafluoro-
propene (HFP) [67, 80, 82, 83, 95–97], tetrafluoroethylene (TFE) [78, 80, 81,
98, 99], chlorotrifluoroethylene (CTFE) [67, 78, 79, 100–102], trifluoroethy-
lene (and in that case, interesting piezoelectrical materials have been
obtained) [75], perfluoro(methyl vinyl ether) (PMVE) [84, 103], perflu-
oro(alkoxyalkylvinylether) [104, 105] enabling the resulting copolymers to
exhibit very low Tg, and 1H-pentafluoropropene (HPFP) [106, 107]. Interest-
ingly, functional fluoromonomers (also called cure site monomers) useful for
further crosslinking, have been successfully used, bearing OH [86], CO2H [71,
89], Si(OR)3 [94] functions, or bromine [87] and iodine atoms mentioned in
Sect. 3.3.1. Table 1 supplies a non-exhaustive list of fluoromonomers that were
copolymerized with VDF, and their reactivity ratios ri, when assessed.

Although it is difficult to compare their reactivities [since (i) the copoly-
merization were not carried out under similar conditions, (ii) certain art-
icles do not mention if the kinetics of copolymerization were realized at low
monomer conversion, and (iii) various kinetic laws were used], it was worth
examining a reactivity series of fluorinated monomers with VDF. The tradi-
tional method involving the determination of the reactivity of a macroradical
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Table 1 Monomer reactivity ratios for the radical copolymerization of VDF (A) with other
fluoroalkenes (B) (and vinyl acetate and ethylene)

Monomer B rA rB rArB 1/rA Ref.

H2C= CH2 0.05 8.5 0.42 20.00 [68]
H2C= CHOCOCH3 – 0.40 1.67 – 0.67 – 2.5 [69]

0.50 2.0 1.00 2.0 [70]
H2C= C(CF3)CO2H 0.33 0 0 3.03 [71]
FCH= CH2 0.17 4.2–5.5 0.71–0.94 5.88 [72]

0.20–0.43 3.8–4.9 0.76–2.11 2.33–5.00 [73]
H2C= CFCF2ORF 0.38 2.41 0.92 2.63 [74]
F2C= CFH 0.70 0.50 0.35 1.43 [75]
F2C= CHCF3 9.0 0.06 0.54 0.11 [76]
F2C= CHC6F13 12.0 0.90 10.80 0.08 [77]
CFCl= CF2 0.73 0.75 0.55 1.37 [78]

0.17 0.52 0.09 5.88 [79]
CFBr= CF2 0.43 1.46 0.63 2.33 [78]
CF2 = CF2 0.23 3.73 0.86 4.35 [78, 80]

0.32 0.28 0.09 3.13 [81]
CF3 – CF= CF2 6.70 0 0 0.15 [82]

2.45 0 0 0.40 [80]
2.90 0.12 0.35 0.34 [83]

F2C= CFOCF3 3.40 0 0 0.29 [84]
F2C= CFOC3F7 1.15 0 0 0.86 [84]
F2C= CFO(HFP)OC2F4SO2F 0.57 0.07 0.04 1.75 [85]
CF2 = CFCH2OH 0.83 0.11 0.09 1.02 [86]
CF2 = CF(CH2)2Br 0.96 0.09 0.09 1.00 [87]
CF2 = CF(CH2)3OAc 0.17 3.26 0.59 5.56 [88]
F2C= CF(CH2)3SAc 0.60 0.41 0.25 4.07 [44]
CF2 = CFCO2CH3 0.30 0 0 3.33 [89]
F2C= C(CF3)COF 7.60 0.02 0.15 0.13 [90]
F2C= C(CF3)OCOC6H5 0.77 0.11 0.08 1.30 [91]
F2C= CFOC6H4R 1 n.d.3 n.d. n.d. n.d. [92, 93]
F2C= CFC3H6Si(OR)3

2 n.d. n.d. n.d. n.d. [94]

1 R = Br, SO2X (X = Cl, F)
2 R = CH3, C2H5
3 n.d. = not determined

to several monomers was used. Indeed, it is common to compare the value
1/rA = kAB/kAA, as the ratio of rate constants of co-propagation (kAB) to that
of homo-propagation (kAA). Thus, the higher the 1/r value, the higher the co-
propagation reactivity of the radical. On the basis of the data in Table 1, the
increasing order of relative reactivities of monomers to ∼ VDF• macroradi-
cals is as follows:
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F2C= CHC6F13 < F2C= CHCF3 < HFP < PMVE < PPVE < F2C= CFC2H4Br
< VDF < F2C= CFCH2OH < F2C= C(CF3)OCOC6H5 < TrFE < CTFE (recent
value) ≈ BrTFE < H2C= CFCF2ORF < F2C= CFCO2CH3 < TFE
< F2C= CFC3H6SCOCH3 < F2C= CFC3H6OAc < H2C= CHF ≈ CTFE (old
value) < H2C= CH2, although numerous kinetics still deserve to be investi-
gated.

2
Generalities

In order to improve their properties, poly(VDF-co-HFP) copolymers or
poly(VDF-ter-HFP-ter-TFE) terpolymers can be crosslinked by bisnucle-
ophiles, such as diamines or bisphenols, or by irradiation. On the other hand,
poly(VDF-ter-HFP-ter-termonomer containing an iodine or bromine atom)
terpolymer can be crosslinked by peroxide/coagent systems. Those three
main ways of crosslinking exhibit two main crosslinking mechanisms (ionic
and radical mechanisms) and different properties.

2.1
Different Crosslinking Agents

Several curing systems have been investigated or developed for the crosslink-
ing of fluoroelastomers. Some of them are [35, 108]:

• high energy radiation [19, 45–52];
• peroxide with or without coagent [3, 35, 39–43];
• dithiols in combination with amines [19];

Table 2 Improvement of mechanical properties of bisphenol, and peroxide-cured
poly(VDF-ter-HFP-ter-TFE)terpolymer with post cure step [35]

Properties Bisphenol Peroxide
Press cure1 Post cure2 Press cure1 Post cure2

Modulus at 100% strain, (MPa) 5.0 7.9 5.0 7.9
Tensile strength at break, (MPa) 10.0 13.8 9.7 15.9
Elongation at break, (%) 225 175 165 150
Compression set, (%) (200 ◦C, 70 h)
O-rings 63 25 50 27
Pellets 85 20 52 20

1 press cure at 177 ◦C, for 10 min
2 post cure at 232 ◦C, for 24 h
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• aromatic polyhydroxy compounds [3, 32–38];
• diamines and their derivatives [17–31];
• thiol-ene systems [44, 50].

Each curing system exhibits a different crosslinking mechanism, and re-
sults in different mechanical properties and crosslinking densities. Indeed,
Table 2 [35] shows different mechanical properties for bisphenol and peroxide
cured systems.

The comparison of the mechanism is comprehensively described in Sect. 3,
while Sects. 4 and 5 are devoted to the study of mechanical properties and the
applications of each system.

2.2
Compounding

In order to improve the properties of the raw elastomer, many materials that
facilitate mixing or processing may be compounded with the vulcanizing
agent [28, 55], (i) accelerators and accelerator activators to increase the rate of
vulcanization and to improve product properties; (ii) fillers to enhance physi-
cal properties and/or to reduce costs; (iii) softeners to process or to plasticize
the product; (iv) antioxidants and other materials which slow down decom-
position of the product by oxidation; (v) heat and/or radiation; (vi) pigments
and blowing agents.

For the main additional materials, the proportions (in part per hundred of
polymer) are [55]:

• Raw polymer 100;
• Curing agent 1–6;
• Basic metallic oxide 6–20;
• Filler > 60.

2.3
Press-cure and Post-cure Steps for Crosslinking

The best vulcanizate properties are obtained by a two step-process [35, 58,
109]. Fluoroelastomers and additives are generally molded in a press and then
post cured in an oven [28].

First, the materials are press cured at different times and temperatures,
depending on the size of the product, the structure of the polymer, the
curing systems, and on end-use requirements (paints, O-rings, membranes,
seals) [28]. Press-cure conditions vary from 4 min at temperatures approach-
ing 200 ◦C for thin cross sections, to 30 min at 150–170 ◦C for thick sec-
tions [28, 110]. The purpose of this step is to develop sufficient crosslinks in
the sample to prevent the formation of bubbles due to the release of trapped
air during the early stages of the subsequent oven cure [111].
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Then, the second step (post cure or oven cure) is carried out in air or
under nitrogen at higher temperature than that of the press cure, and under
atmospheric pressure [35, 58].

This post-cure step is required to reach the best vulcanizate properties
(tensile strength, modulus at 50 or 100% elongation, compression set re-
sistance, elongation at break) [28, 40, 108, 111]. Table 3 [35] shows the im-
provement of compression set resistance with post curing, for four samples
containing poly(VDF-ter-HFP-ter-TFE) terpolymer crosslinked with a perox-
ide [2,5-bis(t-butylperoxy)-2,5-dimethylhexyne] in the presence of triallyliso-
cyanurate [35, 108, 112, 113]. Table 2 [35] presents the improvement of some
mechanical properties of bisphenol and peroxide cured systems with post
cure.

An improvement in compression set resistance is observed after post cure
under nitrogen compared to that realized under air (Table 3). The C= C
double bond of the polymeric backbone undergoes an oxidation from the
oxygen of the air atmosphere, that prevents a good compression set resis-
tance. Table 2 shows a 50% increase in modulus at 100% elongation (M100)
and tensile strength at break, and a 50% decrease in elongation at break.

During the step of crosslinking of fluoroelastomers, water is formed, and
post cure removes this water, whose presence prevents the full development
of the diamine cure and causes reversion of the bisphenol cure [3, 23, 40, 114].
Indeed, during press cure, water is formed from the reaction between the acid
acceptor and HF, caused by dehydrofluorination.

For thick sections, the temperature of the post-cure oven is usually raised
in several steps to prevent fissuring. Generally, 12–24 h reaction time at
a temperature of 200–260 ◦C is used [28, 35, 58, 110]. Typically, 200 ◦C is suffi-

Table 3 Compression set resistance measured at 204 ◦C for 70 h, of a peroxide cured-
poly(VDF-ter-HFP-ter-TFE)terpolymer, after press cure in air at 177 ◦C for 15 min, and
after post cure in air or under nitrogen at 232 ◦C for 24 h [35]

Compound1 Compression set %
Press cured Post cured
air air N2

A 71 38 20
B 70 37 25
C 59 27 12
D 52 21 9

1 compounds A and C contain: 100 parts of polymer, 3 parts of peroxide II, 3 parts of
TAIC, and 3 parts of PbO. In compound D PbO is replaced by 2 parts of MgO, and 2 parts
of ZnO. And in compound D, PbO is replaced by 6 parts of Ca(OH)2, and 3 parts of MgO.
Moreover, the bromo cure site in A and B differed from that in C and D
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cient for amines [59, 111], whereas bisphenol and peroxide cures need higher
temperatures (230 to 260 ◦C).

All these results suppose a difference in the crosslinking mechanism of
bisphenol, peroxide and diamine cured systems, that are the most import-
ant crosslinking agents for VDF-based fluoroelastomers. The crosslinking
mechanisms and the properties of the resulting crosslinked polymers are the
subject of the following parts of this article.

3
Crosslinking of VDF-Based Fluoroelastomers

3.1
Crosslinking with Amines and Diamines

Curing by diamines, originally introduced in the late 1950s, was the predom-
inant way of crosslinking raw fluoroelastomers until the late 1960s, when
bisphenol curing was introduced [55, 58]. The polyamine system is the best
for general use because of easier processing [96]. Indeed, it only needs the
presence of hydrogen atoms in the polymer backbone. Moreover, the mech-
anism of crosslinking can be a simple addition to this backbone [96].

The diamine curing system generally results in relatively poor processing,
safety concerns, thermal and ageing resistance, and compression set resis-
tance. However, this cure system has demonstrated specific properties, such
as excellent adhesion to metal [115].

The curing of elastomer with an amine or a diamine usually takes place in
the three following steps [24, 114, 116, 117]:

1. an elimination of HF (dehydrofluorination) from VDF segments adjacent
to HFP in the main chain to generate internal double bonds;

2. a Michael addition of the diamine onto the resulting double bonds to form
crosslinks;

3. an elimination of HF from the crosslinks, during post cure to form further
double bonds.

These steps are detailed below.

3.1.1
Dehydrofluorination of the Fluoropolymer

The dehydrofluorination of a solution of Viton poly(VDF-co-HFP) copolymer
treated with several amines, or heated at high temperature can be monitored
by measurement of hydrogen fluoride elimination (titration of the HF in the
solution) [5, 15, 19, 116], infrared study [19, 24, 118], viscosity [19], solubility
and determination of the gel content [5].
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3.1.1.1
Evidences of Dehydrofluorination

Solutions of Viton in tetrahydrofurane were treated with primary, secondary
and tertiary monoamines for periods of several weeks at room temperature.
The reaction was followed by the measurement of HF elimination by a titra-
tion of the hydrogen fluoride in the solution.

Figure 1 [19] shows the evolution of the quantity of HF in the solution of
THF as a function of time for primary, secondary and tertiary monoamines.
All of the monoamines used caused dehydrofluorination of the polymer to
some degree. Tertiary amines are the least efficient, primary amines are by far
the most active.

Fig. 1 Amount of elimination of HF from primary, secondary and tertiary amines cured
VitonA (Reprinted with permission of Lippincott et Peto) [19]

Fig. 2 Infrared spectra of an uncured poly(VDF-co-HFP) copolymer before (A) and after
(B) heating at 300 ◦C for 20 min under air (Reprinted with permission of ACS) [118]
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Figure 2 [24, 118] shows the infrared spectrum of uncured poly(VDF-co-
HFP) copolymer (FKM gum), before and after a thin film of polymer is heated
in air at 300 ◦C. Two new bands centered at 1580 and 1750 cm–1 appeared
after heating, which are assigned to the conjugated double bonds and to the
– CH= CF2 end groups, respectively. Unsaturation is likely to be caused by
elimination of HF from PVDF block of the FKM chain, in particular from the
head-to-tail position of the structure.

So, in the presence of a base or under heating, the VDF-based fluoroelas-
tomers are submitted to dehydrofluorination.

3.1.1.2
Consequences of the Dehydrofluorination

The conjugated double bonds evidenced by infrared measurements allowed
us to interpret a new mechanism. Figure 2 [118] exhibits the presence of iso-
lated double bonds (1710 cm–1), and the presence of conjugated double bonds
(1580 cm–1). It is proposed that the initial double bond (1710 cm–1) activates
the elimination of HF from neighboring atoms leading to conjugated dou-
ble bonds (1580 cm–1). This process would lead to the formation of a brown
color [20, 24, 118].

Such a conjugate site would then be expected to react with a double
bond, in an adjacent chain by a Diels–Alder reaction, leading to a fluori-
nated cyclohexene which should readily lose HF to form an aromatic ring
(Scheme 1) [19, 119].

Scheme 1 Diels–Alder reaction during post-curing forms aromatic ring with loss of
HF [19]

The observed absorption at 1580 cm–1 could be ascribed to such a site.
The evolution of the solubility of a raw poly(VDF-co-HFP) copolymer

heated in air at 250 ◦C is shown in Table 4 [24]. Indeed, there is an initial
rapid decrease in solubility, and then it proceeds to rise slowly. This type
of variation of solubility, together with the formation of a swollen gel, indi-
cates the simultaneous occurrence of crosslinking and chain scission in the
polymer [5, 114].

During heating or attack with a base, the polymer undergoes a dehydroflu-
orination, creating conjugated double bonds that can be involved in a Diels–
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Table 4 Fraction soluble in acetone of a poly(VDF-co-HFP)copolymer heated in air at
250 ◦C [24]

Time (hr) Fraction soluble Volume fraction of polymer in swollen
in acetone at 28 ◦C gel fraction at equilibrium in acetone

at 28 ◦C

3 0.78 Not determined
24 0.52 0.02
42 0.47 0.02
48 0.48 0.02

137 0.53 0.01

Alder reaction. But, at higher temperature or in the presence of a stronger
base, it also creates degradation such as oxidation or scissions that can be ev-
idenced by the measurements of the decrease in the intrinsic viscosity, caused
by the decrease in molecular weight [19]. In order to avoid any degradation,
the created double bonds can become the site of the addition of several agents
like diamines, bisphenols or peroxides, that can increase the mechanical and
chemical properties. The formation of the scissions in the network are ex-
plained in Sect. 3.1.4.

3.1.1.3
Sites of Dehydrofluorination

In VDF-based fluoropolymers, and especially poly(VDF-co-HFP) copolymer,
dehydrofluorination occurs on special sites.

Paciorek et al. [23] studied the crosslinking of amines on several fluoro-
compound models. The model of addition of butylamine onto 1,5,5-tri-
hydro-4-iodoperfluorooctane and 4-hydroperfluoroheptene-3, in diethylether
at room temperature, is the only one known. It proceeds according to the
following scheme:

C2F5CFICH2C3F7 + H2NC4H9 →
C2F5C(= NC4H9)CH2C3F7 + C2F5C(NHC4H9)= CHC3F7

The reaction occurs mainly on the carbon adjacent to the iodine atom, be-
cause dehydrofluorination is the main process under the selected conditions.

From 19F NMR characterization, Schmiegel [3, 15, 32, 33, 67] showed that
a polymer based on VDF units with HFP, TFE, PMVE co- or ter-monomers in
a solution of DMAC can undergo dehydrofluorination from the n-Bu4N+–OH
in specific sites.
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Figure 3 [33] represents the 294.1 MHz 19F NMR spectra of poly(VDF-co-
HFP) copolymer before (top) and after (bottom) treatment with hydroxylic
base in DMAC at 20 ◦C. Peaks A and B are assigned to CF3 group, peaks C,
D, E, F, G, H, I, J, K, and L are attributed to CF2 of VDF, peaks M and N are

Fig. 3 19F NMR spectra of a poly(VDF-co-HFP) copolymer before (top) and after (bottom)
treatment with hydroxylic base (2,5-trifluorobenzotrifluoride internal standard). Changes
in peak intensities are indicated (Reprinted with permission of Verlag Chemie) [33]
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assigned also to CF2 of the HFP, and finally peaks O and P are assigned to CF.
The small resonances A, G and O correspond to HFP inversions, whereas F,
J, K, and L are attributed to VDF inversions. The spectrum at the bottom ex-
hibits selective intensity reduction of resonance B, H, I, M, N and P after add-

Scheme 2 Dehydrofluorination mechanism of poly(VDF-co-HFP) copolymer in the pres-
ence of base [32, 33]
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ition of Bu4N+OH–. A peak assigned to CF3 groups of C= C(CF3) – C appears
also at – 55 ppm. These observations can be accommodated to the highly
selective dehydrofluorination of isolated VDF units, i.e. HFP-VDF-HFP struc-
tures [3, 32–34]. The concentration of this site in a 3.5 poly(VDF-co-HFP)
copolymer is about 0.6 mol/kg. The same results were observed in poly(VDF-
co-TFE) and poly(VDF-co-PMVE) copolymers, and poly(VDF-ter-HFP-ter-
TFE) and poly(VDF-ter-PMVE-ter-TFE) terpolymers [33, 67]. For example, in
poly(VDF-co-TFE) copolymer, dehydrofluorination occurs on VDF units hav-
ing a TFE-VDF-TFE triad, or in a poly(VDF-ter-HFP-ter-TFE) terpolymer, it
occurs on the HFP-VDF-TFE structure.

A reaction scheme of dehydrofluorination of poly(VDF-co-HFP) copoly-
mer in the presence of a base was given by Schmiegel (Scheme 2) [32, 33].

First, the attack of hydroxide creates a double bond on VDF units in the
VDF-HFP diad. Then, a fluoride ion rearrangement of the initial double bond
occurs. The resulting allylic hydrogen is abstracted by fluoride, followed by an
elimination of a second fluoride. So, a bifluoride and a formally conjugated
non-coplanar diene are formed. Then, a nucleophilic attack by the hydroxide
on the diene forms an enone and a subsequent attack of the fluoride ion onto
the highly acidic hydrogen of the tertiary carbon atom. The final product is
the dienone [32, 33].

3.1.1.4
Role of the Acid Acceptor

An acid acceptor of metal oxide type is a necessary ingredient of all VDF-
based polymer curing formulations. No cure is obtained without any metal
oxide (magnesium oxide), and the state of cure developed is directly related
to the amount of MgO [111, 114, 120].

Figure 4 [111] represents the evolution of the tensile strength and the mod-
ulus versus the quantity of MgO, for a trimethylamine hydrochloride cured
poly(VDF-co-HFP) copolymer.

Indeed, there is evidence from infrared that MgO contributes to the elim-
ination of HF from the polymer during irradiation, and probably also in the
course of the chemical cures.

Figure 5 [116] shows the variation of the amount of fluoride ions at 200 ◦C
with MgO content. The presence of MgO does not prevent HF elimination; it
merely reduces its rate of evolution from the elastomer, a 15% addition giving
a result comparable with that of the raw polymer alone.

The reaction between MgO and HF is given in the following scheme [114]:

MgO + 2HF → MgF2 + H2O

Several metal oxides can be used as HF scavengers for VDF-based polymers.
The relative efficiencies of a number of basic oxides, hydroxides and carbon-
ates as HF acceptors at approximately 275 ◦C are illustrated in Fig. 6 [116]. It
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Fig. 4 Effect of MgO on the mechanical properties of a formula comprising VitonA cured
with dithiol (Reprinted with permission of Lippincott and Peto) [111]

Fig. 5 Evolution of the yield of fluoride atom of a VDF-based fluoropolymer heated at
200 ◦C versus time and amount of MgO (acid acceptor) (Reprinted with permission of
Wiley) [116]

is apparent that there are many variations in the efficiencies of the different
compounds. The decreasing order of efficiencies is as follows:

CaO � Li2O ≈ B2O3 ≈ BeO > Al2O3 > MgO > TiO2

The hydroxides are significantly better acceptors than their analogous oxides.
The decreasing order of efficiencies is [116]:

Ca(OH)2 > Mg(OH)2 > LiOH > Al(OH)3
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Fig. 6 Comparison of the efficiency of acid acceptors: metal oxide at 275 ◦C (a), hydroxide
acceptors at 275 ◦C (b), and carbonate acceptors at 275 ◦C (c) (Reprinted with permission
of Wiley) [116]



Crosslinking of Vinylidene Fluoride-Containing Fluoropolymers 145

Finally, the decreasing order of efficiencies for carbonates is [116]:

CaCO3 > Li2CO3 > MgCO3 > Na2CO3 > K2CO3

The most commonly used acid acceptor is MgO.
Thus, dehydrofluorination of a VDF comonomer in the diad is the first step

of a crosslinking mechanism with diamine. The second step consists in the
addition of the amine or the diamine onto that unsaturation.

3.1.2
Second Step: the Michael Addition of the Amine

After the dehydrofluorination of the poly(VDF-co-HFP) copolymer, the
amine can add across the unsaturated center. Addition can be carried out
with primary and secondary diamine, and less readily with primary and
secondary monoamines. Vulcanization of VDF-based fluoroelastomers is in-
duced by secondary and tertiary monoamines [20].

Paciorek et al. [20] studied the treatment of Viton-A [poly(VDF-co-HFP)
copolymer] and Kel-F [poly(VDF-co-CTFE) copolymer] with different pri-
mary, secondary and tertiary mono- and diamines. It appears that Kel-F
elastomer required specific crosslinking conditions according to the nature
of the (di)amine, at room temperature for primary mono- and diamines, at
50–60 ◦C for secondary mono- and diamines, at 90–100 ◦C for tertiary di-
amines, and at 180–190 ◦C for tertiary monoamines.

3.1.2.1
Mechanism with Monoamines

The general mechanism of grafting of a primary or a secondary monoamine
onto a model compound is given in Scheme 3 [22]. The different steps of this
mechanism are identified by infrared spectroscopy. The primary monoamine
(butylamine), like a secondary monoamine, dehydroiodinates the model
compound creating CF= CH double bonds. Then, the amine can add onto
the unsaturation thanks to Michael addition. Finally, as has been shown by
Pruett et al. [17], a structure containing – NH – CF(X)-group readily elimi-
nates hydrogen fluoride, leading to – N= C(X) –, or C= C(N) – X.

Scheme 3 Reaction between butylamine and a model compound [22]
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In addition to difunctional curing agents, strong basic primary, secondary
and tertiary amines also create crosslinking of Viton-A, even if they re-
quire a rather high press temperature to obtain successful cures when used
alone [19, 111]. Indeed, those basic components can help the dehydrofluori-
nation of the polymer backbone. Further, mono tertiary amines are potential
cocuring agents for all diamines. Tertiary amines show good efficiency as a
cocuring agent in combination with dithiols [111]. Indeed, dithiols do not
crosslink Viton when used alone, but in combination with tertiary amines,
well-cured vulcanizates can be formulated by their use [19].

At higher temperature or time (12 days at 25 ◦C with 72% of amine)
a primary monoamine such as butylamine can crosslink a poly(VDF-co-
HFP) copolymer or a poly(VDF-co-CTFE) copolymer [20]. The mechan-
ism of crosslinking of the butylamine onto a poly(VDF-co-CTFE) copoly-
mer [20] is given in Scheme 4. In a first step, the amine dehydrochlorinates
the VDF/CTFE diad. Then, due to a Michael addition, the amine adds onto
the CF= CH double bond, creating a secondary amine. Finally, in the last
step of the mechanism, the secondary grafted amine can add again onto an
unsaturation creating a bridge between two polymeric chains.

Scheme 4 Reaction mechanism between butylamine and a poly(VDF-co-CTFE) copoly-
mer [20]
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The addition of the butylamine can occur either at the carbon atom bear-
ing a hydrogen as postulated in sequence (b), or at the fluorine-bearing
carbon atom as postulated in sequence (a), although a controverse was also
found in the literature [17, 121].

3.1.2.2
Mechanism with Diamines

The mechanism of crosslinking with diamine is similar to that involv-
ing monoamines. The mechanism of crosslinking with hexamethylenedi-
amine onto a poly(VDF-co-HFP) copolymer is given in Scheme 5 with
R= (CH2)6 [19, 21]. This mechanism occurs in the course of the press-cure
treatment of the polymer (150–170 ◦C, 30 min). As above, in a first step,
the diamine dehydrofluorinates the VDF/HFP diad, creating a double bond.
Then, by Michael addition the diamine adds onto two CF= CH unsaturated
backbones, creating bridges between polymeric chains. The CF – NH bonds
are sensitive to the oxygen atmosphere and heating, and submit to a further
dehydrofluorination leading to a C= N bond that can degrade into a C= O
bond.

Scheme 5 Mechanism of crosslinking with diamine, in three main steps

3.1.3
The Different Amines and Diamines

Although the crosslinking mechanism of amines and diamines onto VDF-
based fluoropolymers proceed in three main steps and are similar, the re-
action conditions (temperature and time) and the physical properties of
aliphatic and aromatic containing mono or diamines are different.
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3.1.3.1
Reaction with Aliphatic and Cycloaliphatic Monoamines

As mentioned above, Paciorek et al. [22] studied the addition of buty-
lamine, dibutylamine and triethylamine on model fluoro-compounds. They
also studied the reaction between a Viton-A poly(VDF-co-HFP) copolymer
and a Kel-F poly(VDF-co-CTFE) copolymer with monoamines [20], in so-
lution of diglyme, at different times and temperatures, and for different
amounts of amines:

• butylamine C4H9NH2
• dibutylamine C4H9NHC4H9
• piperidine

Structure 1

• triethylamine (C2H5)3N
• diethylcyclohexylamine

Structure 2

Only one model of addition of amines on partially fluorinated molecules was
studied. Indeed, the study of addition of equimolar quantities of monoamines
(butylamine, dibutylamine and triethylamine) onto 4,4-dihydro-3-iodoper-
fluoroheptane as a model molecule, in diethylether at room temperature [22]
afforded 80, 94 and 81% of the amine hydroiodides, respectively. But, by de-
termining the time required for a given reaction mixture to reach a pH value
of 6, it is concluded that the reaction with butylamine is faster than that using
dibutylamine. This latter system is faster than that involving triethylamine.

The reaction between several monoamines and VDF-based fluoropoly-
mers like Viton-A and Kel-F [20] evidences a crosslinking mechanism.

Tables 5 and 6 [20] exhibit the weight percentage of added amine, the tem-
perature of reaction, the formation of a gel, the reaction time, the initial and
final pH, and finally the color of the solution.

The presence of a gel from butylamine, dibutylamine, piperidine and
diethylcyclohexylamine-cured Kel-F polymer, and the piperidine-cured
Viton-A evidences a reaction of crosslinking between the polymer backbone
and those monoamines [20].
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Thus, the following mechanism can be postulated as a crosslinking from
primary monoamines. This is explained in Scheme 4.

Poly(VDF-co-CTFE) copolymers are crosslinked more easily in the pres-
ence of monoamines than poly(VDF-co-HFP) copolymers are, because HF
elimination should proceed more readily with tertiary fluorine than with
the difluoromethylene group [20]. Hence, dehydrofluorination proceeds at a
much lower rate with Viton-A than with Kel-F elastomer.

3.1.3.2
The Aliphatic Diamines and Diimines

Several diamines are used as curing systems for fluorocarbon elastomers:
acyclic diamines, cyclic diamines, and some times aromatic diamines [28].

Diamines give effective vulcanizates, but those leading to the best prop-
erties are very scorchy [19, 21]. Derivatives of diamines designed to stiffen
the amine function, so as to reduce the scorching tendency, are by far the
most widely used curing agents [19, 21]. The most common examples are the
carbamate and bis-cinnamylidene derivatives of the hexamethylene diamine
(HMDA):

• bis-cinnamylidene hexamethylene diamine [19, 108]

Structure 3

• hexamethylene diamine carbamate (HMDA-C) [108]

Structure 4

The bis-cinnamylidene hexamethylene diamine [19,108]:
A Viton-HV poly(VDF-co-HFP) copolymer with a molar percentage of HFP of
28.5%, in the presence of 5 parts of MgO per hundred parts of rubber (phr),
was vulcanized with different phr of Diak No3 (N,N′-dicinnamylidene-1,6-
hexanediamine) [27].

Table 7 [27] gives the C1 constant in the Mooney–Rivlin equation [122–
124]:

2C1/gRT = 6.1×10–5 D (1)

where g is the fraction of gel rubber, R is the gas constant, and D the amount
of curing agent expressed in phr.
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Table 7 also supplies the gel fraction (g), and crosslinking density of the
different samples (A-1 to A-8) called νe and ν∗

e , where νe = ν∗
e × g. The

higher the amount of Diak No3, the greater the gel fraction, and the higher
the crosslinking density. Indeed, for example in sample A-8 (8 phr of cur-
ing agent), all the polymer is in gel fraction (no soluble fraction), so it is
completely crosslinked, and evidences the good efficiency of Diak No3 as a
crosslinking agent for poly(VDF-co-HFP) copolymer.

Moreover, the study of crosslinking with Diak No3 shows an increase of
the glass transition temperature (Tg) of the vulcanizate with the amount of
crosslinking agent [27], (Table 8).

Table 7 Evolution of the gel fraction and crosslinking density (νe) of different cured
poly(VDF-co-HFP) copolymers with increasing curing agent (N,N ′-dicinnamylidene-1,6-
hexanediamine) [27]

Viton A-HV Curing agent, 273 (2C1/T), Gel ν∗
e ×105, νe ×105,

phr psi fraction mole/cm3 mole/cm3

A-1 0.2 1.5 0.510 0.90 0.46
A-2 0.4 5.5 0.700 2.39 1.67
A-3 0.6 9.4 0.820 3.50 2.87
A-4 0.8 16.0 0.900 5.41 4.87
A-5 1.0 20.2 0.925 6.65 6.15
A-6 2.0 38.8 0.964 12.20 11.80
A-7 4.0 – ≈ 1 24.40 24.40
A-8 8.0 – ≈ 1 48.80 48.80

ν∗
e and νe are the crosslinking densities, and νe = ν∗

e × g, where g is the fraction of gel
rubber

Table 8 Evolution of the glass transition temperature (Tg, ◦C) of samples A-1 to A-7
(indicated in Table 7) with the amounts of N,N ′-dicinnamylidene-1,6-hexanediamine [27]

Viton A-HV Log (tB/aT)max, T(◦C) at which Tg, ◦C (T – Tg)max, ◦C
min(1) tBmax = 1 min

A-1 – 2.5 43 – 29 72
A-2 – 2.5 42 – 29 71
A-3 – 2.0 47 – 29 76
A-4 – 2.0 47 – 28 75
A-5 – 3.0 47 – 28 75
A-6 – 4.5 17 – 26 43
A-7 – 7.7 0 – 23.5 23.5

(1) for aT = 1 at 90 ◦C
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Fig. 7 Differential Thermal Analysis of Viton AHV cured with Diak No3 after vari-
ous heat treatment: (A) Viton AHV; (B) Viton AHV + 15 phrMaglite + 4 phr Diak No3
(mill mixed); (C) Viton AHV + 15 phrMaglite + 4 phr Diak No3 (press cure); (D) Viton
AHV + 15 phrMaglite + 4 phr Diak No3 (oven cure) (Reprinted with permission of Wi-
ley) [23]

Table 8 [27] shows that the Tg increases from sample A-1 (0.2 phr of Diak
No3, and Tg =– 29 ◦C) to sample A-7 (4.0 phr and Tg =– 23.5 ◦C). This in-
crease of the glass transition temperature value is attributed to the increase
of the crosslinking density.

Finally, crosslinking and decomposition temperatures of a Viton A-HV
cured by Diak No3 were studied by differential thermal analysis (DTA) [23].

Figure 7 [23] represents the variations of temperature versus tempera-
ture for four different samples. Curve (B) (Viton A–HV + MgO + Diak No3,
mill-mixed) exhibits an exotherm centered at 200 ◦C, which is due to the
crosslinking reaction occurring in the course of the press cure. Indeed, curves
(C) and (D) that correspond to the same samples as curve (B), press cure and
post cure, respectively, do not exhibit such an exotherm.

Paciorek et al. [23] also studied the evolution of decomposition tempera-
ture of different post-cured systems by DTA. Thermograms of three Viton
A-HV vulcanizates crosslinked by press cure (30 min at 150 ◦C) and post
cured for 24 h at 200 ◦C are shown in Fig. 8 [23].
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Fig. 8 Differential Thermal Analysis of Viton AHV cured with Diak No3 after oven
cure: (A) Viton AHV + 15 phr Maglite; (B) Viton AHV + 15 phrMaglite + 4 phr Diak No3;
(C) Viton AHV + 15 phrMaglite + 4 phr benzoyl peroxide; (D) Viton AHV (Reprinted with
permission of Wiley) [23]

Both (A) and (C) curves indicate a final exothermic reaction initiated in
the vicinity of 285 ◦C, whereas the elastomer cured by Diak No3 shows some
reaction as low as 200 ◦C. In contrast, the untreated Viton A-HV starts to
decompose from 430 ◦C. Hence, vulcanization results in a decrease of the
thermal stability of fluorinated elastomer.

Reaction with HMDA and ethylenediamine:
HMDA-C is the ionic form of HMDA, which is unreactive at room tempera-
ture, but decomposes rapidly in the range of 130 to 170 ◦C, to produce the free
reactive diamine [18, 35], as shown in the following scheme:

Structure 5

A solution of Viton poly(VDF-co-HFP) copolymer in tetrahydrofurane,
mixed with HMDA, at room temperature for one day produces gel forma-
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Fig. 9 Effect of the concentration (phr) of curing agent (HMDA-C) on the rate of elimina-
tion of H2O from a VitonA [21]

Table 9 Mechanical properties of HMDA-C, EDA-C or N,N ′-biso-(hydroxybenzylidene)-
1,2-propylenediamine cured poly(VDF-co-HFP) copolymer of Viton A-HV [18]

Compound Sample A Sample B Sample C

Viton A-HV 100 100 100
MgO1 15 15 15
MT Carbon black 20 20 20
HMDA-C2 1 – 1
EDA-C3 – 0.85 –
N,N′-bis-(o-hydroxybenzylidene)-

1,2-propylenediamine4 – – 1.3
Mooney scorch at 250 ◦F

Minutes to 10-point rise 7 36 30

CURING CONDITIONS: press cure at 300 ◦F for 30 min; oven cure at 400 ◦F for 24 h

Stress-strain properties:
Modulus at 100% (psi) 390 350 580
Modulus at 200% (psi) 1130 1190 2075
Tensile strength (psi) 2500 2875 2525
Elongation at break (%) 320 350 240
Hardness, Shore A 67 69 69
Compression set, 70 h at 250 ◦F 35 34 16

1 Darlington 601, Darlington Chemical Co., Philadelphia, Pa
2 Diak No.1, Du Pont
3 Diak No. 2, Du Pont
4 Active ingredient of Copper Inhibitor 65, Du Pont
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tion [20], proving that the HMDA adds onto unsaturations created by dehy-
drofluorination, and creating crosslinks [26, 29, 125].

Different amounts of HMDA-C are added to a poly(VDF-co-HFP) copoly-
mer, and Fig. 9 [21, 114] shows the amount of water evolved in a given time
for different amounts of curing agent. This water could have arisen from an
HF elimination from the polymeric chain, that reacts with MgO (coagent),
according to the following reaction:

MgO + 2HF → MgF2 + H2O .

Hence, the higher the amounts of HMDA-C, the higher the HF elimination,
thus the higher the amount of addition [21, 114].

Ethylenediamine carbamate of (EDA-C) is particularly advantageous. Re-
sults of stress-strain tests and compression set of a poly(VDF-co-HFP)
copolymer cured by EDA-C show that 0.85 part of EDA-C produces a state of
cure equal to that obtained with one part of HMDA-C (Table 9 [111]).

The crosslinking mechanism of the HMDA-C is the same as that with
HMDA [Scheme 5, with R= (CH2)6] [21, 114].

Bis-peroxycarbamates [hexamethylene-N,N′bis(tert-butylperoxycarbamate)
or HBTBP, and methylene bis-4-cyclohexyl-N,N′(tert-butylperoxycarbamate),
or MBTBP] [30]
These carbamates have the following formula, respectively:

Structure 6

Structure 7

There are two possible crosslinking mechanisms which occur in the pres-
ence of those peroxycarbamates (Schemes 6 and 7) [30]. One is different
from the usual mechanism of diamine crosslinking, while the second one
is the classic one where the diamine adds onto the polymeric backbone by
nucleophilic Michael addition. Indeed, those peroxycarbamates can undergo
a thermal decomposition creating radicals (Scheme 6), and so the crosslink-
ing mechanism can be a nucleophilic addition.
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Scheme 6 The homolytic thermal decomposition of the hexamethylene-N,N ′bis(tert-
butyl) peroxycarbamate [30]

Scheme 7 Crosslinking formation in terpolymer obtained through hydrogen abstrac-
tion [30]

HBTBP and MBTBP were mixed with a poly(VDF-ter-HFP-ter-
CF2 = CF – R – Br) terpolymer (Viton GF or FKM-G)—where R is a fluori-
nated methylene spacer—in the presence of MgO. The typical formulation is
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Table 10 Typical formulation of fluoroelastomers cured by bis-peroxycarbamate [30]

Materials Parts per hundred rubber (phr)

Fluoroelastomer 100
Medium thermal carbon Black 25
Calcium oxide 4
Calcium hydroxide 6
Curing agent 1 to 5

given in Table 10 [30]. The samples were then press cured (15 min at 170 ◦C)
and post cured (24 h at 250 ◦C).

Figure 10 [30] represents a comparison between the ODR cure traces of
both samples. HBTBP (curve c) is noted to possess a higher state of cure than
that of MBTBP (curve e). Although there is a significant structural similar-
ity between both crosslinking agents, they have different cure responses with
FKM-G copolymer.

Figure 11 [30] exhibits the crosslinking density versus the amount of
HBTBP (in phr), and the extrapolation of this plot shows that a minimum
quantity of HBTBP is required before any formation of crosslinks can occur.

Fig. 10 Comparison of ODR cure traces of a poly(VDF-ter-HFP-ter-CF2 = CF-RBr) ter-
polymer crosslinked with HBTBP (curve c), and MBTBP (curve e) at 170 ◦C. Formulation:
terpolymer (100), MT Black (25), CaO (4), Ca(OH)2 (6), and HBTBP (4) for curve c;
terpolymer (100), MT Black (25), CaO (4), Ca(OH)2 (6), and MBTBP (4) for curve e
(Reprinted with permission of ACS) [30]
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Fig. 11 Effect of HBTBP concentration (in phr) on the crosslinking density (Reprinted
with permission of ACS) [30]

In the crosslinking formation by HBTBP, there is a thermal decomposition of
the peroxycarbamates to give free radicals in a suitable medium. This thermal
decomposition is represented in Scheme 6 [30, 126–129].

Two possible routes of crosslink formation have also been proposed.
Scheme 7 [30] leads to the first one [30]. The hexamethylene diradical ab-
stracts the hydrogen atoms of two polymeric chains creating two macrorad-
icals, and regenerating the hexamethylene diamine. Both macroradicals form
carbon–carbon crosslinks.

Hexamethylene diamine (intermediate products of the mechanism given
in Scheme 7) can then form additional crosslinks. This mechanism is given
in Scheme 8. It is the classical Michael addition of the HMDA onto the
fluoropolymer.

From those crosslinking mechanisms, it can be understood that the radi-
cal of HBTBP is more reactive than that of MBTBP. That is why HBTBP-cured
system possesses a higher state of cure.

Piperazine, triethylene diamine, tetramethylethyldiamine,
and diethylene triamine:
Different diamines (piperazine, triethylene diamine, and tetramethylethyl-
diamine), given in Scheme 9 were also used as crosslinking agents for two
copolymers: poly(VDF-co-HFP) copolymer (Viton A) and poly(VDF-co-
CTFE) copolymer (Kel-F) [19, 20, 111, 130]. Those curing agents were mixed
with both copolymers in a solution of diglyme, at different temperatures and
for different reaction times. Results are summarized in Tables 11 and 12 [20].
Kel-F exhibits a gel formation when vulcanized with piperazine at 57 ◦C
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Scheme 8 Further interaction of the reactive intermediate (hexamethylene diamine) with
a fluorinated polymer, bearing a bromine side atom [21, 30, 114].

for one day, while the same behavior occurred when it was crosslinked
with triethylene diamine and tetramethylethyldiamine at 97 ◦C for one day.
Poly(VDF-co-HFP) copolymer exhibits gel formation only with piperazine at
55 ◦C for 1 day, or at 25 ◦C for 20 days.
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Scheme 9 Piperazine, triethylene diamine, and tetramethylethyldiamine [20]

So, piperazine is less efficient as a curing agent for poly(VDF-co-HFP)
copolymer, whereas 2,5-dimethyl piperazine [18] produces well-cured vul-
canizates from stocks which are less toxic than those containing HMDA-C.

Compression set resistance at 200 ◦C was compared between a TecnoflonT
poly(VDF-ter-HFP-ter-1-hydropentafluoropropene) terpolymer vulcanized
with HMDA-C, and TecnoflonT vulcanized with piperazine carbamate [131].
The results are included in Fig. 12 [131]. Curves 3 and 4 are both poly(VDF-
co-HFP) copolymer vulcanizates with piperazine carbamate in the presence
of trimethylenediamine carbamate and MgO for curve 3, and bisphenol in
the presence of MgO for curve 4. The compression set resistance is better for
curve 4, than curve 2, which is better than curve 3, and finally the worst com-
pression set resistance is obtained for Tecnoflon T vulcanized with HMDA-C.

The reaction between PVDF and diethylene triamine [DETA H2N –
(CH2)2 – NH – (CH2)2 – NH2] at various temperatures (25–80 ◦C) was mon-
itored by infrared spectroscopy [25, 31].

Figure 13 (a and b) [31] represents two infrared spectra. The first one
(a) illustrates the spectrum of PVDF and DETA when no reaction occurred,
whereas spectrum (b) represents PVDF film after heating in DETA for 16 h
at 70 ◦C. For spectrum (a), the absorption bands at 3350 cm–1 and 1590 cm–1

Fig. 12 Compression set versus ageing time at 200 ◦C for several vulcanizates: Tecno-
flonT(poly(VDF-ter-HFP-ter-TFE) terpolymer) vulcanized with HMDA-C (curve 1); Tec-
noflonT vulcanized with piperazine carbamate (curve 2); Tecnoflon (poly(VDF-co-HFP)
copolymer) vulcanized with piperazine carbamate and trimethyldiamine carbamate
(curve 3); Tecnoflon cured with bisphenolAF (curve 4) (Reprinted with permission of
Hüthig Fach Verlag) [131]
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Fig. 13 Transmission infrared spectra of DETA on PVDF unreacted (a), and DETA – PVDF
composite reacted for 16 h at 70 ◦C (b) (Reprinted with permission of VSP) [31]

are assigned to the NH stretching and to NH2 deformation in the primary
amine DETA, and the additional absorptions are from PVDF. In spectrum (b),
the bands of primary amine at 3350 and 3270 cm–1 are replaced by that
of a secondary one at 3240 cm–1. Two strong bands also appear at 1630
and 1560 cm–1 which are also attributed to secondary amide. A shoulder
at 1738 cm–1 is characteristic of C= N stretching. Thanks to infrared spec-
troscopy, a crosslinking mechanism was proposed [31] and is likely the same
as that of Scheme 5.
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Reaction between PVDF and diamine curing agent produces alterations in
the polymer’s surface, which enables the formation of strong adhesive joints
without prior surface modification [31].

3.1.3.3
Aromatic and Aromatic Containing Amines and Diamines

Aromatic containing diamines have been explored at various times, because
it was assumed that the aromatic ring structure built into the polymeric net-
work, during the curing process, would be more stable to high temperature
oxidation than the aliphatic hydrocarbon crosslinks derived from aliphatic
diamines. However, little success has been achieved [17, 28, 132].

Recently, the grafting of aromatic containing amines (benzylamine and
phenylpropylamine) onto poly(VDF-co-HFP) copolymers was investigat-
ed [133]. First, the 19F NMR spectrum of a benzylamine grafted onto
poly(VDF-co-HFP) copolymer was studied, and is represented in Fig. 14.
Figure 14 shows the evolution of the 19F NMR signals centered at – 108.5,
– 110.4, – 112.3, – 113.6, – 115.2, – 115.9, and – 117.9 to – 118.5 ppm, assigned

Fig. 14 19F NMR spectra (zone from – 108 to – 120 ppm) of a poly (VDF-co-HFP) copoly-
mer 20 mole % HFP grafted with 200 mole % of benzylamine at 80 ◦C: the copolymer
(curve a); after 115 min of reaction (curve b); after 475 min (curve c); after 2845 min
(curve d); after 6835 min (curve e) [133]
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Table 13 Characteristic peaks in 19F NMR between – 108 and – 120 ppm of fluorinated
groups in VDF or HFP units of grafted poly(VDF-co-HFP) copolymer

Chemical shifts in 19F NMR (ppm) Characteristic group

– 108.5

– 110.4

– 112.3

– 113.6

– 115.2

– 115.9

– 117.9 to – 118.5

to fluoride groups (given in Table 13) of a benzylamine-grafted copolymer
(containing 20% in mol of HFP). This spectrum shows the disappearance
of the peaks at – 108, – 115.2 and 117.9 ppm of the copolymer. This result
confirms Schmiegel’s conclusions [33, 67] that stated that the addition of the
crosslinking agent first occurs onto VDF between two HFP units.

Then, the evolution of the molar percentage of grafted benzylamine as
a function of time was studied at different temperature, with different molar
percentages of HFP (ranging from 10 to 20% in mol) in the copolymer. Fig-
ure 15 plots the molar percentages of grafted benzylamine at 80 ◦C for a 10%
in mol of HFP-containing copolymer. It proves that in the first 300 min, all the
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Fig. 15 Kinetics of grafting of the benzylamine (200%) onto a poly(VDF-co-HFP) copoly-
mer Kynar containing 10 mole % of HFP. The grafting reaction is carried out in MEK at
80 ◦C [133]

HFP/VDF/HFP sites were crosslinked. Finally, phenyl propylamine seems to
add faster onto copolymer than benzylamine does, that latter amine contain-
ing one spacer only.

So, aromatic containing amine can graft onto poly(VDF-co-HFP) copoly-
mer if it exhibits a spacer between the amino group and the aromatic ring. As
expected, the higher the number of methylene groups in the spacer, the faster
the kinetics of grafting. As in the cases above, the grafting is carried out first
onto VDF between two HFP units.

Finally, it was deduced that the crosslinking mechanism for aliphatic and
aromatic containing amine and diamine was slightly the same and took
place in three steps. Aliphatic diamines are more reactive than aliphatic
amines; and the most used diamine is HMDA-C and its derivatives (N,N′-
dicinnamylidene-1,6-hexanediamine and bis-peroxycarbamates). During the
post-cure treatment, two different mechanisms of bond making and bond
breaking were evidenced, as explained in Sect. 3.1.4.

3.1.4
Formation of Two Networks During Post Cure

The study of the heat ageing of bisphenol-, peroxide-, and diamine-cured sys-
tems shows the formation of different networks more or less stable.

First, a Size Exclusion Chromatography (SEC) study of untreated and un-
heated FKM gum showed an average molecular weight of 250 000 g/mol. The
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gum heated at 325–375 ◦C for 3 h gave a molecular weight of 96 000 g/mol,
suggesting chain scissions. Seven to ten percent of this sample could not
be dissolved in tetrahydrofurane (THF), showing that crosslinking took
place [118].

Second, the infrared spectrum of heated FKM gum (3.1.1.2) shows the
presence of HC= O groups at 1745 cm–1 [24]. Those aldehyde functions were
identified in the last step of the crosslinking mechanism (Scheme 5), and re-
sult from the oxidative scissions of the bridges created by the diamine. These
scissions induce the decrease in molecular weight.

The compression set percentage of a cured poly(VDF-ter-HFP-ter-TFE)
terpolymer, press cured and post cured under nitrogen or air (Table 3) was
studied [35]. The authors noted first that post cure drastically improves the
compression set resistance of the press-cure sample, and second a nitrogen
atmosphere leads to better post cure results than air atmosphere. It can be
concluded that post cure improves compression set resistance all the more if
it is carried out under nitrogen in order to avoid oxidative scissions. Conse-
quently, the scissions in or at the crosslink are due to oxygen [35].

Kalfayan [118] and Thomas [24] studied the stress relaxation of poly(VDF-
ter-HFP-ter-TFE) terpolymers crosslinked with N,N′-dicinnamylidene-1,6-
hexanediamine, and of a poly(VDF-co-HFP) copolymer crosslinked with
HMDA-C, respectively.

Fig. 16 Stress relaxation of FKM (poly(VDF-co-HFP) copolymer) of various crosslink den-
sities at 200 and 275 ◦C in air. • FKM + 1.5 phr of Diak No3, � FKM + 3.0 phr of Diak No3,
× FKM + 4.5 phr of Diak No3 (Reprinted with permission of ACS) [118]
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Figures 16 [118] and 17 [24] exhibit the evolution of f /f0 versus time,
where f and fo represent the tensile forces at t and to times, respectively.

In Fig. 16 [118] stress relaxation is measured for three samples that con-
tain different amounts of diamine at 200 and 250 ◦C in air. In Fig. 17 [24],
stress relaxation is measured at 250 ◦C in air for different amounts of diamine.
Those figures show that stress relaxation is independent of both the amount
of diamine and of the crosslinking density.

The most readily oxidizable groups in both structures are the methylene
groups in α position to the C= N bond.

Structure 8

It suggests that scissions occur at the crosslinking group (i.e., the grafting
group) rather than in the polymeric chain [24, 118].

Hence, in order to avoid these oxidative chain scissions at the crosslink, the
sample must be post cured under nitrogen [24].

Fig. 17 Continuous stress relaxation of poly(VDF-co-HFP) copolymer vulcanizates at
250 ◦C in air, with: • 2.0% of HMDA-C, × 1.5% of HMDA-C, © 1.0% of HMDA-C (Re-
printed with permission of Wiley) [24]
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Post cure contributes to a thermally induced bond-breaking and bond-
making process that results in a thermally and mechanically more stable
network [35, 58, 134].

3.2
Crosslinking with Bisphenols

Bisphenols are presently the predominant crosslinking agents for curing
fluorocarbon-based elastomers. Bisphenols curing was developed in the
late 1960s and started replacing the diamine cure in the early 1970s [109,
135–138]. Because of processing and property advantages, the most com-
monly used compound is bisphenol AF [2,2-bis(4-hydroxyphenyl) hexaflu-
oropropane]. Others, like substituted hydroquinone, and 4, 4′-disubstituted
bisphenols also work well and are used commercially to a lesser degree [35,
36, 38, 58]. As in the cases above, the crosslinking reaction was evidenced by
19F NMR.

3.2.1
Crosslinking Mechanism

The crosslinking mechanism takes place in three steps: elimination of HF
creating double bonds, then reorganization of the double bonds, such as in
Scheme 2, and finally substitution of the bisphenol onto the double bond.

Crosslinking agents require accelerators to make the reaction more effi-
cient. For example, to enable the dehydrofluorination of a VDF/HFP diad,
bisphenols need to react with a metal oxide to give the phenolate ion, which
in turn reacts with the phosphonium or tetraalkylammonium ion to give in-
termediates I and II.

R4P+–OArOH R4N+–OArOH

I II

These intermediates are strong bases [35]. The crosslinking mechanism pro-
posed by Schmiegel is shown in Scheme 10 [33, 35, 63, 139].

In the first step (the dehydrofluorination) Viton copolymer is attacked
by the intermediate described below, creating diene. Then, the bisphenol-
derived phenolate (–OArOH) attacks the intermediate diene and finally leads
to the dienic phenyl ether crosslinks [32, 33]. This reaction is a substitution.
The resulting product surprisingly shows good properties, particularly with
regard to oxidative and hydrophilic stability.
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Scheme 10 Crosslinking mechanism with the bisphenol [33, 35]

3.2.2
19F NMR Study

The mechanism of crosslinking was evidenced by 19F NMR, and Schmiegel
et al. [3, 32, 33, 67] studied the 19F NMR spectra of poly(VDF-co-HFP) copoly-
mer treated in dimethylacetamide (DMAC), with DBU (1,8-diazabicyclo[5-4-
0]-undec-7-ene) and bisphenol AF. DBU is strong enough to enable a dehy-
drofluorination of the polymer and to ionize the phenol, but is sterically hin-
dered for being an efficient competitor of phenoxide for the fluoroolefin [33].

Figure 18 [33, 34] represents the 19F NMR spectra of a base (DBU)-treated
soluble polymer (upper spectrum), and the gel produced by the base in the
presence of the bisphenol-treated polymer (lower spectrum). Both spectra
exhibit two new peaks at – 55 and – 62 ppm, assigned to – C= C(CF3) – C-
isomeric structure of the CF3. So, poly(VDF-co-HFP) copolymers treated with
DBU and with a DBU/bisphenol system undergo at least dehydrofluorination
and rearrangement, such as in Scheme 2. However, to prove the crosslinking
of bisphenol-AF onto the copolymer, a 19F NMR spectrum of the same sample
after precipitation must be recorded.
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Fig. 18 19F NMR spectra of a poly(VDF-co-HFP) copolymer treated with DBU in a solu-
tion of DMAC (top), and the gel which results from this reaction in the presence of Bp-AF
(bottom) (Reprinted with permission of Verlag Chemie) [33]

Figure 19 [33, 34] shows two 19F NMR spectra of poly(VDF-co-HFP)
copolymers. The first one (top) deals with the spectrum of poly(VDF-co-HFP)
copolymer treated with DBU and the bisphenol AF in DMAC, while the other
one (bottom) represents the same sample but precipitated twice from an ap-
propriate solvent for free phenol or any unreacted phenolate (acetonitrile).
The 19F NMR spectra of the washed polymer (bottom) clearly shows the
presence of the geminal trifluoromethyl groups. So, after precipitation in ace-
tonitrile of all the phenol and phenolate that did not react with the copolymer,
the peak at – 55 ppm was still noted. It proves that a part of the bisphenol-
AF enabled the crosslinking of the copolymer. Under those conditions, about
40% of the phenolate were incorporated based on the internal p-fluoroanisole
standard.

Hence, 19F NMR results allowed us to evidence that crosslinking was
achieved.
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Fig. 19 19F NMR spectra of a poly(VDF-co-HFP) copolymer treated with DBU and Bp-
AF in a solution of DMAC (top), and the same sample after several purification (bottom)
(Reprinted with permission of Verlag Chemie) [33]

3.2.3
Oscillating Disc Rheometer (ODR) Response

Bisphenol-cured fluoropolymers are usually analyzed by ODR. Reaction time
and crosslinking density can be deduced from the ODR curve.

This equipment can plot the evolution of the torque (in N m) as a function
of time (in min), at a given temperature, for a crosslinkable mixing (copoly-
mer, crosslinking agent, accelerators, coagent ...). Usually, the torque starts
to decrease (during an induction period), and when the crosslinking reac-
tion occurs it increases rapidly, reaching a maximum when the reaction is
finished.

Bisphenol curing systems are usually used for O-ring applications [26].
Indeed, they exhibit a high resistance to high temperature compression set.
Figure 20 [3, 33, 35] depicts the evolution of a 177 ◦C cure response by ODR,
of a bisphenol AF (Bp-AF) curing poly(VDF-co-HFP) copolymer.
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Fig. 20 Cure response by Oscillating disc rheometer at 177 ◦C of a VDF-based polymer
cured with Bisphenol-AF (Reprinted with permission of Elsevier) [35]

The ODR response is characterized by an induction period, which depends
on the amount of the accelerator (benzyltriphenylphosphonium chloride or
BTPPC), or amount of bisphenol. High Bp-AF amounts increase the length of
the induction period and lead to high cure states. The maximum cure state
is the initial slope of the curve; ts2, the time to initiation; tc90, the time to
90% completion of cure; ML, the minimum torque; MH, the maximum torque;

Fig. 21 Evolution of the ODR units (crosslink density) at 177 ◦C: (©) with variation of
bisphenol-AF concentration (in phr), in the presence of BTPPC (benzyltriphenyl phos-
phonium chloride), (	) with BTPPC concentration, in the absence of Bisphenol-AF
(Reprinted with permission of Verlag Chemie) [33]



Crosslinking of Vinylidene Fluoride-Containing Fluoropolymers 175

and MH – ML, the degree of state of cure [3, 33, 35]. In Fig. 20, at 177 ◦C, and
after a 2.5 min induction period, the reaction of crosslinking is practically
complete after 5 min. Only a 2% increase in cure state occurs between 13
and 60 min. The final state of cure does not change with increasing tempera-
ture [3, 33, 35]. When BTPPC is omitted from the standard recipe, no cure
occurs within 1 h at 177 ◦C.

Figure 21 [3, 33] shows the dependence of the ODR cure state versus Bp-
AF concentration, in the presence of a standard concentration of Ca(OH)2,
MgO, BTPPC and carbon black. It is noted that the greater the concentration
in bisphenols, the higher the ODR cure state, so the higher the crosslinking
density. The lower line shows that the accelerator BTPPC in the absence of the
bisphenol can also lead to a substantial cure state, although only at very high
concentrations [3, 33].

3.2.4
Limitations of the Bisphenol-Cured Fluoroelastomers

Bisphenol-cure is a very rapid crosslinking system, as shown by ODR, but this
system also presents some limitations.

The crosslinking mechanism between poly(VDF-ter-PMVE-ter-TFE) ter-
polymer and bisphenols generates elimination of a trifluoromethoxide and
a fluoride ion, giving CF= CF double bonds. The trifluoromethoxide reacts
with hydrogen, giving trifluoromethanol that is further degraded in air to hy-
drogen fluoride and carbon dioxide, which results in the formation of a large
amount of volatiles [3, 33, 35]. The cured system, therefore, shows excessive
porosity and poor vulcanizate properties due to volatiles produced during
the curing process. For this reason, it is advisable that VDF-based polymers
containing perfluoroalkyl vinyl ethers have a special cure site with curing
chemistry different from nucleophilic attack on the backbone. Such a chem-
istry is the peroxide-induced crosslinking which was specially developed to
bypass these kinds of problems.

3.3
Crosslinking with Peroxides

Another technique to crosslink VDF-containing fluoropolymers requires per-
oxides.

The first peroxide cure agents were used in 1929. But the vulcanizates ob-
tained had poor physical properties, and poor resistance to heat ageing when
compared to sulfur-cured vulcanizates.

Braden and Fletcher [140] described the vulcanization of natural rubber
with dicumyl peroxide using different compounding ingredients and compar-
ing it with sulfur-cured compounds.
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Since the 1950s, peroxide/triallylisocyanurate systems, which enable cross-
linking of fluoropolymers through a free radical mechanism, have been estab-
lished as the best-known non-sulfurated crosslinking agent.

3.3.1
Reaction Conditions

That kind of crosslinking is more easily achieved when the polymer bears a
specific group. This group or atom can be introduced into the polymer from
the direct terpolymerization of VDF and fluoroalkene.

A fluorinated monomer susceptible to copolymerizing or terpolymerizing
vinylidene fluoride is needed to undergo free-radical attack to render peroxide
curable elastomeric co- or terpolymers of VDF [35]. So, this monomer must
be functionalized or halogenated to ensure a free-radical crosslinking. The
monomers mainly used are bromine-containing fluoroolefins such as [42, 43]:
• Bromotrifluoroethylene, BrCF= CF2 [42, 141, 142];
• 1-bromo-2,2-difluoroethylene, BrCH= CF2 [143–145];
• 4-bromo-3,3,4,4-tetrafluorobutene-1, CH2 = CHCF2CF2Br [146–148];
• 3-bromoperfluoropropylene, BrCF2CF= CF2 [149];
• Fluorobutylene BrCF2CF2CF= CF2, BrCF2CF2CH= CF2,

F2C= CFOC2F4Br [150–152] or 1,1,2-trifluoro-4-bromobutene,
F2C= CFC2H4Br [87].

The VDF-based polymer containing the brominated monomer gives free rad-
ical intermediates on its polymeric backbone upon attack by peroxides [3, 35,
40, 41, 62–65, 134].

Fluoroelastomers containing iodine or bromine atoms can be cured with
peroxides. Indeed, modifications of fluorocarbon elastomers with perfluo-
roalkyl iodides allow us to introduce iodine end groups on the polymeric
chain [35, 153–158]. These polymers also lead to free radical intermediates
upon attack by peroxides, which in turn crosslink into a network in the
presence of a radical trap. Thus, the peroxide needs a coagent to trap the
polymeric radicals.

Aromatic as well as aliphatic peroxides can be used. Diacyl peroxides
give low crosslinking efficiency and usually require 10 phr for adequate cur-
ing. Some dialkyl peroxides and peresters give high crosslinking efficiencies.
However, mainly di-tertiary butyl peroxide and dicumyl peroxide are able to
cure compounds containing reinforcing carbon black fillers [16].

The peroxides mainly used are:
• dibenzoyl peroxide, t1/2 = 1 h at 92 ◦C [16]:

Structure 9
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• di-t-butyl peroxide, t1/2 = 1 h at 141 ◦C [16]:

Structure 10

• dicumyl peroxide, t1/2 = 1 h at 132 ◦C [16, 159]:

Structure 11

• 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane, t1/2 = 1 h
at 105 ◦C [159]:

Structure 12

• 2,5-bis-(t-butylperoxy)-2,5-dimethylhexane, t1/2 = 1 h at 134 ◦C [40, 159]:

Structure 13

• 2,5-bis-(t-butylperoxy)-2,5-dimethylhexyne, t1/2 = 1 h at 141 ◦C [40, 159]:

Structure 14
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• α, α′-bis(t-butylperoxy)diisopropylbenzene, t1/2 = 1 h at 134 ◦C [39, 159]:

Structure 15

The coagents are used to enhance the crosslinking efficiency of peroxide-
cured compounds. They are generally di- and trifunctional vinyl compounds,
such as:

• 1,2-polybutadiene [16, 159]:

Structure 16

• ethylene glycol dimethacrylate [16, 159]:

Structure 17

• triallyl phosphate [16]:

Structure 18

• the triallylisocyanurate (TAIC) or triallyl-1,2,5-triazine-2,4,6-(1H,3H,5H)-
trione [35, 40, 95, 97, 160]:

Structure 19
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• the triallylcyanurate (TAC), or 2,4,6-triallyloxy-1,2,5-triazine [16]:

Structure 20

The triazine ring is chemically and thermally stable. So, it reinforces the
crosslinking network. But the best coagent is TAIC.

The crosslinking reaction also needs metal oxides such as Ca(OH)2, CaO,
MgO, ZnO, and PbO to absorb traces of HF generated during the curing pro-
cess [35], MgO, being the most efficient one, as shown in a case above (see
Sect. 3.1.1.4).

3.3.2
Importance of the Coagent

The coagent, the most efficient one being TAIC, is essential for the peroxide-
cure mechanism. Indeed, it permits the reaction of crosslinking and improves
the compression set resistance.

A poly(TFE-alt-P) copolymer is mixed with the α, α′-bis(t-butylperoxy)di-
isopropylbenzene (5 phr), different coagents, such as divinylbenzene,
N,N′-m-phenylenedimaleimide, 1,2-polybutadiene, trimethylolpropane tri-
methylmethacrylate, diallylmelamine, TAC, TAIC (3 phr), MgO as the acid
acceptor (10 phr), and carbon black (35 phr), to investigate the influence
of the different coagents on the gel fraction and the compression set resis-
tance [39]. Each sample is press cured at 160 ◦C for 30 min, and oven cured
at 200 ◦C for 2 h.

Table 14 [39] exhibits the effects of the coagent on peroxide vulcanization.
By considering the compression set percentage, TAIC is found to exhibit the
lowest compression set, so it is the most efficient coagent. Basic metal also
contributes to improve the compression set resistance. Indeed, the percentage
of compression decreases from 75 to 62% thanks to calcium carbonate in the
presence of TAIC.

Figure 22 [39, 40] shows the gel formation as a function of the peroxide
level. The gel fraction gradually increases with the peroxide level, when co-
agent is not present. The cure-promoting effect of the TAIC is remarkable,
yielding a gel fraction of nearly 90% at low peroxide dose. So, the crosslinking
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Table 14 Influence of the coagent on the gel fraction and the compression set resistance
of a peroxide-cured poly(VDF-co-HFP) copolymer (Mn = 100 000 g/mol) [39]

Coagent Gel fraction Compression set (%)

None 0.44 100
Divinylbenzene 0.50 100
N,N′-m-phenylenedimaleimide 0.70 98
1,2-polybutadiene (Mw = 2000) 0.66 100
Trimethylolpropane trimethacrylate 0.77 94
Diallylmelamine 0.76 95
Triallyl cyanurate (TAC) 0.80 85
Triallyl isocyanurate (TAIC) 0.84 75
Triallyl isocyanurate + CaCO3 0.89 62

Receipe in phr: polymer, 100; α,α′-bis-(t-butylperoxy)-p-diisopropylbenzene, 5; MgO, 10;
MT carbon black, 35. Vulcanisation conditions: press cure at 160 ◦C for 30 min, and oven
cure at 200 ◦C for 2 h

density is not really influenced by the level of peroxide when coagent (TAIC)
is introduced.

The same result is obtained in the presence of the 2,5-bis-(t-butylperoxy)-
2,5-dimethylhexane [40]. A poly(VDF-co-HFP) copolymer was crosslinked by

Fig. 22 Evolution of the gel fraction as a function of peroxide dose (phr) for a peroxide-
cured poly(TFE-alt-P) copolymer without any coagent (©); with 3 phr of TAIC (•); with
2.4 phr of divinylbenzene ( ); with 3 phr of TAC ( ) (Reprinted with permission of
ACS) [39]
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Fig. 23 Interactions between peroxide and coagent, in the evolution of initial cure
state (N m) of a poly(VDF-co-HFP) copolymer, measured by ODR at 177 ◦C for 30 min
(Reprinted with permission of Sage) [40]

this peroxide in the presence of TAIC, by oscillating disk rheometer (ODR) at
177 ◦C for 30 min. MH – ML represents the measured cure state (or crosslink-
ing density in N m).

Figure 23 [40] shows that cure state tends to be more drastically influenced
by coagent concentration than peroxide concentration. Indeed, Fig. 23 shows
that with an unchanged amount of 3 phr for the coagent, and by increasing
the quantity of peroxide, the cure state remains constant, whereas with a con-
stant amount of 3 phr of the peroxide, and by increasing the amount of the
coagent, the cure state increases. However, cure rate is influenced by both
TAIC concentration and peroxide concentration.

3.3.3
Influence of the Nature and the Amount of the Peroxide

Lots of peroxides enable the curing of VDF-based fluoropolymers, but the na-
ture of the peroxides, and the molar amount can influence many different
factors such as the curing temperature and the gel fraction.

Identical cure systems are crosslinked, with either 2,5-bis-(t-butylperoxy)-
2,5-dimethylhexane, or 2,5-bis-(t-butylperoxy)-2,5-dimethylhexyne [35, 40].
Table 15 [35] shows the different cure states obtained when changing
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Table 15 Crosslinking of two peroxides (2,5-bis(t-butylperoxy)-2,5-dimethylhexane, and
2,5-bis(t-butylperoxy)-2,5-dimethylhexyne-3) onto poly(VDF-co-HFP) copolymer, and
the influence of their cure temperature on ODR values (ts2, ts90, and MH – ML) [35]

Cure Peroxide ODR values
temperature half-life
(◦C) (min) ts2 (min) tc90 (min) Cure state,

MH – ML (N-m)

2,5-bis(t-butylperoxy)-2,5-dimethylhexane

160 4.80 4.0 24.0 8.0
177 0.80 1.6 8.3 8.6
190 0.24 1.4 4.6 8.2
204 0.07 0.8 2.8 7.9

2,5-bis(t-butylperoxy)-2,5-dimethylhexyne-3

160 18.7 7.1 41.0 –
177 3.4 3.4 14.0 7.7
190 1.0 2.1 7.5 7.7
204 0.3 1.2 4.2 7.5

Table 16 Half life and gel fraction values of poly(TFE-co-P) copolymers (Mn =
100 000 g/mol) cured with acyl-, alkyl- or hydroperoxides [39]

Peroxides Type Peroxide t1/2 Gel
group (min) fraction

Acyl 2 1.2 0.05

Alkyl 2 4.0 0.44

Alkyloxy 1 12.0 0.10
or methyl

Hydroxy 1 6.0 0.00

The samples are press cured at 160 ◦C for 30 min, and post cured at 200 ◦C for 2 h

the peroxide and the temperature. For both peroxides, the cure state ex-
hibits a maximum at a fixed temperature. For 2,5-bis-(t-butylperoxy)-2,5-
dimethylhexane, the cure state is maximum at 177 ◦C, whereas with 2,5-
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bis-(t-butylperoxy)-2,5-dimethylhexyne, it is maximum at 182 ◦C. Moreover,
2,5-bis-(t-butylperoxy)-2,5-dimethylhexane is also more efficient than 2,5-
bis-(t-butylperoxy)-2,5-dimethylhexyne. Indeed, the first peroxide reaches
a cure state of 8.6 N m, whereas it is 7.7 N m for the second one.

Gel fractions were measured from different poly(TFE-alt-P) copolymers
cured by peroxide. In Table 16 [39], 30 eq mol–1 polymer of peroxide (acyl-,
alkyl- or hydro-) are added to a poly(TFE-alt-P) copolymer and vulcanized
in a mold at 160 ◦C for 30 min, and post cure at 200 ◦C for 2 h. Gel fraction
results indicate that these peroxides achieve vulcanization, except for the hy-
droperoxide which tends to decompose ionically. The best result was obtained
with α, α′-bis(t-butylperoxy)diisopropylbenzene, but even in this case, the gel
fraction was only 44% because of the absence of a coagent.

A rheometric study [159] was carried out by different tested poly(VDF-
ter-HFP-ter-TFE) terpolymers cured by peroxides [dicumyl peroxide (40%)
for P-1; 1,3-bis(tert-butylperoxisopropyl)-benzene (40%) for P-2; 1,1-bis(tert-
butylperoxy)-3,3,5-trimethylcyclohexane (40%) for P-3; 2,5-bis-(tert-butyl-
peroxy)-2,5-dimethylhexane (45%) for P-4; 2,5-bis-(t-butylperoxy)-2,5-di-
methylhexyne (45%) for P-5] with the same coagent (TAIC). Table 17 [159]
gives the composition of the compounds used in the study. Compounds (FP-1
to FP-5) differ only from the type and the amount of the peroxide.

Figure 24 [159] is the cure response of an oscillating disc rheometer of the
compounds mentioned in Table 17. Figure 24 demonstrates that the rate of
crosslinking varies drastically for the industrial peroxides. Efficiencies of P-4

Table 17 Composition of different Viton GF compounds cured with peroxide [159]

Component Compound
FP-1 FP-2 FP-3 FP-4 FP-5

Viton GF1 100 100 100 100 100
Carbon black MT 30 30 30 30 30
PbO 3 3 3 3 3
TAIC 3 3 3 3 3
P-12 3
P-23 4.8
P-34 3.4
P-45 3
P-56 3

1 poly(VDF-ter-HFP-ter-TFE) terpolymer
2 P-1 = dicumyl peroxide (Struct 11)
3 P-2 = 1,3-bis(tert-butylperoxisopropyl)-benzene (Struct 15)
4 P-3 = 1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (Struct 12)
5 P-4 = 2,5-bis-(t-butylperoxy)-2,5-dimethylhexane (Struct 13)
6 P-5 = 2,5-bis-(t-butylperoxy)-2,5-dimethylhexyne-3 (Struct 14)
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Fig. 24 Rheometer curve of the compounds containing different peroxides (Reprinted
with permission of Ferenc Wettl) [159]

and P-5 are outstanding as compared to the three other peroxides, but in the
presence of P-3, no crosslinking could be detected by rheometric curve.

So, the following decreasing activity series of the peroxides can be sug-
gested: P-5 ≈ P-4 � P-1 ≈ P-2.

On the other hand for low temperature properties, Dyneon LTFE 6400X,
prepared by crosslinking a poly(VDF-tetra-TFE-tetra-PAAVE-tetra-CSM)
tetrapolymer (where PAAVE stands for perfluoralkoxyalkylvinylether) in
the presence of peroxide/triallylisocyanurate demonstrates superior thermal
resistance, high thermostability and outstanding low temperature flexibil-
ity [105]. For example its TR-10 performance (or Tg) is – 40 ◦C and its fuel
resistance is the best among the FKM fluorelastomers (fluorine content of
70 wt %).

3.3.4
Mechanism of Crosslinking

The crosslinking mechanism with the peroxide/TAIC system is slightly differ-
ent from that of diamine or bisphenol ones.

Scheme 11 [3, 16, 35] shows the most probable reaction taking place in
a fully compounded stock. An initial process is the thermally induced ho-
molytic cleavage of a peroxide molecule to yield two oxy radicals. The pri-
mary decomposition of the 2,5-bis-(t-butylperoxy)-2,5-dimethylhexane leads
to the formation of a t-butoxy radical, which may, in a minor reaction, ab-
stract a hydrogen atom to give a t-butanol, and in a major reaction (usually
from 120 ◦C), decomposes into acetone and methyl radical. The methyl rad-
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Scheme 11 Crosslinking mechanism with peroxide [3, 35]
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ical, in turn, can abstract a bromine atom from the polymer, to give methyl
bromine, or add to the triallyl(iso)cyanurate to give a more stable radical
intermediate. These intermediate radicals abstract bromine from the poly-
mer to generate polymeric radicals. The driving force for the chain reaction
during propagation is the transfer of a bromine atom from the electron-
poor fluoropolymer to an electron-rich hydrocarbon radical on the coagent.
Crosslinking takes place when the polymeric radicals add to allylic bonds of
the trifunctional coagent. The coagent, therefore becomes the crosslinker.

The cure temperature chosen in peroxide formulations depends on the
stability, and the half life of the peroxide. Peroxides with acid groups decom-
pose at lower temperatures than those involving dialkyl or diaryl peroxide.
Thus, dicumyl peroxide offers better processing safety than dibenzoyl perox-
ide. According to Bristow [161], to obtain peroxide-cured natural vulcanizates
endowed with the best properties, cure times should not be less than 1 h at
160 ◦C, 3 h at 150 ◦C, and 8 h at 140 ◦C.

Peroxide and bisphenol or diamine-cured systems are differentiated by the
type of reaction of crosslinking. Bisphenols or diamines exhibit a dehydroflu-
orination of the fluoropolymer backbone, followed by a Michael addition for
the diamine, and a substitution of the fluorine atom for the bisphenols. The
peroxide-cure reaction is a free radical attack, and so this system needs spe-
cial cure site monomers. Another important crosslinking system that involves
a technique requiring radicals is the radiation crosslinking.

3.4
Radiation Crosslinking

The last important way to crosslink VDF-based fluoroelastomers occurs by
high-energy radiation. This method only needs the use of specific radiation
(without any agent or coagent), but can lead to the formation of other unde-
sirable reactions.

VDF-based copolymers containing hydrogen can be crosslinked with dif-
ferent degrees of efficiency by high-energy radiation [50]. In 1957, Dixon et
al. [96] were the first to disclose that poly(VDF-co-HFP) copolymers could be
cured successfully with high-energy radiation. Then, Florin and Wall [162]
performed further studies of VDF-based copolymers, and Yoshida et al. [163]
studied the stress relaxation of irradiated fluorocarbon elastomers. Moreover,
many reviews and articles reported the radiation crosslinking of fluoroelas-
tomers, published by Lyons [164–166], Logothetis [167], and Forsythe [168,
169], respectively.

The mechanism of crosslinking by irradiation is the same as that of graft-
ing. That is why the grafting process is briefly explained.

Different types of high-energy radiation are available to be used for the
grafting process [170–176]. This radiation may be either electromagnetic ra-
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diation such as X-rays and γ-rays (60Co, 137Cs) or charged particles, such as
β particles and electrons.

The purpose of the use of γ -rays or an electron beam is to generate radi-
cals in the grafting system. Three different methods may be used to generate
radiation [164, 166, 170–178]:

(a) simultaneous radiation grafting;
(b) pre-irradiation in air (hydroperoxide method);
(c) pre-irradiation in vacuum (trapped-radicals method).

In simultaneous radiation grafting, the polymer and the monomer are ex-
posed to radiation at the same time. A chemical reaction of the monomer
with the polymer backbone radical initiates the grafting reaction [177]. Al-
ternatively, a two-step grafting procedure may be adapted. In the first step,
the polymer is exposed to radiation which leads to the formation of rad-
icals on the macromolecular chain. If the irradiation is carried out in air,
radicals react with oxygen, leading to the formation of peroxides and hy-
droperoxides (hydroperoxide method). When in contact with a monomer,
the irradiated polymer initiates grafting by thermal decomposition of the
hydroperoxides.

In the absence of air, these macromolecular radicals remain trapped in
the polymer matrix and initiate the grafting in the presence of a monomer
(trapped radical method).

Simultaneous radiation grafting is, therefore, a single step process while
the pre-irradiation method involves two steps [170, 177]. The lifetime of irra-
diated PVDF at room temperature is about one year [179].

The free generated radicals can undergo several reactions, such as combi-
nation to form crosslinks [164, 169], chain scission and recombination or dis-
proportionation, and elimination with the formation of double bonds [170].
In the presence of vinyl monomers, the free radical centers can initiate graft
copolymerization [177].

3.4.1
Crosslinking Mechanism by Electron Beam Radiation

When irradiated by electron beam, a VDF-based fluoropolymer can undergo
many radical reactions that are going to be detailed in this section. The
crosslinking reaction is a particular one.

A PVDF polymer (0.08 mm of thickness, 1.76 mg/cm3 of density) was
electron-beam irradiated at different doses (from 0 to 1200 kGy) [51].
Scheme 12 [45, 51] proposes the radiation induced reaction in this PVDF.
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Scheme 12 Schematic representation of the mechanism of electron radiation-induced re-
actions taking place in PVDF films [51]

It is shown that three different reactions are possible after irradiation.
Both macroradicals can react together leading to a crosslinking structure as
shown in reaction (2) [45, 51, 180]. The macroradicals can be rearranged lead-
ing to a disproportionation end-mechanism, which is given in reaction (3) of
Scheme 12. Finally, as shown in reaction (4), the macroradical can react with
the oxygen atom leading to the formation of hydroperoxide. Those two last re-
actions [reactions (3) and (4)] do not lead to the formation of a crosslinked
structure. These mechanisms are identified by FTIR.

Figure 25 [51] represents FTIR spectra of irradiated PVDF films with their
corresponding unirradiated samples. The spectra of irradiated films do not
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Fig. 25 FTIR spectra of irradiated PVDF films from 0 to 1200 kGy (Reprinted with per-
mission of Elsevier) [51]

show major changes in the main absorption band compared to the unirradi-
ated film. However, two small adjacent bands, in the range of 1650–1750 cm–1

appear in the spectra of the irradiated films. The peak at 1654 cm–1 is as-
signed to the C= C bond resulting from the dehydrofluorination reaction in
PVDF. Whereas the bands at 1739 and 3300 cm–1represent the C= O group of
hydroperoxide initiated by irradiation in air, and the –OH group of hydroper-
oxides, respectively.

Activated PVDF or poly(VDF-co-HFP) copolymer prepared by γ pre-irra-
diation (at 25 kGy/h with 60Co source), underwent a grafting by styrene [14,
52]. Indeed, styrene-grafted copolymers based on VDF find a wide range of
applications. The degree of grafting (d.o.g.) is determined after assessing the
weight of the membrane before irradiation (w1) and after grafting (w2):

d.o.g.(%) =
w1 – w2

w2
100

Table 18 [52] reports the d.o.g. (%) of different membranes under the same
experimental conditions. The difference in d.o.g. between the homopolymer
and the dense-membrane copolymer is evident. A 100% grafting yield is de-
tected in the case of the poly(VDF-co-HFP) copolymer, whereas 6% is the
d.o.g. obtained in the case of the PVDF membrane. This difference can be
due to the different compatibility of the two polymers with styrene, and the
kinetics of grafting which is faster in the case of the copolymer. Hence, irra-
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Table 18 d.o.g. (degree of grafting) of starting membranes of PVDF and poly(VDF-co-
HFP)copolymer [52]

Membrane d.o.g. (%)

Compact PVDF 6
Compact P(VDF-5 mol % HFP) 100
Porous PVDF (100 nm) 74
Porous PVDF (10 µm) 53

diated VDF-based copolymers can give higher grafting densities than PVDF
homopolymers can.

3.4.2
Influence of Irradiation Parameters on the Properties
of Crosslinked Fluoropolymers

The method of irradiation and the dose can influence several properties such
as thermal properties (glass transition temperature Tg, decomposition tem-
perature Tdec, crystallization temperature Tc, and melting temperature Tm)
and mechanical properties (tensile strength, modulus at 50% elongation, gel
fraction ...).

3.4.2.1
Thermal Properties

A PVDF film was irradiated with doses of electron irradiation (ranging from 0
to 1200 kGy). Figures 26 and 27 [51] represent the evolution of the DSC melt-
ing thermograms, and cooling thermograms, respectively of irradiated PVDF
films. The heat of melting which is obtained from the area under the peaks
of curves noted in Fig. 26, is found to increase for the lower melting peak,
whereas that under the higher melting peak decreases with the increase in the
irradiation dose up to 200 kGy. Table 19 shows that the heat of melting under
both peaks together increases with the increase in irradiation dose. More-
over, both melting temperature, Tm, (Fig. 26) and the crystallization tempera-
ture, Tc, (Fig. 27) decrease with the increasing irradiation dose [180, 181].
Table 19 [51] summarizes those results.

This behavior indicates that crosslinking and the main chain scission re-
action play an important role during irradiation of PVDF. Furthermore, the
decreasing of Tc with the increasing irradiation dose indicates that crosslink-
ing is the predominant reaction.

The evolution of the glass transition temperature (Tg) of a FKM [poly(VDF-
ter-HFP-ter-TFE) terpolymer] crosslinked by electron beam irradiation in the
presence of MgO, and HMDA-C is measured as a function of radiation dose.
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Fig. 26 DSC melting thermograms of irradiated PVDF films from 0 to 1200 kGy (Re-
printed with permission of Elsevier) [51]

Fig. 27 DSC cooling thermograms of an irradiated PVDF film from 0 to 1200 kGy (Re-
printed with permission of Elsevier) [51]

Table 20 [48] represents the evolution of the Tg. The higher the radiation dose,
the higher the Tg. Indeed, crosslinking hinders the macromolecular rotation,
thus requiring a higher temperature for the inception of rotation. An increase
in glass transition temperature at higher radiation doses is due to an increase
in the extent of crosslinking.
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Table 19 Variation of heat of melting, melting temperature and crystallization tempera-
ture of PVDF films with the irradiation dose [51]

Irradiation dose Crystallisation Heat of melting Melting temperature (◦C)
(kGy) temperature (◦C) (J/g) Higher peak Lower peak

0 143 34.3 167.3 162.1
100 141 38.2 166.8 160.7
200 139 40.6 165.4 159.8
400 135 39.1 158.5 158.2
800 129 39.9 – 153.5

1200 121 40.2 – 148.7

Table 20 Influence of electron beam irradiation on the glass transition temperature of
a poly(VDF-ter-HFP-ter-TFE)terpolymer [48]

Radiation dose (kGy) Tg (◦C)

0 4
1000 27
1500 38

3.4.2.2
Mechanical Properties

The interaction of high energy radiation with partially fluorinated polymer
causes various changes in its thermal properties, but also in its physical and
mechanical properties, depending on the irradiation conditions.

Polyvinylidene fluoride and poly(VDF-ter-HFP-ter-TFE) terpolymer were
irradiated in the presence or the absence of a crosslinking agent, and several
mechanical properties were measured.

A PVDF film was exposed to high energy electron radiation in air with
a 1 MeV electron beam to different dose levels up to 106 Gy [46]. Gel frac-
tion analysis was carried out on the virgin and irradiated films. The samples
were extracted in dimethylacetamide (DMAC) at 75 ◦C for 1 h. The residue
contents were then dried out in a vacuum oven at 80 ◦C for 16 h. According
to Charlesby [182], the gel fraction analysis is a measurement of the degree
of crosslinking, and is defined as the ratio of weight of the insoluble residue,
to the weight of the original sample. The evolution of the gel fraction versus
total absorbed dose is given in Fig. 28 [46]. The curve increases gradually to
about 20% with an increase in total absorbed dose up to 104 Gy, and exhibits
a larger increase to about 82% with a further increase in the radiation dose to
106 Gy. The presence of a gel is a clear evidence of extensive crosslinking.
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Fig. 28 Gel fraction analysis in DMAC at 75 ◦C of virgin and irradiated PVDF films
(Reprinted with permission of Kluwer) [46]

A PVDF and a poly(VDF-co-HFP) copolymer were irradiated by Kr ions at
6.2 MeV/amu energy [47]. The evolution of the insoluble F fraction versus the
absorbed dose D, and the fluence is represented in Fig. 29 [47]. In both cases,
an increase of the gel fraction F as the absorbed dose increases is observed.

A poly(VDF-ter-HFP-ter-TFE) terpolymer was irradiated with an electron
beam accelerator at different doses (0–200 kGy) in air, and cured afterwards
with 1 phr of HMDA-C. The gel fraction was carried out using the solvent
methylethylketone at 25 ◦C [48, 49]. Figure 30 [49] shows the gel fraction
and the crosslinking density of the irradiated pure or vulcanized poly(VDF-
ter-HFP-ter-TFE) terpolymer at different doses. It is observed an increase in
crosslinking density (–� –) on irradiating rubber vulcanizates with 50 kGy
dose and above. Both the control (pure rubber) and the rubber vulcanizate

Fig. 29 Evolution of the insoluble fraction versus the absorbed dose and the fluence for
a PVDF and a poly(VDF-co-TrFE) copolymer (Reprinted with permission of Elsevier) [47]
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Fig. 30 Variation of the gel fraction (full line ©) and the crosslink density (�) of irra-
diated poly(VDF-ter-HFP-ter-TFE) terpolymer vulcanized with HMDA-C, and variation
of the crosslink density of pure terpolymer rubber (broken line) versus radiation dose
(Reprinted with permission of Kluwer) [49]

behave similarly. The increase in crosslink density is about 10–25 times, and
the change in crosslink density is more important for the rubber vulcanizate.

Nasef and Dahlan [51] investigated the irradiation of PVDF using an elec-
tron beam accelerator of 2.0 MeV. The effect of irradiation dose on the me-
chanical properties (tensile strength (a), elongation at break (b)) is given in
Figs. 31 and 32 [51]. The tensile strength (Fig. 31) of PVDF increases un-
til a dose of 800 kGy, then it slightly decreases as the irradiation dose goes
higher.

The elongation at break (Fig. 32) decreases gradually with the increase
in the irradiation dose, due to crosslinking. This leads to an increase in
molecular weight and to the formation of an insoluble three dimensional
network [46, 51]. The crosslinking progressively immobilizes the insoluble
oriented molecules and prevents them from moving laterally without break-
ing the bonds.

These radiation induced changes in the mechanical properties of a PVDF
are permanent since crosslinking causes damage to the crystal structure
which is unalterable [46]. A poly (VDF-ter-HFP-ter-TFE) terpolymer was ir-
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Fig. 31 Variation of the tensile strength of PVDF films versus irradiation dose (Reprinted
with permission of Elsevier) [51]

Fig. 32 Variation of the elongation percent of PVDF films versus the irradiation dose.
(Reprinted with permission of Elsevier) [51]

radiated by an electron accelerator (at energy of 2 MeV) in the presence of
MgO (5 phr) and HMDA-C (1 phr). Mechanical properties (tensile strength,
elongation at break and modulus at 50% elongation) were investigated and
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Table 21 Influence of electron beam irradiation on the mechanical properties of a terpoly-
mer [48]

Radiation dose Tensile strength Elongation at Modulus at 50% Gel fraction
(kGy) (MPa) break (%) elongation

0 3.6 513 0.73 0.90
250 3.2 108 1.26 0.92
500 2.3 81 1.32 0.94
750 1.8 50 1.60 0.95

1000 3.3 38 – 0.96
1500 4.3 23 – 0.97

are presented in Table 21 [48, 49]. The modulus increases and the elongation
at break decreases with an increase in irradiation dose. The tensile strength,
however, does not change much when increasing irradiation dose.

Radiation curing is the last main method of crosslinking for VDF-based
fluoroelastomers. It is more efficient for copolymers and terpolymers than for
PVDF.

3.5
Crosslinking with a Thiol-ene System

There are a few other methods to crosslink VDF-based fluoroelastomers, like
the thiol-ene system, but these are very rarely used.

Although thiol-ene systems easily lead to the vulcanization of hydro-
genated elastomers, this process has scarcely been used to cure fluoroelas-
tomers because of the limited availability of mercapto side groups. However,
we have recently used an original trifluorovinyl ω-thioacetate monomer able
to copolymerize with VDF [44, 50] and the resulting copolymer was hy-
drolyzed to generate elastomers bearing mercapto lateral groups. Curing was
performed in the presence of non-conjugated dienes under radical conditions
as in Scheme 13 [44].

Other systems of crosslinking exist, but they are more adapted to TFE-
containing copolymers, although crosslinking in the presence of water from
PVDF-bearing trialkoxysilanes was efficient [94]. A nitrile-containing cure-
site monomer with the same reactivity as perfluoromethylvinylether was
copolymerized with TFE. Crosslinking was brought about by the catalytic in-
teraction of tetraphenyltin or silver oxide on the pendant nitrile groups. The
structure of the crosslinks is assumed to be mainly triazine [35, 183].
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Scheme 13 Crosslinking of VDF-containing copolymer by thiol ene systems [44]

4
Comparison of Physical and Mechanical Properties

All the different cured systems mentioned above differ in crosslinking agents
and mechanism, but also in the crosslinking density, and the mechanical
properties, such as compression set resistance, elongation at break, modulus
at 100 and 200%, tensile strength, hardness of the cured material, etc. ... The
comparison of the crosslinking density and the different mechanical proper-
ties for the main cured systems (diamines, bisphenols and peroxides) is the
subject of this part of the article.

Regarding resistance to acids (H2SO4, HNO3), to bases (NaOH, NaClO),
and to water, by measuring the volume increase after immersion, it is clear
that peroxide-cured elastomers are more resistant to acids, to bases and to
water than those from the diamine-cured elastomers. Indeed, this last system
decomposes when immersed in a strong base or an acid solution.

Nevertheless, diamine-cured systems have a lower percentage of volume
increase after immersion in oil and fuel oil than peroxide ones.

Figure 33 [3, 35, 134] compares the crosslinking density of post-cure
diamine-, bisphenol- or peroxide-cured systems at 204 ◦C under nitrogen.
The vulcanizate crosslinking density of bisphenol- and peroxide-cured sys-
tems, before and after post curing remains the same, whereas that of the
diamine vulcanizate increases substantially. This implies that diamine is
a better crosslinking agent than bisphenol or peroxide regarding crosslinking
densities.
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Fig. 33 Crosslinking density of cured gum stocks versus post cure time at 204 ◦C, under
nitrogen: (A) diamine cured system; (B) peroxide cured system; (C) bisphenol cured
(Reprinted with permission of ACS) [134]

A Viton A-HV (poly(VDF-co-HFP) copolymer) is crosslinked with a same
amount of a diamine (biscinnamylidene hexamethylene diamine or LD-214)
and a peroxide (benzoyl peroxide), in the presence of Maglite D (MgO) [23].
Different mechanical properties (tensile strength, elongation at break, and
hardness) are evaluated for both press-cure and post-cure systems. Tables 22
and 23 [23] show that the peroxide-cure system leads to materials which
exhibit higher tensile strengths, whereas diamine improves the elongation
and hardness of the resulting crosslinked macromolecules. Table 23 also
shows that post-cure step improves readily each mechanical property (tensile
strength, elongation and hardness). So, this step is essential in the crosslink-
ing mechanism.

Other mechanical properties and resistance to bases and to acids are
studied for a poly(TFE-alt-P) elastomer cured with a peroxide (α, α′-bis-(t-
butylperoxy)-p-diisopropylbenzene), and a poly(VDF-ter-HFP-ter-TFE) ter-
polymer cured with a diamine (N,N′ dicinnamylidene-1,6-hexanediamine)
(Table 24) [39].

As in Table 23, peroxide-cured systems exhibit a better tensile strength,
and a better compression set resistance, whereas diamines exhibit higher
elongation at break and hardness.

Table 2 [35] displays different mechanical properties (modulus at 100%,
tensile strength, elongation at break and compression set for O-rings and
pellets) for bisphenol-cured and peroxide-cured poly(VDF-ter-HFP-ter-
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Table 22 Composition of vulcanizates I and II [23]

Components, parts Vulcanisate I Vulcanisate II

Viton A-HV1 100 100
Maglite D2 15 15
LD-2143 4 –
Benzoyl peroxide, 95% – 4

1 Viton A-HV = poly(VDF-co-HFP)copolymer
2 Maglite D = MgO
3 LD-214 = biscinnamylidene hexamethylene diamine

Table 23 Mechanical properties of vulcanizates I (diamine cure) and II (peroxide cure)
after press cure at 150 ◦C for 30 min, and post cure from 120 to 200 ◦C at a heating rate
of 25 ◦C/h, then heat at 200 ◦C for 24 h [23]

Properties Vulcanisate I Vulcanisate II
Press cure Post cure Press cure Post cure

Tensile strength (psi) 2230 3250 3550 3650
Elongation (%) 460 310 460 420
Hardness, shore A 64 68 60 63

TFE)terpolymer, after press cure at 177 ◦C for 10 min and after post cure
at 232 ◦C for 24 h. As in Table 23, Table 2 shows an improvement of the
mechanical properties after post cure. Moreover, the bisphenol-cured sys-
tem has a better compression set resistance than the peroxide-cured system,
whereas the peroxide-cured system has better modulus at 100%, better tensile
strength, better elongation than those resulting from bisphenol crosslinking.

A study of several mechanical properties (100% Modulus, tensile strength,
elongation at break, and compression set resistance) of bisphenol AF and per-
oxide (2,5-dimethyl-2,5-di-t-butyl-peroxyhexane)-cured poly(VDF-co-HFP)
copolymers is supplied in Table 25 [40]. First, the post-cure step improves
all mechanical properties. Then, bisphenol post-cure systems exhibit a bet-
ter compression set resistance than the peroxide one, whereas peroxide-cured
polymer exhibits better modulus at 100%, better tensile strength, and better
elongation at break than bisphenol-cured polymer.

Flisi [131] studied the evolution of elongation at break and tensile strength
for a poly(VDF-co-HFP) Tecnoflon N copolymer cured with a bisphenol AF
and diamines (melting of piperazine carbamate and trimethylene diamine
carbamate). Figures 34 and 35 [131] represent elongation at break and tensile
strength versus time for those samples. This author showed that elongation
at break (Fig. 34) decreased continuously because the network chains be-
came shorter. Moreover, crosslinking with bisphenol yielded materials with
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Table 24 Mechanical and chemical properties of a peroxide-cured poly(TFE-alt-P) elas-
tomer, and a diamine-cured poly(VDF-ter-HFP-ter-TFE) elastomer [39]

Properties Peroxide1 – Diamine2-cured
cured TFE/P poly(VDF-ter-HFP-
elastomer ter-TFE) terpolymer

Physical properties:

Specific gravity (g/cm3) 1.60 1.93
Tensile strength (MPa) ∼ 20.0–25.0 ∼ 14.0–17.0
Elongation at break (%) ∼ 200–400 ∼ 400–500
Tensile modulus at 100%, MPa ∼ 2.5–3.5 ∼ 4.0–5.0
Hardness, shore A 70 83
Compression set3 (%) 35 49
Brittle point (◦C) – 40 – 45
Retraction temperature (◦C) 3 – 20

Chemical resistance:

Volume increase after immersion (%)

96% H2SO4, 100 ◦C, 3 d 4.4 45
60% HNO3, 70 ◦C, 3 d 10.0 Decomposed
50% NaOH, 100 ◦C, 3 d 1.1 Decomposed
10% NaClO, 100 ◦C, 7 d 1.0 Decomposed
H2O, 100 ◦C, 3 d 1.1 5.9
Steam, 160 ◦C, 7 d 4.6 12.8
Oil #1, 150 ◦C, 3 d 2.0 0.5
Oil #3, 150 ◦C, 3 d 10.0 2.0
Fuel oil, 25 ◦C, 7 d 38 3.0

1 a 180 000 g/mol poly(TFE-alt-P) elastomer is cured with a peroxide (α, α′-bis-(t-butyl-
peroxy)-p-diisopropylbenzene) and TAIC
2 diamine = N,N′ dicinnamylidene-1,6-hexanediamine
3 at 200 ◦C for 22 h

a higher elongation than those achieved from diamine. Tensile strength
(Fig. 35) decreased slowly in bisphenol vulcanizate during the whole period
of 32 days, while the curve of the diamine vulcanizate presents an irregular
trend. Indeed, the curve first decreased, then increased, and finally decreased
again.

Flisi [131] also study the compression set resistance at 200 ◦C versus ageing
time for different diamine and bisphenol Tecnoflon T [poly(VDF-ter-HFP-ter-
TFE) terpolymer] vulcanizates (Fig. 12).

First, the best compression set resistance was obtained for curve 4
(bisphenol-AF cured poly(VDF-co-HFP) copolymer). Second, little improve-
ment was obtained in Tecnoflon T by changing the curing agent from HMDA-
C (curve 1) to piperazine carbamate (curve 2). Finally, no practical difference
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Table 25 Mechanical properties for press cure and post cure poly(VDF-co-HFP)copolymer
cured with bisphenol AF or peroxide (2,5-dimethyl-2,5-di-t-butyl-peroxyhexane) [40]

Compounds Poly(VDF-co-HFP) Poly(VDF-co-HFP) copolymer
copolymer cured by cured by Peroxide (2,5-dimethyl-

Bisphenol AF1 2,5-di-t-butyl-peroxyhexane)1

Post cure2 No Yes No Yes
Stress-strain, 25 ◦C
100% Modulus (Mpa) 4.5 6.3 5.3 11.4
Tensile strength (Mpa) 11.7 14.5 10.4 15.9
Elongation at break (%) 250 185 200 140
Compression set3 (%)
Pellets 85 15 45 18
O-ring 40 16 44 25

1 both cured samples are press cured at 177 ◦C for 30 min
2 post cured at 232 ◦C for 24 h
3 at 200 ◦C for 70 h

Fig. 34 Dependence of elongation at break versus aging time of a TecnoflonN (poly(VDF-
co-HFP) copolymer) crosslinked with piperazine carbamate and trimethyl diamine car-
bamate (curve A), and a TecnoflonN cured with a bisphenol AF (curve B) (Reprinted with
permission of Hüthig Fach Verlag) [131]

was observed by changing the polymer with the same formulation, since
curves 2 and 3 have the same behavior.

Table 26 summarizes the efficiency of bisphenol, peroxide and diamine
cure systems regarding each mechanical property. Bisphenol and peroxide-
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Table 26 Comparison of the three main cure systems regarding mechanical properties

Bisphenol Peroxide Diamine

Tensile strength ++ +++ +
Elongation at break + +++ ++
Chemical resistance to oil + ++
Chemical resistance to acid and base +++ ––
Hardness ++ ++ +++
Compression set resistance +++ ++ +
Thermostability + (hydroquinone) +++ ++

–– = very bad
+ = more or less good
++ = good
+++ = very good

Fig. 35 Dependence of tensile strength versus ageing time of the same sample than Fig. 34
(Reprinted with permission of Hüthig Fach Verlag) [131]

cured fluorinated polymer exhibit better tensile strength, and resistance to
bases and acids than diamine-cured systems. However, diamine-cured VDF-
based polymers show a higher hardness and resistance to oil than those of
peroxide- and bisphenol-cured systems. Indeed bisphenol was shown to be
the best crosslinking agent for a high compression set resistance. By regard-
ing the thermostability of each cure system, the diamine (biscinnamylidene
hexamethylene diamine) cure copolymer decomposes at 457 ◦C whereas the
peroxide one decomposes at 472 ◦C [23, 184]. The diamine cure is thermally
more stable than the hydroquinone one [29].
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5
Applications

The chemical, physical and mechanical properties mainly depend on the
crosslinking agent. Those properties are crucial for the applications.

The thermal stability, sealing capability and chemical resistance of fluoroe-
lastomers have led to an increase in their use in a broad variety of industries.
Applications for fluorocarbon elastomers in automotive, petroleum (trans-
mission fluids, gear lubricants and automotive engine oils), aerospace, and
energy related industries illustrate the potential for those high-performance
elastomers [115]. Although the demand for methanol containing fuels
has been diminished over the past years, methanol (optionally ethanol)
isooctane/toluene blends are still being considered as “flex fuels” and test
fuels by design engineers to assess the overall chemical robustness of a flu-
oroelastomer. With the advent of stricter environmental regulations such as
California Air Resource Board’s CARB LEV II (globally, the strictest evaporate
emission regulation to date), there is a demand for fluoroelastomers that of-
fer low temperature flexibility, low permeation and a low permeation service
performance of 15 years of 150 000 miles.

Fluoroelastomers are presently widely used in the industry as O-rings, V-
rings, gaskets and other types of static and dynamic seals, as diaphragms,
valve seals, hoses, coated clothes, shaft seals quick connector o-rings, dy-
namic sealing applications, membranes, [185], expansion joints, etc. [186].
They are also used in cars as O-rings for fuel, shaft seals and other compo-
nents of fuel and transmission systems [35, 58, 62–65].

Moreover, some properties of fluoroelastomers, and especially those of
VDF-based elastomers can be improved by crosslinking. These improved
properties allow one to use cured fluoroelastomers in new applications as
mentioned below.

The elastomeric poly(VDF-co-HFP) copolymers crosslinked with poly-
amine possess high temperature stability, good resistance to a wide variety
of solvents, oils, and fuels [187]. So, these cured elastomers are particu-
larly suitable for use in the manufacture of tubing employed as aircraft
hoses, used to carry fuel lubricants, at high temperature and under high
pressure [188]. Moreover, poly(VDF-co-HFP) copolymers crosslinked with
aminosilane are used in the aircraft construction industry because they are
also odorless [189].

Other applications of cured fluoroelastomers are sealings, O-rings [26] and
oil seals [26, 115, 131, 190]. It is mentioned above that a cured VDF-based
copolymer has a better compression set resistance than a raw rubber. This
property is essential for the sealing application.

Peroxide curable VDF-based copolymer and terpolymer offer improved
extrusion characteristics. They can be vulcanized at atmospheric pressure
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and eliminates fissuring in thick sections. They have applications as cords,
tubes or irregular-profile items of any dimension [40, 191].

A poly(VDF-co-HFP) copolymer is applied to a metallic substrate, as coat-
ing composition and crosslinked with amine, diamine, or ethoxysilane [192].
This cured polymer is used as thick or thin free standing films, or thick
or thin films with good adhesion to metallic or other rigid surfaces [192].
Moreover, diamine-cured PVDF can be used as strong adhesive joints without
prior surface modification [31].

Crosslinkable fluoropolymers based on TFE, TrFE, HFP, VDF, CTFE, and
perfluoro(alkylvinylether) can form corrosion resistant structures [105, 193],
especially in the case of crosslinked poly(VDF-tetra-TFE-tetra-PAAVE-tetra-
CSM) tetrapolymer (Dyneon LTFE 6400X) [105] highly resistant to a variety
of commonly used test fuels, including CE10, CM85 and JP-8+100 (jet engine
fuel).

Another application of cured fluoroelastomer is a multi layer insulator sys-
tem for electrical conductors. This system possesses an extruded crosslinked
fluoroelastomer outer layer with the fluoropolymer selected from copolymer
or terpolymer of ethylene and TFE.

Irradiated PVDF and poly(VDF-co-TrFE) copolymer possess ferroelectric
properties that allow the use of such fluorinated polymer in the domain
of captors, sensors, and detectors [47, 194]. Another interesting property of
crosslinked poly(VDF-co-HFP) copolymer is their insolubility in organic sol-
vent [195]. Cured fluorinated polymers can be processed as membranes for
many electrochemical applications such as fuel cell and batteries [196]. For
example, a poly(VDF-co-HFP) copolymer has been crosslinked with vari-
ous systems such as polyols [197], by irradiation with electron beam or
γ -rays [197] or with aliphatic amines [198] in order to elaborate a solid poly-
mer electrolyte for non aqueous lithium battery [197, 198]. This electrolyte is
particularly interesting for its ionic conductivity, its adhesion with an electro-
conductive substrate and also remarkably enhanced heat resistance.

6
Conclusion

A wide variety of copolymers containing VDF are either commercially avail-
able or prepared at laboratory scale.

VDF-based fluoropolymers are usually crosslinked by four main agents:
diamines, bisphenols, peroxides/coagent systems and by radiation. These
methods of crosslinking differ in the polymer used, the mechanism, the con-
ditions of reaction, the searched properties, and the desired applications.
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First, it is observed that whatever the agent, the mechanism of crosslink-
ing needs two steps, the press cure and the post cure, in order to activate the
reaction, and to improve the physical, mechanical and thermal properties.

The oldest and the easiest processing system concerns the amine and di-
amine cure system, although the mechanical properties are the worst. The
mechanism proceeds in three steps: dehydrofluorination, then addition of the
(di)amine onto a HFP/VDF/HFP triad, and finally elimination of HF from
the polymer. Primary and secondary monoamines can crosslink poly(VDF-
co-CTFE) copolymers. Primary amines are faster than secondary ones. They
can be added at lower temperatures. The tertiary amines are potential cocur-
ing agents for all diamines. Aliphatic diamines and diimines can crosslink
VDF-based fluoropolymers, whereas diamines containing aromatic group
must exhibit nucleophilicity and hence always require a spacer between the
aromatic ring and the amino group to react with the poly(VDF-co-HFP)
copolymer, and they have a lower reaction rate. The most common diamines
are hexamethylene diamine carbamate that crosslinks poly(VDF-co-HFP)
copolymer at 200 ◦C, and bis-cinnamylidene hexamethylene diamine. Bis-
peroxycarbamates, like hexamethylene-N,N′bis(tert-butyl peroxycarbamate),
and methylene bis-4-cyclohexyl-N,N′(tert-butylperoxycarbamate, introduced
in a minimum quantity, can add onto VDF-based fluoropolymers, thanks to
a radical mechanism. HBTBP is more reactive than MBTBP.

Piperazine can crosslink poly(VDF-co-HFP) and poly(VDF-co-CTFE)
copolymers at 57 ◦C in one day, whereas triethylene diamine and tetram-
ethylethyldiamine can crosslink poly(VDF-co-CTFE) copolymer at 97 ◦C in
one day. Finally, diethylene triamine crosslinks PVDF at 70 ◦C in 16 h.

Crosslinking with bisphenols in the presence of a metal oxide and phos-
phonium or tetraalkylammonium ions also proceeds in three main steps.
A dehydrofluorination, then a double bond reorganization, and finally the
substitution by the bisphenol onto the double bond. This mechanism was
identified by 19F NMR. Interestingly, ODR measurements show that 98% of
the bisphenol-AF—which is the most used bisphenol—is crosslinked in 5 min
at 177 ◦C. The crosslinking density, measured by ODR, can be improved by
increasing the initial concentration in bisphenol-AF. But the bisphenol-cure
of a perfluoroalkylvinyl ether exhibits limitations, like porosity or poor vul-
canizate properties produced during the curing process. In that case, those
VDF-based polymers must be crosslinked by peroxides/coagent systems.

However, peroxide/coagent systems require that the copolymer bears
a bromine or iodine content to insure free-radical crosslinking. The monomer
precursor must be co- or terpolymerized with VDF. The peroxide cure
must be carried out in the presence of a coagent and a metal oxide and
the most efficient ones are triallylisocyanurate, and MgO, respectively.
2,5-bis-(t-butylperoxy)-2,5-dimethylhexane is more efficient than 2,5-bis-
(t-butylperoxy)-2,5-dimethylhexyne because it reacts at a lower tempera-
ture and also leads to a better cure state. Both those peroxides have
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a higher rate of crosslinking (measured by ODR) than that of α, α′-
bis(t-butylperoxy)diisopropylbenzene or dicumyl peroxide. The crosslinking
mechanism is slightly different from the two previous ones. Indeed, the
decomposition of the peroxide leads to a radical that adds onto the TAIC co-
agent. This intermediate radical, by abstracting a bromine from the polymer,
becomes the crosslinker.

VDF-based fluoroelastomers can also be cured by different types of high-
energy radiation (X-rays, γ -rays, β-particles or electrons). However, the
generated free radicals can undergo several reactions, different from the
crosslinking reaction (e.g., they can cause chain scission). This last one comes
from the recombination between two macroradicals. Several properties vary
with the radiation cure. For instance, the glass transition temperature, the gel
fraction and the crosslinking density increase with the radiation dose.

Other systems, like thiol-ene systems are also efficient as crosslinking sys-
tems for VDF-based fluoroelastomers.

Finally, peroxide-cure fluoroelastomers are more resistant to acids, to bases
and to solvents, than diamine-cure systems. But diamines exhibit a better
crosslinking density. Regarding the mechanical properties, peroxide-cure leads
to a high tensile strength, bisphenols to a high compression set resistance, and
diamines are the best agents to exhibit a low elongation and a high hardness.

Fluoropolymers crosslinked with polyamines are particularly suitable for
use in the manufacture of tubing employed as aircraft hoses, to carry fuel
lubricants at high temperature and under high pressure, and in the aircraft
construction industry. They can also be used as strong adhesive joints with-
out prior surface modification.

Bisphenol-cure polymers are exploited for their compression set resis-
tance.

Peroxide curable VDF-based polymers have found applications as cords,
tubes or irregular-profile items of any dimension.

Irradiated VDF-based polymers are suitable in the domain of captors, sen-
sors, and detectors.

Another application of cured fluoroelastomers is sealing, O-ring, oil seals,
multi layer insulator systems for electrical conductors, and membranes for
many electrochemical applications such as fuel cell and batteries.

However, it can be assumed that other curing systems will be found and
will attract the attention of many academic and industrial researchers.
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