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14.1 Introduction

Polypropylene (PP) was known before the Second World War, but only in its noncrys-
talline (atactic) form, which displays the characteristics of an unvulcanized rubber with
the inconvenience of being practically unvulcanizable. Polypropylene became an
industrially interesting polymer when Natta discovered a way to obtain a stereoregular
structure using stereospecific catalysts (1954). PP is thus the last commodity polymer
(the others being polyethylene, poly(vinylchloride), and polystyrene) to appear on the
market. Its fiber-forming properties were rapidly recognized. It was first used to
replace vegetal fibers such as hemp in cordage. However, it invaded progressively
other important markets: carpets, filters including cigarette filters, geotextiles, agricul-
ture bays, camouflage technology, disposable diapers, feminine hygiene products,
surgical gowns, prosthetic meshes, and additives for concrete (Aizenshtein and
Efremov, 2006; Isaeva et al., 1997; Yu et al., 2007; Goldstein, 1999; Moisidis
et al., 2000; Sadiqul Islam and Das Gupta, 2016). The world consumption increased
from 1 to more than 6 million tons from 1980 to 2010, with an average rate of increase
about 100,000 tons per year (Qin, 2014). PP fibers ranked in second place after
polyester fibers (Aizenshtein, 2004, 2006). Their growth could be slowed down, in
a more or less remote future, by the increase in oil price and the revival of natural fibers
but these trends are, in reality, very difficult to predict.

14.2 Polypropylene structure and properties

PP results from the polymerization of propylene. There actually are three kinds of ste-
reoisomers (Fig. 14.1). The polymerization conditions determine the degree of chain
stereoregularity, the molecular weight distribution, the powder morphology, and,
finally, the comonomer content and its distribution in the chains (Kaminsky, 2000).

In contrast to styrene or methyl methacrylate, the radical polymerization of propyl-
ene did not give any satisfying results. In 1954, Giulo Natta observed for the first time
the polymerization of a stereoregular PP using catalysts based on titanium tetrachlo-
ride, which was the first generation of Ziegler Natta catalysts, the mechanisms of
which are represented in Scheme 14.1.


https://doi.org/10.1016/B978-0-08-101272-7.00014-6

l l ‘ Isotactic

Syndiotactic

l Atactic
Figure 14.1 Stereoisomer of polypropylene.
Active catalyst
B CHs 3
0 R HL=C R H—C—CH,
Cl.gi-Cl cr.L.ci H .. ‘-‘-CI Rearrange I
cricr — LT STy CH, ——— CH,
CI” | b CI” | RN <] T
R'-M MGl CH, c”l'®
R R R
H—C—CH, {H*C‘*C"%} H=C—CH;,
Final product <—— CH, h o— (‘ZH2 2> Rearrange C‘:Hz
cl-.t.cl Cl-.qi-Cl Cl..j-Cl
Ti - ..
- c” 1D | ---H. __CH
! V) L U

Scheme 14.1 Mechanism of Ziegler Natta polymerization.

The stereoregularity reached almost 80%. It was the beginning of the PP success
story. By using Vanadium tetrachloride—based catalysts (typically VCly/anisole/
AIR,Cl), syndiotactic PP was obtained (Zambelli and Nattal Pasquon, 1963;
De Rosa and Auriemma, 2006).

Latter, second-generation ZN catalysts were introduced (TiCly/Al(C,Hs)3/MgCl,)
and allowed a high stereoselectivity to be reached (mm >97%) with a yield
¢.40,000 gpp/(gTi-h) (Huang and Rempel, 1995). Third-generation catalysts are
designed to work in propylene solution (Unipol process) or gas phase (Spheripol
process) and are the most used for PP synthesis today.

In the 1980s, Kaminsky and coworkers discovered catalysts based on metallocene
compounds and methylaluminoxane, which is obtained from the reaction of water with
trimethylaluminium (Al(CHj3)3) (Kaminsky, 2000). Their activity can reach ¢.100,000
gpp/(mmoly,-h) (Huang and Rempel, 1995). The polymerization mechanism is given
in Scheme 14.2.

The Ziegler Natta catalysts have several active sites. Accordingly, the ZN isotactic
PP is characterized by a relatively broad polydispersity index (5—10) (Harding and van
Reenen, 2011; Zhang et al., 2011). A narrow molecular weight distribution is a unique
feature of polymer products of homogeneous single site metallocene-based catalysts.
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Scheme 14.2 Metallocene polymerization.

Typical values of Myw/My are 1.9—2.6 for polypropylenes (Huang and Rempel, 1995;
Franceschini et al., 2003).

The PP amorphous phase is characterized by a glass transition temperature close to
0°C (Aguilar et al., 2003; Zhongde et al., 1985; Chen et al., 2005; Varma-Nair and
Agarwal, 2000; Zhang and Cameron, 1999; Arranz-Andrés et al., 2005; Schwarz
et al., 2001). Its density is ca 0.85—0.86 (Myers and Mark, 1999; Howe and Mark,
1999). The molar mass between entanglements is about 3.5 kg/mol (Van Krevelen,
1990) for isotactic PP and 3.5—4.6 (Fetters et al., 2007) for atactic PP.

Atactic polypropylene cannot crystallize and behaves like a kind of unvulcanized
rubber. Only stereoregular forms (syndiotactic and isotactic PP, see Fig. 14.1) are
able to crystallize and have interesting mechanical properties. The semicrystalline
structure is very complex and depends strongly on thermal history and processing
conditions.

Isotactic PP is, by far, the most commonly used stereoisomer. The equilibrium
chain configuration is a helix having a period of three monomer units (chiral 3; helix).
i-PP is able to crystallize into three distinct forms differing in their packing mode:
monoclinic a-form, hexagonal B-form, orthorhombic y-form, and the smectic meso-
phase (Table 14.1).

a-phase is the most stable and the best known. The crystals are monoclinic. The
melting heat AHy; of the 100% o-crystalline phase is given with some scatter in the
literature, but the most frequently retained value is 209 kJ/kg (Van Krevelen, 1990).
The equilibrium melting temperature is ca 208°C (Fatou, 1971) but the common
melting temperature is usually observed towards 165°C.

Table 14.1 Parameters of the various PP crystalline forms

Crystalline a b c o B Y
system (nm) | (nm) (nm) | (degrees) | (degrees) | (degrees) | Density
o form 0.66 2.1 0.65 | 90 99 90 0.932—0.943
B form 1.9 1.9 0.65 | 90 90 120 0.92
v form 0.66 0.1065 | 0.68 | 89.3 102.2 99.3
0.654 | 0.213 0.65 | 89 99.6 99




B-phase is metastable and the crystals are pseudohexagonal. -phase growth is
faster than the o one, but nucleates more slowly (Varga, 1992). It is thus generated
by addition of specific nucleating agents (Libster et al., 2007; Varga et al., 1999).
The a-phase is generally more brittle than the B one (Aboulfaraj et al., 1995) so that
the presence of the latter in PP homopolymer generally increases ductility in the
finished parts (Chen et al., 2002). Both melting temperature (T, ca 165 vs. Ty ca
145°C (Varga et al, 1999; Shi et al., 1984)) and melting enthalpy (e.g.,
AH, =221 J/g vs. AHg = 192 J/g (Shi et al., 1984)) are lower than for a-phase (see
also (Li et al., 1999; Varga, 1992)).

v-phase is metastable with triclinic (or orthorhombic) crystals. This phase appears
mainly in low-molecular-weight polypropylene by crystallization at very high pressure
(Shavit-Hadar et al., 2007) or when propylene is copolymerized with low contents of
other olefins (e.g., ethylene or butene) (Turner-Jones, 1971). This polymorph is rather
unusual, containing layers of nonparallel chain segments (Meille et al., 1990). Its
melting temperature would be lower than o-phase (125—150°C) (Marigo et al.,
1989; Sowinski et al., 2016).

Smectic (or mesomorphic) phase comes from either the quenching of PP from the
molten state (Miller, 1960) or the shear stress of hexagonal crystals (Lezak et al.,
20006). Its density is lower than those of the other crystalline phases (0.916). It converts
to stable a-phase when heated to a temperature ca 100°C with a very low exothermal
transition (Osawa and Porter, 1994; Cao and Sbarski, 2006; Fichera and Zannetti,
1975; De Santis et al., 2007).

In the specific case of isotactic polypropylene, the morphology is complex: in a
given range of temperature of crystallization, two kinds of supermolecular structures
usually coexist: the monoclinic o spherulites and the hexagonal  ones (Coulon
et al., 1999). Coulon et al. (1999) noticed that the o spherulites are brittle while the
B spherulites are ductile up to large strains. Shish kebabs are induced by an external
flow field and consist of fibrous shish aligned along the extension/flow direction
with lamellae (kebabs) nucleated by the surface of the shish (Balzano et al., 2016).

Syndiotactic PP also displays a very polymorphic behavior. The most stable form
(form II) can be obtained in oriented stretched fibers. Its crystal structure and unit cell
geometry was proposed to be orthorhombic with a =1.45nm, b = 0.58 nm, and
¢ = 0.56 nm and space group C222; (Corradini et al., 1967). The equilibrium melting
temperature of crystalline syndiotactic PP (with 94% racemic diads) with a sufficiently
high molar mass (>40,000 g/mol) is about 160°C (Rodriguez-Arnold et al., 1994) but
could reach about 180°C (De Rosa et al., 1998) and an equilibrium heat of fusion
ranging from 183 to 197 J/g (Rodriguez-Arnold et al., 1994). The common melting
temperature of a syndiotactic PP is ca 130°C (Zou et al., 2007; Zhang et al., 2005).

The PP solubility parameter is rather low (Safa et al., 2008; Bond and Spruiell,
2001a). Its apolar character makes PP hydrophobic (water equilibrium concentration
lower than 0.1%), not easily wettable or dyeable. In contrast, it is easily washable.
The surface polarity can be improved by a wide variety of treatments generally con-
sisting in superficial oxidation (Stakne et al., 2003) or plasma treatment (Wei et al.,
2005; Aouinti et al., 2003).



Isotactic and syndiotactic PP are insoluble in most common organic solvents. They
can however become soluble in aromatic solvents at temperatures close to the melting
point of the crystalline phase. This is typically helpful for molar mass measurement
purposes by Gel Permeation Chromatography. In that case, the average molar masses
are estimated from a calibration using polystyrene standards having a polydispersity
index = 1, and corrected using the Universal Calibration Method:

lnMpp =

k 1
PS) LIRS M
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S P (i}
1+ app kpp 1 4 app

kpp, kps, app, and apg are the Mark Houwink constants. The values to be used must
have been measured at the same temperature in the same solvent. Typical values for the
classical GPC solvent (1,2,4 trichlorobenzene at temperatures ranging for
135—150°C) are given in the following table (http://www.ampolymer.com/; Evans,
1973) (Table 14.2).

Due to its hydrocarbon structure, especially the presence of a tertiary C—H bond,
PP is relatively sensitive to thermal and photochemical oxidation. It cannot be
processed, stored, or used without stabilizers (Schwarzenbach et al., 2000) as it will
be detailed in the following.

14.3 Polypropylene fiber processing

14.3.1 Overview of the process

Different methods of PP fiber extrusion include gel spinning (Cannon, 1982), electro-
static (Larrondo, 1981) or electro spinning (for some PP-based materials (Berber et al.,
2016)), and melt spinning. Melt spinning is a common method in which fibers are
extruded through a die and then drawn (Gupta et al., 1997). This is, by far, the most
used technique for manufacturing PP fibers at industrial scale. It is very cost effective,
no solvent or washing is required, and very high spinning rate can be reached. It is the
preferred method of production of polymers that will not suffer thermal degradation at
the temperatures required to form a melt solution of the desired viscosity.
The melt spinning process can be summarized as follows:

* Polymer granules are melted and then extruded through the spin head. Typical processing
temperatures range from 210 to 280°C (Horrocks et al., 1994; Lu and Spruiell, 1987a;
Andreassen et al., 1994).

* The metering pump controls the flow of molten liquid to the spin pack, composed of filters
and channels supplying molten polymer to a multifilament spinneret.

e The quench air (temperatures of around 30°C are reported (Kohler and McHugh, 2007))
cools the fibers as they emerge.

Two melt-spinning processes can be distinguished, depending on crystallization rate:

1. Short spinning (also named compact spinning) characterized by a high velocity of cooling air,
a low spinning velocity, and a low draw down ratio. It corresponds thus to a fast



Table 14.2 Mark Houwink constants for i-PP, s-PP, and PS for typical GPC conditions (De Rosa and
Auriemma, 2006; http://www.ampolymer.com/; Evans, 1973)

T (°C) Solvent kps Olps kpp olpp References Remark
145 TCB 0.000137 0.75 http://www.ampolymer.com/

145 TCB 0.000121 0.707 0.000156 0.76 http://www.ampolymer.com/

135 TCB 0.000161 0.677 0.0000834 0.8 http://www.ampolymer.com/

135 ODCB 0.000138 0.7 0.00013 0.78 Evans (1973)

135 TCB 0.000166 0.733 De Rosa and Auriemma (2006) i-PP

135 TCB 0.000288 0.733 De Rosa and Auriemma (2006) s-PP




crystallization. In short spinning, there are three stages: spinning, drawing, and annealing at a

temperature close to the melting temperature (Kohler and McHugh, 2007). The take up

velocity (or spinning velocity) is higher than 750 m/min (up to 3000) (Gupta et al., 1997;

Kohler and McHugh, 2007)). The drawing is mostly performed in the solid state. Fibers

are characterized by their

a. draw down ratio (for the spinning stage), which is the ratio of spinning velocity to extru-
sion velocity, and can range from 20 to 4000 (Andreassen et al., 1994; Choi and White,
2004);

b. draw ratio (for the drawing stage), which is the ratio of output velocity to input velocity,
and can range from 1.2 to ca 6.5 (Gupta et al., 1997; Andreassen et al., 1994; Kang et al.,
2011). At higher draw ratios, defects and possibly voids can be observed (El Maaty et al.,
1996);

c¢. annealing ratio (for the annealing stage), which is the ratio: (input velocity—output veloc-
ity)/input velocity, and can range from 2% to 7% (Andreassen et al., 1994).

Typical fibers produced by this process have tensile moduli in the range

0.5—3.0 GPa, tensile strengths in the range 50—600 MPa, and elongations at break
in the range 50%—600% (Andreassen et al., 1994).

2.

Long spinning (also named conventional spinning) is on the contrary characterized by a rela-
tively slow crystallization. In long spinning, drawing is mostly possible from the molten
state. The usual take up velocities are of the order of 5000—6000 m/min.

The final products are nonwoven fibers such as

staple fibers,

spunbonded (spunlaid) with diameter ranging from 10 to 30 um,

monofilament yarns (for ropes and woven fabrics),

meltblown = diameter < 10 pm (filtration). Melt blowing is a special form of melt spinning
process, which produces very fine but weak fibers that are useful for filters and other appli-
cations where high surface area is important and strength is a secondary factor.

14.3.2 Process variables

The main process variables are

The take-up velocity: it was shown that an increase in spinning speed results in an increase in
molecular orientation and in stress-enhanced crystallization.

The extrusion temperature: when lowering the process temperature, the possible process-
induced degradation is decreased. Moreover, a lower temperature induces a higher viscosity
and thus a higher stress in the spinline leading to an increased molecular orientation and sub-
sequent crystallization (Andreassen et al., 1994).

the mass throughput: there is an optimum between the mass throughput and the crystalliza-
tion: an increase of mass throughput leads to a decrease of the stress in the spinline (unfavor-
able to crystallization), together with a decrease in the cooling rate (which is favorable to the
crystallization process).

The cooling temperature: a lower temperature of cooling air causes the crystallization to
occur closer to the spinneret, and then an increase in the stresses in the spinline. However,
it also induces a possible breakage of the fibers or the quenching and the formation of the
smectic phase under an extra rapid cooling condition (Kang et al., 2011) instead of the



Table 14.3 Main mechanical properties of the i-PP fibers with
different crystal forms (Cao and Sbarski, 2006)

Crystal form

Property Monoclinic Mesomorphic
Tensile modulus (MPa) 1570 1120
Elongation at break (%) 257 203

“regular” a-monoclinic phase (under normal cooling conditions) (Cao and Sbarski, 2006)
with a certain impact on the fiber mechanical properties (Table 14.3). However, a thermal
annealing allows the monoclinic phase to be recovered (Cao and Sbarski, 2006; Osawa
and Porter, 1994; Fichera and Zannetti, 1975; El Maaty et al., 1996).

14.3.3 Materials variables

It is noteworthy that, compared to classical polar fiber—forming polymers such as
polyamides or PET, PP must have higher average molar mass (typically
Myw > 100 kg/mol) in order to have good mechanical properties (see below). As a
result, PP is more viscoelastic than polyamides and PET in the molten state, and
that brings both advantages and drawbacks. The advantage is that it is the viscoelastic
behavior that allows fibers of very small diameter (few micrometers) to be obtained at
very high rate. The drawback is that viscoelasticity is responsible for shear rate depen-
dence, eventually die resonance, e.g., a periodic diameter fluctuation, and melt fracture
above a critical shear rate. These defects can be avoided with a rigorous control of
rheological properties, which is only possible with a no less rigorous control of
Molecular Weight Distribution (MWD).

Melt spinning of polypropylene is done, almost exclusively, with the semicrystal-
line isotactic form. It requires a relatively low viscosity e.g., a melt index typically
higher than 4 g/10 min (and up to 300 g/10 min) (Horrocks et al., 1994; Choi and
White, 2004; Kang et al., 2011; El Maaty et al., 1996; Lu and Spruiell, 1987b).

Since it was observed that PP grades characterized by a broad molar weight distri-
bution could not be spun without breaking (Lu and Spruiell, 1987b), classical Ziegler—
Natta PP grades cannot be processed at high spinning rates due to their wide MWD. In
the 1980s, polymers with sharper MWD were obtained using controlled peroxide-
initiated thermal degradation (Kalantari et al., 2007). At the end of the 20th century,
metallocene catalysis allowed the polymer polydispersity to be controlled during its
synthesis leading to an increase in spinning rates and in fiber toughness (Bond and
Spruiell, 2001b,c). Higher tenacities, with consequent lower percent elongation to
break, could be achieved by spinning the narrow MWD polymers at high spinning
speeds (Lu and Spruiell, 1987b). The yield strain was also observed to be higher for
a metallocene than a Ziegler Natta of comparable viscosity (Sakurai et al., 2005).
This effect was associated with the development of higher birefringence in these
samples (Lu and Spruiell, 1987b).



14.4 Initial tensile properties

Usually, mechanical properties of fibers are evaluated by tensile testing. From this test,
different mechanical properties can be assessed: Young modulus, stress at yield, and
strain at break. Typical values (Uehara et al., 1996), depending on draw ratio, are given
in Table 14.4:

These properties depend on the temperature and deformation rate used for the test,
PP molar mass, chain orientation, and crystalline morphology. The latter characteris-
tics are strongly dependent on the processing conditions (De Rovere et al., 2000). As it
has been previously shown, there are several processing methods: gravity spinning,
melt spinning, and melt blowing. Furthermore, for each process, different parameter
values such as temperature, pressure, extrusion rate, and draw ratio lead to different
crystalline morphologies.

14.4.1 Stress—strain curve

In order to illustrate the mechanical behavior of PP fibers, a stress—strain curve is
shown in Fig. 14.2. This curve characterizes the mechanical behavior of a PP geotex-
tile fiber having a diameter close to 30 um loaded at a constant crosshead displacement
rate at 50 mm/min and using a 100 N load cell. In the same manner as for isotropic PP
samples, the initial part of the curve exhibits a pseudolinear behavior followed by a
yield. This yield corresponds to the beginning of plastic deformation associated
with a necking process. The necking process is often more diffuse than in isotropic
PP samples so that no knee can be observed on the stress—strain curve. In this case,
yield stress (oy) value can be defined as the beginning of nonlinear behavior.

14.4.2 Mechanical properties

Compared to isotropic i-PP samples, fibers exhibit higher Young’s moduli (E) and
yield stresses (oy) but lower strains at break (er). However, depending on process-
ing methods and conditions, Young’s moduli of PP fibers can be quite different. For

Table 14.4 Tensile properties as a function of draw ratio for iPP
and sPP having similar molar masses (Uehara et al., 1996)

Tensile modulus Tensile strength Strain at break
(GPa) (GPa) (%)
iPP sPP iPP sPP iPP sPP
Draw ratio A =4 3 0.8 200 130 150 100
Draw ratio A =7 6 1.7 400 280 50 50
Draw ratio A =10 | 15.5 = 600 < 20 50
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Figure 14.2 Typical stress—strain curve for a PP fiber obtained by melt spinning (diameter of
30 pm).

instance, the methods based on melt spinning and drawing under particular condi-
tions (slow stretching on a tensile testing machine or in an oven) lead to elastic
modulus values in the range from 10 to 22 GPa, whereas, by using solid state
extrusion (hydrostatic extrusion, die drawing followed by slow stretching or spin-
line stress), elastic modulus values range from 17 to 20 GPa (Gregor-Svetec and
Sluga, 2005).

This increase of modulus is often attributed to a specific oriented morphology called
shish-kebab. Indeed, for the melt-spinning process for instance, macromolecules are
highly extended prior to crystallization and the latter, when it occurs, does not change
the macromolecular orientation. Under these conditions, lamellar surfaces would be
normal to the fiber direction leading to high modulus. According to this, many
modeling approaches have been proposed to relate elastic properties of crystalline
phase to elastic modulus of PP fibers (Hadley et al., 1997). Crystalline phase and orien-
tation degree are responsible for yield stress increase; typically its value can reach up to
100 MPa compared to 27 MPa for isotropic i-PP.

Concerning Ultra-High-Molecular-Weight PP, a maximum modulus value of
40.4 GPa has been obtained by Matsuo et al. (1986) by using the gel-casting method.
This value approaches the theoretical crystal modulus of i-PP (35—42 GPa) (Ikeda and
Ohta, 2008).

Finally, fibers of s-PP display a rubberlike mechanical behavior when fibers are
subjected to successive elongation and relaxation cycles (Loos and Schimanski,
2000; De Rosa and Auriemma, 2006). This is the most important characteristic and
unusual physical property for s-PP fibers. For the latter, the maximum achievable ten-
sile modulus value is much lower than for i-PP, since this latter is characterized by
higher crystal modulus, crystallinity ratio, and drawability compared to the former.
As a result, the maximum tensile modulus of oriented s-PP is close to 3 GPa.



14.4.3 Fracture properties

Fracture properties of i-PP fibers depend on intrinsic parameters such as molar mass,
crystallinity ratio, morphology, and orientation. The latter is linked to processing con-
ditions especially draw ratio. This aspect has been extensively studied in the literature
(Xu et al., 2003). But these properties are also highly dependent on defects induced by
the processing at the surface or in the core of the fiber.

Classically, stress at break is close to 150 MPa and strain at break values range from
150% to 300%. An annealing process would increase stress at break but decrease strain
at break.

On fibers made by melt spinning, it has been observed that strain at break is deter-
mined by the spinline stress provided that weight average molecular molar mass is
higher than 180 kg/mol (Nadella et al., 1977). Below this critical value, the fiber fails
in a brittle manner with a strain at break close to 10% and without strain hardening.
Fig. 14.3(a) shows strain at break as a function of weight average molar mass for fibers
having different molar masses: below 150 kg/mol, fibers are brittle. It is noteworthy
that a molar mass decrease is always accompanied by a crystallinity ratio increase
(Fig. 14.3(b)) (Fayolle et al., 2008a).

Fracture properties, i.e., stress and strain and break, are often interpreted by using
the tie molecule concept. Indeed, it has been common to consider that the fiber struc-
ture is based on “microfibrils” or “nanofibrils.” These fibrils are formed from shish-
kebab structures as previously seen. In order to obtain good fracture properties, the
crystalline regions have to be interconnected by chains or entangled chains through
an amorphous region, called “tie-molecules” (Seguela, 2005). In the case of melt-
spinning fibers, one can assume that a lack of interconnections is responsible for brittle
failure below the critical molar mass close to 150 kg/mol.
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Figure 14.3 Strain at break as a function of weight average molar mass My (a) and as a function
of crystallinity ratio Xc¢ (b).



14.5 Fiber durability

14.5.1 Failure processes

Fiber failure can result from mechanical loading, from physical polymer-solvent inter-
actions, or from chemical interaction between the polymer and reactive species (water,
oxygen, etc.) present in the environment, or from a combination of these mechanisms.

Mechanical failure can result from creep, fatigue, or accidental overloading result-
ing for instance from earthquake in the case of geotextiles. Efficient rules for mechan-
ical design are in principle available (Kongkitkul and Tatsuoka, 2007; Paulsen and
Kramer, 2004; Kucher et al., 2007) to avoid anomalous mechanical failure.

Polymer-solvent physical interactions can considerably reduce the time to failure
when the material is subjected, at the same time, to mechanical loadings (Ward
et al., 2001). In the case of PP, however, polymer-solvent interactions are strongly
limited by the nonpolar character of the polymer and by its crystallinity. It is well
known that PP is soluble only at high temperature, practically in the molten state, in
a small number of aromatic solvents. PP fibers cannot be recommended in applications
where they are subjected to mechanical loading in the presence of aromatic chlorinated
solvents.

Chemical interactions between PP and reactive species present in the environment
are strongly dependent on the hydrocarbon structure of the polymer. This type of struc-
ture is totally unreactive with water and with most of the water-soluble species: acids,
bases, salts, except the case of oxidizing ones such as nitric acids, potassium perman-
ganate, hydrogen peroxide, etc.

Thus the only significant ageing process in PP is oxidation with the above mentioned
reactants, or simply with atmospheric oxygen. The rest of this section will therefore be
devoted to oxidation and its consequences on mechanical behavior of PP fibers.

14.5.2 Oxidation mechanism

After the pioneering works of Semenov in the former USSR (Emanuel and Bucha-
chenko, 1987) and Bolland and coworkers in England (Bolland and Gee, 1946a,
1946b), it was widely recognized that oxidation occurs through a radical chain mech-
anism of which the main peculiarity is that it generates hydroperoxides (POOH) that
decompose easily to give new radicals inducing thus a catastrophic autoacceleration
of the reaction. The propagation of the radical chain involves two steps: first the oxy-
gen addition to an alkyl radical (P°) to give a peroxy radical (POO®) and second the
abstraction of hydrogen belonging to the substrate to give hydroperoxide (POOH)
and a new alkyl radical. The second step is at least one million times slower than
the first one so that it plays a key role in the oxidation kinetics.

The PP monomer units contain a tertiary C—H bond especially reactive in hydrogen
abstraction processes that partially explains the relatively high sensitivity of the poly-
mer to oxidation. Another very important characteristic of PP oxidation is that termi-
nation by a bimolecular combination of peroxy radicals is not very efficient, which
contributes to increase the oxidizability of the polymer.



Hydroperoxide decomposition can be unimolecular (1u) or bimolecular (1b) and
catalyzed by transition metals (Ti, Cu, Fe, Cr, Co, etc.) (Gugumus, 2000). In all cases,
it produces alkoxy radicals of which the peculiarity is to rearrange mostly by B-scission
(see Scheme 14.3).

—C-CHy~ +CHy" a

CH, 1 xe CHy CH, /
—C—CHy— o7 TG CHy — —C—CHz—
2 o
H aPH  Oon 0 \ 7C/CH3 Wl )
2

N
Scheme 14.3 Summary of the PP oxidation mechanism leading to carbonyls (a & b) and

scissions (b).

As will be shown below, chain scission is the direct cause of embrittlement. Finally,
most of the important features of PP oxidation can be well predicted from a standard
mechanistic scheme where P=O0 are carbonyls, s are chain scissions, and P°, POO°,
POOH are defined above:

(1u) POOH—2P° + P =0+ Kiu
(Ib) 2POOH—P° +POO° +P=0+s ki

(2) P° + 0, > POO° ks
(3) POO° + PH—POOH + P° ks
4) P° + P° —inactive products k4
(5) P° + POO° — inactive products ks
(6) POO° +POO° —inactive products kg

The kinetic behavior depends essentially on the initiation mode as illustrated by
Fig. 14.4.

In the case of radiochemical ageing at relatively high dose rate, initiation
results essentially from polymer radiolysis and hydroperoxide decomposition
can be neglected for short exposure times at low temperatures. In this case,
oxidation proceeds at a constant rate. Even if, in the absence of oxygen, cross-
linking coexists with chain scissions (Black and Lyons, 1957), the latter becomes
totally predominant for y-irradiation in air (Decker and Mayo, 1973; Tidjani and
Watanabe, 1996).

In the case of thermal ageing at low temperature, since ki, is relatively low, the hy-
droperoxide concentration reaches rapidly a level where bimolecular decomposition
becomes predominant. In this case, oxidation kinetics displays an induction period
followed by a catastrophic autoacceleration. Whatever the chosen end of life criterion,
lifetime is always of the order of the induction time.
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Figure 14.4 Shape of oxidation kinetic curves (for instance Qox is the quantity of absorbed
oxygen) in the case of radiochemical (R), photochemical (P), and thermal (T) oxidation at low
temperature typically in solid state.

In the case of photochemical ageing, with the commonly used light intensities

* carbonyls undergo Norrish I or Norrish II processes leading to chain scissions;
* hydroperoxides react by the unimolecular mechanism with a kj, value several orders of
magnitude higher than for thermal ageing at the same temperature.

Those processes were quantified by Francois-Heude et al. (2014) who first proposed
an analytical equation for describing the induction time as a function of light and tem-
perature. The direct ultraviolet initiation corresponding to carbonyls and hydroperox-
ides decomposition as a function of UV intensity and wavelength was added, as
supplementary reactions in the kinetic model presented above, so as to describe the
photothermal degradation of unstabilized PP for a wide range of temperature and
UV intensities (Francois-Heude et al., 2015).

As a result, the induction time is reduced to zero and autoacceleration is consider-
ably less marked than for thermal ageing.

14.5.3 Oxidation-induced embrittlement

Embrittlement due to oxidative ageing results from the fact that the polymer loses its
capacity to undergo plastic deformations. It occurs suddenly, indicating the existence
of a critical state separating ductile and brittle regimes of deformation. The most prob-
able causal chain can be ascribed as follows: Oxidation — chain scission in amor-
phous phase — molar mass decrease — easier chain disentanglements — chemical
crystallization — embrittlement.

At the present state of our knowledge, it is difficult to choose between two embrit-
tlement mechanisms: a purely micromechanical one in which the key factor would be a
critical interlamellar distance 1, or a molecular mechanism in which the key factor
would be critical concentration of tie chains interconnecting crystalline lamellae
(Fayolle et al., 2008b). In both cases, however, for a given starting morphology,
this critical state corresponds to a critical value of the weight average molar mass:
Mw = M. For PP, M. is of the order of 200 kg/mol for quasiisotropic samples
and 130 kg/mol for fibers (Fayolle et al., 2008a). In the latter case, oxidized fibers
become brittle when the crystallinity ratio reaches 80%. As a result, specific crystalline



morphology associated to fiber processing conditions will clearly modify the critical
state for embrittlement in terms of molar mass and crystallinity compared to nonor-
iented PP samples.

14.5.4 Stabilization

Since oxidation results from a radical chain process with relatively low initial rate and
high initial kinetic chain length (number of propagation events per initiation event), it
is possible to envisage efficient ways for its inhibition:

1. Radical scavenging (e.g., chain interruption) by aromatic amines, hindered phenols, or
hindered amines of the tetramethylpiperidine type (HALS). One of the most widely studied
families of antioxidants is based on derivates of 2,6 di-tert-butylphenols. In a first approach,
their mechanism of action can be summarized as presented in Scheme 14.4 (Pospisil, 1993a,
1993b; Richaud et al., 2011):

a. they react with a peroxy radical (POO°) to give a phenoxy (A°),
b. the phenoxy isomerize and can trap a second peroxy radical.

R@OH + POO°
PO
R@@ + POO?

Scheme 14.4 Simplified mechanism of stabilization by phenols.
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HALS are derivative of 2,2,6,6 tetramethylpiperidine. They trap radicals by a loop
mechanism presented in Scheme 14.5.

pe
N—H —— N—0O° ————= N—O—P
POO°

Scheme 14.5 Simplified mechanism of HALS stabilization (Denisov, 1989).

It is noteworthy to highlight that phenols and phosphites are so-called “sacrificial”
stabilizers, which are definitively consumed after trapping their target species, whereas
HALS regenerate at least as long as > N—O° and >N—OP are not destroyed by side
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Figure 14.5 Embrittlement mechanism of PP with different stabilizer molecules.

reactions (Haillant and Lemaire, 2006). This regenerative mechanism leads to a very
progressive embrittlement process of PP + HALS mixtures in contrast to PP + phe-
nols where the mechanical properties are shown to suddenly drop (Gensler et al.,
2000; Fig. 14.5).

2. Decrease the initiation rate by hydroperoxide destruction by a nonradical way, using sulfides
or phosphites, and suppression of catalytic effects of metallic impurities using metal chela-
tants. The most common hydroperoxide reducers are phosphites (Scheme 14.6).

o+P +POOH O1P=0 +POH
3 3

Scheme 14.6 Stabilization by phosphites.

They are very often used in combination with phenols (Horrocks et al., 1994)
because of a strong synergistic effect (Verdu et al., 2003).

3. In the specific case of photooxidation: decrease of the photoinitiation rate using UV
absorbers (but they are not very efficient in thin samples), pigments such as TiO, with
adequate surface treatments, carbon black (Klemchuk, 1983), or quenchers to deactivate
photoexcited states responsible for photoinitiation.

Analysis by isothermal (Mueller et al., 2003; Reano et al., 2016) or nonisothermal
(Astruc et al., 2004) differential scanning calorimetry or chemiluminescence (Aratani
et al., 2015; Jipa et al., 2000) under oxygen is very often used for checking the initial
stabilizer content and comparing the efficiency of stabilizer packages. However, the
use of such methods for the quantification of residual stabilizer content in aged mate-
rials remains questionable (Richaud, 2013).

14.5.5 Lifetime prediction methods

Unstabilized PP cannot be processed or even stored at ambient temperature where its
lifetime would not exceed a few years, even in the dark. Considerably longer lifetimes
can be obtained with adequately chosen stabilizer systems. For example, lifetimes of
the order of 100 years are expected in the case of PP geotextiles. The problem for users



is to try to determine this lifetime from accelerated ageing tests. Two ways are
possible: the empirical way, in which one key condition is taken to be a good simula-
tion of natural ageing conditions, and the scientific way in which the key condition is
based on a good scientific model to represent ageing effects. The empirical way has
largely predominated in the past half-century, despite its low reliability (Suits and
Hsuan, 2003; Li and Hsuan, 2004; Hsuan and Li, 2005; Koerner et al., 1992). The
emergence of numerical tools to solve very complex kinetic schemes has recently
given an impulsion to the scientific approach (Rincon-Rubio et al., 2001). In this latter
case, accelerated ageing tests are not intended to simulate natural ageing but only to
identify model parameters. It appears then that tests at variable oxygen pressures
(Bajer, 2014; Richaud et al., 2008a), which were rarely used in the past, are likely
to distort the degradation mechanism with the appearance of unexpected side reactions
(Richaud et al., 2008b), but are especially interesting for the estimation of kinetic
parameters (Richaud et al., 2006).

14.6 Example of PP fiber ropes in service

In order to illustrate the mechanisms described above, and particularly the oxidative
degradation of these fibers when exposed to sunlight, the case of marine ropes will
be discussed.

PP fibers, frequently in combination with PE or polyester, are used as a cheaper
alternative to polyamide or polyester mooring ropes. They have the additional advan-
tage of floating. Fig. 14.6 shows an example of a 44-mm diameter PP/PE copolymer
monofilament rope, with a nominal break load of 320 kN.

The fibers are twisted together into rope yarns, these are twisted together into
strands, and the strands are either twisted or braided together to make the rope. In
the example shown here the construction is an 8-strand braid in a 4 x 2 geometry.
More details on rope constructions can be found in the work by McKenna et al.
(2004). In general, the assembly of the different elements results in a reduction in stiff-
ness and strength compared to the properties of the individual elements. Here the
measured rope strength efficiency is about 66%, determined by comparing the nominal
break load to the sum of the measured rope yarn strengths.

Figure 14.6 PP/PE marine rope.



14.6.1 Laboratory aging of rope yarns

As part of a study to examine the long-term behavior of these materials rope yarns were
removed from a new rope of this 4 x 2 braided construction and aged in a Sapratin
environmental chamber, exposed to radiation from a metal halide lamp with a solar
spectrum and a power of 1020 W/m”. After different exposure periods, samples
were removed from the chamber and tested in tension to failure. Fig. 14.7 shows
the results. Break stress values are given in N/tex units, with the linear weight of 1
tex defined as 1 g/km. This avoids having to define a yarn cross-section area.

There is a significant drop in strength after 1 month’s exposure. The equivalence
between aging in a chamber and aging under real conditions is difficult to evaluate,
but in a previous study on sailcloth ageing an accelerating factor of 14 was measured
compared to exposure conditions at a French Atlantic port (La Rochelle) (Bohé, 2005).

14.6.2 Aging of ropes in service

PP/PE ropes of similar diameters to the one shown in Fig. 14.6 have been used in ma-
rine operations and for buoy mooring. Break tests were performed on short lengths
taken from these applications after service, in order to determine their residual
strengths. Fig. 14.8 shows an example of a sample on the test machine.

Table 14.5 provides information on the loss in rope strength measured for different
service conditions.

The outer surface that is exposed to sunlight will degrade most quickly, as shown in
Fig. 14.7, and the influence of this degradation on the rope strength will depend on
exposure time and conditions, and on the rope construction. These ropes are composed
of eight circular strands, each of which is made up of twisted rope yarns in layers.
Typically there are 12 rope yarns in the outer layer of each strand, which are directly
exposed to photochemical ageing, 7 to 12 inner rope yarns (according to the fiber linear
weight used, which varies), and in some cases there is also a central twisted 3-rope
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Figure 14.7 Influence of UV exposure on tensile break strength of rope yarns.



1L

Figure 14.8 Residual tensile strength test on rope sample on a 1000 kN capacity test frame.

Table 14.5 Residual rope strengths, as percentages of nominal
break loads, after service and storage

Buoy
Buoy mooring | mooring Operations in Africa 1 month,
Application 6 months at sea | 6 years at sea | then storage unprotected 2 years
Measured 83% 66% 44%, 53%
residual
strength

yarn layer. In order to establish the degradation profile a complete strand (24 rope
yarns) from the 6-year aged mooring line was disassembled, and each rope yarn
was tested to failure in tension. Figs. 14.9 and 14.10 show the results. The inner layers
appear to be unaffected after service, with strength values in the range of those of the
unaged rope yarns shown in Fig. 14.7, while the outer layers have lost a significant
amount of their strength.

If we use these data from one strand and assume that they are representative of the
behavior of all the strands and that the rope strength efficiency has not changed, we can
estimate the aged rope strength to be about 75% of the initial strength. Given the
simplifying assumption that all eight strands are identical to the one tested, this appears
to be a reasonable estimation, even though it is a little higher than the measured value
of 66%.



The last column in Table 14.5 shows very low residual strength results for the two
samples stored outside for 2 years and indicate that this exposure during storage may
have a very strong influence on subsequent behavior. In order to examine this further, a
second series of tests was performed. The tests described above were performed in
2006. A sample of the mooring rope aged for 6 years was stored at the Ifremer facilities
in Brest; then in 2017, 10 years after the first tests, a second set of 23 rope yarn samples
was removed by disassembling a complete strand and testing the rope yarns using the
same test fixture.

Fig. 14.10 shows the results. Although initial degradation in service was limited to
the outer layers, after 10 further years of light and oxygen exposure the degradation has
now developed significantly. This is in line with the comments in Section 14.5.5
above. The outer rope yarn strengths are now very similar to those measured on sam-
ples aged in the laboratory for 1 month (Fig. 14.7).

Using these values in the same simple estimation as that applied after 6 years in ser-
vice the rope strength would now be only 25% of the nominal initial break load.

It is clear from these results that these PP fiber ropes are sensitive to environmental
conditions and that this may have severe consequences in rope applications. As dis-
cussed above, this sensitivity can be significantly reduced by including the appropriate
additives but this affects cost and is not widespread for these marine applications.

In order to design optimized ropes for long-term applications there are a number of
other developments needed. First, it is essential to apply more realistic rope construc-
tion models than the simple additive approach applied above. Leech has developed a
modeling framework, which takes into account both the helical geometry and the
nonlinear force-strain response of the yarns in a hierarchical modeling approach
(Leech, 2002).

This is available in a commercial package known as Fiber Rope Modeller, which
has proved effective in modeling the tensile response of large rope structures (Leech
et al., 1993, 2003; Davies et al., 2006).

For the present case of the braided PP rope it would be possible to use such a model
to introduce different rope yarn behavior laws for the outer and inner rope yarns in
each strand and hence to obtain a more accurate estimate of rope strength.

Another approach has been developed by Durville (2010), based on finite element
modeling with special algorithms to account for the interactions between elements.
This has been used to simulate the tension, torsion, and bend over sheave response
of braided fiber ropes (Vu et al., 2015; Davies et al., 2013, 2016).

Finally, it should be noted that while oxidation is probably the main degradation
mechanism to consider, these marine ropes are also subjected to a range of mechanical
loads in service. Unfortunately, while data do exist for fatigue loading of polyester fi-
ber ropes, as a result of their extensive use for the offshore oil and gas industry in
floating platform mooring lines (Banfield et al., 2000), this is not the case for PP fiber
ropes. The polyolefin fibers are also known to be sensitive to creep, so their use in
long-term marine applications is not recommended without extensive testing on the
actual rope product to be employed in service.
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Figure 14.9 Residual strength of rope yarns from one strand of 6-year aged mooring line.
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Figure 14.10 Rope yarn strengths after 6 years in service and 10 years storage.

14.7 Conclusions

As soon as the method for its stereospecific synthesis was discovered, one half century
ago, polypropylene appeared as a very interesting fiber forming polymer owing to its
low cost, easy processability, hydrophobicity, and relatively high tenacity. Consider-
able worldwide efforts, in the elapsed period, allowed the degree of stereoregularity
and the molar mass distribution to be controlled more and more accurately, and the
oxidizability, which is the weakest PP characteristic, to be reduced. At the same
time, new processing methods profiting from the peculiarities of the PP rheological
behavior, especially its high viscoelastic character in molten state, were created. As
a result, a wide variety of PP fibers, offering a broad range of diameters, stiffnesses,



tenacities, photo and thermal stabilities, etc. is now available on the market. It is thus
not surprising to find PP fibers in an unequalled variety of applications, from carpets to
geotextiles and ropes.

Abbreviations

GPC Gel permeation chromatography
HALS Hindered amine light stabilizers
i-PP Isotactic polypropylene

MWD Molecular weight distribution
ODCB Ortho dichloro benzene

PE Polyethylene

PET Poly(ethylene terephthalate)

PP Polypropylene

PS Polystyrene

s-PP Syndiotactic polypropylene
TCB Trichlorobenzene

uv Ultra violet

ZN Ziegler Natta
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