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Chapter 1. General introduction
1. Polypropylene and polypropylene fiber
Polypropylene is a polymer that is classified into three stereoregularities: isotactic, syndiotactic,
and atactic polypropylenes. Isotactic polypropylene (iPP), in which the methyl groups show the same
steric configuration [1], is used mainly in polypropylenes [2].
The secondary structure of iPP is a threefold helix with a 0.65-nm chain axis repeat distance [3].
By packing this helical structure, iPP can form three crystal phases and a mesophase. The -phase
(monoclinic) is the most common crystal phase [4], and it is classified into -(C2/c) and -(P21/c)
phases. The former is formed by low-temperature annealing of quenched iPP, and the latter is obtained
by high-temperature annealing of -phase [5]. -phase (hexagonal) is formed by crystallization with
a nucleant, such as N,N’-dicyclohexylnaphthalene-2,6-dicarboxamide [6], and crystallization in a
temperature gradient field [7] or shear field [8]. The -phase (orthorhombic) is formed by
crystallization under high pressure [9] or by crystallization of the iPP random copolymer [10] or iPP
of a short isotactic sequence [11]. The mesophase (smectic) is formed by the quenching of molten iPP
[12], but the mesophase cannot be formed by iPP of less than the 0.680 isotactic pentad fraction [13].
The iPP is lightweight (density of 0.9 g/cm3) and hydrophobic (water absorption 24 h < 0.03%),
and has a high tensile strength (35.5 MPa), high tensile modulus (1380 MPa), high flexural modulus
(1690 MPa), good chemical resistance, and high dielectric strength (24–28 kV/mm) [14]. It also has a
good melt processability with a melting temperature of 164 °C [4, 14]. Therefore, iPP is used mainly
in injection-molded products, films, and fibers [4, 15].
The iPP is synthesized by raw-material refining, polymerization, aftertreatment, and granulation
processes. Because impurities, such as water, oxygen, carbon monoxide, and carbonyl sulfide, affect
the polymerization, they are eliminated from raw materials and auxiliary materials. The prepared raw
material is contacted with catalyst for polymerization. After polymerization, the catalyst residue,
solvent, unreacted propylene, and atactic polypropylene are eliminated from the iPP. Finally, obtained
iPP is kneaded with additives and fillers, and pelletized [16].
The polymerization process is classified into three types: slurry, bulk, and vapor-phase
polymerization. In slurry polymerization, propylene is polymerized in an inert hydrocarbon solvent.
This process has been used in the earliest period of industrial iPP polymerization, but the energy cost
was high because of solvent recovery after polymerization. To eliminate solvent recovery, bulk and
vapor-phase polymerization were developed. This polymerization is carried out in liquefied propylene
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and propylene gas, respectively. Vapor-phase polymerization has a higher energy efficiency because
the propylene gas eliminates dry processing and increases the transfer speed. The energy efficiency of
polymerization is affected by the catalyst performance. A high-activity and stereospecific catalyst can
eliminate the removal of atactic polypropylene and catalyst residues [16, 17].
The iPP fiber is usually fabricated by melt spinning. The melt spinning system consists of an
extruder that is equipped with a metering pump and spin pack, cooling chamber, spin finish oil
application, godet rolls and winder. The source polymer, which is used in pellets or in granule form,
is fed from the extruder hopper, and melt extruded through the spinneret. The flow rate of molten
polymer is controlled by the metering pump. The typical extruded temperature is 230–280 °C with a
typical spinneret diameter of 0.3–0.8 mm. The typical number of spinneret holes is 50–250 for the
filaments, and 10000–50000 for staple fibers. Various spinneret hole shapes are used to control the
fiber cross-sectional shape. The extruded polymer is cooled and solidified by air in the cooling
chamber and taken up by the winder after oiling [18, 19].
Three types of iPP fiber—partially oriented yarn (POY), fully drawn yarn (FDY), and bulked
continuous filament (BCF) yarn—have been manufactured. POY has been fabricated by one-step
spinning with a take-up speed range of 2500–4000 m/min. A typical POY yarn of 40–200 dtex fineness
has been used for textile application. FDY has been obtained by spinning and drawing. These processes
are integrated (one-step process) or separated (two-step process). FDY has been fabricated by a onestep process, where the take-up speed was below 5000 m/min with a draw ratio of 3:1–8:1. An FDY
of 50–300 dtex fineness has been used for textile application, and 500–2000 dtex has been used for
industrial application. BCF yarn has been obtained by a one-step process of 600–1000 m/min spinning
speed and 2200–3000 m/min take-up speed. After take-up, a three-dimensional crimp has been formed
by a texturing jet. A BCF yarn of 150–3600 dtex fineness has been used for carpets and upholstery
fabrics [20].

2. Study on the fiber strength
High-tensile strength fiber is thought to originate from the high molecular orientation and the
high crystallinity [21]. During the fiber manufacture, molecular chains are mainly oriented during
spinning and drawing, and the molecular orientation in the molten and solid states depends on the
stress and draw ratio [22]. Because flexible polymers can be drawn up to a high draw ratio in the solid
state, high tensile-strength fibers of these polymers tend to be obtained by drawing [23]. To increase
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the draw ratio, the drawing method and heat source have been investigated. For example, the die
drawing process, in which a heated polymer billet is drawn from a heated die by applying a pulling
force on the billet at the exit side, resulted in the fabrication of a 16-times drawn polyoxymethylene
fiber with a 700-MPa tensile strength [24]. Zone drawing that was carried out by localized heating and
application of a high drawing stress fabricated a 7.2-times drawn poly(ethylene terephthalate) fiber
with a 1.3-GPa tensile strength [25]. Microwave and CO2 laser irradiation improved the drawability
because both waves heated the fiber cross-section uniformly without contact. As a result, a 1.7-GPa
strength polyoxymethylene fiber [21] and 0.96-GPa poly(ethylene terephthalate) fiber [26] were
obtained by the former and latter methods, respectively.
The spinning condition affects the tensile strength of the drawn fiber. A lower take-up speed spun
and drawn fiber had a higher tensile strength despite the almost equivalent drawing stress [27, 28].
The drawn fiber that was obtained by spinning with what is known as a melt structure control also had
a high tensile strength [29]. The reported melt structure control methods were CO2 laser irradiation in
spin-line [30], nozzle diameter [31], conjugated spinning [32, 33], liquid isothermal bath [29, 34, 35]
and spin-line drawing [29]. The poly(ethylene terephthalate) fiber that was obtained by CO2 laser
irradiation with a spin-line and small-diameter nozzle attained a tensile strength of 1.68 GPa [36]. An
analysis and simulation of the molecular entanglement network in the fiber suggest that a more
uniform entanglement network in the fiber was obtained by a low take-up speed spinning and melt
structure control. This more uniform entanglement network is thought to apply the drawing stress
evenly during drawing, and more molecular chains can bear the tensile stress [28, 29, 36].
Despite the various studies described above, however, the reported fiber tensile strengths are
lower than the theoretical maximum tensile strengths [37]. This decrease in tensile strength is caused
by defects, such as the molecular chain ends, molecular entanglement, molecular folds, microscale
voids, and macroscale voids [38]. These defects can be somewhat eliminated by optimizing the fiber
manufacturing processes and increasing the molecular weight [37, 38]. In particular, the study and
simulation suggested that the fiber tensile strength was proportional to the weight average molecular
weight to the power of 0.4 [39, 40] and 0.25 [41]. This result was explained by the decrease in number
of chain ends that causes slippage between the molecules [37]. It has been reported that the decrease
in number and orientation of the inter-microfibrillar tie chains that connect adjacent microfibrils
decreases the tensile strength [28]. The increase in microfibril apparent elastic modulus was larger
than that of the fiber tensile strength [42]. The number and orientation of the inter-microfibrillar tie
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chains can be increased by the high drawing stress [28], and their number was increased by an increase
in molecular weight [43].

3. Effects of primary structures on mechanical properties
Many types of primary-structure iPPs exist. The iPPs vary by molecular weight and molecularweight distribution, and defects in the molecular chains affect the fiber mechanical properties. The
increase in molecular weight decreases the number of chain ends but increases the melt viscosity and
relaxation time. The high viscosity requires a high melt-spinning temperature, which tends to promote
a decrease in molecular weight, and often reduces the effect of the high molecular weight [29].
The molecular-weight distribution is affected by catalyst type. Two types of catalysts exist; the
Ziegler–Natta and metallocene catalysts are used mainly for iPP polymerization [20]. Ziegler–Nattatype catalysts are typically composed of transition-metal compounds with alkyls or hydrides, and tend
to have multiple active sites (Fig. 1.1 (a)) [44, 45]. Contrary to the Ziegler–Natta type catalysts,
metallocene-type catalysts are typically composed of compounds with two aromatic ring systems that
are connected by a π-bonded metal atom that is treated with methylalumoxane, and has a single active
site (Fig. 1.1 (b)) [46]. Because the molecular chain grows uniformly by a single active site, the
metallocene catalyst can obtain a narrower molecular-weight distribution iPP than that of the Ziegler–
Natta catalyst [20, 46].

Fig. 1.1 Schemas of typical metallocene catalyst (a) and Ziegler–Natta catalysts (b). Active
polymerization sites indicated.

The structural defects in molecular chains affect the mechanical properties of the fiber. Types of
defects in molecular chains include the chain end, stereo-defect, and regio-defect (Fig. 1.2) [47]. The
stereo-defect means a different steric configuration in the molecular chain, whereas the regio-defect
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means a 2,1-insertion and 1,3-insertion. All defects decrease the crystallinity and melting temperature,
but the regio-defect, which decreases the stereoregularity as occurs for the stereo-defects, reduces the
melting temperature more than the stereo-defect at the same stereoregularity [48]. The metallocene
catalysts iPP indicated a lower melting point than that of the Ziegler–Natta catalyst-synthesized iPP
[48-52] because of its greater number of regio-defects. However, in recent years, a metallocene
catalyst-synthesized iPP with an equivalent melting point to that of the Ziegler–Natta catalystsynthesized iPP has been developed [53-57].

Fig. 1.2 Schemas of stereo and regio-defects of iPP.

The molecular-weight distribution and the structural defects of the chain affect the mechanical
properties of the fiber and films. For example, it has been reported that their modulus increases with
an increase in iPP isotacticity, the tensile strength was almost saturated above a 90% isotacticity [54,
58, 59]. The high molecular weight [60-63] and narrower molecular weight [51, 62-66] of the iPP
increased the tensile strength of the fiber and film in general. However, Marcinčin et al. [50] reported
a higher tensile strength fiber of the Ziegler–Natta catalyst-synthesized iPP compared with that of the
metallocene catalyst-synthesized iPP despite the narrower molecular-weight distribution. This result
was explained by the lower crystallinity, which was caused by the increased number of regio-defects
of the metallocene catalyst-synthesized iPP compared with that of the Ziegler–Natta catalystsynthesized iPP.

4. Knot-pull strength
Knot-pull strength—the tensile breaking stress of a knotted fiber—is one of the most important
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fiber properties. It is often regarded as a more important property than tensile strength, particularly
with regard to ships, fisheries, and civil engineering [67]. iPP monofilament, that is, a thick single
fiber, is commonly used for these applications because it is highly flexible. The tensile strength of iPP
fibers has increased recently, but their knot-pull strength has barely increased. This sluggish increase
in the knot-pull strength has now become a critical problem.
The sluggish increase may be attributed to the complex breakage of knotted fibers. For example,
the draw ratio at which the knot-pull strength reached a maximum is often lower than the draw ratio
of the tensile strength maximum [68-70]. This indicates that a knotted fiber is not only broken by the
tensile force but also by other forces, such as bending, compressional, twisting, shearing, and frictional
forces applied to the knotted fiber [2, 71]. Yamaki explained the knot breakage mainly by the tensile
force under the influence of radial compressional force [67], Pieranski et al. explained the knot
breakage with computer simulations mainly by the bending force [72], and Uehara et al. interpreted
the influence of twisting force on breakage [73]. Because the mechanism by which knotted fiber breaks
is complex, the fiber breaking behavior also varies depending on the cross-sectional shape of the fiber
or fiber bundle, the material, and the operating environment. The location of the fiber breakage varies,
for example, most knotted fibers tend to break in the vicinity of the knot entrance [74], but fibers also
break within the knot [69]. There have been many other studies on the breaking mechanism of knotted
fibers. Konda et al. [75, 76] investigated the knot breaking mechanism using tensile stress–strain
curves. They ignored the shearing and lateral compressional forces, and assumed that the fiber breaks
according to the sum of the tensile and bending strains. Yabe suggested that a knotted fiber is broken
by the weakest of three factors: the sum of the bending and frictional forces, the tensile strength under
the influence of the radial compressional force, and the bending force that causes fiber buckling [69].
Fiber breakage with buckling has also been reported by Uehara et al. [73], Uddin et al. [77], and
Lemstra et al. [78].
Various studies report on the increase in knot-pull strength. The high flexible nature of polymer
fibers, such as iPP [79] and polyethylene [78], is suitable for knotting. The high knot-pull strength has
been achieved by high-molecular-weight polymers [80]. Ultra-high-molecular-weight polyethylene
fiber with a knot-pull strength of 12–20 cN/dtex has been manufactured industrially [81]. The new
production techniques, such as high-temperature and high-stress annealing, sheath-core conjugated
spinning, compositing with nanofiller, and meld blending between low compatibility polymers are
also used to improve the knot-pull strength [77, 80, 82].
7

5. Aim and objectives
The tensile strength of high stereoregularity metallocene catalyst-synthesized iPP has been
investigated in compression-molded films and for melt-spun and drawn fibers [54, 57]. However, the
reported maximum strength of 3.5 cN/dtex (~310 MPa) is far less than that of commonly used iPP
fibers [57]. This low strength is likely attributed to the low molecular orientation; that is, in the former
cases, the strength was measured for a non-drawn sample, and the fiber was only drawn to 1.6 times
in the latter case. In addition, the narrow-molecular-weight-distribution iPP reportedly suppresses the
molecular weight decrease during melt-spinning [63]. This result suggests that high-molecular-weight
metallocene catalyst-synthesized iPP likely increases the tensile strength. Therefore, the attainable
maximum tensile strength of high-stereoregularity metallocene catalyst-synthesized iPP fiber was
evaluated by optimizing the melt-spinning and drawing conditions. The fiber was taken up at a
minimum stable spinning speed and the as-spun fiber was drawn in two steps to a maximum draw
ratio at the drawable maximum temperature for each step. To verify the effects of stereoregularity,
molecular weight, and its distribution on the mechanical properties of iPP fibers, six iPP types were
investigated: iPP with a high stereoregularity and melt index of 4 and 20 g/10 min of metallocene
catalyst-synthesized iPPs, a low stereoregularity with a melt index of 20 g/10 min metallocene
catalyst-synthesized iPP, and a high stereoregularity with a melt index of 3, 4, and 20 g/10 min Ziegler–
Natta catalyst-synthesized iPPs. All samples were spun and drawn under the same production
conditions, and the attainable maximum tensile strength, initial modulus, high-temperature creep
behavior, and fiber structure were compared.
A previous study has reported on the knot-pull strength improvement of iPP fibers via melt
blending of the polyethylene component [82]. The report explained the improvement by the network
structure that formed in the fiber. The knot-pull strength may be improved by slippage between
incompatible components of polyethylene and iPP. We focused on the effect of an acrylic triblock
copolymer additive on the knot-pull strength. This additive is usually used as an adhesive, compound,
and resin modifier [83], and reportedly increases the toughness of the epoxy resin compounds by more
than 20 times [84]. The additive is expected to improve the knot-pull strength because of the low
compatibility between the additive and iPP [83]. To investigate the effect of additive and the draw ratio
on the knot-pull strength of drawn iPP monofilaments (thick iPP single fibers), the knot-pull strength
was compared with the tensile and loop strengths. The broken fiber ends after the loop and knot-pull
tests were examined by scanning electron microscopy. The deformation behavior of the knot was
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investigated by image processing a video that was obtained during the knot-pull test.
6. Outline
This study incorporates five chapters, with the contents summarized as follows.
In Chapter 2, the attainable tensile strength of a high stereoregularity metallocene catalystsynthesized iPP was investigated. To analyze the effects of stereoregularity and molecular-weight
distribution, low-stereoregularity metallocene catalyst-synthesized iPP and high-stereoregularity
Ziegler–Natta catalyst-synthesized iPP were investigated.
In Chapter 3, the attainable tensile strength of a higher molecular weight and high stereoregularity
metallocene catalyst-synthesized iPP was investigated. The obtained results were compared with the
high-molecular-weight Ziegler–Natta catalyst-synthesized iPPs and low-molecular-weight iPPs.
In Chapter 4, knot breaking was investigated for the iPP monofilament (thick iPP single fiber)
with and without an additive that comprised an acrylic triblock copolymer.
The study conclusions are provided in Chapter 5.
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Chapter 2: High strength fiber obtained from a high stereoregularity metallocene
catalyst-synthesized polypropylene
1. Introduction
In this Chapter, the attainable maximum tensile strength of new metallocene catalyst-synthesized
isotactic polypropylene (iPP) fiber was evaluated based on optimization of the melt-spinning and
drawing conditions. The fiber was taken-up at the minimum stable spinning speed and the as-spun
fiber was two-step drawn to the maximum draw ratio at the drawable maximum temperature for each
step. To verify the effects of stereoregularity and molecular weight distribution on the structure,
thermal properties and mechanical properties of iPP fibers, besides the new metallocene catalystsynthesized iPP (m98), a low stereoregularity metallocene catalyst-synthesized iPP (m93) having the
same molecular weight distribution of m98, and Ziegler–Natta catalyst-synthesized iPP (ZN98) having
the same stereoregularity and melting point of m98 were also investigated. All samples were spun and
drawn under the same production conditions, and the attainable maximum tensile strength, initial
modulus, high temperature creep behavior, and fiber structure were compared.
2 Experimental
2.1 Polymers
Three types of iPPs were examined in this study; high-stereoregularity iPP polymerized by
metallocene (m98) and Ziegler–Natta catalysts (Grade Y2000GV: ZN98), and low-stereoregularity
iPP polymerized by a metallocene catalyst (m93). All polymers were supplied by Prime Polymer Co.,
Ltd. (Tokyo, Japan). Table 2.1 shows the characteristics of each polymer [1].
2.2 Spinning and drawing conditions
Source polymers were melt-extruded from a BT-30-S 2-42-L twin-screw extruder (Research
Laboratory of Plastics Technology Co., Ltd., Tokyo, Japan) through the spinneret of 0.7 mm diameter
(Ds) and 2.1 mm length. The spinning conditions are listed in Table 2.2. The melt draw ratio (MDR)
was calculated from Eq. 2.1 assuming a iPP density (ρ) of 0.9 g/cm3 [2].

𝐷s 2

MDR = 𝐷

calc

2

=

𝜋𝜌𝑣
4𝑊

𝐷𝑠 2

(2.1)

The melt-extruded polymers were quenched by a 20 °C-water bath at a distance of 78 cm from
the spinneret. As-spun fibers were continuously drawn to the certain ratio by the speed difference
between the feed and take-up rollers (1st-step drawing). The fiber drawn 10 times at the 1st-step
drawing was also drawn again to a certain ratio (2nd-step drawing). The feed speed was fixed at 1
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m/min, and a hot plate heater with a 225-mm contact length was used for both drawing steps. The
drawing tension and the fiber diameter (Dobs) were measured in situ by a tension meter (HS-1500S,
Eiko Sokki Co., Ltd.) equipped with a 100 gf pickup sensor, and outer diameter detector (LS-7010,
Keyence Co., Ltd.), and captured at a sampling period of 100 ms by a data logger (NR-2000, Keyence
Co., Ltd.). The drawing stress was calculated from the obtained tension and the fiber fineness, which
was measured by a denier tester (Denicon DC-21, Search Co., Ltd.), and averaged for 12 fiber samples.
2.3 Microscopy
The birefringence of the fiber was measured at room temperature with a polarized microscope
(BX51-33POC, Olympus Co., Ltd.) with a halogen lamp light source. Tricresyl phosphate was used
as the immersion oil. The average and standard deviation of the birefringence were calculated for 10
samples. The broken fiber edge after the tensile test was observed by a scanning electron microscope
(SEM, VE9800/8800, Keyence Co., Ltd.).

Table 2.1 Materials [1]
Polymer

Catalyst

Mw

Mn

m98

metallocene 176,000

70,000

m93

metallocene 177,000
Ziegler–
214,000
Natta

71,000

ZN98

61,500

Regio defect
*IPF
**MI
2,11,3Mw/Mn Mz/Mw (mmmm) insertion insertion
(%)
(%)
(%) (g/10min)
Not
2.5
1.8
98
0.0
20
Detected
2.5
1.9
93
0.0
0.1
20
Not
Not
3.5
2.4
98
20
Detected Detected

Tm
(°C)
162
147
162

*Isotactic pentad fraction, **melt index.

Table 2.2 Spinning conditions and diameter of the as-spun fibers

Spinning
Conditions

Cooling

Spinning

Estimated

Mass Flow

Take-up

Melt Draw

Rate

Speed

Ratio

(W)

(v)

Temperature

Diameter
(Dcalc)

(g/min)

(m/min)

(°C)

(µm)

Fiber

LW

Water

14.4

1.5

62.5

260

184

LA

Air

14.4

3.0

125

220

184

HA

Air

116

3.0

1000

240

65
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2.4 Tensile tests
Tensile testing was performed at room temperature with the use of an Autograph AGS-X
instrument (Shimadzu Co., Ltd.) equipped with a 50-N load cell and air chuck. The initial length was
40 mm, and the elongation rate was 100 mm/min for the as-spun fibers and 40 mm/min for the drawn
fibers. The strength and initial modulus determined from the nominal stress nominal strain curve were
averaged for 12 samples. The initial modulus was calculated from the strain range of 0.13%–1.8%.
Fineness (F) was used for the stress because of its high accuracy. The fineness of the drawn fibers was
measured by the method described in Section 2.2, and the fineness of the as-spun fiber was estimated
from the fiber diameter by assuming a fiber density of 0.9 g/cm3 [2]. The fiber diameter was measured
by a digital microscope (Keyence VHX-1000).
2.5 Thermomechanical and thermo properties measurements
The creep behavior at 125 °C was measured by a thermomechanical analyzer (SII
Nanotechnology Co., Ltd. SS6100 thermal analysis rheology system). The sample length was 10 mm
and the applied stress was 50 MPa. The dynamic viscoelastic behavior was measured on a ITK-DVA25
(IT Keisoku Seigyo, Co., Ltd). The temperature was raised from room temperature to 200 °C at 10 K
/min, and the storage modulus and loss modulus were recorded every 1 K. The sample length was 25
mm and the measurement frequency was 10 Hz. Differential scanning calorimetry (DSC) was
performed with the use of a ThermoplusDSC8230 (Rigaku Co., Ltd.) from room temperature to 200 °C
at 10 K/min. Approximately 2 mg of cut fiber sample was enclosed in an aluminum pan. Nitrogen gas
was flowed at 50 mL/min during the measurement. The melting peak temperature (Tm) and the
difference between the heat of fusion and the heat of cold crystallization (ΔHm) were determined from
the DSC curve. The crystallinity (XDSC) was calculated from Eq. 2.2 assuming ΔHm0 of 209 kJ/kg [3].

∆𝐻

𝑋𝐷𝑆𝐶 = ∆𝐻 𝑚0
𝑚

(2.2)

2.6 X-ray measurements
Wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) images were
captured by RA-Micro7 / R-AXIS-IV ++, and NanoViewer / PILATUS 100K detectors (Rigaku Co.,
Ltd.) systems. For WAXD and SAXS measurements, camera lengths of 250 and 1380 mm and
exposure times of and 10 and 60 min, were used respectively. The X-ray source for the measurements
was Cu-Kα generated at a tube voltage of 40 kV and tube currents of 20 and 30 mA. A one-directional
aligned fiber bundle was used as the specimen, having a width of 3 mm and thickness of 150 µm.
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3 Results and discussion
3.1 As-spun fibers
WAXD images of as-spun fiber are shown in Fig. 2.1. The α-crystal diffraction features were
observed for air-cooled spun fibers (LA, HA); however, no crystal diffraction features were observed
for the water-quenched spun fiber (LW) but rather mesophase diffraction features appeared [4]. These
results agree with previous reports [4] that the quenching of a molten polymer promotes mesophase
development. The low-MDR fibers, metallocene catalyst-synthesized iPP (m98 and m93) had an a*axis orientation, whereas Ziegler–Natta catalyst-synthesized iPP (ZN98) had almost no orientation,
and the a*-axis and c-axis orientations were mixed for all high MDR fibers. As the molecular
orientation increased, following the a*-axis of iPP crystal first aligning to the fiber axis, the c-axis of
the iPP crystal alternately tended to align to the fiber axis. Hence, the α-crystals in metallocene
catalyst-synthesized iPP fibers had a greater tendency to orient along the fiber axis than the crystals in
Ziegler–Natta catalyst-synthesized iPP fibers spun at the same MDR.
Polarized microscope images are shown in Fig. 2.2. Air-cooled spun fibers (LA, HA) appeared
slightly cloudy, whereas the water-quenched spun fibers (LW) were transparent. The cloudiness is
attributed to scattering from particles, which are likely spherulites. In particular for the LA fibers, the
particle size of the Ziegler–Natta catalyst-synthesized iPP (ZN98) fiber was larger than that of
metallocene catalyst-synthesized iPP (m98 and m93). The obtained birefringence (Fig. 2.3) increased
as the MDR increased, decreased through water-quenching, and increased in order of ZN98 < m98 <
m93. It has been reported that the birefringence of wider molecular weight distribution iPP increases
on the melt-spinning-line more rapidly after extrusion from the spinneret than that of narrower
molecular weight distribution iPP [5, 6], which suggests that Ziegler–Natta catalyst-synthesized iPP
(ZN98) solidified at the higher temperature. This result might explain the lower crystal orientation and
molecular orientation of the Ziegler–Natta catalyst-synthesized iPP fiber and the spherulite growth in
the spinning-line after high-temperature solidification. Conversely, the transparency of the LW fibers
indicates that no spherulites formed in the fiber, which agrees with the WAXD results. The lower
crystallinity caused by water quenching and the lower spinning stress of the higher spinning
temperature likely introduces a low birefringence into the LW fibers.
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Fig. 2.1 Wide angle X-ray diffraction images of as-spun fibers. Polymers (m98, m93, and ZN98) and
spinning conditions (LW, LA, and HA) are shown in the figure.

Fig. 2.2 Polarization microscope images of as-spun fibers. Polymers (m98, m93, and ZN98) and
spinning conditions (LW, LA, and HA) are shown in the figure.
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Fig. 2.3 Birefringence of as-spun fibers of m98, m93, and ZN98. Each fiber was spun at MDR14.4
(L) or MDR116 (H) with cooling by air (A) or quenching by water (W).
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3.2 Drawing
To compare the attainable maximum tensile strength of the fibers obtained from each polymer,
each fiber was drawn to the maximum draw ratio at the attainable maximum drawing temperature of
each polymer fiber. By increasing the heater temperature in 5-K steps, the low stereoregularity iPP
(m93) fibers fused over 125 and 155 °C for the 1st and 2nd step drawing, respectively, whereas the high
stereoregularity iPP (m98 and ZN98) fibers fused over 140 and 175 °C. Therefore, these temperatures
were selected as the drawing temperature for each polymer and each step drawing.
The obtained drawing stresses are shown in Fig. 2.4. At the same draw ratio for both 1st- and 2ndstep drawing, the drawing stress of the m93 fiber was the greatest among three. The drawing stress of
the m98 fibers was somewhat greater than those of ZN98 for low MDR fibers, in particular at a higher
draw ratio; however, the opposite result was obtained for high MDR (HA) fibers. The fiber whitening
draw ratios are indicated in the figure. Moreover, the maximum draw ratio shown in the figure
indicates the maximum draw ratio at which the fiber could be drawn stably for more than 10 min. Low
stereoregularity iPP (m93) had the lowest whitening draw ratio and smallest maximum draw ratio but
the greatest whitening drawing stress. Conversely, there were no significant differences in the
whitening and maximum draw ratios between m98 and ZN98. Thus, at least for the air-cooled spun
fibers (LA), the maximum applicable drawing stress for metallocene catalyst-synthesized (m98) fiber
was clearly greater than that for the Ziegler–Natta catalyst-synthesized iPP with same stereoregularity
(ZN98) fibers.
The observed fiber diameter Dobs results are listed in Table 2.3. The observed diameter of the asspun fiber was almost equal to the fiber diameter Dcalc (Table 2.1), as calculated from the spinning
conditions. However, for fibers drawn at high draw ratios, the observed diameter appeared to be larger
than that calculated from Dcalc and the draw ratio λ. This difference in fiber diameter is attributed to
void formation because the crystallinity of the drawn fibers obtained by both DSC and WAXD did not
differ greatly, as shown in Table 2.3. The void fraction V was estimated from Eq. 2.3 [7, 8] assuming
that the diameter difference was caused by voids.

2

1 𝐷

V = 1 − 𝜆 ( 𝐷calc )
obs

(2.3)

The obtained void fractions are shown in Fig. 2.5. The void fraction began to increase over the
whitening draw ratio, and the two-step drawn low stereoregularity iPP (m93) fiber had a larger void
fraction than those of the high stereoregularity iPP (ZN98 and m98) fibers drawn at the same draw
ratio. The void fraction estimated by this method did not consider the void size; however, contributions
of macroscale voids larger than the visible light wavelength should dominate the void fraction increase
of the whitening draw ratio.
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Fig. 2.4 Drawing stress of 1st (a) and 2nd (b) step drawing plotted against the total draw ratio. Markers
indicating polymer type and spinning conditions are defined in the figure. The whitening draw ratio
for each condition is indicated by an arrow.

Fig. 2.5 Void fraction plotted against the total draw ratio. Markers indicating polymers type and
spinning conditions are listed in the figure.
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Table 2.3 Fiber diameters and structural parameters.
Polymer

m98

LA

m93

1 (as-spun)
10

185
60

101

15
18

55
46

116
120

30
38
1 (as-spun)
10

40
40
182
61

134
140
106

12
14

57
54

110
114

15
18

52
46

117
122

169

148

71

30
36

41
41

134
139

171
172

139
134

67
64

69
71

XWAXD

(J/g)

XDSC
(%)

165

89

42

168

116

56

53

171
170
167
-

128
137
84
-

61
65
40
-

Tm
(°C)

ΔHm

(%)

53
66
73
73
57
58
56
57
64

HA

1 (as-spun)

66

-

166

93

44

-

LA

1 (as-spun)
10

185
61

106

150

65

31

13
14

55
52

116
120

142

110

52

52

18
22

49
48

127
137

150
150

101
104

49
50

62
64

25
1 (as-spun)

47
67

146

152
148

122
71

58
34

67

1 (as-spun)
10

185
60

102

165

78

38

55
46

114
120

114

55

52

15
18

167

30
38

39
39

133
139

170
171

132
121

63
58

71
74

1 (as-spun)
10

184
61

104

166

89

43

56
54

108
115

-

-

55

12
14

-

15
18

53
46

112
124

168

132

63

30
1 (as-spun)

40
67

134

170
166

144
95

69
45

HA
ZN98

(µm)

Crystalline
Dispersion
Temperature
(°C)

Spinning Total Draw
Conditions
Ratio
LW

Fiber
Diamter
(Dobs)

LW

LA

HA

-

-

52
60

-

54
66

56
57
56
70
73
-
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The 15–20 K lower drawing temperature of low stereoregularity iPP (m93) than high
stereoregularity iPP (m98) should be caused by the lower melting temperature, as shown in Table 2.1.
The lower molecular mobility of the lower drawing temperature likely caused a lower whitening draw
ratio, lower maximum draw ratio, greater whitening drawing stress, and larger void fraction of the low
stereoregularity iPP (m93) fibers compared with those features of the high stereoregularity iPP (m98)
fibers. The 2nd-step drawing at a temperature higher than the melting temperatures of the raw polymer
is noteworthy. The high drawing temperature can be explained by the large drawing stress of the 2ndstep drawing applied to the already drawn fibers which have a high molecular orientation [9]. A greater
drawing stress for the narrower molecular weight distribution iPP film is explained by the cooperative
and homogeneous deformation of the whole lamellae structure [10]. Similarly, the greater drawing
stress of metallocene catalyst-synthesized iPP (m98) fibers observed in this study might be explained
by the homogeneous deformation of the molecular chain networks.
3.3 Tensile Properties
The tensile strength and initial modulus of fibers are shown in Fig. 2.6. Whereas the initial
modulus increased monotonically with the draw ratio, the tensile strength had a maximum value
around the whitening draw ratio for all conditions. High stereoregularity metallocene catalystsynthesized iPP (m98) attained the highest maximum tensile strength and maximum initial modulus
fibers among the three polymer types. That is, the fibers having tensile strength of 1.36 N/tex (~1.2
GPa) and initial modulus of 27.4 N/tex (~25 GPa) were fabricated by water-quench spinning and twostep drawing of m98. The theoretical maximum tensile strength and initial modulus were respectively
18 GPa [11] and 39–43 GPa [12]. The tensile strength of 1.56 GPa and initial modulus of 40.4 GPa
[13] for the ultra-drawn dried gel films of ultra-high molecular weight iPP are the maximum reported
values. There have been some reports that a higher tensile strength and initial modulus fibers can be
obtained through the use of iPP of a narrower molecular weight distribution, that is Mw/Mn of 3 rather
than 5 [14], 3.44 rather than 4.9 [15], and 2.0 rather than 4.7 [16]. The last case compares iPP fibers
synthesized by metallocene and Ziegler–Natta catalysts. The higher strength fiber was obtained by the
metallocene catalyst iPP although the IPF of 93% was clearly lower than that of the Ziegler–Natta
catalyst iPP of 98%. Conversely, the maximum tensile strength obtained in this study is clearly higher
than those of 93% IPF metallocene catalyst-synthesized iPP fiber of 10.7 cN/dtex (~0.96 GPa) [16]
and 98% IPF metallocene catalyst iPP of 3.5 cN/dtex (~310 MPa) [17]. The maximum strength
obtained in this study corresponds to 7% of the theoretical strength, and 90% of the maximum reported
value for the ultra-drawn dried gel film. Moreover, the maximum initial modulus obtained in this study
corresponds to 60% of the theoretical modulus and is also higher than the maximum reported modulus
for the 93% IPF metallocene catalyst-synthesized iPP of 85 cN/dtex (~7.7 GPa) [16]. Therefore, a high
stereoregularity, equivalent to that of Ziegler–Natta catalyst-synthesized iPP, is required to fabricate
25

high-strength and high-modulus metallocene catalyst-synthesized iPP fibers. Even higher values than
those reported for m98 might be obtained at the attainable maximum drawing through optimization of
melt-spinning and drawing conditions.
The decrease of tensile strength over the whitening draw ratio irrespective of the monotonical
increase of initial modulus indicates a depressive effect of whitening on tensile strength. Strength
depression by whitening has also been reported for polyvinyl alcohol drawn fibers and has been
explained by macroscale void defects formed during drawing [18]. However, the higher attainable
tensile strength of m98 fibers in this study cannot be explained simply by the whitening because the
whitening draw ratios for m98 and ZN98 were almost the same. Fig. 2.7 shows SEM images taken in
the vicinity of the breaking point after tensile testing of the fibers having almost the maximum tensile
strength. Fibrillation at the breaking point was observed only for the Ziegler–Natta catalystsynthesized iPP (ZN98) fiber of total draw ratio 20.0 but was observed for both fibers of total draw
ratio 22.0. Because the whitening draw ratio and the maximum draw ratio were almost the same,
differences in the fibrillation process should progress during the tensile testing by coalescence of voids
aligned along the fiber axis, contributing to the difference in breaking phenomena. That is, the higher
maximum strength of the metallocene catalyst-synthesized iPP (m98) fiber is attributed to fibrillation
suppression during the tensile testing. This estimation is supported by the smaller decrease in tensile
strength of the metallocene catalyst-synthesized iPP (m98) fiber than that of Ziegler–Natta catalystsynthesized iPP (ZN98) fiber observed over the whitening draw ratio.
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Fig. 2.6 Tensile strength (a) and initial modulus (b) of as-spun, one-step drawn and two-step drawn
fibers plotted against the total draw ratio. Markers indicating polymer type and spinning conditions
are listed in the figure.

Fig. 2.7 Scanning electron microscope (SEM) image in the vicinity of the breaking point after the
tensile tests. Polymers (m98 and ZN98) and total draw ratios (20, 22) are shown in the Figure.
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3.4 Creep at 125 °C
Fig. 2.8 shows the creep strain results. Most samples shrink a little before the temperature reached
the settled value. Comparing the fibers that had almost the maximum strength for both one- and twostep drawn fibers, the Ziegler–Natta catalyst-synthesized iPP (ZN98) fibers had the greatest creep
strain, whereas no clear differences were observed in the creep strains of metallocene catalystsynthesized iPP (m98 and m93) fibers. These results indicate that the width of the molecular weight
distribution affects the high-temperature creep behavior of the drawn fibers. The crystal restructuring
under the applied stress might explain the difference in creep behavior because 125 °C exceeds the
reported crystalline dispersion temperature [19]. Therefore, the difference in the crystalline state of
the drawn fibers is analyzed in the following sessions (3.5–3.7).

Fig. 2.8 Creep behavior measured for one-step (a) and two-step (b) drawn fibers. Total draw ratios
were (a) 15 (m98, ZN98), 13 (m93), and (b) 18. Polymer type and spinning conditions of each sample
are noted in the figure. Temperatures of each measurement are also shown by the thin line.
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3.5 Viscoelastic properties
Table 2.3 shows the crystalline dispersion temperature obtained from the loss tangent (tan δ) peak.
The crystalline dispersion temperature increased with the draw ratio, whereas no clear differences in
the polymer were observed at the same draw ratios. The iPP crystalline dispersion was identified by
the c-shear relaxation process, that is, a c-slip process [20]. Increases of the crystalline dispersion
temperature with increasing draw ratio have been previously reported [19], and explained by an
increase in crystallinity and amorphous orientation. However, the difference in creep behavior shown
in Fig. 2.8 cannot be explained by the crystalline dispersion temperature.
3.6 DSC analysis
The melting temperature, heat of fusion, and XDSC values determined from the curve are listed in
Table 2.3. The low stereoregularity iPP (m93) fibers clearly had the lowest melting temperature and
crystallinity. All the melting temperatures increased with draw ratio whereas the heat of fusion
(crystallinity) did not change. The increases in melting temperature and crystalline dispersion
temperature are attributed to the increase of crystallinity and amorphous orientation. The increase of
crystallinity and amorphous orientation decrease the chain mobility (entropy) of the amorphous region
[9], and increase the initial modulus of the fiber, as shown in Section 3.3.
Melting temperature and crystallinity decrease with the decrease of stereoregularity [21-23]. In
particular, regio-defects decrease the melting temperature [21]. Because regio-defects tend to be
formed by metallocene catalysts, the metallocene catalyst-synthesized iPP has a lower melting
temperature than that of the Ziegler–Natta catalyst-synthesized iPP, even in the case that the polymers
have the same IPF [5, 21, 24-26]. However, the m98 used in this study has the same melting
temperature as that of ZN98, as shown in Table 2.1, because it not only has the same IPF but also has
fewer regio-defects.
3.7 X-ray analyses
The crystallinity index and crystallite size of the drawn fibers were estimated from the WAXD
images. For this purpose, the diffraction angle profile was separated into α-crystal peaks and an
amorphous halo. Before the separation, the intensity profiles were integrated along the inclination
angle to cancel the orientation effect, and a Lorentz correction was used. The obtained profile of 10°
< 2θ < 23° was separated into five α-crystal diffraction features assigned to (110), (040), (130), (111),
and (−131), and an asymmetric amorphous halo. However, the mesophase was not considered because
a diffraction peak at 2θ = 15° was not observed for all drawn fibers. The profile of each diffraction
peak was assumed to be Pearson VII type, as defined in Eq. 2.4, where I0, Φp, τ, and m = 2.5 are the
intensity, position, half-width, and shape parameters of each diffraction peak, respectively. For the
asymmetric amorphous halo [27], the peak position and low- and high-side peak widths were fixed at
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2θ = 17° [28], 5.8°, and 19°, respectively. Fig. 2.9 shows an example of an integrated intensity profile
and its fitting curve. The fitting curve agreed well with the experimental data. Through the use of the
integrated intensity and peak width obtained from the peak separation, the crystallinity index (XWAXD)
and crystallite size of (110) diffraction feature (L110) were determined by Eq. 2.5 and the Scherrer’s
equation (Eq. 2.6), respectively. The Ic and Ia in Eq. 2.5 are the integrated intensities of five α-crystal
diffraction features and the amorphous halo, and the constant K and X-ray wavelength λ in Eq. 2.6
were 0.918 and 0.154 nm, respectively. The peak width β was determined by β2 = τ2 − βI2, where βI =
0.1° is the contribution to the width from the measuring device.

𝐼(𝜙) =

𝐼0
𝑚
1
𝜙−𝜙𝑝 2
) (2𝑚 −1)}
{1+4(
𝜏

𝑋𝑊𝐴𝑋𝐷 = 𝐼

𝐼𝑐

(2.5)

𝑐 +𝐼𝑎

𝐿ℎ𝑘𝑙 = (

𝐾𝜆

(2.4)

)

𝛽 cos(𝜙𝑝 /2)

(2.6)

The obtained crystallinity indexes and crystallite sizes are shown in Table 2.3 and Fig. 2.10. For
both these features, the two-step drawn fibers had higher values than those of the one-step drawn fibers.
The low stereoregularity iPP (m93) fibers also had lower values than those of the high stereoregularity
iPP (m98 and ZN98) fibers at the same draw ratio. The latter tendency is consistent with the melting
temperature and crystallinity, as shown in Section 3.6. Therefore, the low crystallinity index and
crystallite size of low stereoregularity iPP were probably caused by the low drawing temperature,
which was induced by the low stereoregularity of the polymer. The low drawing temperature—which
also led to the low maximum draw ratio, as shown in Section 3.2— probably resulted in the low
maximum tensile strength and initial modulus, as shown in Section 3.3.
On the other hand, if the IPF was the same, the polymerization catalyst type and molecular weight
distribution had no effect on the crystallinity and crystallite size of the drawn fiber. The crystallite size
of the one-step drawn fiber decreased with draw ratio, but saturated for total draw ratio 12, the
whitening draw ratio, as shown before. Sakurai et al. explained that the crystallite size decreases with
the draw ratio in batch drawn iPP films by fragmentation of the lamellar structure formed along the
drawing direction [10]. According to this explanation, the saturation indicates the termination of
lamellar crystal fragmentation at the draw ratio. Over the draw ratio, the drawing stress starts to
concentrate on the inter-fibrillar tie-chain. Owing to breakage of inter-fibrillar tie chain, macroscale
voids were developed with slippage between fibrils.
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Fig. 2.9 Intensity profile of m98/LA fiber one-step drawn to be 16 times. The profile along the
diffraction angle was averaged over the inclination angle, and a Lorentz correction was applied. Fitting
curve and profiles for each diffraction feature are also shown.

Fig. 2.10 Crystallite size determined from (110) diffraction feature plotted against the total draw ratio.
Polymer type and spinning conditions are listed in the figure.
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An example of small angle X-ray scattering (SAXS) image of the drawn fiber is shown in Fig.
2.11 (a). There was no meridian long-period peak but an equatorial streak was observed. The equatorial
streak originated from the fibrillar structures, i.e., microfibrils and nano-sized voids. To evaluate the
amount, the intensity profile of 0.039 nm−1 < q < 0.427 nm−1 was integrated after Lorentz correction
[Fig. 2.11(b)]. In addition, the correlation length (ξ) of the structure was determined by a Debye plot
of Eq. 2.7 [Fig. 2.11(c)], which showed a linear relationship in the range of 0.1 nm−2 < q2 < 0.18 nm−2
for all samples.

𝐼0

√𝐼(𝑞) = 1 + 𝜉 2 𝑞2

(2.7)

The obtained integrated intensities and correlation lengths are shown in Fig. 12 and Fig. 13. Both
values began to increase over the whitening draw ratio. The increases of one-step drawn fibers were
steeper than those of two-step drawn fibers. The integrated intensity for the same ratio drawn fiber
increased in the order: ZN98 < m98 < m93. The obtained correlation length did not exceed 30 nm,
which is much shorter than the wavelength of visible light; hence, the structures evaluated by the
integrated intensity could not be considered to be macroscale voids causing fiber whitening [18] but
were rather 10 nm-sized nanoscale voids.

Fig. 2.11 Small angle X-ray scattering pattern of m98 fiber one-step drawn to be 12 times (a). The
q−I(q)q (b) and q2 −I(q)(−1/2) (c) plots of the equatorial streak used to estimate the amount and
correlation length of nanoscale void are also shown.
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Fig. 2.12 Integrated intensity of SAXS equatorial streak plotted against the total draw ratio. Polymer
type and spinning conditions are listed in the figure.

Fig. 2.13 Correlation length plotted against the total draw ratio. Polymer type and spinning conditions
are listed in the figure.
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3.8 Effects of molecular weight distribution
The integrated intensity determined from the SAXS results is plotted against the void fraction
(Fig. 2.14). An almost linear relationship was observed between these factors for all samples. However,
the two-step drawn fibers had a higher void fraction than that of one-step drawn fibers at the same
integrated intensity. The higher void fraction of the two-step drawn fibers is likely caused by drawing
of drawn fiber in which the fibril structure is already formed, whereas the low-orientation fiber was
drawn in the 1st-step drawing. The higher drawing temperature of the 2nd-step drawing suppressed
nanoscale void formation, whereas the greater drawing stress concentration of the inter-fibrillar tiechain promoted macroscale void development. Fig. 2.14 also shows that more macroscale voids
tended to form in the Ziegler-Natta catalyst-synthesized iPP (ZN98) fiber than in the metallocene
catalyst-synthesized iPP (m98) fiber having an equivalent amount of nanoscale voids. The growth of
macroscale voids from nanoscale voids was suppressed for the m98 fiber drawn to the higher draw
ratio, likely because uniform-sized fibrils were formed by drawing of the uniform molecular chain
network formed in the melt-spinning process of the narrower molecular weight distribution iPP.
A fibril structure model is shown in Fig. 2.15 to explain this hypothesis. As shown in Section 3.1,
the molecular orientation of the metallocene catalyst-synthesized iPP (m98) as-spun fiber was higher
than that of the Ziegler–Natta catalyst-synthesized iPP (ZN98), irrespective of the use of the same raw
polymer, MFR, and spinning conditions. Conversely, the spherulite-like structure formed in the
Ziegler–Natta catalyst-synthesized iPP as-spun fiber indicates a higher temperature solidification in
the spinning line. These results can be explained by the more uniform molecular chain network of
molten metallocene catalyst-synthesized iPP bearing the spin-line stress more uniformly. The as-spun
fibers having a uniform molecular chain network also bear the drawing stress uniformly and a uniform
fibril structure should be formed in the drawn fiber. The uniform drawing stress applied to the interfibrillar tie-chain should suppress the breakage of the tie-chains and the development of macroscale
voids. This model agrees with a report by Sakurai et al. [10] that more homogeneous deformation
during drawing is caused by the narrower molecular weight distribution iPP. The model is also
consistent with the model of Lu et al. [29, 30] that the macroscale void formation and whitening are
caused by breakage of load-bearing inter-fibril / micro-fibril tie chains. In addition, our model is
supported by reports for polyethylene terephthalate fibers that fibers of higher tensile strength are
obtained by drawing as-spun fibers with a uniform molecular chain network [31, 32]. A higher
attainable maximum tensile strength was also obtained for high stereoregularity metallocene catalystsynthesized iPP in this study (Fig. 2.6). This increase in tensile strength is explained by fibrillation
suppression (Fig. 2.7) of the uniform molecular chain network. That is, a higher maximum tensile
strength should be attained owing to a less pronounced decrease in tensile strength at higher draw ratio,
through fibrillation suppression, despite the increase of drawing stress with draw ratio (Fig. 2.4). The
lower creep at high temperatures (Fig. 2.8) can be also explained by the uniform fibril structures
34

bearing the external force evenly.

Fig. 2.14 Integrated intensity of SAXS equatorial streak plotted against void fraction, which was
estimated from the fiber diameter.

Fig. 2.15 Model of the fibril structure in the drawn fiber of each polymer.
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4 Conclusion
The effects of iPP stereoregularity and molecular weight distribution on the properties and
structure of fibers were investigated for metallocene catalyst-synthesized iPP with an IPF of 98% and
Mw/Mn 2.5 (m98), metallocene catalyst-synthesized iPP with an IPF of 93% and Mw/Mn 2.5 (m93),
and a Ziegler–Natta catalyst-synthesized iPP with an IPF of 98% and Mw/Mn 3.5 (ZN98). The fibers
were obtained by melt spinning, and drawn twice. To compare the attainable maximum tensile strength,
each polymer fiber was taken-up at the minimum stable MDR, and the as-spun fibers were drawn to
the maximum draw ratio at the drawable maximum temperature for each polymer.
The high stereoregularity metallocene catalyst-synthesized iPP (m98) clearly contributed to greater
tensile strength and initial modulus. These results are explained by the greater maximum draw ratio,
crystallinity, and crystallite size. These factors are all related to the higher drawing temperature that is
achievable because of the higher melting temperature. As a result, the maximum tensile strength of
1.36 N/tex (~1.2 GPa) and a maximum initial modulus of 27.4 N/tex (~25 GPa) were obtained for m98
fiber drawn over 20 times. The high stereoregularity metallocene catalyst-synthesized iPP fibers also
indicated a higher birefringence and a greater drawing stress than those of the Ziegler–Natta catalystsynthesized iPP (ZN98) fiber at the same draw ratio. Moreover, the metallocene catalyst-synthesized
iPP (m98) fiber having almost the same tensile strength of Ziegler–Natta catalyst-synthesized iPP
(ZN98) fibers also had a lower creep strain at 125 °C under 50-MPa tensile stress. There was almost
no difference in the crystalline dispersion temperature, melting temperature, crystallinity, and
crystallite size observed between the drawn fibers of different catalyst iPP spun and drawn under the
same conditions; however, the tensile strength of the m98 drawn fiber decreased less for a total draw
ratio greater than 14 than did the ZN98 fiber, which contributed to a higher attainable maximum tensile
strength of the m98 fiber. The fibrillation at fracture and whitening were also suppressed for
metallocene catalyst-synthesized iPP (m98). Furthermore, macroscale void formation, estimated by
the fiber diameter, in the Ziegler–Natta catalyst-synthesized iPP (ZN98) fiber was more pronounced
than that in the metallocene catalyst-synthesized iPP (m98) fiber having an equivalent amount of
nanoscale voids (~10 nm) estimated from the equatorial streak of the SAXS. The lower content of
macroscale voids form in the drawing of the m98 fibers was consistent with the suppressed fibrillation
tendency at fracture. These tendencies can be explained by the more uniform molecular chain network
which should be brought by the narrower molecular weight distribution of metallocene catalystsynthesized iPP. The higher attainable tensile strength and lower creep strain at high temperature are
also explained by the uniform molecular chain network.
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Chapter 3: High strength metallocene catalyst-synthesized polypropylene fibers
with high stereoregularity and high molecular weight
1. Introduction
In this Chapter, fibers fabricated using the above type of metallocene iPP with 4 g/10 min melt
index were analyzed, including their tensile properties, creep behavior at high temperature, and fiber
structure. The molecular weight decrease during melt-spinning at 270–290 °C was also investigated.
To estimate the attainable maximum tensile strength, the extruded polymer was taken up at the lowest
possible speed, and the as-spun fiber was drawn up to the maximum draw ratio at the highest possible
temperature. The nanometer to micrometer scale fiber structures were analyzed by wide, small, and
ultra-small angle X-ray measurements. The obtained results were compared with those of Ziegler–
Natta iPP with equivalent molecular weight and stereoregularity. They were also compared with the
results of 20 g/10 min melt index samples [1].
2. Experimental
2.1 Polymer
Three types of iPP polymer samples were investigated in this study: metallocene catalystsynthesized iPP with 4 g/10 min melt index (m4), and Ziegler–Natta catalyst-synthesized iPP with 4
g/10 min melt index (ZN4) and 3 g/10 min melt index (ZN3). ZN4 was obtained from ZN3 by thermal
cracking. The results of these iPP samples were compared with the reported values for 20 g/10min
melt index samples (m20 and ZN20) in Chapter 2. All of the polymers were supplied by Prime Polymer
Co., Ltd. (Tokyo, Japan). The characteristics of each polymer sample are given in Table 3.1 [1, 2].

Table 3.1 Materials
**IPF

Tm

x100%

/ °C

5.1

98

162

98,000

2.9

98

162

309,000

92,600

3.3

98

162

20

176,000

70,000

2.5

98

162

20

214,000

61,500

3.5

98

162

*MI

Mw

Mn

/ g/10min

/ g/mol

/ g/mol

Ziegler–Natta

3

358,000

70,100

m4

metallocene

4

287,000

ZN4

Ziegler–Natta

4

m20 [1]

metallocene

ZN20 [1]

Ziegler–Natta

Polymer

Catalyst

ZN3

Mw/Mn

*Melt index. **Isotactic pentad fraction.
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2.2 Spinning and drawing conditions
The source polymers were melt-extruded with a BT-30-S 2-42-L twin-screw extruder (Research
Laboratory of Plastics Technology Co., Ltd., Tokyo, Japan). A spinneret with diameter of 0.7 mm and
length of 2.1 mm was used for m4 and ZN4, while a spinneret with diameter of 1.0 mm and length of
3.0 mm was used for ZN3. The spinning conditions are listed in Table 3.2. Here, v and W are the takeup speed and mass flow rate, respectively.
The as-spun fibers were continuously drawn by the speed difference between the feed and takeup rollers (first drawing step), and the 10 times drawn fiber was drawn again (second drawing step).
The total draw ratio is defined as the product of the draw ratios for the two drawing steps. The feed
speed was fixed at 1 m/min, and a hot plate heater with a contact length of 225 mm was used for both
drawing steps. The drawing temperature was fixed at the drawable maximum temperature of each fiber.
That is, 145 °C for the first drawing step for m4 and ZN4, 150 °C for the first drawing step for ZN3,
and 180 °C for all of the second drawing steps. The drawing tension was measured by a tension meter
(HS-1500S, Eiko Sokki Co., Ltd., Osaka, Japan) equipped with a 1 N pickup sensor, except for the
first drawing step for ZN3 where a 2 N pickup sensor was used. The fiber diameter (Dobs) was
measured by a diameter detector (LS-9006, Keyence Co., Ltd., Osaka, Japan) and captured at a
sampling period of 100 ms by a data logger (NR-2000, Keyence Co., Ltd.). The drawing stress was
calculated from the obtained tension and the fiber fineness, which was measured with a denier tester
(DENICON DC-21, Search Co., Ltd., Kyoto, Japan), and averaged for every 12 fibers.

Table 3.2 Spinning conditions and properties of the as-spun fibers
Polymer
ZN3

Spinning
v / m min-1 W / g min-1 Dobs / µm
Temperature / °C

Tm / °C

ΔHm / kJ/kg Birefringen
ce

NDR

270

75

3.0

233

167

89

0.0040

5.2

280

150

3.0

166

-

-

-

-

290

150

3.0

165

-

-

-

-

270

62.5

1.5

182

166

87

0.0036

5.4

280

125

3.0

182

166

85

0.0030

5.4

290

125

3.0

181

166

91

0.0018

5.6

270

62.5

1.5

180

167

84

0.0026

5.1

280

125

3.0

181

166

86

0.0006

5.1

290

150

3.0

165

165

81

0.0003

4.6

m20 [1]

220

125

3.0

182

167

84

0.0017

5.9

ZN20 [1]

220

125

3.0

184

166

89

0.0003

5.2

m4

ZN4
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2.3 Molecular weight
The molecular weight and molecular weight distribution (Mw/Mn) of the polymer pellet before
spinning and the as-spun fibers were determined by gel permeation chromatography (Alliance GPC2000, Waters Co., Massachusetts, USA). TSKgel GNH6-HT and TSKgel GNH6-HTL separation
columns were used at 140 °C. To the separation column, 400 µL of 15 mg/10 mL iPP concentration
was injected, and o-dichlorobenzene with 0.025 mass % butylated hydroxytoluene antioxidant as the
mobile phase was transferred at 1.0 mL/min. A differential refractometer was used for detection, and
polystyrene (Tosoh Co., Tokyo, Japan) was used as the reference material.

2.4 Microscopy
The birefringence of the fibers was measured at room temperature using a polarized microscope
(BX51-33POC, Olympus Co., Ltd., Tokyo, Japan) with a halogen lamp light source. Tricresyl
phosphate was used as the immersion oil. The average and standard deviation of the birefringence
were calculated for every 10 samples.

2.5 Tensile test
The tensile test was performed at room temperature using an Autograph AGS-X instrument
(Shimadzu Co., Ltd., Kyoto, Japan) equipped with a 50 N load cell and an air chuck. The initial length
was 40 mm, and the elongation rate was 100 mm/min for the as-spun fibers and 40 mm/min for the
drawn fibers. The strength and initial modulus obtained by the nominal stress–nominal strain curve
were averaged for every 12 samples. The initial modulus was calculated for the strain range of 0.13%–
1.8%. The fiber fineness was also used for the stress, similar to the drawing stress described in Section
2.2. The fineness of the drawn fibers was measured by the same method, while the fineness of the asspun fibers was calculated from the fiber diameter assuming an iPP density (ρ) of 0.9 g/cm3 [3]. The
fiber diameter was measured by a digital microscope (VHX-1000, Keyence Co., Ltd.).

2.6 Thermomechanical analysis and differential scanning calorimetry
The thermal creep behavior was measured by a thermomechanical analyzer (SS6100 thermal
analysis rheology system, SII NanoTechnology Co., Ltd., Tokyo, Japan) at 125 °C. The sample length
was 10 mm and the applied stress was 50 MPa. Differential scanning calorimetry (DSC, Thermoplus
DSC8230, Rigaku Co., Ltd., Tokyo, Japan) was performed from room temperature to 200 °C at 10
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K/min. Approximately 2 mg of cut fiber was enclosed in an aluminum pan. Nitrogen gas was flowed
at 50 mL/min during the measurement. The melting peak temperature (Tm) and heat of fusion (ΔHm),
which is defined as the difference between the integrated heat of melting and cold crystallization, were
obtained from the DSC curve.

2.7 X-ray measurements
Wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) images were
recorded with RA-Micro7/R-AXIS-IV++ and NanoViewer/PILATUS 100K detector systems (Rigaku
Co., Ltd.). The camera length and exposure time for WAXD and SAXS were 250 mm and 10 min, and
1380 mm and 60 min, respectively. The X-ray source for the measurements was Cu-Kα generated at
a tube voltage of 40 kV and tube currents of 20 and 30 mA. A bundle of one-directional aligned fibers
was used for the specimen with 3 mm width and 150 µm thickness. Ultra-small angle X-ray scattering
(USAXS) images were also recorded by a synchrotron X-ray beam (SPring-8 BL19B2) with a
PILATUS 2M detector system (DECTRIS Ltd., Baden-Daettwil, Switzerland). The synchrotron X-ray
energy was 18 keV, and the beam dimensions were 400 μm × 500 μm along the vertical and horizontal
direction. The camera length and exposure time were 40,835 mm and 5 min. A bundle of onedirectional aligned fibers was used for the specimen.
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3. Result and discussion
3.1 Thermal degradation during the melt spinning process
The number-average molecular weight (Mn), weight-average molecular weight (Mw), and Mw/Mn
of the pellets and as-spun fibers are shown in Fig. 3.1. Both the average molecular weights of the asspun fibers were lower than those of the pellets, particularly for high spinning temperature. Moreover,
a greater decrease in the weight-average molecular weight was observed for the Ziegler–Natta catalystsynthesized iPPs, particularly for ZN3. This tendency was also observed for the low molecular weight
samples, but the difference was not as large. A large decrease of the weight-average molecular weight
has previously been reported for iPP with a wide molecular weight distribution [4]. The larger decrease
of the weight-average molecular weight than that of the number-average molecular weight indicates
that the long-chain molecules are more easily broken by thermal decomposition. The smaller decrease
in the weight-average molecular weight for the metallocene catalyst-synthesized iPPs can also be
explained by their smaller fraction of long-chain molecules.

Fig. 3.1 Number-average molecular weight (Mn), weight-average molecular weight (Mw), and Mw/Mn
of the pellets and as-spun fibers. The polymer names and spinning temperatures are shown in the figure.
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The DSC results for the as-spun fibers, the melting temperature (Tm) and heat of fusion (ΔHm),
are listed in Table 3.2. The polymerization catalyst and molecular weight had almost no effect on both
Tm and ΔHm. The equivalent melting temperatures indicate that there were almost no structural defects,
so-called regio-defects [5], in the chains of all of the iPP samples synthesized with different catalysts.
The different catalysts also caused different chain ends, which can affect the higher-order structure of
the obtained fiber, but the effect on the fiber strength can be ignored compared with the effects of the
molecular weight and molecular weight distribution. Therefore, in this study, the effects of the
molecular weight and its distribution on the structure and properties of the obtained fiber were focused.
All of the as-spun fibers showed α-crystal diffraction features oriented along the a* axis (Fig.
3.2). There was almost no difference in the birefringence between the metallocene and Ziegler–Natta
iPPs (Table 3.2). A particle-like structure, which is thought to be a spherulite, was observed in the
polarization microscope images of all of the fibers (Fig. 3.3). Higher crystal orientation, higher
birefringence, and a smaller particle-like structure have been reported for m20 as-spun fibers
compared with ZN20 fibers, but these tendencies were hardly observed for the high molecular weight
fibers. That is, there was a smaller difference of the as-spun fiber structures between the m4 and ZN4
fibers than between the m20 and ZN20 fibers. Because the Mw/Mn differences between the m4 and
ZN4 pellet and fibers were also lower than those between m20 and ZN20, in particular, there was only
a small difference between the high-temperature-spun m4 and ZN4 fibers, the smaller molecular
weight distribution as well as the high molecular weight must be considered to explain the smaller
difference.
The m4 fibers had larger natural draw ratio (NDR, Table 3.2) than the ZN4 fibers, and the
difference was also smaller than for the low molecular weight (m20 and ZN20) fibers. The NDR,
which is defined as the ratio of the stretching ratio at which the natural drawing region terminates to
the stretching ratio of the upper yield point, corresponds to the maximum extension of the molecular
network [6]. Therefore, the NDR is used as an indicator to represent the orientation and homogeneity
of a virtual molecular chain network bearing an external force [7, 8]. Larger NDR under the same
molecular orientation for the narrower molecular weight distribution (m4) fibers should indicate a
more uniformly entangled molecular chain network than for the wider molecular weight distribution
(ZN4) fibers. The effect of the molecular weight distribution, that is, the uniformity of the molecular
chain network, on the structure and properties of the drawn fiber is discussed in the following Sections.
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Fig. 3.2 WAXD images of the as-spun fibers. The polymer names (m4, ZN4, and ZN3) and spinning
temperatures (270, 280, and 290 °C) are shown in the figure.

Fig. 3.3 Polarized microscope images of the as-spun fibers. The polymer names (m4, ZN4, and ZN3)
and spinning temperatures (270, 280, and 290 °C) are shown in the figure.
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3.2 Drawing
The drawing stress for each drawing condition is shown in Fig. 3.4. To estimate the attainable
maximum fiber strength, each polymer was melt-spun at almost the minimum take-up speed, and
maximally drawn at the highest possible drawing temperature. The maximum draw ratio shown in Fig.
3.4 was determined as the maximum draw ratio where the fiber could be stably drawn for more than
10 min. The fiber whitening draw ratio for each drawing step is also shown in the figure. There were
no clear differences between the m4 and ZN4 fibers in terms of their whitening and maximum draw
ratios, but they were different than those of the low molecular weight fibers.

Fig. 3.4 Drawing stress of the (a) first and (b) second drawing steps plotted against the total draw ratio.
The symbols indicating the polymers and spinning temperatures are defined in the figure. The
whitening draw ratio for each condition is indicated by an arrow.
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3.3 Themo-mechanical properties
The tensile strength and initial modulus of the drawn fibers plotted against the total draw ratio
are shown in Figs. 3.5 and 3.6, respectively. The tensile strength reached the maximum at around the
fiber whitening draw ratio, while the initial modulus monotonically increased with increasing total
draw ratio. Higher strength fibers were achieved using m4 than using ZN4, as well as the case using
low molecular weight samples. Both the maximum strength and maximum initial modulus of 1.39
N/tex (1.3 GPa) and 26.0 N/tex (23 GPa) were obtained for the m4 fibers fabricated by 270 °C spinning
and two-step drawing. The maximum strength of the m4 fibers was higher than that of the m20 fibers,
while the maximum modulus was smaller.

Fig. 3.5 Tensile strength of the (a) as-spun fiber and first drawing step and (b) second drawing step
plotted against the total draw ratio. The symbols indicating the polymers and spinning temperatures
are defined in the figures.
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Fig. 3.6 Initial modulus of the (a) as-spun fiber and first drawing step and (b) second drawing step
plotted against the total draw ratio. The symbols indicating the polymers and spinning temperatures
are defined in the figures.
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The creep strain of the fibers, indicating the maximum strength for each polymer and spinning
temperature, is shown in Fig. 3.7. Most of the fibers slightly shrank before reaching the settled
temperature, and the metallocene catalyst-synthesized iPP fibers showed smaller creep strain than the
Ziegler–Natta catalyst-synthesized iPP fibers. The metallocene catalyst-synthesized iPP fibers also
showed smaller creep strain than the low molecular weight sample. Therefore, the narrower molecular
weight distribution restrained fiber creep at 125 °C, even for high molecular weight.
Both 290 °C spun fibers showed a larger creep strain, and they broke below the setting
temperature. Yamashita reported from the SAXS measurement on the iPP melt that the correlation
length of the density fluctuation began to decrease above 260 °C. The 0.5–0.8-nm-sized density
fluctuation, which was presumably a piece of crystallite that was memorized above the melting
temperature, is thought to indicate the aggregated structure that may be the crystal nuclei origin. The
clear larger creep strain for the 290 °C spun fiber can be explained by the smaller correlation length
of the aggregated structure.

Fig. 3.7 Creep behavior of the one-step drawn fibers. The total draw ratios were 15.0, except for 14.8
for ZN4 270. The polymer and spinning temperature of each fiber are shown in the figure. The
temperature of each measurement is also shown by a thin line.
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3.4 X-ray analyses
The WAXD images of all of the drawn fibers showed the α-crystal diffraction features highly
oriented along the c axis. The crystallinity index and crystallite size of the drawn fibers were estimated
by the peak separation, as well as the case of low molecular weight fibers (m20 and ZN20) [1]. That
is, the diffraction angle profile obtained from the diffraction image was averaged along the inclination
angle, and the obtained intensity profile was separated into α-crystal diffraction features and an
amorphous halo. The crystallinity index (XWAXD) was determined by the ratio of the integrated
intensities of the crystal and amorphous phases, and the crystallite size (L110) was also determined by
the peak width of (110) diffraction with Scherrer’s equation [10]. Both the XWAXD and L110 values of
m4 and ZN4 showed almost no difference at the same draw ratio. In addition, both XWAXD and L110
were almost the same as the values reported for low molecular weight fibers.
The SAXS image did not show the long-period peak, but it showed the equatorial streak. The
equatorial streak originated from the fibrillar structures, i.e., microfibrils and nanoscale voids. The
amount of nanoscale voids was determined by the integrated intensity of the equatorial streak, and its
correlation length (ξ) was also determined by Debye’s equation [11]. Both the void fraction and
correlation length began to increase above the whitening draw ratio, but there was almost no difference
between the m4 and ZN4 fibers. It has been reported that there is a clear difference in the void fraction
at the same integrated intensity between m20 and ZN20 fibers [1]. Therefore, to compare the difference
between the m4 and ZN4 fibers, similar to the difference between m20 and ZN20 fibers, the integrated
intensity was plotted against the void fraction (V) (Fig. 3.8). Assuming a constant fiber density (ρ) of
0.9 g/cm3 [3], because the crystallinities of the drawn fibers were almost the same (Table 3.3), V was
estimated from the measured (Dobs) and calculated (Dcalc) fiber diameters and the total draw ratio (𝜆)
[1, 12, 13].

2

1 𝐷

1

4𝑊

𝑉 = 1 − 𝜆 ( 𝐷calc ) = 1 − 𝜆 (𝜋𝜌𝑣 ∙ 𝐷
obs

1

obs

2

)

(3.1)
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Table 3.3 Structural parameters of the drawn fibers
Polymer

Drawing

m4*

1-step

Total Draw

ZN4*

2Rg / μm

d / μm

B0 / deg.

59

0.002

N/A

N/A

N/A

0.010

56

0.008

0.38

5

15

12

0.010

61

0.016

0.38

5

21

12

10

0.016

66

0.002

-

-

-

20

12

0.014

72

0.005

-

-

-

28

38

0.015

75

0.007

0.76

5

22

10

7

0.010

54

0.004

-

-

-

12

8

0.010

56

0.006

-

-

-

14

10

0.009

58

0.014

0.37

10

21

14

8

0.015

66

0.002

-

-

-

20

7

0.013

72

0.005

-

-

-

28

35

0.014

78

0.011

-

-

-

L110 / µm

10

8

0.010

12

9

14

Ratio

2-step

1-step

2-step

XWAXD

ξ / µm

V x100%

x100%

m20 [1]

1-step

14

18

0.009

56

0.009

0.34

4

17

ZN20 [1]

1-step

14

18

0.009

57

0.008

-

-

-

*Spinning temperature of 270 °C.

Fig. 3.8 Integrated intensity of the SAXS equatorial streak plotted against the void fraction estimated
from the fiber diameter.
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The integrated intensity reflects the amount of 10-nm-order nanoscale voids because the obtained
correlation length did not exceed 15 nm. Conversely, even if the void fraction does not consider the
void size, the increase of macroscale voids should be dominant in the void fraction above the whitening
draw ratio. The difference of the void fraction at the same integrated intensity between the low
molecular weight fibers indicates that the molecular weight distribution can influence development of
macroscale voids. However, this difference was hardly observed between the high molecular weight
fibers. This is probably because of the void fraction being too small to observe the difference in
addition to the smaller difference in Mw/Mn. Higher molecular weight should lower the void fraction
by suppressing development of macroscale voids.
USAXS images of the drawn fibers are shown in Fig. 3.9. Above 12 times drawing of the fibers,
equatorial scattering remarkably increased, and the meridional streak could be observed. All of these
fibers were whitened. The equatorial scattering can then be assigned to macroscale void development
along the fiber axis, and the meridional streak can be assigned to formation of a crack-like scattering
body perpendicular to the fiber axis. The crack thickness (2Rg) and diameter (d) were estimated from
the meridional streak assuming a disk-shaped crack. Rg was determined by Guinier’s equation:

𝐼(𝑞) = 𝐼(0) exp (−𝑞2 𝑅g2)

(3.2)

where I(0) is the intensity at q2 = 0 nm−2 [14]. d was determined by Ruland’s procedure [15]:

1 4𝜋2

2
𝐵obs
= 𝑑2

𝑞2

+ 𝐵02

(3.3)

where Bobs and B0 are the integration width along the azimuthal angle and the spread angle indicating
the crack inclination. The results of Equation (3.3) are shown in Fig. 3.10. A linear relationship was
observed for all of the samples.
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Fig. 3.9 (a) USAXS images of the drawn fibers. The polymer names, spinning temperatures, and total
draw ratios are shown in the figures. (b) Typical USAXS image of the m4 fiber spun at 270 °C and
drawn 14 times. qeq and qmer indicate the scattering vectors along the equatorial and meridional
directions.
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Fig. 3.10 Bobs of the USAXS meridional streak plotted against 1/q2. The polymer names, spinning
temperatures, and total draw ratios are shown in the figure.

The 2Rg and d values are given in Table 3.3. They were both clearly larger than the correlation
length ξ. Therefore, the results obtained by USAXS correspond to the fibril order structure. That is,
the obtained crack of several micrometer diameter perpendicular to the fiber axis is thought to be
formed between the ends of aligned fibrils. This type of crack has already been reported by Lu et al.
[16]. They proposed that the meridional streaks of the USAXS pattern correspond to cracks, which
should be formed by separation of the fibril ends. Large crack inclination (B0) was obtained for the
high draw ratio fiber, and large crack thickness (2Rg) was obtained for the two-step drawn fiber. This
might indicate crack opening with increasing total draw ratio. In addition, the m4 fiber showed a
clearly smaller crack diameter (d) than the ZN4 fiber drawn at the same draw ratio. This result suggests
that cracks hardly developed in the narrower molecular weight distribution iPP fiber.
Suppression of crack development can explain the high tensile strength of the metallocene
catalyst-synthesized iPP fibers. As discussed in Section 3.1, the metallocene catalyst-synthesized iPP
as-spun fibers are thought to have a more uniform entangled molecular chain network because of their
larger NDR. By drawing the as-spun fiber with a uniform molecular chain network, a uniform fibril
structure is likely to form [1]. A model of the fibril structure of each polymer fiber is shown in Fig.
3.11. According to the model, a large amount of inter-fibrillar tie-chains could be formed during the
drawing process, and the crack development during the drawing process was suppressed for the narrow
molecular weight distribution iPP fibers. The larger amount of inter-fibrillar tie-chains could bear more
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external force applied to the fiber, and thus the narrow molecular weight distribution iPP fibers have
higher tensile strength and smaller creep strain than the wide molecular weight distribution iPP fibers.
It has also been reported that higher strength polyethylene terephthalate fiber could be fabricated by
drawing as-spun fibers having larger NDR [7, 8, 17].

Fig. 3.11 Model of the fibril structure of each polymer fiber.
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4. Conclusion
The structure and mechanical properties of fibers produced with high molecular weight
metallocene catalyst synthesized iPP have been compared with those of Ziegler–Natta catalyst
synthesized iPP and low molecular weight iPPs [1]. To estimate the attainable maximum tensile
strength, each polymer was taken up at the lowest possible speed, and the as-spun fibers were drawn
to the maximum draw ratio at the highest possible temperature. The mechanical properties and high
temperature creep behavior were analyzed, and they were compared with those of fibers fabricated
with different polymers. The nanometer to micrometer scale fiber structure was also analyzed by wide,
small, and ultra-small angle X-ray measurements. The m4 fibers showed higher tensile strength, higher
initial modulus, and lower creep strain at 125 °C than ZN4 fibers. Moreover, higher maximum tensile
strength of 1.39 N/tex (1.3 GPa) was obtained for the m4 fibers compared with the m20 fibers. A
maximum initial modulus of 26.0 N/tex (23.0 GPa) was also obtained for the m4 fibers. The m4 and
m20 fibers also showed smaller crack diameter than that of the ZN4 fibers.
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Chapter 4
Effects of draw ratio and additive on knot-pull
breaking phenomenon in a polypropylene
monofilament
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Chapter 4: Effects of draw ratio and additive on knot-pull breaking phenomenon in
a polypropylene monofilament
1. Introduction
In this Chapter, I focused on the effects of an acrylic triblock copolymer additive on the knot-pull
strength. This additive is usually used as the adhesive, compound, and resin modifier [1], and
reportedly increases the toughness of epoxy resin compounds by more than 20 times [2]. Because of
the low compatibility between the additive and PP [1], it is also expected that the additive improves
the knot-pull strength. To investigate the effects of the additive and the draw ratio on the knot-pull
strength of drawn PP monofilaments (thick PP single fibers), the knot-pull strength was compared with
the tensile and loop strengths. The broken fiber ends following loop and knot-pull tests were examined
using a scanning electron microscope (SEM). The deformation behavior of the knot was also
investigated by image processing a video obtained during the knot-pull test.
2 Experimental
2.1 Sample
The PP monofilaments, that is, thick single fiber, used in this study were fabricated by meltspinning and drawing. Fibers containing 5 wt% additive were also fabricated and compared with the
neat PP fibers. The neat PP polymer used for the melt spinning was isotactic polypropylene of Prime
Polypro™ (grade Y-2000GV; melt index = 18 g/10 min) supplied by Mitsubishi Chemical Co. (Tokyo,
Japan). The additive KURARITY™ (comprising an methyl/n-butyl/methyl acrylic triblock
copolymer; grade LA4285; melt index = 31 g/10 min [3]) was also supplied by Mitsubishi Chemical
Co. (Tokyo, Japan). The neat polymer was melt-extruded from a BT-30-S 2-42-L twin-screw extruder
(Research Laboratory of Plastics Technology Co., Ltd., Tokyo, Japan) using a spinneret with a
diameter of 0.7 mm and a length of 2.1 mm. The spinning temperature, mass flow rate, and take-up
speed were 220°C, 1.5 g/min, and 100 m/min, respectively. The 5 wt% additive containing PP fiber
was also fabricated under the same spinning conditions by mixing a 10 wt% additive containing
masterbatch with the neat polymer.
The as-spun fibers were drawn continuously via the speed difference between the feed and takeup rollers. The fiber feed speed was fixed at 1 m/min. A hot plate heater with a contact length of 225
mm set to 140°C was used for drawing. The maximum draw ratio was the draw ratio at which the fiber
could be drawn stably for more than 10 min. The drawing tension was measured using a tension meter
(HS-1500S, Eiko Sokki Co., Ltd., Osaka Japan) equipped with a 1 N pickup sensor, and the fiber
diameter was measured using an outer diameter detector (LS-9006, Keyence Co., Ltd.). Both
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measurements were captured by a data logger (NR-2000, Keyence Co., Ltd.) every 100 ms. The
drawing stress was calculated from the obtained tension and fiber diameter.
2.2 Thermomechanical property measurements
Differential scanning calorimetry (DSC) was performed using a Thermo Plus DSC 8230 system
(Rigaku Co., Ltd.) from room temperature to 200 °C at a rate of 10 K/min. Approximately 2 mg of a
cut fiber sample was enclosed in an aluminum pan. Nitrogen gas was supplied at a flow rate of 50
mL/min during the measurement. The melting peak temperature (Tm) and the difference between the
heat of fusion and the heat of cold crystallization (ΔHm) were determined from the DSC curve.
2.3 Tensile test
The tensile test, the loop test, and the knot-pull test were performed for the drawn fibers at room
temperature using an Autograph AGS-X instrument (Shimadzu Co., Ltd.) equipped with a 50 N load
cell and an air chuck. An overhand knot was selected for the knot-pull test. The tensile strength, loop
strength, and knot-pull strength were determined accordingly. The elongation at break and the initial
modulus were also determined by the tensile test. Their averages and standard deviations were
calculated using at least 12 specimens. The initial crosshead distance was 40 mm, and the elongation
speed was 40 mm/min for the drawn fibers. The initial modulus was calculated in the strain range of
0.1%–1.6%. The fiber diameter (d), which was used for all fiber strength calculations, was measured
before each test with using a digital microscope (VHX-1000, Keyence Co., Ltd). The samples for the
loop and knot-pull tests were prepared so that the loops and knots were located at the midpoints of the
chuck.
The broken fiber edges after the loop and knot-pull tests were examined using an SEM
(VE9800/8800, Keyence Co., Ltd.). The knot deformation behavior during the knot-pull test was
investigated using a digital microscope (VHX-1000, Keyence Co., Ltd), which was equipped with a
video camera, and was set on an XYZ axis translation stage. The frame rate was 28 frames/s, and
image resolution was 0.95 µm/pixel. During the knot-pull test, the vertical location of the knot was
kept in the image by adjusting the microscope height. Still images were extracted from the video using
Motion Capture AVI (Digimo Co., Ltd.), and were analyzed using ImageHyper2 (Digimo Co., Ltd.).
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3. Result and discussion
3.1 Drawing
The result from the DSC measurements on the as-spun fibers is presented in Table 4.1. Both
samples had only one melting peak at 167°C.
The drawing stresses are presented in Fig. 4.1. The additive reduced the drawing stress at an
equivalent draw ratio. It also increased the maximum draw ratio and the whitening draw ratio, at which
fiber whitening began. In contrast, the additive had little influence on the whitening stress and
maximum drawing stress. These results indicate that the additive acted as a plasticizer in the fiber, that
is, it promoted slippage between fibrils. The slippage between fibrils leveled the drawing stress applied
to the fibrils, then the slippage increased the whitening draw ratio and the maximum draw ratio,
whereas the tolerable maximum drawing stress and the whitening stress were not affected by the
slippage.
Table 4.1 Results for the as-spun fibers

Additive

Fiber

Content

Diameter

(wt%)

(μm)

Neat PP

0

Additive-PP

5

Sample

Tm

ΔHm

(°C)

(J/g)

147 ± 5

167

76

147 ± 9

166

70

Fig. 4.1 Drawing stress versus draw ratio. The sample markers are defined in the figure, and their
whitening draw ratios are indicated by arrows. The whitening and maximum drawing stresses are
indicated by dotted lines.
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3.2 Mechanical properties
Fig. 4.2 presents the tensile, loop, and knot-pull strengths, whereas Fig. 4.3 and Fig. 4.4 show
the initial modulus and elongation at break, respectively. All the fibers were broken at the knot or loop
part for each test. The tensile strength and the initial modulus increased, whereas the elongation at
break decreased with the draw ratio. The tensile strength of the additive PP fiber increased
monotonically up to the maximum draw ratio of the fiber, whereas the tensile strength of neat PP fiber
was almost saturated over a draw ratio of 10. Furthermore, as with the increase in the maximum draw
ratio, the additive increased the elongation at break for the fiber with the equivalent draw ratio. The
loop strength was clearly larger than the tensile strength for a fiber drawn 10 times, while the loop
strength was significantly reduced for the maximally drawn fibers. In particular, the loop strength of
the additive-containing maximally drawn fiber was obviously lower than its tensile strength. In
contrast to the loop strength, the knot-pull strength was constantly lower than the tensile strength over
a draw ratio of 8. Furthermore, the additive had no significant effect on the knot-pull strength. That is,
although the additive increased the tensile strength of the highly drawn fibers, it did not increase their
knot strength.
The additive increased the maximum draw ratio but had little effect on the whitening stress and
maximum drawing stress. The additive also increased the tensile strength of the maximally drawn fiber
but reduced the tensile strength of the fiber drawn at the lower draw ratio. Low compatibility between
the additive and PP has been reported [1], as confirmed by the DSC results described in Section 3.1.
Therefore, the PP and additive phases should be separated in the fiber, and the additive—which is
dispersed among the PP fibrils—is thought to be stretched by the elongational deformation applied in
the spinning and drawing processes. The increase in the maximum draw ratio under the unchanged
maximum drawing stress is thought to be caused by slippage at the additive / PP fibril interface with
leveling of the stress applied to the fibrils. Stress leveling increased the tensile strength of the highly
drawn fibers, whereas the defects formed by slippage at the interface reduced the tensile strength of
the low-ratio drawn fibers, because fibrillation was observed at the breaking points of the additivecontaining fibers, as shown below. In contrast to the low-ratio drawn fibers, the highly drawn fibers
should be fibrillated when they break regardless of the additive. This is because the highly drawn
fibers were already whitened by the macroscale voids formed among the fibrils [4]. The fibers should
be fibrillated when they break owing to the development of the voids; then, the additive does not
reduce the tensile strength of highly drawn fibers, but increases the tensile strength and elongation at
break by leveling the stress applied to the PP fibrils.
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Fig. 4.2 Tensile, loop, and knot-pull strengths of the drawn fibers versus the draw ratio. The sample
and test methods are represented in the figure.

Fig. 4.3 Initial moduli of the drawn fibers versus the draw ratio. The samples are represented in the
figure.
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Fig. 4.4 Elongation at break of the drawn fibers versus the draw ratio. The samples are represented in
the figure.
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Fig. 4.5 shows the SEM images in the vicinity of the fiber breaking point after the loop and knotpull tests. There was obvious lateral buckling in the surviving side of the fibers after the loop test,
particularly in the maximally drawn fibers. However, it is unlikely that the fibers were broken by
bending because there were no cracks or kinks perpendicular to the fiber axis on the outside or inside
the fibers, respectively. Moreover, there was fibrillation in the broken-side fibers after the loop test,
particularly in the additive-containing fibers. This suggests that the maximally drawn fibers were
broken with fibrillation at the buckled part.
After the knot-pull test, only one broken end of the 10-times-drawn fiber was buckled, while the
other end was not buckled. Furthermore, some knots of the 10-times-drawn PP fiber survived at the
broken end. In contrast, both ends of the maximally drawn fibers were buckled. Moreover, the broken
ends of the maximally drawn fibers, in particular the additive-containing fibers, were fibrillated. These
results suggest that the maximally drawn fibers were broken at the buckled bending part of the knot
with fibrillation, as in the loop test, while the 10-times-drawn fiber broke in the vicinity of the knot
entrance.

Fig. 4.5 Scanning electron microscope images in the vicinity of the fiber breaking ends and the
surviving fiber after the loop and knot-pull tests. The sample and draw ratios are noted in the figure.
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3.3 Deformation behavior of the knot
As discussed in Section 3.2, there was a difference between the high-draw-ratio and low-drawratio fibers with regard to the fiber breaking mechanism in the knots. A video of the knot deformation
behavior until fiber breakage was recorded during the knot-pull tests. The maximally drawn fibers and
the 10-times-drawn fibers were selected to represent the high-draw-ratio and low-draw-ratio fibers.
The effects of the additive were also examined. The average knot-pull stress-strain curve for these
samples were also compared with that of the tensile test, as shown in Fig. 4.6. For all samples, the
knot-pull stress became lower than the tensile stress at a stress of ~100 MPa. Fig. 4.7 shows still
images extracted from the video. The knot seemed to tighten below an applied stress of 100 MPa, and
subsequently shrank with increasing applied stress. These results suggested that the knot size
decreased mainly by pulling out of the fiber from the knot below 100 MPa, and it decreased mainly
by buckling of fiber in the knot above 100 MPa. The knot size of the low-draw-ratio fibers appeared
to be larger than that of the high-draw-ratio fibers under an equivalent applied stress. Furthermore, in
contrast to the round-shaped knots of the low-draw-ratio fibers, the knots of the high-draw-ratio fibers
were somewhat elongated toward the horizontal direction. Both knot shapes became pentagonal under
larger applied stresses. However, the change likely occurred at the lower applied stress in the knots of
the high-draw-ratio fibers. The pentagonal knots of the high-draw-ratio fibers mainly shrank vertically
with the increasing applied stress, whereas those of the low-draw-ratio fibers shrank omnidirectionally.
Furthermore, fiber constriction at the knot ends was observed just before the break, which suggests
that the radial compressional force was applied at the knot entrance.
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Fig. 4.6 Average stress-strain curve for the tensile (solid line) and knot-pull tests (dotted line). Both
strains are defined as the ratio between the change and initial crosshead distance. Enlarged figure is
also shown. The sample and draw ratio are noted in the figure.

Fig. 4.7 Still images taken in the vicinity of the knot during the knot-pull test. The sample, draw ratio,
and each applied stress are noted for each image.
68

As described above, the knot deformation behavior depended on the fiber sample, in particular
the change in size and shape of its knot. Accordingly, the area, length, and thickness of each knot were
quantified by applying image processing as follows. First, the diameter profile was obtained from the
still image by binarization, blotting out the fiber part, and removing noise using a median filter. The
threshold value used for binarization was unified for each test. Fig. 4.8 shows the typical diameter
profile. As shown in the figure, it was possible to obtain the knot length (l) along the fiber axis because
there was a clear distinction between the diameter profiles of the knot and fiber. The knot area (a) was
obtained by integrating the diameter profile in the range of l, and the average thickness of the knot
was obtained by dividing a by l. The normalized knot area (A), the length (L), and the thickness (T)
were calculated using equations (4.1) to (4.3) to cancel the effect of the fiber diameter (d):
𝑎

(4.1)

𝑙

(4.2)

𝐴 = 𝑑2
𝐿=𝑑
𝑇=

𝐴
𝐿

𝑎

= 𝑙𝑑

(4.3)

Fig. 4.8 Typical diameter profile in the vicinity of the knot (neat polypropylene (PP) fiber, draw ratio
10). The knot area (a) and length (l) are shown in the figure.
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Fig. 4.9 shows the normalized area (A), the length (L), and the average thickness (T) of the knot.
The smaller T value of the high-draw-ratio fiber corresponds to the horizontally elongated knot shape,
as mentioned above. A, L, and T all decreased until the applied stress reached 200 MPa, which was
almost equal to the applied stress at which the knot became pentagonal. At applied stresses over 200
MPa, all the decreases became gentle. However, in contrast to the L and T values of the low-drawratio fibers, which both decreased, in the high-draw-ratio fibers only T decreased whereas L did not.
The decrease in only T indicated the buckled bending part mainly deformed before breakage. Moreover,
as observed in the low-draw-ratio fibers, the decrease in L seemed to be suppressed by the additive.
As demonstrated above, it was possible to quantify the deformation behavior of the knot by image
processing, which enabled a clearer representation of the change to the knot shape observed in the
videos. However, the shape of a knot cannot be sufficiently expressed by its length and thickness alone.
For example, because the knot is cylindrically unsymmetrical, the T value is necessarily affected by
the imaging direction, but the L value is not. Owing to the small trial number, there is some level of
uncertainty, but there was no clear difference in reproducibility observed between L and T in the
present study, which indicates that the imaging direction had little influence on reproducibility. More
detailed analysis can be expected from a greater trial number and a higher image resolution.

Fig. 4.9 Normalized knot area (A), knot length (L), and knot thickness (T) obtained by the knot shape
image taken during the knot-pull test versus the stress applied at the time. Neat PP (a, c) and additivePP (b, d) fibers were drawn to 10 (a, b), 14 (c), and 15 (d) times. The data are superimposed in (e).
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3.4 Fiber breaking mechanism of the knot
Many kinds of force are applied to a knotted fiber, including tensile, bending, compressional,
twisting, shearing, and frictional forces [5, 6]. Among them, the effects of twisting and shearing on
knotted fiber breakage are reportedly small [7, 8]. Two dominant fiber breaking forms were observed
for the overhand knot in the present study, that is, tensile breakage resulting from the normal stress
difference between the tensile force and the radial compressional force, and fiber breakage with
buckling and fibrillation resulting from the lateral compressional force (Fig. 4.10). That is, the lowdraw-ratio fibers broke in the vicinity of the knot entrance as a result of the tensile force, whereas the
high-draw-ratio fibers broke at the buckled bending part in the knot with fibrillation as a result of the
lateral compressional force. In contrast, the contribution of twisting and shearing forces to knot
breakage was limited, as observed in the SEM images.
The stress field of the knotted fiber is expressed by equation (4.4). As shown in the equation, the
tensile stress (σzz) and radial compressional stress (-σr) arise normal to the stress difference σzz + σr and
hydrostatic pressure (σzz -σr)/3.
−𝜎𝑟
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The tensile breaking stress of the knotted fiber should be lowered by the tensile strength as much as
the radial compressional force σr. In contrast, the fibrillation of the knotted fiber should be suppressed
by the hydrostatic pressure σr/3 compared with that occurring in the loop test. In addition, the buckling
and fibrillation are suppressed by fiber friction, which reduces the lateral compressional force.
The low-draw-ratio fibers had larger loop strengths than tensile strengths. This indicates that the
fiber in the knot did not break by buckling but broke because of the tensile force. This tensile breakage
was promoted by the increase in the normal stress difference by as much as σr. The normal stress
difference is highest at the knot entrance where the tensile force is not reduced by the frictional force
acting between the fibers in the knot. Moreover, the continuous decrease of knot area A indicates the
monotonical increase of σr until fiber breakage. Therefore, the low-draw-ratio fiber likely broke as a
result of the normal stress difference between σzz and σr. Unlike the low-draw-ratio fibers, there was
little difference between the loop and tensile strengths in the high-draw-ratio fibers, which indicates
that the fibers did not break as a result of the normal stress difference. The high-draw-ratio fibers,
which had already whitened, were easily fibrillated, as observed in the broken fiber ends resulting
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from the loop and knot-pull tests that were fibrillated. The fiber breakage within the knots also
suggested fiber breakage at the buckled part. The decrease of only T, as described in Section 3.3, also
confirmed that the deformation was concentrated in the buckled bending part before breakage.
Therefore, the high-draw-ratio fibers likely broke at the buckled part in the knot with fibrillation
because of lateral compressional force.
The effect of the additive was observed in the broken fiber ends, particularly those from the loop
test. The broken ends of the additive-containing fibers were fibrillated regardless of the draw ratio.
This suggests that the additive promoted fibrillation. Fibrillation was further promoted in the highdraw-ratio fibers. The fibrillation promotion effect of the additive explains the relatively low knot-pull
strength of the additive containing high-draw-ratio fibers, despite their higher tensile strength. The
fibrillation promotion effect also explains the relatively low tensile strength of the additive containing
low-draw-ratio fibers, which could be ascertained by their fibrillated broken ends, as observed via
SEM. Nevertheless, the additive did not reduce the knot-pull strength of the low-draw-ratio fibers
because the increase in hydrostatic pressure by as much as σr/3 likely cancelled the fibrillation
promotion effect.

Fig. 4.10 Typical micro-images taken during the knot-pull test. The images correspond to stresses
lower than 100 MPa and those immediately before the break. The low-draw-ratio neat polypropylene
(PP) fibers of draw ratio 10 and the high-draw-ratio additive-containing PP fibers of draw ratio 15 are
shown in the upper and lower rows, respectively. Major forces applied to the knot are also illustrated.
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4. Conclusion
To investigate the breaking mechanism of knotted PP monofilament, that is, thick single fiber,
the knot-pull, tensile, and loop strengths were evaluated for neat and additive-containing PP fibers
fabricated by melt-spinning and drawing. The broken fiber ends resulting from the loop and knot-pull
tests were examined via SEM. The deformation behavior of the knot during the knot-pull test was also
investigated.
The knot-pull strength was constantly lower than the tensile and loop strengths. In contrast, the
loop strength of the low-draw-ratio fibers was clearly larger than the tensile strength, but largely
decreased in the high-draw-ratio fibers. The SEM revealed two forms of broken fiber ends: the lowdraw-ratio fibers, which were broken at the knot entrance, hardly produced buckled fiber ends,
whereas the high-draw-ratio fibers, which were broken within the knot, produced buckled and
fibrillated fiber ends. The tendency observed for the high-draw-ratio fibers was confirmed by image
analysis of the video obtained during the knot-pull test. That is, the knot thickness of the high-drawratio fiber continued to decrease until fiber breakage, even after the knot length stopped decreasing.
This indicates that fiber buckling occurred before fiber breakage. Therefore, the low-draw-ratio fiber
likely broke as a result of the normal stress difference, whereas the high-draw-ratio fiber probably
broke at the buckled part in the knot with fibrillation as a result of lateral compressional force.
The additive increased the tensile strength, particularly in the high-draw-ratio fibers, whereas it
barely affected the knot-pull strength. The additive probably leveled the stress applied to the fibrils,
but it also promoted fibrillation in the fiber. The knot-pull strength hardly increased because the
promotion effect was likely cancelled by the tensile strength increase. The promotion effect also
reduced the tensile strength of the low-draw-ratio fibers, but the knot-pull strength was not reduced.
This was because fibrillation seemed to be suppressed by the increase in hydrostatic pressure.
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Chapter 5: Conclusions
Recently, a high stereoregularity isotactic polypropylene (iPP) has been synthesized with the use
of metallocene catalysts. In this study, the attainable maximum tensile strength of this metallocene
catalyst-synthesized iPP fiber with 20 g/10 min and 4 g/10min melt index was evaluated. Moreover,
the effects of the molecular weight distribution and stereoregularity of iPP on the structure and
properties of its fibers were also analyzed by comparison between that of Ziegler–Natta catalystsynthesized iPP with equivalent stereoregularity and low stereoregularity metallocene catalystsynthesized iPP. In addition, as well as tensile strength, knot-pull strength is also important, but the
mechanism by which the fiber in a knot breaks has not been sufficiently elucidated. Therefore, the
effects of the draw ratio and a melt-kneaded additive on the knot-pull strength and knot-pull breaking
mechanism of iPP monofilament, that is, a thick single fiber, were also discussed in this study.
In Chapter 2, the effects of iPP stereoregularity and molecular weight distribution on the
properties and structure of fibers were investigated for metallocene catalyst-synthesized iPP with an
isotactic pentad fraction (IPF) of 98% and Mw/Mn 2.5, metallocene catalyst-synthesized iPP with an
IPF of 93% and Mw/Mn 2.5, and a Ziegler–Natta catalyst-synthesized iPP with an IPF of 98% and
Mw/Mn 3.5. The fibers were obtained by melt spinning, and drawn twice. To compare the attainable
maximum tensile strength, each polymer fiber was taken-up at the minimum stable melt draw ratio,
and the as-spun fibers were drawn to the maximum draw ratio at the drawable maximum temperature
for each polymer. The high stereoregularity metallocene catalyst-synthesized iPP clearly contributed
to greater tensile strength and initial modulus. These results are explained by the greater maximum
draw ratio, crystallinity, and crystallite size. These factors are all related to the higher drawing
temperature that is achievable because of the higher melting temperature. As a result, the maximum
tensile strength of 1.36 N/tex (~1.2 GPa) and a maximum initial modulus of 27.4 N/tex (~25 GPa)
were obtained for high stereoregularity metallocene catalyst-synthesized iPP fiber drawn over 20 times.
The high stereoregularity metallocene catalyst-synthesized iPP fibers also indicated a higher
birefringence and a greater drawing stress than those of the Ziegler–Natta catalyst-synthesized iPP
fiber at the same draw ratio. Moreover, the metallocene catalyst-synthesized iPP fiber having almost
the same tensile strength of Ziegler–Natta catalyst-synthesized iPP fibers also had a lower creep strain
at 125 °C under 50-MPa tensile stress. There was almost no difference in the crystalline dispersion
temperature, melting temperature, crystallinity, and crystallite size observed between the drawn fibers
of different catalyst iPP spun and drawn under the same conditions; however, the tensile strength of
the metallocene catalyst-synthesized iPP drawn fiber decreased less for a total draw ratio greater than
14 than did the Ziegler–Natta catalyst-synthesized iPP fiber, which contributed to a higher attainable
maximum tensile strength of the metallocene catalyst-synthesized iPP fiber. The fibrillation at fracture
and whitening were also suppressed for metallocene catalyst-synthesized iPP. Furthermore,
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macroscale void formation, estimated by the fiber diameter, in the Ziegler–Natta catalyst-synthesized
iPP fiber was more pronounced than that in the metallocene catalyst-synthesized iPP fiber having an
equivalent amount of nanoscale voids (~10 nm) estimated from the equatorial streak of the SAXS.
The lower content of macroscale voids form in the drawing of the metallocene catalyst-synthesized
iPP fibers was consistent with the suppressed fibrillation tendency at fracture.
In Chapter 3, the structure and mechanical properties of fibers produced with high molecular
weight (melt index of 4 g/10 min) metallocene catalyst-synthesized iPP have been compared with
those of Ziegler–Natta catalyst synthesized iPP and low molecular weight iPPs. To estimate the
attainable maximum tensile strength, each polymer was taken up at the lowest possible speed, and the
as-spun fibers were drawn to the maximum draw ratio at the highest possible temperature. The
mechanical properties and high temperature creep behavior were analyzed, and they were compared
with those of fibers fabricated with different polymers. The nanometer to micrometer scale fiber
structure was also analyzed by wide, small, and ultra-small angle X-ray measurements. The high
molecular weight metallocene catalyst-synthesized iPP fibers showed higher tensile strength, higher
initial modulus, and lower creep strain at 125 °C than Ziegler–Natta catalyst synthesized iPP fibers.
Moreover, higher maximum tensile strength of 1.39 N/tex (1.3 GPa) was obtained for the high
molecular weight metallocene catalyst-synthesized iPP fibers compared with the low molecular weight
metallocene catalyst-synthesized iPP fibers. A maximum initial modulus of 26.0 N/tex (23.0 GPa) was
also obtained for the high molecular weight metallocene catalyst-synthesized iPP fibers. The both
molecular weight metallocene catalyst-synthesized iPP fibers also showed smaller crack diameter than
that of the high molecular weight Ziegler–Natta catalyst synthesized iPP fibers.
From Chapter 2 and 3, the higher tensile strength of narrow molecular weight distribution iPP
should be explained by the suppression of macroscale voids formation and crack development, which
should be brought by the more uniform molecular chain network. The lower creep strain at high
temperature is also explained by the uniform molecular chain network.
In Chapter 4, to investigate the breaking mechanism of knotted iPP monofilament, that is, thick
single fiber, the knot-pull, tensile, and loop strengths were evaluated for neat and additive-containing
PP fibers fabricated by melt-spinning and drawing. The broken fiber ends resulting from the loop and
knot-pull tests were examined via SEM. The deformation behavior of the knot during the knot-pull
test was also investigated. The knot-pull strength was constantly lower than the tensile and loop
strengths. In contrast, the loop strength of the low-draw-ratio fibers was clearly larger than the tensile
strength, but largely decreased in the high-draw-ratio fibers. The SEM revealed two forms of broken
fiber ends: the low-draw-ratio fibers, which were broken at the knot entrance, hardly produced buckled
fiber ends, whereas the high-draw-ratio fibers, which were broken within the knot, produced buckled
and fibrillated fiber ends. The tendency observed for the high-draw-ratio fibers was confirmed by
image analysis of the video obtained during the knot-pull test. That is, the knot thickness of the high77

draw-ratio fiber continued to decrease until fiber breakage, even after the knot length stopped
decreasing. This indicates that fiber buckling occurred before fiber breakage. Therefore, the low-drawratio fiber likely broke as a result of the normal stress difference, whereas the high-draw-ratio fiber
probably broke at the buckled part in the knot with fibrillation as a result of lateral compressional force.
The additive increased the tensile strength, particularly in the high-draw-ratio fibers, whereas it barely
affected the knot-pull strength. The additive probably leveled the stress applied to the fibrils, but it
also promoted fibrillation in the fiber. The knot-pull strength hardly increased because the promotion
effect was likely cancelled by the tensile strength increase. The promotion effect also reduced the
tensile strength of the low-draw-ratio fibers, but the knot-pull strength was not reduced. This was
because fibrillation seemed to be suppressed by the increase in hydrostatic pressure.
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