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ABSTRACT: We report the enthalpy for the mesomorphic to R-monoclinic phase transition in polypro-
pylene under varying thermal treatments. The mesomorphic phase is created by fiber spinning and rapid
quenching methods and identified using wide-angle X-ray diffraction and differential scanning calorimetry.
Fiber mesomorphs are found to have a 3-fold increase in enthalpy of transition per gram of mesophase
compared with our measurements of quenched polypropylene and previous reports of quenched polypro-
pylene. In addition, systematic tensile testing over a range of spin speeds and polymer morphologies reveals
that the presence of mesomorphic regions does not correlate with reduced fiber strength as has been
previously suggested. Fiber true stress-true strain curves obtained at varying take-up velocities are compared
to determine the “tensile strain shift”, which should theoretically provide ameasure ofmolecular orientation.
We find that the tensile strain shift correlates with birefringence, thereby providing an alternative method to
assess molecular orientation in fibers, an important factor for fiber strength. This approach can prove useful
for fibers in which measuring the molecular orientation via birefringence is not an option.

1. Introduction

Much work has been done to produce fibers by and model
high-speed melt spinning1 for the production of high-tenacity
filaments for a number of polymers.2-6 Such processes generally
include postspinning drawing steps that result in greater molec-
ular orientation in the fiber. Though similar inmanyways tomelt
spinning, nonwovens processes that aim to create high-strength
webs from fibers in a single continuous process such as spun-
bonding7 or melt blowing may present extra challenges due to
their coupled spin-draw step. While both melt spinning and
nonwovens processes were commercialized by the 1950s,8 a much
greater emphasis onmodeling in the literature has been applied to
generalized melt-spun fiber formation and use.

Because of relative ease of spinning, low cost, and rapid
crystallization, isotactic polypropylene (iPP) is one of the most
commonly spun polymers in nonwovens processes. iPP crystal-
lization is a complex process that involves several crystalline
morphologies and competing crystallization mechanisms that
depend greatly on temperature and stress. iPP has been shown
to crystallize predominately in the R-monoclinic form under
isothermal crystallization,9 in slow cooling,10 and during melt
spinning of filaments.11 The β-hexagonal or γ-triclinic poly-
morphs may be obtained while crystallizing from the melt at
high undercoolings or pressures orwith the additionof nucleating
agents.12-16 The “meso” polymorph, often described as a smectic
or paracrystalline phase, has been identified in iPP treated by very
high rates of cooling from themelt,17,18 isothermal crystallization
between 0 and 40 �C,19 and in fiber spinning at moderate take-up
velocities, high extrusion temperatures, low molecular weight
distributions, and low draw-down ratios.11,12,20-22 The meso-
morph is not an imperfect crystal, but rather hasmolecular order-
ing between that of the amorphous phase and a true crystalline

phase;23 mesomorphic iPP has a high degree of order in the
direction of the chain axis but little in its lateral packing.24

Mesomorphs are not unique to iPP, having been shown for a
wide variety of polymers including polyesters and polysilox-
anes,25 and are important for improving polymer clarity26 and
possibly polymer processability.24

Both the R and meso iPP polymorphs are composed of 31
helices. While the arrangement of the left- and right-handed
helices of the mesomorphic form are disordered, left and right
helices follow a well-defined sequence of handedness in the R
form.27,28 Upon heating, the meso phase transforms into the R
phase, possibly by thickening of existing R crystals and/or by
structural rearrangements in the mesomorphic phase.29 The
mechanism of this structural rearrangement has yet to be deter-
mined in any conclusive way.18,28,30-33 Androsch28 observed the
meso-to-R phase transition through atomic force microscopy of
nanoscale domains and determined that initial mesomorphic
domains were not destroyed during the phase transformation
but could not rule out local melting within domains. Conse-
quently, it is unclear if the meso-to-R phase transition occurs via
melting into the liquid state or rather by a direct solid-to-solid
transition. Two possible mechanisms of the meso-to-R transition
have been discussed, one involving chains unwinding to reverse
handedness and the other requiring chain translocation without
changing handedness.28,33

Extensive work has been published describing the effect of
spinning conditions on the development of orientation in theR, β,
and amorphous phases in iPP fibers, yet orientation development
of themesophase (and themesophase in general) has largely been
ignored in fibers.21While orientationof the amorphous phase has
been linked to fiber strength,34 with crystallites acting as network
junctions,35 the role of mesophases on mechanical properties is
ambiguous. It has been suggested that mesophase content poses
significant detriment to the strength of iPP fibers36 and increases
ductility in quenched films,37 yet polymer mesophases are cred-
ited with improving mechanical properties and processability
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over crystalline phases.24 Further gains in defining structure-
property relationships for semicrystalline polymers have not
been made due to an incomplete understanding of viscoelastic
and viscoplastic responses of the variousmorphologies present in
the polymer, during the melt solidification stage or during
mechanical tests at ambient temperature.38 An overwhelming
majority of studies on the thermal behavior of iPP surrounding
the meso-to-R transition focuses on mesomorphic iPP formed by
rapid quenching rather than fiber spinning. Estimated enthalpies
of the meso-to-R phase transition range from 8.8 to 16.7 J g-1 for
quench-formed meso iPP due to varying polymer thermal his-
tories, experimental methodologies, and polymer grades,30,39-41

which makes accurately determining the meso and crystalline
content of iPP materials by differential scanning calorimetry
(DSC) difficult. Additionally, it has been shown that the enthalpy
of the meso-to-R phase transition may differ for fibers and
quench-formed meso iPP.36

In this study we compare the enthalpy of the iPP meso-to-R
phase transition of fibers to that of quenched polymer and discuss
the implications of the enthalpy in terms of supporting existing
theories of the mechanism of this phase transition. Further, we
report the mechanical properties and orientation functions of
meso-containing iPP fibers in the context of melt spinning and
spunbonding routes of iPP fiber formation and assess the depen-
dence of the mesomorphic phase orientation on take-up velocity
with a three-phase model. We begin with a discussion of fibers
containing mesophase iPP and follow with that of quenched-
formed iPP, ultimately comparing the thermal properties of each.

2. Experimental Section

2.1. Materials and Sample Processing. Commercially avail-
able iPP formulations with similar molecular weight profiles
were selected from twomanufacturers: iPPS (Sunoco Chemicals
Polymers Division, product CP360H) and iPPE (ExxonMobil
Chemical, product PP3155) (Table 1). Melt-spun iPPS and iPPE
fibers were produced at the Hills spinning line in the College of
Textiles Fiber Science Lab at NC State University at take-up
velocities up to 2000mmin-1. No secondary drawing was applied
to melt-spun fibers. Spunbond iPPS fibers were produced at the
Nonwovens Cooperative Research Center (NCRC) Partners’
Pilot facilities located at NC State over a range of aspirator
pressures. Fibers were collected following extrusion but before
the bonding step so that the as-spunmorphology couldbe studied.
All fibers were spunwithmass throughputs of 0.4 g hole-1 min-1.
Fibers were also collected for each process without the use of the
godet or aspirator pressure with the intent of creating unoriented,
isotropic fibers at a low take-up velocity. This velocity (≈20 m
min-1) is referred to as the “free fall” velocity. The densities of
semicrystalline fibers were estimated from the densities for 100%
crystalline, amorphous, andmesomorphic iPP: FC= 0.936, FA=
0.858, and FM = 0.916 g cm-3.42,43 Because of the nature of
spunbonding, individual fiber take-up velocities are variable and
unknown at the time of formation. The equivalent take-up
velocities for spunbond fibers are calculated from the continuity
equation (eq 1) to facilitate comparison between spunbond fibers
and melt-spun fibers, for which take-up velocity V (m min-1) is

directly controlled.

V ¼ Q

FAc
ð1Þ

In eq 1, Q is the throughput (g hole-1 min-1), F is the polymer
density (g m-3), and Ac is the average cross-sectional area of an
individual fiber (m2).

Quenched iPPS and iPPE polymers were prepared by heating
the respective resins in a furnace to 225 �Cuntilmolten (∼5min),
pressing the molten polymer between sheets of aluminum, and
holding in a furnace at 225 �C for 15min. Samples were removed
from the furnace directly into a quench bath. iPPEwas quenched
in ice-water (0 �C), while iPPS was quenched at four different
conditions: ice-water (0 �C), acetone-dry ice (-78 �C), penta-
ne-liquid N2 (-131 �C), and liquid N2 (-196 �C).41,44
Quenched polymers were then brought up to, stored, and
indexed at room temperature.

2.2. DSC Measurements. The crystalline (xC), mesomorphic
(xM), and amorphous (xA) fractional content was determined
using a TA Instruments Q2000 model differential scanning
calorimeter. Scans were carried out on 6 to 12 mg samples in
standard aluminum pans calibrated to an indium standard.
Heating rates, unless otherwise specified, were 10 �C min-1

under 50 mL min-1 N2 purge. To identify the fraction of
polymer in the crystalline phase, the heat of fusion for a sample
ΔHm was compared to the heat of fusion of a gram of 100%
crystalline polypropylene ΔHm� according to eq 2.

xC ¼ ΔHm

ΔHo
m

ð2Þ

ΔHm� = 207 J g-1 was used for 100% crystalline iPP.45

2.3. Wide-Angle X-ray Diffraction (WAXD) Measurements.

X-ray diffraction studies were conducted with a Cu KR radiation
source (λ = 1.542 Å) at 40 kV �30 mA for 1800 s on a Bruker
D-5000 diffractometer equipped with a Highstar area detector.
Diffraction patterns were analyzed with Bruker General Area
Detector Diffraction System (GADDS) software. Fibers were
aligned by winding around a frame and placed in the apparatus
oriented vertically, with the plane of the fibers perpendicular to the
X-ray beam. In transmission mode, the intensity was recorded for
2θ in the range of 10�-32�. Scans taken with an empty sample
holder served as a background for subtraction. Orientation of the
crystalline regions with respect to the fiber axis can be determined
according to the method of Wilchinsky assuming rotational
symmetry about the fiber axis, as shown in eq 3, and by employing
the Hermans-Stein orientation factor, eq 4.46-48

cos2 φj, z ¼
R π=2
0 Ihklðφj, zÞ cos2ðφj, zÞ sin φj, z dφj, zR π=2

0 Ihklðφj, zÞ sin φj, z dφj, z
ð3Þ

fj ¼ 3 cos2ðφj, zÞ-1

2
ð4Þ

Here, Ihkl is the intensity defracted from the (hkl) planes which
are normal to the j-crystallographic axis. In R-monoclinic iPP,
the helices lay along the c-crystallographic axis, which lacks a
convenient reflection, so the intensities of the Æ110æ and Æ040æ
bands were integrated as a function of the azimuthal angle. The
average cosine squared of the angle between the fiber axis and
the c-axis can be calculated according to eq 5.

cos φ2
c, z ¼ 1-1:1099 cos2ðφ110, zÞ-0:901 cos φ2

040, z ð5Þ

Mesomorphic iPP was modeled as a hexagonal crystal.49 Be-
cause of symmetries within a hexagonal crystal,50 only one

Table 1. Physical Properties of iPP Resins

resin iPPS (Sunoco) iPPE (Exxon)

MWn (Da) 58500a

MWw (Da) 160000c 153000c

PDI 3.04,a 3.24c 3.51c

melt flow rate (MFR) (dg min-1) 35,a 35c 35,a 37c

zero shear viscosity (Pa s) 682b 747b

isotacitcity mmmm (by NMR) 0.95a

isotacitcity mmmm (by FTIR) 0.93b 0.94b

aReported by manufacturer. bMeasured by the authors. cCorrelated
to dynamic rheological properties.
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reflection is required to characterize the mesomorphic orienta-
tion, which was estimated according to eq 6.

cos φ2
c, z ¼ 1-2 cos2ðφ0002, zÞ ð6Þ

2.4. Fiber Mechanical Testing. Mechanical testing of fibers
was conducted on an Instron model 5544 at ambient conditions
and analyzed with Bluehill v. 1.00 software. The Instron was
fitted with 0.9 cm clamps and a 5 N load cell. Single filaments
with a gage length of 28.6 mm were drawn at a crosshead speed
of 25.4 mm/min until breakage occurred.

2.5. Microscopy. Fiber diameters measured by optical micro-
scopy were used to calculate fiber cross-sectional areas. The
refractive indices of polypropylene fibers were measured by a
Mach-Zehnder type interference microscope by Aus Jena with
polarized green light (λ=546 nm). Fiber birefringence (Δn) was
calculated from refractive indices (n) in the directions parallel
and normal to the fiber axis.

n )or^ ¼ no þ Zλ

DB
ð7Þ

Δn ¼ n ) -n^ ð8Þ
Here, Z is the width of fringes, B is the fringe shift, and no is the
refractive index of the immersion oil.

Birefringence relates to the molecular orientations of each
phase according to

Δn ¼ xCfCΔ
o
C þ xAfAΔ

o
A þ xMfMΔo

M ð9Þ
where we have included the mesomorphic phase contributions
to the total birefringence. Intrinsic birefringences (Δ�) used were
0.331, 0.040, and 0.0468 for the crystalline, mesomorphic, and
amorphous iPP phases, respectively.34,43,51,52 Calculation of the
orientation functions of the crystalline andmesomorphic phases
(fC and fM) are described by eq 4while eq 9 is used to solve for the
amorphous orientation function (fA). Equation 9 ignores the
formbirefringencewhich takes into account the crystallite shape
and generally only contributes 5-10% of the overall birefrin-
gence for most polymers. However, polypropylene has been
reported to have negligible form birefringence.34

3. Results and Discussion

3.1. Fiber Extrusion: Morphology and Molecular Orienta-
tion.Figure 1 showsWAXDspectra for iPPS spunbond, iPPS

melt-spun, and iPPE melt-spun fibers for a range of take-up
velocities. WAXD patterns exhibiting strong peaks located
at 2θ=14.2�, 17.1�, and 18.7� correspond to the (110), (040),
and (130) R-monoclinic reflections, respectively,53,54 while
broad reflections at 2θ=15� and 21� correspond tomesomor-
phic iPP.55Melt-spun and spunbond fibers exhibitR reflections
at both low and high take-up velocities. Because of the ease of
controlling the take-up velocity on a melt spinning line, fibers
were obtained at very low to moderate velocities (20 < V <
1600mmin-1) thatwerenot alwayspossiblewith the spunbond
process. However, where similar take-up velocities were ob-
tained by both processes, melt-spun and spunbond fibers
possessed similar crystalline morphology (in Figure 1: com-
pare A with B and D with E).

Focusing first on lower speeds, WAXD patterns for iPPS
melt-spun fibers are dominated by mesomorphic reflections
for take-up velocities at or above about 100 m min-1 up to
about 1000mmin-1. iPPE, however, contained amixture ofR
and meso phases at the lowest possible V (free fall extrusion,
≈20mmin-1), and crystallization was completely suppressed
in favor of meso formation at velocities as low as 30 mmin-1.

Both iPPS and iPPE redeveloped R-crystallinity above about
1500 m min-1. Annealing the mesophase at 120 �C, which is
below the melting point of iPP, results in replacement of
mesomorphic phase with R-monoclinic phase (for figure, see
Supporting Information). Figure 2 summarizes the as-spun
phase composition as determined by DSC of melt-spun and
spunbond iPPS fibers, which are consistent with WAXD
results. The mesomorphic fraction was determined using the
enthalpy of the meso-to-R phase transition for a given
sample relative to the enthalpy required to convert a sample
of 100%mesophase to the R-form; the details of establishing
the reference enthalpy in fibers (43.7 J gmeso

-1) are the subject
of section 3.4. Note that the amorphous content of fibers
is essentially constant over the entire range of take-up

Figure 1. WAXD spectra for isotatic polypropylene (iPP) fibers. Sub-
sripts “S” and “E” refer to source of polymer, S corresponding to
Sunoco and E to Exxon. (A) Spunbond iPPS, 2000 m min-1. (B) Melt-
spun iPPS, 2000 m min-1. (C) Melt-spun iPPS, 300 m min-1.
(D) Spunbond iPPS, ≈20 m min-1. (E) Melt-spun iPPS, ≈20 m min-1.
(F)Melt-spun iPPE, 2000mmin-1. (G)Melt-spun iPPE, 1000mmin-1.
(H) Melt-spun iPPS, ≈20 m min-1. Shaded areas indicate approximate
spin speeds resulting in mesomorphic formation.

Figure 2. Mass fraction of each phase for iPPS fibers determined by
DSC. Subscripts refer to amorphous (A), mesomorphic (M), and
crystalline (C) phases. Fibers with filled symbols were prepared bymelt
spinning and open symbols by spunbonding.
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velocities at 55%; the total of the mesomorphic and crystal-
line phases are limited to and compete for the remaining 45%
of the polymer mass in the fibers. Therefore, as the as-spun
fraction of mesomorph changes with take-up velocity, the
crystalline content responds with an equal and opposite
change, which can be seen in the plots ofmeso and crystalline
fractions that are mirror images of each other with respect to
take-up velocity (Figure 2).

Fiber birefringence, which indicates the overall molecular
orientation,56 is reported in Figure 3. Fibers produced at the
free fall velocity (≈20 m min-1) were unoriented on a
molecular scale. The overall orientation increased monoto-
nically with take-up velocity but remained constant above
1500-2000 m min-1 for melt-spun fibers. Spunbond fibers
followed a similar trend, reaching maximum Δn between
1600 and 2000 m min-1. Bosley56 discussed fiber molecular
orientation in terms of fiber length, where the length of an as-
spun fiber is related to the theoretical length that fiber would
have if the orientation could be relaxed to zero. Similarly, as
an unoriented fiber is subjected to macroscopic deformation
in the form of tensile extension, the molecular orientation
increases along with length. In theory for semicrystalline
polymers, isotropic fibers should contain the entire stress-
strain profile (“master curve”) for the polymer, where the
true strain can be thought of as the length of the fiber as it is
drawn. Figure 4A shows the true stress (σT) versus true strain
(εT) for melt-spun and spunbond fibers at a range of take-up
velocities (and hence as-spun molecular orientations). By
superimposing each of the curves onto the master curve via
shifting them along the strain axis (Figure 4B), it can be seen
that as take-up velocity increases, each curve begins at an
incrementally higher strain or “length”. The percent strain
required to overlay a curve to the master curve is referred to
here as the strain shift (ΔεT). There were no significant
differences between the strain shift calculated for spunbond
and melt-spun fibers produced at equivalent take-up velo-
cities. Figure 5 shows Δn versus ΔεT for the series of spun-
bond and melt-spun fibers. For Δn above about 0.003, Δn∼
ΔεT. However, at lower orientations, the strain shift is more
sensitive to increases in take-up velocity (and possibly orien-
tation) than Δn. At orientations relevant to fiber formation,
the strain shift may be an excellent and convenient predictor
of overall molecular orientation and fiber strength, both of
which are discussed in further detail below.

The overall molecular orientation reflects the sum of the
orientations in the amorphous, crystalline, and, in the case of
iPP, mesomorphic phases (eq 9). Figure 6 shows the orienta-
tion functions for each phase as a function of melt-spun or
spunbond take-up velocity. Crystalline orientation increa-
sed with take-up velocity up to a maximum but did not
change with further increasing take-up velocity. Amorphous

orientations of both the spunbond and melt-spun fibers
increased sharply with increasing take-up velocity up to
≈2000 m min-1 but did not change with further increase in
take-up velocity. Comparing Figure 6B with Figure 3, the
amorphous orientation appears to scale approximately with
Δn. From this, we estimate that for spunbonding or other
fiber-forming processes that do not utilize postspinning draw
steps, it may be possible to relate iPP amorphous orientation
to birefringence and hence to strain shift. Perhaps more
importantly, one may gain insight into the as-spun amor-
phous phase and its solidification during fiber extrusion by a
single, straightforward tensile test such as the strain shift
procedure shown here.

Because the mesomorphic phase is not considered a true
crystalline phase, there are no established methods for
quantifying meso orientation using WAXD. However,
realizing that WAXD detects long-range ordering in the
direction of the PP chain axis in the mesomorphic phase
(Figure 1) and that the meso and R phases compete for the
same nonamorphous 45% of the polymer’s mass (Figure 2),
we consider the meso phase pseudocrystalline for the
purpose of measuring its orientation by WAXD. For
melt-spun fibers produced from 200 to 1000 m min-1, the
absence of strong R reflections (Figure 1) allowed us to
quantify the mesomorphic orientation function. Figure 6C

Figure 3. Birefringence versus take up velocity for iPPS fibers. Fibers
with filled symbolswere preparedbymelt spinning andopen symbols by
spunbonding.

Figure 4. (A) True stress versus true strain for melt-spun (solid) and
spunbond (dashed) iPPS single filaments at ambient conditions. Curves
are averages of 8-10 samples. (B) Data from above with curves shifted
horizontally to create a master curve.

Figure 5. Birefringence versus true strain shift (ΔεT, from Figure 4B)
for iPPS fibers.
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shows that at low velocities (e.g., 200 m min-1) the meso
phase of iPP has random orientation (fM ≈ 0). With in-
creasing take-up velocity, the average angle between the
fiber axis and the mesophase regions decreases (hence,
fM > 0); this indicates that the mesophase orients prefer-
entially in the direction of the fiber long axis with increas-
ing take-up velocity in a manner similar to the amorphous
and crystalline regions. The R phase prevents significant
meso formation at take-up velocities above about 1600 m
min-1. We were not able to deconvolute the XRD reflec-
tions as a function of azimuthal angle for melt-spun fibers
produced at 100 and 1500 m min-1 or spunbond fibers
produced at 1577 m min-1 where significant fractions of
both R and meso phases coexist and overlap in both the 2θ
and azimuthal directions.

In practice, calculating the amorphous orientation re-
quires knowledge of the intrinsic birefringences of each
phase of the polymer. Intrinsic birefringences can be cal-
culated if the phase content of the material and the orienta-
tion of each phase are known for a series of samples, which
means that the amorphous orientation must be calculated
from another independent set of measurements such as the
sonic modulus or FTIR analysis. While this appears rather
straightforward, a series of four experimental measure-
ments are required for each sample in the series (density,
birefringence, X-ray diffraction, and sonicmodulus), so the
calculated intrinsic birefringences are very sensitive to
experimental error. It is not surprising, therefore, that
several values have been reported in the literature,34,51,52

the median of which was used to calculated the orientation
functions in this work.While we believe the trends are accu-
rate and the orientations realistic, we provide the caveat
that the calculated orientations presented here depend
greatly on the value of the intrinsic birefringence one
chooses to employ.

The strain shift reflects various degrees of molecular
deformation and can be used to evaluate the mechanisms

of deformation.51 Affine deformations involve network
junctions separated by flexible chains, where junctions are
displaced in proportion to the amount of deformation as the
polymer is stretched. This type of deformation can be
modeled according to eq 10, where ÆP2æ is an orientation
parameter which we take to represent the overall or indivi-
dual phase orientation functions, the fitting parameter N
represents the number of chain segments between network
points, Δnmax is the maximum birefringence for a polymer,
and ΔεT can be related to the network draw ratio (ω)
according to eq 11.57-59

ÆP2æ ¼ Δn

Δnmax
¼ 1

5N
ω2 -

1

ω

� �
ð10Þ

ω ¼ ΔεT
100%

þ 1 ð11Þ

Pseudoaffine deformations do not involve extension of
individual elements, but rather rigid segments that rotate in
proportion to macroscopic deformations, which can be
modeled according to eq 12.

ÆP2æ ¼ Δn

Δnmax

¼ 1

2

2ω3 þ 1

ω3 -1
-

3ω3

ðω3 -1Þ3=2
arctanððω3 -1ÞÞ1=2Þ

 !

ð12Þ
Figure 7A shows that macroscopically (that is, in terms of
overall orientation) iPP fibers are consistent with affine
deformation. Several values for the fitting parameter N are
shown; N = 1.46, 2.00, and 1.49 correspond to the least
squared difference for the region where ω < 2, ω > 2, and
for the entire range ofω, respectively. The affine model well-
describes the amorphous phase (Figure 7B), while the pseu-
doaffine model qualitatively predicts the shape (convex
down) of the meso phase curve (Figure 7C), though it does
not allow for themeso formation and orientation only atVg
100 m min-1. The crystalline phase orientation (not shown)
cannot be definitively fitted to either the affine or pseudoaf-
fine deformation mechanisms due to the absence of crystal-
linity at intermediate orientations (see Figure 2). This
indicates that deformation mechanisms can be evaluated
using the strain shift in the amorphous and mesomorphic
phases for iPP. Further, because the amorphous phase is
shown to follow affine-type response when the nonamor-
phous fraction is mesomorphic, crystalline, or a combination
of both, the data would suggest that the mesomorphic and
crystalline regions can both act as “network junctions”
connected by amorphous “flexible chains”.

The mechanical properties of mesomorphic-containing
fibers have not been studied in a comprehensive manner,
though Nitta and Odaka60 found that the Young’s modulus
of iPP meso phase is between that of the amorphous and
crystalline phases and that the yield strength of the meso
phase is lower than that of crystalline iPP.60 Both of these
findings would suggest that themesophasemechanical prop-
erties are intermediate to the amorphous and crystalline
phases and support the use of a three-phase model (such as
eq 9) to account formesomorphic contributions to ameasur-
able quantity, which are distinct from amorphous and crys-
talline contributions. Figure 4 shows that fibers containing

Figure 6. Orientation function versus take-up velocity for the (A)
crystalline, (B) amorphous, and (C) mesomorphic phase calculated
for iPPS fibers. Fibers with filled symbols were prepared by melt
spinning and open symbols by spunbonding.
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even large percentages of mesomorphic iPP (200-1000 m
min-1) fit the true stress-true strain master curve and
together Figures 4 and 5 show that over the take-up velocity
series the strain shift increases monotonically over changing
morphologies and most clearly relates to increases in orien-
tation, regardless of crystalline morphology. Most convin-
cingly, Figure 8 shows two measures of fiber strength,
tenacity, and elongation to break, plotted with the fraction
of mesomorphic material present in iPPS fibers. If the meso-
morphic phase were harmful to fiber strength, we would
expect the tenacity to be highest at very low and high spin
speeds where no meso phase was present. By visual inspec-
tion, the tenacity appears to be dependent on orienta-
tion instead (compare Figures 3 and 8). Taken together, we
conclude that the mesomorphic phase does not deleteriously
affect iPP fiber strength (compare to a recent study36 which
did not address fiber size or control for fiber molecular
orientation between mesomorphic and R-crystalline iPP
fibers).

3.2. Polymer Quenching: Morphology. Next, the thermal
properties of mesomorphic iPP created by two distinct sets
of thermal treatment conditions are compared: (1) applied
stress and cooling that occurs during fiber spinning
and (2) rapid quenching in the absence of applied stress.
Mesomorphic morphology resulted from quenching iPPE in

conditions as mild as ice-water (0 �C). However, we
were unable to form discernible fractions of mesomorphic
phase for iPPS in even with our harshest quenching condi-
tions (liquid nitrogen) (Figure 9), despite the ability of the
iPPS resin to form the mesomorph during fiber spinning
(compare with Figure 1C).

3.3. Resin Properties: iPPS and iPPE. Because of subtle
differences in polymer architectures or formulations, the
mesomorphic form was easier to develop in iPPE than iPPS;
the iPPE meso phase occurred at the lowest possible take-up
velocity and under mild quench, while iPPS required take up
velocities of at least 100 m min-1 and presumably quench
rates much greater than we were able to achieve with a liquid
N2 quench bath. Isotacticity is thought to play in important
role in mesomorphic formation. The isotacticities of iPPS

and iPPE are reported in Table 1. Relatively low isotacticity
in PP (mmmm < 0.89) has led to meso phase in fiber
extrusion at moderate velocities, while highly isotactic PP
(mmmm > 0.97) gave strictly R-crystalline fibers at all
velocities,21 which is in good agreement with what we found
for both resins (mesomorphic phase present at moderate
take-up velocities for mmmm ≈ 0.93-0.95). However, the
inability to suppress crystallization by rapid quenching of
iPPS was surprising; iPPS isotacticity is well above the
predicted minimum critical requirement to produce meso
phase (mmmm g 0.680)23 and is similar to the iPPE isotac-
ticity. In addition, both resins possess similar melt flow
indices, zero shear viscosities, and transitions from New-
tonian to shear thinning behavior (i.e., viscosity dependence
on shear rate; data included as Supporting Information) as
well as molecular weights (MW) and polydispersities (PDI)

Figure 7. (A) Birefringence, (B) amorphous orientation function, and (C) mesomorphic orientation function versus network draw ratio for PP
spunbond (b) and melt-spun (0) fibers. Predictions based on affine (dashed lines, with varying fitting parameter N) and pseudoaffine models (solid
lines).

Figure 8. Tenacity (triangles, large dash), extension to break (squares,
small dash), andmass fractionmesomorphic phase (circles, solid) versus
spin speed for melt-spun (filled symbols) and spunbond (unfilled
symbols) fibers. Error bars indicate standard error and trend lines are
to guide the eye.

Figure 9. WAXD spectra for (A) iPPS, liquid N2 quenched, and
(B) iPPE, quenched in ice-water.
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(Table 1). Therefore, the inability to form mesophase at the
same conditions in the two resins are attributed to differences
in resin production which could include residual catalyst or
other materials which nucleate crystallization in the iPPS

formulation.
3.4. Thermal Processing and Mesomorphic Formation.

Figure 10 shows the heat flow versus temperature for selected
melt-spun fibers and quenched polymer. Fibers produced by
melt spinning or spunbonding exhibit a single or double,
broad melting endotherm depending on take-up velocity. At
moderate take-up velocities (e.g., 300 m min-1), DSC traces
also exhibit a small, wide exotherm at≈100 �C, indicative of
the mesomorphic to R phase transition.61 The appearance of
this exotherm corresponds with the appearance of meso-
morphic reflections by WAXD (compare Figures 1 and 10).
When the mesomorph is present, determining xC or xM in a
fiber by DSC is difficult; ignoring the meso exotherm results
in an overestimate of the crystallinity of an as-spun fiber, yet
reported values for ΔHMfR are based on quench studies of
the iPP meso phase, not fiber extrusion, which makes any
estimate of the mesomorphic mass fraction dubious. There-
fore, we investigated the enthalpy of the meso-to-R phase
transition as a function of polymer processing. We assume
that melt-spun fibers produced at 300 and 500 m min-1

contained no measurable R-crystalline fraction based on
both WAXD and DSC and (refer to Figures 1 and 10) and
that crystalline material produced during the course of the
DSCheating ramp occurred via themesomorphic-to-R route
only.31,33 We integrated the heating curves to obtain the
exotherm associated with the meso-to-R transition
(ΔH0

MfR, J gsample
-1) and the endotherm associated with

the melting of the transformed crystals (ΔHm, J gsample
-1).

Comparing ΔHm to ΔHm� according to eq 2, we were able to
calculate the fraction crystallinity in the samples which
resulted from transforming the mesomorphic phase (xC

0)
which is identical to the fraction mesomorphic phase present
in the unheated sample (xM). The enthalpy associated with
the meso-to-R transition (ΔHMfR, J gmeso

-1) was calculated
by dividing ΔH0

MfR by xM according to eq 10.

ΔHM f R ¼ ΔHM f R
0

xM
ð10Þ

OnceΔHMfR had been determined from samples containing
no crystalline material before heating, the mesomorphic
content of samples with both mesomorphic and crystalline
fractions can be evaluated by comparingΔH0

MfR toΔHMfR
in a manner similar to calculating the crystallinity by
comparing a melting endotherm to the standard melting

endotherm. By reporting the specific enthalpy ΔHMfR
rather than the observed enthalpy ΔH0

MfR, we hope to
determine unambiguously the enthalpy of this phase transi-
tion that is specific to fiber formation and which can be
applied to fibers with varying xM.

ΔHMfR for quenched iPPE (14.5 J gmeso
-1, Figure 11)

agrees well with those values reported for other quenched
iPP resins. The melt-spun fiber iPPE ΔHMfR, however, is
more than 3 times greater (∼43.7 J gmeso

-1, Figure 11).While
thermal processing clearly affects ΔHMfR, the heat mea-
sured for this phase transition is independent of the polymer
(iPPS compared to iPPE) and the rate of heating over the
range of 1-20 �Cmin-1. The amorphous fraction remaining
in the quenched polymer is much higher (0.67) than for fibers
(0.55), which suggests that during quenching the polymer
was cooled more rapidly that in fiber spinning and/or that
the molecular orientation that results during fiber spinning
aids in the formation of the mesomorphic phase. The wide
range of values for the enthalpy of phase transition reported
in the literature may be due to varying, yet unaccounted for,
xM resulting from varied rates of quench. Note that xM of
fibers, calculated using DSC and reported in Figure 2, were
determined using the enthalpy of phase transition deter-
mined in this work of 43.7 J gmeso

-1.
3.5. Mechanism of Meso-to-r Phase Transition. Two po-

tential mechanisms, reversing helix handedness and chain
motion (translation) while retaining handedness, have been
provided to explain the mesomorphic-to-R phase transi-
tion.28,33 Reversing handedness for poly(β-phenylpropyl
L-aspartate)62 and polytetrafluoroethylene63 has been shown,
as well as the enthalpy associatedwith uncoiling carrageenan
double helices.64 However, reversing of handedness is con-
sidered to be an unlikely molecular event for polyolefins.65

Instead, helical phase II to helical phase I transitions in
i-poly(1-butene) result from translation, not changes in hand-
edness. Multiple, competing mechanisms of phase transfor-
mation have been shown for poly(N-isopropylacrylamide),
where the enthalpy of phase change depends on whether the
polymer undergoes mostly intrachain folding or interchain
aggregation, which is dictated by heat treatments or solution
conditions.66 The magnitude of the differences in ΔHMfR in
iPP for each thermal treatment (i.e., fiber extrusion com-
pared to quenching) indicates that fiber spinning creates
a more thermally stable mesophase than quenching. The
existence of distinct ΔHMfR for quenching and fiber extru-
sion may support the theory of multiple available mecha-
nisms for the meso-to-R phase transition, where each can act
simultaneously depending on the thermal treatment of the
polymer.

Figure 10. DSC heating thermograms of quench cooled iPPE and iPPS

fibers with a heating rate of 10 �C min-1.
Figure 11. Enthalpy of the mesomorphic-to-R phase transition in iPP
fibers and quenched polymer for heating rates of 1-20 �C min-1.
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4. Conclusions

The enthalpy of the meso-to-R phase transition in iPP has
been reported for quenched iPP and fibers spun from iPP. The
enthalpy of phase transition for quenched polymer is in agree-
ment with previous reports, while the fiber enthalpy of phase
transition was much greater, indicating a more thermally
stable phase in spun fibers. Therefore, the ΔHMfR for the
quenched polymer does not accurately predict the crystallinity
in fibers. Orientation of the mesomorphic phase was estimated
using traditional crystal orientation theory for X-ray diffrac-
tion and resulted in realistic orientations similar to those of
true crystalline phases. Molecular orientation of all three
phases (crystalline, mesomorphic, and amorphous) increased
with increasing take-up velocity to a point. Mechanical prop-
erties of iPP showed no correlation to the presence of the
mesomorphic phase but clearly related to molecular orienta-
tion. Tensile strain was shown to predict molecular orientation
for iPP fibers, where the strain shift was linearly proportional
to the overall molecular orientation in the fibers for a wide
range of orientations. This suggests that strain shift can be
used as an effective alternate approach to assessing molecular
orientation in fibers and may prove particularly valuable for
fibrous systems where birefringence cannot be used.
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