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ABSTRACT: The melt spinning of metallocene catalyzed isotactic polypropylene (miPP)
resins was investigated. The as-spun filament properties from six miPP resins were
studied with melt flow rates (MFR) between 10 and 100, and a Ziegler–Natta catalyzed
isotactic polypropylene (zniPP) resin with a MFR of 35 was studied for a comparison.
Generally, as the molecular weight increased the filament density increased, the
birefringence decreased, the tensile strength decreased, and the elongation to break
increased. As the spinning speed increased, the density, birefringence, tensile strength,
and crystalline and noncrystalline orientation functions generally increased. However,
the low MFR miPP and the zniPP resin had decreases in the birefringence and tensile
strength with an increase of the spinning speed. The miPP resins were found to have
breaking tensile strengths up to 50% higher than the zniPP resin at similar spinning
speeds. The observed fiber properties were explained based on the nature and orien-
tation of noncrystalline portions of the fibers. © 2001 John Wiley & Sons, Inc. J Appl Polym
Sci 82: 3237–3247, 2001
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INTRODUCTION

Earlier studies1–6 reported on the effect of numer-
ous process and materials variables on the struc-
ture and properties of melt-spun filaments pre-
pared from Ziegler–Natta catalyzed isotactic
polypropylene (zniPP).

The present series of two articles describes the
structure and properties of as-spun filaments pro-
duced from a series of metallocene catalyzed iPP
(miPP) resins. In the first article of this series7 we
presented and interpreted on-line data for the
same set of iPP resins studied in the present
report. Furthermore, the effect on the develop-

ment of the fiber structure of the molecular archi-
tecture, which includes the molecular weight
characteristics, defect content, and defect type,
was discussed for these resins in the first part of
this series.7 In the present article we further ex-
amine the structure developed in the as-spun fil-
aments and the implications of the structure de-
velopment on the tensile mechanical properties of
the as-spun filaments.

EXPERIMENTAL

Resin Characteristics

The resin characteristics for the present set of iPP
resins, which included the molecular weight, mo-
lecular weight distribution (MWD), and stereo-
regularity, were described earlier.7 The basic
thermal behavior of the resins, including the
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melting and crystallization temperatures and
heat of fusion, is important information that was
also presented in part I.7

Melt Spinning

Filaments were spun using the same equipment
as in our earlier studies, which can be found in
those articles.3–6 The specific procedures used for
the preparation of the present filaments were de-
scribed previously.7 Briefly, the samples were all
spun as monofilaments; the extrusion tempera-
ture and mass throughput were kept as constant
and consistent as possible for all samples pro-
duced. The extrusion temperature was 210°C,
and the mass throughput was 1.55 6 0.03 g/min.
The mass throughput was measured before and
after each set of fibers was spun. The spinning
speeds were computed from the continuity equa-
tion. The diameter used in calculating the spin-
ning speed came from the on-line steady-state
diameter measured 2.20 m from the spinneret.
The final, off-line relaxed diameters were up to
25% larger than the on-line diameters, depending
on the spinning conditions. The off-line diameters
were used for calculating the cross-sectional area
of the fibers for the measurement of the mechan-
ical properties.

Filament Characterization

Initial studies indicated that the fiber properties
were not constant with time after the initial spin-
ning process, but the fiber properties became rel-
atively constant after conditioning for a period of
time at room temperature. Consequently, all re-
ported as-spun filament characterizations in the
present article were carried out after a 30-day
room temperature conditioning period.

The as-spun filaments were characterized by
measurements of the density, birefringence, wide
angle and small angle X-ray patterns, and tensile
mechanical properties. The experimental proce-
dures were described in our previous articles.3–7

Briefly, the density was measured in an isopropyl
alcohol/water density gradient column main-
tained at 23°C. The birefringence values were
measured using a polarizing microscope equipped
with a Berek compensator and a filar eyepiece.
The tensile tests were run using fibers with an
initial gauge length of 25 mm and a crosshead
speed of 50 mm/min. The reported results are the
average values determined from no less than 10
tensile test specimens for each condition.

Determination of Orientation Functions

The average molecular orientation of the crystal-
lites was given a quantitative description using
the Hermans orientation function.8,9 The orienta-
tion function (fc) describes the orientation of the
polymer chains relative to the fiber axis; it is
defined as

fc ;
3 cos2f 2 1

2 (1)

where cos2f is the average cosine squared value
of the angle f between the chain axis and the
fiber axis. When fc 5 1, the chains are parallel to
the fiber axis, while fc 5 0 represents a random
orientation of the chains. For the crystalline frac-
tion, the value of cos2f was evaluated from azi-
muthal X-ray intensity measurements on the
(110) and (040) reflections as described for iPP by
Wilchinsky10 and Alexander.11

Stein and Norris12 showed that the orientation
of crystalline and amorphous domains of a semi-
crystalline polymer can be related to the birefrin-
gence by

Dn 5 ~1 2 Xc!fncDnc
0 1 XcfcDc

0 1 Dnform (2)

where Xc is the crystalline fraction, fnc is the
noncrystalline orientation function, fc is the crys-
talline orientation function, Dnc

0 is the noncrystal-
line intrinsic birefringence, Dc

0 is the crystalline
intrinsic birefringence, and Dnform is the form bi-
refringence resulting from light interaction with
the two phases. In semicrystalline polymers the
form birefringence is small and is typically ne-
glected.12,13 For iPP, Dc

0 5 0.0291 and Dnc
0

5 0.0600.14–16

RESULTS AND DISCUSSION

Structure of As-Spun Filaments

The density of as-spun filaments as a function of
the spinning speed is presented in Figure 1. For
all resins the density increased with increasing
spinning speed. The results in Figure 1 show that,
although there were minor variations in the order
of the resins at different spinning speeds, the
overall behavior of the metallocene resins was to
exhibit greater density at a given take-up velocity
with increasing molecular weight and decreasing
melt flow rate (MFR). The range of densities of

3238 BOND AND SPRUIELL



these fibers was 0.8900–0.9050 g/cm3, similar to
previous studies of zniPP fibers.3–6 The lower mo-
lecular weight resins showed a greater increase in
density with the increase of the spinning speed
within the range of take-up velocities studied,
while the higher molecular weight resins started
at a higher density and exhibited a smaller in-
crease of density as the take-up velocity was in-
creased. If the increase of density is interpreted
as largely a result of an increase of crystallinity
developed in the filaments, the higher densities
suggest increased molecular orientation en-
hanced crystallization in the spin line with in-
creased molecular weight and spinning speed.
Higher molecular weight resins exhibited greater
effects at lower take-up velocities, and the lower
molecular weight materials required higher spin-
ning speeds in order to develop equivalent crys-
tallinity values.

Close inspection showed that the MWD was
important in determining the filament densities.
Specifically, the Ziegler–Natta resin with a MFR
of 35 (ZN35) and the metallocene resin with a
MFR of 45 (M45) had broader MWDs than the
M32 resin. Although their MFRs were higher, the
densities of M45 filaments were approximately
equal to those of M32, while the densities of ZN35
filaments were higher. The polydispersities were
2.28 for M32, 2.83 for M45, and 3.29 for ZN35.
Their weight-average molecular weights were
172,500 g/mol for M32, 164,500 g/mol for M45,

and 189,100 g/mol for ZN35. The substantially
higher density values of the M22 resin compared
to ZN35 seemed a bit anomalous when consider-
ing the respective MWDs. The weight-average
molecular weight of M22 was 192,100 g/mol and
its polydispersity was 2.25. The parameter that
we believe should be compared in order to explain
the sequence of the density data is the elonga-
tional viscosity. Unfortunately, the elongational
viscosity data for these resins was not available.
However, M22 did exhibit a lower MFR and sub-
stantially higher complex viscosity over a wide
range of frequencies than either M32 or ZN35,
including at low frequencies as shown in Figure 2.
This suggests that the elongational viscosity of
M22 would also be higher than that of M32 or
ZN35.

The birefringence results in Figure 3 show that
as the spinning speed increased, the final bire-
fringence increased for all resins except M10 and
ZN35. The birefringence for M10 decreased, but
that of ZN35 exhibited a modest maximum with
increasing spinning speed in the range of spin-
ning speeds investigated in this study. Figure 3
also indicates that the ultimate birefringence
achieved at higher spinning speeds was generally
increased with decreasing weight-average molec-
ular weight.

Previous studies1–6 stated that increasing mo-
lecular weight at similar MWD values produces
higher birefringence values. This is presumably a

Figure 1 The density of the filaments versus the spinning speed.
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result of more stress in the spin line when com-
pared at the same spinning speed. We observed
that the order of birefringence of the resins was a
strong function of the spinning speed, as well as
their molecular weight. In the lower spinning
speed range the higher molecular weight resins
tended to lead to higher birefringence values, as
previously reported. However, at higher spinning
speeds this trend was reversed, according to Fig-
ure 3. The on-line data shown previously indi-
cated that the higher molecular weight resins
crystallized closer to the spinneret and at higher

temperatures at equivalent spinning speeds.7 The
molecules of the lower molecular weight (higher
MFR) resins eventually became sufficiently ori-
ented to allow the onset of crystallization, which
was due to the melt being continuously elongated
and cooled until crystallization began. In addi-
tion, crystallizing at a lower temperature meant
crystallization was more rapid, which would tend
to produce more tie molecules that are frozen in
more effectively at the lower crystallization tem-
perature. The behavior of the birefringence of the
miPP resins can be understood on the basis of
these considerations.

Earlier studies3,5 on zniPP resins with differ-
ent MWD values indicated that broad MWD sam-
ples developed a higher crystallinity (i.e., density)
and lower final birefringence than did samples
spun with narrow MWD resins with similar MFR.
In these studies the filament birefringence values
tended to decrease as the molecular weight de-
creased or the MWD broadened. Typical birefrin-
gence values were between 0.013 and 0.022; in
the present studies the birefringence values
ranged from 0.016 to 0.030. Clearly there were
substantial differences in the birefringence val-
ues in the two sets of resins. However, it must be
noted that the present set of miPP resins had very
low polydispersities and a very narrow range of
polydispersity values. Further, the resins used in
the previous studies were all prepared with
Ziegler–Natta catalysts. Therefore, it is not sur-

Figure 2 The complex viscosity versus the frequency
for M22, M32, and ZN35.

Figure 3 The birefringence of as-spun filaments versus the spinning speed.
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prising that somewhat different behavior was ob-
served.

In order to determine the origin of the higher
birefringence in the miPP resins, the crystalline
and noncrystalline orientation functions were de-
termined for each fiber. The crystalline orienta-
tion function for the as-spun filaments is shown in
Figure 4. The data show that, as the spinning
speed increased, the crystalline orientation func-
tion generally increased in the range of spinning
speeds studied for each resin. Moreover, as the
molecular weight increased or the MFR de-
creased, the crystalline orientation function also
tended to increase (i.e., the crystalline orientation
function for M10 . M22 ., etc.) at the same
spinning speed. The on-line birefringence studies
in part I7 showed that the higher molecular
weight resins crystallized closer to the spinneret,
which seemed to produce more highly oriented
row nuclei and ultimately higher crystalline ori-
entation according to the data in Figure 4.

The noncrystalline orientation function for
each resin is shown in Figure 5. The value of the
noncrystalline orientation function for the miPP
resins increased with the spinning speed, except
for the M10, which decreased as the spinning
speed increased. Resin ZN35 also showed a de-
crease in the noncrystalline orientation function
as a function of increasing spinning speed. Some
of the miPP resins exhibited a slight maximum in

the noncrystalline orientation function as the
spinning speed was further increased. The M22
resin increased slightly, but not as dramatically,
as the lower molecular weight resins. We previ-
ously showed that the crystallization tempera-
ture increased as the spinning speed increased for
a given resin.7 As the crystallization temperature
increased, it apparently became possible for ori-
ented noncrystalline chains to relax, which was
due to increased thermal energy. At the lower
crystallization temperatures the noncrystalline
orientation was retained and contributed to the
formation of higher birefringence in these fila-
ments. The data suggested that there was a crit-
ical crystallization temperature above which the
noncrystalline regions will relax for a given resin.
The temperature at which the noncrystalline re-
gions relax would likely depend on the molecular
weight in some rough correspondence with the
Williams–Landel–Ferry equation.

Figure 6 shows flat plate X-ray diffraction pat-
terns of a few representative fiber samples. Note
that the patterns indicate that the crystalline per-
fection increased with the increase of either the
spinning speed or molecular weight. A well-devel-
oped a phase was present in the filaments that
were melt spun from the higher molecular weight
samples at all spinning speeds studied. As the
spinning speed and molecular weight decreased
the patterns showed considerable line broaden-

Figure 4 The crystalline orientation function versus the spinning speed.
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ing, indicative of smaller crystal size. Finally, for
the lower molecular weight resins and at the
lower spinning speeds, the patterns indicated the
presence of the oriented smectic form. Comparing
the crystallization temperatures found in part I7

with the present results showed that the observed

differences in structure were consistent with
changes in the crystallization temperature.
Higher crystallization temperatures produced a
better developed a phase. Because the lower mo-
lecular weight resins crystallized at lower tem-
peratures at a given spinning speed, they re-

Figure 5 The noncrystalline orientation function versus the spinning speed.

Figure 6 Flat plate wide angle X-ray spectroscopy patterns illustrating the effects of
the take-up velocity, resin type, and resin molecular weight.
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quired higher spinning speeds to obtain a well-
developed a phase than the higher molecular
weight resins. As noted in part I,7 the occurrence
of the smectic phase was consistent with the fact
often mentioned in the literature17,18 that it ap-
peared when the crystallization temperature was
below about 70°C. Our data indicated that the
occurrence of the smectic form in melt-spun fibers
was little affected by the molecular characteris-
tics, except as these characteristics influenced the
crystallization temperature. In this regard, the
miPP resins appeared to behave like very narrow
distribution zniPP resins. The narrower distribu-
tion caused the crystallization temperature of the
miPP resins to be lower than for broader distri-
bution zniPP resins with similar weight-average
molecular weight and/or MFR.

Finally, the melting temperature of each fiber
as a function of the spinning speed is shown in
Figure 7. As noted in in previous studies,7,19 the
melting temperature of the ZN35 resin was sub-
stantially above the values for the miPP resins.
Figure 7 shows that this remained true for the
filaments. Further, as the spinning speed was
increased, the melting temperature increased for
all resins. The melting temperature was known to
be a function of the crystallization temperature
through its dependence on the crystal lamella
thickness. Because the crystallization tempera-
ture of each resin increased as the spinning speed
was increased,7 the melting temperature was ex-

pected to increase with the spinning speed. We
note further that M32 and M100 showed a higher
sensitivity of the melting temperature to the spin-
ning speed than did M10 and M22. This fact sug-
gested that molecular orientation had an effect on
the melting temperature of the filaments (com-
pare Fig. 3) that went beyond the effect of the
crystallization temperature.

Tensile Mechanical Properties of Melt-Spun
Filaments

The tensile modulus for each resin as a function of
the spinning speed is shown in Figure 8. For all
resins, the tensile modulus increased as the spin-
ning speed increased. The results in Figure 8
indicate that the tensile modulus values for the
resins in this study seemed to cluster near a com-
mon line as a function of the spinning speed. The
tensile modulus is a function of both the crystal-
linity and overall molecular orientation. As the
spinning speed increased, the crystallinity (i.e.,
density) and birefringence both increased for
most of the resins. The tensile modulus increased
in a manner consistent with the combination of
these factors, even though the crystallinities and
birefringence values were not independently
identical for the resins at any given spinning
speed.

The tensile strengths of the fibers in this study
are shown in Figure 9 as a function of the spin-

Figure 7 The fiber melting temperature versus the spinning speed.
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ning speed. Except for M100 at the lowest spin-
ning speed, all filaments prepared from miPP res-
ins had significantly higher tensile strength than
those prepared from ZN35. In general, the tensile
strength increased as the spinning speed in-
creased with the exception of M10 and ZN35. The
tensile strength of M10 decreased slightly as the
spinning speed increased, while the tensile

strength of ZN35 exhibited a modest maximum
versus the spinning speed as did some of the
lower molecular weight resins.

Tensile strength depends on the number of tie
molecules connecting the various crystallites and
the chain extension of these molecules. Because
the crystallites act as an anchor for the tie mole-
cules, which allows the stress to be transferred

Figure 8 The tensile modulus versus the spinning speed.

Figure 9 The tensile strength versus the spinning speed.
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throughout the material during deformation, ten-
sile strength is also dependent upon the crystal-
linity to some extent. A further contributing fac-
tor may be that M10 and ZN35 crystallized at
significantly higher temperatures than the other
resins in the spin line, as pointed out in part I.7

Earlier, the decrease in the noncrystalline orien-
tation function was attributed to the higher crys-
tallization temperatures. Taking this correlation
a step further would suggest that higher crystal-
lization temperatures produce lower amorphous
orientation and, perhaps, fewer tie molecules.
Lower crystallization temperatures would allow
greater molecular orientation to be retained and
perhaps more tie molecules. This would be one
explanation for the high tensile strengths devel-
oped under optimum filament spinning conditions
for some of the lower molecular weight resins.

An experimental correlation was previously
found between the observed tensile strength and
the measured birefringence for melt-spun fila-
ments prepared from zniPP resins.5,6 As the total
birefringence increased, the tensile strength was
observed to increase. A similar strong correlation
was found for the present results for filaments
spun from miPP resins as shown in Figure 10. It
is also noteworthy that the data in Figure 10 fit in
a narrow band, regardless of the molecular
weight or MWD. The present results further val-
idated the relationship between the overall mo-
lecular orientation and the fiber tensile strength.

Because the major contribution of crystals is to
simply act as physical crosslinks to tie the mole-
cules together, it is likely that the noncrystalline
portion of the birefringence is the key component
that produces the correlation between the tensile
strength and total birefringence. The results in
Figure 11 show the fiber tensile strength plotted
against the noncrystalline orientation function
for each fiber sample. Figure 11 indicates that a
reasonable correlation exists between the orien-
tation of the noncrystalline chains and the
strength of the fiber. However, the results in Fig-
ure 11 do not form a band quite as narrow as the
data in Figure 10, perhaps because of experimen-
tal error. The birefringence was directly mea-
sured using a compensator. On the other hand,
the noncrystalline orientation function was deter-
mined using a combination of wide angle X-ray
diffraction, density, crystallinity, and birefrin-
gence measurements. Therefore, there were sev-
eral possible experimental errors involved in the
measurement of each data point in Figure 11.
Nevertheless, the results were consistent enough
to indicate that the tensile strength was corre-
lated to the value of the noncrystalline orienta-
tion function.

The elongation to break (ETB) data were ex-
pected to be roughly the inverse of the tensile
strength. The added strength produced by more
tie molecules, greater molecular extension, and
higher molecular orientation was offset by the

Figure 10 The fiber tensile strength versus the total fiber birefringence.
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fact that the taut tie molecules did not draw as far
before fracture upon uniaxial extension. The data
in Figure 12 show the ETB versus the spinning
speed. The data indicate that as the spinning
speed was increased, the ETB was decreased be-
cause of greater orientation and extension as the
spinning speed increased. The only seemingly odd

behavior in this graph is the position of M10.
The M10 resin would be expected to have a
slightly higher ETB based on its relative posi-
tion in the tensile strength data. However, M10
had a very high density, which could have in-
fluenced the elongation of the fibers under uni-
axial extension.

Figure 11 The fiber tensile strength versus the noncrystalline orientation function.

Figure 12 The elongation to break versus the spinning speed.
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CONCLUSIONS

The results of this study showed that the average
molecular weight and the MWD of miPP resins had
significant influence on the structure and properties
of melt-spun filaments prepared from the resins.

The density measurements showed that as the
spinning speed and molecular weight increased,
the as-spun filament density increased. Slight
variations in this trend were observed for ZN35
and M45. These variations were explained by the
broader MWD of these resins. The fiber density
increased as a function of the spinning speed and
molecular weight that was due to crystallization
occurring at higher temperatures, which allowed
more time for the fiber to crystallize and for the
crystals to be perfected before the molecular mo-
bility became too low.

The as-spun filament birefringence values
showed that the birefringence increased as the
spinning speed increased. Further, the maximum
filament birefringence increased as the molecular
weight decreased. The orientation function re-
sults showed that as the molecular weight de-
creased, the noncrystalline orientation function
increased and the crystalline orientation function
decreased at a given spinning speed. The orienta-
tion functions were both generally increased as
the spinning speed increased with the exception
of M10 and ZN35. The tensile strength showed a
similar trend; as the molecular weight decreased,
the maximum tensile strength increased. A very
strong correlation was found between the bire-
fringence and the tensile strength. A correlation
was also observed between the noncrystalline ori-
entation and the tensile strength. The tensile
strength was strongly dependent on the number
of tie molecules connecting the various crystal-
lites. It was also somewhat dependent on the crys-
tallinity, in that the number and size of the crystals
also influenced the tensile strength because the
crystallites acted as an anchoring point for the tie
molecules. If the population of crystallites is small
or they are very thin, the tie molecules may easily
pull out of the crystal, yielding weak filaments.

The tensile modulus is a function of both the
crystallinity and molecular orientation. Clearly,
the present results showed that the tensile mod-
ulus was determined primarily by the spinning
speed at which the fibers were spun. It was ob-
served that as the molecular weight decreased,
the filaments were less crystalline but exhibited
higher overall molecular orientation. Thus, the
combined effects of changes in the crystallinity

and orientation with changes in the molecular
weight tended to offset each other.

The ETB data exhibited behavior that was ap-
proximately the inverse of the tensile strength
data. This was again attributed to the behavior of
the tie molecules. As the number, orientation, and
extension of the tie molecules increased, the ETB
decreased because less extension and drawing
was allowed before rupture or pull out of the
molecules and specimen failure.
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