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ABSTRACT: The relationship between spinning speed and throughput rate has been
investigated for fibers having the same fiber denier in the drawn state when produced
by melt spinning of poly(ethylene terephthalate), nylon 6, and polypropylene polymers
over a range of take-up speed (750—3000 m min ~*) and throughput rate. To understand
the structural origin of the relationship, a limited amount of characterization of struc-
ture and properties of the as-spun and drawn fibers was also done. A comparison of
the results for the three polymers shows that while the increase in productivity with
increase in spinning speed is relatively less for polyester and nylon 6, it is quite high for
polypropylene. The birefringence data show that while molecular orientation increases
rapidly with increasing wind-up speed in polyester and nylon 6, the rate of increase is
relatively less in the case of polypropylene. The possible reasons for the observed differ-
ences in behavior are discussed. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 1773—

1788, 1997

Key words: melt spinning; nylon 6; poly(ethylene terephthalate); polypropylene;
productivity; spinning speed; throughput rate

INTRODUCTION

An increase in productivity during melt spinning
of thermoplastic polymers through the use of
higher production speeds or by an increase in
throughput rates with the basic aim of producing
a yarn of specified drawn denier and textile grade
properties is an important industrial goal. Pro-
duction of melt-spun fibers at high spinning
speeds (3000—4000 m min ') offers benefits like
improved productivity of the melt spinning pro-
cess and in some cases better storage stability of
the as-spun yarns. In general, the limiting spin-
ning speed is decided through an optimization of
the benefits offered by high spinning speeds. Rig-
gert! found the optimum spinning speed in the
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case of poly(ethylene terephthalate) (PET) to be
~ 3000-3500 m min ' and ~ 4000-4500 m
min ! for nylon 6 (N6), depending on the drawn
fiber deniers to be produced. Quite expectedly, the
optimum spinning speed was higher for producing
heavier deniers. Beyond these optimum speeds,
gain in productivity drops rapidly with increase
in spinning speed. This is perhaps a consequence
of the growing orientation in the spun yarn. Fila-
ments of superior molecular orientation need a
lower draw ratio in the subsequent drawing proce-
dure. This means that the denier of the undrawn
filaments must be lowered in order to maintain
the denier of the drawn yarn constant. Riggert
proposed the following relationship®:

W = (\ X V., X den)/9000 (1)

where W is the mass throughput rate (g min ™),
\ is the effective draw ratio, V;, is the spinning
speed (m min '), and den is the final denier of
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the drawn yarn. Two points are worth noting.
First that

\ X den = spun denier (2)

and second that the extent of orientation or resid-
ual draw ratio would be different for fibers spun
from different polymers at a particular speed. It
is interesting to point out that eq. (1) can be
shown to be equivalent to the continuity equation
used in melt spinning, which applies to the entire
spinline and takes the following form at the wind-

up:
W= (AL X V. X pr) (3)

where Az and p;, are, respectively, the cross-sec-
tional area and density of the spun filament at
the wind-up.

To gain an insight into the role of various process
conditions that affect productivity for different poly-
mers, a study was undertaken by melt-spinning
samples from PET, N6, and polypropylene (PP) by
varying spinning speeds and throughput rates to
obtain drawn fibers with specified constant denier.
Two points are worth making at this stage. First,
it needs to be emphasized that the choice of
throughput rate for a given spinning speed will be
limited by such constraints. Second, an in-depth
understanding of the overall interactions between
processing conditions and structure development,
more specifically orientation in the spun yarn, will
require a much more detailed study than the pres-
ent one. However, some aspects of this important
subject have been considered in this investigation;
for example, by comparing some of our data with
those of other authors, the roles of some other
processing parameters, like spinning temperature
and molecular weight, have been considered in
this paper.

The three polymers, PET, N6, and PP, were
selected so that the roles played by differences
in crystallinity and crystallization rates could be
explored, as an understanding of these factors is
crucial in arriving at the processing conditions
that best suit each polymer or in exploring possi-
bilities of improving production rates. PET does
not undergo any crystallization in the range of
spinning speeds investigated (up to 3000 m
min~!) and produces largely amorphous spun
yarns. After prolonged room conditioning, it crys-
tallizes by a small amount. To develop crystallin-
ity, drawing or annealing is required. In the case

of N6, the onset of stress-induced crystallization
takes place at spinning speeds of 2000—3000 m
min . However, due to the role of moisture in
lowerlng the glass transition temperature, the as-
spun N6 yarns undergo significant structural
changes and develop crystallinity on the bobbin®~°
after very short periods of room conditioning. The
conditioned as-spun yarns are almost always crys-
talline. Melt spinning of PP yarns invariably pro-
duces yarns with a relatively high degree of crys-
tallinity. PP crystallizes in the spinline itself due
to its higher rate of crystallization.

It was quite obvious at the start of the investi-
gation that improvement in productivity is also
related to the orientation and overall structure
developed in the as-spun yarns. Hence, the struc-
tural features of the as-spun yarns were investi-
gated and their salient features are also discussed
in this article. Thermal analysis of the as-spun
yarns was also carried out and is discussed in
some detail. Some mechanical properties have
also been studied.

EXPERIMENTAL

Sample Preparation

Fiber-grade PET chips were supplied by Indian
Organic Chemicals Ltd., India. The polymer chips
were dried in a vacuum oven at a temperature of
140°C for 16—18 h and then transferred to a hop-
per that was later purged with dry nitrogen, be-
fore the spinning operation. This operation was
sufficient to attain a moisture content < 0.004%
by weight. Fiber-grade N6 chips were supplied by
LML Ltd., India. N6 chips were also subjected to
a drying operation in a vacuum oven at 130°C for
16—18 h. PP chips (polymer-grade VS 6500H) of
melt flow index 20 were obtained from Shell Com-
pany. No predrying was necessary for the PP
chips.

Melt Spinning

Melt spinning was carried out on a pilot scale
Fourne Melt Spin Tester (SST-1207) with two
spinnerets containing 26 holes each. The diameter
of each capillary hole was 0.3 mm with an aspect
ratio (L/D ratio) of 2. Four spinning speeds were
used with each polymer, 750, 1500, 2250, and
3000 m min ', to produce multifilament yarns.
All other spinning conditions for any particular
polymer were kept identical except the through-
put rate, which was varied with spinning speed



Table I Melt Spinning Conditions
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Spinning Speed Spinning Temp. Metering Pump Throughput Rate Denier per
Sample (m/min) °C) (rpm) (g/min) Filament
PET
P750 750 289 10.5 14.75 3.11
P1500 1500 289 18.0 25.27 2.75
P2250 2250 289 22.7 31.87 2.40
P3000 3000 289 28.0 39.39 2.00
N6
N750 750 285 13.0 14.97 3.45
N1500 1500 285 21.0 24.20 2.80
N2250 2250 285 23.0 26.50 2.04
N3000 3000 285 25.0 28.80 1.66
PP
PP750 750 260 16.0 13.6 3.14
PP1500 1500 260 28.0 24 4 2.81
PP2250 2250 260 39.0 34.6 2.66
PP3000 3000 260 50.5 44.5 2.56

on the basis of previous experience with the spe-
cific aim of obtaining fully drawn textile grade 60/
52 multifilament yarns, i.e., yarns of ~ 60 denier
and 52 filaments. The temperature of spinning
for each polymer was maintained constant at all
spinning speeds and was chosen based on previ-
ous experience. In the case of N6 and PP, the first
attempt did not yield drawn yarns of the required
denier. Hence, slight adjustments were made in
the throughput rate and a second set of spun
yarns was obtained. The adjustments in through-
put rates for the second set of spun samples were
made on the basis of eq. (1) by considering the
residual draw ratio of the first set of spun yarns
so that the second set of spun yarns would yield
drawn yarns of the requisite denier. The melt
spinning parameters used are tabulated in Table
I. The structural characteristics for the as-spun
samples of N6 and PP were obtained only for the
first set of samples; however, since the differences
between the first and second set of samples are
not very large, it will be assumed that the data
will be applicable to the second set of samples
also.

Drawing

As-spun yarns were drawn on a laboratory model
two-stage drawing machine to an appropriate
draw ratio which was taken to be equal to (break-
ing elongation percentage — 30 percent); the
breaking elongation being obtained from a load-
elongation curve. This procedure allowed ~ 30%

of residual draw to remain in the drawn yarns. If
the as-spun yarn did not yield a 60/52 multifila-
ment drawn yarn and the required textile grade
properties, a fresh set of as-spun yarns was ob-
tained to fulfill the above set of requirements. The
final set of drawn yarns obtained was character-
ized for some structural and mechanical charac-
teristics. This was done to determine whether the
properties of a set of samples prepared from a
particular polymer were close to each other. The
conditions used for drawing the various samples
to arrive at the first set of drawn yarns are given
in Table II. The most appropriate temperature of
drawing for each polymer was also chosen based
on previous experience.

Physical and Structural Characterization
of As-Spun and Drawn Yarns

Measurement of Denier

The deniers of the as-spun and drawn yarns were
estimated by preparing skeins of 120 yard length
of yarn on a wrap roll and weighing it accurately
with the help of a sensitive electronic balance. The
denier values reported are the average of mea-
surements carried out on five samples prepared
from each yarn.

Density

The sample densities were measured using a Dav-
enport density gradient column. The liquids used
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Table II Drawing Conditions

First Stage Drawing

Second Stage Drawing

Draw Temp. Draw Temp. Total Draw

Sample Draw Ratio °C) Draw Ratio 0O Ratio
P750 1.30 90 2.31 160 3.0

P1500 1.30 90 1.95 160 2.55
P2250 1.30 90 1.60 160 2.10
P3000 1.30 90 1.43 160 1.75
N750 1.31 r.t.* 2.22 50 2.90
N1500 1.22 r.t. 1.92 50 2.35
N2250 1.22 r.t. 1.43 50 1.75
N3000 1.14 r.t. 1.22 50 1.40
PP750 1.31 r.t. 2.18 130 2.85
PP1500 1.31 r.t. 1.87 130 2.45
PP2250 1.31 r.t. 1.78 130 2.33
PP3000 1.22 r.t. 1.87 130 2.28

*r.t. indicates room temperature.

in preparing the liquid column for measuring the
density of the as-spun and drawn yarns were car-
bon tetrachloride and n-heptane for PET and N6,
and isopropanol and diethylene glycol for PP.

Density Crystallinity

The volume fraction crystallinities of the as-spun
and drawn yarns ((8;) were estimated from the
densities of the samples by using the following
expression

ﬂd:m (4)
Pe — Pam

where p, p.m, and p, are the densities of the sam-
ple, the standard amorphous, and standard crys-
talline phase, respectively. The values of p,,, and
p. for the three polymers are given in Table III.

Table III Standard Amorphous and Crystal
Densities Used in Calculating Density
Crystallinity for Various Polymers

Pam Pe
Polymer (g/cm?®) (g/cm?®)
PET (Ref. 6) 1.335 1.455
N6 (Ref. 7) 1.11 1.23
PP (Ref. 8) 0.854 0.946

Birefringence (An)

The birefringence measurements on the as-spun
and drawn yarns were made on a polarizing mi-
croscope fitted with a tilting compensator.

X-ray Studies

X-ray diffractograms were recorded for the as-
spun and drawn yarns in the form of finely cut
pieces, almost like a powder, on a Phillips x-ray
generator using Cu-Ka radiation. The sample was
scanned at the rate of 2° min ' from 20 = 10—40°
for PET and from 26 = 10-35° for the N6 and
PP samples. The X-ray intensity scans allowed an
estimate of the crystalline fraction to be made (as
described below) and also provided additional
useful information on the various polymorphic
states present in the crystalline part of the sam-
ples.

Farrow and Preston’s method? was used to
evaluate the crystallinity of the samples. The
amorphous standards for PET and N6 were pre-
pared in the laboratory, while the amorphous
standard curve for PP was taken from the litera-
ture.’” The scattered X-ray intensity from the
amorphous standard was fitted below the X-ray
intensity curve of the sample in each case after
appropriate normalization. The degree of X-ray
crystallinity (3,) was estimated from the area un-
der the curve due to the crystalline portion as a
fraction of the total area.



Differential Scanning Calorimetry (DSC)

DSC studies were carried out on a Perkin—Elmer
differential scanning calorimeter DSC 7 for the
as-spun and drawn yarns which were first cut into
thin pieces and then dried. Seven mg of this sam-
ple was then scanned at heating and cooling rates
of 10°C min ! in the temperature range of 50—
300°C for the PET samples, 50—250°C for N6 sam-
ples, and 50—200°C for PP samples in nitrogen
atmosphere. In addition to obtaining information
on the crystallization and melting, DSC crys-
tallinity, Bpsc, was obtained from the DSC scans
using the following equation

Bpsc = AH/AH} (5)

where AH;is the heat of fusion obtained from the
melting endotherm, and AH7} is the heat of fusion
of the standard crystalline sample which was
taken from the literature.

Tensile Properties

Load-elongation characteristics of the as-spun
and drawn yarns at room temperature were ob-
tained with the help of an Instron tensile tester
(model 4202) using samples of 100 mm length
and an extension rate of 100 mm min '.

In the case of as-spun PP yarn, load-extension
behavior was also studied at 130 = 1°C on another
Instron tensile tester (model 1112) fitted with an
environmental chamber. Samples of gauge length
50 mm and an extension rate of 100 mm min !
were used. The high-temperature tensile tests
were carried out to examine the efficacy of the
residual draw based on the high-temperature ex-
tensibility (130°C) of PP to arrive at an appro-
priate draw ratio. However, it was found that the
draw ratio determined on the basis of the room
temperature residual draw was more realistic,
since all the drawn yarns obtained by using this
draw ratio were closer to having the required tex-
tile-grade properties.

RESULTS AND DISCUSSION

Structural Characteristics of As-Spun Yarns

The physical and structural characteristics of the
as-spun yarns are summarized in Table IV and
will now be briefly discussed.
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Poly (ethylene terephthalate)

It may be clearly seen from Table IV that both
the density and birefringence (orientation) of the
PET yarns spun at higher speeds are greater. The
samples are almost entirely amorphous, as sug-
gested by the X-ray crystallinity for the samples
spun at 2250 and 3000 m min !, whose powder
diffractograms are shown in Figure 1.

Nylon 6

Like PET yarns, N6 yarns (Table IV), spun at
higher speeds generally show higher density and
birefringence. It may be worth mentioning that
the data obtained for the N6 as-spun yarns in-
clude the effects of crystallization and other struc-
tural changes that occur upon storage.?~® The X-
ray powder diffractograms for the as-spun yarns
(Fig. 2) show the presence of the a- (20 = 21.5°)
and y- (20 = 23.3°) forms. Heuvel and Huisman?
report that the as-spun and conditioned N6 yarns
show various amounts of the « and vy crystalline
modifications. Although the unit cells of both crys-
tal forms are monoclinic, the a-crystal form shows
an extended zig-zag conformation with the hydro-
gen bonds connecting antiparallel chains.!' Ac-
cording to Arimoto,'? the y-form is similar to the
a-form in the basal plane except that the hydro-
gen bonds connect parallel molecules, which
forces the chains to twist slightly to realize this
conformation. These factors are also likely to in-
fluence the properties of the as-spun yarns. How-
ever, no attempt was made to take into account
these factors.

PP

The density of the as-spun PP yarns (Table IV)
can also be seen to increase with spinning speed
except in the case of the sample spun at 2250 m
min '. The density and the X-ray crystallinities
also show a similar trend. However, all the sam-
ples spun at higher speeds show an increase in
birefringence. The X-ray diffractograms of the as-
spun PP yarns are shown in Figure 3; the PP yarn
spun at 750 m min ! shows the presence of some
amount of the metastable pseudohexagonal modi-
fication, although the crystal structure is largely
made up of the stabler a-monoclinic form. Sam-
ples obtained at higher spinning speeds show the
existence of a fully evolved « crystal modification
with negligible amount of the pseudohexagonal
crystal form.
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Table IV Data on Physical and Structural Characteristics of the As-Spun Samples

Throughput Rate Birefringence Density Density Crystallinity X-ray Crystallinity

Sample (g/min) (An x 10%) (g/em?®) (%) (%)
P750 14.75 10.5 1.3410 3.75 —

P1500 25.27 16.0 1.3438 7.33 —

P2250 31.87 30.0 1.3465 9.58 0.8
P3000 29.31 38.0 1.3480 10.83 2.2
N750 11.25 9.5 1.1319 33.48 9.1
N1500 23.04 18.0 1.1336 34.58 12.3
N2250 30.18 27.5 1.1321 33.61 13.3
N3000 34.56 30.0 1.1325 33.87 16.8
PP750 12.9 13.0 0.9061 56.6 42.9
PP1500 18.7 19.0 0.9141 65.3 52.1
PP2250 22.5 23.0 0.9109 61.84 50.0
PP3000 26.0 25.0 0.9157 67.0 48.2

Thermal Analysis of the As-Spun Yarns

The DSC heating thermograms for the as-spun
yarns are reproduced in Figure 4 for PET, Figure
5 for N6, and Figure 6 for PP samples. The data
extracted from these thermograms are summa-
rized in Table V; some of the noteworthy observa-
tions are made below.

The glass transition temperature of the PET
yarns (Table V) appears quite distinctly at ~ 78°C
and is apparently independent of the spinning
speed. In the case of N6 and PP yarns, the glass
transition temperatures, being low, do not show
up in the thermograms (Figs. 5 and 6).

The cold crystallization exotherms are ob-
served only with the as-spun PET yarns. This is
an expected result since the PET fibers produced
at spinning speeds of up to 3000 m min ! are
almost entirely amorphous, and hence crystallize

P 3000

1 larbitrary scale )

P 2250

Bragg's Angle , 20 {degree)

Figure 1 1-26 plots for two as-spun PET yarns.

during the DSC thermal cycle. On the other hand,
N6 and PP yarns are crystalline to a significant
degree in the as-spun states and therefore do not
show a distinct cold crystallization peak. The cold
crystallization peaks observed with as-spun PET
yarns show two noteworthy features. First, the
samples produced at higher spinning speeds show
a shift in the cold crystallization peak to lower

{arbitrary scale )

1

Bragg’s Angle, 28 {degree)

Figure 2 1-20 plots for the four as-spun N6 yarns.
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Figure 3 1-26 plots for the four as-spun PP yarns.

temperatures, apparently due to orientation,
which allows orientation-induced crystallization
to occur at lower temperatures. Second, the half-
width of the cold crystallization peak is higher for
the samples spun at higher spinning speeds due
to their structure being less homogeneous.

In the case of PET, the peak temperature of
the melting endotherm increases from 259°C for
the yarn spun at 750 m min ! to 261°C for the

Endotherm

Exotherm

1 I\ 1
S0 100 150 200 250 300

Temperature (T}

Figure 4 DSC heating thermograms for the as-spun
PET yarns.
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Endotherm

Exotherm

1 |
50 100 150 200 250

Temperature {C)

Figure 5 DSC heating thermograms for the as-spun
N6 yarns.

yarn spun at 3000 m min '. On the other hand,
the melting characteristics of N6 and PP as-spun
yarns show hardly any dependence on the spin-
ning speed.

JE——

Endotherm

PP 1500 // /. N e =]
el o P~ h
< N ——— e —
ke /4 \
5 / PP 2250 _/// .k._._ p—
Pl e s .
~ PP3000___ — \___-/
I Jp— -
r
| !
50 100 150 200
Temperature  ( 'C)

Figure 6 DSC heating thermograms for the as-spun
PP yarns.
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Table V Data Extracted from DSC Thermograms

T, Tee T,

T AH; DSC Crystallinity

g m c
Sample 4O 40 4O 4O g™ (%)
P750 79.2 125.0 259 213 20.16 14.6
P1500 77.7 123.0 258 215 33.9 24.5
P2250 77.8 117.0 260 214 25.0 18.1
P3000 — 105.0 261 217 35.6 25.8
N750 — — 222 190 68.56 34.5
N1500 — — 223 191 68.9 36.6
N2250 — — 221 191 70.4 37.4
N3000 — — 222 190 70.3 37.0
PP750 — — 163.5 112 79.98 49.0
PP1500 — — 162.5 113 89.66 55.0
PP2250 — — 163.0 114 87.80 54.0
PP3000 — — 163.0 115 83.30 51.0

The DSC heating thermograms of the as-spun
PP yarns obtained at spinning speeds of 750 and
1500 m min ' show a small endotherm at
~ 130°C, its magnitude being very small for the
yarn spun at 1500 m min '. The origin of this
endotherm may be traced to the following two
events: (1) the transformation of the metastable
pseudohaxagonal crystal modification present in
the as-spun yarns to the stabler a-monoclinic
crystal form. It is seen from the literature that
the pseudo-hexagonal modification is unstable at
temperatures > 110°C. The X-ray diffraction plots
for these samples (Fig. 3) reveal that the yarns
spun at 750 m min ~* have a relatively higher con-
tent of the smectic modification. Samples spun at
higher spinning speeds are not expected to con-
tain any noticeable amount of the pseudohexago-
nal crystal form. (2) the melting of the y-crystal
modification, which incidentally melts at ~ 126°C.
It is worth pointing out that the X-ray diffraction
plots of these samples did not reveal any peaks
associated with the y-crystal modification.

The melting endotherms of the as-spun PP
yarns show double peaks. Such doublets can arise
either from the melting of that part of the mate-
rial which recrystallizes during the DSC scan it-
self '® and is called the recrystallizable fraction, or
alternately, may be associated with the S-crystal
phase, which also incidentally melts at a tempera-
ture of 170°C. However, it may be worth men-
tioning that the X-ray diffraction plots for these
as-spun PP samples (Fig. 3) do not reveal any
peaks associated with the S-crystal form, and it
may be safely assumed that the doublet does not
originate from their melting.

The DSC crystallinity values as estimated from
the melting endotherms for all the as-spun yarns
are listed in Table V. It may be seen that the
PP yarns show the highest crystallinity and PET
yarns the lowest with the N6 samples displaying
intermediate values of crystallinity. It should be
pointed out that the crystallinity, as obtained
from the melting peaks, is not a measure of the
initial crystallinity of the as-spun samples, but
includes the effect on the sample of its thermal
history during the DSC run.

The thermograms obtained during cooling are
shown in Figure 7 for PET, Figure 8 for N6, and
Figure 9 for PP, and the data extracted from the
plots are presented in Table V. The peak tempera-
ture of crystallization during cooling for the as-
spun PET yarns increases from 213°C for the 750
m min ' sample to 217°C for the 3000 m min *
sample. On the other hand, as-spun PP shows a
very small increase, while in the case of the as-
spun N6 yarns there is no significant effect.

Drawing Characteristics of As-Spun Yarns

An important requirement of the present investi-
gation was to ensure that the throughput rate at
any particular spinning speed was so chosen that
when the as-spun multifilament yarn was drawn
to an appropriate draw ratio, a fully drawn 60/
52 multifilament yarn with breaking extension of
~ 30% was obtained. In the case of N6 and PP, the
first set of samples did not yield drawn samples of
the required characteristics. Hence, adjustments
were made in the throughput rates, keeping all
other spinning conditions unchanged and a fresh
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Figure 7 DSC cooling thermograms for the as-spun
PET yarns.

set of as-spun yarns was obtained which met the
above requirements. The discussion that follows
relates to the final set of as-spun yarns.

Stress—Strain Characteristics of the As-Spun Yarns

The stress—strain curves for the three sets of as-
spun samples are shown in Figures 10-12 for

Exotherm
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Figure 8 DSC cooling thermograms for the as-spun
N6 yarns.
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Figure 9 DSC cooling thermograms for the as-spun
PP yarns.

PET, N6, and PP, respectively. It can be seen from
Figure 10 that all the as-spun PET samples show
a distinct yield point with necking. The yield
stress is higher in the samples spun at higher
spinning speeds and is also accompanied with a
progressive reduction in the natural draw ratio.
This type of behavior is expected from a rub-
berlike network. In the case of N6 (Fig. 11) and
PP (Fig. 12), the second set of samples have been
studied for their stress—strain behavior. Unlike
PET, the stress—strain curves of the as-spun N6
fibers (Fig. 11) do not show necking but do show
a distinct yield point followed by strain hardening.

~
o
I

P 3000

&
]

P 2250

P 1500

0 1 ! 1 [
0 50 100 150 200 250

o
I

Nominal Stress (gpd}

P750

=3
n

Strain (%)

Figure 10 Stress—strain curves for the as-spun PET
yarns.
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N 1500
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Figure 11 Stress—strain curves for the as-spun N6
yarns.

The absence of necking during yield may be at-
tributed to the lowering of the glass transition
temperature of N6 by moisture to a temperature
below the temperature at which tensile testing
was conducted (20°C). In the case of the as-spun
PP yarns also, a distinct but neck-free yield point
may be observed (Fig. 12), and it is followed by
a pronounced strain hardening effect.

The tenacity, modulus, and breaking elonga-
tion of the three sets of as-spun yarns show the
expected behavior (Table VI); with increase in
spinning speed, the tenacity and modulus in-
crease while the extension-to-break decreases.
The residual draw ratio for the three sets of as-
spun samples is plotted in Figure 13 as a function
of spinning speed; the drop of residual extensibil-
ity is most steep for the N6 samples followed by
that for PET, while the curve is rather flat for the
PP sample.

The Effect of Spinning Speed and Throughput Rate
on Orientation and Drawability

Concurrent changes in throughput rate and take-
up speed have a predominant effect on the orien-
tation and structure developed in the as-spun
yarns. This aspect is of particular interest, since
increase in production is directly related to the
residual extensibility of the as-spun yarns, which
is in turn related to their orientation.

The birefringence data shown in Table IV are
plotted as a function of spinning speed for all the
three polymers in Figure 14, and shows two note-
worthy features. First, in the case of PET, the
birefringence rises rapidly in the range of spin-
ning speeds investigated, while for PP the rate of
increase is small, with N6 showing intermediate

behavior. Second, while PP and N6 develop a sub-
stantial part of the birefringence of the fully
drawn yarn during spinning itself, in the case of
PET that is not the case (Table VII). This is at
least partly related to the noncrystalline nature
of as-spun PET.

The above-mentioned differences in orientation
and crystallinity follow largely from the intrinsic
differences in response due to the characteristics
of the individual polymer considered. The orienta-
tion developed during melt spinning of PET fibers
is dependent on the stress developed during spin-
ning.'*'® In the as-spun N6 yarns, the initial ori-
entation developed during spinning can also be
expected to play a pivotal role in the development
of crystallinity and other structural changes on
the takeup bobbin after the winding is complete.
The onset of crystallization in the spinline in the
case of PP,'® and with N6 at spinning speeds of
2000 m min ! and above, is also known to strongly
depend on the stresses developed during spinning.
Hence, the effect of simultaneous increase in spin-
ning speed and throughput rate on the spinline
stress during melt spinning of the three polymers
is briefly discussed below in terms of the dynamics
of the melt spinning process and the characteristic
differences in their response resulting from their
properties.

It is well known that increase in throughput
rate lowers the spinline stress, while an increase
in spinning speed increases it."” If the contribu-
tions match, then there would not be any signifi-
cant effect of the simultaneous changes in
throughput rate and spinning speed on the spun
yarn characteristics. In the case of PET, sensitiv-
ity analysis'® shows that increase in spinning
speed has a greater effect on the spinline stress

25
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PP1500

1.5 PP 750
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! |
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Figure 12 Stress—strain curves for the as-spun PP
yarns.



Table VI Mechanical Properties of As-Spun Yarns
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Throughput Rate Breaking Elongation Tenacity Initial Modulus Natural

Sample (g/min) (%) (gpd) (gpd) Draw Ratio
P750 14.75 230 0.56 13.0 2.15
P1500 25.27 185 1.00 18.0 1.45
P2250 31.87 140 1.42 22.0 1.53
P3000 39.31 105 1.99 31.0 1.30
N750 14.97 212 0.94 3.5 —
N1500 24.20 148 1.47 5.5 —
N2250 26.50 100 2.08 8.0 —
N3000 28.80 73 2.50 10.5 —
PP750 13.6 212 1.57 4.0 —
PP1500 24.4 200 1.82 4.2 —
PP2250 34.6 196 1.97 4.4 —
PP3000 44.5 187 2.03 5.0 —

than a similar increase in throughput rate. This
situation is largely due to increased contributions
to the spinline stress from inertial and air drag
effects, although viscoelastic effects arising due
to increase in the rates of deformation at higher
spinning speeds can also be expected to make a
contribution to the increase in spinline stress.
Similar observations also hold for N6'7 in the
spinline, since most of the crystallization takes
place on the bobbin during conditioning. However,
in the case of PP, the spun fiber structure is domi-
nated by the crystallinity and the crystal modifi-
cation developed during melt spinning.’® The ef-
fects of spinning speed and throughput rate on
spinline stress, as discussed for PET and N6, con-
tinue to hold true even during spinning of PP
yarns, at least in the region close to the spinneret
where no crystallization takes place. Higher spin-
line stresses arising due to the use of higher spin-

PP

2.5

Residual Draw Ratio

2.0 PET

N6

L | L | n |
0 1000 2000 3000
Spinning  Speed {m /min)

Figure 13 Dependence of residual draw ratio on the
spinning speed for the three polymers.

ning speeds merely shift the temperature of onset
of crystallization to higher temperatures. The on-
set of crystallization also results in a large in-
crease in the viscosity of the polymer and ensures
minimal changes in the orientation following the
onset of crystallization, in spite of an increase in
spinline stress largely due to air drag effects. The
inertial contribution after the crystallization is
negligible since the filaments do not undergo any
further acceleration. In essence, during melt spin-
ning of N6 and PET, the response to stress in the
spinline is akin to that of a rubberlike network,
while in the case of PP, the response to stress does
not resemble that of a rubberlike network due to
the fact that the polymer undergoes substantial
crystallization quite early in the spinline. Hence,
an increase in spinline stress due to the use of
higher spinning speeds does not generate a corre-
sponding increase in orientation in the as-spun

Lor-x10-3 Py

30— N6

PP

Birefringence

. | ) |
0 l 1000 2000 3000
Wind-up Speed [ m/min)

Figure 14 Dependence of birefringence of the as-spun
yarns on spinning speed.



1784 GUPTA, MONDAL, AND BHUVANESH

Table VII Structural Data for the Drawn Yarns

Birefringence Density Density Crystallinity
Sample (An X 10%) (g/em?®) (%)
P750 153 1.3835 40.4
P1500 153 1.3845 41.2
P2250 153 1.3841 40.9
P3000 150 1.3842 41.0
N750 59 1.1573 49.8
N1500 58 1.1559 48.9
N2250 61 1.1580 50.3
N3000 60 1.1594 51.2
PP750 33.1 0.9136 64.8
PP1500 33.0 0.9152 66.5
PP2250 33.0 0.9150 66.3
PP3000 34.0 0.9154 66.7

PP yarns. Orientation and other structural differ-
ences in the yarns spun at different speeds are
hence smaller in comparison to N6 and PET. Con-
ditions similar to those in PP are operative during
high-speed spinning of N6 fibers, especially at
spinning speeds of 3000 m min ' and above.
Stress-induced crystallization introduces features
that are similar to those during melt spinning of
PP, and hence offers an opportunity to use spin-
ning speeds of 4000—4500 m min ' and improve
production rates.

It has been pointed out'® that in N6 and PET,
the microfibrils, which form the basic unit of
structure in the drawn state, form an endless in-
terwoven structure like a network. Polypropylene
yarn in the undrawn state is relatively highly

crystalline and the crystallites are believed to be
in the form of lamellae. Since the crystallinities
of the various as-spun PP samples are not very
different, their extensibilities are also not very
different from each other. It has been stated'®
that the deformation and rearrangement of the
morphological structure in spun PP fibers occurs
through shear, tilt, rotation, and separation of the
lamellae; with sufficient deformation, the lamel-
lae are broken up into folded chain blocks ~ 200
A in width. These blocks subsequently aggregate
to form the basic unit of the drawn fiber, i.e., the
microfibril.

It has been pointed out to us by the referee
that an additional/alternative cause for the low
elongation-at-break of highly oriented N6 and

Table VIII Mechanical Properties of Drawn Yarns

Breaking Elongation Tenacity Initial Modulus
Sample (% at room temp) (gpd) (gpd)
P750 18.50 3.25 61
P1500 21.80 3.34 67
P2250 20.39 3.45 68
P3000 22.44 3.50 73
N750 21.35 2.45 27
N1500 24.50 2.53 25
N2250 33.20 2.56 20
N3000 18.02 2.75 23
PP750 26.88 5.33 33
PP1500 24.32 5.33 29
PP2250 27.89 4.80 32
PP3000 26.95 4.90 34




Table IX Throughput Rate and Related Data
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Calculated

Throughput Throughput
Rate Spun-Yarn Residual Actual Drawn Yarn Reference Rate

Sample (g min™h) Denier Draw Ratio Draw Ratio Denier Drawn Denier (g min™?)

P750 14.75 162.0 3.30 3.0 56.40 60 15.00
P1500 25.27 143.0 2.85 2.55 60.66 60 25.50
P2250 31.87 125.0 2.40 2.1 61.99 60 31.50
P3000 39.31 104.0 2.05 1.75 63.63 60 35.00
N750 14.97 179.0 3.12 2.85 63.05 60 14.25
N1500 24.20 142.0 2.48 2.18 66.58 60 21.80
N2250 26.50 105.5 2.00 1.70 62.35 60 25.50
N3000 28.80 84.5 1.73 1.43 60.40 60 28.60
PP750 13.60 162 3.12 2.80 58.00 60 14.00
PP1500 24.40 142 3.00 2.70 52.50 60 27.00
PP2250 34.60 134 2.96 2.65 51.00 60 39.75
PP3000 44.50 130 2.87 2.55 51.00 60 51.00

PET fibers spun at 3000 m/min could be the lower
weight average molecule weight values of these
condensation polymers. This is a valid suggestion.
It is worth emphasizing at this stage that, as
shown later in this article, the nature of the
throughput versus spinning speed relationship
for fibers of different molecular weights and pro-
cessed under conditions quite different from ours
show identical trends in as far as the enhance-
ment of throughput rate with increase in spinning
speed is concerned.

Structure and Properties of Drawn Yarns

Drawn samples were obtained from the as-spun
yarns using the residual draw ratio data pre-
sented in Figure 13. The drawing conditions used
to obtain the first set of drawn yarns are given in
Table II and are quite close to the conditions used
to obtain the final set of drawn yarns.

The structural and mechanical characteristics
of the drawn yarns are tabulated in Tables VII
and VIII, respectively. Within a particular set of
samples, the density, birefringence, and crys-
tallinity computed using the density values can
be seen (Table VII) to be within a rather narrow
range. Comparison of the mechanical properties
(Table VIII) like tenacity, breaking extension,
and modulus obtained by carrying out tensile test-
ing on an Instron tensile testing machine at room
temperature, also showed a similar trend.

Throughput Rate Characteristics

To achieve a fiber of constant drawn denier at
different wind-up speeds, the throughput rate
needs to be increased at higher wind-up speeds,
depending on the residual draw remaining in the
as-spun samples, which can be estimated using
the procedure outlined earlier. Assuming the re-
sidual draw ratio to be independent of the
throughput rate for any particular spinning
speed, the throughput rate that would be required
to obtain a drawn sample of the required denier
can be computed by using eq. (1). It must be
stated here that this assumption introduces a de-
gree of approximation in the present approach.

Table IX lists the throughput rates used to ob-
tain the final sets of as-spun yarns for PET, N6,
and PP; in addition, the spun yarn denier, resid-
ual draw ratio of the as-spun yarns, actual draw
ratio to which the yarn was subjected, the drawn
and reference yarn denier, and the throughput
rate calculated using eq. (1) to obtain a drawn
yarn of a reference denier of 60 are also given. It is
worth mentioning that the calculated throughput
rate is quite close to the experimentally obtained
throughput rate, thus justifying the use of eq. (1)
to obtain an approximate estimate of the
throughput rate.

The throughput rates for PET as function of
wind-up speed are plotted in Figure 15. The plot
also shows data obtained by various research-
ers,*?*?1 as obtained by back calculations from
their load elongation data. Two points need to be
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Figure 15 Throughput rates used to obtain a drawn
60/52 multifilament yarn plotted as a function of wind-
up speed for PET.

made at this stage. First, the estimate of
throughput rate using back calculations from the
load elongation data needs some explanation,
which is attempted below. From the breaking
elongation, which could be read off from the load
elongation curve, the approximate residual draw
ratio could be estimated, and hence the spun de-
nier found. Then with the help of eq. (1), the mass
throughput rate could be calculated. Secondly, it
needs to be emphasized that the data of Shimizu,
Okui, and Kikutani* used in the comparison in
Figure 15 and subsequently in other figures were
obtained with constant throughput rate. This im-
poses a limitation on its use as a result of the
approximations used in the derivation of eq. (1),
but since these are quite reasonable, it will be
expected that the limitations will not be too great.
There are significant differences in the magnitude
of the throughput rates for a constant drawn de-
nier of 60, although it may be seen that the gen-
eral nature of the plots are all similar. It is possi-
ble to explain such differences on the basis of the
molecular weight and the process variables used
during spinning. Vassilatos, Knox, and Frank-
fort?! report elongation-to-break data which are
slightly higher than our results. This could be due
to the use of higher spinning temperature, rang-
ing from 295 to 310°C with increase in spinning
speed, as against a constant spinning tempera-
ture of 290°C used in the present investigation.
Napolitano and Moet*® obtain lower extension-to-
break values in comparison to our data. This can
be attributed to the higher molecular weight used
by them (number average molecular weight of
42,000) which results in higher stress during

spinning. Shimizu, Okui, and Kikutani* used
throughput rates per spinneret hole which are at
least 10 times higher than those used in the pres-
ent study for PET. This can explain the much
higher percentage extension-to-break observed in
their samples.

In the case of N6, the plots of throughput rates
required to obtain a drawn fiber denier of 60 at
different spinning speeds are given in Figure 16.
It can be seen that like PET, the throughput rates
used by Shimizu, Okui, and Kikutani* are much
higher than those used in the present study for
N6 also. The nature of the plot obtained is, how-
ever, quite similar to that obtained for the present
investigation.

In the case of PP, the plots of throughput rates
required to obtain the drawn fiber denier of 60 at
different spinning speeds obtained from the pres-
ent studies and from the data of Shimizu, Tori-
umi, and Imai?* and Fourne,? are shown in Fig-
ure 17. Again the throughput rates used by Shim-
izu, Toriumi, and Imai?® are much higher, while
those by Fourne? are close to those used in the
present study. The plots are quite similar and
show that in PP the gain in productivity with in-
crease of spinning speed is substantial.

Comparison of the Throughput Characteristics
for the Three Polymers

The throughput rate versus spinning speed plots
for the three polymers studied are given in Figure
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Figure 16 Throughput rates used to obtain a drawn
60/52 multifilament yarn plotted as a function of wind-
up speed for N6.
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Figure 17 Throughput rates used to obtain a drawn
60/52 multifilament yarn plotted as a function of wind-
up speed for PP.

18(a); the corresponding plots from the work of
Shimizu, Okui, and Kikutani? and Shimizu, Tori-
umi, and Imai?? are shown in Figure 18(b). It
may be observed that the throughput rate does
not increase in the same proportion as the wind-
up speed, and shows a saturation for N6 and PET
at a wind-up speed of ~ 3000 m min '. However,
for N6 it is clear from the data of Shimizu et al.
that the throughput rate can be increased at spin-
ning speeds > 4000 m min . In the case of PP,
there is almost a linear relationship between
throughput rate and spinning speed. The change
in the residual draw ratio of PP with increase in
spinning speed is relatively much less than for
the other two polymers, which is also reflected in
the development of birefringence with spinning
speed (Fig. 14). Due to the smaller increase in
birefringence with increase in spinning speed, it
is possible to use draw ratios which are very close
to each other in samples spun at different speeds.

In the case of PET, the birefringence is sigmoi-
dal in shape (Fig. 14) and begins to increase at a
quicker rate at higher spinning speeds. Hence, at
speeds > 3000 m min !, there is only a limited
gain in throughput rate. In fact, according to the
data of Shimizu et al. there may be a drop in the
throughput rate requirement to obtain a drawn
fiber denier of 60.

The birefringence versus spinning speed plots
for the three polymers (Fig. 14), particularly the
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difference between them, can be explained as fol-
lows. As stated earlier, PET and N6 do not show
significant crystallization in the spinline, and
thus can be considered to form rubberlike net-
works; thus they show a higher degree of orienta-
tion at higher spinning speeds. N6 becomes closer
in response to PP at speeds of 4000 m min ' or
above, as it crystallizes in the spinline and hence
offers scope for improvement in productivity by
increase in spinning speed.

It is obvious that the scope for improvement in
throughput with spinning speed is most pro-
nounced in the case of PP, due to its higher crys-
tallizability and relatively low rate of develop-
ment of orientation in the as-spun yarns with in-
crease in spinning speed.

CONCLUSIONS

Throughput rate does not rise in proportion to the
spinning speed in all the three polymers studied.
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Figure 18 Comparison of the dependence of through-
put rate on wind-up speed for the three polymers. (a)
Present data, (b) Shimizu et al.’s data.
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Increase in the spinning speed leads to improve-
ment of molecular orientation, which is reflected
in the birefringence values and a consequent re-
duction in the residual draw ratio. The birefrin-
gence profiles as a function of spinning speed
show significant differences and have important
implications on the enhancement of productivity
during spinning. These differences in the develop-
ment of orientation are related to the polymer
characteristics and its behavior in the spinline. It
was found that the birefringence development
with spinning speed in the PP samples is rela-
tively less than in the other two polymers. This
has been attributed to the higher crystallizability
of PP and the use of higher spinning speeds only
increases the temperature of onset of crystalliza-
tion in the spinline and does not impart signifi-
cant changes in the overall structure developed
by melt spinning. The gain in productivity with
increase in spinning speed is maximum for PP.
The present study suggests that if development
of orientation in the spinline can be suppressed,
productivity will increase.

The authors are grateful to the referee for his very
perceptive comments on the manuscript.
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