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SYNOPSIS 

The cooling of the spinning stage in a commercial compact-spinning line has been studied. 
A rectangular fiber bundle is extruded from the spinneret and cooled by air entering from 
one side. The speed of the cooling air is considerably reduced through the fiber bundle. 
There are practical lower and upper limits for the cooling air entrance speed, corresponding 
to filament breakage a t  the leeward and windward sides, respectively. These limits are 
functions of the material and processing parameters. Due to the nonuniform cooling, fibers 
sampled at  the windward side generally have higher molecular orientation, lower amorphous 
fraction, higher density, and higher tensile modulus and strength. For most combinations 
of spinning and material parameters, the structure is either bimodally oriented a-crystalline 
or uniaxially oriented mesomorphic a t  all spinneret positions. Fibers with different structure 
types show opposite windward/leeward side trends with regard to local order and melting 
behavior. The structure may be mesomorphic a t  the leeward side and a-crystalline at the 
windward side, if the average spin-line stress is close to a critical value for orientation- 
induced crystallization, and the air speed difference across the spinneret is large. The 
cooling air speed affects the spin-line stress. Hence, the fiber-to-fiber variations due to 
nonuniform cooling are discussed in terms of the molecular orientation in the melt and 
the effective time available for arranging molecules into ordered structures. 0 1995 John 
Wiley & Sons, Inc. 

INTRODUCTION 

In the compact-spinning process, the number of fil- 
aments emerging from the spinneret is typically be- 
tween 5000 and 40,000. The main differences be- 
tween compact (also known as short-spin) and con- 
ventional processes are summarized in refs. 1 and 
2. There are two methods for cooling the fibers in 
the compact-spinning process: transverse, and radial 
flow of cooling air. In the former case, the cooling 
air blows perpendicular to a fiber bundle, which 
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usually is rectangular. Hence, the fiber properties 
vary from the windward side to the leeward side. 
Also, because all the fibers are cooled asymmetri- 
cally, their structure will not be symmetrical relative 
to the fiber axis. This asymmetry leads to crimp. In 
some cases, the fiber-to-fiber variations and the 
crimp of fibers produced with transverse cooling are 
desireable, i.e., they enhance the subsequent pro- 
cessing of fibers, as well as the properties of end 
products. 

Ziabicki3 summarized some theoretical and ex- 
perimental studies of the air speed and temperature 
fields in fiber bundles, which had been published in 
Polish and Russian journals in the seventies. 
Transverse flow of cooling air was used in these 
studies. The air velocity decreased and the temper- 
ature increased through the bundle. The increase/ 
decrease was largest near the spinneret. Chen et al.4 
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compared fibers cooled by transverse flow and radial 
flow ( inwards, perpendicular to a circular bundle ) . 
The latter cooling technique yielded fibers with 
symmetrical structure. Hence, the crimping behavior 
was eliminated. Radial cooling does not necessarily 
produce fibers without crimp: Paris e t  al.,5 for in- 
stance, analyzed the crimp of fibers produced with 
this kind of cooling. Hotter et a1.6 studied a multi- 
filament spinning line equipped with a thermal con- 
ditioning chamber, consisting of a combination of 
heating and cooling zones, with radial air flow. With 
this chamber, they claimed that the threadline tem- 
perature profile could be altered in such a way as to 
significantly enhance the spinning performance, as 
well as  the fiber structure. Fourne7 discussed trans- 
verse vs. radial flow of cooling air. Computer sim- 
ulations of multifilament melt spinning of 
poly ( ethylene terephtalate )‘-lo have provided esti- 
mates for interfilament variations that are in qual- 
itative agreement with experimental observations. 
Multifilament spinning may also lead to  special 
problems upstream of the spinneret. Koelling and 
Prud’homme l1 studied instabilities in multihole 
converging flows. 

This article consists of two main sections. The 
first section deals with the lower and upper limits 
of cooling air speed, corresponding to breakage a t  
the leeward and windward sides, respectively. The 
relationships between these limits and material and 
processing parameters are discussed. Differences 
between fibers from the leeward and windward sides 
are reported in the second section, with emphasis 
on structural aspects and tensile properties. 

EXPERIMENTAL 

A Barmag FE1 full-scale compact-spinning line was 
used in this study. This line consists of three inte- 
grated stages (spinning, drawing, and annealing), 
but only fibers taken out directly after the spinning 
stage are considered in this article. Initially, there 
was some concern that the properties of these fibers 
would change considerably the first days after spin- 
ning. However, tensile testing and DSC analysis a t  
different times after spinning (from a few minutes 
up to 8 weeks) revealed only minor variations. A 
rectangular spinneret (547 X 82 mm) with 9037 or- 
ifices with exit diameter 0.4 mm was used. 

Some details of the cooling arrangement are 
shown in Figure 1. The cooling air speed was mea- 
sured at  six positions in a horizontal plane contain- 
ing the cooling air slit; three a t  the windward side 
of the fiber bundle, and three a t  the leeward side. 

. . . . . . . 1 7 :. 4. 
. . . . . . . 
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Figure 1 A schematic representation of the  cooling 
system employed in  this study. All dimensions are given 
in millimeters. Symbols: circled 1, fiber bundle; circled 2, 
cooling air slit; circled 3, wire grid; and circled 4, spinneret. 
The  cooling air speed was measured a t  points marked with 
a solid circle. 

There were no trends among the three measure- 
ments a t  the same side of the bundle. Hence, only 
average values of the cooling air speed are considered 
below: v (A)  a t  the windward side and v (  B )  a t  the 
leeward side. The velocity profile broadens through 
the fiber bundle. Hence, above and below the hori- 
zontal plane containing the cooling air slit, the dif- 
ferences in air speed deviate from those measured. 

The temperature of the incoming cooling air was 
18°C. Temperatures a t  the leeward side were in the 
range 30-40°C. The leeward side temperature de- 
pends on the extrusion rate and the extrusion tem- 
perature. The former was constant in our study. The 
amount of heat extracted from a fiber, in a given 
horizontal position, increases with increasing cooling 
air velocity. The temperature in the vicinity of lee- 
ward side fibers decreases with increasing cooling 
air speed, even though more heat is transported from 
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upstream fibers, because the heat is removed at a 
higher rate. The temperature field is also affected 
by radiation from the hot spinneret. However, cool- 
ing air temperatures will not be considered in the 
following. The reason for this is that, compared to 
the cooling air speeds, these temperatures do not 
change much from one set of experimental condi- 
tions to another, at a given spinneret position. 

A reduced factorial design was employed for the 
variation of extrusion temperature, draw-down ratio, 
polydispersity index ( M,/Mn)  and cooling air speed 
(Table I ) .  The draw-down ratio is the ratio of take- 
up (spinning) speed to extrusion speed. The latter 
was 0.26 m/min for all the trials. The cooling air 
speed was varied in two levels, corresponding to fil- 
ament breakage in position A and B, respectively. 
Trial F9 is a "midpoint" trial, for which the cooling 
was adjusted to  be optimal. For each of the nine 
parameter sets in Table I, fibers were collected a t  
position A and B (referred to as  FxA and FxB, re- 
spectively, where x is the sample number in Table 
I ) .  In both cases, approximately 25% of the bundle 
width (82 mm) was sampled (i.e., the middle half 
of the bundle was not sampled). 

The two polypropylene (PP) homopolymers used 
in this study had slightly different melt flow indices 
(MI, I S 0  1133): the one with M,/Mn = 3 had MI 
= 25, and the other one had MI = 20. The grade 
with the narrow molecular weight distribution 
(MWD) was obtained by peroxide degradation. 
Hence, the high-molecular-weight tail was "re- 
moved." 

The fibers were analyzed by tensile testing, den- 
sity measurements, differential scanning calorimetry 
(DSC) , and wide-angle x-ray scattering ( WAXS) . 
Qualitative WAXS results were obtained with a 

Laue camera. The molecular orientation, as well as  
the fractions of c- and a*-oriented crystallites,2 were 
quantified by azimuthal scans. The degree of crys- 
tallinity and the order/crystallite size were quan- 
tified by 2% scans (symmetrical reflection), using 
samples consisting of fibers that  were finely cut ( in  
liquid nitrogen) and randomly oriented. All 2% values 
correspond to a wavelength of 0.15406 nm. WAXS 
data were corrected for background, polarization, 
absorption, and inelastic scattering. 

EFFECTS O F  MATERIAL A N D  PROCESSING 
PARAMETERS ON THE C O O L I N G  AIR 
SPEED LIMITS 

An increase in the cooling air speed might influence 
the spinning in two ways: ( 1 ) directly, by increasing 
the cooling rate. In most cases this will lead to an  
increase in the spin-line stress. Diacik et a1.,12 for 
instance, in a study of single-filament high-speed 
spinning of PP, observed that the spin-line stress 
increased with increasing air speed for all draw-down 
ratios. ( 2 )  Indirectly, by cooling the spinneret 
asymmetrically. This will lead to  a higher viscosity 
a t  the cold side prior to extrusion, which means less 
output from the spinneret and higher spin-line stress 
on this side (due to lower temperature and higher 
draw-down ratio). This effect is present in our study: 
the diameters of fibers from the windward side are 
typically 5-15% less than those of fibers from the 
leeward side (Table 11). 

In most cases, these effects affect the difference 
in structure development between the windward and 
leeward sides in the same way, and in the following, 
they will not be separated. In our study, the cooling 

Table I Experimental Design" for the Variation of Spinning and Material Parameters 

Extrusion Draw-Down Breakage Cooling Air Speed Cooling Air Speed 
Temperature Ratio Polydispersity Position a t  Position A" a t  Position B" 

Sample t"C1 [-I Index [-I [-I I d s 1  [m/sI 

F1 
F2 
F3  
F4 
F5 
F6 
F7 
F8 
F9 

280 
220 
280 
220 
280 
220 
280 
220 
250 

192 
192 
38 
38 

192 
192 
38 
38 

115 

A 
A 
A 
A 
B 
B 
B 
B 

no breakage 

8.0 
7.4 

17.0 
15.0 
5.0 
6.7 
8.0 
7.4 

10.1 

1.8 
1.7 
7.1 
6.8 
0.9 
1.2 
1.8 
1.6 
3.5 

a The last two columns are not part of the reduced factorial design. The speed of the cooling air was adjusted in order to cause 
breakage a t  the windward (A) or leeward (B) side. 
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Table I1 Measurements of Linear Density 

Linear Density [dtex]” 

Sample A B 

F1 
F2 
F3 
F4 
F5 
F6 
F7 
F8 
F9 

5.2 
4.7 

24.0 
24.7 

4.2 
4.6 

23.0 
23.0 
6.6 

5.9 
5.4 

33.9 
27.8 

5.8 
5.1 

26.8 
26.8 

8.5 

1 dtex = 0.1 g/km. 

air speed is reduced by 5040% through the fiber 
bundle. Note that the difference in effective cooling, 
between the windward and leeward sides, is less than 
this because the cooling velocity profile is broader 
(perpendicular to the cooling air slit) a t  the leeward 
side. The reduction in cooling air speed is partly due 
to the broadening of the velocity profile and partly 
due to the presence of the fiber bundle. The differ- 
ence in air speed across the bundle, as well as the 
air speed a t  the leeward side, increase as a function 
of the air speed at  the windward side, cf. Figure 2. 
The relative difference, i.e., the difference divided 
by the speed at  the windward side, decreases. 

For all combinations of spinning and material 
parameters, there is a practical upper (urn,,) and 
lower ( urnin) limit for the incoming cooling air speed, 
corresponding to filament breakage at  the windward 
and leeward sides, respectively. Spinning instabili- 
ties and breakage mechanisms 1 9 3 , 8 ~ 1 3 - 1 7  are not the 
key issues in this article, but some possible causes 
for breakage are mentioned in the next two para- 
graphs. 

Breakage a t  the windward side, when the cooling 
air reaches u,,,, could be explained by either the 
normal drag force” or the stress in the melt ex- 
ceeding critical values. The fact that u,,, increases 
with decreasing spin-line stress ( increasing extru- 
sion temperature and decreasing draw-down ratio ) 
disfavor the former hypothesis, because the bowing 
of fibers will increase with decreasing spin-line 
stress.’ The decrease in u,,, with increasing spin- 
line stress is, however, consistent with the hypoth- 
esis that breakage occurs a t  a critical spin-line stress 
(i.e., cohesive melt fracture) .3 Also, at a higher draw- 
down ratio, the filaments are thinner and they move 
faster. This, again, leads to an increased cooling rate. 

Hence, the draw-down ratio affects the spin-line 
stress both directly and indirectly. 

When the cooling air speed is lower than urnin, 

the extrudates break up a t  the leeward side. The 
mechanisms involved in this spinning regime are 
less clear.’~3~8 Periodic or nonperiodic fluctuations in 
fiber diameter and spin-line stress may be respon- 
sible for the breakage.3,15s16 Such fluctuations can be 
induced by fluctations in external conditions, but 
they can also be internal instabilities. Y o o ’ ~  claimed 
that the spinning of PP is stabilized by increasing 
the cooling, because the critical strain, at which the 
elongational viscosity starts to decrease, increases 
with increasing cooling. (According to Yoo, the 
“draw resonance” phenomenon occurs when the 
take-up force starts to decrease with an increase in 
spinning speed. The take-up force is proportional 
to the product of elongational viscosity and elon- 
gation rate.) The stabilization by cooling may also 
be explained in a simpler way: consider a portion of 

/ 0 

0- 
0 5 10 15 20 

v(A) [mlsl 

(b) 

Figure 2 Cooling air speed difference across the bundle 
(a) and air speed at  the leeward side (b) vs. air speed at  
the windward side. The data are taken from Table I. 
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the extrudate (with fluctuating diameter) some dis- 
tance below the die. The thin segments of the ex- 
trudate will be drawn faster than the thick segments 
(as  long as there is no compensating hardening with 
increasing elongation rate ) . This self-accelerating 
process will lead to  breakage. If the cooling is en- 
hanced, the viscosity of the extrudate will increase 
faster along the spin-line. Hence, the deformation 
will mainly occur in the hottest part of the extrudate, 
i.e., near the die, and not in narrow portions (local 
diameter minima) further down the filament. 

The lower limit of cooling air speed, urn,,, de- 
creases with increasing draw-down ratio, but not as 
much as u,,, . The decrease in umln could be explained 
by the enhanced cooling, caused by the higher draw- 
down ratio, as  described above. This decrease is, 
however, not compatible with an  explanation based 
on draw resonance, because this phenomenon occurs 
above a critical draw-down ratio. u,,, also seems to 
decrease with decreasing M u  / M ,  . Diameter flucta- 
tions are generally smaller for a narrow MWD ma- 
terial, 1.1% 1‘) because the viscosity is more homoge- 
neous on a microscopic scale. Hence, if breakage a t  
the leeward side is caused by diameter fluctations, 
more cooling is needed in order to stabilize the spin- 
ning of the broad MWD fiber, which is in accordance 
with our measurements. 

In order to illustrate the cooling air speed “win- 
dow,” the data of F1A-F4A and F5B-F8B (Table 
I ) can be represented by linear functions u,,, ( Te,  
Rd, M,/Mn 1 and urnin ( Te, R d ,  Mu , lMn) ,  respectively, 
where T, is the extrusion temperature and Rd is the 
draw-down ratio. Plots of urnax and u,,~ are shown 
in Figure 3, illustrating the main trends. The effects 
of extrusion temperature on u,,, , and of M,/Mn on 
u,,,, are small, and probably not significant. The 
“window,” u,,, - umln, gets narrower with increasing 
draw-down ratio, decreasing extrusion temperature 
and increasing M ,  /Mn  . 

Figure 3 shows that the cooling of the fiber bundle 
is a critical parameter a t  high draw-down ratios. 
When the cooling air speed “window” is narrow, the 
spinning is more sensitive to fluctuations in the 
speed of the incoming air. 

A fiber producer wants to maximize his output. 
The diameter of the fiber is given for a certain ap- 
plication. Hence, for a given die, if the draw ratio 
must be held constant in order to have the same 
fiber properties, the draw-down ratio cannot be 
changed. In practice, the maximum possible output, 
i.e., extrusion rate, is usually limited by breakage 
occuring at  the leeward side (highest temperatures). 
In this case, a polymer with higher M ,  or M,/Mn 
can be processed a t  a higher extrusion rate. Simi- 

40 60 80 100 120 140 160 180 

Draw-down ratio 

Figure 3 Schematic representation of cooling air speed 
“windows” for a constant extrusion speed (se main text 
for details). Solid lines: extrusion temperature = 220°C 
and M J M ,  = 5 .  Dashed lines: extrusion temperature 
= 280°C and M J M ,  = 3. 

larily, the throughput can be increased if the extru- 
sion temperature is lowered. Hence, the degree of 
elasticity seems to govern the spinnability in this 
case. For high molecular weights and low extrusion 
temperatures, the output may be limited by the 
pumping power. 

DIFFERENCES IN FIBER PROPERTIES 
BETWEEN THE LEEWARD AND 
WINDWARD SIDES 

Nonuniform cooling will affect the fibers in two 
ways: ( 1 ) fibers from the windward ( A )  and leeward 
( B ) sides experience different cooling histories, and 
will obtain different properties. Fibers sampled a t  
position A and B will be compared in this section. 
Details of the sampling were given in the Experi- 
mental section. ( 2 )  The structure of the fibers may 
be asymmetrical relative to the fiber axis. This as- 
pect was mentioned in the Introduction, but it will 
not be considered below. 

Structure 

The structure and morphology of the fibers is related 
to the spin-line stress, the high-molecular-weight 
tail of the MWD,2 and the cooling rate. The spin- 
line stress is, of course, not independent of the two 
other quantities; the spin-line stress generally in- 
creases with increasing draw-down ratio, decreasing 
extrusion temperature, increasing cooling air veloc- 
ity, and a higher fraction of high-molecular-weight 
chains. High spin-line stresses and/or the presence 
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of long chains lead to  orientation-induced crystal- 
lization, and a monoclinic crystalline structure ( a  
phase) with bimodal orientation (this structure will 
be referred to as type I ) .  Alternatively, the material 
is quenched into a mesomorphic structure with uni- 
axial orientation (type 11). In both cases, the ori- 
entation of structural elements increases with in- 
creasing spin-line stress. 

The effects of processing and MWD parameters 
on the structure development in the spinning stage 
were discussed in an  earlier article,' and the same 
trends are seen in this study: broad MWDs, high 
draw-down ratios, and low extrusion temperatures 
lead to type I structure. F1, F4, F6, and F9 all have 
type I structure for both windward and leeward 
samples (Fig. 4 ) ,  while F3, F5, F7, and F8 have type 
I1 structure (Fig. 5 ) .  Windward and leeward side 
samples of fiber F2 have type I and I1 structure, 
respectively (Fig. 6 ) .  Hence, for F2, the spin-line 
stress is above a critical value for the formation of 
type I structure a t  the windward side, and below a t  
the leeward side. This indicates that two conditions 
must be fulfilled in order to  obtain both types of 

F1 

F4 

F6 

A B 

F3 

F5 

F7 

F8 

Figure 5 WAXS patterns for mesomorphic fibers (the 
fiber axis is vertical). Sample numbers and symbols refer 
to Table I. 

structure: (1) the average spin-line stress (for all 
the fibers emerging from the spinneret) must be 
close to the critical value for the formation of type 
I structure. ( 2 )  The difference in cooling air speed 
between the windward and the leeward sides must 
be sufficiently high. As mentioned earlier, this dif- 
ference increases with the speed of the incoming air. 

Azimuthal and 28 detector scans were performed 
in order to quantify the trends in Figures 4-6. The 
diffractograms were resolved into separate peaks; 
Gaussian for the azimuthal scans and Lorentzian 

A B 

F9 

Figure 4 WAXS patterns for a-crystalline fibers (the 
fiber axis is vertical). Sample numbers and symbols refer 
to Table I. 

F2 

Figure 6 WAXS patterns for fiber F2. 
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Table I11 WAXS Data for a-Crystalline Fibers 

28 Width Fraction of 
Crystalline at  Half- Crystallites 

Weight Maximum of with a*- 
Orientation Fraction 110 Peak ["I %I," g1,,,,oC 

Sample" A B A B A B A B A B 

F1 0.64 0.62 0.66 0.68 25 33 0.048 0.061 0.18 0.17 
F2 0.60 0.62 25 0.043 0.11 
F4 0.73 0.69 0.49 0.53 33 29 0.038 0.039 0.24 0.26 
F6 0.66 0.67 0.47 0.50 33 31 0.037 0.038 0.18 0.20 

a F9A and F9B were not analyzed. 
Average number of unit cells (normal to the 110 plane) per crystallite (see text for further details). 
Average relative distance fluctuation between successive 110 planes (see text for further details). 

for the 28 scans. The 28 scans of fibers with type I 
structure were separated into seven crystalline peaks 
(hkl = 110, 040, 130, 111, 041, 060, and 220) and 
one amorphous peak (28 = 17.0" ), while the dif- 
fractograms of type I1 fibers were separated into two 
major mesomorphic peaks (28 = 14.8" and 21.3" ), 
two minor peaks (corresponding roughly to reflec- 
tions with hkl = 060 and 220), and one amorphous 
peak (same 28 as for type I diffractograms). The 
center positions of the fitted peaks varied less than 
f0.2" from one fiber sample to another. 
The 28 scan of sample F2B was the only one showing 
type 1/11 "mix." The type I fraction was small, and 
probably due to a few fibers originating from posi- 
tions (within the "25%" leeward side sample) with 
the highest cooling air speed. 

Azimuthal scans of the 110 reflection of bimodally 

Table IV WAXS Data for Mesomorphic Fibers 

oriented a-crystalline fibers were separated into 
contributions from the c- and a*-oriented popula- 
tions.' Azimuthal scans of type I1 fibers were done 
for the (inner) mesomorphic peak with 28 = 14.8". 

Relationships between data from azimuthal and 
20 scans (Tables I11 and IV ) and material and spin- 
ning parameters were analyzed by regression anal- 
ysis. Linear functions of these parameters account 
for most of the trends in the data, as examplified in 
Figure 7. The remainder of this section, which is 
divided into three subsections, will summarize and 
discuss these trends. As mentioned above, the spin- 
line stress and the MWD are the key parameters 
influencing the structure development. A third pa- 
rameter, which is important for the degree of crys- 
tallinity and linked to the spin-line stress, is the 
residence time in a temperature /stress interval with 

Azimuthal 
Width at Half- 

Half-Maximum Relative Area Maximum 
28 Width at  

of First of Second of First 

Weight Fraction Peak ["I Peak (A2rel)a Peak ["I 
Mesomorphic Mesomorphic Mesomorphic Mesomorphic 

Sample A B A B A B A B 

F2 0.63 2.4 0.49 39 
F3 0.61 0.60 2.7 2.6 0.46 0.50 58 95 
F5 0.59 0.57 2.8 2.8 0.40 0.41 45 61 
F7 0.63 0.60 2.6 2.6 0.53 0.50 100 103 
F8 0.63 0.61 2.7 2.7 0.46 0.52 66 92 

a The peak areas were integrated weighted with a sin2@ factor, as  in the calculation of mesomorphic and crystalline weight fractions.'' 
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Measurements 

Figure 7 Predictions by a linear function,f(M,/M,, ex- 
trusion temperature, draw-down ratio, cooling air speed), 
vs. measurements for the 28 width at  half-maximum of 
the 110 peak (cf. Table 111). 

significant crystallization rates. (The  degree of 
crystallinity is a time integral of the crystallization 
rate function.) 

a- Cry sf allin e Fibers 

The degree of crystallinity of a-crystalline fibers 
(Table 111) increases as M,/M,,, the spin-line stress, 
and the residence time mentioned above increase. 
The spin-line stress increases, while the residence 
time decreases with increasing draw-down ratio (as  
mentioned above, the extrusion speed is the same 
for all the fibers in this study). Hence, the influence 
of draw-down ratio on the degree of crystallinity is 
a result of two competing effects (and, therefore, 
not well described by the linear models mentioned 
in the preceding paragraph). The F4 pair is more 
crystalline than the F6 pair. Hence, in this case the 
residence time effect probably dominates (although 
the cooling air speeds are higher for the F4 pair, the 
spin-line stresses are lower, judging from the lower 
orientation in Fig. 4 ) .  

Crystallinity values very close to  those in Table 
I11 have been obtained in computer simulations, *' 
using the Nakamura equation for crystallization 
kinetics3p21 and the following empirical rate function: 

K (  T,  u) = (al + blu)  

T is the temperature and a is the stress. K (  T,u=O) 
was fitted to  data for quiescent crystallization, and 

the coefficients bi were adjusted to account for the 
orientation-induced crystallization. 

For F1 and F4, the windward samples are more 
crystalline than the leeward samples, while the op- 
posite effect is observed for F6. Increasing the cool- 
ing air speed leads to increased spin-line stress and 
a higher cooling rate. This will result in a higher 
value for K(T ,u )  near the spinneret, due to the 
higher stress. However, the increase in cooling rate 
will reduce K (  T , u )  further down the spin-line (Fig. 
8),  if the temperature effect dominates the stress 
effect, since K (  T , u )  goes towards zero as the tem- 
perature decreases. The final crystallinity is a result 
of these two competing effects ( the peaks in Fig. 8 
have almost the same integral; the leeward side peak 
has a lower maximum value, but it is somewhat 
broader). Preliminary simulation results suggest 
that the latter trend dominates for F6, because the 
absolute value of the temperature gradient, dTldz,  
is low a t  the spin-line segment where K (  T,u)  is de- 
creasing and has a higher value a t  the leeward side. 
Hence, this spin-line segment contributes more to 
the total accumulated crystallinity, and the highest 
crystallinity is obtained at  the leeward side. 

The 20 width generally increases with decreasing 
crystallite size and increasing disorder. Methods for 
the separation of size and order effects" require a t  
least two well-resolved orders of reflection from a 
given set of hkl planes. Although our data sets are 
marginal in this respect, Hosemann's methodz2 was 
applied, using the two pairs available (040/060 and 
110/220). Data obtained with the latter pair are 
shown in Table 111. The distortion parameter ( gll, 
increases and the size parameter (N,,,)) decreases 

t 

Figure 8 Schematic illustration of crystallization rate 
vs. time along the spin line a t  the windward and leeward 
sides. 
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with increasing 2% width, with a few exceptions. The 
distortion parameter has the highest correlation with 
the 28 width. The distinction between crystallite order 
and crystallite size is less clear for polymers than for 
low-molecular-weight substances, because the crys- 
tallite boundaries may not be well defined (in some 
cases it is more useful to distinguish between local 
order (e.g., packing of adjacent helices) and long- 
range order). Hence, we interpret the inverse peak 
width as an effective order parameter for the direction 
perpendicular to the corresponding hkl plane. 

The 28 widths of the 110 peaks are tabulated in 
Table 111. Widths of other a peaks follow the same 
trends. The order increases with increasing spin- 
line stress and M,./Mn. The main effects are those 
of the extrusion temperature and Mu./Mn.  Fibers at  
the windward side experience higher spin-line stress 
and, hence, obtain higher order. This must be related 
to the mechanism of orientation-induced crystalli- 
zation; high molecular orientation in the melt leads 
to ordered structures. Note that the F6 pair seems 
to have the highest (local) order, while the F4 pair 
has the highest degree of crystallinity. The order 
parameter seems to be a simpler function of material 
and processing parameters than the degree of crys- 
tallinity. 

The last important structural parameter, which 
has been the topic of numerous studies, is the degree 
of molecular orientation. The F6 pair has the highest 
orientation (Fig. 4 ) ,  due to the high spin-line stress. 
The differences between leeward and windward side 
samples are small, but the latter generally have 
somewhat higher orientation. The azimuthal scans 
of the 110 reflection were separated into peaks due 
to the c-oriented (primary) and a*-oriented (sec- 
ondary) populations. The c-oriented fraction has the 
highest degree of orientation. This orientation is, 
however, a linear function of the orientation of the 
a*-oriented fraction, with slope equal to one. This 
is consistent with the autoepitaxial mechanism by 
which the a *-oriented crystallites are formed; *"wS 
they are daughter lamellae on the lateral (010) faces 
of parent (c-oriented) lamellae. 

The fraction of a *-oriented crystallites, which is 
a measure of the degree of autoepitaxy, is also cal- 
culated from the azimuthal scans (Table 111). The 
two most important parameters in our experimental 
design are the draw-down ratio and M,/M,. The 
highest fraction is obtained when the draw-down 
ratio is low and M,/M, ,  is high. One suggested pre- 
requisite for the formation of two distinct popula- 
tions is that after some time row nuclei carry so 
much of the tensile load that the melt between them 
can relax and form the secondary population (with 

the chains perpendicular to the fiber axis) .26 Hence, 
a high-molecular-weight tail and a certain spin-line 
stress are needed in order to obtain a large secondary 
population. If the spin-line stress is too high (as for 
the high draw-down ratio in our study), the mole- 
cules will be less able to relax and to crystallize with 
their chain axis perpendicular to the fiber axis. 

Mesomorphic Fibers 

Narrow MWDs, low draw-down ratios, and high ex- 
trusion temperatures lead to a mesomorphic struc- 
ture. The fibers F3, F5, F7, and F8 all have meso- 
morphic structure, for both windward and leeward 
samples. Only one of the fibers with broad MWD is 
mesomorphic. This is F7, for which the values of all 
the other parameters contribute to a low spin-line 
stress. The mesomorphic weight fraction (Table 
IV) , as calculated from 28 scans, does not vary much 
from fiber to fiber. It is somewhat lower for the only 
pair with a high draw-down ratio (F5) ,  and it is 
consistently higher for windward side samples. The 
cooling air speed probably affects the structure de- 
velopment via the spin-line stress; oriented chain 
segments are more easily packed into an ordered 
structure. The lower mesomorphic content for the 
high draw-down ratio must be due to the short time 
available for the ordering of molecules (the extrusion 
speed is the same for all the fibers). 

As for the crystalline peaks, we interpret the in- 
verse 28 width of mesomorphic peaks as an effective 
order parameter. The widths of the mesomorphic 
peaks at  28 = 14.8' are quoted in Table IV. The 
order parameter decreases with increasing spin-line 
stress, although the differences between the fibers 
are small. The same trends are observed for the sec- 
ond mesomorphic peak. Note that this is opposite 
to what was observed for the a-crystalline fibers. 
The spin-line stress is related to the ratio of a rate 
characteristic for the process (related to deformation 
and/ or cooling) to a characteristic molecular relax- 
ation rate ( v ~ ~ ~ , ~ / v , , , , , ~ ) .  A higher spin-line stress may 
favor ordering, by stretching out the chains, but the 
increase in v ~ ~ ~ , ~ / v , , , , , ~  works against it, because the 
effective time available for ordering decreases. If the 
spin-line stress is above a critical value for orien- 
tation-induced crystallization, leading to cu-crystal- 
line fibers, the orientation effect seems to dominate 
the order parameter. For the mesomorphic fibers, 
with lower molecular orientation in the melt, the 
order parameter seems to be governed by the rate 
effect. (The air temperature is also higher at the 
leeward side, leading to a lower v ~ ~ ~ ~ / v ~ ~ ~  value.) 

Corradini et a1.2i.'8 have presented the most con- 
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vincing model for the mesomorphic structure so far. 
According to  Corradini e t  al., the structure can be 
regarded as a disordered version of the a phase, 
characterized by ( 1) parallelism of roughly threefold 
helices, ( 2 )  average interchain distance around 0.60 
nm, ( 3 )  close packing of a certain fraction of the 
chains, and (4 )  local correlation of the heights of 
adjacent helices. The close packing, referred to 
above, is the pairing of isotactic PP helices with the 
lowest energy.” The a phase contains arrangements 
of this kind, where the distance between helices is 
0.52 nm (which is equal to the length of the b vector 
of the unit cell divided by 4 ) .  

The relative areas of the two major mesomorphic 
peaks are related to  the packing of helices. Local 
packing and long range order are usually related- 
a closer packing of adjacent helices generally imply 
improved long-range order. The area of the peak 
with the highest 28 (corresponding to  d = 0.42 nm) 
will increase relative to  that of the inner peak (d  
= 0.60 nm) , with increasing degree of close packing. 
Hence, the relative area of the second peak (APrel) 
can be considered as an effective order parameter. 
The Aarel values shown in Table IV convey roughly 
the same information as the inverse width of the 
peaks; the F7 pair being the most ordered and the 
F5 pair the least ordered. However, APrel is more 
sensitive. In accordance with the effect of spin-line 
stress discussed in the preceding paragraph, leeward 
side samples generally have higher APrel values. The 
F7 pair is the only exception from this trend. The 
higher order a t  the windward side for F7 may be 
related to the broad MWD of this fiber. Also, F7A 
and F7B have low (and almost equal) molecular ori- 
entation (cf. azimuthal widths in Table IV). The 
rate effect mentioned above may not be the limiting 
factor for the local ordering in this case. 

As expected, the degree of orientation increases 
with increasing draw-down ratio, increasing cooling 
air speed and decreasing extrusion temperature (Fig. 
5 and Table IV ) . Windward side samples have sig- 
nificantly higher orientation (except for the F7 
pair). F7A has the same processing parameters as  
F3B, except for a slightly higher cooling air speed 
and a lower air temperature. The main difference is 
the MWD. F7A has lower orientation than F3B. 
Hence, the orientation of the former seems to be 
impeded by the high-molecular-weight fraction. 

Structure vs. Critical Parameters 

The fibers FlA-F4A all have critical processing pa- 
rameters corresponding to breakage at the windward 
side. However, their structures differ with respect 

to type and degree of orientation. The differences 
are related to material and processing parameters. 
The same is seen for F5B-F8B. Hence, fibers with 
different material and processing parameters are not 
in the same “structural state” when the cooling air 
speed is close to a critical value. 

In an earlier section, the breakage at  the windard 
side was ascribed to the spin-line stress exceeding 
a critical value-the melt strength. Judging from 
the WAXS patterns in Figure 4, the F6 pair expe- 
rienced a higher spin-line stress during solidification 
than, for example, the F4 pair. Yet, only the latter 
fibers break a t  the windward side. If the melt 
strength explanation is correct, this means that the 
F4 pair experience a higher stress in the region where 
the breakage occur. The distinction between the 
critical stresses for breakage and structure devel- 
opment requires further studies. The critical “ther- 
momechanical state” in which filaments start 
breaking at  the windward and leeward sides may 
depend on material and processing parameters. 

Density 

The density measurements are shown in Figure 9. 
As expected, a-crystalline fibers have higher density 
than mesomorphic fibers. This leads to a large den- 
sity difference between F2A and F2B. For most of 
the fibers, the highest density is obtained a t  the 
windward side. F5 and F8 do not follow this trend, 
but this deviation may not be significant. [The 
standard deviations are below 0.0010 g/cm3 for all 
the measurements, except fiber F1A (0.0027 g/cm3), 

0.905 

0.9 - 
2 
-0 
b 
Y 0.895 
c .- 
u) c 
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t 
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Mesomorphic structure 
with uniaxial orlentatlon - 

Figure 9 Density measurements. The upper and lower 
end of the columns refer to the windward and leeward side 
samples taken for each fiber. For all fibers, except number 
1,5, and 8, the highest density was measured for the wind- 
ward side samples (see main text for discussion). 
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FBA (0.0026 g/cm3), and F9B (0.0019 g/cm3)]. A 
higher density at the leeward side for F5 and F8 may 
be explained by the higher order/packing, as dis- 
cussed in the preceding section. 

Tensile Properties 

Measured tensile moduli are shown in Table V. Due 
to instrumental limitations, elongations above 600% 
could not be probed. Some of the fibers had not yet 
fractured at this elongation. Hence, values for the 
elongation and tenacity a t  break could not be ob- 
tained for all the fibers, and only tensile moduli and 
(nominal) stress-strain curves below 600% elon- 
gation will be discussed below. 

Again, the fibers can be divided into two groups 
according to structure: type I (Fl ,  F4, F6, and F9) ,  
and type I1 (F3, F5, F7, and F8). For three of the 
fibers in the former group, i.e., F1, F6, and F9, the 
tensile moduli of windward samples are typically 
20% higher than those of leeward samples. Also, the 
windward side stress-strain curves are at a higher 
level (Fig. 10). 

The windward and leeward side stress-strain 
curves of fiber F4, on the other hand, are almost the 
same (Fig. 11 ) . In fact, at low and high elongations 
the leeward curves are somewhat higher. Further- 
more, the difference between the tensile moduli of 
F4A and F4B is not significant. F4A and F4B ex- 
perienced quite different cooling air speeds (Table 
I ) .  The reason why they still have almost the same 
tensile properties could be that the cooling air speed 
at the leeward side is high, and perhaps above a crit- 
ical value (F4B is the leeward sample with the high- 
est tensile modulus). Also, since the draw-down ratio 

Table V Measurements of Tensile Moduli 

Tensile Modulus 
[cN/tex]' 

Sample A B 

F1 
F2 
F3 
F4 
F5 
F6 
F7 
F8 
F9 

70 
63 
29 
90 
34 
94 
30 
31 
76 

57 
45 
37 
91 
28 
77 
27 
37 
56 

a 1 cN/tex corresponds to about 9 MPa for these fibers. 
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parallels are shown for each spinneret region. 

Stress-strain curves for F1 fibers. Twenty 

is low, the fiber is thick, and, therefore, less sensitive 
to changes in the cooling air speed. In any case, the 
deviatoric behavior of the F4 pair is probably related 
to its low draw-down ratio. Note that from a struc- 
tural point of view (Table 111), the differences be- 
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parallels are shown for each spinneret region. 

Stress-strain curves for F4 fibers. Twenty 
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tween F4A and F4B were similar to those observed 
for other &-crystalline pairs. 

Windward and leeward samples with type I1 
structure (F3, F5, F7, and F8) also differ in terms 
of tensile properties. The stress-strain curves of 
leeward samples have a plateau for elongations be- 
tween 30-250%, which is absent for windward sam- 
ples. Furthermore, windward samples have higher 
nominal stress (tenacity) a t  large elongations. For 
fiber F5, the modulus and the tenacity a t  all elon- 
gations are highest for the windward samples. The 
reason why the difference between the windward and 
leeward sides starts a t  lower elongations for this fiber 
could be explained by reversing the argument intro- 
duced in the former paragraph, in order to explain 
the small differences for fiber F4. The draw-down 
ratio is high, and the cooling air speed at  the leeward 
side is very low for fiber F5. Generally, the differ- 
ences between the tensile moduli of windward and 
leeward samples are smaller for the fibers in this 
group. 

The tensile modulus of F2A is 40% higher than 
that of F2B. However, the values for tenacity a t  
break are almost the same. This was not expected. 
For a given material, the tensile modulus is usually 
highly (positively) correlated with the tenacity a t  
break. A similar trend was observed by Diacik et 
a1." in a study of high-speed spinning of PP: the 
tensile modulus increased monotonously with in- 
creasing take-up speed, but the tenacity a t  break 
started to decrease a t  high take-up speeds. The ex- 
planation could be that fibers spun a t  high spin-line 
stresses (high cooling air speed or take-up speed) 
achive high orientation, but also a high concentra- 
tion of defects. The former leads to a high tensile 
modulus, but the latter reduces the strength. F2B 
samples have higher elongation a t  break than F2A 
samples. This must be due to the lower orientation 
and the larger diameter (Table 11) of the former 
fibers. 

Diacik et  a1." also studied the effect of cooling 
air speed on the tensile properties at. various take- 
up speeds for single-filament spinning. The spin- 
line stress increased with increasing cooling air speed 
in all cases in their study. At low take-up speeds, 
the tensile modulus and the tenacity a t  break in- 
creased, while the elongation at break decreased with 
increasing cooling air velocity. At high take-up 
speeds these trends were reversed. 

There seems to be large variations in the distri- 
butions of tensile properties, such as the tenacity at 
break, but the number of parallels is to  low for 
studying such trends. 

DSC Melting Behavior 

Principal component analysis (PCA) 30 was applied 
to  the DSC curves. This statistical method can 
roughly be described as follows: consider an N-di- 
mensional space, where the dimensions correspond 
to  the temperatures a t  which the heat flow is re- 
corded. Two DSC curves, which differ a t  least at one 
temperature, will be represented by different points 
in this space. The distribution of such points, for a 
set of DSC curves, can be characterized by an N- 
dimensional vector pointing in the direction with 
the highest variation, i.e., a line is fitted to the points. 
This vector is called the first principal component 
(PC1) . Additional principal components ( PCs) 
succesively account for as much variation as  pos- 
sible, within the constraint of orthogonal compo- 
nents. If, for instance, the points are mainly dis- 
tributed in a plane, two orthogonal vectors in this 
plane constitute the principal components, and the 
"dimension" of the variation is reduced from N to 
2. If the data are randomly distributed, PC1 will 
account for 1 / N of the variance. 

Two PCs explain 89% of the variance for the DSC 
curves in this study. In Figure 12, the points rep- 
resenting the 54 DSC curves obtained in this study 
(three parallels of windward and leeward side fibers 
for nine sets of spinning/material parameters, see 
Table I ) ,  are projected into the plane spanned by 
PC1 and PC2. PC1 separate fibers with structure 
types I and 11. The variation between sets of spin- 
ning/material parameters and between parallels is 

N 
CI c 
Q) c 
0 

0 
0 

Component 1 

Figure 12 Score plot for the PCA of DSC curves (see 
main text for further details). The dashed line separates 
fibers with type I and type I1 structure. 
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Table VI 
by DSC 

Peak Melting Temperatures Measured 

Melting Temperature [ “C] 

Sample A B 

F1 
F2 
F3 
F4 
F5 
F6 
F7 
F8 
F9 

161.3 
159.8 
159.4 
161.8 
157.7 
161.3 
160.5 
159.2 
160.8 

160.6 
158.4 
160.7 
161.6 
159.7 
161.3 
160.5 
160.6 
160.9 

higher for fibers with type I structure. The leeward 
samples of F3, F7, and F8 form a cluster. These three 
fibers also have similar WAXS patterns; they are 
mesomorphic with low orientation. 

The main trends among the DSC curves are as 
follows: for fibers with type I structure a t  both po- 
sitions, the windward side peaks are larger, and they 
are shifted towards higher temperatures (Table VI) . 
For fiber F2, with structure type I and I1 a t  the 
windward and leeward sides, respectively, the trends 
are the same. In addition, the leeward side peak is 
much broader. For fibers with type I1 structure a t  
both positions, the leeward side samples have the 
highest peak melting temperature, but their peaks 
are still smaller and broader. 

The trends for type I fibers and F2 are similar to  
those observed earlier,31 when fibers that had ex- 
perienced different spin-line stresses were compared. 
As expected, the windward side corresponds to 
higher spin-line stress, and higher melting temper- 
atures. We do not have any relevant earlier studies 
to compare with regarding the trends observed for 
fibers with type I1 structure. The higher melting 
temperatures of fibers from the leeward side is prob- 
ably related to the higher value of the order param- 
eter discussed above, as €or the type I fibers. The 
correlation between melting temperature and per- 
fection / size of ordered domains is well k n o ~ n . ~ ~ . ~ ~  
The F7 pair is the only one that does not have high- 
est order at the leeward side, and F7A and F7B have 
the same melting temperature. 

SUMMARY AND CONCLUSIONS 

The cooling air speed is considerably reduced 
through the fiber bundle, and the speed reduction 

is proportional to the entrance speed. The asym- 
metrical cooling also leads to  higher air temperature, 
extrusion temperature, and extrusion rate a t  the 
leeward side of the spinneret. There is a practical 
lower and upper limit for the cooling air entrance 
speed, corresponding to filament breakage a t  the 
leeward and windward sides, respectively. These 
limits are affected by the draw-down ratio, the ex- 
trusion temperature, and the polydispersity of the 
polymer. The main effect is that the cooling air speed 
“window” gets narrower as the draw-down ratio in- 
creases. 

Fibers sampled at different spinneret positions 
differ with respect to diameter, structure, tensile 
properties, and melting behavior. For most combi- 
nations of spinning and material parameters, the 
structure is either bimodally oriented a-crystalline 
or uniaxially oriented mesomorphic a t  all spinneret 
positions. However, the structure may be meso- 
morphic a t  the leeward side and a-crystalline at  the 
windward side, if the average spin-line stress is close 
to the critical value for orientation-induced crys- 
tallization, and the air speed difference across the 
spinneret is large. 

Samples from the windward side generally have 
smaller diameters, higher orientation, lower amor- 
phous fraction, higher density, and higher tensile 
modulus and strength. There are some exceptions 
to these trends, because the two main effects of in- 
creasing the cooling air speed (increased molecular 
orientation and decreased effective time for structure 
development) in some cases work against each other. 

When a-crystalline fibers are obtained a t  all 
spinneret positions, windward samples have more 
perfect / larger crystalline domains and higher peak 
melting temperatures. When the fibers are meso- 
morphic, however, opposite trends are observed for 
these two properties. This difference between a -  
crystalline and mesomorphic fibers may be explained 
by the orientation of molecules during solidification. 

The magnitude of the windward/leeward side 
variations is related to the type of structure (a-crys- 
talline or mesomorphic). The largest fiber-to-fiber 
variations are observed when different structure 
types are obtained a t  the windward and leeward 
sides. 

The variations in structure, tensile properties, 
and melting behavior can be explained in terms of 
the molecular orientation in the melt and the effec- 
tive time available for arranging molecules into or- 
dered structures. 

Nonuniform cooling may contribute significantly 
to the variation among fibers produced in a compact- 
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spinning line, although only fibers taken out directly 
after the spinning stage were considered in this ar- 
ticle. Further work is needed in order to relate the 
spinning stage variation to that of the entire pro- 
duction line. 

This article is based on results from the ‘Expomat Fiber 
Project,’ supported by Borealis and the Research Council 
of Norway. 
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