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Synopsis

From an industrial point of view, it is effective to have a relation between process conditions
and resulting product properties. In practice there are many possible process conditions, whereas
properties are generally interrelated in a complex way. Thus, there is a strong need for a physical
understanding of the product properties in terms of process settings. This comprehension should
also allow one to predict possible consequences for the properties when new process conditions
become available. To obtain that physical understanding for the development of production
processes of PET yarns, use has been made of a simple two-phase model of crystalline and
amorphous regions. As process parameters the spinning speed and the drawing temperature were
chosen. As the drawing temperatures are only known as machine-setting values, they are simply
referred to as “low” and “high.” As mechanical properties the shrinkage, modulus, tenacity, and
dynamic mechanical behavior are discussed.

INTRODUCTION

A synthetic yarn process essentially is a succession of polymer and yarn
treatments using combinations of temperature, tension, and residence time.
Almost all process conditions can be translated into these three variables. For
a given polymer the combination of process conditions completely determines
the thermal and mechanical properties of the yarns produced. The way in
which process conditions influence the yarn properties, and hence the relation
between the two, is highly relevant with respect to process control or process
development.

If, for a given end use, a yarn with a particular combination of properties is
required, knowledge of the relations just mentioned permits the translation of
these product requirements into a set of appropriate process conditions. In
this way this knowledge can guide the process development effectively. More-
over, for subsequent process control it will prove to be of high practical
importance.

The relation just mentioned, however, generally is not a simple one. All
separate steps have their own (mostly interdependent) conditions. Relating
the yarn properties to this set of process conditions makes relationships of this
kind often obscure and very complicated. In this situation a good insight into
the physical yarn structure is helpful. The physical structure can be regarded
as an intermediate between yarn process and yarn properties. This is schemat-
ically illustrated in Figure 1. A set of process conditions results in a physical
yarn structure that is responsible for the intrinsic yarn properties. With
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Fig. 1. Intermediate position of the physical yarn structure.

respect to the physical structure, two types of relation can therefore be
distinguished, viz.:

(a) relations between process conditions and physical yarn structure;
(b) relations between structure and yarn properties.

In this way the relations observed can be interpreted in physical terms. This
improves not only their own reliability, but also the reliability of process
extrapolations. Another advantage is that via the physical structure the
interrelation between the yarn properties is more easily recognized and better
understood.

In recent years there has been a growing interest in the study of physical
fiber structure. This may be ascribed to an increased need for high-quality
fibers and the aim to produce these fibers with high economic efficiency. One
of the ways to meet the efficiency requirement is to apply drastically increased
process speeds. To study the influence of this parameter, the choice fell on a
set of yarns wound at a variety of speeds and drawn at two different
temperature levels. Especially the yarns wound at increased speeds can be
regarded as representative of a new generation of industrial yarns. A charac-
teristic of these yarns is a favorable combination of mechanical properties
with respect to several end uses, viz., lower shrinkage, higher modulus, and an
improved fatigue resistance at the expense of a somewhat reduced tenacity.

In this paper this new combination of properties is discussed in terms of the
specific physical structure of these high speed spun samples. As only the
drawn yarns are of commercial interest, we have confined our description to
these samples. Characteristics of the undrawn yarns have been published
earlier by several authors.

Finally, the results to be presented should not be considered as general
relations as they also depend on processing details which, we think, are not
relevant within the scope of this paper. Our ultimate goal is to illustrate how
structure work can be applied for effective process development.
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GENERAL PHYSICAL YARN MODEL AND BRIEF
DISCUSSION OF CHARACTERIZATION

A general structural model of an oriented PET fiber is given in Figure 2. It
can be seen that ordered (crystalline) regions alternate with less ordered
(amorphous) domains. The picture also shows that a single molecule may run
through several crystalline and amorphous regions. Besides, there is the
possibility that a molecule folds back on the surface of a crystal to reenter it.
Depending upon the process conditions, the polymer molecules are more or
less oriented along the fiber axis. In this way, so-called fibrils are formed, i.e.,
structural units in which the coherence of amorphous and crystalline domains
is found, predominantly in the longitudinal direction. However, these fibrils
also have a lateral extension, as indicated in Figure 2.

The most important characteristics of the physical structure are the crys-
tallinity, size, and orientation of the crystals, and for the amorphous regions
their size as well as the orientation of the molecules in these regions. Wide
angle x-ray diffraction is used to obtain information about the crystalline
morphology (crystal sizes and packing of the molecules in the crystals). The
combination of x-ray diffraction and overall density measurement yields the
crystallinity. Combined results of pulse propagation, crystallinity, and crys-
talline orientation, finally, yield an estimate of the amorphous orientation. A
schematic survey of the procedure outlined above is given in Figure 3, more
detailed information being given in the literature.!:2

In the preceding section it was mentioned that this kind of analysis has to
be applied for process development. Therefore, at least two requirements can

Crystalline
region

Fig. 2. Structural model of drawn PET yarn.
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Fig. 3. Schematic representation of a combination of structural characterization techniques.

be formulated:

1. The information must be accurate and quantitative in order to permit a
comparison between data of yarns that do not differ too much.

2. The methods must be quick in order to establish in that process develop-
ment a rapid feedback from yarn structure to process conditions.

With respect to x-ray diffraction, these requirements can be met by means of a
highly automated procedure in which curve resolution is applied to experi-
mental diffractometer scans. An example of such a scan is given in Figure 4,
showing an equatorial x-ray trace of a polyester yarn. As can be seen, this scan
is composed of three rather sharp crystalline reflections and one broad line,
brought about by the scattering of the amorphous regions. The experimental
profile is fitted to the sum of four symmetrical bell-shaped lines. The fitting
yields parameters such as peak position and half-widths that can be trans-
lated into morphological parameters such as molecular distances and crystal
sizes.

The bell-shaped function used in the fitting procedure is a so-called Pearson
VII function, which is applied by us for several purposes. It is governed by the
combination of four parameters, i.e., peak height, peak position and two
parameters describing the half-width and the shape of the curve at the tail.
This latter effect is shown in Figure 5, where plots of the function are given
for different values of the shape parameter, at the same half-width. In this
way the most important advantage of the Pearson VII function is shown: The
half-width and the tail of the distribution can be varied independently, a
property not possessed by more conventional functions, often applied in this
field, such as Gauss and Lorentz functions. As a matter of fact, the latter two
curves are special cases of the Pearson VII curve with m values being infinite
or 1, respectively.
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Fig. 4. Profile and deconvolution of an equatorial x-ray scan of PET.

RELATION BETWEEN PHYSICAL STRUCTURE AND
MECHANICAL PROPERTIES

Yarn Samples

Having established the structural characteristics, a trial can be made to
describe the mechanical yarn properties in terms of these parameters. By way
of illustration, use is made of a series of yarns spun at speeds ranging from
1000 to 5000 m/min (spinning temperature 300°C, orifice diameter 500 pm),
and drawn at two different temperatures, one at a moderate level, the other
rather close to the melting point, to a residual elongation at break of about
10%. The yield is adjusted in such a way that the drawn yarns have a
constant diameter (1100 dtex, 210 filaments). The molecular weight of the
yarns, M, , was about 30,000.

Shrinkage

As dimensional stability is a highly relevant characteristic of industrial
yarns, it seems appropriate first to show how shrinkage can be described in
terms of structural parameters.

In Figure 6 the hot air shrinkage at 160°C (HAS 160) of the drawn yarns,
measured at a load of 0.5 cN/tex, is plotted vs. the spinning speed. A
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decreasing shrinkage is observed at increasing spinning speed, while in addi-
tion a significantly lower shrinkage is found for the yarns drawn at the higher
temperature. This behavior is discussed in terms of structural parameters of
the two-phase model as presented in Figure 2. The driving force behind yarn
shrinkage is of entropic nature. Above the glass-transition temperature, the
polymer molecules in the amorphous domains have sufficient mobility to
obtain their most probable configuration, which means that they will tend to
coil up. The higher the temperature, the more pronounced this process will be.
Contrary to this behavior is that of the crystals. In most cases, the crystals
may be regarded to behave as rigid blocks during the thermal shrinkage.
Based on these arguments, the yarn shrinkage can be expected to be propor-
tional to the amount of amorphous material, to be described by the factor
(1 — V). The second factor governing the yarn shrinkage is the orientation of
the molecular segments in the amorphous domains. In the unstrained condi-
tion a well-oriented segment is a configuration of low statistical probability.
Therefore, it will have a pronounced tendency to coil up, which means that a
high amorphous orientation will give rise to a large disorientation, resulting in
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Fig. 6. Hot air shrinkage of drawn yarns spun at various speeds and drawn at two different
temperatures.

a high shrinkage. A combination of both arguments provides the quantity
(1 — V))f,, which can be tried for describing the shrinkage behavior of a yarn.

Now, these considerations will be applied to the present series of yarns.
Figure 7 shows the plot of the shrinkage of the drawn yarns vs. the value of
(1 — V))f,. From this plot it is clear that the shrinkage is a unique function of
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Fig. 7. Relation between hot air shrinkage and structural parameters: (®) high T,,..; (+) low
Tdraw'
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the amount of amorphous material and its orientation factor. So it can be
concluded that the shrinkage can be decreased either by increasing the
crystallinity or decreasing the amorphous orientation. The application of high
spinning speeds causes an appreciable increase in crystallinity of the undrawn
yarns.? As this difference in crystallinity does not vanish completely during
drawing, higher crystallinities are typical of high-speed spun yarns.* So, the
low shrinkage values can mainly be ascribed to a relatively low amount of
amorphous material.

Modulus

The second mechanical yarn characteristic which can be described in terms
of the physical structure is the modulus. When a yarn is loaded in a
stress—strain experiment, the load is exerted both on the crystals and on the
molecules in the amorphous domains. As a first approximation, it is assumed
that a high orientation results in a high modulus. This means that in the case
of high orientation a deformation to a certain elongation will require a
relatively high stress. Bearing in mind that both crystalline and amorphous
regions are involved, a useful parameter could be the overall orientation
factor, i.e., the crystalline and amorphous orientation factor weighed by the
crystallinity:

fo = ‘/cfc+ (1 - ch)fa

A useful way to describe the tensile behavior of a yarn is by plotting the
modulus—strain curve, i.e., the first derivative of the stress—strain curve.® An
example of a stress—strain curve and its corresponding modulus—strain ana-
logue are given in Figure 8. Two peaks can be distinguished in the
modulus—strain curve, the position and peak height of which change with the
process conditions. The first peak occurs at very low elongations. In Figure 9
the height of this first peak is plotted vs. the overall orientation factor just
mentioned. Examining the overall orientation factor proposed, an increasing
crystallinity at constant amorphous and crystalline orientation results in an
increase in overall orientation and, consequently, an increase in modulus. This
is, in fact, the main reason for the increase in modulus with spinning speed,
since high speed spun yarns exhibit higher crystallinities.

Details of the Amorphous Regions and Possible Consequences
for Tenacity

For the description of shrinkage and modulus use has been made of
information obtained in an indirect way about the amorphous regions. By
means of combined knowledge of overall and crystalline orientation, conclu-
sions about the amorphous orientation are drawn. As the structure in the
amorphous domains is supposed to be highly significant to the mechanical
behavior of a yarn, an attempt was made to gain a more detailed insight into
that structure. Two features are supposed to be of major importance. The first
is the folding of the molecules at the boundaries of the crystals. As folded
chains cannot contribute to modulus or tenacity, they should be avoided as
much as possible.
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Fig. 8. Stress—strain and corresponding modulus-strain curve.
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Fig. 10. Response of different tie molecules to straining.

The second is the tie-chain length distribution. Tie molecules are running
from one crystal to the other. They may consist of many or of only a few
monomer units. If the length distribution is broad, the molecules will not
cooperate in bearing a load exerted on the yarn. This is schematically
illustrated in Figure 10. Successive breakage or slippage of one molecule after
the other will take place, resulting in lower strength and modulus. From the
literature, evidence has emerged that infrared spectroscopy is able to provide
information on these two structural features.*%7 A spectrum of a PET yarn in
the region 1100-700 cm ™! is shown in Figure 11. The shoulder at 989 em ™! is
ascribed by Statton et al. to the reentry of PET molecules in the crystal, the
so-called fold band.®

The study of the tie-chain length distribution is much more complicated.
Helpful in this respect is the fact that the glycol part of the PET molecule
may occur in two different conformational states, i.e., trans and gauche (or
cis), which can be distinguished by infrared analysis, as shown by Ward
et al.®!° The bands involved are indicated in Figure 11.

In Figure 12 an illustration of the two conformers is given. As shown in this
figure, the trans conformer is related to the straight parts of the molecule and
both gauche conformers to the bended parts. Therefore, the reaction of the
gauche content on elongation provides information on the uncoiling of the
molecules in the amorphous regions. If uncoiling hardly takes place during
elongation, long loose loops must be present, and the tie-chain length distribu-
tion is broad.

Finally, elongation cannot only cause uncoiling, indicated by gauche-trans
transitions, but also tension on the taut tie molecule. According to several
authors,*” ! the increase in tension on these molecules is reflected in a shift
of the 972 cm ™! band. This is also indicated in Figure 11. To obtain accurate
and quantitative information from the IR spectrum, use was made of curve
resolution. Spectra made with polarized infrared radiation parallel and per-
pendicular to the fiber axis are fitted simultaneously to a computer model
describing the absorbance as the sum of a number of Pearson VII lines.
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Details of this procedure are given elsewhere.* An example of the fitting is
presented in Figure 13.

Some results of the infrared analysis on the yarn series investigated are
presented in the following figures: Figure 14 shows the fold content of yarns
spun at various speeds and drawn at two temperatures. A definite increase in
chain folding is observed at increased spinning speed and increased drawing
temperature. In Figure 15 the concentration of gauche conformers in the
amorphous domains is plotted for the drawn yarns vs. the spinning speed.
From the figure it is clear that an increase in spinning speed results in a yarn
with more gauche conformers in the amorphous regions. Figure 16 shows the
course of the gauche content with elongation for two yarns spun at quite
different speeds. To that end, IR samples have been wound at various
elongations. The decrease of the gauche content for the yarn spun at 1000
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Fig. 14. Amount of chain folds for yarns spun at various speeds and drawn at two different
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Fig. 15. Concentration of gauche conformers in amorphous regions for drawn yarns spun at
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Fig. 16. Dependence of gauche content on strain for drawn yarns spun at 1000 and 4500
m/min.

m/min clearly shows that uncoiling takes place in that yarn. Contrary to this,
the yarn originally spun at 4500 m /min does not show any systematic change
in gauche content on straining. This means that the high-speed spun yarn
contains very big loose loops that cannot be straightened upon straining to
the elongations applied.

By means of curve resolution it was found that the trans absorption peak
near 972 cm~! was composed of a crystalline and an amorphous contribution.
In Figure 17 the position of the amorphous trans absorption is plotted against
the elongation. A definite decrease of position is found at increasing elonga-
tion. According to several authors*”!! this shift can be ascribed to an
increased stress on the taut tie-molecules. Figure 18, finally, shows the peak
position just discussed in the unstrained state for yarns spun at different
speeds. This fact, combined with the evidence shown in Figure 17, points to an
increased stress on the taut tie molecules for the drawn yarns spun at
increased speed.

Summarizing, it can be concluded that in the drawn yarns high spinning
speeds give rise to an increase in folding, apparently due to the high fold
content already present in the undrawn yarns,* in the number of big loose
loops and in the stress on the tant tie molecules. The last two findings indicate
broader tie chain length distributions for high-speed spun yarns. An illustra-
tion is given in Figure 19.

This model may account for the well-known decrease of tenacity for the
high-speed spun yarns. As other factors leading to a decreased tenacity as
reduced M,, and skin—core differences are only marginally present in this
series, it is our opinion that, in this case, the decrease should be ascribed to
the increased folding and the broader length distribution of tie chains.

In the discussion of the characterization methods it was stated that the
overall orientation was determined by means of pulse propagation. Another
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different temperatures.
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measure of the overall orientation is the birefringence, obtained by means of
polarization microscopy. Interference microscopy showed that for this series
of yarns no substantial difference between the birefringence in the skin and in
the core was present. So the birefringence values can also be considered to be
representative of the orientation throughout the cross section of these fila-
ments. In Figure 20 values of sonic modulus and birefringence are plotted vs.
one another for the series of yarns under discussion in this paper.

Included in the same figure are data resulting from a series of yarns
obtained by thermal aftertreatment at different tensions, using one conven-
tionally processed feeder yarn. It is clear that for the latter series there is a
unique relation between sonic modulus and birefringence value. For the other
yarns, however, such a unique relation cannot be established at all. Very
systematic deviations can be observed from the drawn line based on the
after-treated yarns.

This combination of sonic modulus and birefringence can provide more
detailed information about the orientation, as both techniques give different
information about the orientational distribution in the yarn. This will briefly
be outlined now.

Based on the uniform stress model, Ward!? states that

7= S, (sin* ) + Syy(cos* ¢)

son

+ (28,5 + Sy, ){(sin’*$ cos? ¢) (1)
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Fig. 20. Sonic modulus versus birefringence for a series of after-treated yarns (O) based on one
conventionally spun feeder yarn and yarns spun at speeds (m/min) indicated in the figure and
drawn at two different temperatures: (+) low draw temp; (®) high draw temp.

where ¢ = the angle between the molecular segment and the yarn axis,
S,, = transverse compliance, S,; = longitudinal compliance, S,, = torsional
compliance, and S,; = »S;; with » = Poisson’s ratio. Assuming » = 0.5, rear-
rangement of eq. (1), after applying some goniometry, gives

1
E

son

=Sy + (cos2¢)(—2Sn — 83 + S44)

+(cos* $)(S), + 2S5 — Syy) (2)
In addition, it is known that
An = 1An_ (3(cos? ) — 1) (3)

So the birefringence measurement only reflects the second moment with
respect to cos ¢ of the orientational distribution. The sonic modulus, however,
is related to a combination of second and fourth moment as indicated above.

From Figure 20 it follows that at the same birefringence value, i.e., (cos® ¢),
quite a variation in sonic modulus is possible. This must be ascribed to a
variation in values of the fourth moment. To consider this point in some more
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detail, the derivative

0(1/E o)
Heort o) Sy + 2855 — Sy (4)
at constant An, so at constant (cos’¢), is investigated. Taking for the
compliances involved the values given by Ward for highly oriented PET fibers
(Ref. 10, p. 248), i.e.,, S;; = 1.6, S,; = 0.071, and S,, = 1.4 GPa"!, it appears
that this derivative is positive. Consequently, lower values of 1/E_  indicate
lower values of {cos*¢). From Figure 20 it can be seen that lower values of
1/E,,, are found for yarns spun at higher speeds. So, at higher spinning
speeds, the ratio {cos® ¢)/(cos* ¢) increases, pointing to a broader orientation
distribution, as this ratio increases from 1.0 for an infinitely sharp distribution
to 1.67 for a completely random one. This result is very well in line with the
findings of infrared spectroscopy discussed before.

Dynamic-Mechanical Behavior Related to Structure

The dynamic-mechanical behavior of a yarn is supposed to be related to the
mobility of the molecular segments in the amorphous regions. This mobility
can be related to the crystalline morphology. If the crystals are regarded as
physical crosslinks decreasing the segmental mobility, many small crystals will
have a greater crosslinking effect than fewer bigger ones. Consequently, the
molecular mobility in the amorphous domains is considered to be directly
related to the volume of these regions.

In Figure 21 the lateral and longitudinal crystal sizes are plotted vs. the
spinning speed for yarns drawn at the two temperatures, respectively. An-
other lateral crystal size, also determined by means of x-ray diffraction, is not
shown here. Both effects of spinning speed and drawing temperature are
clearly visible in this picture. From the two lateral crystal sizes and the
longitudinal one, the average volume of a crystal, Vg, can be estimated. From
this information, assuming an alternating succession of crystalline and amor-
phous regions, the averaged volume of the amorphous regions can be calcu-
lated

This is the free volume introduced by Dumbleton and Murayama.'?® Vassi-
latos, Knox, and Frankfort'* introduced the corrected free volume as a
measure of the molecular mobility, also taking into account the amorphous
orientation

with f, determined from birefringence measurements, providing a slightly
better description than using pulse propagation results.
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Fig. 21. Lateral and longitudinal crystal size for yarns spun at various speeds and drawn at
two different temperatures.

For the present yarns this latter parameter is plotted vs. the spinning speed
at two temperatures (Fig. 22). A very pronounced increase in the corrected
free volume is found, with a significant contribution of the drawing tempera-
ture.

A mechanical response to the molecular mobility is the temperature where
the dynamic loss modulus E” shows a maximum, the so-called a transition
temperature. In Figure 23 this transition temperature is plotted vs. the
spinning speed.!® A definite decrease is observed at increasing spinning speed,
in addition to a substantial effect of the drawing temperature. This Ty, ,
based on the discussion just given, should be related to the corrected free
volume. Figure 24 shows this relation for the yarns involved. Also a variety of
other drawn and undrawn yarns was added to complete the picture. Since a
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Fig. 24. Relation between temperature of a transition and corrected free volume.

very good fit is obtained, the model may be regarded as justified. A similar fit
was also reported by Vassilatos et al.'* The limiting value of Ty, for
infinitely high values of the free volume, i.e., for amorphous yarns, is 89°C.
This is close to the glass transition in PET as measured by thermal methods.
The mobility of the chains plays a role both in diffusional properties, such as
dye absorption, and in dynamic response such as fatigue resistance.

CONCLUSION

Examples have been presented to show that quantitative information,
deduced from a simple two-phase model for PET yarns, can suitably be used
for describing the mechanical yarn properties. The physical understanding of
these properties can be improved in this way; consequently, the changes in
mechanical properties brought about by changes in process conditions can
better be understood and predicted. Therefore, from an industrial point of
view, this kind of structure investigation is a very effective application of
polymer science.
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