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SYNOPSIS

A method has been developed for measuring infrared spectra during the mechanical de-
formation of yarns. This rheooptical technique was applied to study the molecular processes
that take place along the stress—strain curve of PET yarns. The results were combined
with data obtained from size exclusion chromatography (SEC) and tensile measurements
at elevated temperatures. The results indicate that the first modulus maximum marks the
breakdown of the amorphous entanglement network and the start of molecular uncoiling
by gauche — trans transitions. In addition, stress develops on the crystals and particularly
on tie molecules with a short contour length in the amorphous domains. Ultimately, mo-
lecular fracture of taut-tie molecules causes the modulus to pass through a second maximum.
The chain ends of broken molecules recoil by trans —» gauche transitions. Local stress
accumulation will lead eventually to yarn rupture. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Technical PET yarns have a complex semicrystal-
line structure in which polymer molecules are di-
rected along the fiber axis in crystalline and amor-
phous domains (Fig. 1). Within the crystals, the
molecules are well ordered and highly oriented,
whereas in the amorphous domains, coiled chains
effect an orientation distribution.

Molecules that take part in crystals may run
through several crystalline and amorphous regions
(tie molecules) or fold back at the surface to reenter
the crystal. The chain ends accumulate in the amor-
phous domains. The above-mentioned molecular
ordering gives rise to the formation of so-called fi-
brils, i.e., structural units in which coherence of
amorphous and crystalline domains is found, pre-
dominantly in the axial direction.

Although the physical structure of PET yarns can
be described in greater detail, the two-phase model
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has proved to be very useful for characterizing a
large number of different yarns in terms of their
crystalline morphology, amorphous orientation
(distribution), and molecular weight. By combining
data obtained from measuring the density, X-ray
diffraction patterns, sonic pulse propagation, bire-
fringence, and viscosity, a set of structure parame-
ters can be determined for predicting the mechanical
yarn properties quantitatively by means of neural
networks.!*?

In support of product development, it is worth-
while to supplement this knowledge with a deeper
understanding of the molecular processes that char-
acterize the stress—strain curve of the yarn. To that
end, infrared spectroscopy seems to be a valuable
technique (cf. Refs. 3-19), especially because it
provides molecular information about the amor-
phous domains, which form the weakest links in the
physical structure. Furthermore, the rapid scanning
capability of Fourier transform infrared (FTIR) has
proved useful for measuring the spectral changes
that occur during the stretching of polymer
films.*13181% Therefore, we developed a method for
measuring the deformation of yarns with FTIR and
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Figure 1 Physical structure of PET yarn.

applied it to PET yarn. The results were combined
with data obtained from size exclusion chromatog-
raphy (SEC) and data on the temperature depen-
dence of the stress-strain curve.

EXPERIMENTAL

The stress-strain experiments were carried out on
Akzo Diolen 855T, 1100 dtex 210, a technical PET
yarn with a tenacity of 80 ¢cN /tex and an elongation
at break of 13% when measured on an Instron tensile
tester. Some physical properties of the yarn are, bi-
refringence = 0.1880, sonic modulus = 20.4 GPa,
density = 1395.6 kg/m?® and crystallinity = 0.354.
The sample for the dynamic FTIR experiment
was prepared by winding the yarn on a metal frame
in such a manner that each side of the frame was
covered with a smooth layer of parallel monofila-
ments with no appreciable air gaps or overlaps (Fig.
2; for details see Ref. 15). The metal frame consisted
of two separable parts, so that during stretching in
a minitensile tester (Minimat of Polymer Labora-
tories), all stress was put on the yarn filaments (Fig.
3). An elongation rate of 4% / min was applied. The
accuracy with which the stress-strain curve could
be recorded with the mini tensile tester was some-

Figure 2 PET filaments wound on a sample holder.
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Figure3 Ministretching device with clenched PET sample. In front: dismounted sample

holder.

what limited and is subject to further study. Nev-
ertheless, the curve has its characteristic shape with
the modulus showing two maxima (Fig. 4).
Beforehand, the tensile tester had been placed in
a Perkin-Elmer 1800 FTIR instrument with the yarn

60

sample perpendicular to the IR beam (size of the
sample was 12 X 25 mm; the image size of the
beam had been reduced from 10 to about 8 mm at
the sample position). The FTIR spectrometer
was equipped with a mercury-cadmium-telluride
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Figure 4 Stress—strain curve of PET yarn.
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Figure 5 IR spectrum of PET yarn (radiation polarized perpendicular to the yarn axis).
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Figure 6 Infrared spectraof PET yarn at a strain of 0.2 and 8.0%, scanned with radiation
polarized parallel (above) and perpendicular (below) to the yarn axis.
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(MCT) detector and contained a specially designed
dynamic polarizer system that made it possible to
collect, alternately, spectra with radiation of oppo-
site polarization directions. As a result, each 0.75 s,
a pair of high-quality interferograms of the PET
yarn could be scanned with the IR radiation polar-
ized parallel and perpendicular to the yarn axis
(resolution 8 cm™'). The measurements were
stopped when the first filaments broke and leakage
of radiation through the sample started to cause
spectral distortion. After conversion of the inter-
ferograms to the spectra, the spectral region between
700 and 1100 cm ™' of each pair of parallel + per-
pendicular spectra was fitted by means of 23 Pearson
functions and the obtained data were combined to
quantify the changes of the isotropic area and the
positions of the IR bands during stretching (Fig. 5).
For a detailed description of this method, we refer
to Ref. 15. In Figure 6, two pairs of spectra are shown
that were scanned at a strain of 0.2 and 8%.

In a separate experiment, pieces of 50 cm of yarn
were stretched in an Instron tensile tester at a rate
of 20% /min to various elongation levels ranging
from about 1% up to the elongation at break. The
molecular weight distribution (MWD) of the sam-
ples was determined by size exclusion chromatog-
raphy (SEC). The SEC analyses were carried out
at 32°C using an equipment comprising an HPLC
pump, a UV detector operating at a wavelength of

conformers: H

fibril of

929

270 nm, and two silica-based columns (pores 1000
and 100 A, respectively). Hexafluoroisopropanol was
used as the eluent. The calibration was done with
polytetrahydrofuran standards having molecular
weights ranging from 1300 to 300,000.%°

The measuring of the stress—strain curves at el-
evated temperatures was carried out with an Instron
tensile tester that had been equipped with an oven.
The applied gauge length was 25 cm, and the elon-
gation rate, 100% / min.

RESULTS AND DISCUSSION

In Figure 4, the stress—strain curve and its first de-
rivative (the modulus) are shown. Two modulus
maxima are present: one at about 0.5% strain and
the other at about 8% strain. These two points of
maximum resistance to elongation can be used to
divide the stress-strain curve into three regions. The
molecular changes that take place in the different
regions are discussed below.

An important molecular mechanism during
straining is the uncoiling of the PET molecules. In
this respect, it should be realized that the ethylene
groups in the amorphous domains of semicrystalline
PET occur in two conformations, namely, the gauche
and the trans conformations. As can be concluded
from Figure 7, molecular chains containing a lot of
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Figure 7 Molecular and physical structure of PET.
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Figure 8 Absorbance of the gauche IR band at 899 cm™.

gauche will be coiled strongly, whereas trans con-
formers in series give rise to extended chains ( crys-
tals only contain trans). In the infrared spectrum,
the amorphous gauche conformation can be quan-
tified by means of the CH, rocking vibration at about
899 cm ! (Fig. 5). Furthermore, the crystalline and
amorphous trans conformers show characteristic
absorptions at about 970 cm™! as a result of the

C — O stretching mode (for band assignments, see
Refs. 4, 6, 8, 9, 12, and 15 and references cited
therein). The crystalline and amorphous contri-
butions to the trans absorption band were separated
by the above-mentioned fitting procedure.'®

When PET yarn is elongated, the molecules tend
to align along the fiber axis by uncoiling. Conse-
quently, the amount of gauche will diminish.57%81518.19
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Figure 9 Modulus-strain curves of PET yarn at different temperatures.
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Figure 10 Position of the stress-sensitive trans IR band at about 970 cm ™.

A glance at Figure 8 shows that this is indeed the
case. On closer examination, it appears that the de-
crease of gauche only starts in region 2 in analogy
to earlier findings for PET film.®2 We tentatively be-
lieve that in region 1 entanglements (amorphous
chain-chain interactions) contribute substantially

to the modulus and prevent conformational changes.
The elastic strain in this area is probably concen-
trated in the glycol residues (cf. Ref. 8). The first
modulus maximum then marks the breakdown of
the entanglement network and the start of molecular
uncoiling by gauche — trans transitions. The weak-

L before straining

L after straining to break

2 3 4 5 6
Log(molecular weight)
Figure 11 Molecular weight distribution before and after straining to break.
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ness of the entanglement network interactions ap-
pears from the observation that on increasing the
temperature the first modulus maximum of the
stress—strain curve collapses around the glass tran-
sition temperature of about 80°C (Fig. 9).

The lowering of the tensile modulus in the first
part of region 2 can be attributed to the uncoiling
of molecular chains in the amorphous domains. In
this context, it is worth noting that the tensile mod-
ulus is composed of elastic and nonelastic contri-
butions. The elastic contribution as measured by
sonic pulse propagation steadily increases in region
2.2! Therefore, it is reasonable to suppose that un-
coiling effects a lowering of the nonelastic modulus.

Preliminary results indicate that the decrease of
gauche during stretching runs in front of the increase

of trans, which points to the occurrence of transient
skew conformations in between gauche and trans.
Apparently, the glassy state of the amorphous do-
mains hinders the rapid gauche < trans transitions
that occur in solution. This phenomenon is the sub-
ject of further study.

Besides the CH2—CH2 gauche (G) and trans (T')
conformers, PET also contains two conformers re-
sulting from the possibility of the two ester groups
at the aromatic rings of having a mutual cis (Cy) or
trans ( Ty) positioning. In addition, another gauche
(g) and trans (t) conformer arises from rotation
about the O — CH2 bond.*? Fully extended monomer
units as present in the crystals and amorphous taut-
tie molecules have the all-trans tTtTy conforma-
tional arrangement. It will be clear that during un-
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Figure 12 Molecular weight of PET during stretching to break. Different moments of

the molecular weight distribution.
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coiling the molecules will pass through a large num-
ber of different molecular configurations.

The molecular uncoiling in region 2 will ulti-
mately lead to the straining of tie molecules with a
short contour length. The strain causes the stretch-
ing of covalent bond angles and a downward shift
of the trans IR band at 970 ecm™! (cf. e.g., Refs. 7, 8,
9, and 15). In the present experiment, the position
of the band changed considerably, namely, from 971
to 966 cm ™! (see also Fig. 6). As mentioned above,
the crystalline and amorphous contributions to the
trans band can be separated by means of fitting.
The course of the maxima of the crystalline and
amorphous bands is shown in Figure 10. The fact
that the shift of crystalline trans is smaller than the
shift of amorphous trans illustrates that the mole-
cules in the crystals bear the load much more col-
lectively than do the amorphous tie molecules, which
have a broad contour length distribution.

Since the chain modulus of the taut-tie molecules
is relatively high, the tensile modulus of the yarn
starts to increase in the second half of region 2. At
the point where the modulus reaches its second
maximum, taut—-tie molecules begin to break, as can
be concluded from the lowering of the molecular
weight and from the narrowing of the molecular
weight distribution (see Figs. 11 and 12; note: the
polydispersity M,,/ M,, of the molecular weight dis-
tribution lowers from 2.1 to 2.0 upon straining to
break). Actually, it is the scission of chains that
seems to cause the modulus to pass through a max-
imum. The number of molecules that break, how-
ever, is limited (very roughly 3% as calculated from
the average molecular weight M, ). Therefore, it is
likely that the eventual yarn rupture is initiated in
those amorphous regions where, by statistical fluc-
tuations, a high amount of chain scission is realized.
Consequently, local stress concentrations are gen-
erated, intensifying further accumulation of molec-
ular brcakdown, leading to the ultimate rupture of
the filaments.

From Figures 11 and 12 it appears that especially
long molecules break (Mz represents especially the
molecules with a high molecular weight). This is
not surprising because long molecules statistically
have the highest chance of breaking. Moreover, they
have a short contour length (i.e., a high orientation)
due to their long relaxation times during spinning.
In Figure 8 it can be seen that beyond the second
modulus maximum the amount of gauche increases
again. Apparently, the breaking of molecules is fol-
lowed by recoiling of the broken chain ends. Fur-
thermore, the course of the position of the amor-

phous trans IR band in region 3 indicates that the
remaining taut-tie molecules are loaded even more
heavily (larger IR shift), whereas the crystals
somewhat withdraw from the applied strain.

A prerequisite for the aforementioned property
of tie molecules to increase the modulus when be-
coming taut is that they are constrained by crystals.
This ability of the crystals to give coherence to the
structure will decrease more and more when the
temperature approaches the melting point. The
modulus then lowers accordingly (Fig. 9).

From the present results it can be concluded that
rheooptical FTIR in combination with other mea-
suring techniques can help to provide a clearer in-
sight into the molecular mechanisms governing the
mechanical responses during deformation of yarns.
In the near future, the equipment and the fitting
procedures will be further improved and applied to
measuring yarns with a variety of structures and
properties.
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