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Macroscopic shrinkage behaviour and microstructural changes in PET as-spun fibres prepared by a normal
cooling and by a ‘Controlled Threadline Dynamics’ (LIB)t process have been investigated as a function of
temperature. For normally cooled spun fibres, the shrinkage and microstructural changes may be respectively
divided into two steps with increasing temperature. A significant shrinkage in the low temperature range was
attributed mainly to a disorientation process in oriented noncrystalline chains. In the higher temperature region,
the still relatively high but gradually decreasing shrinkage is related principally to the diminished disorientation
process and a sequential crystallization process. In comparison with the normally cooled spun fibres, a small but
monotonically increasing shrinkage was found in the case of the (LIB) samples. Structurally, a monotonic increase
in crystallinity and a decrease in fraction of oriented noncrystalline phase were found to accompany the shrinkage
behaviour. This indicates that the microstructural change and corresponding shrinkage in the LIB spun fibres is a
one-step process. The ultra-high oriented noncrystalline structure which results from the LIB process may
promote minimization of distance between molecular chains in the oriented noncrystalline regime, and enhance
intermolecular cohesive forces. When the fibres are heat treated, large-scale molecular motion may be restricted
because of high intermolecular interaction. Instead, local thermal motion of highly stretched noncrystalline chains
may be activated, and the conversion from very taut noncrystalline chains to a crystalline phase may be easier
because of smaller intermolecular distances and enhanced cohesive forces. Therefore, the entire process may be
characterized mainly as a continuous mass transfer from oriented noncrystalline phase to crystalline phase in situ,
eschewing massive molecular recoiling. This may result in restricted disorientation in the noncrystalline phase and
consequently accompanied by apparently restricted shrinkad®98 Elsevier Science Ltd. All rights reserved.

(Keywords: poly(ethylene terephthalate); threadline modification; hot shrinkage)

INTRODUCTION involves a rapid initial stage which is associated with

disorientation in the oriented amorphous regions. This
disorientation is essentially responsible for the fibre length
change, and regular chain folding is associated with a
subsequent crystallization stage which need not involve any
fibre length change. Another point of view was proposed by

One of the most critical characteristics of oriented synthetic
fibres is their dimensional stability at high temperatures. Hot
shrinkage, determined mainly by the complicated inter-
related factors extant during processing, is not only an

important property affecting actual use, but it also reflects Dumbletorl, Stattorl, and Katd. In order to explain the

the various structural features which make up the oriented . . : ;

sample. Many studies have appeared reporting the dimen_!ncreased Intensity of low-angle X-ray scattering observed
sional and/or microstructural changes of semicrystalline Itﬂgges}’??ﬁia(_)fgr'lr?nélec(iagncdhzhr:ufgll(dﬁ]ET()a/amcs;li]t;ﬁ%gll:jgr?es';ed
poly(ethylene terephthalate) (PET) fibres occurring under Inkage involv ; Ing, €.9. ! Ing 1

various heating conditions®2 Depending on the individual th?:ubﬁﬁ'; Tﬁigg?lz?ogfoiﬁﬂgktﬁg?rhal shrinkage behaviour
observation and structural model assumed, various inter- ' 9 9

pretations of the thermal shrinkage behaviour occurring in O 8S-SPun PET&?{ES as a function of fibre take-up velocity
PET oriented samples have been proposed. has been report . It was found that shrinkage increases

Studies by Samuels and by Wilson on the role of oriented erlégina”llﬂn:n\gleuis‘;t IgrotSrel d %%gg'rrﬁmsiﬂeaeg d ?r?:ln ﬁsfrgiez
molecular chain motion in the shrinkage of drawn PET have with a further increase in speed. The increase has been
shown that shrinkage is directly correlated with amorphous peed.

orientation4'®. They pointed out that the overall contraction attributed to increasing noncrysta_lllng orientation, t_he
decrease due to the onset of crystallization during spinning.

*To whom correspondence should be addressed The hot shrinkage of as-spun fibres prepared by high speed

T These fibres so prepared have come to be known as (LIB) fibres since amelt spinning is_relatively high. For example, th_e s_hrinkage
liquid isothermal bath is used in the process. atca. 100C of fibre sample spun at 3000 m/min, is about
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60%" As a result, heat treatment of such normally cooled/ three types of samples were utilized. Samples A and B are
high speed spun fibres is usually required for most conventional fibres spun with a normal cooling process at
applications. take-up velocities of 1500 and 3000 m/min. Samples C, D,
In brief, a conventional and generally accepted concept and E are the LIB fibres. The preparation conditions of these
based on most investigations may be summarized by thefibres are exactly the same as those reported in our previous
statement that the shrinkage behaviour of oriented PETwork?”. A commercial tire cord yarn produced by the
samples is strongly influenced by their specific morphology. traditional two-step, e.g. spin/draw process was also used in
Amorphous regions play a dominant role in the shrinkage this study as a reference sample, and was labeled F.
process and at lower temperatures shrinkage is due primarily
to disorientation of the amorphous region. The perfection of a Characterization techniques
crystalline structure is very important for the stability of Dimensional change of the heated fibre samples was
molecular orientation. Only the orientation fixed in equili- measured as a function of the temperature using a DuPont
brium crystallites can be thermodynamically stafle 1090 thermal mechanical analyzer (TMA). The heating rate
In our previous research, PET fibre formation via high- during the TMA scan was °&/min and the pre-tension
speed melt spinning has been modified by applying a liquid applied to the fibre bundle was. 0.2 MPa. Shrinkage was
isothermal bath along the spinlifi@®® The spinning  calculated according to the formula
dynamics were changed from a process controlled by inertia _, . L , -
and air drag forces to one controlled by an imposed liquid Shrinkage=[(initial length—final length/(initial length)]
frictional drag. As-spun fibres prepared under optimum LIB X 100% (1)
operating conditions exhibit unique structural features. In a
word, extremely high threadline stress may develop more In order to acquire a thorough understanding of the hot
highly taut molecular chains, while restricting the crystal shrinkage behaviour of fibre samples, the potential micro-
growth process. This results in lower crystallinity and high scopic mechanism was examined from the standpoint of
overall orientation in the material. In other words, LIB as- conformation changes of molecular chains over a wide tem-
spun fibre samples contain significant amounts of oriented perature range using infrared spectroscopy. The absorbance
noncrystalline (ON) phadg=22 Such a structure resulted in  dependence of specific bands related tathesandgauche
as-spun fibre possessing excellent mechanical propertiesconformers on the temperature variation were recorded on a
being comparable to those of commercial products from the Horiba 220 Fourier transform infrare@Ti.r.) spectrophot-
conventional two-step process, at least at temperaturesometer without directional preference. FeTi.r. spectral
below the glass transition. On the other hand, even thoughmeasurements under pre-tension at various temperatures,
the thermal response of LIB as-spun PET fibres has not yetan optical cell developed by one of the present authors
been studied in detail, some of our earlier experimental was use’. One end of the horizontally positioned sample
results have shown that LIB spun fibres exhibit relatively was fixed in the holder and the other end was held taut by
low shrinkage compared with normally cooled as-spun applying a weight. The load applied to the sample was
fibres made at the same spinning speed when they were0.2 MPa which is equal to the pre-tension in the shrinkage
exposed to boiling water or hot air at TTZ This is quite measurement. The sample was heated by a surrounding
surprising, because in general, samples possessing higtheater programmed at a heating rate friin, heating of
noncrystalline orientation are expected to show significant the sample started aa 30°C andFTi.r. measurements were
shrinkage based on the traditional point of view as made, starting at this temperature ta 200C. This
mentioned earlier. arrangement provided the same heating rate for both the
This article presents the results of continuing research hot shrinkage and theTi.r. measurements. The comparison
based on our previous studies and examines hot shrinkagedf the macroscopic shrinkage during the shrinkage test with
behaviour by thermal mechanical analysis, infrared, X-ray, the microscopic chain conformation change during the
and density measurements. The relationship betweenFTi.r. procedure is then more direct because we have mini-
macroscopic fibre shrinkage and microstructural changesmized, if not removed, time effects.
operative during exposure to the thermal process is then To follow the fibre morphological changes with increas-

discussed for these LIB PET fibres. ing temperature using X-ray crystallinity and density (by
flotation), samples were heat treated under the same heating

EXPERIMENTAL rate and pre-tension conditions as used in the TMA and
i FTi.r. measurements just described and then quenched in

Sample preparation water at room temperature. Density and wide-angle X-ray

~Sample identifying codes and preparation conditions are scattering (WAXS) measurements on the above individual
giveninTable 1 In order to compare the structural variation - samples were then performed at room temperature, where it
in the different PET fibres prepared with various processes, is assumed that the structures which existed at the end of the

Table 1 Preparation conditions of the fibre samples

Sample ID Remarks Take-up velocity LIB temp. LIB depth LIB position
(m/min) CC) (cm) (cmy

A Normal cooling (without LIB) 1500 - - -

B Normal cooling (without LIB) 3000 - - -

C As-spun fibre prepared with LIB 1500 140 22 160

D As-spun fibre prepared with LIB 3000 140 22 160

E As-spun fibre prepared with LIB 5000 140 22 160

F Commercial tire cord - - - -

#Position of LIB: distance between spinneret face and liquid surface
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Figure 1 Temperature dependence of the shrinkage of various PET fibre samples

heating/quenching procedures survived. Fibre density washigh temperature rangd (> 120°C), the disorientation of
determined using a density gradient column filled with oriented noncrystalline chains in this fibre has been almost
NaBr/H,O solution. WAXS scans were recorded with Ni- completed, and only crystallization phenomenon occurs,
filtered CukK, radiation generated at 30 kV and 20 mA. resulting in a decreasing shrinkage. In comparison with the
Determination of the crystallinity of fiborous samples by extremely high shrinkage peak obtained in this sample, the
WAXS requires that all preferred orientation of the fibres be LIB spun fibres and tire cord yarn exhibit much smaller
eliminated. Fibres were finely cut and converted into dimensional changes when subjected to high temperatures.
powder-like isotropic samples to eliminate all preferred The onset of the shrinkage in the tire cord yarn F was shifted
orientation. to higher temperature and the percent shrinkage is seen to be
The vibrational bands in infrared spectra and diffraction lower than most of the other samples at corresponding
peaks in WAXS curves were fitted using the Pearson VIl temperatures. This may be attributed to its high crystallinity
function, following the method introduced in ret§®2 achieved by the hot drawing/heat setting process. For the
LIB as-spun fibres, however, their excellent shrinkage
behaviour is unexpected. As seerfigure 1, the shrinkage
RESULTS AND DISCUSSION traces of the three LIB fibres are similar to that of sample F,
The percent thermal shrinkage of various PET fibres at but they are obviously different from sample B. For
constant load is plotted as a function of temperature in example, fibre D reveals a much lower shrinkage than
Figure 1 The dimensional change in all samples is low in does fibre B at the same temperatures, although they were
the range below the glass transition, due to restricted both wound at the same velocity of 3000 m/min. Another
molecular motion. AboveT,, the shrinkage increases difference between sample Band LIB spun fibres is that the
significantly, but the traces of the various samples reveal latter exhibit an increasing shrinkage in the high tempera-
obvious differences among themselves. For sample A ture rangeT > 120°C) while sample B shows a decreasing
wound at 1500 m/min under normal cooling conditions, trend as mentioned above. This is considered to occur by a
only relatively low shrinkage was observed. It begins from continuous disorientation in the LIB spun fibres in the high
ca 70°C and ends at 10C. The maximum shrinkage isonly  temperature range. In a previous study, we have found a
10%. With further increase in temperature, the dimensional correlated phenomenon by dynamic mechanical anafysis
change becomes zero again, indicating that sample A withIn comparison with a relatively narrow térpeak exhibited
both low noncrystalline orientation and low crystallirfify in normally cooled spun fibre, the LIB spun fibre exhibits a
has become an isotropic material through the heat inducedbroader tard peak. Broadening of the glass transition in LIB
disorientation during the shrinkage test. As spinning speed spun fibre suggests an increase in the variety of noncrystal-
increases to 3000 m/min, a significant dimensional changeline chains, which exhibit different mobilities and hence
is observed in sample B. In the pertinent literature covering different activation temperatures. Such broader distribution
fibre structural changes as a function of spinning speedof the activation temperature may correspond to a
under normal cooling conditions, it has been reported that continuous, wider (expands near the melt point) spectrum
PET fibres spun at 3000—4000 m/min contain a higher of molecular disorientation in a heated LIB spun fibre.
oriented amorphous phase than fibres spun at other speedg herefore, a monotonically increasing shrinkage in the LIB
and that they exhibit quite high hot shrinkafe¥3? Asseen  fibre was observed.able 2shows the hot shrinkage data of
in Figure 1, the shrinkage maximum occurs @ 40% in PET fibres spun at 3000 m/min for both the normal cooling
sample B. and the peak appears in the vicinity of 110— and the LIB process, in boiling water and 2Z7hot air,
12C°C. These results are in agreement with other reports, derived from the literature anigure 1 The data reported
although the absolute values may vary somewhat. In the by our group (ref$®3334:3944nd this work) are generally
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Table 2 Hot shrinkage data and noncrystalline orientation content reported in the literature and for this work, for fibore samples spun at 3000 m/min under
normal cooling and under “Controlled Threadline Dynamics” (LIB)

Normal cooling (without LIB) Threadline modification (with LIB)

In boiling water (%) 177C hot air (%) Xon (%) In boiling water (%) 177C hot air (%) Xon (%)
2826 27°8 320 40°4, 272 462 72%8 (at 150C) 15%2 933 13%° 1240 143, 207° 587
60%, 66%¢, 737

#This work: the test procedure used in this instance differs from the standard ASTM D885, in that the sample is exposed to heat longer and begome partiall
heat set

shrinkage in a heating processing. However, the
experimental data shown Figure 1andTable 2 namely,
samples C, D and E with high oriented noncrystalline

content showing lower shrinkage than that of sample B
which contains a lower oriented noncrystalline component,
is a surprising result, and appears to conflict with
conventional wisdom. To understand this unexpected
macroscopic shrinkage behaviour, the microstructural
changes including molecular conformation and crystallinity
changes in LIB spun fibres during the heating process will
Sample be considered.

When the investigation is aimed at the molecular
conformation changes, infrared spectroscopy is considered
to be a useful tool. Infrared band assignments have been

B
C
D
' E
F

reported for the specific conformers, eig@nsandgauche
and such bands have also been used to understand the
structural changes that take place on spinning, drawing or
annealing PE¥*1=*3 Figure 2 showsFTi.r. spectra taken
at room temperature for all six fibre samples A through F
over the wavenumber region 760-1080 ¢mThis zone is
especially rich in confirmational information and very
useful for analysis. In accord with ref§**42 the bands
near 845 and 970 cnl have been assigned to vibrational
modes of the combined crystalline and amorphtrass
ethylene glycol segment of the polymer chain. Bands near
899 and 1042 cm' have been assigned to vibrations of the
gaucheconformers which are taken to be present only in the
isotropic amorphous phase. The 793 and 875%hands
1030 1040 1000 960 920 880 840 800 " 760 have been associated with vibrations of the benzene ring and
Wavenumber (cm) are not directly affected by conformational changes, hence
these bands are usually used as internal reference bands. The
changes in relative intensity of thieansandgauchebands,
as observed irrigure 2 show clearly that different chain
lower than those of others, because of the high molecular morphology exists in the six fibres. In general, at the same
weight PET (IV = 1.0 dL/g) used in our studié% At the spinning velocity, the LIB spun fibres have a higher content
present time, no unequivocal explanation for this behaviour of transconformer than the normally cooled spun fibres, and
is at hand, but such materials may cause a higher spinlineare characterized by high total molecular orientation, as
stress and induce a relatively higher crystallinity in the as- reported previousR?. In order to examine the microstruc-
spun fibre, resulting in restricted, lower hot shrinkage than tural changes accompanying the macroscopic shrinkage, the
one observes in low IV fibres reported in other work. temperature dependence of such specific vibrational bands
Ignoring this detail,Table 2reveals an important fact, e.g. was studied.
the shrinkage of the LIB spun fibres determined in both  TheFTi.r. spectra at increasing temperatures for two pairs
boiling water and 17°C hot air is clearly lower than that of of samples are shown ifrigures 3 and 4 Here, the
normally cooled samples. As pointed out in our previous 845 cni' band and the 899 cm band were chosen to
works, one of the structural features of the LIB spun fibres is represent thdrans and gaucheconformers, respectively.
that they possess a high content of oriented noncrystallineFrom these figures, one sees obvious differences in band
phasé’. As shown inTable 2 in comparison with 15% of intensity changes occurring in the various samples. In the
oriented noncrystalline phase found in normally cooled fibre case of the normally cooled spun fibres A and B (although
wound at 3000 m/min, the LIB spun fibre wound at the same the spectra of the latter become poorer because of significant
velocity possesses a much higher content of anisotropicfibre shrinkage at the higher temperatures), it is quite clear
noncrystalline material 458%). Based on conventional that a reverse in respective intensities of tinens and
concepts, hot shrinkage is considered to be a disorientationgauchebands occurs gradually with increasing temperature.
process in the oriented noncrystalline phase with an In comparison with the normally cooled spun fibres, the
accompanying increase in entropy. Thus, the higher therelative intensity otransandgauchebands in the LIB spun
oriented noncrystalline content, the higher the expected hotfibres C and D, especially in sample D, remains essentially

Absorbance

Figure 2 FTi.r. spectra for various fibre samples at room temperature
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Sample A Sample C

Sample B Sample D

Absorbance
Absorbance
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-1
Wavenumber (cm™) Wavenumber (cm™)

Figure 3 FTi.r. spectra of fibre samples A and C at various temperatures Figure 4 FTi.r. spectra of fibre samples B and D at various temperatures
as indicated as indicated

constant with increasing temperature, indicating that only
minor conformational change occurs within these fibres
during the heating process. The observed infrared absor-
bance ratiosAgedAgss for each FTi.r. curve measured at 3 16
different temperatures for the six samples are shown in o o
Figure 5 A high value of thegaucheto trans absorbance — Coco %04 —114
ratio can be considered indicative of a relatively high 00000 00 08
percentage ofgauche conformations being present in a o
given sample.

As seen inFigure 5 changes in thégey/Agys ratio due to
the heating process are more obvious in samples A and B,
where the ratio in both samples starts to increases ram SampleA O CoogPo0e® o®
60°C, reaching a maximum, and then decreasing gradually _ SampeB ® los
with further increasing temperature twa. 200°C. Such ®
changes in the absorbance ratio present a clear implication, I N O I B L1 04
e.g. with increasing temperature, the content ofghache
conformer first increases, and then decreases with further
increased temperature. The increase in gfaigchecontent | gamp:eg f
indicates a disorientation process and the decrease may be SampleE &
attributed to the crystallization process. This microstructural 412 Sample F %
change observed in normally cooled spun fibres is consistentﬁ A
with conventional theory, and is also consistent with g - AAAAAAAA A
macroscopic shrinkage measurements. The maximum of g alany
the absorbance ratio may be indicative of the starting < o4 |-
temperature of cool crystallization. It appears respectively
atca. 90°C and 120C for samples A and B, and appears to - Ay, WQMMAMAM
be consistent with the peak positions on the shrinkage WW?" AL R
curves of the same samples as showtrigure 1 On the 0.0 L1 1) I 11
other hand, the respective relative intensities of such 20 60 100 140 180 220
conformation-sensitive bands for the LIB spun fibres C, Temperature (°C)
D, E and tire cord yarn F reveal different tendencies. With rigyre 5 Temperature dependence of absorbance rdtig/gs) with
increasing temperature, the absorbance ratio for sample C+10% calculation error for various fibre samples
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I
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shows a slight, but monotonic decrease, while this samewith few meaningless bands. The accuracy of the peak
ratio for samples D and E seems to remain essentially fitting should be better. Therefore, equations (4) and (5) may
constant over a wide temperature range as does the tire cordbe rewritten as:

filament, although these two samples contain highly

oriented noncrystalline phaSe This result indicates that P1(Asas/Aas) + P2(Aeog/Ae7s) = 1 (6)

no significant disorientation occurs in the oriented non- and

crystalline phase when these LIB spun samples were heated. (Ag75/As09) = P1(Aass/Aase) + P @)
7 99) — "1 Zi 99, 2

A reasonable explanation appears to be that with increasing
temperature, highly stretched noncrystalline chains may be According to the observed infrared spectra showRigure
converted directly into a crystalline domain. We call this 2, both absorbance ratid%;5Agge and AgsdAggg have been
suggested process ‘in situ crystallization’. To confirm this determined for the six samples by a peak fitting process. The
hypothesis, however, further quantitative analysis of the experimental data for these samples are presentégjure
morphological change occurring during the heating process6, where the few (six) data points are used to describe a
is necessary. The problem raised here, more specifically, isstraight line. The two coefficients were found to be:

to determine the temperature dependence of individual

fractions of the gauche conformers in the isotropic P, =0.96 andP, = 1.39.

amorphous phaseX(y), and thetrans conformers in both
the crystalline Xc) and the oriented noncrystallin&dy)
phases. In order to attain this objective, a quantitative

relationship between the relative areas of thens and ma ;
y be simply represented by the valuesPafAgss/Ag7s)
gauchebands and the total content of ttrans conformers andP,(AgedAgro), respectively. It is worth noting again, that

and gaucheconformers must be gstablished, remer_nbering the termP ,(Agsd/Agr) represents the ‘totatansconformer’
thattransconformers are present in both the crystalline and ;, poth crystalline and noncrystalline regions. Our purpose,

oriented noncrystalline phases; of course, @auche  poyever,” is to divide the total fraction of theans
conformer is formed only in the isotropic amorphous .,ntormers into its two components, and to determine
phase. In earlier work, Lin and Koenig had pomte_d OU their respective dependence on the heating temperature.
that thetrans andgaucheconformers are spectroscopically  1hig problem may be solved by combining tH.r. results
distinguishable by infrared analysis, and a relationship it ‘other characterizations such as WAXS or density
between the two conformers had been proposed asaasurements. For example, from the valued gfg.d

After determining the values dfgs5/Agrs and AgggdAgrs for
eachFTi.r. scan shown irFigures 3 and 4the fraction of
the trans and gaucheconformers at specific temperatures

42.
follows™: Ag7o) and the degrees of crystallinit¢) measured by the
T+G=1 (2) WAXS method, thetrans fraction involved in the oriented
with noncrystalline regionXoy) is given by:
T=T,+T, ) Xon = P1(Agas/Ag7s) — Xc ®)
whereT is the total fraction otrans conformersG is the considering
fraction of gaucheconformers, and , and T, are the frac- P (Aaes/Agre) = Xia Q)

tions oftransconformer in the noncrystalline and crystalline
regions, respectively. Furthermore, for estimating the total whereX, is the relative fraction of thgaucheconformers
fraction of thetrans and gaucheconformers in PET fibre  which exists only in the isotropic amorphous phase. Thus,
samples with specific i.r. bands, Rodriguez-Cabelial.

proposed a method in which the oriented PET fibre was
regarded as a two-phase conformational (not two-phase) 1o

model and the relationship between the relative areas of
specific bands and the fraction of corresponding conformers o |- (Re75/Asse) = 0.96 (Agss/Aggg) +1.39
is described by the follow equatiéh
P1(AvandAre) + P2(AgauchdPrer) = 1 (4) ° %
where P, and P, are two coefficients to be determined 7H b{——(
related to thetrans and gauche bands, and the values m—{i(
P1(ArandAre) andPo(AgaucndArer) represent therans and Q 6 pd E
gaucheconformer distributions, e.g. and G, respectively. b 7
From equation (4) one obtains E S P
[ee] 7
(Aref/Agauchg = Pl(Atrans/AgauchQ +P, 5) < 4 Pid
If a pair of absorbance ratios &fcfAgauche@Nd Agrand Agauche s c - g
can be determined for an individual fibre sample, the values A
of P, and P, may be determined by least-squares linear 9 _Ig
fitting. B
In this study, the above described method was followed 1
except that we choose 845 and 875 ¢rhands as theans
and internal reference instead of 973 and 793 tivands 0 I I I I I I I
used in ref?2. With this modification, a common baseline 0 1 2 3 4 5 6 7 8
can easily be drawn for a relatively narrow wavenumber A845/A899

range f_rom 8_00 to 920 cnf which covers three meaningful  Figure 6 Plots of absorbance rati;gAgss Versus Auf/Agss With = 10%
peaks including 845, 875 and 899 chbands and overlaps  calculation error for various fibre samples
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we have: From the values oX |, andX¢ determined respectively by
_ FTi.r. and WAXS measurements, the fraction of tinens
XotXon+%a=1 (10) conformer in the oriented noncrystalline phase, &g,
which is consistent with equations (2) and (3). may be calculated by using equation (10). The percentages

Figure 7 shows the WAXS scans performed at room of each conformer, namelya, Xon, and X¢ are plotted
temperature for powder-like samples of fibres B and D. In versustemperature for samples B and D Figure 8
this measurement, as stated in the experimental sectionSamples B and D were also subjected to density measure-
fibre samples have been heated at a constant heating rate tment in the same temperature range used foFfie. and
the desired temperature indicated next to the WAXS curves, WAXS analysis. Plots of density as a function of
and then quenched. One sees that curves measured in theemperature are given ifrigure 9. Curves of density
low temperature range for both samples have a broad diffuseversustemperature for samples B and D are obviously
scattering profile, indicating lower crystallinity or small different in relative values and shapes. Actually, Lin and
crystallite sizes. Intensity curves in the higher temperature Koenig had also proposed a formula relating the contents of
range, as expected, show fairly well-resolved diffraction the three types of conformers with density for PET
peaks, indicating that a crystalline structure has beensample$? The formula may be written as:
developed in both samples B and D. By careful observation,
howevgr, the tempera'Pure at which d>i/screet peaks start to Ds=DiaXia + DonXon + DcXe (11)
appear, due to crystalline growth, accompanied by diffrac- whereDg is the density of the sampl®,, is the density of
tion peak narrowing, appears to be lower for sample D than the isotropic amorphous phase, abdy and D¢ are the
sample B. In the d.s.c. results presented in a previousdensities of the oriented noncrystalline and crystalline
study?’, we have reported that the cold crystallization phases, respectively. They had also reporgg, Doy,
exothermic peak related to thermally induced crystallization and D¢ values for PET, as 1.326, 1.430 and 1.510 g/cm
during the heating process shifts to lower temperature with respectivel§®>. These values, however, appear to be too
an increased fraction of the oriented noncrystalline phase.high. When used in the quantitative treatment of our density
The observation found irFigure 7 is considered to be data, negativeXoy values were obtained. As a result, the
consistent with the d.s.c. results. As the threadline tension isdensity data shown ifigure 9are compared only qualita-
increased in the preparation of LIB spun fibres, the tively with other measured results at the present time, based
noncrystalline molecules would be extended more tautly on the assumption th&, < Doy < Dc.
than is the case in the conventional normally cooled spun As shown inFigure 8 relatively low crystallinity &c)
fibre, resulting in the easing of the occurrence of cold was found in both samples at room temperature, because of
crystallization and exhibiting the cold crystallization a relatively low take-up velocity of 3000 m/min. The values
diffraction peak at a lower temperature. of Xoy and X, in the two samples vary drastically

depending upon the preparation conditions. For sample D,

Sample B Sample D
P P 100

80 Sample B

X 0o,
O'Aogoooo ooo
"0 o
| O &
o 0
40 | X
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20-g & 0200600
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Figure 7 Wide-angle X-ray intensity curves of fibre samples B and D, at Figure 8 Relative conformer contents with 10% calculation error for
various temperatures as indicated fibre samples B and D as a function of temperature

POLYMER Volume 39 Number 25 1998 6479



Properties of LIB spun fibres: G. Wu et al.

higherXoy and much loweiX,, values are found compared It is worth noting that, in our experience, it is difficult to
with sample B. This may be attributed to the extremely high obtain a unique fitting for the=Ti.r. and WAXS data
threadline tension encountered by sample D in the LIB processing with current resolution programs. But usually,
process. In the case of sample B, an increasKg we were able to determine a rather reasonable range of fitted
accompanying a decrease Koy was found, as the peak parameters. The results showrrigure 8 therefore,
temperature was elevated to 110-220The crystallinity are those we consider to be acceptable with an errogaof
Xc remained almost constant in the same temperature rangel5%. Although this level of error is considered to be
Beyond 110-12TC, a significant increase iXc and a relatively high, the changing tendency of each fraction is
drastic decrease i, were observed, while the value of supported qualitatively by density measurements and over-
Xon dropped close to zero. These results are consistent withall is considered to be a fair first approximation for
the density data as well. As seen iRigure 9 the explaining the macroscopic shrinkage behaviour.
temperature dependence of density in sample B may be Now, let us switch our attention to the original purpose of
clearly divided into two segments on either side of 1.dn this study, that is, to explain the unexpected shrinkage
the range below this critical temperature, density shows phenomenon of the LIB as-spun fibres from the micro-
only a slight decrease which can be attributed to a decreasestructural point of view. By combining observations
in Xony and an increase K, observed in the same region. extracted from independent measurements including
For this sample, 110-120 appears to be a critical FTi.r., WAXS and density, we attempt to distinguish the
temperature for initiating cold crystallization at the chosen different shrinkage mechanisms occurring between the
heating rate (82/min). In the temperature range beyond the conventional normally cooled fibres and the LIB fibres.
critical range, more and more molecular segments having Based on the experimental results presentdeigares 1, 8

the gaucheconformation are converted continuously into a and 9 the hot shrinkage behaviour of conventional normally
crystalline portion, resulting in a gradual increase in density. cooled as-spun fibre is regarded as a two-step praceiss

In comparison with sample B, the temperature dependencefirst step refers to the heating process occurring from room
of the conformer content distribution and density for sample temperature to about 130, whereas the second step begins
D shows obvious differences. As seen kigure 8 the at 110C and ends at 20C or higher. For sample B the
content ofX,, remains essentially constant with increasing temperature 11T appears to be a critical turning point. All
temperature over the entire region, while decrea¥ipgis experimental observations, namely shrinkage, conformer
accompanied by an increasing. This indicates that the  content and density dependence on the temperature alter
precursors of the newly formed crystals come mainly from their respective behaviour at 11D and show new and
the highly oriented noncrystalline domain, namely the different dependency on temperature. In the first step, the
crystallization process occurs preferably in the oriented disorientation of the oriented noncrystalline molecules
noncrystalline phase than in the isotropic amorphous phase.occurs gradually. Such activated molecules tend to form
This is an essential distinction between sample D and domains of random coils, resulting in a decreas¥&f and
sample B. In the latter, crystal formation is accompanied by an increase ofX,5, with accompanying macroscopically

a corresponding disappearance of the isotropic amorphoussignificant shrinkage and reduced density. The recoiling
phase. Furthermore, unlike sample B, an elevatioK©in process from a relatively straight molecular conformation
sample D begins from quite a low temperature and there is amay be accompanied by large-scale chain motion, inducing
monotonic increase in its value without any sudden changethe high shrinkage observed in this region. In the vicinity of
in the temperature range shown. This may also be verified 110°C, the trans conformers in the noncrystalline phase

by the density data shown Figure 9. have essentially disappeared, and a cold crystallization with
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Figure 9 Temperature dependence of density of fibre samples B and D
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gaucheconformer consumption occurring gradually with  measurements. For the normally cooled spun fibre, the
further increasing temperature. These events result in avariation in conformer content may be divided into two
progressive decrease in amorphous content and a corresteps. In the low temperature region where shrinkage starts
sponding increase in both crystallinity and density. In from zero and reaches a maximum, increasgg and
comparison with the two-step mechanism found in normally simultaneous decrease Xyy were found, indicating that
cooled fibres, a one-step mechanism is proposed for thethe significant shrinkage in the low temperature range is
shrinkage process of LIB spun fibres based on the consistentattributable mainly to a disorientation process in the
observations of monotonic variation in shrinkage, confor- oriented noncrystalline chains. In the higher temperature
mer contents and density over the entire experimental region, the reduced shrinkage which occurs may be related
temperature region studied. From the microscopic point of mainly to the crystallization process. These observations are
view, the entire process may be characterized as aconsistent with established convention. In comparison with
continuous mass transfer from oriented noncrystalline the normally cooled fibre, a small but monotonically
phase to crystalline phase directly, skipping over the increasing shrinkage was found in the case of threadline
intermediate step—recoiled molecular conformation. This modified samples. Microscopically, a monotonic increase in
process may be described as ‘in-situ crystallization’. In a Xc and a decrease Koy were found to accompany this
kinetic study concerning microstructural changes occurring shrinkage behaviour. This indicates that the microstructural
in heat treated PET fibres, Peszkin and Schultz have pointedchange and corresponding shrinkage in the LIB spun fibres
out that hot shrinkage may be considered to be ais a one-step process without chain disorientation in the
competition between the chain recoiling process and the oriented noncrystalline region. The unique morphology
crystallization process. Which process ultimately dom-  which results from the LIB process may promote mini-
inates will depend upon the original morphology of the as- mization of distance between highly oriented molecular
spun fibre samples. As we have frequently pointed out, the chains in the oriented noncrystalline regime, and enhance
most significant difference between normally cooled as- intermolecular cohesive forces. When heat treatment
spun fibre and LIB as-spun fibre is the presence of an occurs, large-scale molecular motion may be restricted
extremely highly oriented noncrystalline regime in the because of high intermolecular interaction. Instead, local
latter, which is caused by the extremely high threadline thermal motion of highly stretched noncrystalline chains
tension developed within the liquid bath. This unique may be activated, and the conversion from very taut
morphology promotes minimization of distance between noncrystalline chains into a crystalline phase may be
highly oriented molecular chains in the oriented noncrystal- accelerated because of smaller intermolecular distance and
line domains, enhances intermolecular cohesive forces, andenhanced cohesive forces. Therefore, the entire process may
also promotes the so-called ‘in-situ crystallization’ which be characterized mainly as a continuous mass transfer from
becomes relatively simple with only small-scale molecular oriented noncrystalline phase to crystalline phase in situ.
motion involved. In a study on hot-drawing induced This may result in a restricted disorientation in the
structural change in the LIB spun fibres, we have found noncrystalline phase and a coincident, apparent restricted
that nearly fully developed structures, comparable to shrinkage.

commercial PET tire cord, can be achieved with the
application of a relatively small draw ratio (1.15-1.20)
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