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Abstract

Characteristic features of the molecular structure of polyethylene naphthalate (PEN) are the rigidity of the polymer chains and the
occurrence of twdarans conformations of the naphthalene ring, the so-calledndp-conformations. The rigidity of the molecular chains
permits production of PEN tyre yarns by a simple high-speed melt spinning process without drawing steps. The yarns crystallize with the
naphthalene ring in thB-conformation. The crystal structure of this modification (PENs monoclinic (spacegroup P 1/a 1) with unit
cell parameters = 9.49 b= 1331 c= 1261A, a =90, B = 135 y = 9C°. The melting points of thg-crystals can be over 300.
Under the influence of stress, as occurs for instance when the yarns are dipped for application in tyres, the crystals transform irreversibly into
the fully extendedx-form with retention of a high melting point. The ultimate modulus of PEN yarns produced by different processes is
substantially higher than that of polyethylene terephthalate. However, in the amorphous domains of PEN yarns, rotation of the naphthalene
ring induces conformational < B andcis < cistransitions which negatively influence the dynamic properties. More specifically, the work
loss is four times as high as that of other tyre yarns, and, going from 20°@ 66. a moderate in-use temperature for tyres, the dynamic
modulus decreases by 20%.2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction [24]. Two general aspects of PEN’s molecular structure are

discussed, namely the rigidity of the polymer chains and the
Polyethylene naphthalate (PEN) is a high-performance, occurrence of the so-calldéthns«- andp-conformations of

high-priced polymer with opportunities in several markets, the naphthalene rings in the crystalline and amorphous

including packaging, films, and fibers. In the case of pack- domains. Their influence on the stress—strain and dynamic

aging, use is made of PEN’s good barrier properties and behavior of the yarns will be considered extensively.

high glass transition temperature, making the polymer suita-

ble for applications such as cans for drinks and hot-filled

bottles. Compared to polyethylene terephthalate (PET),

PEN has a higher modulus, which may be advantageous2. Experimental

in films, e.g. for advanced photo system cameras and in

industrial fiber applications. 2.1. Polymerization

The properties of PEN have been described in a number

of publications (cf. Refs. [1-23] and references cited PEN oligomer was produced by transesterification of

therein). This article concerns the relations between spin- dimethyl-2,6-naphthalenedicarboxylate and ethylene glycol

ning, physical structure, and mechanical properties of PEN at 230C using manganese diacetate as catalyst. Subse-

yarns, with a focus on high-melting yarns obtained using a quently, the oligomer was polymerized at 280with an

relatively simple spinning process recently developed by us antimony trioxide catalyst. Postcondensation of the chips
to high molecular weight PEN was carried out in the solid
state by heating the chips for 14 h under high vacuum at

*Corresponding author. Telt+31-26-3662220; fax:31-26-3663009. 227Cinatumble dryer. By the above procedure, PEN chips

E-mail address: jurriaan.vandenheuvel@research-ahm.acordis.com with a melt flow index_ (MFI) of 18.6 g/10 min. were
(C.J.M. van den Heuvel). prepared. For more details see Ref. [17].
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Table 1 is the point where the stress is 5% lower than the maximum
Process conditions, mechanical properties and physical structure of PENgtrags.

yarns, spun at high speed, and with low and high draw-down, respectively

Spinning speed (m/min) 4000 4000 2.5. Sh”nkage

Spinning temperatur€ ) 312 312 . .

Spinneret hole diametep.n) 400 1000 The hot-air shrinkage (_SHA190) was F:alculated from. the

Throughput per spinneret hole (g/min) 2.4 1.1 decrease of length of skeins when tensionless heated in hot

Extrusion velocity (m/min) 16.5 12 air at 190C for 15 min (cf. Ref. [17]).

Draw-down 243 3336

Shear rate (1/s) 5495 160 2.6. Stress-controlled cyclic loading

Maximum inertial stress (cN/tex) 0.44 0.44

Maximum air drag (a.u.) 61 124 ; g

MFI (g/L0min) 186 186 For a detailed description of the method see Ref. [25].

Filament diameterym) 25.3 18.4 2.7. Strain-controlled dynamic mechanical analysis

Elongation at rupture (%) 19.6 9.7

Breaking tenacity (mN/tex) 369 590 Dynamic mechanical tests were carried out in the exten-

Zﬁ‘_jul'(us TQSHEA?I‘?O(“;‘/N“EX) Zié , 32‘1‘ . sion mode of a Qualimeter Eplexor at a frequency of 10 Hz.
rinkage (%0) ' : The temperature dependence of the complex modulus was

Polymorphic form of crystal - B measured over a range frorl50 to 250C with intervals of

Apparent crystal thicknes4120 (A) - 57

40°C using an intermediate hold force of 5 mN/tex and a

isg:rtgn(tkgrlyganimty 134%‘_125 135%22 heaﬁng rate of AC/min. Duripg eagh measurement, a sta}tic

Melting point ¢C) 270 208 strain of 0.5% and a dynamic strain of 0.05% were applied.

Birefringence 0.2357 0.1885 The actual gauge length was used to calculate the required

Sonic modulus (GPa) 18.6 24.7 static and dynamic elongations (initial gauge length
40 mm).

2.2. Spinning 2.8. Melt flow index

The spinning machine comprised an electrically heated  The MFI of the polymer equals the mass flow per minute
30 mm extruder and a metering pump to adjust the polymer through a nozzle channel of 2.1 mm in diameter under a

mass flow. The spinning assembly contained filters and ajoad of 2160 g at 31T. For a detailed description of the
spinneret with 36 circular holes. The temperature of the method see Ref. [24].

extruder, metering pump and spinning assembly was main-
tained at 318C. The yarn was cooled with ambient air. The 2.9. Wide angle X-ray scattering

winding speed was 4000 m/min. For further details see ] .
Table 1 and Ref. [17]. Wide angle X-ray scattering (WAXS) measurements

were carried out using a Philips PW1050 transmission
diffractometer equipped with a quartz curved crystal mono-
chromator. Samples were prepared by winding a smooth

Cold drawing was carried out by loading a piece of yarn layer of yarn filaments around a metal frame. The X-ray
for 10 min. The length was measured, before and after theScans were fitted by means of Pearson functions (Ref.
loading, at a tension of 2 cN/tex to enable calculation of the [26]). The measurements at elevated temperatures were
draw ratio. For hot drawing, the yarn was transported over Performed using a Siemens D5000 diffractometer with a
godets in approximately 8 s through a tubular oven with a HTK10 hot stage. Flat plate photographs were recorded
length of 120cm and a parabolic temperature profile by employing a Statton camera with graphite monochroma-
ranging from 180 at the ends to 28C in the middle. The tor. In the XRD measurements Cy, iKadiation was used.
draw ratio was calculated from the speeds of the godets.

2.3. Drawing

2.10. Density

2.4. Stress—strain curves of the yarns The density of the yarns was determined af 28 a
Davenport gradient column containimgheptane and tetra-
chloromethane mixed in a ratio gradually decreasing in the
downward direction (cf. Ref. [17]).

Mechanical testing was carried out on an Instron tensile
tester, applying a gauge length of 500 mm, a pretension of
5 mN/tex, and a clamp speed of 500 mm/min. The yarns
were twisted 60 turns per meter. For details see Ref. [17]. 2 11 Bjrefringence
Characteristic mechanical properties derived from the
stress—strain curves are the maximum tenacity (breaking The birefringence was determined on filaments,
tenacity), the tenacity at specified elongation of 2 and 5% immersed in dibutyl phthalate and placed at an angle of
(TASE2 and TASEDS), and the elongation at rupture, which 45° relative to the crossed polarizers of a microscope,
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Fig. 1. Conformations of aromatic rings in PEN and PET.

equipped with a sodium lamp\ = 0.5893um) and a De mentioned, namely the rigidity of the polymer chains and
Senarmont compensator (cf. Ref. [17]). the occurrence of twtvansconformations of the ring. These

aspects of PEN will be discussed here in more detail.
2.12. Sonic modulus

A yarn sample was clamped at one end, passed horizon—3'1' Chain rigidity

tally over a couple of pulleys, and loaded at the other end  Owing to the larger size of the aromatic ring system in
with 2 cN/tex. Between the pulleys, two piezo-electric semi-crystalline PEN, the number of flexible ethylene glycol
transducers were placed on the yarn for transmitting and groups is about 23% lower than in PET. Therefore, the
receiving sonic pulses of 60s with a frequency of  modulus of an extended PEN molecule is expected to be
10kHz (see also Ref. [17]). The product of the density higher, despite the fact that in the case of PEN, measured in
and the square of the sound velocity equals the soniccross section, the number of polymer chains is about 8%

modulus of the yarn. lower than for PET. Indeed, by means of WAXS, Nakamae
) ) et al. [13,15]) measured elastic moduli of 145 and 108 GPa
2.13. Melting point for PEN-w and PET crystals, respectively. The Young's

modulus of a yarn not only depends on the molecular
chain rigidity, but also on the orientation and shear modulus
[28], which depend in turn on molecular interactions, chain

. conformations, crystallinity, etc. In practice, the Young's
419.5C). A cup with 2.5 mg of a yarn sample was heated modulus of drawn PEN yarn proves to be substantially

at a rate of 20C/min and the difference in heat flow between higher than that of PET [17].

:Esrmczgr::"ld an empty reference cup was recorded as a In line with the observed higher chain rigidity, Jackson et
’ al. measured relaxation times sfL0 "2 s at 300C for PEN

and~=10"3s at 275C for PET [3]. During melt-spinning,

the residence time of the polymer in the zone where the

Conformational energies of model compounds were Physical structure is formed, is in the order fl0 °s.
calculated with the aid of the Insight/Discover molecular Therefore, itis not surprising that, in the case of PEN, the
mechanics package V.3.0.0 [27] using the PCFF force structure formation in terms of orientation [17] and
field, a force field especially developed for polymers. orientation-induced crystallization proceeds more easily.
Model building and simulation of diffraction patterns were
performed using theertus2 software of molecular simula-  3.2. Molecular conformations
tions.

The melting points were determined with a Perkin—Elmer
DSC-7 differential scanning calorimeter calibrated with
indium (melting point 156.8) and zinc (melting point

2.14. Molecular calculations

In PEN, there are twtransconformations of the naphtha-
lene ring as a result of the absence of a twofold rotation axis
3. Molecular structure through the Giphaic—Caromatic ONds of the ring system (Fig.
1). Note that such an axis is present in the case of PET, for
In Section 1, two characteristic features of PEN were which there is only onérans conformation. The twdrans
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Fig. 2. (a) Crystal structure of PEN-The structure has extended chains with 1 chain per unit cell. Crystallographic data: triclinec=m151,b = 5.75,
c=13.2 A a =81, =144,y = 100, p. = 1.407 g/cm. Thea andb-axes are drawn twice as large for easy comparison with BE[&) Crystal structure of
PEN<. The structure has sinusoidal chains with 4 chains per unit cell. Crystallographic data: monoclipie]l Rt2 9.49,b=13.31,c=12.61 A o =90,
B =135,y =90, p.= 1.425 g/cm.

conformations in PEN can be distinguished by the number 3.3. «- and B-conformations in crystals
of hydrogen atoms at the aromatic ring adjacent to the
carbonyl oxygen atom. In the case of th@nsa-conforma- In the PENe: crystal structure described by Mencik [2],
tion there is one such hydrogen, and in the case ofrtres the polymer molecules display theconformation (Fig. 2).
B-conformation there are two (see Fig. 1). Monomer units This crystal structure resembles that of PET (Fig. 3) as
containing thea-conformation are almost 5% longer than regards the extended dtians conformation of the chains
those having the more sinusoidgiconformation (lengths  and the type of unit cell (triclinic; one chain per unit cell). A
13.2 and 12.6 Arespectively). The aromatic ring system in second crystal structure was mentioned in a patent [1] and
both PEN and PET has only orés-conformation (Fig. 1). was also observed by Zachmann et al. [4] using synchrotron
Owing to the rotation axis through the,Ghaic—Caromatic radiation. This polymorphic modification was designated as
bonds, the phenyl group rotates more easily than the PEN{ by Buchner et al. [11] in their study of the kinetics of
naphthalene ring. What this means for the yarn properties, crystallization and melting of PEN. According to these
especially the dynamic properties, will be discussed later authors the PENS crystal structure is triclinic with a
on. four-chain unit cell containing polymer molecules which
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chains as shown in Fig. 2. Its structure determination will be
reported in a forthcoming article [29].

Recently Liu et al. [30] proposed a model for the PBN-
crystal structure based on electron diffraction data (i.e. the
[001] and [D2] zones) of thin-film melt-crystallized
material. The proposed model differs from that in Fig. 2
of the present report based on fiber diffraction data.
Although the unit cell parameters do not differ much, Liu
et al. report a different symmetry (viz. R/@ 1 1) and hence
a different packing of molecules in the unit cell. Here we
note that the PEN® structure as described in this report not
only explains the fiber diffraction pattern shown in Fig. 4 but
also explains the PEIR- electron diffraction patterns
observed by Liu et al. This can be verified, e.g. by com-
paring the electron diffraction pattern shown in Fig. 5,
simulated on the basis of the structure described in Table
2, with the electron diffraction pattern in Fig. 6b of Liu et al.

In practice, thex andp crystalline modifications can be
easily recognized from their WAXS patterns (Fig. 4).

3.4. a- and B-conformations in amorphous domains

Like PET, PEN is a semi-crystalline material. Based on
the crystalline densities and the isotropic amorphous density
(see below), the volume fraction of crystalline material in
steam-drawn PEN yarn, which contaiegrystals only, was
found to be similar to that of PET i.e0.4 [17]. For better
insight into the structure of amorphous PEN, an almost
isotropic amorphous yarn was prepared by low-speed
spinning  (density p = 13269 kgm®,  birefringence
An = 0.0047). By drawing this yarn at 138 with a draw
ratio of 2.8, an anisotropic amorphous material was obtained
(densityp = 13430 kg/m3, birefringenceAn = 0.1880). It
is noted that the amorphous density increases with the orien-
PET tation because of improved molecular packing and the
formation of associates, which precede the formation of
crystals. Actually, for calculation of crystalline and amor-

Fig. 3. Crystal structure of PET. The structure has extended chains with 1
chain per unit cell. Crystallographic data: triclinic,,Rl= 4.49,b = 5.88,

c=10.72A a =100, B =118, y= 117, p.= 1500 gicri (Ref. [31]). phous volumes, this effect should be taken into account
The a and b-axes are drawn twice as large for easy comparison with (Ref. [31]; see also Refs. [5-10] as for the occurrence of
PEN{. rigid amorphous fractions).

The equatorial WAXS scans of both the above-mentioned
amorphous samples do not simply show a smooth halo and
are quite different (Fig. 6). Clearly, the scattering intensity

crystallize in the3-conformation. Unit cell parameters were in the 22—26 (20) range increases upon drawing. Note that
reported, but a crystal structure was not presented. the diffraction patterns of both theandp crystalline modi-

By the high-speed spinning process outlined in the sequel, fications show peaks in this region, suggesting that the
we obtained yarns containirgycrystals of very high perfec-  increase of intensity upon drawing is due to an increase in
tion. The diffraction data of these fibers (Fig. 4) enabled us the amount ofrans «- and B-conformations. This increase
to determine the PEN- structure. This structure is may arise from the transition of non-extendgsiconforma-
monoclinic with symmetry P 1 2a 1 and unit cell tion into the more extendef-conformation and the fully
parameters a=949, b=1331 c=1261 A a= extendedx-conformation (Fig. 1). The latter conformations
90, B=135 y=90C° (which differ from those of allow a higher degree of molecular ordering and orientation.
Zachman et al. [4]). Fig. 2 displays the crystal structure; The increase in the degree of molecular orientation is
its fractional coordinates are listed in Table 2. The structure indicated by the increase in birefringence.
is characterized by a sinusoidal conformation of the polymer  Before discussing the influence thatandg-conformations
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Fig. 4. Flat plate diffraction patterns (top) and equatorial scans (bottom) of semi-crystalline PEN yarns.

have on the mechanical properties, the behavior of PEN filament at the top of the spinline and therewith the accel-

during high-speed spinning will be considered. eration of the spinning masd/ddx and the inertial stress
Tineriia = PVu(Vy — Vo) (note: RV, = W/(mrp) = constant
where R, is the radius of the filament at position

4. High-speed spun PEN yarns along the spinlineV is the spinning speed and/ the
mass throughput). In this part of the spinline, the inertial
4.1. The spinning process stress is the most dominant stress component [32], which

together with the cooling rate, is fundamental to the

From a molecular point of view, fiber production is formation of the physical structure during spinning.
polymer shaping by orientation and crystallization. During ~ The effect of draw-down in the case of high-speed spin-
high-speed spinning of PET, a substantial part of the orien- ning of PEN is illustrated here on the basis of two experi-
tation and some crystallization takes place during the ments, which are summarized in Table 1. In the first
spinning step, although subsequent drawing steps are necesexperiment, PEN was spun at a high speed but low draw-
sary for bringing orientation and crystallization at a level down, in the second experiment at high speed and high
that give industrial yarns the required mechanical proper- draw-down. To that end, different mass flow rates and spin-
ties. As discussed above, PEN molecules are quite highlyning holes with different diameters were applied, as we
oriented during high-speed spinning. This posed the observed for PET that orientation, crystallinity and crystal
question whether it is possible to orient PEN to such an size increase when the spinning hole diameter is increased
extent that drawing can be omitted. Such a one-step “draw and the mass flow is reduced [33].
spinning” process is interesting from an economical pointof It is noted that the mass flow rate also influences the
view. cooling of spinning filaments. So, on reducing the mass

In this context, it is worth noting that for PET, spinline flow rate by a factor 2, the distance for cooling along the
orientation and crystallization are not only favored by a spinline is roughly halved.
high-speed (high stress), but also to some extent by a high
draw-down € ratio of spinning hole area to cross section 4.2 vyarn properties
of the as-spun filament or ratio of winding to extrusion
speed). A high draw-down enhances the thinning of the From the data in Table 1, it follows that the two high-speed
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PEN-bota Zone = [ 0 1 -2] Table 2
0.8 Fractional atomic coordinates of PENbased on fiber diffraction data. The
coordinates of the complete unit cell contents are obtained by applying the
0.6 symmetry operations<; —y, =z 3 =X, 3 +y, —zandi +x 3 -y, z
associated with P;2a symmetry
0.4 Atom X y z
0.2 C1l 0.776 0.309 0.251
. . . c2 0.781 0.251 0.069
C3 0.759 0.273 0.949
0.0 . - C4 0.780 0.371 0.925
C5 0.764 0.394 0.808
—0.2 o . . C6 0.693 0.220 0.730
Cc7 0.716 0.197 0.851
Cc8 0.713 0.406 0.269
-0.4 c9 0.700 0.462 0.447
c10 0.722 0.439 0.567
0.6 c11 0.702 0.341 0.592
C12 0.719 0.318 0.709
C13 0.790 0.492 0.786
-0.8_ C14 0.767 0.515 0.666
de T o o ! I .8 o1 0.759 0.323 0.130
. 02 0.818 0.164 0.119
d* (Reciprocal Angstroms) 03 0.724 0.390 0.387
. . . = . . 04 0.661 0.549 0.397
Fig. 5. Certus2 simulation of the [01Relectron diffraction pattern of the H1 0.680 0.249 0.222
PEN+ structure shown in Fig. 2. H2 0.927 0.291 0.359
H3 0.811 0.465 0.303
H4 0.563 0.426 0.160
PEN yarns are very different as to their physical structure ys 0.700 0.125 0.865
and mechanical properties. The second yarn, spun at aH6 0.826 0.548 0.857
high draw-down, has a higher breaking tenacity, higher H7 0.785 0.587 0.653
modulus, and lower elongation at break. Actually, as e g'ggg g'i;‘? g'ggg
shown further on, the yarn is suited for use as tyre yarn. 0656 0164 0658

There is no necessity for additional drawing steps, as
required for more conventional processes. So, it is
possible indeed to produce PEN tyre yarn by a one-step
process. obtained by draw spinning). Apparently, orientation-
A remarkable feature of the “high draw-down” yarn is the induced crystallization has occurred just below the spinning
plateau in its stress—strain curve, the origin of which will be temperature of 3TC€. As discussed above, the high draw-
discussed later. The yarn contains well-develofectys- down effects the build-up of the stress in the top of the
tals (Fig. 7) with a melting point of no less than 2@8 spinline, so that the prerequisite for orientation-induced
(Table 1; melting points as high as 3@7 have been  crystallization, namely high stress at high temperature, is

Isotropic and amorphous Anisotropic and amorphous

An =0.0047 An =0.1880

1 T T T T 1 r 1T 1T 1T 1T 1T 1
0O 5 10 15 20 25 30 35 40 O 5 10 15 20 25 30 35 40

20 () T T 20 (%)
a 100 B 200/a 110
(position of crystal refections)

Fig. 6. Equatorial WAXS scans of amorphous PEN yarn before (left) and after drawing°a& (&ht).



4256 C.J.M. van den Heuvel, E.A. Klop / Polymer 41 (2000) 4249-4266

Spun with low draw down Spun with high draw down
600 Stress-strain curve 600 Stress-strai n curve
500 500
£ 3
& 400 £ 400
Z £
£ 300 £300
>
2 200 5200
©
S 100 £ 100
0
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 24
elongation (%) elongation (%)
Equatorial X-ray scan Equatorial X-ray scan
B-crystals
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
20 (degrees) 20 (degrees)

Fig. 7. Stress—strain curves and equatorial WAXS scans of PEN yarns spun at 4000 m/min.

fulfilled (cf. Ref. [34]). Under such circumstances, Fig. 7, it can be concluded that the crystalline perfection of
especially long stiff molecules with long relaxation times the material in this study is considerably higher.
easily align and form crystals. Compared with lamellar  Another point to discuss is the fact that the birefringence
crystallization, the decrease in entropy during orientation- (An) of the second yarn, spun at a high draw-down, is much
induced crystallization is smaller and the presence of lower than that of the first yarn (see Table 1). At first sight,
fewer chain folds implies a larger enthalpy change so one might come to the conclusion that the second yarn has a
that the melting point will be higher. Usually, the lower molecular orientation. However, this seems in conflict
melting point of semi-crystalline PEN ranges from 265 to with the presence of well-oriente@-crystals and the
27CC. observed mechanical properties. There must be another
It is somewhat surprising that the orientatiostrés$ reason. On considering the spatial ordering offiherystals
induced crystals are of th@nusoidalB-type instead of the  (Fig. 2), it can be seen that in a monomer unit, the cloud
extendedy-type. Actually, it is generally observed for PEN of m-electrons of the aromatic ring, which contribute
that at temperatures above 2€0there is an increasing substantially to the polarizability, makes an angle of about
tendency for both thermally and orientation induced crystals 42° with the chain axis, whereas in the case ofdherystals
to be formed in the polymorphig-form [11,12,20,21,23].  this angle is about®8Further,An = An,,,,{P>) wherein the
Possibly, in the amorphous regions at these temperaturessecond moment of the orientation distributidP,) =
there is a predominance of the entropically favored (3(cos 6) — 1)/2 with 6 the angle between the chain axis
B-conformations. and the yarn. Based on the different position of thelec-
Miyata et al. [21] have spun PEN at high speeds (5000— trons, it may be expected thah,,,, of the B-crystals is three
9000 m/min) with a high yield (5 g/min) through a single times smaller than that of thecrystals. Of course the posi-
spinning hole with a diameter of 1. mm. Yarns were obtained tion of the conjugated carbonyl groups and the packing
with melting peaks ranging from 275 to 293 The soldi- density also play a part. Nevertheless, it seems reasonable
fication (necking) temperature during spinning ranged from to suppose thakn,, of the B-crystals is considerably lower
135 to 180C. This indicates that crystals are formed within than that of thex-crystals. So, the occurrence af and
a wide temperature range, possibly for a large part by g-conformations in amorphous and crystalline domains
thermal crystallization. Comparing their WAXS equator complicates the use of birefringence as a measure for the
scans with our scan as displayed in the right-hand side of orientation.
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Fig. 8. Effect of drawing on the crystal structure of PBNarns.

4.3. The effect of drawing on the physical structure and the transform into the extended chainsatrystals. Just as for
shape of the stress—strain curve the polymorphicy = « transition of crystals in high-speed
spun polyamid 6 [38,39], the transition is not reversible and
The shape of the stress—strain curve of the PEN yarn spunneither is the stress—strain behavior. So, after 3% drawing at
at low draw-down, is typical of high-speed as-spun yarns room temperature, the WAXS equatorfal 20 reflection of
(Fig. 7). The shape of the curve of the yarn spun at high high-speed spun PER-yarn, has diminished substantially
draw-down is similar to that of a drawn yarn, apart from the in intensity (Fig. 8). Simultaneously, the intensity of the
unusual long yield area, ranging from about 2 to 5% elonga- 010 reflection increases, be it somewhat more gradually (see
tion. A similar plateau has been observed in the case ofthe picture at the top of Fig. 8, where the010 reflection
poly(tetramethylene terephthalate), for which it marks the still increases in intensity going from a draw ratio of 1.03 to
critical stress for transformation af-crystals, containing  1.04, whereas thg 120 reflection hardly decreases). So, the
crumpled molecular chains, to extend@ecrystals. This B = « transition, which requires a 18@otation of the rings
transition, which consists of a conformational change of in thep (200) planes, seems to proceed gradually. Remark-
the glycol residue from thgauche-trans—gaucheto the ably, the width of the peak ati2= 26.5° does not change
trans-trans-trans conformation, is reversible in general, much during this process.
and so is the stress—strain behavior [35—37]. In the subject If the drawing is carried out at 280, the = « transi-
case, the yield area marks the region where, at a stress ofion of crystals is much more straightforward (Fig. 8). Fig. 9
about 300 mN/tex, the sinusoidal chains witlircrystals displays the mechanical properties of a yarn sample after
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Fig. 9. Stress—strain curves and mechanical properties of PEMNns after drawing at 28G.

having been subjected to different draw ratios at°@80  concluded thatthe unusually high melting points hardly depend
From the stress—strain curves, it can be concluded that theon the polymorphic form of the crystals but, as discussed
disappearance of the vyield plateau with increasing draw above, must be due to orientation induced crystallization.
ratio is a direct consequence of the= « crystal transition.
It is noted that the mechanical properties might be some-
what affected by mechanical damage of the low denier yarns5. Thermal behavior of a- and B-crystals in PEN
during drawing on the simple drawing equipment.

The increase of extendedconformations in the crystalline Further insight into the thermal behavior of the and
and amorphous regions on drawing gives rise to higher sonic3-crystals was obtained by heating a yarn sample containing
moduli (Fig. 10). On the other hand, as the density ofdhe  a mixture of both crystals. Equatorial WAXS scans were
polymorph is comparable to that of tfgpolymorph, the recorded at various temperatures (Fig. 12). Although the
density does not change substantially with the draw ratio 3 200 reflection cannot be observed separately from the
(Fig. 10). On heating at 28Q, however, there is an incre- « 110 reflection it is fair to conclude from Fig. 12 that tRe
mental increase of both the sonic modulus and density which 120 reflection sharpens considerably more thang#00
can be attributed to an increase of the crystallinity. As may be reflection. This indicates that the apparent thickness of the
expected, the crystals after drawing at ZB@re thicker than  B-crystals increases more strongly in the direction perpen-
those in yarns drawn at room temperature. Accordingly, their dicular to the (120) planes than in the direction perpendicu-
melting points are also slightly higher (Fig. 11). However, lar to the (200) planes. Fig. 13 shows a projection of the
more interesting is that the melting point decreases only PEN{ structure along the-axis in which all carbonyl-
slightly with the draw ratio. It means that the melting point carbonyl contacts shorter than 5.0afe indicated. In view
of a- andB-polymorphs are quite similar (note that at a draw of the relatively short distances between the latter carbonyl
ratio of 1 the yarn contains almost exclusiv@hcrystals and groups, these contacts represent dipole—dipole interactions.
at a draw ratio of 1.055 mainlyx-crystals). It can be A simple explanation of the sharpening of tie 120
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Fig. 10. Effect of drawing on the sonic modulus and density of FEp&NS.

reflection may be that the dipole—dipole interaction favors rather complex processing steps such as conversion into

crystal growth along the (120) planes (an®@) planes)
leading to lozenge-shaped crystals.

Fig. 12 shows thatx-crystals melt at slightly lower
temperatures that-crystals, which is in line with the
DSC results. No indications were found for thermally
induceda < B crystal transitions. The shift of reflections
towards lower diffraction angles indicates thermal

cords by twisting and cabling followed by weaving to obtain
a fabric. The fabric is dipped to provide it with a coating,
which usually consists of a first layer with epoxide that
adheres to the yarn surface. Subsequently, the main dip is
applied, which is mostly based on a resorcinol fomaldehyde
latex (rfl) that adheres to rubber. The dipping steps comprise
extensive thermo-mechanical treatments with temperatures

expansion which takes place especially in the direction far above 20€C. After dipping, the fabric is coated on either
perpendicular to the aromatic rings (about 7% in the case side with a thin layer of rubber compound by means of

of the B-crystals and about 5% in the case of therystals).

calendering. During this step the fabric is heated and kept

This can be explained by temperature induced rotation under tension to prevent relaxation. The rubberized fabric

(libration) of the polymer chains around their axes.

6. Thermo-mechanical treatments during the production
and processing of tyre yarns

serves as carcass ply and is one of the many components
from which the green tyre is assembled. Finally, during
vulcanization (curing) of the tyre, the carcass cords shrink
more or less freely (relaxation) at a temperature of about
18C°C.

As a result of all these thermo-mechanical treatments, the

When used for tyre reinforcement, yarns are subjected tophysical structure of the yarns changes substantially. For
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Fig. 11. Effect of drawing on the apparent crystal size and melting point of Pi&aMs.

instance, in the case of the semi-crystalline PET and PENtensionless during 15 min at 185. Fig. 14 represents some
yarns, the crystallinity may increase up to saturation, and cord properties after dip and cure simulation. As may be
during curing molecular coiling in the amorphous regions expected, aramid has the best performance in terms of
occurs. Also the mechanical properties change substantially.breaking tenacity (BT) and modulus (TASE2%, i.e. tenacity
Therefore, in studying the suitability of yarns for tyre rein- at specific elongation of 2%). Furthermore, in comparison
forcement, it is important to do so after a dip and cure with rayon, the two PEN yarns perform well. Both their
simulation. breaking tenacity and modulus are somewhat higher than

that of rayon. So, at first glance, PEN seems to be a good

alternative to rayon for tyre reinforcement. However, for
7. Mechanical properties of cords after dipping and tyre yarns also the dynamic response should be taken into
curing account. This is considered in the next section.

Typical tyre yarns (1100 dtex) made from PET (Diolen
1125T), PEN (low-speed spun witl-crystals and high- 8. Dynamic mechanical properties
speed spun wittB-crystals), rayon (Cordenka 700), and
aramid (Twaron 1000), were converted into cords (two  Rotation of a tyre during driving results in periodic load
singles; twisting factor of about 175) and subjected to condi- cycles of the tyre cord with frequencies ranging from 0 to
tions typical of the hot-stretch dipping step. The applied about 45 Hz for passenger car tyres (in the case of trucks up
heat treatments were in accordance with common practice,to 15 Hz). The frequency spectrum of such a loading pattern
and, therefore, slightly different for the various samples. is very broad and therefore difficult to reproduce. We simu-
The cure simulation was carried out by heating the cords lated the dynamic behavior by applying a 1 Hz sinusoidal
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Fig. 13. Projection of the PEIS-crystal structure along theaxis. Solid lines indicate (120) planes. Dashed lines between carbonyl groups indicate dipole—
dipole interactions.
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Beforehand, the cords were heat-treated as described in
the previous section, except that the twisting factor was 205
and the curing was carried out at 280 The dynamic
testing was done with intervals of XD starting at 28C.

At each temperature, the cords were subjected to a series
of 100 cycles at various upper and lower load levels. The
upper and lower load levels, simulate the inflation pressure
and the resultant of inflation pressure and axle load, respec-
tively. Details of these stress-controlled measurements are
described elsewhere [25]. For calculating the dynamic
response at each temperature, we used the 90th cycle
between stress levels corresponding with 7 and 15% of
the breaking strength of the cord. The applied load levels
are realistic, taking into account that normalization to yarn
strength is common practice in the tyre industry.

Fig. 15 represents the hysteresis loops as measured with a
load-controlled frame at 6CQ for high-speed spun PET
Diolen 1125T, low-speed spun PEN-rayon Cordenka
700, and aramid Twaron 1000. From these curves the
storage modulu€’ was calculated, which is the part of
the modulus that is in phase with the applied stress. The
actual stiffness of a tyre during driving will substantially
depend on the storage modulES In Fig. 16, the storage
modulus of the different cords is shown as a function of the
temperature. At 2IC, the ranking of the modulus is similar
to that of the static measurements. On a temperature
increase the moduli decrease for two reasons. First of all,
molecules become more separated because of thermal
expansion, which causes a reduction of the intermolecular
interactions. The decrease is roughly 0.3@/Mhich is in
line with the literature values [40]. Another reason for the
decrease in modulus with temperature is the occurrence of
relaxation processes. In the case of the semi-crystalline PET

shoulder of the truck tyres the temperature may reach valuesand PEN yarns, the most important relaxation process is the
of over 130C). Furthermore, it should be borne in mind that glass rubber transition that occurs when the temperature has
the polymer response to a 10 times higher frequency is reached values at which molecules in the amorphous regions

roughly similar to the response at &C7lower temperature

(superposition principle).

force as % of breaking tenacity

16

14
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10

RAYON  ARAMID

PET

hysteresis a t 60°C

0,2 0,4 0,6
strain increase (%)

(strain at 7% loading was 2.1%, 3.8%, 4.0%, and 7.3%
for aramid, rayon, PEN and PET, respectively)

no longer have fixed positions. This leads to a substantial
decrease of the storage modulus. For PET and PEN the glass
transition temperatures are about 80 and°C25espec-
tively. The higher glass transition in the case of PEN reflects
the higher stiffness of its molecular chains. In the case of
PEN, there is also a relatively fast decreaseEofround
60°C, which is a normal running temperature for passenger
car tyres. This phenomenon becomes even more salient
when the moduli are scaled relative to their value &20
From Fig. 16, it follows that the reduction of the modulus is
about 20% going from 20 to 8CQ. Therefore, it is likely that
tyres reinforced with PEN may have a more than usual
reduction of stiffness when they warm up during driving,
which may influence the steering behavior of the car.
Another aspect of PEN to be mentioned here is the banana
shape of its hysteresis (Fig. 15), which shows that the work
loss during dynamic loading is high when compared with
other yarns (the work loss corresponds with the area of the

Fig. 15. Hysteresis curves of cured cords on dynamic loading between 7 andP@anana). Fig. 17 shows the work loss of the different yarns
15% of the breaking strength (1 Hz).

as a function of temperature. What is striking is the large
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Fig. 16. Storage modulus of cured cords on dynamic loading between 7 and 15% of the breaking tenacity (1 Hz).

work loss of PEN over the whole temperature range. After material may contribute substantially to the heat generation
scaling to strength, which is the prime parameter for of the tyre [25], it seems that the higher work loss may lead
tyre yarns, the differences are even more pronounced: atto higher fuel consumption during driving.

moderate in-use temperatures, the work loss of PEN is We also studied the dynamic behavior of steam-drawn
four times higher than that of the other reinforcement PET and PEN yarns by strain controlled dynamic mechan-
materials. Taking into account that the reinforcement ical analysis (DMA) at temperatures betweerl50 and

40

PET

30

20

10
MID

work loss (J/kg/cycle)

o — | RAYON
20 40 60 80 100 120 140 160 180 200

temperature (° C)

ARAMID

work loss / breaking strength (a.u.)

20 40 60 80 100 120 140 160 180 200

temperature (° C)

Fig. 17. Work loss of cured cords on dynamic loading between 7 and 15% of the breaking strength (1 Hz).
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molecular transitions occurring with each cycle. In Fig.
18, there is also a plot of the ratio & andE’, i.e. of
tan 8, whered is the angle between the in-phase and out-
of-phase components in the cyclic motion. Following
convention, the relaxations are labeled 3, and vy, in
order of decreasing peak temperature. Theelaxations
mark the glass—rubber transition. TRerelaxation of PET
................ and they-relaxation of PEN at about50°C are generally
-150 -100 -50 0 50 100 150 200 250 attributed to local motions of methylene groups and, in the
TEMPERATURE ('C) case of PET, also to motions of the phenyl ring [40,41]. The
peak at about 6 is characteristic of polymers that contain
15 naphthalene rings and arises from motions of these rings
loss modulus B (local motion of aromatic ring) (below T), irrespective of whether they are attached to
ester carbonyl groups or not [41]. Further, the motions are
considered to consist of essentially full rotation of the rings.
Q (relaxation above Tg) The average number of transitions per second is given by
V' = yyexp—AH/RT], in which v, the vibration
frequency in the potential well, is about ¢z, »* = 10
or 1 Hz, and R is the gas constantX20 2 kcal/mol °C)
-150 -100 -50 0 50 100 150 200 250 [40]. So, the activation energy is about 18 kcal/mol, which
temperature (°C) is considerably higher than the 12 kcal/mol required for the
rotation of phenyl rings. The higher activation energy can be
attributed to the absence of a rotation axis through tie C
0.15 & phatic-Caromatic 0ONds of the naphthalene ring, as a result of
which rotation is hindered as it requires synchronous

40 storage modulus
30

20

E' (GPa)

10

1.0 y

E" (GPa)

0.5
PET /a

010 A conformational changes of neighboring parts of the mole-

g cular chain.

8 Considering the three conformations of the naphthalene
0.05 PET ring, i.e.trans-a, trans-B andcis (Fig. 1), one may question

which conformational changes are most likely. To this end,
________________ we calculated the energies for the= B, a < cis, B < cis
150 -100 50 0 50 100 150 200 250 and cis < cis transitions with Insight/Discover on the
temperature (°C) dimethyl ester of naphthalenedicarboxylic acid (Fig. 19).
Fig. 18. Dynamic Mechanical Analysis of PEN and PET yams (10 Hz). It turns out that the activation energies for all four transi-
tions between the three conformations are about 6 kcal/mol
(the energy for rotation of a phenyl group is about 5 kcal/
25C°C, applying a frequency of 10 Hz, which roughly corre- mol). The fact that this value of 6 kcal/mol is much lower
sponds with that of the cyclic deformation of a car tyre at a than the actual 18 kcal/mol for rotation of the naphthalene
driving speed of 70 km/h. The measurements were carriedring in PEN, points to the strong molecular interactions
out on greige yarns imposing a static strain of 0.5% and a attending the rotation. On closer examination of the
dynamic strain of 0.05%. molecular conformations (cf. Fig. 1), it appears thatdhe
The change in modulus with temperature, as measured forcis and B < cis transitions call for very large conforma-
PET and PEN yarns with strain controlled DMA measure- tional changes of neighboring monomer units in the polymer
ments (Fig. 18), corresponds quite well with that observed chain. BelowT,, these changes are unlikely. Therefore, the
with the load controlled measurements on cords in the ring rotations at 6TC can best be associated with= g and
overlapping temperature range (Fig. 16), despite the differ- cis & cis transitions, although even then conformational
ences in loading, cycle frequencies, sample preparation, andadjustments of neighboring monomer units are necessary.
so on. From Fig. 18 it is clear that the decline of the elastic, Such adjustments are not necessary for rotation of the
in phase part of the modulug!, is larger for PEN than for ~ phenyl ring in PET, as finds expression in its lower activa-
PET over the entire temperature range. The correspondingtion energy of rotation (12 kcal/mol).
curve of the loss modulug”, i.e. the viscous part of the
modulus which is out of phase with the applied strain, shows
several peaks that mark temperatures at which the frequencyd. Conclusions
of specific molecular relaxation processes equals the
imposed cycle frequency of 10 Hz. Actuallg” is a Semi-crystalline PEN yarns can be produced by a
measure of the energy, that is lost as heat, due to thesimple one-step melt spinning process. The yarns contain
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