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ABSTRACT: A novel poly(ethylene terephthalate)–poly(caprolactone) block copolymer
(PET–PCL) is synthesized in a reactive twin-screw extrusion process. In the presence
of stannous octoate, ring-opening polymerization of e-caprolactone is initiated by the
hydroxyl end groups of molten PET to form polycaprolactone blocks. A block copolymer
with minimal transesterification is obtained in a twin-screw extruder as a consequence
of the fast distributive mixing of e-caprolactone into high melt viscosity PET and the
short reaction time. The PET–PCL structure is characterized by IV, GPC, 1H-NMR, and
DSC. Fully drawn and partially relaxed fibers spun from PET–PCL are characterized
by WAXD and SAXS. A substantial decrease in the oriented amorphous fraction
appears to be the major structural change in the relaxed fiber that provides the fiber
with the desired stress–strain characteristics. © 1999 John Wiley & Sons, Inc. J Appl Polym
Sci 74: 1858–1867, 1999
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INTRODUCTION

Vehicle safety seat belts are currently made from
polyethylene terephthalate (PET) fibers that are
fully drawn and then partially relaxed (2.7%).
These fibers have the desired tensile properties: a
tenacity of at least 7.5 g/denier and an elongation
at break of 14%. However, such PET fibers do not
show optimal deformation characteristics, i.e., the
stress–strain response required to match the per-
formance of the seat belt with that of “air bags” in
an integrated safety restraint system. Crash
studies indicate that, after initial vehicle impact,
the occupant will move forward from the seated
position until the belt engages to build restrain-
ing forces. For a 35 mile/h crash, as indicated in

Figure 1, the current relatively unyielding belt of
PET fibers exerts a force of at least 2000 pounds
(ca. 9000 Newtons) at 80 milliseconds against the
occupant at the seat belt torso position with a
potential for chest, rib cage, head, and neck inju-
ries. An improved life-saving seat belt would sub-
stantially minimize occupant injuries.

Various technologies to improve occupant
safety have been described in several U.S. pat-
ents.1–13 These technologies include installation
of mechanical or plastic energy-absorbing devices
in the seat belt assembly, incorporation of elastic
fibers as a secondary component in the seat belt,
and changes in the weaving pattern of the fibers
in the seat belt. A recent U.S. patent describes a
new type of seat belt fiber spun from a poly(eth-
ylene terephthalate)–poly(caprolactone) block co-
polymer, [C(O)C6H4C(O)—OCH2CH2O]m—[C(O)—
(CH2)5—O]n, prepared in a reactive twin-screw
extrusion process.14 The safety seat belt made
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from this type of fiber provides the desired load-
limiting performance. For a 35 mile/h crash, as
indicated in Figure 2, the force against the occu-
pant is reduced to less than 1400 pounds (ca. 6300
Newton) at 95 milliseconds. This type of energy-
absorbing seat belt (SecurusTM, Allied Signal
Inc.) reduces occupant injury and improves trans-
portation safety.

The preparation of the poly(ethylene terephtha-
late)–poly(caprolactone) block copolymer (PET–
PCL) and the process of fiber spinning were de-
scribed in subsequent patent applications.15–19 In
this article, we detail polymer synthesis, reactive
twin-screw extrusion, fiber morphology, and the
block copolymer structure–property-processing
relationships.

EXPERIMENTAL

Materials

Poly(ethylene terephthalate) (IV 5 0.9 dL/g) was
produced by AlliedSignal Polymers. Before use,
the PET pellets were dried at 140°C in vacuo for
at least 20 h. The moisture content, measured by
the Karl-Fischer method, was less than 15 mg/g of
PET. The effects of moisture on the polymeriza-
tion are neglected in this article to simplify the
discussion. High-grade e-caprolactone (ECEQ)

was purchased from Union Carbide Corporation.
Stannous octoate was purchased from Elf Ato-
chem North America Inc.

Characterization Techniques

Intrinsic Viscosity (IV)

The polymer solution viscosity was measured in a
mixed solvent of 60 parts of phenol and 40 parts of
tetrachloroethane at 25°C with a Ubbelohde glass
viscometer. The polymer IV was determined by
plotting the reduced specific viscosity of polymer
solution vs. solution concentration. The intercept
gave the polymer IV.

Gel Permeation Chromatography (GPC)

The apparent molecular weight and molecular
weight distribution of PET–PCL were determined
by GPC. The separation was performed at 35°C in
a Waters Alliance 2690 system with two linear
narrow bore Phenogel columns. The samples were
eluted in a solvent mixture of chloroform/
hexafluoro-2-propanol (98:2 volume) at a flow rate
of 0.5 mL/min. A 10-mL aliquot of 0.05% polymer
concentration was injected. The eluant was mon-
itored at 254 nm and analyzed with Waters Mil-
lennium GPC software. The columns were cali-
brated with linear polystyrene. PET–PCL data

Figure 2 The performance of a seat belt made from
PET–PCL fibers in a car-crash test. The ordinate axis
refers to the load (N) against occupant, and the ab-
scissa axis refers to the time (milliseconds) from the
point of crash.

Figure 1 The performance of a seat belt made from
PET fibers in a car-crash test. The ordinate axis refers
to the load (N) against occupant, and the abscissa axis
refers to the time (milliseconds) from the point of crash.
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were analyzed by using the Mark Houwink coef-
ficients to give the correct molecular weight.

Proton Nuclear Magnetic Resonance (1H-NMR)

A single pellet (;5 mg) of PET–PCL was dis-
solved in 50/50 by weight deuterated chloroform
and deuterated pentafluorophenol in a 5-mm
NMR tube. 1H-NMR spectra were run at 25°C on
a Varian Unity Inova (Varian Instruments, Palo
Alto, CA) NMR spectrometer with a 1H operating
frequency of 400 MHz. Sixteen scans were ac-
quired with a recycle time of 10 s to achieve quan-
titative results.

Differential Scanning Calorimetry (DSC)

Thermal properties were measured under nitro-
gen in a Perkin-Elmer DSC-7 on a polymer chip of
about 5 mg. The measurement sequence included
heating the sample to 285°C at a rate of 10 K/min,
holding the sample at 285°C for 2 min, and cool-
ing the sample to 0°C at a rate of 10 K/min.

Wide-Angle X-ray Diffraction (WAXD)

WAXD data were collected on a Philips diffrac-
tometer with Cu Ka radiation and a graphite
monochromator in the diffracted beam. The fibers
were wound on a rectangular frame and covered
an opening of 1 cm in diameter. The data were
obtained by using two kinds of geometry. The
data obtained in parafocus geometry, in which the
instrumental broadening was small (0.09°), were
used to calculate the crystallite sizes of the hko
reflections. The data obtained in the transmission
geometry with the sample spun in the plane of the
fiber at a faster speed than the scanning speed
(fast-rotational scan) were used to calculate the
crystallinity. These data (2u between 10 and 35°)
were analyzed by resolving the scan into several
crystalline peaks and two amorphous halos at 2u
;20° and ;25°20

Crystalline orientations of the fibers were de-
termined from the azimuthal widths of the 010,
100, and 1#05 reflections in the two-dimensional
data obtained by using an area detector (Bruker
Analytical X-ray Systems, Inc.) and a small bun-
dle of 50 filaments (filament dia. 20 mm) held
tightly between v-grooves in a stiff frame. The
degree of orientation f was calculated from the
azimuthal angular width (Df) of the peak in the
azimuthal scan of the reflection.

Amorphous orientation of the fibers was deter-
mined from a sequence of 36 radial scans from f

5 0° (equator, 1x) to f 5 180° (2x) on a curved
positive sensitive detector (Inel Inc.) with u set at
10° (half the 2u value of the approximate position
of the amorphous halo). Such an arrangement
approximates the symmetrical transmission ge-
ometry (u/2u) at least for the amorphous halo.
These radial scans were profile fitted to various
crystalline peaks and two amorphous halos at 2u
'20° and 25°;21 although three amorphous halos
were required to completely describe the amor-
phous intensity distribution,22 two were found to
be adequate. The integrated intensity of the
amorphous halo at 25° was plotted as a function
of the azimuthal angle, and this curve was fitted
to a baseline and a Gaussian peak.23 A similar
analysis of the 20° peak was difficult, and gave
unreliable results, possibly because a mesophase
also has a peak in this angular range.24 The nor-
malized area of the Gaussian peak represented
the fraction of the oriented amorphous compo-
nent, and the full-width at half maximum (fwhm)
of the Gaussian peak was a measure of the degree
of orientation of the oriented amorphous compo-
nent.

Small-Angle X-ray Scattering (SAXS)

SAXS data were obtained at the National Synchro-
tron Light Source, Brookhaven National Labora-
tory (beam-line 27C, wavelength of 1.307 Å, a sam-
ple to detector distance of 168 cm). The lamellar
spacing L was calculated from the Bragg spacing of
the lamellar reflections. The tilt angle was calcu-
lated from the azimuthal angle between the lamel-
lar reflections on either side of the fiber axis.

Tensile Properties

Stress–strain curves were measured on an In-
stron machine equipped with pneumatic cord and
yarn grips that held the yarns at the gauge length
of 10 inches. The yarn was then pulled at a strain
rate of 10 inch/min under standard conditions (23
6 2°C, 50 6 5% relative humidity), and the data
were recorded by a load cell. Tenacity was calcu-
lated as the breaking strength (in grams) divided
by the yarn’s denier (weight in gram of 9000
meters of yarn—a measure of fiber initial cross-
section). Elongation at break was calculated as
the ratio of the displacement at break to the ini-
tial gage length.

Reactive Twin-Screw Extrusion

The PET pellets were fed into a counterrotating
twin-screw extruder (American Leistritz Com-
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pany, diameter 5 27 mm, screw rpm 5 150, L/D
5 48, Scheme 1) at a rate of 5.8 kg/h by a Ktron
loss in weight feeder. The pellets were then
heated to melt in the first two barrel sections (set
temperature 5 290°C). The melt was forwarded
to an injection position where premixed e-capro-
lactone and stannous octoate at the weight ratio
of 1000:3.25 were injected by a piston pump at a
rate of 1.0 kg/h. The PET melt and e-caprolactone
mixture formed a uniform mixture within 40 s,
which was forwarded into a reaction zone where
the set temperature was 260°C. Copolymerization
was completed with a mean residence time of 4
min. Residual unreacted e-caprolactone (;1 mol
% of injected comonomer) was removed by vac-
uum at the devolatilization section, and con-
densed into a cold trap.

Fiber Spinning

The copolymer melt prepared in the twin-screw
extruder was metered through a Zenith gear
pump and directly fed into a spin pot that con-
tained a filteration screen and a 50 round-hole
spinnerette. After passing through a heated
sleeve at 275°C, the extruded filaments were
quenched with room-temperature air. A spin fin-
ish was applied and the fibers were taken up by a
godet at a speed of 280 m/min. Then, the as-spun
fibers were drawn with a draw ratio of 6.6:1 and
annealed at 175°C to obtain fibers with high te-
nacity (PET–PCL Fiber, sample 1, 11.0 denier/
filament). In the final stage, the fully drawn fiber
was relaxed between the draw rolls and a last roll
with 11% set speed difference to yield fibers (PET-
PCL Fiber, sample 2, 12.4 denier/filament) with the
desired stress–strain characteristics (Scheme 2).

RESULTS AND DISCUSSIONS

Design of the Polymer

Design of novel PET–PCL block copolymer struc-
ture and optimization of fiber processing condi-

tions allow us to prepare a fiber with the desired
stress–strain characteristics. The interaction be-
tween PET and PCL chains in the amorphous
region may result in a miscible phase with a sin-
gle glass transition temperature between those of
PET and PCL.25,26 PET–PCL transesterification
should be minimized to sustain the high molecu-
lar weight PET blocks required for high PET crys-
tallinity and axial crystallite orientation in the
new seat belt fiber.

Polymer Synthesis

The PET end groups (IV 5 0.9) were analyzed by
1H-NMR spectroscopy and titration.27,28 In 1H-
NMR spectra, the chemical shift at 4.10 ppm is
assigned to the methylene protons next to the
hydroxyl end group (—CH2CH2OH). Titration of
the PET carboxyl end groups gives an acid num-
ber of 24 mmol/kg. The acid number and the num-
ber-average molecular weight of PET (IV 5 0.9,
Mn 5 31,200) allow us to estimate the hydroxyl
end group concentration of 38 mmol/kg (Scheme 3).

Scheme 1 The reactive twin screw extrusion process
for the production of the PET–PCL block copolymer.

Scheme 2 The fiber spinning process for the produc-
tion of PET–PCL fibers.

Scheme 3 The synthesis of the PET–PCL block co-
polymer.
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The mechanism of ring-opening polymerization
of e-caprolactone has been proposed in the litera-
ture.29 Stannous octoate is assumed to complex
with e-caprolactone and activate the comonomer
toward the nucleophilic attack by the hydroxyl
end groups of PET to generate an v-hydroxy es-
ter. The reaction propagates by continuous attack
of the hydroxyl end groups of the polymer on
e-caprolactone to form polycaprolactone blocks. If
15 wt % of e-caprolactone is reacted with 85 wt %
of PET (IV 5 0.9), one may estimate theoretically
the number-average molecular weight of the poly-
caprolactone block to be ca. 4600 from

Mn theoretical 5 DP p Mw

5 MolCL p Mw/MolPET OOH end group (1)

Here, DP is the degree of polymerization and is
equal to monomer/initiator molar ratio. Mw is the
molecular weight of e-caprolactone. The IV of the
resulting PET–PCL block copolymer is 1.0 dL/g.

Ring-opening polymerization in the presence of
stannous octoate usually allows a controlled syn-
thesis leading to polymers with a narrow molec-
ular weight distribution (MWD).30,31 If lactone
backbiting transesterification occurred in the pro-
cess, it formed cyclic lactone oligomers and a
broadened MWD. GPC studies show the same
breadth of MWD in PET–PCL as that of the orig-
inal PET. Furthermore, soxhlet extractions by cy-
clohexane and 2-methoxyethyl ether yield 0.3 wt
% and 5.7 wt % extractables from original PET–
PCL, respectively. The 1H-NMR and liquid chro-
matography studies of the extractable materials
show no evidence of any cyclic lactone oligomers.
Thus, the e-caprolactone–PET copolymerization
in the current process seems to occur without
lactone backbiting transesterification.

Transesterification between PET and PCL
modifies the block copolymer structure sequence
by incorporating some lactone units into PET
blocks and PET repeating units into PCL
blocks.32 The chemical shifts are solvent depen-
dent, so all samples were run in the 50/50 CDCl3/
PFP mixed solvent. Based on the 1H-NMR studies
of homopolymers and model compounds, one can
make some assignments for the 1H-NMR spec-
trum in Figure 3 and Table I.33,34 For example, in
a homopolymer PET, the methylene protons ad-
jacent to ether and ester in diethylene glycol
terephthalate resonate at 4.15 and 4.53 ppm, re-
spectively, while those in the ethylene glycol
terephthalate resonate at 4.78 ppm.

The peak integration indicates that 27 mol % of
the injected e-caprolactone is scrambled into the
PET blocks. In addition, 1 mol % of the injected
e-caprolactone is not reacted with the PET and is
removed by the vacuum at the end of reactive
extrusion process. Thus, PET–PCL transesterifi-
cation reduces the number-average molecular
weight of PCL to ca. 3300.

Thermal Analysis

The glass transition temperatures of PET and
PCL homopolymers are ca. 80°C and ca. 260°C,
respectively.35 The DSC thermogram of PET–
PCL (Fig. 4) shows that the glass transition tem-
perature of the copolymer is ca 45°C. The single
glass transition temperature in the copolymer
and its shift indicate that PET and PCL are mis-
cible in the amorphous phase. The melting tem-
perature of PET–PCL is 230°C compared to 250°C
in PET. The depression of melting temperature
could be attributed to the transesterified capro-
lactone units which restrict PET crystallization,
reduce PET crystallite size, subsequently in-
crease surface free energy of crystallite and
shorten thickness of lamellae. It may also be
caused by the broadening of the interfacial region
from the introduction of the PCL block.36

Reactive Twin-Screw Extrusion

The advantages of reactive twin-screw extrusion
as a continuous PET–PCL production process are:
(1) excellent dispersive and distributive mixing,
(2) precise reaction temperature control, (3) short
reaction time, and (4) efficient removal of unre-
acted monomer and volatile reaction byprod-
ucts.37–39

Since the viscosity ratio of e-caprolactone and
PET melt is 1 : 108, gear mixers40,41 were chosen
and assembled beneath the injection position to
achieve distributive mixing. As a result, the melt
flow is frequently split and reoriented under
shear strain and elongational strain to achieve
homogeneity within a short mixing time (e.g.,
40 s). In the reaction zone, the exothermic poly-
merization of e-caprolactone releases about 190
J/g heat of polymerization, which increases melt
temperature by about 6°C. Because the screw el-
ements in the reaction zone provide the desired
extrusion free volume, and are completely filled
with material, the reaction time is controlled by
adjusting the throughput rate of the extruder.
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Crystalline Regions in PET–PCL Fibers

Examples of the WAXD data used in the charac-
terization of the crystalline regions in PET–PCL
fiber samples are shown in Figure 5. The crystal-
lite sizes are calculated from equatorial (parafo-
cus) and meridional scans [Fig. 5(a) and (b)].
Crystallinities are calculated from a fast rota-
tional scan so as to eliminate the effect of orien-

tation [Fig. 5(c)]. The results of the calculations
are listed in Table II. The crystalline peaks are
broader in the copolymer fiber than in the PET
fiber. This means that the crystallites in the co-
polymer fiber are smaller than those in the PET
fiber. The crystallinity and crystallite size of fully
drawn and relaxed fibers (samples 1 and 2) are
essentially the same. Therefore, the last relax-

Figure 3 The 1H-NMR spectrum of the PET–PCL block copolymer.

Table I Resonances in the Range from 4.00 to 5.00 ppm in 1H-NMR Spectrum of the PET–PCL
Block Copolymer

Chemical
Shift, ppm Assignment

4.07 (OOC(O)CHI 2CH2CH2CH2CH2O)n in the PCL block
4.15 (OCH2CHI 2OCHI 2CH2O) in the PET block
4.34 (OOC(O)CHI 2CH2CH2CH2CH2O) in the caprolactone repeating unit scrambled into the PET block
4.53 (OCHI 2CH2OCH2CHI 2O) in the PET block
4.62 (OCHI 2CHI 2O) in ethylene glycol scrambled into the PCL block
4.78 (OC(O)C6H4C(O)OCHI 2CHI 2OO)n in the PET block
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ation step, which shrinks the fully drawn fibers,
does not affect the characteristics of the crystal-
line domains.

The average value of crystalline orientation in
the fully drawn sample reaches 0.987. The crys-
talline orientation of the relaxed fiber decreases
to 0.976.

Amorphous Regions in PET–PCL Fibers

The amorphous phase in fibers can be described
as comprised of oriented and unoriented compo-
nents.23,42,43 The integrated intensity of the
amorphous halo at 25° is plotted as a function of
the azimuthal angle, as shown in Figure 6. The
area above the baseline is attributed to the ori-
ented amorphous component, and the area below
the baseline to the unoriented component. This
kind of separation does not necessarily imply that
there are two distinct domains of amorphous

chains. It could be that there are small aggregates
of oriented amorphous chains in a matrix of un-
oriented amorphous chains, or adjacent to the
growth faces of axially oriented crystallites. It is
quite possible that these aggregates are more
prevalent in the interfibrillar regions than in the
interlamellar regions. The data in Figure 6 are
fitted to a baseline and a Gaussian peak. The area

Figure 4 The DSC thermograms of the PET–PCL
block copolymer and PET homopolymer.

Figure 5 The profile analysis of the WAXD scans: (a)
equatorial (parafocus) scans, (b) meridional (transmis-
sion) scans, and (c) fast-rotational (transmission)
scans.

Table II Summary of the WAXD and SASX Data

Sample
CIa

%

CSP (Å)b Cryst. Orientationc
Am.

Orientation.d

L Å
2fe

Degrees010 1#10 100 1#05 010 100 1#05 F f

Sample 1
(fully drawn) 45 59 37 34 51 0.987 0.986 0.989 0.553 0.867 144 119.6

Sample 2
(11% relaxed) 46 63 40 35 50 0.978 0.973 0.978 0.406 0.860 128 126.2

a Average of 32 samples of the PET–PCL is 43 with 1 s of 3%.
b This measures the broadening due to both size and lattice disorder/strain. The 1 s in these values from more than 30 samples

is 3 to 5 Å.
c The 1 s in these values is 0.002 to 0.005.
d F is the fraction of the oriented amorphous component and f is the degree of orientation of the oriented amorphous component.
e This is twice the angle of tilt of the lamellar plane.
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of the Gaussian peak above the baseline, normal-
ized to the total area of the azimuthal scan, is the
fraction of the oriented amorphous component.
The fwhm of the Gaussian peak corresponds to
the degree of orientation of the oriented amor-
phous component.

Figure 6 shows that the amorphous peak in the
partially relaxed fiber is somewhat broader, but
the baseline is significantly higher. The change in
the height of the baseline indicates that the most
marked change from fully drawn to relaxed fibers
is a large decrease in the fraction of the oriented
amorphous phase. The fraction of oriented amor-
phous phase is 0.553 in the fully drawn fiber
(sample 1), and decreases to about 0.406 upon
relaxing the drawn fiber between draw and
quench rolls. However, the degree of orientation
of the oriented amorphous component remains
essentially the same (0.867) in both the fully
drawn and relaxed fibers.

Lamellar Structure

Figure 7 shows the SAXS patterns of fully drawn
and partially relaxed fibers. The lamellar spacing
is 144 Å in the fully drawn fiber and decreases to
128 Å in the 11% relaxed fiber. This decrease in
lamellar spacing is accompanied by an increase in the tilt angle of the lamellar plane from 120

to 126°.

Fiber Morphological Model

Based on the WAXD and SAXS studies, we pro-
pose the morphological model shown in Figure 8.
The crystallinity value of 45% suggests that the
fraction of the PET that crystallizes in PET–PCL
fibers is the same as in PET fibers.

Fiber morphology undergoes dramatic changes
during the drawing process. Under external
stress, the amorphous polymer chains orient and
crystallize in the draw direction. Subsequent re-
laxation of the fiber slightly decreases the crys-

Figure 6 The azimuthal intensity distribution of the
amorphous halo in (a) fully drawn fiber and (b) par-
tially relaxed fiber.

Figure 8 A proposed morphological model to illus-
trate the effect of fiber relaxation on the crystalline and
amorphous orientation.

Figure 7 The SAXS data from (a) fully drawn fiber
and (b) partially relaxed fiber.
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talline orientation, but brings about substantial
changes in the amorphous regions. In our model,
the high degree of amorphous orientation in the
fully drawn fiber arises from the presence of elon-
gated amorphous chain segments in the interfi-
brillar regions, and to a smaller extent between
the lamellae within the fibrils. After the fibers are
relaxed, some extended segments in the interfi-
brillar regions revert to the entropically favorable
coiled state. The amorphous segments in the in-
terlamellar regions are not as extended as those
in the interfibrillar regions. Nevertheless, the
conformation of the amorphous chains in the in-
terlamellar regions becomes more coiled after the
fiber relaxation. This is consistent with the de-
crease in the lamellar spacing and the increase in
the tilt angle of the lamellar plane in our SAXS
measurement. Thus, the increase in the fraction
of the unoriented amorphous phase would modify
the stress–strain curves of partially relaxed fiber
from fully drawn fiber in Figure 9. In contrast to
the fully drawn fiber, the deformation energy in
the partially relaxed fiber is absorbed at a lower
stress and a higher elongation. The fiber morphol-
ogy and tensile properties determined by polymer
structure and fiber processing conditions are crit-
ical factors to achieve the desired fiber for Secu-
rusTM (Allied Signal Inc.) load-limiting seat belt
application.

CONCLUSIONS

The tensile characteristics of load limiting seat
belt fibers were modulated by copolymerizing

e-caprolactone with PET to form the PET–PCL
block copolymer, by processing the copolymer into
fiber and tailoring morphology in the spin–draw–
relax stages. This has resulted in a fiber with a
high degree of crystalline orientation and a large
fraction of the unoriented amorphous phase.
These structural features provide a seat belt fiber
that reduces occupant injury and improves trans-
portation safety.

We thank our colleagues at AlliedSignal Polymer Tech-
nical Center (Petersburg, VA) and AlliedSignal Corpo-
rate Analytical Department (Morristown, NJ) for their
support to this work. We are grateful to Dr. S. M.
Aharoni for his comments on this article.
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