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ABSTRACT: Bicomponent fibers using the high-perform-
ance polymer poly(phenylene sulfide) (PPS) together with
poly(ethylene terephthalate) (PET) were melt-spun. Both
possibilities of using PPS, either as core or as sheath mate-
rial, were realized to provide special functionalities like
improved thermobonding capability, flame retardancy, or
chemical resistance. Parameters that guarantee stable pro-
cessing of PPS and PET during coaxial extrusion with dif-
ferent core/sheath volume ratios were explored. Micro-
scopic studies of the cross-sections showed holes and cav-
ities, which were formed at the interface between PPS and
PET. Possible mechanisms for cavity formation were eval-
uated. Results of thermal and mechanical characterization
by means of TGA, DSC, and tensile testing revealed a
strong influence of the processing parameters, namely
draw ratio and core/sheath volume ratio, on the crystalli-
zation and the tensile strength of the drawn fibers. By

changing the core/sheath volume ratio from 2 to 0.5 in the
PPS/PET fiber, the crystallinity of the PET-component was
switched from 10 to 50%, whereas the crystallinity of the
PPS dropped from 68 to 7%. It was determined that bicom-
ponent fibers can exceed the strength of monocomponent
fibers up to 28%. The flammability and chemical resistance
of the new developed fibers were characterized. In con-
trary to what was expected, the encasing of PET with PPS
reduced the flame retardancy, though PPS has a higher
flame resistance than PET. The chemical resistance of the
PET core against hydrolysis was imparted by coextruding
a PPS sheath. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci
106: 1757-1767, 2007
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INTRODUCTION

Since the mid-1960s there has been a trend in the
polymer industry to apply polymer blends and mix-
tures to modify material properties. In the synthetic
fiber industry this trend is realized by manufactur-
ing fibers, namely bicomponent fibers, consisting of
two or more polymer components. Bicomponent
fiber spinning can be defined as “extruding two poly-
mers from the same spinnerets with both polymers
contained within the same fiber”.! Different types of
bicomponent fibers can be produced: core/sheath,
side-by-side, and matrix-fibril fibers.”> Diverse func-
tionalities can be imparted to these fibers in taking
advantage of particular aesthetic, haptic, tactile,
chemical or flame resistance properties, etc. in the
sheath component and physical properties such as
strength and conductivity in the core component.**
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DISCOVER SOMETHING GREAT

Core/sheath bicomponent fibers are widely used as
bonding fibers in the nonwoven industry. For this
purpose the sheath of the fiber exhibits a lower melt-
ing point than the core.’ At elevated temperature,
the sheath melts creating bonding prints.®” Although
a vast amount of literature is available on various
aspects of PET single component spinning,®? there
are only few reports on bicomponent spinning of
PET with polypropylene (PP)," polyethylene (PE),**
polystyrene (PS),"” poly(butylene terephthalate) (PBT),'®
poly(butylene succinate/r-lactate) (PBSL) or poly(L-lac-
tic acid) (PLLA).?

To our knowledge melt spinning and investigation
of core/sheath bicomponent fibers consisting of PPS
and PET has not been described in bicomponent
fiber development so far. The thermal and crystalli-
zation behavior of unfilled and glass reinforced poly-
blends of PPS/PET as well as the isothermal crystal-
lization of pure PET and PPS are well-studied.'” '
During solidification complex interactions are
expected of the two polymers in the spin-line. PPS
exhibits a higher melting temperature (~ 280°C) than
PET (~ 256°C). Therefore PPS would crystallize first
in the presence of the supercooled melt of PET. This
is due to a higher rate of crystallization for PPS in
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comparison to PET which is sluggish to crystallize."”
Furthermore both nucleation and crystal growth of
PET are accelerated by the solidified PPS.'® In case
of similar melting points and depending on the crys-
tallizability of the individual component polymers,
crystallization takes place concurrently or sequently.
Depending on the position of the polymers in the
bicomponent fiber, different crystallization kinetics
are possible for the materials.

PPS is a high-performance thermoplastic polymer
that combines thermal, mechanical, and chemical re-
sistance as well as flame retardancy. Fundamental
studies to the processability of PPS multifilaments
were carried out by Carr and Ward.** It is known®
that significant fiber structure development occurs
during the spinning of bicomponent fibers, and that
the structure and properties of the as-spun fibers
depend on the thermal and stress history in the spin-
line. Because of the mutual interaction of the poly-
mers in bicomponent spinning, the stress and ther-
mal histories are completely different with respect to
those in single-component spinning, especially when
the two polymers differ significantly in their inher-
ent properties such as elongational viscosity and sol-
idification temperature.

Fibers for technical and medical textiles or for
bonded fiber fabrics require special functionalities
like “flame retardancy” and ‘““chemical resistance”.
Flame resistance is commonly measured by the high-
est Limiting Oxygen Index (LOI), the amount of oxy-
gen needed to support combustion. However, the
flammability of a given polymer depends upon both
the physical state appearance of the product, as well
as the particular fire scenario that is considered.
Because of the difficult repeatability of this test, the
number of fire tests in use is at least in the hun-
dreds.** As the aim of this study is a pilot survey, a
simple test, called basic burning test, was performed.
This test can provide evidence of flammability con-
sidering the form and dimension of the filaments.
Besides flammability test, also chemical resistance
tests were carried out. In general PET is resistant to
chemical attacks, but the ester linkage in the PET
molecular chain can be attacked by some reagents
such as acids or aqueous alkaline solution. Sodium
hydroxide removes successive layers from the poly-
mer fiber surface through chain scission and renders
the surface more hydrophilic.® Therefore protection
against hydrolysis might be an important issue.
Using PPS with its chemical inertness against most
chemicals as a protecting material can help to
increase the life-time of PET-fibers under extreme
environmental conditions.”**

Possible applications of such new bicomponent
fibers with PET in the sheath are self bonding fibers
in nonwovens. Bicomponent fibers with PPS as
sheath material are suitable for filter applications in
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drying processes. Filters with PET/PPS bicompo-
nent fibers can be produced with less PPS and
therefore with less material costs. Chemical protec-
tion against alkalis is needed in geosynthetics,
which are expected to have a service life of up to
100 years.”

In this work spinning parameters are presented
that guarantee both stable processing of filaments
with core/sheath (c/s) configuration and sufficient
quality of the as-spun yarn. The high-performance
polymer PPS and the standard polymer PET were
chosen for this study. The goal was to combine the
positive properties of the two materials in one fiber
by introducing the inherent functionalities of PPS
“flame retardancy” and “‘chemical resistance”. The
resultant fibers were characterized regarding mor-
phology, mechanical properties, crystallinity, decom-
position, flammability and chemical resistance by
means of optical microscopy (OM), scanning electron
microscopy (SEM), tensile strength testing, differen-
tial scanning calorimetry (DSC), thermogravimetric
analysis (TGA), a simple burning test, and treatment
with alkaline solutions.

EXPERIMENTAL
Polymer materials and equipment

Pellets of PPS FORTRON 0320C0 with an average
diameter of 3-5 mm were supplied by Ticona,
Germany. Its physical properties are as follows: glass
transition temperature (T;) = 90°C, melting tempera-
ture (T,,) = 280°C, apparent melt viscosity at 310°C
ca. 2000 Poise at an apparent shear rate of 2000 s ',
and density p = 1.35 g/cm®. Two types of PET were
used. Type 1 (GL6105, Kuag Elana Oberbruch, Ger-
many) is a bright fiber grade, crystallized chip with
a nominal intrinsic viscosity of 0.62, T, = 80°C,
T = 259°C, and a density p = 1.33 g/cm3 Type

2 (Clariant Huninque, France) is a transparent fiber
grade chip with an intrinsic viscosity of 0.62, T,
around 80°C, T,, = 251°C, p = 1.33 g/cm®. The poly—
mers used for each bicompont fiber are indicated in
Table 1. All three polymers were dried at 120°C in
vacuum for 12 h prior to extrusion.

Bicomponent fibers were produced on a pilot
melt-spinning plant built by Fourné Polymertechnik
(Alfter-Impekoven, Germany) to our specifications.
The bicomponent plant enables the production of
fibers consisting of two different polymers at labora-
tory scale with a throughput of up to several kilo-
gram per hour. A schematic drawing of the melt-
spinning plant is shown in Figure 1.

The polymers were melted using two extruders,
one for the core component (1) and one for the
sheath component (2), which were dosed by the spin
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TABLE 1
Produced Bicomponent Filaments, Production Parameters
Name of filament RPM ratio
core/sheath VR spin pump spin pump MDYV, v Count Ceyp Diameter,

(VOlume ratio) DR ST (OC) Vcore/ Vsheath ucore/ Usheath (m/mln) (dtex) D (Hm)
PPS/PPS (1/1) 2 305 0.3/0.6 12/6 800 121.5 107.0
PPS/PPS (1/1) 3 305 0.3/0.6 12/6 1200 81 87.4
PPS/PPS (1/1) 3,5 305 0.3/0.6 12/6 1400 69.4 80.9
PET/PET (1/1) 2 260 0.3/0.6 12/6 800 121.5 107.0
“PET/PET (1/1) 3 260 0.3/0.6 12/6 1200 81 87.4
PET/PET (1/1) 3,5 260 0.3/0.6 12/6 1400 69.4 80.9
PPS/PET (1/2) 2 275 0.3/0.6 8/8 800 121.5 107.0
PPS/PET (1/2) 3 305 0.3/0.6 8/8 1200 81 87.4
PPS/PET (1/2) 4 260 0.3/0.6 8/8 1600 60.8 75.7
PPS/PET (2/1) 2 285 0.6/0.3 8/8 900 108 100.9
PPS/PET (2/1) 3 285 0.6/0.3 8/8 1350 72 82.4
PPS/PET (2/1) 4 285 0.6/0.3 8/8 1800 54 713
“PET/PPS (1/2) 2 300 0.3/0.6 9/9 800 136.7 113.5
PET/PPS (1/2) 3 303 0.3/0.6 9/9 1200 91.1 92.7
PET/PPS (1/2) 4 303 0.3/0.6 9/9 1600 68.3 80.3
PET/PPS (2/1) 2 303 0.6/0.3 8/8 800 121.5 107.0
*PET/PPS (2/1) 3 303 0.6/0.3 8/8 1200 81 87.4
PET/PPS (2/1) 3,5 303 0.6/0.3 8/8 1400 69.4 80.9

? Filaments spun with PET of Type 1 (see: polymer materials and equipment).
DR, draw ratio; ST, spinneret temperature; VR, volume ratio; RPM, rotation per minute; MDV, maximal draw velocity.

pumps (3). The coaxially-combined polymer melt
was extruded through a spinneret (4), featuring one
hole for bicomponent-monofilaments with core/
sheath-geometry. Monofilaments in the range of 50—
100 dtex can be produced by this spinneret. Mono-
mers and oligomers are sucked by a pump (5). The
extrudate was melt-drawn after cooling down in the
quenching chamber (6) with a quenching length of
1.4 m and a maximum air flow of 520 m3/min. After
cooling the filaments were drawn by three heated
godets (9, 11, 13). The filaments were finally wound
for storage and analysis by a winder (14). The melt-
draw ratios were set between two and four times for
the spun yarns.

Parameters like core/sheath ratio, draw ratio, and
material combination were varied to survey the
influence on the mechanical and structural behavior
of the bicomponent fibers. Table I summarizes the
different bicomponent fibers produced.

For conjugate spinning, the two polymer melts
were brought together in the spinneret, which was
kept between 260 and 305°C for all experiments. Ex-
posure of PET to higher temperatures results in lig-
uid melt flow; lower temperatures, in contrast, cause
high viscose melt of the PPS component. For all
bicomponent fibers the extruding core/sheath ratio
was set to 1/2 (thick sheath) and 2/1 (thin sheath),
respectively, under constant polymer mass flow. To
get reference fibers with the same material in both
core and sheath, PET/PET and PPS/PPS monocom-
ponent fibers were melt-spun with an extruding
ratio of 1/1.

Figure 1 Schematic assembly of the bicomponent plant.

Journal of Applied Polymer Science DOI 10.1002/app
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Instruments and procedures
Yarn count

The yarn count was measured according to DIN EN
ISO 2060.*® The final yarn count is calculated from
the length and the mass of the sample using eq. (1):

m, x 10°

Ctest = L

1)
where Ci stands for the count (dtex), m. for the
mass (g) and L for the length (m). The length used
for the present study was 10 m.

The expected yarn count Ce,, can also be calcu-
lated from the density p, the transported volume per
rotation V/U and the number of rotations per minute
U/t of the spin pump as well as from the winder
take-up velocity v by using eq. (2):

p(V/u)(U/t)
0

Cexp = (2)
The yarn count is given in dtex and is defined as
mass per 10,000 m length. The relationship between
the Tex-system and the equivalent diameter of a
round filament is given by eq. (3):

C (dtex)

) =25 e

®)

Humidity measurements

The humidity of the used pellets was measured on a
AQUATRAC (Brabender Messtechnik KG, Germany)
after drying. Remaining water in the pellets reacts
with calcium hydride, generating hydrogen, which is
measured and allows an exact determination of the
water content. Fifty-six grams of polymer material
was heated to 130°C. The accruing pressure was
transformed and converted into a relative humidity
value.

Tensile strength characterization

The tensile properties were characterized according
to ISO 2062*° on a STATIMAT M (TEXTECHNO
Herbert Stein KG, Germany), with a gauge length of
250 mm and a strain rate of 250 mm/min. The pre-
tensioning force was set to 0.5 cN/tex.

Thermal analysis

Thermogravimetric analysis (TGA) was carried out
on a Mettler Toledo TA 4000 TG 50. The weight of
all samples was kept between 15 and 30 mg. They
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were heated in an aluminum oxide pan without lid
up to 750°C under 200 mL/min nitrogen and up to
850°C under oxygen. Differential scanning calorime-
try (DSC) was performed according to DIN 53765
on a DSC 822e (Mettler-Toledo, Germany). The sam-
ples were heated from 25 to 350°C at 20 K/min for
the first heating and at 10 K/min for the cooling and
second heating. Crystallinity was estimated by
means of eq. (4):

(AHmeit + AH¢. x mass portion) = mass portion

we =
AH, literature

x100%  (4)

where w, is the crystallinity, AHper the measured
heat of fusion, AH.. the measured heat of fusion of
the cold crystallization and AHjiterature the heat of
fusion of an ideal crystal. AHjiterature 0f PET was
taken to 164 ]/g31 and of PPS to 112 ]/g.32 As the
bicomponent fibers consist of two materials, it is nec-
essary to consider their weight proportion. The
measured heat of fusion AH,x was normalized by
the weight portion of the respective fiber material, as
both materials have almost the same density (ca.
1.35 g/ cm3).

Optical microscopy and Scanning Electron
Microscopy

Optical microscopy images were obtained by a
Laborlux 12 POL microscope (Leitz, Oberkochen,
Germany) with a magnification of 250 for the cross
sections and 100 for the examination after the tensile
strength measurement with a pixel resolution of
1536 X 1152. Image processing (calibration, distan-
ces, determination of radius) was done with Image-
Access (Imagic Bildverarbeitung AG, Glattbrugg,
Switzerland). Selected samples were examined with
an 3200-C ECO-SEM (Amray, Bedford, MA, USA) in
the ECO-mode at an accelerating voltage of 20 kV
and a magnification of 400 for the examination of
the surface after the chemical resistance tests. The
samples were mounted on standard specimen stubs
with silver paint and the stubs were then sputter-
coated with gold.

Flammability and chemical resistance

Flammability was investigated using a so-called
“basic test”. For this measurement filaments were
wound on a specimen holder with a constant feed of
50 mm/min. Afterwards the filaments were ignited
at an angle of 45° for 15 s in the middle of the lower
border with a flame of 20-mm length. Time until
expiry of the flame was measured. Criteria to clas-
sify the flammability are the time until the flame



NEW FUNCTIONAL BICOMPONENT FIBERS USING PPS AND PET 1761

TABLE II
Classing for the Basic Flammability Test

Classing

Demand

Degree of flammability 3, highly combustible
Degree of flammability 4, moderately combustible
Degree of flammability 5, low combustible
Degree of flammability 6, noncombustible

Duration of burning 5-20 s

Duration of burning > 20 s

Flame does not reach upper border duration of burning < 20 s

No ignition, combustion or carbonise, need to proof noncombustibility

cone reaches the upper border or until the flame
ceases to burn. The possible classifications under the
“basic test” are given in Table I1.*

For measuring the chemical resistance of the
bicomponent fiber variations, both a 40% potassium
hydroxide (KOH) solution and a 35% sodium hy-
droxide (NaOH) solution were prepared. Polyesters
are generally readily attacked by alkalis. The hydro-
lysis of PET generates terephthalic acid and ethylene
glycol in the final state. Complementary fibers
(100 m) with thin PPS sheath (PET/PPS (2/1)) and
thick PET sheath (PPS/PET (1/2)) were immersed in
the alkaline solutions for 16 h, then washed with dis-
tilled water five times to remove the residues and
thoroughly dried at standard conditions (T = 20°C,
relative humidity = 65%) for 24 h. To judge the
effect on the surface, SEM observation was carried
out. Gravimetric changes were estimated by weigh-
ing the samples before and after chemical treatment
under standard conditions.

RESULTS AND DISCUSSION
Yarn count and cross section

As a result of the constant polymer mass flow, com-
parable yarn counts were achieved (Fig. 2) for all
bicomponent fibers.

The lower count for four-times-drawn PPS/PET
(2/1) is justified by a higher take-up velocity of the
first godet, the higher count of the PET/PPS (1/2)
fibers by a higher spin pump rotation during pro-
duction, as shown in Table I. All other samples have
similar counts ranging from 117 * 3 dtex for two-
times drawn filaments to 56 = 3 dtex for four-times
drawn filaments.

At the interface between core and sheath cavities
were detected. These holes appeared in all bicompo-
nent fibers [Fig. 3(b,c)] and the PPS/PPS reference
fibers [Fig. 3(a)], but not in the PET/PET reference
fibers [Fig. 3(d)]. Such phenomena were not reported
in literature so far.

Three possibilities for the occurrence of the cav-
ities were considered: chemical reasons, procedural
problems, and thermal behavior. Increased humidity
in the raw materials after drying could lead to deg-
radation. The handbook value for typical moisture

contents after drying PPS and PET are 0.008% and
0.004%,%>*° whereas the measured moisture content
for PPS and PET was 0.005% and 0.022%, respec-
tively. The high moisture content in the PET pellets
would likely induce partial hydrolysis. It has been
observed that only 0.01% H,O in the PET chips can
cause 10% decomposition in the melt.? Nevertheless,
the occurrence of cavities because of remaining hu-
midity of PET is unlikely, as no holes were observed
in the PET/PET reference fibers. Humidity as a
cause was also eliminated by trials with longer dry-
ing time for which cavities still occurred at the inter-
face. Cavities were also found in the PPS/PPS re-
ference fibers [Fig. 3(a)]. This implies that oligomers
with a low melting point in the PPS pellets them-
selves could cause the problem. The oligomers vapo-
rize at the processing temperature and form the
observed cavities. This argument was also excluded,
as such oligomers should volatilize during the dry-
ing process at temperatures around 120°C and the
vacuum applied (<10 mbar). The microscopically
visualized cross sections showed the cavity emerging
always at the interface between core and sheath.
Therefore the origin of the cavities is most likely
caused by procedural problems, as probably induced
by different viscosities and volume flow rates of the
two different polymers.*® As a consequence the two
materials do not match rheologically. In our case,
the core flows 3-6 times faster than the sheath,
depending on the core/sheath volume ratio. This
might lead to irregular flow conditions and the for-
mation of cavities. As the used quenching chamber

140
&
120 ~
3
3 100 -
k=2
e 804 .
F —£1- PET/PPS (112)
8 60
—e— PPSIPPS (11)
g 40 1 |—EPETPET (111)
> —=— PETIPPS (2/1)
20 4 |—©- PPSIPET (112)
—o— PPS/PET (2/1)
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1.0 2.0 3.0 4.0 50

Draw ratio

Figure 2 Yarn count of the produced filaments.
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Figure 3 Cross section (a) PPS/PPS reference fiber; (b) PPS/PET (1/2); (c) PET/PPS (1/2); (d) PET/PET reference fiber.

was short (~ 1.5 m), a fast cooling had to be applied
to reduce the temperature of the filaments suffi-
ciently. This fact could have led to the development
of the vacuoles: The material on the outside is al-
ready solidified while the center is still in a molten
state. During congealing, shrinkage of the core mate-
rial takes place that results in cavities. Regarding the
linear thermal expansion coefficient across the flow
direction, a ~ 1.8 times larger coefficient for PET
(70 X 10 K1) in comparison with PPS (40 X 107°
K™ ') was found.* Therefore holes should be larger
for PET/PPS fibers than for PPS/PET, a tendency
which turned out to be true [see Fig. 3(c)].

Composition and mass distribution

For a well-defined determination of the thermal
behavior, the composition of the as-spun fibers was
verified by TGA testing. Decomposition of the PPS/
PPS and PET/PET reference fibers as well as the
PPS/PET (1/2) and PET/PPS (1/2) bicomponent
fibers is shown in Figure 4.

The first decomposition step starting at 394°C is
attributed to PET, the second at 450°C to PPS as
decomposition of PPS is initiated later. The PPS/PET
(1/2) bicomponent fiber undergoes a significant
decomposition in the first step because the fiber con-
tains twice as much volume fraction of PET. The
reverse trend can be observed for the PET/PPS (1/2)
bicomponent fiber because half as much volume
fraction of PET is comprised. The results for all
bicomponents are summarized in Figure 5.

The masses were approximately distributed as
expected, but the fibers possess a somehow larger
content of PPS. This can be explained by the fact
that the density was assumed to be constant for both
components. In reality this is not the case. The
smaller density of the PET in the molten state during
the volumetric dosing with the spin pumps is
assumed to be one reason for the smaller mass lost
compared with PPS, according to eq. (2). A second
reason is supposed to exist in a different mechanism
of decomposition during the TGA heating process
under nitrogen, which may lead to a relatively

Journal of Applied Polymer Science DOI 10.1002/app

smaller mass lost of PET. This is the subject of fur-
ther investigation.

Crystallinity and mechanical properties

We also investigated the structural state of the as-
spun bicomponent fibers using DSC. Traces of a
bicomponent fiber and the reference fibers are
shown in Figure 6.

The melting peaks of PPS and PET can clearly be
distinguished; the first peak refers to PET, the sec-
ond to PPS. PPS melts at a higher temperature. Cold
crystallization exotherms are present in all bicompo-
nent fibers, an observation that is known for draw-
ing single component fibers.>>* The presence of
cold crystallization exotherms is attributable to the
presence of a poorly oriented and uncrystallized
PET or PPS component.

Figures 7 and 8 show the crystallinity derived
from the DSC graphs as a function of draw ratio
both for the PPS component and the PET component
in the bicomponent fibers by means of eq. (4).

The crystal content rises with increasing draw ra-
tio because of the molecular chain alignment. In case
of the pure PPS and PET reference fibers similar
crystal contents of 24-27% were found. In the bicom-
ponent fiber systems only the material with a major
content in the fiber showed a significant crystallinity.
The sums of the crystallinities measured for the
PPS/PET-systems (78% for PPS/PET (2/1), 57% for
PPS/PET (1/2)) are higher than those measured for

—— PPS/PPS
25 7 ---- PET/PET
-~ PPSIPET(112)
—_ 20 1 PET/PPS (1/2)
o
E 15
@
@ 10
=
5 -
0 T 1
0 200 400 600 800 1000
Temperature [°C]
Figure 4 TGA graph of reference and bicomponent fibers.
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Figure 5 Mass lost for PPS and PET during TGA testing.

the PET/PPS-systems (42% for PET/PPS (1/2), 44%
for PET/PPS (2/1)).

PPS exhibits a higher rate of crystallization,
whereas PET is sluggish to crystallize. Thus, PPS
would crystallize in the Jpresence of a supercooled
blend. Shingankuli et al.”” showed in their studies
on crystallization behavior of PPS/PET-blends that
the presence of PET facilates the nucleation of PPS,
whereas the PET crystallization rate increased owing
to a heterogeneous nucleation provided by the PPS,
which had already crystallized first. In the fiber sys-
tem the polymers are barely mixed (see Fig. 3). Thus
the interaction most likely takes place at the inter-
face. The crystallization behavior is also affected by
the heat transfer from the core to the interface
sheath/air. Heat transfer seems to be responsible to
a greater extent for the crystallization behavior of
the polymers as indicated by the completely differ-
ent crystallization behavior of PPS/PET (1/2) and
PPS/PET (2/1).

PPS as sheath polymer crystallizes firstly owing to
efficient cooling at the interface sheath/air. Efficient
cooling of the PPS-sheath leads to faster crystalliza-
tion, less time for orientation of the macromolecules
in the quenching chamber and therefore to incom-
plete crystallinity of 17-21% (Fig. 7). It turned out
that the crystallinity of the core polymer having a
lower melting point, PET in our case, remains small
due to stress relaxation, but crystallinity increases
from 21% to 27% with increasing core/sheath vol-

Temperature [°C]

e o
o
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2
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.—._10 .
E 15 — —PET/EET |
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-20 T -
0 100 200 300 400

Figure 6 DSC traces for bicomponents and reference
fibers.
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Figure 7 Crystal content of the PPS component.

ume ratio as demonstrated in Figure 8. Shingankuli
et al. showed that the isothermal crystallization time
for PPS at 240°C is about six times lower than that
for PET at 200°C.*' Blending PET with PPS acceler-
ates the crystallization of PET significantly, but at
240°C the crystallization time for blended PET is
more than 10 times higher than that for PPS.*!

By placing PET as polymer with a lower melting
point in the sheath, the degree of supercooling in the
quenching chamber depends strongly on the heat
transfer, the contact area at the PPS/PET interface,
and the crystallization rate. The degree of supercool-
ing required for PET crystallization in PPS/PET
blends was shown'” to be significantly lower com-
pared to that required for pure PET. Two cases were
observed in the PPS/PET systems: for a relatively
thin sheath (PPS/PET (2/1)) the core polymer PPS
solidified first as expected from the polymer crystal-
lization kinetics.” For a relatively thick sheath (PPS/
PET (1/2)) crystallization and solidification started
most likely at the PET surface owing to a high tem-
perature difference across the PET sheath from the
surface to the PPS/PET interface. In that combina-
tion PPS remained the stress-relaxed unoriented
part.

Considering the PPS component, bicomponent
fibers with a thick PPS core (PPS/PET (2/1) showed
the highest crystal content for this material. The
crystallinity of PPS in this system is 2.8 higher than
in the PPS/PPS (1/1) reference. This is an indication
for interfacial interaction, as stated by El-Salmawy
et al.>*® In their systems PET/PBSL and PET/PLLA
the PET core showed a significantly higher crystal-
linity of 13-43% compared with that of a single PET
fiber (6.3%), while the sheath polymer remained in

— 60
s
- —&— PET/PET
'E 40 —C=— PPSIPET {1/2)
= =8— FPS/PET (2/1)
820 —F - PETIPPS (1/2)
n —& - PET/PPS (2/1)
)
Q0

1.5 25 3.5 4.5

Draw ratio

Figure 8 Crystal content of the PET component.
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an amorphous state. They postulated that the driv-
ing force for this enhancement of crystallization
depends on the interfacial shear arising between the
two polymer layers. In our system the crystallization
of PPS is most likely supported by the presence of
PET. Jog et al.'” mention two factors that could cause
acceleration of the overall crystallization. Firstly, the
supercooled melt of PET at the crystallization tem-
perature of PPS (~ 230°C) possesses a higher crystal
order than in the molten state at temperatures above
the melting point of PET (~ 260°C). Secondly, PET
and PPS exhibit similar chemical structures, which
might cause a better match of the crystal structures
at the interface PPS/PET. In view of the aromatic
chain structure and polar linkages in both PPS and
PET, greater secondary molecular interaction would
be expected at the interface.'

The influence of varying volume flow ratio on
crystallinity during high-speed melt spinning was
studied by Radhakrishnan et al.**> On a low-molecu-
lar-weight-PET /high-molecular-weight-PET (LMPET/
HMPET) system, a strong influence on the occur-
rence of crystallization in the LMPET-core material
was shown in changing the mass flow ratio from
1:1 to1: 4. Investigation of the Lorentz-density in
the 1 : 1 combination indicates the occurrence of ori-
entation-induced crystallization in LMPET. In the
other case of the 1 : 4 combination, crystallization
does not occur in LMPET as stress relaxation contin-
ues until the spinline cools down to glass transition
temperature. This emphasizes the result described in
our work, that only the major component in the
PPS/PET system possesses a higher orientation and
crystallinity.

In general, heat is retained longer in the sheath
the thicker the layer is. Therefore higher orientation
and crystallinity can occur owing to the faster move-
ment of the macromolecular chains at higher temper-
atures. This fact explains the highest crystal content
for the PET component in the system PPS/PET (1/
2). Owing to the high spin head temperatures of
260-305°C (see Table I) the material kept a high tem-

i
=

—&— PPS/PPS (1/1)
—8— PET/PET (111}
—C— PPSIFET (1/2) -
— & - PPSIPET (2/1) s

=+ -PETIPPS (1/2) ~
—& -PET/PPS (21) -

(8]
=]

o]
=]

Gl

-

Tensile strength [cN/tex]
=
Y

=]

1.5 2.0 2.5 3.0 3.5 4.0 4.5
Draw ratio

Figure 9 Maximum tensile strength of the bicomponent
fibers.

Journal of Applied Polymer Science DOI 10.1002/app

HOUIS, SCHMID, AND LUBBEN

300 um

Figure 10 Pulled-out core on both end of the fracture of
PET/PPS (1/2) bicomponent fibers.

perature for a long time in the quenching chamber.
Therefore the molecular chains had more time for
orientation and crystallization. These assumptions
are reflected in the tensile strength measurements
(Fig. 9) where the system PPS/PET (1/2) possessed
the highest tensile strength.

Figure 9 shows the tensile strength of the pro-
duced fibers versus draw ratio. The observed in-
crease in tensile strength with increasing draw ratio
is a general tendency that can be related to increas-
ing orientation and crystallization. Pure PPS unex-
pectedly showed a higher strength than pure PET.
This may be contributed to partial hydrolysis of the
PET fibers as a result of humidity in the pellets,
resulting in decomposition of the molecular chains.
This assumption is supported by the high standard
deviation of = 6.3 cN/tex of the PET fibers during
tensile testing. A maximum strength of more than
30 cN/tex was observed for bicomponent fibers with
a thin PPS core and a thick PET sheath. This fact can
be accounted to high crystallinity (50.4%) and orien-
tation of the PET component induced by increased
heat supply as verified by DSC results (see Fig. 7 for
PPS and Fig. 8 for PET). This fiber represents an
example where a relatively crystalline sheath serves
as mechanical strengthening whereas the core re-
mains relatively amorphous.

The dimensions of the cavities certainly have also
an influence on the tensile properties. Their sizes in
the PPS/PET fibers were smaller than in the PET/
PPS fibers which could additionally explain the
higher tensile strength of the bicomponent fibers
with PPS in the core. It appears that the thick PPS
sheath of the PET/PPS (1/2) fiber provides higher
strength compared with the PET/PPS (2/1) fiber, as
the stress is distributed on the whole profile more
evenly.

Furthermore, the core material defines the final
strength when the sheath material crystallized first
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b
PET/PPS PRSIPET
(1/2) (2/1)
Figure 11 Wound fibers after flammability test.

(see Fig. 10). In the example shown (PPS/PET (1/2))
the semi-crystalline PET sheath broke first and the
amorphous PPS core was pulled out in consequence.
This two-step breaking behavior is the subject of fur-
ther investigation.

Burning behavior

The different filaments were wound on a specimen
holder and ignited for 15 s. The samples after the
flammability test can be seen in Figure 11.

As expected the pure PPS reference fibers did not
ignite but melted in vertical direction. According to

TABLE III
Results of Gravimetric Analysis After Chemical
Treatment

PPS/PET PPS/PET PET/PPS PET/PPS

in KOH in NaOH in KOH in NaOH
Weight before (mg)  752.3 752.8 762.8 762.5
Weight after (mg) 713.5 681.7 762.8 761.8
Reduction (%) 5.2 9.4 0.0 0.1

Untreated
samples

treated
samples

k
m| _m|
-
=

NaOH
treated
samples

Figure 12 (la) untreated PET/PPS fiber; (1b) untreated
PPS/PET fiber; (2a) KOH-treated PET/PPS fiber; (2b)
KOH-treated PPS/PET fiber; (3a) NaOH-treated PET/PPS
fiber; (3b) NaOH-treated PPS/PET fiber.

the classification described in Table II the PPS fibers
belong to Class V (low combustible) or even Class
VI (noncombustible). This basis test is not suitable
for demonstrating noncombustibility, therefore an
additional test (electrical furnace test, DIN 4102) is
necessary to prove noncombustibility.’®> The pure
PET reference fibers inflamed and dripped as
expected. The PET fibers are assigned to Class IV
and are moderately combustible. The bicomponent
fibers with PET in the sheath burned longer than the
pure PET and also dripped. This bad fire perform-
ance could be due to the supporting PPS core: The
PPS core could raise up the temperature even more
and therefore contributes to the combustion of the
PET component. Bicomponent fibers with PPS in the
sheath unexpectedly combusted totally and are
assigned to Class IV like pure PET. One explanation
is that the PPS sheath inhibits the PET to drop. The
resulting wicking-effect could lead to direct trans-
port of the molten PET to the flame source, such act-
ing as flame promoter, an effect which is known
from inorganic flame retardants distributed homoge-
nously in foams.?® In consequence the PET combusts
in the core. For this reason bicomponent fibers with
PPS in the sheath are not suitable for fire protection
as long as the core material is easily inflammable.

Chemical resistance

The resistance of bicomponent fibers with a thin PPS
sheath—PET/PPS (2/1)—and a thick PET sheath—

Journal of Applied Polymer Science DOI 10.1002/app



1766

PPS/PET (1/2)—against two aqueous alkali solu-
tions (40% (9.9M) KOH and 35% (12.1M) NaOH)
was tested and afterwards measured gravimetrically
and microscopically by SEM. The hydrolysis reaction
starts at the fibers’ peripheries, causing weight loss.”
The weight loss is shown in Table III and the surface
structures investigated by SEM in Figure 12(1a-3b).

Bicomponent fibers with PET in the sheath
showed significant changes in weight and surface
structure, as expected. Interestingly, the measured
weight losses between 5.2% and 9.4% are relatively
small in comparison with the observed weight losses
during hydrolysis of other polyesters like poly(tri-
methylene terephthalate) (PTT)® and poly(butylene
terephthalate) (PBT).'® Kotek and Zeronian reported
on weight losses larger than 15%, strongly depend-
ing on spinning speed and hydrolysis time.'®* The
difference in weight loss between the NaOH and
KOH can be explained by the higher concentration
of the NaOH solution and, presumably, by the better
mobility of the smaller Na'-ions into the pores of
the PET-sheath. Therefore the surface structure of
the NaOH-treated fibers appeared more scale-like
[Fig. 12(3b)] compared with the KOH-treated sample
[Fig. 12(2b)].

Bicomponent filaments with PPS in the sheath did
not show important changes in weight loss and no
visible changes at the surface (Fig. 12). The small
weight loss of 0.1% indicates that there might be a
diffusion of alkali through the protective PPS-layer.
Hence, a thin PPS sheath is sufficient to protect
bicomponent fibers against the influence of strong al-
kali solutions for at least 16 h at room temperature.

CONCLUSION

Core-sheath bicomponent fibers consisting of the
high-performance polymer PPS and PET were devel-
oped having well-defined counts with PPS both as
core and sheath material. The effects of process con-
ditions on the crystallinity and the mechanical prop-
erties were studied. The draw ratio, the core/sheath
volume ratio and the composition of the bicompo-
nent fibers were the main effective process variables.
Both the crystallinity and the tensile strength of the
bicomponent fibers increased with increasing draw
ratio. It was found that the total crystallinity was
higher for the PPS/PET system compared with that
of the PET/PPS system. The core/sheath volume ra-
tio was used in the PPS/PET system to switch
between high or low crystallinity of the polymer
components. Possible mechanisms of cavity forma-
tion were taken into consideration. Cavities at the
PPS/PET interface occurred most likely due to fast
cooling and different flow velocities.
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Flammability was measured and classified. Con-
trary to expectation the bicomponent fibers with PPS
both as sheath and core material worsened the flame
retardancy in inhibiting the PET to drip, showing a
wicking-effect. Hence, these bicomponent fibers are
not suitable for use in fire protection. Study of chem-
ical resistance showed that a thin PPS sheath is effi-
cient to protect the PET-core against alkaline hydro-
lysis, thus imparting the functionality of chemical re-
sistance to the bicomponent fiber.

We acknowledge B. Wiist for assistance during the melt
spinning, Mr. Briick for information about PPS, and Ticona
GmbH for supplying the PPS material.
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