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Abstract

The influence of two organic pigments and two flame retardants on the structure of polypropylene fibres was investigated. It was found that
by spinning at low velocities in the presence of pigments a highly crystalline structure is formed. In fibres coloured with quinacridone the rarerly
encountered 3 form of polypropylene was observed. Utilising low take-up velocities, the addition of flame retardants leads to an increase in fibre
crystallinity. In the case of fibres formed at higher velocities the influence of additives on fibres structure was less visible. For all fibres, inde-
pendent of additives, a similar structure containing the a form of polypropylene was obtained.
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1. Introduction

The use of additives is a common way to modify polypro-
pylene fibres; with the help of additives, the inherent disadvan-
tages of polypropylene fibres can be minimised and the fibre’s
properties improved. Commonly, additives are incorporated
into the polymer by physical means during fibre formation
by mixing the additive with the polypropylene prior to melt
extrusion.

It is well known that foreign substances added to a polymer
melt strongly influence the crystallisation process. Many sub-
stances promote nucleation [1] as a result of which, significant
changes in the morphology and the supermolecular structure of
the polymer are observed. In several cases, additives result in dif-
ferent polymorphic forms of polypropylene being formed [2].

The influence of additives on the crystallisation process ob-
served in quiescent polypropylene melts does not relate di-
rectly to the crystallisation process occurring in fibre
formation. By spinning fibres, the crystallisation process oc-
curs in a complex non-isothermal way under varying stress
conditions. Under such conditions the crystallisation process
depends on the cooling rate and molecular orientation [3]. By
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spinning at low take-up velocities the crystallisation process
is governed by cooling rate whereas at higher velocities, the
crystallisation process is dominated by molecular orientation.

The contribution of additives to the crystallisation process
that takes place during the formation of polypropylene fibres
is not well known. Thus far, only the influence of pigments
has been extensively studied [4,5]. The effect of other addi-
tives often used for the modification of polypropylene fibres
was not investigated.

The work described herein concerns the influence of two
organic pigments and two brominated flame retardants on
the structure of polypropylene fibres.

2. Experimental
2.1. Samples

Fibres were spun under laboratory conditions using a Bra-
bender screw extruder coupled to a five-hole spinneret die of
diameter 0.2 mm. Fibres were extruded from the melt at
210°C and wound up at different take-up velocities from
100 m/min to 1350 m/min. Two commercial isotactic polypro-
pylene resins namely, Mosten 52.945 supplied by Chemopetrol
(Czech Republic) and Tatren TI 922 supplied by Slovnaft
(Slovakia) were used.
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Fig. 1. Chemical formulae of: (a) quinacridone and (b) phthalocyanine.

The structure of coloured fibres as well as fibres modified
by brominated flame retardants was compared with the struc-
ture of unmodified polypropylene fibres.

For the coloration of fibres quinacridone (C.I. Pigment
Violet 19) (Echtrot E3B — Hoechst, Germany) and the phtha-
locyanine C.I. Pigment Blue 15 (Wola Krzysztoporska —
Poland) were used (Fig. 1). Powdered pigments were mixed
with the polymer granulate immediately before forming fibres
at 0.5% based on polymer mass.

Two commercial retardants, tris(bromoneopentyl)phos-
phate, FR-372 (Dead Sea Bromine Group, Israel) and tetrabro-
mobisphenol A bis(2,3-dibromopropyl ether), PE-68 (Great
Lakes, USA) were used (Fig. 2). The retardant was mixed
with the polymer granulate at a concentration of 10% by
mass. Blends were homogenised in the barrel of the extruder.

2.2. Methods

The effect of the additives on the crystallisation process of
the quiescent polypropylene melt was evaluated under non-
isothermal conditions. Investigations were carried out using
a TA Instruments MDSC 2920 differential scanning colorime-
ter equipped with a refrigerated cooling system. Samples of
unmodified polypropylene as well polypropylene that con-
tained pigments and flame retardants were melted at 210 °C
and kept at this temperature for 10 min. After annealing, the
samples were cooled in a nitrogen atmosphere at the rate of
20 Kmin~'. Thermograms were obtained over the tempera-
ture range 210—20 °C. Analysis of the thermograms was car-
ried out using the computer program Universal V2.6D
supplied by TA Instruments. From the thermograms, the crys-
tallisation temperature was determined.

Fibre structure was evaluated using wide-angle X-ray scat-
tering (WAXS); powdered samples were analysed using both
HZG 4 and Seifert X-ray diffractometers. The diffraction
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Fig. 3. DSC curves for polypropylene cooled at 20 Kmin~". (1) Unmodified
polypropylene; (2) polypropylene + quinacridone pigment; (3) polypropyle-
ne + phthalocyanine pigment.

pattern analysis was carried out by calculation of a theoretical
curve approximating the experimental data. The theoretical
curve was constructed as the sum of functions describing the
background scattering, an amorphous halo and crystalline or
mesophase peaks. The parameters of the component functions
were obtained by minimisation of the sum of squared devia-
tions of the theoretical curve from the experimental curve ¢
by means of Rosenbrock’s method using the computer pro-
gram OptiFit [6]. On the basis of the diffraction patterns, the
crystallinity index and the mesophase content were calculated.

3. Results and discussion
3.1. DSC

Fig. 3 shows the DSC cooling curves for both the unmod-
ified polypropylene and the polypropylene that contained qui-
nacridone and phthalocyanine pigments. The crystallisation
temperature for the neat polypropylene was 114.5 °C. It is
well known that pigments added to the quiescent polypropyl-
ene melt shift the crystallisation temperature towards higher
values. In the cases of the quinacridone and phthalocyanine
pigments, this shift was 14.5 K and 13 K, respectively [7].
The observed increase in the crystallisation temperature shows
that both pigments possess nucleating ability towards polypro-
pylene crystallisation. The pigment crystals are insoluble in
the polypropylene melt and provide surfaces which can match
with the polypropylene chains enabling epitaxial growth of the
polypropylene crystals.
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Fig. 2. Chemical formulae of: (a) tris(bromoneopentyl)phosphate and (b) tetrabromobisphenol A bis(2,3-dibromopropyl ether).
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Fig. 4. DSC curves for polypropylene cooled at 20 Kmin~". (1) Unmodified
polypropylene; (2) polypropylene + tris(bromoneopentyl)phosphate; (3) poly-
propylene + tetrabromobisphenol A bis(2,3-dibromopropyl ether).

Fig. 4 shows the DSC thermograms for the unmodified
polypropylene and polypropylene containing the flame retar-
dants. The crystallisation temperature of the polypropylene
melt containing the flame retardants was close to that of the
unmodified polypropylene (115.6 °C) from which one can
conclude that the flame retardants did not possess nucleating
ability. In contrast to the pigments, the flame retardants are
soluble in the polypropylene melt. The tris(bromoneopentyl)-
phosphate and the tetrabromobisphenol A bis(2,3-dibromo-
propyl ether) melt at 181 °C and 106—120 °C, respectively.
Their solubility in the polypropylene melt prevents their par-
ticipation in the nucleation process.

3.2. WAXS

Fig. 5 shows a series of WAXS patterns obtained for the un-
modified polypropylene fibres. It is evident that the mesophase
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Fig. 5. Series of WAXS patterns measured for neat polypropylene fibres take at
different velocities. (1) 100 m/min; (2) 880 m/min; (3) 1350 m/min.
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Fig. 6. Series of WAXS patterns for coloured fibres taken at different veloci-
ties. (1) 100 m/min; (2) 200 m/min; (3) 1350 m/min. (a) polypropylene + qui-
nacridone pigment; (b) polypropylene + phthalocyanine pigment.

and the crystalline phase can be distinguished. The content of
the meso- and the crystalline-phases varies depending on the
take-up velocity. With an increase in take-up velocity the pro-
portion of the mesophase increases. At a take-up velocity of
1000 m/min the mesophase content achieves a maximum
value. Above this velocity the mesophase content in the fibre
decreases considerably. In fibres obtained at the highest veloc-
ity only the crystalline structure is formed.

Fig. 6 shows WAXS patterns measured for the coloured
fibres. In coloured fibres a semicrystalline structure is formed.
The mesophase, which occurs in uncoloured fibres, is not pres-
ent in fibres containing pigment. At low take-up velocities,
fibres coloured with the quinacridone pigment display a high
content of the rarely encountered B modification of polypro-
pylene. In the case of fibres coloured with the phthalocyanine
pigment the structure consists mostly of the o modification.
With an increase in take-up velocity, the content of the B mod-
ification in fibres coloured with the quinacridone pigment
considerably decreases. At higher velocities in fibres coloured
with both pigments, the crystalline structure consists only of
the oo modification.
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Fig. 7. Series of WAXS patterns for fibres containing flame retardants taken at
different velocities. (1) 100 m/min; (2) 300 m/min; (3) 1350 m/min. (a) poly-
propylene + tris(bromoneopentyl)phosphate; (b) polypropylene + tertrabro-
mobisphenol A bis(2,3-dibromopropyl ether).

The WAXS patterns obtained for fibres modified with flame
retardants are presented in Fig. 7. In fibres taken at low veloc-
ity, the structure contains a high amount of the mesophase. In
the case of fibres modified by the flame retardants, the content
of the mesophase is the same as in the unmodified fibres. At
higher take-up velocity, the content of the crystalline phase in-
creases considerably. In comparison to unmodified polypro-
pylene fibres, the content of the crystalline phase in fibres
modified with flame retardants is significantly higher. In the
cases of all fibres extruded both with and without retardants,
further increase of take-up velocity results in a concomitant in-
crease in the crystalline phase content.

4. Conclusions

During the spinning of polypropylene fibres, a structure com-
prising three phases is formed. The proportion of these particular
phases, namely the amorphous phase, mesophase and crystalline
phase, depends on the formation parameters as well on the kind
of the additive used. The effect of additives on fibre structure is
more marked at low take-up velocities. Under such conditions,
pigments have a nucleating ability towards polypropylene crys-
tallisation. As a result of heterogeneous nucleation on pigment
particles that are present in the fibre, a crystalline structure is
formed. Flame retardants, which do not have nucleating ability,
increase the viscosity of the melt which, during spinning, in-
creases the molecular orientation inside the extruded fibre.
Hence, such a crystallisation process results in higher orientation
and leads to the formation of a more ordered structure.

The influence of additives on fibre structure at high take-up
velocities is less apparent. The influence of heterogeneous nu-
cleation on the pigment crystals as well as the effect of the flame
retardants on the melt viscosity loses its importance. At high
take-up velocities the crystallisation process is dominated by in-
creased molecular orientation. Inside a cooled stream of poymer,
independently of the addition of additives, a great number of row
nuclei is formed and the crystallisation process proceeds very
quickly giving rise to the o. modification of polypropylene.
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