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Introduction

Semi-crystalline polymers can exhibit a
wide range of different morphological
features depending on the precise com-
position of the system and its processing
history. Of particular importance are mo-
lecular mass distribution [1], co-mono-
mer content [2], the presence of additives
[3] and the thermal history [4, 5]. Many
of these factors are exploited as a general
means of controlling structure and the
fibres’ properties.

The preparation of blended PP/PET fibres
with variable properties is a new produc-
tion method [6 - 12, 21]. The blended
PP/PET fibres were prepared to improve
the dyeability of PP fibres by the exhaust
process [6, 7]. Polyester dispersed in a PP
matrix of the blended PP/PET fibres in-
fluences the supermolecular structure of
these fibres, the PP-PET interphase, the
crystalline and amorphous portions, and
the dyeability of the blended fibres [8
- 10, 21, 22]. PP and PET in the blended
PP/PET fibres behave as individual and
immiscible components [9, 13]. The
technological miscibility of the PP and
PET components can be increased with
the addition of compatibilisers. The
compatibilisers  assure  homogenous
dispersion of the minor component and
provide sufficient mechanical proper-
ties of blended PP/PET fibres. Reactive
or non-reactive compatibilisers for PP
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Abstract

Polyethylene terephthalate (PET) and the compatibilisers ethylenedistearamide (EDSA)
and ethylenevinylacetate (EVAc) are used for the modification of PP fibres that are aimed
at improving the dyeability by dyeing fibres in a bath. This causes changes in the melting
and crystallisation process that affect the creation of the morphological structure in
blended PP/PET fibres as well as the content of the crystalline phase of the PP matrix.
The thermal properties of modified PP fibres were evaluated by the DSC method. Some
thermal characteristics (Avrami exponent n, crystallisation kinetic constant K and free
energy of crystal creation o,) of the blended PP/PET fibres at crystallisation were
determined as well as their physical-mechanical properties. The various compatibilisers
have a different influence on the crystallisation of PP in the PP/PET fibre blend. EDSA
behaves as a nucleating agent and increases the crystallisation of PP. The compatibiliser
EVAc decreases the crystallisation of PP in the PP/PET fibre blend. For the crystallisation
of PP, heterogeneous nucleation with a tridimensional spherulitic growth of crystallites is
characterised. The aforementioned additives emphasise this heterogeneous nucleation of
crystallites in the crystallisation of PP in the blended PP/PET fibres. The tensile strength
and elongation of the blended PP/PET fibres were changed by the influence of PET and
compatibilisers.

Key words: polypropylene, polyethylene terephthalate, crystallisation, mechanical proper-
ties, blend fibres.

and PET blends can be used to improve
mutual interaction at the interphase. The
reactive graft copolymer - polypropylene-
maleic anhydride (PP-g-MAN), was used
but with a minimal effect. Much better
results in the processing of PP/PET fibres
were achieved by reactive compatibilis-
ers on the basis of 2-4(alkoxyphenyl) and
oxazoline [8]. Reactive compatibilisers
decrease the interphase stress between
components; they also regulate the mo-
lecular weight and flow of dispersed PET
properties, as well as increase the colour
strength of dyed fibres [9, 10].

The simultaneous influence of PET and
one of two compatibilisers on thermal
properties and the crystallisation of PP
in the blended PP/PET fibres presented
in this work is evaluated by a differential
scanning calorimetry (DSC).

Experimental

Materials

The following polymers were used for the
preparation of the blended polypropylene/
polyethylene terephtalate (PP/PET) fi-
bres:
1. Tatren TG-920 polypropylene (PP),
Slovnaft, a.s., Bratislava,
MFI =11 g/10 min (230 °C/2.16 kg).
2. PET LFK polyethylene terephtalate
(PET), Slovensky Hodvab, a.s.,
Senica, IV =10.5 L.g-1.

Ethylenedistearamide (EDSA) and eth-
ylenevinylacetate (EVAc) copolymer
were used as interphase agents — com-
patibilizers.

The blended PP/PET fibres were pre-
pared in two steps - preparation of
PP/PET concentrates and PP/PET blend-
ed fibres. The composition of the PP/PET
concentrates and the blended PP/PET
fibres is given in Table 1.

Table 1. Composition of concentrates and
blend PP/PET fibres.

Samples | COmpo- | Concentra- | Fibres,
p PP - 100
PP - 92

2 PET 80 6.4
EVAc 20 1.6

5 PP 95 99.6
EDSA 5 0.4

PP - 92

PET 80 6.4

4 EVAc 19 1.52
EDSA 1 0.08

PP 8.5 92.68

5 PET 90 7.2
EDSA 15 0.12

PP 10 92.8

PET 80 6.4

6 EVAc 9 0.72
EDSA 1 0.08
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Thermal analysis

The Thermal properties of the blended
PP/PET fibres and crystallisation kinetics
of PP and PP/PET blended fibres were
studied by DSC 7 PERKIN ELMER. In
these measurements, a nitrogen atmos-
phere was applied.

Isothermal measurements of the blended
fibres were performed in the follow-
ing procedure: samples of about 4 mg
were heated at a rate of 10 °C/min. up
to 280 °C. They were then kept at this
temperature for 5 min to eliminate any
previous thermal history. After that they
were rapidly cooled to 135 °C at a rate
of 75 °C/min. The isothermal crystallisa-
tion behaviour of the PP/PET fibres was
observed at this temperature.

Nonisothermal measurements of the
blended fibres were performed in the foll-
owing procedure: 1) heating — cooling,
and 2) heating. The samples were melted
and cooled with a temperatures range of
between 70 °C to 280 °C, with a constant
heating and cooling rate of 5, 10, 15, 20
a 30 °C/min.

Melting (Ty,) and crystallisation (T)
temperatures were obtained from the
maximum of endothermic or minimum
of exothermic peaks. Melting (AH,,,) and
crystallisation (AH.) enthalpies were de-
termined from the surface of endothermic
or exothermic peaks in the nonisothermal
conditions measured. The crystallisation
degree X. = 100(AH,/AHO,)), where
AHy, is the experimental enthalpy of PP
in the PP/PET fibres and AHO,, is the
enthalpy of the 100% crystalline poly-
propylene (209 J/g).

The kinetics of isothermal crystallisa-
tion in the samples was evaluated by the
Avrami equation. The kinetic parameters
n - Avrami coefficient and K - rate con-
stant of the crystallisation were calcu-
lated from the equation:

X, = 1- exp(-K-7) (1)
The kinetics and thermodynamics in
crystallisation were analysed on the basis
of the Hoffman and Lauritzen secondary
nucleation theory [14] expressed by the
following equation:

1 AF
LlogK. + -2 _
n O8%n 3R,

(2)
“ Ay 4byooc, T,

 2.3kp-AH, T,-AT

where:

AT =10, - T is undercooling,

70,, - equilibrium melting temperatures
obtained by extrapolation of the

melting and crystallisation tem-

perature (Hoffman-Weeks plots)

[14],
AH,, - the enthalpy of melting,

by - the distance between two adja-
cent fold planes,
kg - the Boltzmann constant,

o, G, - the free energies per unit area of
the surfaces in the lamella paral-

lel and perpendicular to the axis

of a high-molecular chain,
AF
port process at the liquid-solid

- the activation energy of the trans-

interphase and can be calculated
from the Williams-Landel-Ferry

equation given in the formula:

AF=Fypp=(CxT)(Co + T.- Tg) (3)

where:

C; and C; are constants with values
C; =4.12 kcal/mol (17.24 kJ/mol)
and C,=51.6 K,

T, is the glass transition temperature.

The free energy o, is obtained from
equation (2) while using the following

values provided by the literature:

bp =524x108m (524 A),
kg =1.38x10-38 J/K,

AH,, =209.103 J/kg,

c =11 mJm2[14].
Mechanical properties

Mechanical properties were measured
with 1112 Instron tensile tester. Clamping

length was 0.1 - 0.3 m and deformation
rate was 0.0083 m-s-1.

Result and discussion

Thermal properties of the blended
PP/PET fibres show that additives (PET,
EDSA, EVAc) influence the crystallisa-
tion process of PP in the blended PP/PET
fibres (Table 2 and 3).

The melting temperature of the PP com-
ponent in the blended PP/PET fibres
obtained from the Ist heating, reflects
on the supermolecular structure formed
during the preparation of the PP/PET
fibre blend. The measurement condi-
tions (various heating rates) also affect
the melting temperature of the PP fibres.
The melting temperatures of the PP com-
ponent in the PP fibres and in the PP/PET
blend decrease when the heating rate is
increased (Table 2).

The melting enthalpy of PP in the blended
PP/PET fibres is lower than the melting
enthalpy of pure unmodified PP. This
relates to lower PP content in the PP/PET
fibre blend as well as with the presence
of additives (PET, EDSA and EVAc).
This can be argued on the basis of the
comparison in experimentally measured
and theoretically calculated melting en-
thalpies of the PP component (Table 3
- page 26). The different influence of the

Table 2. Melting (T,,) and crystallisation (1.) temperatures of PP in the blend PP/PET

fibres.

Procedure = Samples

1 164.6

2 164.1

w

164.6

Tm, °C
1st heating

164.2

164.5
164.2
117.2
118.9
117.2
117.8
117.6
116.9

159.9
166.5

160.2
165.8

159.9
166.4

157.4
4 166.2

160.0
166.4

159.6
6 166.7

Te, °C
Cooling

= OO~ WN a2 o0 M

N

Tm, °C
2nd heating
w
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Heating and cooling rate, °C/min

10

157.0
164.0

160.0
163.9

163.9

163.1

163.3
163.1
114.9
116.5
114.7
115.1
114.9
114.9

159.1

159.4

159.0
158.9
163.7

160.4
162.2

158.8
163.9

15 20 30
155.5 155.6
163.4 162.9 163.7
157.8
1378 162.2 1617
156.2
162.9 1362 1617
157.6
162.6 1278 161.2
163.3 162.2 161.4
163.6 161.9 161.7
1135 12.4 1105
1152 114.3 112.9
1135 127 11.0
113.9 113.0 11.0
113.9 114.0 110.9
1132 112.1 110.0
158.5 158.7 158.3
159.0 158.9 158.3
158.9 158.3 158.8
158.5 158.3 157.8
158.7 158.7 158.3
158.5
1582 158.0 158.3
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Table 3. Experimental (exp) and calculated (calc) melting (AH,,) and crystallisation (AH_)
enthalpies of PP in the blend PP/PES fibres.

of compatibilisers EVAc, EDSA and
their blend EVAc/EDSA in the PP/PET
blended fibres on the PP crystallisation at

Heating and cooling rate, °C/min the 2nd heating is comparable with results

Procedure | Samples 5 10 15 20 30 obtained from the 1st heating.
exp calc | exp calc exp  calc  exp | calc exp @ calc
1 90.1 | 90.1 | 90.7 | 90.7 86.8 86.8 856 856 | 91.1  91.1 The thermal parameters - Avrami index
o2 2 834 | 843 838 849 786 813 799 801 | 805 853 n and crystallisation kinetic constant
> g 3 87.6 | 90.1 | 921 | 90.7  89.7  86.8  89.3 | 856 | 87.8 91.1 K (which characterise the quality of
E%: 4 80.1 | 843 829 849 816 | 81.3 809  80.1 | 81.2 853 crystallisation) were calculated for pure
- 5 83.5 | 836 828 | 842 804 806 791 794 | 77.8 845 unmodified PP fibres, PP fibres with
6 80.9 | 843  80.0 849 825 813 787 801  79.8 853 EDSA and PP fibres with EDSA and PET
1 917 | 917 | 942 | 942 | 915 | 915 | 89.9 | 89.9 | 89.2 | 89.2 (Table 4).
2 91.2 | 848 859 | 867 806 842 839 817 | 829  82.1
%’ig” 3 95.4 | 91.3 | 926 938 | 929 | 911 889 | 895 | 882 | 888 It is well known that the Avrami index n
g” § 4 88.9 | 844 | 962 867 | 852 | 842 851 827 849 821 depends on the nucleation process and on
5 884 | 849 856 | 87.3 852 848 842 833 799 827 the geometry of a growing crystal. If the
6 879 | 851 | 859 | 874 | 843 849 818 834 841 828 Avrami index rn is about 3, then hetero-
1 84.7 | 847 | 906  90.6 858 | 858 856 856 84.3 843 geneous nucleation with tridimensional
.- 2 798 | 79.3 768 | 84.8 | 769 | 803 | 79.7  80.1 | 751 | 78.9 ;phemlitic _grgwth in a spherical fqrm
5% 3 87.6 | 847 891 | 90.6 879 858 822 856 | 81.7 843 1s characteristic of 'pglymer crystalhsaj
ﬁf, 4 797 | 793 815 848 820 803 774 801 807 789 tion[17]. Small variations of the Avrami
S 5 775 | 786 844 841 827 796 752 794 739 782 index n can occure by experimental
6 778 | 793 | 808 | 848 | 823 803 781 | 80.1 | 769 | 789 and specific errors of the Avrami model

compatibilizers on the crystallisation of
the blended PP/PET fibres was observed
both in the PP/PET/EVAc system, as well
as in the PP/PET/EDSA system.

The melting enthalpy of the PP compo-
nent in the blended PP/PET fibres with
EDSA does not obtain the calculated
values in the melting enthalpy of the PP
fibres, however the difference between
the experimental and calculated enthalpy
is considerably lower than in the sample
containing an EVAc copolymer. The
same influence of EDSA is characterised
by the melting enthalpy of the PP compo-
nent at all the heating rates measured (5,
10, 15, 20 and 30 °C/min). Different con-
centrations of the EVAc copolymer cause
a decrease in the melting enthalpy of the
PP component in all samples of blended
PP/PET fibres, with the same amount of
PET and EDSA at all heating rates. This
decrease depends on the measured condi-
tions of the thermal properties (heating
rate). The highest difference between
the experimental and calculated melting
enthalpies of the PP matrix in the blended
PP/PET fibres appears at the lowest
(5 °C/min.) and the highest (30 °C/min.)
heating rates (Table 3). The nucleating
effect of EDSA decreases with increased
concentration of EVAc copolymer, which
is confirmed by the comparison of the
melting enthalpy of PP in the PP/PET fi-

lated ones confirm the nucleating effect in
the additive (Table 3).

The different cooling rates of the blended
PP/PET fibres show their different
behaviour during crystallisation. The
thermal properties in observed fibres
obtained in the 1st heating reflect on the
former supermolecular structure created
during the fibre preparation. The thermal
properties obtained in the 2nd heating
reflect on the different crystallisation rate
(Tables 2 and 3). The lower cooling rate
causes lower crystallisation temperatures
(crystallisation forms at a lower tempera-
ture) of the PP component in the blended
fibres therefore the crystallisation of the
PP component in the blended PP/PET
fibres is much better. The experimental
melting enthalpies of the PP component
in the blended fibres, measured at the
lowest crystallisation rate (5 °C/min),
are higher than the calculated ones. The
blended fibres have a splitting peak of
the PP component, which corresponds
with two PP crystalline modifications.
There is o—p—modification with melt-
ing temperatures within the range of
154 °Cto 159 °C and a.-modification with
melting temperatures within the range of
162 °C to 166 °C (Table 2) [15, 16].
An increased cooling rate decreases the
experimental melting enthalpy of the PP
component and gives a—B—modification

[18], as well as by the existence of both
primary and secondary crystallisation in
the material [19]. Primary crystallisa-
tion is characterised by the prevalence
of nuclei and a relatively faster growth
of lamellar crystals, while a secondary
crystallisation process is the result of
the crystallisation of a component with
different modification and/or by an incre-
ment in the perfection of existing crystal-
lites [17, 20]. If the value of n is about 2,
then it is possible to indicate the growth
of bidimensional crystallites. Polymer
crystallisation with a bidimensional
crystal growth in the form of a disk [17]
is predicted. The kinetic constant of crys-
tallisation K characterises the rate of PP
crystallisation.

From the values of Avrami index n
(n=3.1 - 3.8) we can conclude that dur-
ing the PP crystallisation in the PP fibres,
fibres from PP with an addition of EDSA
and in the blended PP/PET fibres with an
addition of EDSA, heterogeneous nu-
cleation with a tridimensional spherulitic
growth of PP crystallites is observed. The
PP fibres with an addition of EDSA have
the highest value of Avrami exponent
(n = 3.8), as well as the highest crystall-
isation kinetic constant K (K = 2.29).
These two values confirm that EDSA is

Table 4. Kinetics parameters of PP crystall-
isation in the blend PP/PET fibres.

bre blend, with one compatibilizer (EVAc ~ form with melting temperatures within Samples n ‘ K.105 ‘ °j}:n°23’
or EDSA) and with both compatibilizers  the range of 157 °C to 158 °C (Ta- ; 31 516 31
in various ratios. Higher experimental ble 2). Lower temperatures and longer : :

. . . .. . 3 3,8 2,29 192
melting enthalpies of the PP fibres with  crystallisation time are needed to form s 32 219 193

EDSA in comparison with that of calcu-

28
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Table 5. Mechanical properties of blend PP/PET fibres.

Clamping length, m

0,10 0,20 0,30
Samples
o, €, o, €, o, £,
cN.dtex-1 % cN.dtex-1 % cN.dtex-1 %
1 1,94 124 1,99 116 2,00 105
3 1,33 94 1,44 105 1,42 90
5 1,85 139 1,69 128 1,71 126

a good nucleating agent for PP. In the PP/
PET/EDSA blend the nucleating effect
of EDSA on the crystallisation ability of
the PP component is suppressed (n = 3.4;
K=2.1). A decreased nucleating effect of
EDSA in this system could be caused by
the following; a decrease in the amount
of PP in this blend, by the dispersion of
PET in a PP matrix, by the creation of
a PP/PET interphase and dispersion of
EDSA in PP, and by PET components of
this system (Table 4).

The secondary nucleation Lauritzen-
Hoffman theory (6) was used for the
calculation of the free energy (c.) per
unit area in the surfaces of the lamellae
perpendicular to the chain direction of
PP macromolecules. The free energy was
calculated by three samples i.e. unmodi-
fied PP fibres (sample 1), PP fibres with
EDSA (sample 3) and blended PP/PET
fibres with EDSA (sample 5). The addi-
tion of EDSA and a blend of PET/EDSA
to the PP, causes the decrease of free
energy in crystal creation as opposed to
that in unmodified PP. This means that
to create crystallites a lower energy is
necessary, and therefore their creation is
faster and more frequent in comparison
with unmodified PP (Table 4).

Physical-mechanical properties (tenac-
ity, elongation at breake) at the various
measured conditions (e.g. clamping
length) of unmodified PP fibre, PP fibre
with EDSA, and blended PP/PET fibre
with EDSA were evaluated as well. The
results of these measurements are dis-
played in Table 5.

Additives (EDSA and PET) decrease the
tenacity of fibres at all clamping lengths.
A significant decrease in tenacity was
observed in the PP fibre with EDSA as
well as in the PP/PET fibre with EDSA
as opposed to just the PP fibre. These
results correspond with the thermal
characteristics of the evaluated fibres. A
PP fibre with EDSA, in which the crys-
tallisation conditions for tridimensional
spherulitic growth are the most optimal
(Avrami index n is higher and the free
energy o, is the lowest — Table 4), has
the lowest tenacity. The results obtained

confirm the dependence between thermal
characteristics (Avrami index n, crystall-
isation kinetic constant K and the free
energy 6,) and tenacity of an unmodified
PP fibre, PP fibre with EDSA and a blend
of PP/PET fibre with EDSA. The Theory
of fibre tenacity is based on the assump-
tion that fibre tenacity decreases with the
increase of spherulitic size in a fibre.

Additives (EDSA and PET) do not uni-
formly influence the elongation of the
PP fibre with EDSA and the blended
PP/PET fibre with EDSA. With an add-
ition of EDSA the elongation of the fibre
decreased very fast (approx, 30%) in com-
parison with the elongation of the non-
modified PP fibre (Table 5). Larger tridi-
mensional crystallites affect the behaviour
of fibres in loading and prevent higher
deformation. With an addition of PET
into the system PP/EDSA, the elongation
value of the fibre increased over the elon-
gation of the unmodified PP fibers. Better
deformability of PET in comparison with
PP and its effect on the creation of smaller
tridimensional crystallites caused an in-
crease in the elongation of PP/PET fibres
with EDSA.

Conclusions

From the presented thermal properties

of the PP and the blended PP/PET fibres

with compatibilisers EVAc and EDSA
we can show that:

1. The heating and cooling rates influ-
ence the thermal properties of the
observed PP/PET fibres

2. EDSA and EVAc copolymer influ-
ence the crystallisation of the PP com-
ponent in the blended PP/PET fibres.
EDSA increases and EVAc copoly-
mer decreases the PP crystallisation
ability in the blended PP/PET fibres.

3. Crystallisation in PP fibres, in PP
fibres with EDSA and in the blend
of PP/PET/EDSA is characterised
by heterogeneous nucleation with a
tridimensional spherulitic growth of
crystallites. The Avrami exponent n
is in the range 3.3 — 3.8.

4. The addition of EDSA and PET to PP
causes a decrease in free energy, which
is needed for the creation of crystals.
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5. The tensile strength and elongation at
breake of the blended PP/PET fibres
were changed under the influence of
of PET and compatibilizers.
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