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Abstract

The physical modification of polypropylene (PP) fibres with inorganic additives ensures more
intense anchoring of PP fibres in constructional composites, which leads to great improvement
of the function of PP fibres in relation to the transmission and absorption of deformation
energy in the formation and loading of composites. This work focuses on the preparation of
PP fibres modified with untreated and treated CaCO; and SiO, for constructional composi-
tes. It investigated the effect of inorganic additives on the thermal, thermo-mechanical and
sorption properties of these fibres. Melting and crystallisation temperatures as well as the
melting and crystallisation enthalpies of PP and modified PP fibres depend on the additives
and conditions of preparation of PP fibres applied. A lower amount of inorganic additives
improves and a higher amount of inorganic additives worsened the dimensional stability of
the PP fibres observed. The addition of inorganic fillers increased the water vapour sorption
of the modified PP fibres in comparison with the pure PP fibre.
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B Introduction

Unmodified short and long polypro-
pylene (PP) fibres are standard materi-
als used in constructional composites.
The PP fibres used as reinforcement in
construction composites induce the re-
duction of crack propagation, increase
flexural and bending strength, and im-
prove impact resistance. Their advan-
tage is very good chemical resistance
and low sensitivity to moisture [1]. On
the other hand, their non-polar, hydro-
phobic physical and chemical inactive
polyolephinic character does not allow
the creation of chemical or physical in-
termolecular bonds between the concrete
matrix and PP fibres and thus results in
a low affinity of PP fibre to the cement
matrix. The effects of PP fibres of various
geometry on the compressive and bend-
ing strength of reinforced cement mortars
were compared in [2]. PP fibres of vari-
ous geometry do not affect the compres-
sive strength, but a significant increase
in the bending strength was observed for
mortars reinforced with fibrillated fibres,
a lower increase with a star cross section,
and the increase in bending strength was
very little for mortars reinforced with fi-
bres of round shape. One of the disadvan-
tages is mainly the decrease in the fibre’s
ability to absorb deformation energy dur-
ing the loading of the concrete composite
in flexure. The result is the increased re-
lease of fibres by detaching from concrete
composites, instead of their deformation
along with the composite matrix [3, 4].
Many methods of the surface treatment
of polymer fibres exist at present which
improve the bond strength with concrete
matrix [5-9].

It was demonstrated on the basis of
knowledge from literature that the nan-
oparticles added to concretes as active
mineral additives affect their nucleation
centers in the formation of hydration
products, which helps to increase the
strength and durability of construction
materials [9-11]. An increase in the ef-
fectiveness of a dispersed PP fibre rein-
forcement in a concrete composite for
mechanical parameters in the presence
of nano-SiO, was also presented in liter-
ature [11].

One of the possible modifications of PP
fibres for the improvement of the chemi-
cal and physical interaction between the
fibres and concrete matrix is modifica-
tion with nanoparticles of inorganic fill-
ers [12]. If the particles are incorporated
in the fibre surface, then the interactions
between the inorganic particles in the fi-
bre surface and inorganic concrete matrix
would cause an increase in significantly
stronger bonds. Some knowledge from
the application of PP fibres in concrete
composites with nano-SiO, particles is
interesting. It was shown that the physi-
cal and chemical effects of nanoparticles
are helping to reduce the amount of water
film around PP fibres, and that nanofill-
ers decrease porosity at the fibre/matrix
interface. Results also showed that na-
no-Si0, improves the mechanical param-
eters of fibre-concrete composite [11].

The other disadvantage of PP fibres is
also their low elasticity module as well
as the significantly higher density in
comparison with fresh concretes, which
causes the imperfect dispersion of fibres
in the composite volume. Special hy-
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drophilic treatments of PP fibres can de-
crease these undesirable effects and pro-
vide more complete dispersion in a water
environment. The modification of PP
fibre surfaces leads to a very significant
increase in their water absorbency [12].

PP is relatively highly brittle, and the
addition of inorganic nanoadditives
(CaCO,, Si0O, and TiO,) also eliminates
this property. The high agglomeration
ability and worse dispersion of nanopar-
ticles within the PP matrix is caused by
the high surface energy of nanoparticles
and the fact that improvement of their
mechanical properties is very difficult.
Therefore specific methods for the prepa-
ration of nanoparticle/polymer compos-
ites are used [13]. It was ascertained that
even a small number of nanoparticles re-
sults in an effective increase in the flexur-
al and bending strength, elastic module,
and rigidity [14, 15]. Inorganic nanoad-
ditives, as one of many additives (e.g.
pigments [16], carbon nanotubes [17],
montmorillonite [18, 19], wood or lignin
fibres [20-23]) used for PP, commonly
referred to as nucleating agents, affect
the thermal and mechanical properties of
filled PP significantly [24-29]. Nanopar-
ticles acting as nucleating agents induce
a change in the crystallisation behaviour
of semicrystalline PP at crystallisation
and increase the crystallisation rate and
content of crystalline phase. Changes in
the crystallisation behaviour of PP with
inorganic nanoadditives are the cause of
the final properties of PP fibres, e.g. me-
chanical and thermo-mechanical proper-
ties, sorption etc. [30]. Consequently the
study of the crystallization behaviour of
PP modified with nanoadditives is very
difficult from the point of their prepa-
ration, required properties and further
application. The crystallisation process
of PP can be studied under isothermal or
non-isothermal conditions [25, 28, 31-37].

In this work, the effect of two types of
inorganic additives on the thermal prop-
erties of various masterbatches, as well
as on the thermal, thermo-mechanical
and mechanical properties and sorption
of water of modified PP fibres with and
without stabilisation was studied.

B Experimental part

Materials used

Isotactic ~ polypropylene =~ TATREN
HT 1810 (PP) (Slovnaft Corporation,
Slovakia) with the melt flow index
MFI =20.6 g/10 min, supplied by the
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Table 1. Characteristics of unmodified PP and modified PP/Ca, PP/CaP, PP/Si and PP/SiP
fibres. Note: C, is the concentration of the additive, LN — the linear density, X — CaCO; or
Si0,, XP — CaCO; or SiO, treated with pimelic acid.

CaCO, Sio,
Samples C, Wt%
Amax LN, dtex Amax LN, dtex
PP 0 5.1 136 5.1 136
X 1 4.2 125 4.5 107
X 3 3.8 184 3.3 165
X 5 3.0 157 2.6 254
XP 1 3.8 126 4.5 124
XP 3 24 217 22 319
XP 5 24 135 2.2 318

Slovnaft Corporation, was used in the
preparation of unmodified and modi-
fied PP fibres with inorganic additives.
The polypropylene  TATREN HTI1810
was used for the preparation of short fi-
bres for reinforced cement construction-
al composites. Two types of inorganic
additives in the modified PP fibres were
used: CaCO, (Ca) additive particles with
the commercial name SOCAL U3 (Sol-
vay Corporation, USA) with a diameter
= 20 nm, free flowing density = 170 g-1"
and specific surface =70 m*'g'; and SiO,
(Si) additive particles with the commer-
cial name SIPERNAT 22S (Evonik In-
dustries AG, Germany) with a diameter
= 13.5 nm, free flowing density = 90 g-1"!
and specific surface = 190 m*-g'. Ace-
tone (AC) (Lachema, a.s., Czech Repub-
lic) with a density of 790 kg.m? and pi-
melic acid (PA) with a melting tempera-
ture of 376.1-378.1 K (Merck, Germany)
were used for the treatment of inorganic
additives.

Preparation of PP Fibres modified
with CaCO, or SiO,

The CaCO;, SiO, and pimelic acid
were dried in a vacuum at room tem-
perature. Multiple blends of CaCO,,
SiO, with PA and AC were used, re-
spectively. at a concentrated ratio of
CaCO;:PA:AC=5:1:20 (CaP) and
SiO0,:PA: AC=5:1:50 (SiP). These
blends were mixed for 1 h with a me-
chanical stirrer in the water bath of a ul-
trasonicator. After treatment of the inor-
ganic additives, acetone from the blends
prepared was evaporated at room temper-
ature for 6 h.

PP/Ca or PP/Si modified fibres were
prepared in two steps — preparation of
PP/Ca, PP/CaP, PP/Si and PP/SiP master-
batches and of modified PP/Ca, PP/CaP,
PP/Si and PP/SiP fibres. PP masterbatch-
es were prepared with 5 and 10 wt% of
inorganic additives. Isotactic PP was
compounded with various amounts of

untreated (CaCO, — Ca or SiO, — Si) and
treated (CaP or SiP) inorganic additives
in atwin-screw extruder from LabTech
Engineering Company Ltd., with a diam-
eter of ¢ = 16 mm at an extrusion tem-
perature of 513 K. The extrudate was the
cooled and pelletised.

The pellets of 10 wt% masterbatches
were mechanically mixed with the PP so
that mixtures with required concentra-
tion of additives in the modified PP/Ca,
PP/CaP, PP/Si or PP/SiP fibres (1, 3 and
5 wt% additive in fibres) were obtained.
Undrawn modified PP/Ca, PP/CaP, PP/Si
and PP/SiP fibres were prepared from
individual mixtures by classical spinning
using a laboratory pilot line with a single
screw extruder of ¢ = 16 mm, equipped
with anozzle containing 13 holes, at
a spinning temperature of 523 K with
a fibre take-up speed of 150 m.min.
The undrawn fibres were drawn using
laboratory equipment at 395 K with the
maximum drawing ratio.

Characteristics of the unmodified PP and
modified PP/Ca, PP/CaP,PP/Siand PP/SiP
fibres prepared are summarised in Table 1.

Methods used for characterisation

Differential scanning calorimetric
(DSC) measurement

DSC 7 apparatus from Perkin Elmer was
used for evaluation of the thermal prop-
erties of the unmodified PP and modified
PP/Ca, PP/CaP, PP/Si and PP/SiP master-
batches and fibres.

Isothermal crystallisation tests of the un-
modified PP and PP/Ca, PP/Ca, PP/CaP,
PP PP/Si and PP/SiP masterbatches mod-
ified with various amounts of inorganic
additives were performed at 403.1 K.
The samples were heated from 323.1 K to
493.1 K at arate of 10 K-min™'. At 493.1
K the samples were isothermally held for
5 minutes and cooled down to the crystal-
lisation temperature afterwards at a rate
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0f 200 K-min™'. The dependencies of heat
flow on time obtained that were used for
determination of the crystallisation en-
thalpy and kinetics of crystallisation were
evaluated using the Avrami equation.

Non-isothermal analysis of the unmodi-
fied PPand modified PP/Ca, PP/CaP, PP/Si
and PP/SiP masterbatches and fibres
was performed. A sample of the orig-
inal fibre was heated from 323.1 K to
493.1 K at arate of 10 K-min'. At this
temperature (493.1 K) the sample was
isothermally held for 5 minutes to re-
move the thermal history of the fibre
preparation. Then the sample was cooled
from 493.1 K to 323.1 K at arate of
10 K-min™ (plus 5, 20, 30 and 50 K-min!
for the masterbatches). Subsequently the
sample was exposed to asecond heat-
ing from 323.1K to 473.1 K at arate
of 10 K'min'. All measurements were
carried out in anitrogen atmosphere.
From the melting endotherms of the
1*t and 2" heating, the melting tempera-
tures (T,) and enthalpies (AH,,)) as well
as the crystallisation temperatures (T,)
and enthalpies (AH,) from the crystallisa-
tion exotherms were determined. The ac-
tual melting enthalpy AH,,, is related to
the enthalpy of the weight fraction w of
PP Equation (1):
AH g (w)

AH 100 — Tp (1)
where, w is the weight fraction of PP in
the modified PP samples.

The crystallinity (B) of PP in the unmod-
ified PP and modified PP/Ca, PP/CaP,
PP/Si and PP/SiP masterbatches and fi-
bres was calculated from the Equation
(2) given below:
AHpp

B =5 @
where, AH,, is the experimental melt-
ing enthalpy of PP in unmodified PP

and modified PP/Ca, PP/CaP, PP/Si and
PP/SiP masterbatches and fibres, and
AHS, is the melting enthalpy of complete-
ly crystalline PP. This is a theoretical val-
ue obtained from literature (209 J-g).

Mechanical properties

The tenacity (o), elongation (g) at break
and Young’s modulus (E), representing
the mechanical properties of unmodi-
fied PP and modified PP/Ca, PP/CaP,
PP/Si and PP/SiP fibres, were evaluat-
ed by Instron 3343 equipment (USA).
Measuring conditions were as follows:
the clamping length of fibre — 125 mm
and rate of clamp — 500 mm-min”'. Me-
chanical characteristics of the PP and
modified PP/Ca, PP/CaP, PP/Si and
PP/SiP fibres observed were determined
in accordance with the standard (Standard
ISO 2062:1993). The thermal parameters
were determined with an error of 1.5%.

Thermo-mechanical properties
Thermo-mechanical characteristics of
the unmodified PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP fibres were
measured by Schimadzu TMA-50 (Ja-
pan) equipment. The deformation (ex-
tension or shrinkage — Al, %) and tem-
perature of the first distortion of the fi-
bres (T,) were measured. The fibre was
heated in the temperature range from
room temperature to 383 K, at a heating
rate of 5 K-min!, fibre length of 9.8 mm
and at a constant load; the dependence
of the dimensional stability of the fibre
on the temperature was obtained, from
which the thermo-mechanical character-
istics were determined. The deformation
(shrinkage — Al, %) and temperature of
the first distortion of the fibres (T,) were
determined with errors of 0.5 or 1.8%.

Water vapour sorption
Gravimetric analysis was used for eval-
uvation of the water vapour sorption

Table 2. Results of Avrami analysis for isothermal crystallisation of PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP masterbatches. Note: 5, 10 is the concentration of additive in
wt %, Ca — CaCO;, Si— SiO,, CaP — CaCO; and SiP is SiO, treated with pimelic acid.

n k, min™ | t,,, min | 0-10% J-m? 0,107, J-m? [ K, min

PP 2.20 0.030 4.23 -4.16 4.22 - 0.201
PP/Ca5 2.22 0.049 3.30 -4.10 4.02 0.92 0.256
PP/Ca10 2.18 0.046 3.49 -4.0 3.70 0.81 0.242
PP/CaP5 2.36 0.310 1.41 -4.05 3.07 0.70 0.608
PP/CaP10 | 2.48 1.590 0.72 -4.12 2.79 0.65 1.205
PP/Si5 2.65 0.116 1.96 -4.79 2.63 0.82 0.443
PP/Si10 2.34 0.222 1.63 -4.22 2.74 0.67 0.525
PP/SiP5 2.50 1.293 0.78 -4.05 2.51 0.56 1.108
PP/SiP10 2.35 0.946 0.88 -3.59 2.23 0.40 0.977
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(WVA) of the unmodified PP and mod-
ified PP/Ca, PP/CaP, PP/Si and PP/SiP
fibres. Samples were dried at 353.1 K for
1 hin a drying chamber. Next the samples
were put into glass vessels with a saturate
solution of NH,NO; (relative humidity
above this solution was65% at 293.1 K)
for 96 h. After this period, the samples
were weighed. Afterwards they were
dried in a drying chamber at 378.1 K for
3 h and weighed again. The content of
water vapour (Cy,) sorption was calcu-
lated using Equation (3):

_ AHpp

B = &)

where, m is the weight of the fibre with
water vapour sorption in a equilibrium
state (after 96 h) and m, that of the fibre
after drying. The water vapour sorption
was determined with an error of 1.2%.

B Results and discussion

Isothermal crystallisation kinetics

A significant amount of heat is released
in the crystallisation of PP from melting.
The heat released during the crystalli-
sation allows for determination of the
relative degree of crystallinity (X(t)) in
the given period of time. The isothermal
crystallisation of PP and PP masterbatch-
es modified with CaCO; or untreated
SiO, or SiO, treated with pimelic acid
was performed at 403.1 K for the evalu-
ation of crystallisation kinetics using the
Avrami method [25]. The most common-
ly used analysis of the isothermal crys-
tallisation of PP is evaluation using the
Avrami method. This method describes
the dependence of the relative degree of
crystallinity (X (t)) on the crystallisation
time (t):

Xt)=1—e™orX(t)=1-e"

“4)
where, n is the Avrami exponent, which is
a function of the nucleation process, and
k the growth function, which is dependent
on the nucleation and crystal growth. If
the Avrami index 7 is about 3, then heter-
ogeneous nucleation with tridimensional
spherulitic growth in a spherical form is
characteristic of polymer crystallisation
[38]. Primary crystallisation is character-
ised by the prevalence of nuclei and rel-
atively faster growth of lamellar crystals,
while asecondary crystallisation pro-
cess is the result of the crystallisation of
a component with different modification
and/or by an increment in the perfection
of existing crystallites [38, 39]. If the
value of n is about 2, then it is possible
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Figure 1. Avrami plots of log[-In(1-X(t))] vs. log t for isothermal crystallisation at 403.1 K of PP and modified PP/Ca (a), PP/CaP

(a), PP/Si (b) and PP/SiP (b) masterbatches.
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Figure 2. Dependencies of In q on I/AT (a) and 1/AT, (b) of PP and modified PP/Ca and PP/CaP masterbatches.
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Figure 3. Dependencies of In q on I/AT’ (a) and 1/AT, (b) of PP and modified PP/Si and PP/SiP masterbatches.

FIBRES & TEXTILES in Eastemn Eurgpe 2019, Vol. 27, 2(134)



Table 3. Melting temperatures (T,), melting enthalpies (AH,) and crystallinity (f) of  to indicate the growth of bidimensional
unmodified PP and modified PP/Ca and PP/CaP fibres with various amounts of inorganic  oprystallites. Polymer crystallisation with
additive CaCQO; obtained in the I*' heating. Note: C, is the concentration of the additive, Y Y Y v

Ca — CaCO;, and CaP is CaCO; treated with pimelic acid. bidim.ensi.onal cwstal growth in the form
of a disk is predicted.
Samples Ca, Wt% Ty K T K Tas K AH,,Jlg | AH.,, J/g B

441.6 On the bases of plots of log[-In(1-X(t))]
PP 0 4468 905 905 043 vs. log t (Equation (4)) for isothermal
1 4403 94.9 05.8 0.46 crystallisation at 403.1 K of PP and mod-
444.8 ified PP/Ca, PP/CaP, PP/Si or PP/SiP
PP/Ca 3 430.3 332:2 95.9 98.9 0.47 masterbatches, Avrami values » and &, K
4386 were calculated (Figure 1 and Table 2).
5 432.8 441.6 83.3 87.7 0.42 During PP crystallisation in the various

446.8

masterbatches in the presence of inorgan-

L 430.0 4356 444.3 97.2 98.2 0.47 ic nanoadditives, heterogeneous nuclea-
439.9 . I .
PP/CaP 3 4426 88.4 91.1 0.44 tion with b1d1mens1onal. f:rystal growth
was observed. The addition of treated
5 434.5 439.9 90.4 95.1 0.46 K i
436.3 4440 : : : CaCO; in the PP masterbatch increases

the Avrami index n in comparison with
the Avrami index n of pure PP as well as

Table 4. Melting temperatures (T,), melting enthalpies (AH,) and crystallinity (B) of  with those of PP with untreated CaCO; in
unmodified PP,and modified PP/Si and PP/SiP fibres with various amounts of inorganic : L
additive SiO, obtained in the I* heating. Note: C, is the concentration of the additive, masterbatches with both CaCO, concen

Si — 8i0,, and SiP is SiO, treated with pimelic acid. trations. .The trea.ted Sio, flecreasles the
Avrami index n in comparison with the
Samples | C,, wt% T K T K Tos K | AH,,Jlg | AH,,, Jig [ Avrami index n of untreated SiO, mainly
4416 at a lower SiO, concentration in master-
PP 0 90.5 90.5 0.43 . ..
446.8 batches, while the Avrami index of PP
1 446.6 976 98.6 047 masterbatches with treated SiO, is higher
PRSI 3 4334 441.6 88.6 913 0.44 than that of pure PP. The Avrami values
i 4448 .
1404 (n, k, K and ¢,,) confirm the increased nu-
5 4427 88.6 93.3 0.45 cleation effectiveness of treated CaCO,
4456 and untreated SiO, for PP crystallization
1 430.6 ’ 95.8 96.7 0.46 . .1 . .
op/sip 446.8 in the form of bidimensional crystals in
I 3 438.6 83.9 86.5 0.41 comparison with the untreated CaCO,
5 4396 84.2 88.6 0.42 and treated SiO,.

The secondary nucleatio Laurtintzen-
Table 5. Melting temperatures (T,), melting enthalpies (AH,) and crystallinity (§) of  _Hoffman theory [25, 36, 37] was used
unmodified PP and modified PP/Ca and PP/CaP fibres with various amounts of inorganic for the calculati f, ’ d hich
additive CaCO, obtained in the 2" heating. Note: C, is the concentration of the additive, or the calculation 01 6 and 6., which are

Ca — CaCO;, and CaP is CaCO; treated with pimelic acid. the side surface (lateral) and fold surface
(end) free energies, which are a meas-

Samples | C, wt% | T, K Tz K T K| AHy, JIg | AH,,, Jig B ure of the work required to create a new
PP 0 4226 4352 441.8 79.9 79.9 0.38 surface, as well as for the calculation of

1 4292 igg.g 91.0 91.9 0.44 nucleation activity (¢) (Figures 2 & 3

PP/Ca and Table 2). The addition of inorganic

3 4230 4347 441.9 83.8 864 0.41 additives to PP causes a decrease in the
S 4231 436.7 442.5 79.0 83.2 0.40 free energy in crystal creation as opposed
! 424.0 4353 4421 126 138 0.54 to that in unmodified PP. In PP crystalli-

PP/CaP 3 424.3 437.7 442.0 104.5 107.7 0.52 sation in the presence of inorganic addi-
5 424.8 438.2 4423 99.4 104.6 0.50

tives, the creation of crystallites is fast-
er and simpler in comparison with pure

PP. Th leati tivit tak
Table 6. Melting temperatures (T,), melting enthalpies (AH,) and crystallinity (p) of ¢ nucleation activity (¢) can take

unmodified PP and modified PP/Si and PP/SiP fibres with various amounts of inorganic values _betwee?l .O gnd 1. If the value of
additive SiO, obtained in the 2" heating. Note: C, is the concentration of the additive, ~ nucleation activity is equal to 1, then the
Si — SiO,, and SiP is SiO, treated with pimelic acid. inorganic additive is inactive in the crys-

tallisation of PP; conversely, if the value

Samples | Cowt%h & Tm, K Ty K Tos K| AHw JIg | AHw, Jig B is equal to 0, then the inorganic additive

PP 0 4226 4352 4418 79.9 79.9 0.38 is extremely active. The treatment of in-

1 422.7 436.8 87.8 88.7 424 organic additives (CaCO,, SiO,) with pi-

PP/SI 3 4229 437.0 442.1 806 831 398 melic acid increases the nucleation activ-

5 4229 4366 4425 846 89.0 426 ity of these additives for PP crystallisa-

L 423.1 436.8 442.3 89.7 90.6 433 tion (Table 2). Higher nucleation activity

PP/SiP 3 4245 437.5 4411 96.1 99.0 47.4 is observed at their hlgher content in the
5 4241 434.7 4411 100.1 105.3 50.4

PP masterbatches.
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Figure 4. Dependencies of tenacity at break — o (a, b) and Young's modulus — E (c, d) on the concentration (C ) of CaCO; and SiO, of modified

PP/Ca, PP/CaP, PP/Si and PP/SiP fibres.

DSC was used for non-isothermal meas-
urement of the thermal properties of pure
PP and modified PP/Ca, PP/CaP, PP/Si
and PP/SiP fibres (Tables 3, 4). Results
of the thermal properties of anisotropic
pure PP and modified PP/Ca, PP/CaP,
PP/Si and PP/SiP fibres obtained in the
first heating show that the creation of
these fibres’ supermolecular structure
(expressed as crystallinity ) is simul-
taneously affected by preparation con-
ditions (spinning and drawing) as well
as the presence of inorganic additives.
Several peaks corresponding to the
melting temperatures of various crystal
modifications created in the preparation
of these fibres were obtained. Modifica-
tions with the melting temperature cor-
responding to ablend a-B-modification
(T, T,, = 429.1-436.1 K) that cor-
respond to the melting temperature of
a-modification (T , = 438.1-446.1 K)
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were also obtained. A higher melting
temperature of the a-modification cre-
ated in the modified PP/Ca, PP/CaP,
PP/Si and PP/SiP fibres points towards
the formation of more perfect crystals
in the presence of untreated and treated
inorganic additives. These additives in-
crease the crystallisation ability of PP
in modified fibres in comparison with
pure PP.

The resultant samples of pure PP and
modified PP/Ca, PP/CaP, PP/Si and
PP/SiP fibres obtained in the second
heating describe the supermorpholog-
ical structure created without strength
in the spinning and drawing processes.
The structure created in the cooling of
isotropic pure PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP systems after
the first heating and isothermal holding
for 5 minutes to remove the thermal his-

tory of the fibre preparation only includes
the effect of inorganic additives on PP
crystallisation (Zables 5, 6). The addi-
tion of inorganic additives encourages
the creation of crystal modifications with
various melting temperatures; howev-
er, the crystal modifications with higher
melting temperatures did not create mul-
tipeaks.

Changes in the creation of the supermo-
lecular structure towards thermal behav-
iour of PP in the PP/Ca, PP/CaP, PP/Si
and PP/SiP systems are affected by the
presence of inorganic additives, but
mainly by the spinning and drawing con-
ditions. The supermolecular structure of
fibre created in the spinning and draw-
ing processes is the basis for their ther-
mo-mechanical, mechanical and other
useful properties.
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Figure 5. Dependencies of the heat distortion of the fibres (T,) (a) and water vapour sorption (WVS) (b) on the concentration (C,) of CaCO; and
SiO, of unmodified PP and modified PP/Ca, PP/CaP, PP/Si and PP/SiP fibres.

Table 7. Elongation at the break (¢) and shrinkage (Al) of unmodified PP and modified
PP/Ca, PP/CaP, PP/Si and PP/SiP fibres with various amounts of inorganic additives CaCO;
or SiO,. Note: C, is the concentration of additives, X — CaCO; or SiO,, and XP is CaCO,

or SiO, treated with pimelic acid.

CaCoO, Sio,
Samples Cp, Wt%

€, % Al, % €, % Al, %
PP 0 371 -2.54 371 -2.54
X 1 24.6 2.1 23.6 -2.03
X 3 29.3 -2.14 22.3 -1.87
X 5 47.5 -2.35 44.7 -2.75
XP 1 30.9 -1.82 24.6 -1.76
XP 3 52.1 -2.89 34.2 -2.58
XP 5 34.1 -2.28 47.3 -2.63

The mechanical properties of pure PP
and modified PP/Ca, PP/CaP, PP/Si and
PP/SiP PP fibres are shown in Table 7
and Figure 4. The tenacity at break (o),
Young‘s modulus (E) and elongation at
break (¢) are affected by all additives, both
untreated and treated CaCO, and SiO,.

he tenacity at break (o) and Young's
modulus (E) decrease with an increase in
the additive content in the fibres. A sig-
nificant decrease is observed mainly
at a content from 3 wt% of additives in
modified PP fibres (Figure 4). The addi-
tion of 1 wt % untreated SiO, causes the
insignificant growth of Young‘s modulus
(E). The higher Young‘s modulus (E) of
modified PP/Si fibres was caused by inor-
ganic fillers, which act as a reinforcement
additive. On the contrary, the inorganic
filler induced a decrease in elongation of
the modified PP fibre because the parti-
cles of the filler decrease the drawing
ability of the polymer matrix (7able 7).
This confirms the theoretical knowledge
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that the addition of micronised filler to
the oriented anisotropic polymer matrix
decreases its mechanical properties.

The size stability of fibres is a very im-
portant parameter from the viewpoint of
their behaviour for the load of individu-
al fibres as well as those in the concrete.
Therefore the thermo-mechanical char-
acteristics (the extension resp. shrinkage
of fibre Al, % and the heat distortion of
the fibres T,,, K) were evaluated in the
range from room temperature to 363 K,
the results of which are presented in Ta-
ble 7 and in Figure 5a. From the results
obtained, the differences in the deforma-
tion of PP and modified PP/Ca, PP/CaP,
PP/Si and PP/SiP fibres were evident.
The shrinkage of PP fibres is reduced by
2.54%. The addition of untreated as well
as treated CaCO, or untreated SiO, im-
proves the size stability of the fibres pre-
pared. Treated SiO, has either a null or
negative effect on the size stability of the
fibres prepared (Table 7). On the other
hand, the addition of untreated and treat-

ed SiO, to PP fibres increases their heat
distortion fibre (T ) in comparison with
pure PP fibres and PP fibres modified with
untreated and treated CaCO; (Figure 5a).

For the improvement of PP fibre adhesion
to the concrete matrix, the water vapour
sorption (WVS, %) of CaCO, and SiO,
of unmodified PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP fibres (Fig-
ure 5.b) was evaluated. The water vapour
sorption of unmodified PP and modi-
fied PP/Ca, PP/CaP, PP/Si and PP/SiP
fibres increases with an increase in filler
concentration. The fibres prepared with
inorganic additives treated with pimel-
ic acid and those treated mainly with
CaCO, showed amore significant in-
crease in water vapour sorption.

M Conclusions

In this work, crystallisation kinetics
evaluated on the basis of the Avrami and
Laurtintzen-Hoffman methods of iso-
tropic PP and modified PP/Ca, PP/CaP,
PP/Si and PP/SiP systems were investi-
gated. The thermal, thermo-mechanical
and mechanical properties and water va-
pour sorption of anisotropic PP and mod-
ified PP/Ca, PP/CaP, PP/Si and PP/SiP
fibres were studied as well.

The Avrami values (n, k, K and ¢,,) ob-
tained for the PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP masterbatches
confirm the increased nucleation effec-
tiveness of treated CaCO, and untreated
SiO, for PP crystallisation in the form
of bidimensional crystals in comparison
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with untreated CaCO, and treated SiO,.
The treatment of inorganic additives
(CaCO,, Si0,) with pimelic acid increases
the nucleation activity (from ¢ = 0,9-0,7
to ¢ = 0,7-0,4) of these additives for PP
crystallisation. A higher nucleation activ-
ity is observed at their higher content in
the PP masterbatches.

Results of the thermal properties of an-
isotropic pure PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP fibres obtained
in the first heating show that the creation
of these fibres’ supermolecular structure
(expressed as crystallinity p) is simulta-
neously affected by the presence of inor-
ganic additives as well as by the prepa-
ration conditions (spinning and drawing).
In the spinning and drawing of the fibres
observed, the singular crystal modifica-
tion of PP is mainly formed. The second
heating of pure PP and modified PP/Ca,
PP/CaP, PP/Si and PP/SiP fibres charac-
terises the supermorphological structure
created without strength in the spinning
and drawing processes after removing
the thermal history of the fibre prepara-
tion. The addition of inorganic additives
encourages the creation of crystal mod-
ifications with various melting tempera-
tures , but the crystal modifications with
higher melting temperatures did not cre-
ate multi-peaks.

The tenacity at break (o) and Young‘s
modulus (E) decrease with an increase
inadditive content in the fibres mainly
at a content from 3 wt% of additives in
modified PP fibres. The inorganic fillers
induced a decrease in the elongation of
the modified PP fibres because the par-
ticles of the filler decrease the drawing
ability of the polymer matrix.

The results of thermo-mechanical prop-
erties obtained show that the differences
in the deformation of PP and modified
PP/Ca, PP/CaP, PP/Si and PP/SiP fibres
were evident. The addition of untreated
as well as treated CaCO, or untreated
SiO, improves the size stability of the
fibres prepared, and treated SiO, has a ei-
ther null or negative effect on their size
stability. But the addition of untreated
and treated SiO, to PP fibres increases
their heat distortion fibre in comparison
with pure PP fibres and PP fibres modified
with untreated and treated CaCO,. The wa-
ter vapour sorption of unmodified PP
and modified PP/Ca, PP/CaP, PP/Si and
PP/SiP fibres increases with an increase
in filler concentration.
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The results of this work show that un-
treated and treated inorganic additives
change the supermolecular structure,
thermo-mechanical and mechanical prop-
erties, and water vapor sorption of mod-
ified PP/Ca, PP/CaP, PP/Si and PP/SiP
fibres. Untreated CaCO, and SiO, im-
prove the size stability and increase the
crystallinity but decrease the water va-
pour sorption properties. Treated CaCO,
or SiO, significantly improve the water
vapour sorption properties in particular.
The better adhesion of PP fibres modified
with CaCO, or SiO, treated with pimelic
acid to concrete matrix can be predicted.
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