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Thermoplastic composites may exhibit a wide range of crystalline morphologies in the
neighbourhood of fibres. It was found that glass fibre shearing of a molten polypropylene at
high temperature modifies the subsequent isothermal crystallization (7, = 122 °C) under static
conditions. The crystallization results have been analysed as a function of the previous high
temperature, shear, v, shear rate, 7, and shear stress, t. The mechanical parameters at high
temperature, v, 7, T, have been calculated for two shearing temperatures (7= 170, 210°C) and
two fibre displacements. An a-phase nucleation process took place at the fibre surface after
shearing at the higher temperature (7= 210°C). The nucleation increased with shear but did
not appear for static conditions. A strong nucleation process in B phase appeared on the fibre
surface after shearing of the polymer at the lower temperature (T = 170°C). These strong
morphological modifications with shearing temperature have been analysed as a function of

mechanical and thermodynamical parameters.

1. Introduction

The mechanical properties of thermoplastic com-
posites are defined by the properties of the material
components, the shape, orientation and amount of
fibres, and by the fibre-matrix interface [1]. The
crystalline structures and morphologies of the matrix
may depend on its interaction with fibres. This inter-
action, critical for the mechanical coupling between
matrix and fibres, can be revealed by the crystalline
morphology near the fibres.

Isotactic polypropylene is very widely used as a
matrix for glass-fibre composites transformed by
stamping and injection-moulding processes. Three
crystalline phases are known for isotactic polypropyl-
ene: oo monoclinic phase [2], B hexagonal phase [3]
and v triclinic phase [4]. The triclinic y phase has been
observed during slow cooling crystallization under
high pressure [5] or using low molecular weight poly-
propylenes [4]. Usually, isotactic polypropylene crys-
tallizes in the s-phase from the melt. It is the most
thermodynamically stable phase [6]. The birefrin-
gence of a-phase spherulites is positive or negative
depending on crystallization temperature [7]. These
spherulites are easily distinguished from p-phase
spherulites revealed by a very strong negative birefrin-
gence [7]. The metastable B-phase [3] crystallizes
from the melt in the 105-135°C range [8]. Several
experimental parameters favour B-phase crystalliza-
tion: a thermal gradient 9], shearing [10] or elonga-
tion [11] of the polymer melt during crystallization
and nucleating agents in the polymer [12].

Several papers [13, 14] have mentioned a strong
a-phase nucleation on glass fibres when the poly-
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propylene is sheared by the fibre displacement during
crystallization. This strong surface nucleation is also
observed on glass fibres whatever their location in
injection-moulded composites [ 13]. It must be noticed
that only part of the polymer crystallizes during the
filling stage of the injection-moulding process. The
main part of the polymer crystallizes in quasi-static
conditions but the morphologies in contact with fibres
are quite similar to those appearing during the filling
stage. The aim of the present work was to prove that
the static crystallization of a thermoplastic composite
can be strongly modified by a previous high-temper-
ature shearing induced by the fibre.

2. Experimental procedure

High temperature shearing and subsequent static crys-
tallization were applied to a polypropylene in a hot
stage, the polypropylene was then observed under an
optical microscope.

2.1. Materials
The polypropylene homopolymer used was supplied

under the reference 3120 MN 1 (M, = 39400, M,

= 212000, M, /M, = 5.4). Each individual glass fibre

coated with an unsaturated polyester (5-15cm long,
17um diameter) was pulled out of a mesh of 100
identical fibres.

2.2. Methods
The temperature of the Mettler FP 52 hot stage was
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calibrated with benzoic acid (melting temperature T,

= 122.35°C) and anisic acid (T,, = 182.98 °C} under
isothermal conditions. The crystallization was ob-
served with a Reichert Zetopan POL optical micro-
scope under polarized light.

Two steps were necessary to obtain the composite
material: preparation of solid polypropylene films and
incorporation of a glass fibre between two identical
films, 2-3 cm long. The composite was obtained by
melting the polymer at 210°C between two glass
plates approximately 250 um apart and then crystal-
lizing by cooling to room temperature. This procedure
strongly reduces polymer shearing during the pre-
paration of the composite and ensures fibre location in
the middle of the piece all along the sample.

Identical composites were thus prepared: each was
used for only one experiment ending in an isothermal
crystallization (T, = 122°C). The thermomechanical
treatment in the melt is defined by the temperature, T,
the fibre speed, V' = 2 mms ™!, and the fibre displace-
ment, L. Then the polymer was cooled to the crystal-
lization temperature, T, = 122°C, at a constant rate,
dT/dt = T= — 10°Cmin~?, without any further dis-
placement of the fibre. Fig. 1 summarizes the proced-
ure used to study isothermal crystallization under
static conditions after high-temperature shearing of
the polymer.

Five experimental conditions were applied: four
experiments with high-temperature shearing applied
by a 2mms™! fibre speed (B-E, Table I) and a refer-
ence experiment under static conditions, throughout
the whole experiment (A, Table I).

3. Results

The morphologies were observed from the beginning
of isothermal crystallization T, = 122°C. The mor-
phologies growing from the fibre surface and in the
vicinity of the fibre were carefully analysed and com-

Preparation of the composite (7 = 210°C)
Fibre displacement (T = 210°C, 170°C; L = 6, 30 mm)
Static cooling (d7/dt = ~ 10°C min~?)

Isothermal crystallization (T, = 122°C)

Figure 1 Experimental procedure.

TABLE I Thermo-mechanical parameters applied to the molten
composite at high temperature

Experiment Displacement (mm)
170°C 210°C
A 0
B 6
C 30
D 6
E 30
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pared to those appearing far from the fibre, ic. at a
distance of more than 20 pm (Fig. 2).

The experiment (A, Figure 2a) with only a static
thermal treatment exhibited no specific nucleation
process at the fibre surface or in its vicinity, compared
with the whole sample. The spherulites nucleated far
from the fibre always grew into the monoclinic
a-phase. This implies that a thermal treatment with-
out shearing at any stage of the procedure does not
induce a surface nucleation on this glass fibre.

A previous shearing at high temperature, T

= 210°C, modified the static crystallization near the

fibre (B, C, Fig. 2b, ¢). Many a spherulites grew from
the fibre surface, the glass fibre acting as a nucleating
surface. The nuclei seemed to be regularly spaced
along the fibre. Their mean distance along the fibre
decreased with increasing displacement imposed to
the fibre at a constant speed, Vy = 2mms™?, at T
= 210°C: 20 or 50 um mean distance between nuclei
after a 30 or 6 mm displacement, respectively (Figure
2b, ¢).

The morphologies formed on the fibre surface were
very different when the shearing was applied at 170 °C.
A columnar growth in B phase was induced from the
fibre surface, producing a transcrystalline morpho-
logy. The columnar growth resulted from a strong
nucleation on the fibre surface which drastic-
ally reduced the lateral growth of spherulites. The
strong surface nucleation did not seem to be affected
by the amplitude of the previous fibre displacement
(Fig. 2d, e). The growth of the B transcrystalline zone
was stopped only by the impingement with «-phase
spherulites nucleated far from the surface (Fig. 2d, e).
The nucleation of these a-phase spherulites was only
slightly increased by previous shearing of the polymer
at 170°C.

Consequently, previous shearing of the polymer at
high temperature strongly modifies the crystallization
on the fibre surface but only slightly far away from the
fibre.

4. Thermomechanical model
The axial movement of the fibre induces polymer
shearing, defined by the shear rate with a cylindrical
symmetry and without end effect along the fibre
(Fig. 3)

av,
T dr

7 = (1)
where ¥, is in cylindrical coordinates, the component
of the polymer velocity in the direction of the fibre axis
(z-axis), r is the radial transverse coordinate. Then, the
shear

Yy = fﬁ’dt @
0

and the shear stress

T o= My (3)
can be defined. A power law is assumed to describe
viscosity

n = m(My! (4)



The shear rate and shear stress are deduced from the
force balance equation
nov, omdv, oV,
r or or or N or

=0 (5)

With the viscosity power law, this equation reduces to

oy or

e ©)
i ¥

Integration of this equation with the following bound-

ary conditions (V, = Vi forr=r;, V, =0, forr=r,)

implies

. 1—n 1 1
v= o W[W]Vf )

where r, and r; are the external and fibre radii, r is the
location in the polymer (r; <r <r,) and n is the
exponent in the viscosity power law equation. Con-

Figure 2 (a) Static crystallization without shearing. (b) Static crys-
tallization after a 6 mm displacement of the fibre at 210 °C. (¢} Static
crystallization after a 30 mm displacement of the fibre at 210°C. (d)
Static crystallization after a 6 mm displacement of the fibre at
170°C. (e) Static crystallization after a 30 mm displacement of the
fibre at 170 °C.

Glass plate
! Fibre

|
\
/

Figure 3 Geometrical definition of the shear experiment.

sequently, the shear stress is

T =Ny

m| (1l —mn 1 "
7[( n >Vfrf1—1/n_rel—l/n] (8)

The rheological parameters measured at 210 and
190 °C by capillary rheometry on polypropylene [15]
were extrapolated to 170 °C (Table I).

The mechanical model predicts a strong decrease in
the velocity along the radius from the surface (Fig. 4).
This decrease mainly results from the value of the
power-law exponent, n (Fig. 5, Equation 7). A very
strong shear strain at the glass-fibre surface
(7 > 380 s~ 1) results from the shape of the velocity
field. It also implies a strong decrease of the shear rate

I
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TABLEII Rheological data of polypropylene

Temperature (°C)

170 210

m(Pas™") 20000 7380
n 035 038

Vetocity (mm s~ 1)
I
Fibre surfoce

- - DT o

0 20 40 50
Radius {m)

Figure 4 Prediction of the velocity, V,, along the radius r (n = 0.35).
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Figure 5 Effect of the power-law exponent, n, on the shear rate
value at the fibre surface.

along the radius: 20 pm is sufficient to lower the shear
rate from about ¥ =400s"! to ¥ =20s™! (Fig. 6).
This result is only slightly modified when the external
surface is closer than 100 um to the fibre surface
(Fig. 7). This high insensitivity of the results to the
location of the outer surface justifies the cylindrical
approximation used to derive this analytical model.
For the same reason, the shear stress is the highest at
the fibre surface and strongly decreases along the
radius (Fig. 8).

This high value and strong variation of shear rate
come from the geometry of contact (cylinder) and from
the exponent, n, of the rheological law. The change
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Figure 6 Prediction of the shear rate along the radius r (n = 0.35).
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Figure 7 Effect of the outer surface location on the maximum shear
rate at the fibre surface (n = 0.35).

between 170 and 210°C in the maximum shear rate
results only from the value of the power law exponent
of polypropylene (Fig. 5). The maximum shear is easily
deduced from the knowledge of the shear rate and
experiment duration y = yt. The shear values are

= 1315 and 6576 for 6 and 30 mm displacements at
170°C, respectively. These values do not consider
polymer relaxation during polymer shearing and dur-
ing cooling to the crystailization temperature. The
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Figure 8 Shear stress change along the radius at two reference
temperatures (7 = 170 and 210°C).

final result of the mechanical model is that the shear
stress strongly decreases when the shear temperature
increases as an effect of thermal dependence of vis-
cosity (Fig. 8).

5. Discussion

The crystallization data have been analysed as a
function of shear rate, ¥, shear, y, and shear stress, 1.
The maximum values of all these mechanical para-
meters are located at the fibre surface. Consequently, it
becomes obvious that the shearing effect on crystal-
lization must appear on the fibre surface as observed.

These crystallization effects of shear are located
only on the fibre surface as a result of the strong
decrease of the shear parameters along the radius.
Only 20 pm is necessary to decrease the shear rate by
90% and the shear stress by 50%. The results are
discussed to ascertain if either the shear rate, 7, or the
shear stress effectively act on nucleation and crystal-
line growth.

Shear experiments at 210°C induce a low nucle-
ation effect on the fibre surface in spite of the high
shear rate, ¥ = 386 s~ 1. The combination of relaxa-
tion during shear and during the composite cooling
can explain the weakness of the surface nucleation. To
reach the crystallization temperature, 8§ min 48 s are
necessary at a 10°Cmin~* cooling rate. Such a dura-
tion is sufficient to relax most of the polymer orienta-
tion and, consequently, the shear effect on crystalliza-
tion. Most of the relaxation must appear at high
temperature as an effect of the decrease of relaxation
time with temperature. This temperature is very close
to the equilibrium melting temperature (7, = 208 °C)
[16] and the activation of stable nucleii is highly

improbable. Inspite of this relaxation, the shear, v,
modifies the nucleation process, mainly increasing the
density of surface nuclei (Fig. 2b, ¢). The use of shear
experiments at one temperature is not sufficient to
conclude that nucleation effects the shear rate or shear
stress.

The strong B nucleation on the fibre surface ob-
served after a 170°C shearing is strongly different
from the weak o nucleation observed after a 210°
shearing. The model predicts very similar shear rates
on the fibre surface under these two thermal condi-
tions. On the other hand, the shear stress decreases
from 168.1 kPa to 70.9 kPa when the temperature
changes from 170°C to 210°C. From a mechanical
point of view, the shear stress seems to be the signific-
ant parameter which controls the surface nucleation
on the fibre. Moreover, the shearing temperature, T
= 170°C, is below the equilibrium melting temper-
ature of the a-phase (70 = 208°C) and near the B-
phase (TglB =170°C) [17].

Consequently, a- or B-phase nuclei could be activa-
ted under shearing below the equilibrium melting
temperature. According to this hypothesis, it is inter-
esting to observe that only B-phase nuclei are activa-
ted under shearing at 170°C and not the a-phase
nuclei (Fig. 2). This observation indicates that stable
B-phase nuclei are activated under 170°C shearing.
This hypothesis also explains why so large a number
of B-phase nuclei are activated but not why only the
B-phase nuclei appear.

6. Conclusion

Surface nucleation on a glass fibre highly depends on
polymer shearing previously applied at high temper-
ature. This effect observed during isothermal crystal-
lization under static condition depends on shear rate
and shearing temperature. High shear rate and shear
stress result from axial fibre movement which strongly
localizes the nucleation effect on the fibre surface. The
nuclei density and the crystalline phase on the fibre
surface greatly depend on shearing temperature.
Stable crystalline nuclei seem to be activated under
shearing provided that the shear temperature is below
the equilibrium melting temperature of the crystalline
phase and no temperature-dependent degradation oc-
curs. By this method it is possible to change the
crystalline morphology of the polymeric matrix in
contact with the fibre and to check this effect on the
mechanical properties of the composite without any
modification of the fibre coating,
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