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Abstract

Thermal and dynamic mechanical characteristics of injection-moulded discs of polypropylene (PP) filled with 40% by weight of
magnesium and aluminium hydroxides have been studied by means of differential scanning calorimetry and dynamic mechanical thermal
analysis, and have been related to the anisotropy and microstructure heterogeneity of the discs. The effect of filler type, particle morphology
and surface coating has been analysed. The nucleation activity of filler particles on PP has been quantified and found to be reduced in coated
grades of magnesium hydroxide. The employed coatings worked isolating and preserving particles surface from direct interaction with
polymer chains. The different orientations of both filler particles and PP « crystals were found to be the main cause of the differences
observed in mechanical properties. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mineral fillers can reduce the production costs of
polypropylene moulded parts, increase the material stiffness
and heat deflection temperature (HDT), reduce the shrink-
age of the moulded parts and also can increase the tensile
strength and fracture toughness depending mainly on
particle morphology and surface coating [1-6].

Aluminium and magnesium hydroxides are increasingly
being incorporated in PP due to its flame-retardancy and
smoke-suppressing effect [7]. In spite of mechanical
properties deterioration [8,9] the benefits offered by these
fillers, in particular flame retardancy, are achieved for high
filler contents [10,11].

In injection-moulded parts of filled PP, both polymer
phases and anisometric filler particles remain highly
oriented. The inner structure of the part is far from being
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homogeneous or isotropic [12,13] and it is dependent on the
moulding conditions.

PP crystalline phases in mineral filled composites can
also display anisotropic properties. Recent investigations on
these topics in talc-filled PP composites have proved that
certain filler surface treatments based on silane coupling
agents promote higher anisotropy in injection-moulded
discs than untreated talc [14,15]. Furthermore, a critical
value of filler concentration of 20 wt% has been found in
uncoated magnesium hydroxide filled PP composites [16],
for which the polymer crystal anisotropy degree shows a
maximum value. In this case, the PP crystal orientation is
strongly induced by that of the Mg(OH), particles.

Following these investigations, in the present work we
have prepared a series of filled PP composites with
aluminium and magnesium hydroxides, having similar filler
loading (40 wt%), to study the effect of the filler type,
particle morphology and surface coating on the anisotropy
and heterogeneity of injection-moulded discs. The estab-
lishment of the samples microstructure, based on wide-
angle X-ray diffraction (WAXD) measures, was the first part

0032-3861/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0032-3861(02)00669-9


http://www.elsevier.com/locate/polymer

6814 J.I. Velasco et al. / Polymer 43 (2002) 6813-6819

S .
Specimen T
J /
/ Specimen L
Mold filling
direction

Fig. 1. Specimens and testing directions in the injection-moulded discs.

of the work, and it is shown as a separate publication [17].
The present paper shows the second part, consisting of
thermal and dynamic mechanical characterisation of the
composites.

2. Materials, compounding and specimens

The basic characteristics of polymer and fillers, as well as
the compounding and injection-moulding procedures are
detailed in Ref. [17].

Prismatic bars (25 mm X 4 mm X 4 mm) were machined
from the injection-moulded discs to use them as testing
specimens to characterise the heterogeneity and anisotropy.
As shown in Fig. 1, ‘L’ specimens were cut from the zone of
the disc closer to the mould cavity gate, having its length
axis parallel to the main flow direction. “T” specimens were
cut from the opposite zone of the disc with its length axis
perpendicular to the main flow direction.

3. Experimental
3.1. Melt flow index and heat deflection temperature

To have information about the influence of the fillers on
the molten-state characteristics of the filled polymer,
measures of the melt flow index (MFI) and the volumetric
melt flow index (MFI-v) were taken at 190 °C and 2160 g of
load.

Values of the HDT were obtained at a heating rate of
2 °C/min applying a three-point-bending stress of 1.8 MPa
on injection-moulded prismatic specimens of nominal
dimensions 127 X 12.7 X 6.35 mm>. The selected span
was 100 mm.

3.2. Differential scanning calorimetry (DSC)

A Mettler DSC-30 thermal analysis system was
employed for thermal characterisation. The temperature
was calibrated by using indium, zinc and lead. Energy was
calibrated by using an indium reference sample. To study
the nucleation activity of the fillers in the PP crystallisation
behaviour, each sample was first heated at 200 °C for 4 min
to erase the thermal history. The measurements were carried

out from 200 to 10 °C at the following cooling rates: 2, 5, 10,
20 and 40 °C/min. After each cooling experiment a heating
experiment between 10 and 200 °C was performed. Samples
weighing about 5 mg were used. The crystallinity of PP and
the nucleation activity of the filler were calculated. The
crystallinity was calculated with the equation:

¥ - AHm/m,

= A (M)

Where AH,, is the melting enthalpy measured in the heating
experiments, AH, is the theoretical value of enthalpy of
100% crystalline PP (AH, = 207.1 J/g) [18], m, is the mass
of the sample, and m, is the mass of PP in the sample.
The non-isothermal crystallisation process was studied
following the method developed by Dobreva and Gutzow
[19,20] for the study of the crystallisation kinetics of
polymer melts in presence of inorganic substrates [21]. The
relationship proposed by these authors is the following

2)

log g = const — ———
&4 23AT
where ¢ is the crystallisation rate, AT the undercooling
(T, — T,) with T, the melting temperature and T, the
crystallisation temperature of the sample. The activity of
nucleation of the filler is related to the parameter ¢

b= 5o 3)

Where B * is the value of B when the polymer is filled with
the nucleant agent, and B when it is unfilled. From the
experimental slopes in the plots log ¢ versus 1/AT? it is
possible to obtain the B values and, by using Eq. (3), the
parameter ¢ can be estimated. The nucleation activity of the
filler is related to this parameter (¢ ) so that a lower value of
¢ deals with a higher activity. Previous works have shown
that this parameter is very useful to analyse the effect of
fillers on the crystallisation kinetics and consequently on the
properties of filled polymers [15,16,21].

From the definition of B, the polymer crystal surface
energy (o) can be estimated:

16ma” V2
B = ﬂizm 4)
kT, ASon
And finally the lamella thickness (L), from the variant of the
Gibbs—Thomson equation for a crystal of large lateral
dimensions and finite thickness [22,23]:

20,
To=To|1 - 5
m “‘[ LAHm] ©)

In the above equations, k is the Boltzman’s constant, T},
the PP melting temperature, AH,,, the PP melting enthalpy
and o, the specific surface energy. The polypropylene
molar volume (V,,) was taken equal to 28 cm® mol !, the
molar entropy (AS,,,) 24.2 J K~ mol ™', the Avrami exponent
n=23 and the melting temperature at equilibrium (77)
479 K [24,25].



J.I. Velasco et al. / Polymer 43 (2002) 68136819 6815

Table 1
PP crystalline characteristics determined by DSC

Sample  Melting temperature,* Ty, (K) ~ Crystallinity,® X, (%)  Activity parameter, ¢  Surface energy, o (10 °Jcm™2)  Lamella thickness (nm)
PP 437.3 47.7 1 2.028 5.18
PPH5 437.2 51.3 0.765 1.855 4.39
PPHSL 4373 484 0.873 1.939 4.89
PPHKV 4372 49.1 0.840 1.913 4.73
PPOL 4379 533 0.563 1.676 3.89
PPON 438.1 51.0 0.571 1.684 4.10

# Average value from the five endothermic melting signals recorded by heating at 10°%/min, after cooling at 2, 5, 10, 20 and 40 °C/min.

3.3. Dynamic mechanical thermal analysis (DMTA)

DMTA testing was performed using a Perkin—Elmer
DMTA 7. The testing configuration was three-point bending
(20 mm span). A static stress of 6 MPa and a dynamic stress
of =5 MPa with a frequency of 1 Hz were applied.

Tests were performed in two perpendicular directions for
each sample. As shown in Fig. 1, in S configuration the
specimen surfaces that support the load correspond to the
surfaces of the moulded disc. However, in P configuration
the load is applied on the perpendicular surfaces. For each
specimen (L and T) and for each direction (S and P) two
kinds of tests were performed. On one hand, dynamic
loading was isothermally applied (at 20 °C) on the samples
in order to get quantitative results. The values of the storage
modulus (E') and the loss tangent (tan 8) were measured
S min after applying the stresses, i.e. once the initial
fluctuations of the values had disappeared. On the other
hand, the characterisation of the glass transition was carried
out through tests performed in the range of temperature
from —40 to 40 °C, at a heating rate of 5 °C/min. Some
previous experiments were done with lower heating
rates (1 and 0.04 °C/min) to test the independence of the
results with thermal inertia.

The glass transition temperature (1) was determined as
the temperature corresponding to the maximum value of the
loss modulus. In addition, the intensity of the transition (Sy)
was quantified by using [26]

E, — E,

S = % (6)
Where Ej, and E, are, respectively, the storage modulus
values before (at —20 °C) and after the transition (at the
temperature of the inflexion point after the maximum in
the tan & curve). This parameter gives an estimation of the
amount of amorphous phase and its mobility; the higher
the value of S; the higher the content and/or mobility of the
amorphous phase are.

4. Results and discussion
4.1. Thermal properties

From the DSC non-isothermal crystallisation tests values

of the nucleation activity parameter ¢ were computed
(Table 1). The nucleation rate of the PP phase increased as
follows: PP < 40H5L < 40H5KV < 40H5 < 400N = 40
OL. Therefore, on the one hand, AI(OH); presented higher
nucleation activity than Mg(OH), for PP, and on the other
hand, the effect of the examined surface treatments was a
reduction of the nucleation activity. As a consequence of the
preceding result, the crystallinity of the PP phase increased,
and the surface energy and lamella thickness decreased
following the same previously given trend (Fig. 2). There-
fore, it is feasible to infer that the interactions between the
PP phase and the A1(OH)j; particles surface are stronger than
those between the PP and the Mg(OH), particles. A possible
reason for this behaviour would be connected to the similar
Bravais lattice of PP and Al(OH)s;, both monoclinic.
However, Mg(OH), crystallises in a different system; the
hexagonal lattice. In the case of filler particles being capable
of supporting epitaxial polymer crystallisation on their
surfaces, such crystallisation is considered to require the
ionic spacing of the filler crystal lattice to be close to the
crystallographic dimensions of the polymer crystal [27].

In aluminium hydroxide filled samples the lower particle
size of OL grade with respect of that ON seemed to slightly
promote the immobilisation of polypropylene molecules.
Moreover, the surface treatments used in Mg(OH),
decreased the immobilisation degree of the polypropylene
in comparison with the non-treated case. Both coatings
would work isolating and preserving the particle surface
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Fig. 2. Crystallinity (X.) and lamella thickness (L) as a function of the
nucleation activity parameter (¢).
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Fig. 3. MFI-v and HDT as a function of the activity parameter (¢).

from direct interactions with the PP molecules. Con-
sequently, a lower nucleation rate would be expected.

PP molecule movement restriction caused by the
different fillers has also been detected in the molten state
through the MFI-v values. It is well known that the presence
of mineral fillers into polymers induces a degree of
molecule immobilisation on the particle surface, this fact
affecting both the molten-state properties, i.e. increasing the
material viscosity, and the solid-state ones (i.e. increasing
elastic modulus, tensile strength, HDT, etc.). These changes
could be a consequence of the development of an interface
formed by immobilised molecules on the particle surface,
and/or due to the development of fine and homogeneous
crystalline texture formed as a result of a fast nucleation
process. The amount and intensity of the polymer
immobilisation depends on several factors such as, the filler
Bravais lattice, the filler surface energy, its morphology, etc.
As shown in Fig. 3, a growing trend is displayed when
values of the MFI-v are plotted as a function of the
parameter ¢. This result suggests that a relationship
between the nucleation rate and the melt viscosity exist.
In this sense, the two surface treatments applied to the
Mg(OH), particles, HSL and H5KV showed a clear
lubricant effect, reducing the MFI-v values. Furthermore,
a contrary effect appears when the HDT values are plotted
as a function of the parameter ¢.

To summarise, in mineral filled PP samples, as higher
filler/polymer interactions, higher molecule immobilisation
and, as a consequence, higher melt viscosity and higher
nucleation rate. Due to this, higher crystallinity and finer
crystalline texture, and as a result of this, higher
deformation temperature (higher HDT values).

4.2. Dynamic mechanical properties

The dynamic mechanical properties have been summar-
ised in Table 2 for all the materials, specimens and testing
directions.

4.2.1. Storage modulus
The storage modulus of all the materials, measured at
20 °C in different directions, is displayed in Fig. 4. As

Table 2

Dynamic-mechanical characteristics

Sample E'® (GPa) tan & T,” (°C) S

PP LS 1.10 0.053 0.0 0.90
LP 0.76 0.049 —-2.0 1.08
TS 0.93 0.050 0.6 0.63
TP 0.75 0.051 —-0.6 1.16

PPHS LS 2.08 0.035 1.2 0.49
LP 1.34 0.057 —-12 0.82
TS 1.88 0.026 0.8 0.51
TP 1.27 0.062 —-22 0.76

PPHSL LS 1.76 0.040 1.2 0.55
LP 1.03 0.066 -1.0 0.83
TS 1.53 0.048 1.0 0.62
TP 1.05 0.072 —-12 0.68

PPH5KV LS 1.67 0.026 —-04 0.57
LP 1.05 0.065 -3.0 0.82
TS 1.55 0.030 0.6 0.53
TP 1.06 0.078 -14 0.55

PPOL LS 1.90 0.038 0.6 0.53
LP 1.10 0.062 -22 0.82
TS 1.75 0.037 -0.2 0.48
TP 1.09 0.055 —-2.0 0.67

PPON LS 1.72 0.039 1.2 0.70
LP 0.95 0.064 —42 0.74
TS 1.69 0.039 0.6 0.61
TP 1.02 0.056 —1.6 0.82

? Values determined from tests performed isothermally at 20 °C.
® Values determined from tests performed at a heating rate of 5 °C/min in
the range between —20 and 40 °C.

expected, the storage modulus resulted higher for the
composites than for the PP, this result can be easily
understood taking into account firstly the higher stiffness of
the particles, and secondly the higher orientation degree of
the polymer in the composites. In this sense, Fig. 5 shows
the storage modulus as a function of the PP phase
orientation characterised by the WAXD ratio 1(040)/
1(110). The graphic suggests that the main source for the

2,5

mLS
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aLp

E' (GPa)

PPON
PPOL
PP40H5
PP40H5L
PP40H5KV

Fig. 4. Storage modulus at room temperature for all the materials,
specimens and directions studied.
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Fig. 5. Storage modulus at room temperature measured in the S direction as
a function of the PP crystal orientation from WAXD measures (orientation
data taken from Ref. [17]).

differences between the modulus of the different composites
could be the different orientation of the PP phase.

If the materials filled with untreated fillers are
considered, it can be observed that PPH5 has the highest
modulus, consequently it can be deduced that the
magnesium hydroxide particles have a stronger effect
on the composite stiffness than the aluminium hydroxide
ones. Another interesting result is inferred when values
of materials with surface-treated fillers are observed; the
treatments used for Mg(OH), particle surface clearly
reduce the stiffness of the filled materials.

The storage modulus resulted higher when the tests were
performed under S configuration, especially for filled
samples. This result is another evidence of the strong
mechanical anisotropy of the tested samples. The skin and
core contribution to the mechanical behaviour is very
different if the applied stress is parallel or pependicular to
the specimen surface. On the one hand, the maximum
stresses are mainly applied to the samples skin under S test
configuration. On the other hand, as it was shown by
WAXD, the inorganic particles were placed mainly parallel
to the surface of the mould in the sample skin and the PP
orientation was maximum in this zone. Both reasons allow
explaining the higher modulus obtained under S configur-
ation. When the experiments are performed applying the
stress parallel to the P direction the skin does not play the
same important role because the maximum stresses are
applied mainly to the disc core.

The samples heterogeneity can be analysed by inspection
of the differences of modulus between L and T specimens.
Under S configuration the L samples result stiffer. This
should be explained in terms of the different skin thickness
in the specimens. It is well known that the skin thickness
progressively decreases in injection-moulded parts from
zones near to the gate to zones far away from it. The thicker
skin could account for the higher modulus of the L samples
when loaded in S configuration. On the other side, the
storage modulus measured in P direction results similar
for L and T samples. Under this configuration the main
contribution to the stiffness comes from the specimens core,
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Fig. 6. Loss tangent at room temperature for all the materials, specimens
and directions under study.

what presents a similar orientation of both filler particle and
PP crystalline phase for L and T samples.

4.2.2. Loss tangent

The obtained values of the loss tangent show different
trends if the data for S and P directions are examined
(Fig. 6).

As it was previously pointed out, under S configuration,
the skin specimen contribution is decisive. The polymer and
the particles present a high degree of orientation in this
zone. These two characteristics imply high storage modulus
and low values of the loss factor. As a consequence, similar
trends for the storage modulus as a function of the kind of
filler used and its treatment can also be observed when the
tan & values are considered. On the other hand, there is no a
clear trend for the differences between the tan 6 of the L and
T samples.

4.2.3. Glass transition

No significant differences between the values of the glass
transition were detected (Table 2). This result seems to
indicate that the degree of interaction between the particles
and the PP was not strong enough to modify the temperature
of activation of molecular movements.

4.2.4. Transition intensity

The comparison of the transition intensity values
between L and T samples (Fig. 7(a)) is quite interesting
because provides attractive information about the polymer
phase heterogeneity. In general, L samples present higher Sy
values than the T ones, the explanation of this result should
be related to the different amorphous content of both
specimens. L samples present a thicker skin, i.e. a higher
content of polymer that was cooled very quickly from the
melt. Because of that should present a higher amorphous
content. It is interesting to remark that there are different
trends for the S; parameter for different materials. Firstly,
unfilled PP has the highest S} values and shows the greatest
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Fig. 7. (a) Glass transition intensity measured under S configuration.
(b) Glass transition intensity for T samples.

differences between L and T specimens. Secondly, the ON
composite has lower values and lower L—T differences than
the unfilled PP. Finally, the OL material and the PP/
magnesium hydroxide composites have the lowest values
and the lowest differences.

The differences of the transition intensity between the
samples measured under S and P configuration are shown in
Fig. 7(b). The values are clearly higher in the P direction
due to the reduced molecular mobility of the PP in the skin.

5. Conclusions

Both kinds of mineral particles were found to act as
nucleating agents for polypropylene crystallinity. Never-
theless, aluminium hydroxide particles displayed a higher
nucleation effect than magnesium hydroxide ones. This
result could be explained due to similar Bravais lattice of
this mineral and that of polypropylene a crystal. No effect of
Al(OH); particle morphology was observed on the nuclea-
tion activity. However, particle surface coatings notably
reduced the nucleation activity of magnesium hydroxide.
These surface treatments seemed to work isolating and
preserving the particle surface from direct interaction with

polypropylene chains. In fact, they displayed lubricant
effect for PP in the molten state.

The injection-moulded discs analysed were quite aniso-
tropic and heterogeneous from a point of view of dynamic
mechanical behaviour. By one hand, different character-
istics were observed depending on the measurement
direction. As expected, the samples were stiffer when the
load was applied under S configuration. This could be
explained due to different orientations of both filler particles
and polymer crystals in the specimen skin respect to the
core. The main role for the difference of the storage modulus
between the composites seemed to be the PP orientation in
the skin zone. Furthermore, no differences between the glass
transition temperature of PP in the different composites
were detected.

By the other hand, the heterogeneity of the discs was also
characterised in terms of dynamic mechanical properties.
All the filled materials presented a similar degree of
heterogeneity, although the storage modulus was found to
be higher for L samples than for T ones.
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