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Abstract

The influence of aluminium hydroxide particle morphology and magnesium hydroxide surface coating on the anisotropy and
microstructure heterogeneity of injection-moulded discs of polypropylene (PP) filled with 40% by weight of these fillers has been studied
through wide-angle X-ray diffraction measures. In general, the discs displayed an anisotropic structure due to different orientations of both
filler particles and PP crystals through the part thickness. The samples also exhibited some degree of heterogeneity due to different levels of
particle orientations in specimens far away and close to the disc mould entrance. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polypropylene is probably the most-used mineral-filled
thermoplastic polymer for injection moulding applications
[1]. Incorporation of plate-like mineral fillers (talc, mica,
etc.) into thermoplastics is well established and has been
studied extensively [2—6]. In injection-moulded parts both
polymer molecules and anisometric filler particles can
remain highly oriented due to the high shear rates involved
[7]. If localised cooling rates are sufficiently rapid to render
the orientation effects permanent, the degree and distri-
butions of polymer crystals and particle alignment become
highly significant, since they are important determinants of
subsequent physical properties such as elastic modulus,
anisotropic shrinkage and part distortion. A considerable
gradient of both filler particles and polymer orientation may
be formed through the thickness of the part and, frequently,
it is possible to identify several layers through the section
comprising two outer skins and the core. As a consequence,
the interior structure is far from being homogeneous or
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isotropic [8,9] and it is remarkably dependent on the
moulding conditions. Moreover, additional complexities are
created by the presence of filler coatings [10]. Although
their principal function is to enhance particle dispersion by
reducing the work of adhesion between filler and matrix
[11], most coatings also modify the rheological behaviour of
the compound. In this sense, the importance of wall-slip
phenomena has been pointed-out with respect to the shear-
induced alignment of both molecular chains and anisometric
filler particle [12].

The structure of injection-molded filled PP composites is
especially stimulating due to the induced crystalline
structure that PP presents when is processed in the presence
of mineral fillers, which can act as nucleating agents for the
polymer. Consequently, the PP phase in the composites
could also present anisotropic properties.

Keeping the previous notions in mind and following
early investigations on these topics [13—15], the goal of the
present work has been the characterisation of the anisotropy
and the microstructural heterogeneity of injection-moulded
discs of magnesium hydroxide and aluminium hydroxide
filled polypropylene, as well as, the analysis of the influence
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of the filler type, morphology and coating. This has been
carried out by means of wide-angle X-ray diffraction
(WAXD) measures. Furthermore, thermal and dynamic
mechanical behaviours have also been studied in these
samples and related to the anisotropy and heterogeneity.
These results are to be appeared in a separated paper [15].

2. Materials, compounding and specimens

A commercial grade of polypropylene homopolymer
(Isplen PP050), supplied by Repsol Quimica S.A., was used
in this work. Magnesium hydroxide, employed as filler, was
a high purity untreated grade (Magnifin HS) supplied by
Martinswerk GmbH. The average particle size was 1.5 pum
and the specific surface area 5.0 m%g. Two commercial
grades of surface-coated Mg(OH), were also studied. These
were Magnifin H5L and HS5KV. Infrared spectroscopy
(FTIR) analysis revealed that the coatings were based on
poly(ethylene: vinyl acetate) and poly(dimethylsiloxane),
respectively. The hexagonal platy morphology of the
Mg(OH), particles can be appreciated in Fig. 1. Martins-
werk GmbH also kindly supplied two uncoated aluminium
hydroxide grades (Martinal ON and OL-104-LE), which
morphologies are shown in Fig. 1(d) and (e). The ON filler
had irregular, approximately spherical particles with an
average diameter of 60 wm and a specific surface area of
0.5 m?/g, whereas the OL grade had a mean particle
diameter of 1.5 wm and a specific surface area of 3.1 m%/g.
The OL grade notwithstanding had a small fraction of
hexagonal platy particles.

To prepare and characterise materials that could have
some degree of flame retardancy, moderate filler concen-
trations (40% by weight) were used to produce the samples.

Fig. 1. Morphology of the fillers observed by SEM. (a) Mg(OH), particles
HS5,(b) Mg(OH), particles H5L, (c) Mg(OH), particles HSKV, (c) Al(OH);
particles ON, (d) Al(OH); particles OL.

Specimen T

Specimen L

Mold filling
direction

Fig. 2. Specimens and testing directions in the injection-moulded discs.

Therefore, PP was filled with 40% nominal concentrations
by weight of Mg(OH), and Al(OH);. Compounding was
performed using a Collin co-rotating twin-screw extruder of
25-mm screw diameter and a length of 600 mm. A good
dispersion of the filler particles into the PP matrix was
achieved with the following screw configuration: two
compression zones on both sides of a mixing zone
constituted by double-tipped kneading elements. Typical
screw speed was 80—100 rpm and the temperature profile
selected was from 160 °C at the polymer entrance to 185 °C
at the die. The melt temperature measured at the die was
never higher than 195 °C. A circular cross-section die of
diameter 3 mm was employed, and the extrudate was cooled
in water and pelletised.

The unfilled PP was also extruded in the same way in
order to have similar thermal and mechanical history than
that of the filled compounds.

Discs of 78 mm nominal diameter and 4 mm nominal
thickness were injection-moulded using a 440/90 injection-
moulding machine and a multiple cavity mould, as
described in Fig. 4 of the ASTM D-638 standard. The
nominal injection pressure was 100 MPa and the tempera-
ture of the melt 195 °C. Under these conditions, the shear
rate was about 10°s™'. All the discs were annealed at
115 °C for 24 h, in order to release residual stresses; any
deformed specimens were rejected.

From each disc two prismatic bars (Fig. 2) of nominal
dimensions 25 mm X 4 mm X 4 mm were machined in
order to use them as testing specimens to characterise the
heterogeneity and anisotropy in these injection-moulded
parts. For this purpose, ‘L’ specimens were cut from the
zone of the disk closer to the mould cavity entrance, having
its length axis parallel to the main flow direction; ‘T’
specimens were cut from the opposite zone of the disk with
its length axis perpendicular to the main flow direction.

3. Testing procedure

3.1. Preliminary measurements

Some basic measures were taken on the PP and the
different filled materials. The material density was
measured through the hydrostatic method. The filler weight
concentration in the composites was determined from
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Reference, composition and basic characteristics of the samples
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Sample Density Filler content Melt flow index Volumetric melt flow index Heat deflection temperature
(g/cm3) (g/10 min) (cm>/10 min) °C)
Weight fraction Volume fraction
PP 0.902 0 0 2.19 2.89 70.3
PPH5 1.181 0.399 0.198 1.74 1.67 1155
PPHS5L 1.181 0.402 0.199 1.94 1.86 83.9
PPH5KV 1.185 0.403 0.200 2.70 2.58 92.5
PPOL 1.166 0.398 0.192 1.50 1.44 116.5
PPON 1.156 0.396 0.189 1.66 1.59 1142

measurements of weight loss after sample combustion.
From the values of density and filler weight fraction, the
filler volume fraction could be determined. 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.
Finally, values of the heat deflection temperature (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. Wide-angle X-ray diffraction

The experiments were performed using a Philips PW
1050/71 diffractometer. Radial scans of intensity (/) versus
scattering angle (26) were recorded in the range 5-40° at
a scanning speed for the detector displacement of
0.020/0.800°/s by using filtered Cu Ka radiation. In order
to study the anisotropy, the scans were taken from S and P
surfaces in each sample, as shown in Fig. 2.

3.3. Scanning electron microscopy (SEM)

A Jeol-820 scanning electron microscope was used for
the observation of the morphology of the filler particles.
Vacuum coating with gold was applied on the samples to
promote conductivity.

4. Results and discussion

Results of the preliminary measures are shown in
Table 1. These indicating that the filler concentration
was constant (40% by weight) in all the prepared materials,
thus they were accurate samples to analyse filler effects
comparatively.

The influence of filler characteristics on the melt
viscosity could be analysed with the MFI-v values.
Aluminium hydroxide reduced the MFI-v value more than
magnesium hydroxide, indicating a higher viscosity
increase. The uncoated grade (H5) promoted higher

reduction than the coated ones (HS5L and especially
HS5KYV), this indicating that the surface treatments employed
have a lubricant effect on the PP. On the other hand, the
HDT value was found to be very sensitive to the filler
characteristics. As one can be seen in Table 1, remarkable
differences were found in HDT values according to the
different filler in the sample. As expected, filled samples
resulted in higher HDT values than unfilled PP. However,
differences up to 25 °C were observed as a result of the
different filler surface coatings.

4.1. Filler particle and polymer crystal orientations

From the measurements carried out by WAXD, infor-
mation about orientations of filler particles and polymer
were obtained. The Bravais lattice of the main crystalline
phase of PP (a phase) is monoclinic (a = 6.65 A, b=
2096 A, c = 6.5 A), while the less common PP {3 phase is
hexagonal (a=b= 1274 A, ¢=6.35A). Aluminium
hydroxide Bravais lattice is monoclinic (a = 8.64 A b=
5.07 /OX, c=9.72 /ok), and that of magnesium hydroxide is
hexagonal (a = b = 3.14 A, ¢ = 4.77 A).

The intensity ratio between the diffraction planes (001)
and (101) for magnesium hydroxide (peaks at 26 = 17.4 and
37.8°, respectively), and 1(004)/I(110) for aluminium
hydroxide (peaks at 20 = 37.1 and 20.2°, respectively) are
collected in Table 2 for the different samples and analysis
directions. The high values for the LS and TS directions and
the low values for the LP and TP ones indicate that the
particles are mainly parallel to the surface of the discs in the

Table 2
Characteristic WAXD intensity ratio of magnesium and aluminium
hydroxide

Sample LS LP TS TP
1(001)/1(101)

PPHS5 18.808 0.364 33.154 0.296
PPHSL 23.132 0.464 37.125 0.410
PPHKV 42.177 0.482 68.604 0.370
1(004)/1(110)

PPOL 1.671 0.116 2.744 1.460
PPON 0.723 0.182 0.887 0.739
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Fig. 3. Intensity ratio /(001)/1(101) for the Mg(OH), particles as a function
of the MFI-v.

skin zone. The values of the intensity ratios are not strictly
comparable for both kinds of particles due to the different
Bravais lattice in which both crystallise. Nevertheless, the
very strong differences between those values seem to
indicate that Mg(OH), particles are more oriented parallel to
the surface of the injection-moulded part than AI(OH);
particles.

The particle morphology seems to have some effect on
the orientation. For example, PPON composite, in which
polycrystalline aggregates were found, showed lower
differences between the parallel orientation to the surface
(LS and TS) and the perpendicular one (LP and TP) than
those found in the PPOL sample. Particle aggregates did not
exist in aluminium hydroxide OL grade (Fig. 1(e)). In this
filler, a certain fraction of well-defined hexagonal particles
can also be identified.

In general, particle orientation measured in S direction
has been found to be more pronounced in T specimens than
in L ones, showing this fact that the injected discs are not
homogeneous, at least concerning the filler orientation
distribution. A possible cause of this effect is the flow
restriction that the melt suffers as it progress in the mould
cavity, which results in a higher particle orientation degree
far from the cavity entrance due to increased shear stresses.
This well-known effect is caused by the skin formation in
the moulded part due to the melt solidification as it touches
the mould surface. In injection-moulded parts, the thickness
of the formed skin is larger near to the mould gate than in
remote regions.

The Mg(OH), surface treatments used in this work have
shown a significant effect on the particle orientation in the
moulded part. Particle orientation was higher when
lubricant surface coatings were applied. On the one hand,
the particle orientation in the PPH5SKV composite was the
most pronounced; a PDMS-based coating was used in
HSKYV filler. On the other hand, the particle orientation in
PPHSL composite was higher than that in the non-coated
material PPHS. The coating given to H5L grade was based
on EVA copolymer and, as commented before, this coating
acts slightly as a lubricant, reducing the melt viscosity,
although the viscosity reduction was found much higher for

Table 3
Characteristic WAXD intensity ratio of polypropylene

Sample LS LP TS TP
1(040)/1(110)

PP 1.302 1.023 1.016 0.689
PPH5 4.221 0.574 5.065 0.429
PPH5L 1.394 0.977 1.374 0.660
PPHKV 1.362 0.887 1.177 0.642
PPOL 2.062 1.077 2.324 1.060
PPON 1.333 0.856 1.535 0.616

the coating based on PDMS. The orientation degree of
the magnesium hydroxide particles in the specimen skin
as a function of the MFI-v value is shown in Fig. 3. It
is well known that increasing the shear rate induces a
more oriented skin [16]. The shear rate at constant
pressure during the mould filling depends on the melt
viscosity. As expected, as the melt viscosity decreased
(MFI-v increased), the orientation of the filler platelets
increased.

Focusing the attention on the polymer, the relationship
between the orientation of polypropylene a- and b-axes was
determined by taking the ratio of the intensity of
polypropylene (040) plane (peak at 20 = 16.7° in the
diffraction pattern) to the (110) plane (peak at
26 = 13.9°). Several values of this ratio are found in the
literature for an isotropic mixture of PP crystallites (i.e. 0.54
[17] and values comprised between 0.67 and 0.77 [18]).
Nevertheless, the morphology and orientation of PP crystals
is very dependent on the crystallisation and moulding
conditions, and especially on the filler characteristics. The
results (Table 3) suggested a higher orientation of the PP
crystals in the disc skin. However, these differences were
only significant in materials filled with uncoated, low
particle size, fillers (i.e. OL and especially HS). Therefore, it
can be pointed out, that the coatings used for the Mg(OH),
particles reduced the PP crystals orientation. A similar effect
was detected when the AI(OH); particle size increases.

The former results seem to indicate that the orientation of
the crystalline phase of the polymer is not induced by the
orientation of filler particles, but it seems to depend on
factors affecting the polymer nucleation rate, such as the
filler nature, morphology and particle surface character-
istics. These effects can be clearly appreciated in Fig. 4,
where both the polymer crystal and the filler particle
orientations have been related between themselves for all
the samples and analysis directions.

In order to analyse the effect of the particle orientation
on the PP crystals orientation, values of the normalised
polymer crystal orientation (NCO) parameter for Mg(OH),
and Al(OH); filled samples, defined by Eqgs. (1) and (2),
respectively, have been computed and plotted in Fig. 5.

(1(040)/1(110))gij1eq pp

NCO =
(1(040)/1(110))ynfitiea pp(Z(001)/1(101))Mg(0m),

(D
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NCO = 2
(1(040)/1(110))unfitiea pp(1(004)/1(110)) p10m), @

The NCO values for the Mg(OH),/PP composites result
very low in S direction and high in P direction. The opposite
result is found for PPOL sample. The PPON presents similar
values in both directions. This reveals that the aluminium
hydroxide particles (especially the OL grade) produce a
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Fig. 5. NCO parameter for all the materials and directions under study. (a)
Values in P direction. (b) Values in S direction.

strong parallel orientation of the PP crystals, independently
of their own orientation. For the magnesium hydroxide
grades, the previous orientation is lower and independent of
the surface treatment.

The values of the NCO parameter were higher for T
samples than for L ones. As it was mentioned in the previous
discussion, this result is due to the higher particle orientation
in the surface of the T samples (Fig. 3).

WAXD experiments also provided information about the
presence of the PP B-phase (plane (300) at 26 = 16.3°) in
the studied samples. As shown in Table 4, this crystalline
phase appeared only in L specimens of pure PP and in
specimens (L and T) of materials filled with surface-coated
Mg(OH),.

The main aspects involved in the nucleation and
crystallisation of (-phase in PP have been studied by
Varga [19], and it has been established that this kind of
crystallisation appears for temperatures below 140 °C
approximately. For filled polymers in which the filler acts
as a nucleating agent and at temperatures above the previous
critical value the polymer mainly crystallises in the
a-modification. In addition, high shear stresses could
promote PP B-phase formation. Furthermore, although it
has been suggested [20] that uncoated fillers can induce the
PP 3-phase formation, some contradictory results are found
in the literature. Cook and Harper [21,22] report no 3 phase
formation in either untreated and silane-treated Mg(OH),
filled PP, while Liauw et al. [23] found 3-phase in PP filled
with AI(OH); surface-treated with 2-dodecen-1-yl succinic
anhydride (DDSA).

Taking into account the previous information, it is
possible to rationalise the former results. Firstly, due to the
intense nucleating effect for PP a-phase shown by the
uncoated fillers [14,15], it seems logical that composites
with these fillers do not develop PP [-modification.
Secondly, it is less probable the presence of the B-phase
in T specimens because the cooling rate is lower far away
from the mould entrance than close to it. Furthermore, both
the shear stress and cooling rate into the mould are much
higher near the mould surface than in the core; consequently
at the surface the material could reach the critical
temperature (140 °C) before the a-phase has completed its

Table 4
Intensity value of PP B-phase WAXD signal

Sample LS LP TS TP
1(300)

PP 1493 837 - -
PPH5 - - - -
PPHSL 316 447 229 221
PPHKV 430 425 294 292
PPOL W.S. W.S. - -
PPON W.S. W.S. - -

w.s.—‘weak signal’, which could not be accurately quantified.
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crystallisation. So, the (3-phase could start growing and be
detected in the WAXD scans taken from the surface.
Nevertheless, only results of specimens L of unfilled PP
confirm this hypothesis.

4.2. Anisotropy and heterogeneity

To quantify the anisotropy resultant from orientation
differences between the skin and the core of the specimens,
the anisotropy degree concerning the filler particle effect
(PAD) and the anisotropy degree concerning the polymer
crystal (CAD) were calculated. The equations to calculate
the particle anisotropy degree (PAD) in samples filled with
Mg(OH), and Al(OH); have been, respectively:

_ {O1)/I(101))g — (IO0/I(101)),

AP (1(001)/1(101))g X100 3)
_ (I(004)/1(110))s — (1(004)/1(110)),
PAD= (1(004)/1(110))g X 100 4)

And the equation to calculate the polymer crystal anisotropy

degree (CAD) in all the samples:

(1(040)/1(110))s — (1(040)/1(110))p
(1(040)/1(110))

CAD = X100  (5)

Values of PAD are shown in Fig. 6(a). The three materials
based on Mg(OH), present high values of the PAD
parameter, therefore a high anisotropy regarding the particle

orientation is expected. The two materials produced from
PP and Al(OH); present lower values, especially interesting

100
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T
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Fig. 6. (a) PAD and (b) CAD parameter for all the materials under study.

40H5KV

is the ON material, which shows the lowest values. This
result should be connected to the particle morphology for
this composite. As it was noted before, ON particles are
coarse, and they can be considered as pseudo-spherical or
globular ones as a result of irregular crystalline growing or
aggregation of individual particles, unlike OL grade, which
has finer and even some platy particles. So, ON particles
would provoke lesser anisotropy than well-defined platy
ones. This could be the reason for what PPOL samples result
in intermediate values of PAD between those of platy
Mg(OH); filled PP and those of filled with coarse Al(OH);.

In addition, the values of PAD in the T samples were
always slightly higher than in the L ones. Due to the larger
melt flow path during the mould filling, T specimens should
have higher anisotropy (S/P differences) than L ones, as the
results seem to indicate. As higher the flow path, higher
particle orientation at the skin and higher anisotropy.

Values of CAD can be observed in Fig. 6(b). The filled
materials have higher anisotropy concerning to the polymer
crystal than the non-filled material. The PPHS composite
shows the highest values, which should be related to the
higher nucleation activity for this composite [15] and as
consequence to the greater influence of the particle
orientation on the PP crystallisation. As it can be observed
in this figure, the two surface treatments used reduce the
orientation of the PP crystalline phase. Moreover, the two
composites based on aluminium hydroxide present inter-
mediate values between the values of unfilled PP and those
of the PPH5 composite. Finally, it can be affirmed that the
differences of the anisotropy degree between T and L
specimens are higher in terms of polymer crystal orientation
(CAD values) than in terms of filler particle orientation
(PAD values).

In Fig. 7 the CAD parameter has been related to the PAD
one. The effect of the surface treatments and particle
morphology can be recognised clearly in this illustrative
plot. On the one hand, the particle orientation effect remains
constant when surface treatments are utilised, however these
treatments seem to reduce the effect of the polymer
orientation on the material anisotropy. On the other hand,
the particle morphology has an influence on its orientation,

100
oTelL [¢)
.
80 -
& 60+ ° AI(OH), size o
- D
2 ) N
O 40 4 N ’
.
20 A \)
Mg(OH), treatment
0 T T T T T

70 75 8 8 9 95 100
PAD (%)

Fig. 7. Dependency between PAD and CAD parameters.
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but the orientation of the polymeric matrix remains
constant.

5. Conclusions

The fillers under study have induced different levels of
interaction between their surface and the PP phase. As a
consequence, different molecular immobilisation degrees
have been detected in the molten-state, through the MFI-v
values, and in the solid state through HDT values.

Injection-moulding discs had an anisotropic structure.
On the one hand, filler platy particles were found mainly
parallel to the disc surface in the skin zone. The kind of
filler, its surface coating and its morphology influenced on
the particle orientation, and as a consequence on the part
anisotropy. On the other hand, the polymer crystalline phase
also shown anisotropic structure, especially for materials
filled with untreated minerals. There was no correlation
between particle orientation and PP orientation. Further-
more, the PP B-phase could be detected in the L. specimens
of pure PP and in samples (L and T) of materials filled with
surface-coated magnesium hydroxide.

The heterogeneity of the discs have also been considered
and characterised in terms of filler particles and polymer
orientations. All the filled materials presented a similar
degree of heterogeneity. The samples far away from the
mould entrance had a more pronounced particles orien-
tation, probably due to the flow restriction that the melt
suffers as it progress in the mould cavity.
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