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The efficiency of talc used as nucleating agent (0.5% by weight) in polypropylene (PP) was
determined taking into account the particle size dsg, particle morphology and BET specific
surface areas. These findings were compared to a mineral with similar properties,
pyrophyllite. Talc samples with the finest particle sizes induce a significant increase in the
starting crystallization temperature of PP and irrespective of the particle size ds,
pyrophyllite was found to be less efficient than talc. X-Ray results show that PP oriented
crystallization due to talc or pyrophyllite addition, corresponds to an epitaxial growth
whereby the mineral c*-axis is merged with the PP b*-axis. Microscopic observations
revealed that in the presence of talc, nuclei density of PP increased strongly. In addition, a
large number of nuclei was observed to appear everywhere on the talc surface. A PP-talc
interface model is proposed by matching the (001) talc plane and the (010) PP plane. In this
model, 3% of PP cell accommodation on talc is necessary with a 15° angle between PP
chains elongation and the crystallographic directions of talc. Hexagonal rings on talc
surface are believed to represent hydrogen bonds with PP methyl groupings. This fine
structure relation between talc and PP is discussed, and is used to characterize the
differences observed between the efficiency of talc and that of pyrophyllite.
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1. Introduction

Nowadays, talc ores are very useful in a large number
of industrial applications such as paper, paint, ceram-
ics and polymers. In polymer applications talc is used
as a filler in various amounts (20 to 40% by weight)
in isotactic polypropylene homopolymer or copolymer.
When talc is used under 3% by weight, it is no longer
considered as a filler but as a nucleating agent. Usage
of talc brings about several modifications of polypropy-
lene (PP) properties, which increase the industrial inter-
est for this particular composite. Talc contrarily to other
minerals (e.g., calcite, serpentines, micas), has proved
to be particularly efficient filler on the mechanical prop-
erties and macromolecular orientation of a composite
[1-4]. Addition of talc to PP increases the starting crys-
tallization temperature, inducing a very short process-
ing time in injection moulding [5]. This processing time
is reduced proportionally to the increase of talc con-
centration [6]. Studies have shown that the increase of
PP nuclei number observed with talc was due to the
nucleating ability of the substrate [7, 8], where the sub-
strate could present active sites on the surface [9]. Us-
ing talc as filler involves modifications in crystallization
of the resulting composite, inducing an increase of its
mechanical properties [10, 11]. This modifications was
attributed to a preferential orientation of talc particle
and PP in composite [12—-14]. PP can crystallize in 4
polymorphic components: in the «, 8 forms and more
rarely in the y and § forms [15]. Fillers such as talc
usually induce the o form in PP, however many organic
agents also can promote the formation of & and 8 form
[5,16,17].

For this study, we used several types of talc as nucle-
ating agents (0.5% by weight) in polypropylene. A Dif-
ferential Scanning Calorimeter (DSC) technique was
used to measure starting crystallization temperatures
of composites, talc producing the best increase of this
temperature is preferred for saving time when industrial
pieces are molded. Our results show that this thermal
property is strongly influenced by the physical charac-
teristics of talc samples (particle size dsg, BET specific
surface area). X-ray diffraction (XRD) analyses were
also used to characterize the PP macromolecular orien-
tation of PP pressed films, knowing that the mechanical
properties of composites are increased when PP in the
composite is oriented.

To specify the efficiency of talc as nucleating agent in
PP, we compared talc to pyrophyllite (aluminous phyl-
losilicate) and two organic agents (« and §) which are
known to induce good properties to PP composite, al-
though in some industrial applications talc is preferred
for its lower cost. PP crystallization observations with
and without talc were carried out to characterize macro-
molecular modifications and to localize PP nucleation
on particle surface. Finally, we focused our attention
on talc-PP interface to understand the efficiency of this
mineral on PP nucleation.

2. Experimental procedure

2.1. Starting materials

Polypropylene used in this study was homoisotactic
polypropylene PPR 0160, produced by Targor Co., con-
taining 0.25% stabilizing Irganox B225. In our exper-

1562

iments, stabilized PP was mixed with 0.5% nucleating
agent sample (see below).

2.2. Nucleating agent sample description
2.2.1. Talc and pyrophyllite structure

Talc and pyrophyllite are 2 : 1 layer clays of the same
phyllosilicate family which link two tetrahedral sheets
with one octahedral sheet in their structure. Talc rep-
resents the trioctahedral magnesium end member with
the formula: Mg3SisO;0(OH),, while pyrophyllite is
the dioctahedral aluminous end member with the for-
mula: AlgSi4010(OH)2.

Pioneering studies described talc as a monoclinic
cell, with C-1 space group [18]. More recently, talc
structure was described as triclinic [19], and subse-
quently pseudomonoclinic Cc¢ with a P-1 space group
[20]. Some structural distortions appear in layer sili-
cates due to a structural accommodation between the
tetrahedral sheet and the octahedral sheet as tetrahedral
rotations and tilt of tetrahedra in the basal oxygen sur-
face [21]. In talc, the tetrahedral rotation is 3.6° and the
basal oxygen surface is nearly planar.

The single crystal structure of pyrophyllite has been
described as similar to that of talc [22]. Due to the
crystallochemistry difference, notably one octahedra
vacancy, distortions in the (a, b) plane and along the
¢* axis are more important in pyrophyllite than in talc.
These include a tetrahedral rotation angle around 10.2°
[23], with tetrahedra being tilted by about 4° and caus-
ing a strong corrugation to the basal surface of this
mineral.

2.2.2. Lamellar nucleating agents

Several talc samples and two pyrophyllites specimens
(see below) were used as nucleating agents of PP. Talcs
of Spain, China and Italia are three commercial prod-
ucts from the “S.A. Talc de Luzenac” society (Toulouse,
France), coming from the Léon, Haicheng and Val
Chisone regions, respectively. Talc from Gabon was
formed naturally by transformation of sepiolite. This
sample, characterized by a particular structure, was pro-
vided from the collection of the research laboratory of
“Luzenac Europe” (Toulouse, France). A last talc spec-
imen was selected to observe the location of PP nucle-
ation sites on talc surface. This sample is from Brazil
and is characterized by long extended sheets on the
(a, b) plane.

Two pyrophyllites were used: Pyro coll. from the
collection of mineralogy (Toulouse, France) and Pyro
luz from the laboratory research of “Luzenac Europe”.

All samples were chosen for their physical charac-
teristics (particle size dsg, B.E.T. specific surface area).
They are also distinct by their different crystallinity:
microcrystallinity corresponding to an heterogeneous
arrangement of small flakes and macrocrystallinity with
large flakes.

2.2.3. Organic nucleating agents

Two types of organic nucleating agents were used:
ADK STAB NA-11 (Sodium 2,2’-methylene-bis-(4,6-
di-tert-butylphenyl phosphate)) here in termed o nu-
cleating agent, which induces crystallization of PP



in his a-form, and the NJ STAR NU-100 (N',N’-
dicyclohexyl-2, 6-naphtalene dicarboxamide) here in
B nucleating agent, which induces the B-form in PP.
The two compounds are commercial products from
“Palmarole” (France). PP, stabilizing and nucleating
agents were mixed manually and introduced in a Clex-
tral BC21 internal mixer to obtain compounds with de-
sired concentrations.

2.3. Analytical techniques

Chemical compositions of talcs and Pyro luz pow-
ders were determined by X-Ray Fluorescence, using
a Philips PW 2404 X-ray spectrometer with a rhodium
anode (4 kW), in the laboratory of “S.A. Talc de
Luzenac”. The chemical composition of Pyro coll. was
determined with a Cameca SX50 electron microprobe
(Université Paul Sabatier, Toulouse). Operating condi-
tions were 15 kV and 10 nA, natural and synthetic stan-
dards were used. X-ray diffraction data were obtained
on a Philips X Pert, using a reflection mode on powder
preparations with Ni-filtered Cu K, radiation (40 kV,
55 mA), in the laboratory of “Luzenac Europe”. The
same parameters were used for PP analysis on pressed
films after melting, to obtain 50-um thick films. B.E.T.
specific surface areas (BETSSA) were determined on
powders with a Micromeritics FlowSorb II 2300 under
an Ar flow in the laboratory of “Luzenac Europe”. The
particle size dsp was determined using a Micromerit-
ics SediGraph 5000ET in the laboratory of “Luzenac
Europe”. The average particle size dsg represents the
median of the Gaussian distribution form of particles.
Particles morphologies were observed on sample pow-
ders by SEM (Scanning Electronic Microscopy), using
a LEO 435 VP, in the Ecole Nationale Supérieure de
Chimie de Toulouse. Differential Scanning Calorimeter
(DSC) analyses were performed on a NIETZCH 404.
500-um thick PP pressed films were prepared and cut
up to obtain discs of 5 mm diameter and a mass of
about 15 mg. The samples were placed in an alumina
crucible, heated up to 518 K and kept at this temperature
for 10 min before cooling, using three cooling rates for
each samples: 2.5, 5 and 10 K/min. This non-isothermal
crystallizations ended near 350 K. PP crystallization
observations were done using a ZEISS optical micro-
scope under crossed polarizers and a wave accessory
plate or with an Olympus Provis microscope equipped
with a Sony video camera.

3. Results and discussion

3.1. Talc and pyrophyllite characterization

3.1.1. Chemical and mineralogical
compositions

The chemical compositions of Italia and China talc

samples are close to that of pure talc (Table I). Mi-

nor amounts of other oxides were detected for the other

samples i.e., CaO for Spain talc, SiO, for Gabon talc

and KO for pyro luz.

Traces of chlorite (<1%) in China and Italia talcs
are detected by X-Ray diffraction (Fig. 1), whereas low
amount of dolomite were found for Spain talc (<5%)
and quartz in Gabon talc (<5%). Minor amounts of
mica and kaolinite were also observed in pyro luz and
pyro coll., respectively.

3.1.2. Physical and morphological
characterization

All samples are characterized by various particle size

dso and BETSSA (Table II). Gradual particle size dsg
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Figure 1 X-Ray diffraction data and mineralogical compositions of talc
and pyrophyllite samples, with T: talc, Ch: chlorite, P: pyrophyllite,
M: mica, D: dolomite, Q: quartz and K: kaolinite.

TABLE I Chemical analysis obtained by electron microprobe for Pyro. coll. and by X-Ray fluorescence for other sample powders

Fluorescence weight oxide (%)

Electron microprobe (%)

Product China Spain Italia Gabon Pyro luz Product Pyro coll.
SiO; 60.96 57.58 59.56 67.19 51.9 SiO; 62.55
Al,O3 0.46 0.44 0.82 0.98 34.17 Al,O3 30.57
Fe,03 0.09 0.37 0.74 0.15 0.11 FeO 0.44
MgO 31.58 29.82 30.48 24.61 0.09 MgO 0.08
CaO 0.21 1.82 0.58 0.04 0.19 CaO 0.02
K,O <0.01 0.01 0.015 <0.01 3.34 K,O 0.04
Na,O <0.01 0.04 0.012 0.129 1.52 Na,O 0.10
TiO, <0.1 <0.1 <0.1 <0.1 1.7 F 0.18
L.O0.1.% (1050°C) 5.97 8.41 6.63 4.49 5.41 H,O 4.52
Total 99.3 98.6 98.9 97.7 98.4 Total 98.5
2L.0.1. Loss on ignition.
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TABLE II Particle size distributions and BET specific surface areas of talc and pyrophyllite samples

Product China Spain Italia Gabon Pyro luz Pyro coll.
Particle size distributions («m)

d95 4 2 7.7 23 135 20

d75 1.9 0.9 3.7 11.3 5 9.4

ds0 1.1 0.54 22 5.6 2.15 4.2

d25 0.53 0.34 0.92 1.6 0.73 0.7
BET specific surface area (m?/g) 16 60 21 7 17 45

is observed between 0.54 um with a BETSSA close
to 60 m?/g for Spain talc and 5.6 xm with a BETSSA
close to 7 m?/g for Gabon talc. The decrease in size of
particles involves an increase of the BETSSA, but for
pyro coll., an anomalous strong BETSSA (45 m?/g) is
observed for a low particle size dsg (4.2 um).

Morphological observations by SEM (Fig. 2a) show
that Spain talc sample is constituted by very fine
flakes, without arrangement, characteristic of micro-
crystallinity, while Italia and China talcs present macro-
crystallinity with long, well stacked-up flakes (Fig. 2b
and c). Gabon talc (Fig. 2d), formed by sepiolite

Figure 2 SEM images of the morphology of Spain (a), Italia (b), China (c), Gabon (d) talc samples and Pyro. luz (e), Pyro. coll. (f) pyrophyllite

samples.
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transformation, kept the sepiolite morphology with
long and fine flakes arranged as “slates”. The two py-
rophyllites show macrocrystallinity but pyro coll. has
more fines particles than pyro luz (Fig. 2e and f). This
large number of fine particles is responsible of the
strong BETSSA displayed by the pyro coll. sample.

3.2. Differential scanning calorimeter
analysis of nucleated PP

DSC analysis of PP is a convenient technique for obtain-

ing nucleation parameters informations with isothermal

and non-isothermal kinetics [24].

In our study, we used the non-isothermal kinetics
technic. DSC curves in Fig. 3 show the effect of adding
0.5% nucleating agent on PP for a cooling rate of
5 K/min. Addition of 0.5% nucleating agent (Spain talc
or « nucleating agent) increased significantly the tem-
perature of starting crystallization, called 7° onset.

As the aim of this study is to characterize between all
nucleating agents used, the differences of efficiency on
the increase of T° onset, three cooling rates measure-
ments on each compounds are reported in Fig. 4. These
results permit to distinguish 4 individualized groups
with various starting crystallyzation temperature (7°
onset):

— stabilized (PPs) and unstabilized (iPP) PP as refer-
ence with weakest 7° onset, indicating that stabi-
lizing agent is not efficient on 7° onset,

cooling rate: 5 K/min T® onset
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Figure 3 DSC crystallization curves for pure PP (——), PP with 0.5 wt%
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Figure 4 Influence of nucleating agents on PP T° onset for three differ-
ent cooling rates (2.5, 5 and 10 K/min).

— Gabon talc and the two pyrophyllites which in-
crease T° onset of PP (4+~5 K),

— Spain, Italia and China talcs are the most efficient
talcs for increasing the temperature of starting crys-
tallization of PP,

— the two organic nucleating agents « and 8 used as
references in order to have the best efficiency on
the increases of T° onset.

3.3. X-Ray diffraction patterns
of nucleated PP

X-Ray scattering was used to characterize the effect
of nucleating agents on PP orientation. For this study,
composites samples are melted and pressed to realize
50-pm thick films. Under pressure, talc and pyrophyl-
lite flakes are oriented parallel to the film surface, induc-
ing an orientation of PP during crystallization. As for
T° onset measurements, we seaked to determine which
nucleating agent samples are efficient on the orientation
of PP. Polypropylene «-form XRD patterns are charac-
terized by 4 major reflections: (110), (040), (130), (111)
at respectively 14, 17, 18.5 and 21.5°26 with Cu Ky ».
Only two reflections occur for the S-form: (300) and
(301) located at °26 with CuKy; » = 16 and 21°, respec-
tively [15]. XRD data on pressed films of unstabilized
PP (iPP) reveals the four reflections of the a-form with
intense (110) and (040) reflections (Fig. 5). The -form
can easily be observed on the PP 8 nuc. sample with the
characteristic (300) reflection located at 16°26. Addi-
tion of 0.25% of stabilized agent in iPP (PPs) reveals a
minor apparition of B-form. In this case, the stabilizing
agent Irganox B225 induces crystallization of PP into
the B-form. When a nucleating agent is added to the
stabilized PP, some modifications in the crystallization
of PP are observed: a decrease of the S-form induced
by the stabilizing agent, and a variation in (110) and
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Figure 5 X-Ray diffraction data on non-nucleated and nucleated PP
pressed films.
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(040) intensities of a-form reflections. On PP « nuc.
data, the B8(300) reflection is clearly less intense than
for PPs. Moreover, «(040) reflection is more intense
than the «(110), while the contrary was observed for
iPP and PPs data. For lamellar nucleating agent, the
same phenomenon is observed. On PP Gab data, (001)
reflection of talc is relatively strong, indicating at this
low concentration (0.5%), that talc particles are ori-
ented parallel to the pressed film surface. Observations
of PP reflections show that §(300) reflection is present
but that it is less intense than on PPs data and that «(040)
is more intense than «(110).

In starting crystallization temperature measure-
ments, Gabon talc seemed to be the least efficient nucle-
ating agent on PP compared to the other talc samples,
i.e., China, Spain and Italia talcs. On XRD data, we can
note that China, Spain and Italia talcs are characterized
by a very intense «(040), a very small «(110) and by the
absence of 8(300) reflection. The tendency of «(040)
to increase and of «(110) to decrease when a nucleating
agent is added, can be used to characterize the structural
morphology of a PP composite. Lamellar particles are
aligned parallel to the film surface (c*-axis perpendic-
ular to the surface), and PP crystallizes with a b*-axis
perpendicular to the film surface. In this way, c¢*-axis
of talc and pyrophyllite cells are merged with the PP
cell b*-axis. We propose that the nucleating efficiency
of lamellar agent can be expressed as the intensity
ratio between (040) and (110) reflections of the «-form
[3,11,12].

3.4. Correlations
In order to characterize the parameters assuring the in-
crease of starting crystallization temperature and ori-
ented crystallization of PP, efficiency of all nucleating
agents were compared. On 7° onset, the most predom-
inant factor appears to be the particle size dsg. Fig. 6
represents starting crystallization temperatures average
for 5 K/min and 10 K/min cooling rates versus particles
size dsy. We note that: (1) talc samples with finest par-
ticles sizes are the more efficient specimens increasing
T° onset, and show a relatively good correlation (0.94
for linear regression); and (2) whatever the dsy value,
the two pyrophyllites appear to be less efficient than the
talc specimens.

Fig. 7 depicts a correlation between (110)/(040) re-
flection intensity ratio determined by XRD and the av-
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Figure 6 Influence of particle size dso on T° onset.
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erage of T° onset for 5 K/min and 10 K/min cooling
rates. These results show that it is possible to have a
linear relation between T° onset and the (110)/(040)
ratio of talc samples, indicating that nucleation of PP
is really effective on talc particles and that those two
parameters can be used to characterize the efficiency
of talc specimen on PP nucleation. The « organic nu-
cleating agent plot is far off the correlation, due to the
fact that his molecular particles are not oriented dur-
ing the pressed film realization and that, in this case,
PP orientation cannot be exacerbated by XRD. Finally,
pyrophyllite samples appear to have a good effect on
PP orientation, but are clearly less efficient on T° onset
than talc specimens. The above results clearly show that
particle size ds is the principal parameter effecting 7°°
onset when talc is used as nucleating agent in PP.

A comparison of the behavior of talc and pyrophyl-
lite samples shows that PP oriented crystallization can
be attributed to the lamellar form of these two min-
erals. XRD analyses revealed an epitaxial relationship
between either talc and pyrophyllite, and PP during its
crystallization. Nevertheless, although talc and pyro-
phyllite have the same effect on PP oriented crystalliza-
tion, there are differences in the starting temperature of
crystallization. Whatever the particle size dsg and with
the same lamellar form of particles, PP samples con-
taining talc always have a higher crystallization temper-
ature than PP containing pyrophyllite. This information
reveals a better structural affinity of PP with talc than
with pyrophyllite in first steps of PP crystallization. The
onset of crystallization, which can be attributed to the
alignment of few PP chains before the epitaxial growth,
depends in this case on the crystallographic nature of
substrate, and notably the structural mineral surface,
which is more corrugated on pyrophyllite than on talc.

3.5. Optical microscope observations
of PP crystallization

In the preceding sections we have seen that addition of
a nucleating agent modifies the crystallization process
of PP. This consists of an increase in the starting crystal-
lization temperature and the appearance of a structural
orientation in PP. In order to characterize the morpho-
logical modifications in PP induced by the presence of
talc, the PP crystallization process was observed in de-
tail by optical microscopy. For this purpose, a 25-um
thick pressed polymer film was melted at 523 K for
10 min and an isothermal crystallization was realized
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Figure 8 Optical microscopic observations of the non-nucleated PP isothermal crystallization, after 15 min (a), 35 min (b), 1 h 05 min (c) and

1 h 55 min (d).

at473 K. Fig. 8a—d (obtained with a ZEISS microscope)
show different time snaps of iPP crystallization with-
out nucleating agent. After 15 minutes of crystalliza-
tion, few spherulites appear, and are well distributed in
the polymer matrix melt (Fig. 8a). The growth of those
spherulites is slow, and after 2 hours the sample is not
yet completely crystallized (Fig. 8d).

When 0.5% of Italia talc is added (PP Italia), talc par-
ticles become visible in the polymer melt (Fig. 9a—d).
Compared to the previous sample, after a 15 min in-
terval, a large number of spherulites were observed,
induced by the nucleating agent (Fig. 9b). Therefore,
presence of talc particles cause an increase of nuclei
density. In this case, crystallization is completed after
only 50 min and the sample is characterized by very
small spherulites compared to pure PP (Fig. 9d). These
observations show the importance of fine talc particles,
which, well distributed into the polymer melt, can in-
duce a large concentration of PP nucleation germs. In
this scenario, crystallites are well distributed produc-
ing a final material characterized by a well homoge-
neous texture. Nevertheless, it is difficult to determine
whether the first PP germs nucleate, on particle sur-
faces or on particle steps. The heterogeneous nucle-
ation mechanism was first described in the literature
as a “nucleation at steps of limited length of the nu-
cleation particles where ditches in the latter can cause
prealignment of polymer chains” [25]. In order to ob-

serve the location of the first crystallites, optical micro-
scopic observations of PP crystallization were realized
(with an Olympus Provis microscope) on a large talc
flake, using the same parameters as in previous experi-
ences. We used talc from Brazil, which is characterized
by long, well stacked-up flakes (Fig. 10). For this ex-
perience, a 25-um thick pressed film of pure PP was
realized, placed on the talc lamellae and then melted at
523 K for 10 min. Isothermal crystallization was stud-
ied at 473 K, under the same conditions. Observations,
above plain polarized light, reveal a talc lamellae in
the polymer melt (Fig. 11a). In Fig. 11b, the polarizers
are crossed and the isotropic PP melt appears in black.
After 20 min, many crystallites appear as white spots,
and concentrate on talc lamellae surface (Fig. 11c). In
Fig. 11d, we can observe the difference in nuclei density
distribution between talc surface and polymer matrix:
the talc surface is entirely covered by polymer and no
specific crystallization directions are observed. After
1 h (Fig. 11e), the crystallization on talc surface seems
to have ended, while after 2 h, the matrix is still not
completely crystallized (Fig. 11f). This last figure also
shows a difference in PP crystallites size, which form
small spherulites on talc surfaces but large ones in the
matrix.

These results do not permit PP nuclei to be clearly
located on steps or defects of particles. Using a large
talc lamella, crystallites seem to appear everywhere on
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talc particles

Jum

Figure 9 Optical microscope images of isothermal crystallization for the nucleated PP with 0.5% Italia talc at =0 min (a), after 15 min crystalliza-
tion (b), 30 min (¢) and 50 min (d).

20 pm ——

Figure 10 SEM observation of talc from Brazil constituted by very long, perfectly stacked-up flakes.
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100pm

Figure 11 Optical microscope images of PP isothermal crystallization on a large flake of talc from Brazil under plain polarized light at # = 0 min (a) and
under crossed polarizers at ¢+ = 0 min (b) and after 20 min (c), 40 min (d), 1 h 15 min (e), 1 h 45 min (f).

particle surface and principally on the basal surface of
talc sheets. Previous results, showing a better talc-PP
than pyrophyllite-PP affinity for the first moments of
crystallization, involve the importance of the mineral
structural surface, the crystallographic parameters, sur-
face corrugation (in pyrophyllite) and chemical affinity
of mineral with PP. In this case, it is necessary to con-
sider the epitaxial relation between the mineral and the

PP crystallites as a fine structural relation between PP
chains alignment and surface of tetrahedral sheet of talc
and pyrophyllite.

3.6. PP-talc interface modelization
Previous studies on the importance of the substrate
during heterogeneous polymer nucleation took into
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Figure 12 Isotactic «-form of the PP structure. In this representation only the carbon helix is represented (a). Projection of the PP structure the (a, c)

plane and representation of the PP chains elongation (b).

account the importance of the similarity of crystallo-
graphic unit cell between polymer and substrate for
the epitaxial phenomenon [26]. X-Ray results, reported
here show that when talc is added to PP, crystallization
on talc particles has an epitaxial relationship character-
ized by a strong orientation of PP (increase of the (040)
reflection) to accommodate talc and PP cells. Micro-
scope observations reveal clearly that numerous PP nu-
clei appear everywhere on the talc surface. These results
are in accordance with the previously proposed mecha-
nism [26] whereby the crystallographic similarities are
considered as the principal condition for epitaxial rela-
tion. In our study, the similarity of the talc cell (in the
(a, b) plane) to the PP cell (in the (a, c) plane) could
induce PP crystallization at the talc surface with a pre-
ferred orientation (b* axis of PP merged with ¢* axis
of talc). This description can also be applied for the
pyrophyllite-PP relation, but in pyrophyllite the (a, b)
plane on tetrahedral surface sheets is corrugated. We
will now focus on the PP-talc interface, notably on the
modelization of the epitaxial phenomenon. The «PP
structure is represented by the carbon helix in the C/c
space group, as described by Natta and Corradini [27]
(Fig. 12a). The talc structure was reconstructed using
CaRlIne Crystallography 3.1 software, with the atomic
positions described by Perdikatsis [20]. The first repre-
sentation of the talc structure along the c* axis (Fig. 13a)
shows the octahedral sheet sandwiched between the two
tetrahedral sheets. The second representation shows the
structural surface of tetrahedral sheet on the (a, b) plane
(Fig. 13b), with the tetrahedral rotation angle o around
3.6°. In this ditrigonal representation, hydrogen atoms
are linked to oxygens of the octahedral sheet, inside the
hexagonal cavity. On the talc surface, oxygen atoms
which link the tetrahedra have four electronic orbitals:
two oriented towards the silicon atoms inside the two
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adjacent tetrahedra, and the other two toward the center
of two hexagonal rings at the exterior of the talc surface
(Fig. 14). The hexagonal rings in this case can be con-
sidered as electronegative sites, propitious to realize a
hydrogen bond with the methyl grouping of PP. Ac-
cording to the XRD results, when talc or pyrophyllite
is added to the polymer, PP crystallizes with a b*-axis
merged with the c*-axis of the mineral (Fig. 5). At the
talc-PP interface we can consider the matching of two
atomic planes:

— for talc, the basal oxygen plane at the surface of
tetrahedral sheet,

— for PP, the (010) atomic plane composed by car-
bon atoms, representing 2 carbons from 3 which
participate of CH3 groupings (Fig. 12b).

If those two planes are joined, it is possible to ob-
serve a fine structural relation between talc and PP
(Fig. 15). In our model, one every two methyl groups
from the (010) PP plane can be bonded by an oxygen
atom linking two tetrahedra, the other can be situated
on the hexagonal ring of talc, the more attractive site
on the talc surface, to form an hydrogen bond. This
structural relation is possible with only 3% accommo-
dation of PP cell on talc surface. An angle of around
15° between the a or b talc axis and an elongation chain
of PP (c*-axis) permit the fitting and can explain the
good relationship between talc and PP. It is possible to
understand the great efficiency of talc on PP as nucle-
ating agent or filler, with this model, and the difference
between talc and pyrophyllite. When talc is present in
PP, we suggest that during crystallization only a few PP
chains can align themselves on talc surface as proposed
in the model, thus causing the apparition of a nucleus
site on the mineral surface. The substrate can influence
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Figure 13 Talc structure reconstructed with the CaRlIne Crystallography 3.1 software along the ¢*-axis (a) and in the (a, b) plane (b).

Figure 14 Representation of oxygen molecular orbitals above the hexagonal ring on talc basal surface.

Figure 15 Modelization of the PP-talc interface, superposing (001) talc plane and the (010) PP plane.
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Figure 16 Comparison of the talc and pyrophyllite structures in the (a, b) plane (a) and along the c*-axis (b).

crystallites growth into a particular orientation (PP b*-
axis merged with talc c¢*-axis) which, together with a
nuclear density increase, will shorten the duration of
the crystallization process.

We show that pyrophyllite also causes PP to be ori-
ented, but that there is a difference in crystallization
temperature onset, attributed to a better talc-PP than
pyrophyllite-PP affinity during the beginning of crystal-
lization. This difference can be explained by the struc-
tural surface differences between the two minerals. Dif-
ferently from talc, the presence of a strong tetrahedra
rotation on the (a, b) plane (Fig. 16a) and of a corruga-
tion on the pyrophyllite surface (Fig. 16b) can interfere
with the alignment of the first PP chains on the pyro-
phyllite surface, inducing a lower starting crystalliza-
tion temperature. Accommodation of PP on the pyro-
phyllite surface is possible, but with a greater distortion
than in the case of talc. Once the joining is realized, the
crystallization phenomenon can take place, as is the
case for talc, with a great orientation.

4. Conclusions

In polymer industrial applications, talc in polypropy-
lene has proved to be particularly efficient on thermal
and mechanical properties of the resulting compound.
On one hand, talc addition to a polymer causes a rising
of PP crystallization temperature, on the other hand, it
induces an oriented crystallization of PP. The efficiency
of different talc samples with varied physical charac-
teristics (particles size distribution and BET specific
surface area) were compared to pyrophyllite samples.
These present a structure similar to that of talc but with
distortions on their surfaces. Talc samples were also
compared to two organic nucleating agents (o and S
nucleating agents). Our study showed that the princi-
pal parameter controlling the efficiency of talc addition
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in increasing the starting crystallization temperature is
its particles size distribution. Independently of parti-
cle size dsg or BET specific surface area, in addition,
talc revealed more efficient than pyrophyllite, showing
a better affinity with PP than pyrophyllite at the onset
of crystallization. The orientation phenomena due to
these additions of these minerals were studied on PP
nucleated pressed films by X-ray analyses. Addition of
talc or pyrophyllite induces an increase of the (040)
reflection and the decrease of the (110) reflection. In
this orientation, the c*-axis of talc or pyrophyllite is
merged with the PP b*-axis, which is a characteristic
phenomenon of an epitaxial growth of PP crystallites on
the mineral crystallographic surface. Microscope ob-
servations clearly showed an increase of nuclei density
when talc is added to PP as a nucleating agent. PP crys-
tallization observations on a large talc flake revealed
that nuclei appear everywhere on the talc surface, in-
volving the role of substrate and more particularly of
the crystallographic structure on talc surface. A PP-talc
interface structure modelization is proposed involving
the matching of (001) talc plane and the (010) PP plane.
The proposed model envisages a 15° angle between PP
chains elongation and the mineral crystallographic di-
rections, with only 3% of accommodation of the PP cell
on the talc one. In this representation, we suggest the
presence of hexagonal rings on tetrahedral talc sheet,
in order to form hydrogen bonds with the PP methyl
groupings. With this representation, differences of ef-
ficiency observed between talc and pyrophyllite can
be explained. More distortions on pyrophyllite surface
could interfere the alignment of chains on the mineral
surface, inducing a lower efficiency of pyrophyllite on
the increase of starting crystallization temperature than
for talc, but when the matching of first chains is re-
alized, the epitaxial crystallization can induce as for
talc, a particular orientation. In our study we focused



on physical parameters controlling the efficiency of talc
and differences observed with pyrophyllite. All results
bring us to take into account the talc surface structure
to propose an interface model. This modelization could
permit to better understand the efficiency of talc on PP
properties and anticipate the lower efficiency of others
lamellar minerals as pyrophyllite, micas.
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