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Comparative analysis of crystallization
behavior induced by different mineral
fillers in polypropylene nanocomposites

Luciana A. Castillo1 and Silvia E. Barbosa2

Abstract
A comparative analysis of crystallization behavior induced by several mineral fillers in polypropylene nanocomposites was
performed. Morphological changes and thermal properties of nanocomposites were evaluated, considering the influence
of shape, crystalline morphology, and concentration of mineral particles. For this study, hydrated magnesium silicates with
different particle morphologies, such as platelets (talc) and fibers (sepiolite), were used for nanocomposites. In addition, to
analyze the effect of mineral crystallinity on nanocomposites, talc and sepiolite from different origin and genesis were
selected. Nanocomposites were compounded and injection molded, using different filler concentration (0, 1, and 3% w/w)
for each mineral particle. To evaluate the particle influence on nanocomposite crystallinity, X-ray diffraction was used to
determine crystalline phases and crystal orientation, meanwhile differential scanning calorimetry was performed to obtain
thermal properties. Main results revealed that talc has a higher nucleating effect on polypropylene matrix than sepiolite
fibers, regardless of their origin and genesis. Meanwhile, a transcrystalline layer that surrounds the fiber surface is
observed for nanocomposite containing sepiolite. Moreover, Argentinean talc induces different crystalline phases in
nanocomposite with respect to Australian one, which partly influences on mechanical properties.
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Introduction

Mineral nanoparticles are widely used in polymer matrix to

enhance some mechanical properties, barrier resistance,

flame retardancy, and electrical and optical properties, add-

ing only a small particle concentration.1 These improved

properties are consequence of the intrinsic particles and

polymer characteristics as well as of the morphological

changes induced by them in the matrix. When mineral

nanofillers are incorporated to a semicrystalline polymer

matrix, like polypropylene (PP), final crystalline morphol-

ogy is influenced not only by particle characteristics but

also by nanocomposite processing.2 Particles contribute to

the orientation of polymer chains and some of them have

the capability of being nucleating agents.3,4 This peculiar

feature proceeds from the specific physicochemical inter-

actions between mineral particles and the polymer matrix

1Departamento de Ingenieŕıa Quı́mica, Universidad Nacional del Sur, Av.

Alem 1253, 8000, Bahı́a Blanca, Argentina
2 Planta Piloto de Ingenierı́a Quı́mica (UNS-CONICET), Bahia Blanca,

Buenos Aires, Argentina

Corresponding author:

Silvia Barbosa, Planta Piloto de Ingenierı́a Quı́mica (UNS-CONICET),

Camino La Carrindanga km. 7, 8000 Bahia Blanca, Buenos Aires,

Argentina.

Email: sbarbosa@plapiqui.edu.ar

Nanomaterials and Nanotechnology
Volume 10: 1–12

ª The Author(s) 2020
DOI: 10.1177/1847980420922752

journals.sagepub.com/home/nax

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License

(https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work without

further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/

open-access-at-sage).

https://orcid.org/0000-0002-0434-0972
https://orcid.org/0000-0002-0434-0972
mailto:sbarbosa@plapiqui.edu.ar
https://doi.org/10.1177/1847980420922752
http://journals.sagepub.com/home/nax
https://creativecommons.org/licenses/by/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1847980420922752&domain=pdf&date_stamp=2020-06-04


that promote epitaxial crystallization. However, nucleating

capability of these particles depends on mineral-forming

processes. Since different geological mechanisms were

involved in mineral occurrence, every deposit is unique

with respect to chemistry and morphology of particles.5

In this sense, intrinsic mineral characteristics mostly

depend on the physicochemical conditions that prevailed

during the genesis of these materials in natural environ-

ments. Particularly, talc mineral, even though its laminar

morphology, can present different crystalline character

(micro- and macrocrystalline), depending on its genesis.

Microcrystalline talcs contain heterogeneous stack of small

and irregular platelets, meanwhile macrocrystalline ones

have long, well-defined, and stacked-up platelets. These

morphologies determine the size of individual talc platelets

which can vary from approximately 1 mm to over 100 mm.6

Moreover, new mineral phases occurred from preexisting

ones during geological talc formation, which explain the

presence of associated minerals in worldwide deposits. In

this sense, chemical and structural parameters of talc

particles are indicative of its origin and crystallization con-

ditions. For this reason, talc ores differ in chemical com-

position, morphology, associated minerals, whiteness, and

other properties.

Considering the close relationship between genesis and

mineral intrinsic characteristics, Castillo et al.7 studied the

influence of particle morphology on thermal and mechan-

ical properties of PP/talc nanocomposites. They demon-

strated that talc crystalline morphology has a notable

effect on final nanocomposite performance since macro-

crystalline talc shows a better interfacial interaction with

PP than microcrystalline one. This behavior proceeds from

the formation of a thicker PP crystal on macrocrystalline

particles which allows supporting higher stress than micro-

crystalline talc-PP composites. On the other hand, the effi-

ciency of mineral particles as nucleating agents for PP was

analyzed considering talc and pyrophyllite, which corre-

spond to the same phyllosilicate family and present similar

properties.4 It was proved that talc is an efficient filler due

to its influence on thermal and mechanical behavior of PP-

based composites. However, even though pyrophyllite pre-

sents a similar structure as talc, the first mineral has a lower

efficiency as nucleating agent for PP matrix than talc. This

finding could be explained by the presence of distortions on

pyrophyllite surface that interfere chain alignment on these

mineral particles.

Of particular interest is the transcrystallization beha-

vior of PP observed on fiber-filled nanocomposites,8

where crystals nucleation occurs along the fiber surface.

In this case, crystals grow in the normal direction to fiber

surface, different from the radial direction of spherulites

in bulk polymer. Generally, transcrystalline layer favors

interfacial adhesion between the fibers and the polymer,

leading to a significant improvement in some mechanical

properties, such as longitudinal ultimate strength and

modulus.9 Transcrystallization of PP nanocomposites

filled with glass fibers,10–12 carbonaceous fibers,13,14

and natural fibers15–18 has been widely studied. However,

transcrystallization is highly dependent on surface

properties and topography as well as chemical composi-

tion of fibers.8

PP nanocomposites have wide industrial applications,

especially in automotive, construction, and packaging

fields. This is possible to the beneficial combination of

lightweight, high mechanical strength, good thermal resis-

tance, and high gas barrier. Every final application has

specific requirements, which must be satisfied by intrinsic

characteristics and properties of nanocomposites. As a

consequence, these materials must be tailored in terms

of achieving the final specifications. In this sense, it is

crucial to design the nanocomposite microstructure since

it will determine the material properties. As it was afore-

mentioned, fillers influence notably on crystalline mor-

phology of PP nanocomposites. Thus, it is important to

analyze the effect of several mineral fillers with different

particle morphology and concentrations on nanocompo-

site microstructure. This allows to determine the type of

crystalline phases, the amount of crystals, the occurrence

of several crystalline populations, the efficiency of parti-

cle nucleating capability, and the existence of saturation

phenomenon in crystal development. Despite these

aspects are important on nanocomposites final properties,

the influence of laminar and fibrous particles on PP mor-

phological changes has been scarcely investigated in the

literature.

The aim of this work is to analyze comparatively the

crystallization behavior induced by several mineral nano-

fillers in PP nanocomposites. In this sense, hydrated mag-

nesium silicates with different particle morphologies, such

as talc (platelets) and sepiolite (fibers), were considered for

this study. Moreover, to evaluate the influence of each

mineral crystallinity, talc from Australia and Argentina

(with different origin and genesis) as well as sepiolite from

Spain and Argentina were used. For all chosen mineral

particles, nanocomposites were compounded and injection

molded, using different filler concentration (0, 1, and 3%
w/w). To evaluate the influence on nanocomposite crystal-

linity, X-ray diffraction was used to determine crystalline

phases and crystal orientation, meanwhile differential scan-

ning calorimetry was performed to analyze the presence of

crystalline populations as well as the size and perfection of

PP crystals. The study of crystallization behavior induced

by mineral fillers in PP nanocomposites is crucial to under-

stand the final morphology in terms of tailoring properties

according to a specific application.

Materials and methods

Materials

Commercial PP, from Petrocuyo Argentina, was used as

the polymer matrix (melt flow index: 1.8 g/10 min;
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weight-average molecular weight (Mw): 303,000 g mol�1;

Mw/number-average molecular weight: 4.45). To improve

the compounding with nanoparticles, PP pellets were

reduced by a plastic grinder mill, obtaining particles with

an average diameter of 1700 mm. Two talc samples, sup-

plied by Dolomita S.A.I.C, with different geological gen-

esis were used such as Australian talc (TA) with a purity

degree of 98% and Argentinean talc (TS) containing up to

15% w/w of associated minerals. Also, two sepiolite sam-

ples with different geological genesis were employed: one

from Spain (ST), supplied by Tolsa S.A. with high purity

(98%), and the other from Argentine (SA) with up to 10%
of associated minerals (mainly carbonates). The last sam-

ple is not a commercial product. Average particle size

(d50) as well as talc platelet thickness and fiber diameter

for the chosen mineral particles are reported in Table 1.

Nanocomposites processing and characterization

Nanocomposites were compounded by melt extrusion in a

Goettfert counter-rotating twin-screw extruder (D ¼ 30

mm, L/D ¼ 25) with a cylindrical die (1 mm) and a screw

speed of 30 r/min. Barrel temperature profile from hopper

to die was 170�C–190�C–200�C–210�C–220�C, and it was

held constant during compounding. After extrusion, nano-

composites were cooled by passing them through a water

bath and finally pelletized. For all mineral particles, nano-

composites were prepared with concentrations of 1% and

3% w/w and were named as PP (Particle concentration)

(Type of particle), that is, PP1TA is a nanocomposite with

1% w/w of Australian talc.

Nanocomposite specimens were prepared by injection

molding in a Fluidmec 60 T machine (D ¼ 40 mm,

L/D ¼ 19) with a dog-bone shape. Injection temperature pro-

file from hopper to nozzle was 165�C–190�C–195�C–210�C.

Mineral morphology as well as particle dispersion and

distribution in nanocomposites were studied by scanning

electron microscopy (SEM) in a LEO EVO 40 XVP-EDS

Oxford X-Max 50 (CONICET, Bahı́a Blanca) electron

microscope, with a secondary electron detector. In the first

case, micrographs were performed directly onto gold-

coated particles. In the second one, images were taken onto

several points of cryofractured gold-coated nanocomposite

samples.

Thermal behavior of PP and nanocomposites injected

samples was assessed by differential scanning calorimetry

(DSC) under dynamic conditions using a TA Instruments

Discovery DSC (CONICET, Bahı́a Blanca). Tests were

carried out under nitrogen atmosphere at a heating/cool-

ing rate of 10�C min�1, between 30�C and 200�C. Ther-

mal routine includes: (i) a first heating step up to 200�C
reaching a complete melting, (ii) an isothermal step at

200�C for 3 min, (iii) a cooling step up to 30�C, (iv) an

isothermal step at this temperature for 3 min, and (iv) a

second heating step up to 200�C.

Crystalline morphology of all particles and injected

samples were analyzed by X-ray diffraction (XRD). A

Philips (CONICET, Bahı́a Blanca) PW1710 X-ray dif-

fractometer was used, provided with a graphite curve

monochromator, a copper anode, and a detector operating

at 45 kV and 30 mA. For PP and nanocomposites, diffrac-

tograms were taken directly on the surface of injected

specimens to analyze the induced crystalline phases by

both particles and processing. Two kinds of spectra were

acquired by placing the sample holder in a parallel and

perpendicular direction with respect to the X-ray beam

direction. In all cases, the sample holder direction matches

with specimen injection direction. Five spectra for each

sample in each direction were performed to verify the

repeatability of the applied technique.

Results and discussion

To study the influence of sepiolite and talc on PP crystal-

lization, firstly a structural characterization of these

mineral particles was performed by XRD. Figure 1 shows

diffraction patterns for sepiolite and talc nanoparticles. In

sepiolite diffractograms, a strong peak is found at 2q ¼
7.32�, which corresponds to (110) reflection. This signal

is characteristic of particle minerals with a layered two-

Table 1. Particle size measurements of considered mineral
particles.

Mineral
particle Particle size

ST d50 ¼ 5.73 + 1.75 mm Fiber diameter: 33 + 14 nm
SA d50 ¼ 5.38 + 2.90 mm Fiber diameter: 75 + 13 nm
TA d50 ¼ 4.53 + 1.65 mm Platelet thickness: 79 + 16 nm
TS d50 ¼ 5.86 + 3.59 mm Platelet thickness: 92 + 15 nm

TA: Australian talc; TS: Argentinean talc; SA: Argentine; ST: Spain.

Figure 1. XRD spectra of sepiolite and talc nanoparticles. XRD:
X-ray diffraction.
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dimensional lattice structure, and it is observed for Spanish

and Argentinean sepiolite. The 2q position of this peak

coincides with that of the pristine fibrous mineral.19–23 Par-

ticularly, (110) crystallographic plane corresponds to zeo-

litic pores inside sepiolite fibers.24 In the case of

Argentinean mineral (SA), main reflections are shown at

12.1, 4.5, and 3.37 Å, whose intensities revealed a notable

crystalline development25 compared to Spanish sepiolite

(ST). The presence of associated minerals such as dolomite

(D) and calcite (C) comes from the SA emplaced within

dolomitic rock bodies.

Regarding talc, Australian and Argentinean minerals

contain typical reflections of this laminar phyllosilicate

such as those related to (002), (004), and (006) basal planes

at 2q¼ 9.54, 19.06, and 28.70� corresponding to 9.32, 4.68,

and 3.12 Å, respectively. Argentinean talc (TS) has a lower

purity degree than Australian one (TA), which can be

appreciated by the number and peak intensity of associated

minerals in TS spectra (Figure 1). TA showed the presence

of a low-intensity peak at 2q ¼ 30.92� associated to D,

meanwhile TS contains magnesite (Mg) and chlorite

(Ch), besides D. Regardless of the impurities present, TS

seems to have higher crystallinity than TA which can be

estimated by the maximum intensity of (002) talc reflec-

tion. To quantify the crystalline character of talc samples, a

morphology index (MI) was determined considering the

intensity of (004) and (020) XRD peaks.26 This index can

vary from 0 (for 100% microcrystalline samples) to 1 (for

100% macrocrystalline ones). McCarthy et al.27 found that

MI varied from 0.98 for highly macrocrystalline and platy

Vermont talc to 0.45 for microcrystalline Montana ore.

Particularly, MI values for talc samples considered in this

work are 0.83 for TS and 0.45 for TA. These results reveal

the predominant macrocrystalline morphology of TS and

the microcrystalline character of TA.

Morphological characterization of sepiolite and talc par-

ticles by SEM confirms the observations previously done

by XRD. Figure 2 shows micrographs of all considered

mineral particles. Both sepiolite samples show the charac-

teristic fibrous morphology, however Argentinean mineral

presents a peculiar feature related to its high crystalline

development. This is corroborated by the presence of long,

thin, and elastic acicular particles. Moreover, nanofiber

agglomerates are observed as a consequence of the colli-

sion and sticking of small fibers that previously were dis-

aggregated from bundles. Impurities are revealed by the

presence of laminar particles (marked on Figure 2) which

agree with the characteristic morphology of carbonates

detected by XRD (Figure 1). In the case of ST, no individ-

ual needle-like particles are distinguished, instead there are

agglomerates, the sizes of which are much bigger than

those observed for SA.

Even though talc is a magnesium phyllosilicate as sepio-

lite, its morphology is very different from the needle-

shaped sepiolite particles, as it can be observed in Figure 2.

Both talc samples present a laminar morphology,

regardless of their origin. However, crystalline character

of TA and TS are very distinct, mainly given by the shape

and size of their platelets. Microcrystalline character of TA

is revealed by the presence of small, thin, and irregular

platelets. Even though some rounded and pseudo-

spherical aggregates are observed, they have the tendency

to break and be reduced to individual small platelets at the

slightest touch. On the other hand, TS is characterized by

blocks having flatter and thicker particles with abrupt and

well-defined borders, being characteristic aspects of

macrocrystalline talc.

Structural and morphological characterization of sepio-

lite and talc particles revealed differences in their micro-

scopical shape and crystalline morphology. To analyze the

influence of these particles on PP nanocomposites mor-

phology, both crystalline phases and their orientation were

analyzed by X-ray diffraction. Spectra were taken in par-

allel and perpendicular directions with respect to X-ray

beam, with sample holder always coinciding with specimen

injection direction in order to assess crystal orientation in

two dimensions. Figure 3 shows diffractograms, at parallel

and perpendicular directions, corresponding to PP and

nanocomposites containing 1% and 3% w/w of each con-

sidered mineral particles. In both directions, PP spectra

contain reflections of a phase, characterized by the pres-

ence of (110), (040), (130), (111), (041), and (060)

planes,28–30 as well as a peak corresponding to b phase

assigned to (300) plane. It is important to note that,

although PP presents the same crystalline phases, the inten-

sity of these reflections in parallel direction is more intense

than in perpendicular one (Figure 3(a) and (b)). This result

agrees with macromolecular chains orientation along the

injection direction. As expected for this kind of samples,

a specific crystal orientation is induced in parallel direc-

tion, coinciding with injection flow.31

The influence of 1% w/w incorporation of each mineral

particle on PP crystalline structure can be evaluated from

spectra presented in Figures 3(a) (parallel direction) and

(b) (perpendicular direction). For nanocomposites con-

taining sepiolite, mineral particle peaks are practically

indistinguishable, but clear and defined a PP signals are

present in both directions. On the opposite, mineral reflec-

tions in PP/talc nanocomposites are clearly distinguished

even though this is not expected due to the low particle

concentration. This behavior can be explained in terms of

mineral morphology since sepiolite particles are fibers,

meanwhile talc is composed of platelets. Despite both

minerals are preferentially oriented by injection molding

flow in nanocomposite specimens,32 talc is more probable

to be detected by X-ray. Talc platelets are oriented with

their basal surfaces parallel to specimen one,33 exposing a

bigger surface than sepiolite fibers to X-ray beam (even

for both analyzed directions). Regarding PP/sepiolite

nanocomposites, all reflections of a PP present different

maximum intensities, depending on the sepiolite type and

particle orientation. In the perpendicular direction, ST has
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similar peak intensity values than PP, indicating a low

influence of these particles on PP crystallization. How-

ever, SA presents a higher signal maximum intensity than

ST in perpendicular direction. This behavior is in accor-

dance with differences in sepiolite crystalline morphology

and PP crystals growth from nanofiber surfaces. On the

Figure 2. (a to h) SEM micrographs of sepiolite and talc nanoparticles. SEM: scanning electron microscopy.
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opposite, in parallel direction, the preferential orientation

of PP crystals in sepiolite nanocomposites (given by

maximum intensity comparison) is much lesser than in

pure PP, independently of sepiolite type. These results are

in agreement with the hypothesis of a “sort of sheathing”

of PP crystals growing perpendicular to fiber axis, which

is consistent with transcrystalline morphology.34,35 On the

other hand, b phase previously found in PP spectrum at

approximately 2q ¼ 16� was not detected in sepiolite

nanocomposites, neither along the injection direction nor

perpendicular to it. Moreover, there is no evidence of

reflections at around 2q ¼ 20� corresponding to the

characteristic (117) plane for g PP, indicating that the

addition of sepiolite does not induce this crystalline phase

in nanocomposites. These results are in agreement with

those reported by Manchanda et al.36 for the same

nanocomposites.

The dependence of peak maximum intensities with

sepiolite type and particle orientation is conserved when

fiber concentration (3% w/w) is increased (Figure 3(c) and

(d)). However, some differences can be found with particle

concentration since signals corresponding to sepiolite can

be lightly distinguished, as expected. Moreover, sepiolite

contribution to PP crystallization in perpendicular direction

is similar for ST and SA, evidencing that concentration

contribution is more relatively important than sepiolite

type. In parallel direction, although maximum intensity in

nanocomposites is lower than in PP, sepiolite type seems to

induce different orientation since peak maximum intensity

changed. This can be explained by the influence of crystal-

lization morphology of sepiolite.

For nanocomposites containing 1% w/w talc, spectra in

both directions (Figure 3(a) and (b), respectively)

revealed the presence of well-defined mineral signals,

corresponding to (002), (004), and (006) basal planes, and

reflections associated to a and b PP crystals. It is impor-

tant to note that, regardless of the analysis direction, the

intensity of (040) reflection is much higher than (110)

one. Moreover, the intensity of both reflections is much

higher than those in PP and sepiolite nanocomposites

Figure 3. XRD spectra of PP and nanocomposites containing sepiolite or talc particles. (a) 1% w/w-perpendicular direction ( ⊥ ), (b) 1%
w/w-parallel direction ( // ), (c) 3% w/w-perpendicular direction ( ⊥ ), and (d) 3% w/w-parallel direction ( // ). XRD: X-Ray diffraction; PP:
polypropylene.
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spectra. This behavior proceeds from the strong nucleat-

ing capability of talc with respect to PP crystallization, as

well as particle orientation aligned to the flow direc-

tion.4,37,38 Previous works have demonstrated that there

is a crystallographic matching between a PP and talc pla-

telets, since PP tends to crystallize with a, c planes lying in

a, b planes of talc, that it gives the nucleating character to

this mineral.7,39–41 Thus, oriented PP crystals showed a

relative increase of (040) diffraction intensity, being a

combined contribution of processing operation on chains

and particles orientation as well as crystal nucleation

induced by talc particles. Analyzing the influence of talc

crystalline morphology, it can be observed that macro-

crystalline talc (TS) allows conserving b phase previously

detected in PP, different from microcrystalline talc (TA).

This could be related with the size and shape of TS plate-

lets, meanwhile TA acts as inhibitor of b PP, as it was

reported previously.42,43 It is important to highlight that a
and b phases induce different mechanical properties on PP

nanocomposites.44 The presence of b phase has been

reported to induce higher strength and elongation at break

than a phase.45,46 As a consequence, the induced crystal-

line structure by TS could bring a different mechanical

performance in nanocomposites than TA.

The influence of talc concentration (3% w/w) on PP

crystallization can be observed in Figures 3(c) and (d). It

is observed that the induction of a and b crystalline phase

is conserved (for both directions) when TS concentration is

increased (Figure 3(a)). In parallel and perpendicular direc-

tions, a higher crystal orientation parallel to (040) is found

in nanocomposite containing TS compared to those filled

with TA. Also, a notable increase of (110) intensity for

nanocomposite containing 3% w/w TS is observed in per-

pendicular direction. This behavior could be related to a

“saturation phenomena” since the number of nucleation

sites does not increase anymore, even though talc concen-

tration continues to increase. As a consequence, particles

start to impinge on each other, which avoids crystal nuclea-

tion on their surfaces. This phenomenon is reflected on

crystal orientation since the amount of crystals to be

oriented is lower than that at a concentration lower than

the saturation one. These observations are in agreement

with previous results obtained by Rybnikar.38

Morphological characterization of all nanocomposites is

included in Figure 4. SEM micrographs of nanocomposites

containing ST reveal the presence of fiber aggregates

(marked in Figure 4), indicating that the dispersion was

not totally effective. These aggregates have similar sizes

Figure 4. SEM micrographs of PP nanocomposites: (a) PP1ST, (b) PP1SA, (c) PP1TA, and (d) PP1TS. SEM: scanning electron micro-
scopy; PP: polypropylene; TA: Australian talc; TS: Argentinean talc; SA: Argentine; ST: Spain.
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(4–8 mm) than those corresponding to particles in sepiolite

mineral (Figure 2). However, a good matrix–fiber adhesion

is evident since no fracture lines are observed at the inter-

face and also no voids are present. The proper compatibility

between PP and sepiolite was already detected by Acosta

et al.35 Even though neither ST nor SA was previously

surface treated, this proper compatibility could be

explained in terms of the high surface area of sepiolite

fibers, as it was reported in a previous work.24 Nanocom-

posites with SA particles present a morphology very dif-

ferent from those containing ST. As a consequence of its

high crystalline development, SA appears as individual

fibers which are embedded in PP, observing them as little

bright pots within the matrix.

For PP/talc nanocomposites, differences in particle size

are detected between nanocomposites containing TA and

TS minerals, respectively. Despite both talc samples hav-

ing the same initial mean particle size, TS embedded in PP

matrix are bigger than TA ones. This observation pro-

ceeds from particle crystalline morphology, which is asso-

ciated to geological processes that occurred during the

origin of mineral deposit. Regarding TA, characteristic

rounded aggregates (Figure 2) are vulnerable to be broken

due to particle–particle friction and high shear fields dur-

ing nanocomposite processing. For this reason, the result-

ing nanocomposites contain small and thin particles

distributed along the polymeric matrix. On the other hand,

in nanocomposites containing TS, particles nearly pre-

served their original size and shape. In this case, long and

big platelets, corresponding to macrocrystalline morphol-

ogy, are not almost altered by the processing. Another

relevant characteristic to highlight is the proper talc-PP

adhesion, even though no surface treatment on mineral

particles was previously applied. Moreover, particle pre-

ferential orientation is observed for both PP/talc nano-

composites as a consequence of laminar morphology of

mineral particles and processing. Even though it is more

evident in nanocomposites containing TS due to its

macrocrystalline character, both particles are oriented in

the flow direction during injection molding, as it was

reported by a previous work.47 This particle orientation

is partially responsible for PP crystal orientation observed

previously by XRD (Figure 3).

The study of crystallization behavior of PP nanocompo-

sites was completed by performing a systematic thermal

analysis, following the routine described in the experimen-

tal section. Results of each step of this thermal routine

provide different and complementary information. In the

first step, injected samples were heated to complete melt-

ing, giving information of crystalline morphology induced

by particle presence and processing. The second step

involves a controlled dynamic cooling which allows only

to analyze the particle influence on PP crystallization.

Thermal routine is completed with the analysis of melting

behavior (third step) of previously cooled samples. It is

important to note that, in the last two steps, processing

influence cannot be detected on crystal morphology since

thermal history was deleted and samples were crystallized

under the same and controlled conditions.

Figure 5 shows melting thermograms corresponding to

the first heating of PP and nanocomposites with 1% w/w

(Figure 5(a)) and 3% w/w (Figure 5(b)) of talc and sepiolite

particles. Fillers influence on crystalline morphology of

injected samples is different, even for the same filler type.

This induction changes with particle concentration, as it is

expected and agreeing with the above XRD analysis. From

Figure 5(a) it can be observed that both PP/talc nanocom-

posites have similar thermograms. However, Argentinean

talc (TS) induces higher amount of PP crystals than Aus-

tralian one (TA) because of its macrocrystalline character.7

This tendency is similar regardless of talc concentration

(Figure 5(b)). However, the influence of sepiolite particles

Figure 5. Thermograms corresponding to the first heating of PP and nanocomposites containing sepiolite or talc particles: (a) 1% and
(b) 3% w/w. PP: polypropylene.
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is very different on the crystallization behavior of nano-

composite injected samples. Sepiolite containing long

nanofibers (SA) generates bigger and more perfect crystals

than ST, as well as, than TA and TS talc (Figure 5(a)).

Table 2 lists values corresponding to melting peak tem-

perature (Tpeak) and offset (Toffset) ones for the first and

second heating of all injected samples. Considering nano-

composites containing 1% w/w filler, the incorporation of

SA slightly increases Tpeak. Moreover, offset temperature,

which is defined as the intersection of the tangent of peak at

melting finalization with the extrapolated baseline, is also

the highest for PP1SA. These observations could be

explained from a higher induction of big crystals growing

around the long fibers (SA), which leads to higher Tpeak and

Toffset values. Besides, this crystalline development is

oriented perpendicular to fibers (preferentially aligned in

the injection direction). For PP3SA nanocomposites, melt-

ing and offset temperatures are lower compared to those

corresponding to PP1SA (Table 2). This observation indi-

cates the presence of smaller and more imperfect crystals

that could be related to a “saturation phenomenon.” Since

SA contains long and thin fibers but also agglomerates

(Figure 2), when its concentration increases, it is more

probable that particles and agglomerates get even closer.

Consequently, this affects the size and shape of crystal

development on sepiolite surface.

Crystallization behavior of PP and nanocomposites

under controlled cooling rate is shown in Figure 6. Nano-

composites containing sepiolite do not evidence a notable

difference in crystallization temperature (Tc) with respect

to PP, regardless of particle morphology nor concentration.

This result shows that sepiolite does not promote efficiently

PP crystallization. On the opposite, talc incorporation

favors the beginning of crystals development at higher tem-

peratures than PP, for both studied particle concentrations.

Moreover, talc morphology influences notably on Tc, evi-

dencing a higher nucleating capability than sepiolite parti-

cles for PP crystallization. In this sense, nanocomposites

with Australian talc (TA) show higher Tc than those con-

taining Argentinean one (TS). This behavior could be asso-

ciated to small and irregular platelets typical of

microcrystalline talc. They offer more active sites to nucle-

ate crystals than macrocrystalline particles.

Melting behavior of PP and nanocomposites previously

cooled at controlled rate is presented in Figure 7. It can be

observed that Tpeak of nanocomposites is higher than the

corresponding to PP, for all considered particles and concen-

trations. This result indicates that the presence of bigger and

more perfect crystals which are induced by particle incor-

poration, compared to those developed in neat PP. Filler type

and morphology as well as particle concentration influence

on crystalline morphology of injected samples. Nanocompo-

sites containing sepiolite show a gradual increase of the

melting onset, regardless of the particle morphology or con-

centration. However, two different slopes are observed in the

onset behavior for PP/talc samples. These results evidenced

differences in crystalline populations between nanocompo-

sites containing sepiolite and talc particles. The gradual

increasing slope on onset melting in PP/sepiolite nanocom-

posites revealed a broad distribution of crystallites sizes.

Meanwhile, nanocomposites containing talc particles

(regardless of their morphology) present a population of

smaller crystals with varying size, but also a defined popu-

lation of bigger crystals. This observation is evidenced for 1

and 3% w/w talc concentration, which it seems to be inher-

ent to the laminar morphology of talc particles with respect

to the acicular shape of sepiolite fibers. The influence of

particle morphology on Tpeak is more evident in PP/sepiolite

than in PP/talc nanocomposites. Argentinean sepiolite (SA)

presents a higher Tpeak and Toffset compared to ST, which is

in agreement with the bigger crystal development on long

fibers. This is observed mainly at 1% w/w since the satura-

tion phenomenon was previously evidenced at 3% w/w.

With respect to nanocomposites with 1% w/w talc, Toffset

is similar between those containing macro- and microcrys-

talline particles. For injected samples with 3% w/w particles,

Toffset presents slight differences for nanocomposites having

talc and sepiolite. This observation could be related to a

“saturation phenomenon” where the presence of particles

at a certain concentration represents a limitation since crys-

tals start to impinge among themselves.

Conclusions

Crystallization behavior induced in PP nanocomposites by

two different mineral fillers with two morphologies was

analyzed. Different particle shapes such as laminar (talc)

and fibrous (sepiolite) were considered for this study. Addi-

tionally, the influence of particle origin and genesis on PP

crystallization was studied using microcrystalline and

macrocrystalline talc and sepiolite of high and low crystal-

line development. Among the studied mineral particles,

macrocrystalline talc was the only one that allowed conser-

ving b phase present in PP. Talc particles induced a higher

Table 2. Characteristic temperatures (onset, Tpeak, and Toffset)
determined from first and second heating for PP and
nanocomposites.

First heating Second heating

Tpeak (�C) Toffset (�C) Tpeak (�C) Toffset (�C)

PP 167.25 171.73 163.85 169.89
PP1ST 167.50 171.75 165.45 171.20
PP3ST 168.12 172.48 166.56 171.96
PP1SA 167.95 173.21 166.15 172.28
PP3SA 166.03 172.01 165.86 171.62
PP1TA 166.81 172.32 165.65 171.27
PP3TA 167.52 169.23 165.61 171.79
PP1TS 166.74 172.36 165.58 171.05
PP3TS 168.05 172.19 165.46 170.95

PP: polypropylene; Tpeak: melting peak temperature; Toffset: offset
temperature.
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preferential orientation of PP crystals in nanocomposites

than sepiolite as a consequence of their laminar morphol-

ogy. Also, talc particles are better nucleating agents than

sepiolite due to the crystallographic matching between PP

and talc platelets. Sepiolite fibers mainly induced crystal-

lization around them (transcrystallinity). The performed

analysis allows to select the most appropriate particle mor-

phology to tailor nanocomposite properties according to a

specific application. This claim proceeds from the strong

influence of particle morphology on several aspects of PP

crystallization.
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