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ABSTRACT: The effect of maleic-anhydride-grafted polypropylene compatibil-
izer on the crystallization behavior of two isotactic polypropylene homopolymers is
experimentally investigated under both quiescent and shear flow conditions. A
traditional combination of optical microscopy and calorimetric techniques is used
to quantify crystal nucleation and growth rates and suggests a minute increase in
nucleation density when the compatibilizer is added. The flow properties of these
systems are assessed by means of oscillatory shear rheometry. The altered flow
characteristics can be explained based on the molecular weight distribution of the
individual blend components, and no influence of maleic anhydride incorporation
on the rheological properties is found. While the addition of a small amount of this
compatibilizer thus leads to only a slight acceleration of the crystallization kinetics in quiescent conditions, it markedly enhances the
crystallization rate when a mild (and strong) shear flow is applied. In the latter case, the resulting morphology and crystal
modification are considerably different as compared to crystallization conditions without the presence of flow; in addition to having
significantly faster flow-induced crystallization kinetics (I), when the system contains maleic anhydride compatibilization, the
formation of oriented structures is hindered (II), and the appearance of the β-modification is suppressed (III) with respect to the
homopolymers, which in turn affects the mechanical properties of the material. This result highlights the importance of
understanding the crystallization kinetics under processing relevant conditions in order to get a step closer toward full control over
the crystallizing microstructure and the subsequent mechanical performance of polyolefin-based composites.

■ INTRODUCTION
Maleic-anhydride-grafted polypropylenes are widely used to
compatibilize glass-fiber-reinforced polypropylene compo-
sites1−4 as well as thermoplastic blends5−7 and (partially)
biobased composites.6,8−11 With increasing demand for high-
end applications and the global strive toward full recyclability
of polyolefins, compatibilization of such materials has regained
the interest of both academia12,13 and industry.14 Although
several synthetic functionalization pathways are well-stud-
ied,5,15−24 the subsequent effect on the bulk crystallization of
isotactic polypropylene (iPP) is still underexposed; under
quiescent conditions, Cho et al. observed a slight increase in
the crystallization temperature and thus in the non-isothermal
crystallization kinetics above a critical grafting content.25

However, in particular, under processing relevant conditions,
the literature on crystallization and morphology development
of compatibilized polypropylene is still void.
Already in the early days of glass-fiber-reinforced poly-

propylene, it was discovered that a mild nonaffine motion of a
fiber with the flow can lead to the formation of α-row nuclei,
on which β-phase can form.26 This phenomenon is well-
studied by many authors over the past decades27−32 for various
fiber types33 but always for moderate to high molecular weight
and, most importantly, noncompatibilized polypropylenes.

Until now, the possibility of the compatibilizer interfering
with the above-described structure formation is never
considered, neither on the single-fiber level nor on bulk
crystallization. The experimental observation that in fact the
addition of an adhesion modifier leads to a substantial change
in interphase crystallization around a single fiber is the prime
motivation for the present work.
On the other hand, ample investigations into the

effectiveness of matrix compatibilization and fiber surface
functionalization on the mechanical performance of glass-fiber-
reinforced iPP materials have been conducted,34−37 yet
sometimes contradictory results are found; although most
authors agree on the improvement of the bond strength
between the fiber and matrix when the interface is comprised
of a so-called transcrystalline or columnar layer,38−41

specifically when this layer consists of the tough β-
modification,42,43 exemptions can be found.44,45 Given the
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lack of a universal testing method for determining the
interfacial strength in fiber-reinforced polymer compo-
sites,4,38,44−47 the inherent complexity of the multiphase,
multimorphology crystallization of iPP under practical
processing conditions,48 and the wide variety of chemistries
and material formulations used,36,39,42−45,49 the identification
of the exact role of each parameter is proven to be a delicate
task.
Under quiescent and moderate cooling conditions, highly

isotactic polypropylenes typically crystallize into a spherulitic
morphology composed of radially outward growing bundles of
α-phase lamellae.50 When the cooling rate is sufficiently large,
i.e., around 100 K/s, a nodular structure of mesophase is
formed,51 while at elevated pressures the γ-phase is
predominant.52,53 Under special conditions and in a relatively
narrow temperature window, the β-phase of iPP can form,54,55
usually most pronounced upon a combination of a mild
temperature gradient56,57 and flow.58,59 Although this phase is
only metastable from a thermodynamic point of view, its
transition into the stable α-form is so slow that it remains in
this form almost indefinitely. The β-modification possesses
superior mechanical performance, showing slightly lower yet
comparable yield stress with respect to the α-phase, and yet
significantly larger ductility and lifetime.60 Therefore, to
promote the formation of the β-phase, often a selective
nucleating agent is added,61 yet from a recyclability
perspective, nowadays this practice may be undesirable.
To systematically investigate the effect of (MAH-g-PP)

matrix compatibilization in fiber-reinforced polypropylene
composites, the crystallization kinetics (I), morphological
superstructure (II), and phase composition (III) of the bulk
polymer matrix are assessed while mimicking relevant
industrial-scale processing conditions, i.e., high pressures,
shear rates, and temperature gradients. By leaving the fiber-
reinforcement out, the influence of the variation in local
stiffness, differences in thermal expansion, and the nonaffine
motion between fiber and matrix is unambiguously excluded.
While (in line with earlier findings25) the quiescent
crystallization kinetics and linear rheology appear to be only
marginally affected by the addition of a realistic amount (up to
5%) of MAH-g-PP compatibilizer, as soon as a shear flow is
applied, the effects are remarkable; in the compatibilized blend,
under the exact same flow conditions, (I) the crystallization
kinetics may be accelerated by a factor of 10, (II) the
morphological superstructure changes from an oriented,
shish−kebab type of structure to a microspherulitic one, and
(III) the phase composition changes from predominantly β-
phase in a neat iPP sample to solely α-phase when MAH-g-PP
is added. These findings demonstrate that MAH-g-PP, apart
from enhancing the adhesion between the fiber and matrix,
completely changes the crystallization behavior of the matrix.
Moreover, due to the exclusion of the fiber reinforcement, it is
proven that this effect is related to the bulk matrix and not
determined by any type of interaction between the fiber and
matrix. In a way, the addition of MAH-g-PP compatibilizer acts
as a flow-activated nucleating agent for the α-phase of
polypropylene, which could potentially be utilized in
applications where optical appearance is of importance.

■ EXPERIMENTAL METHODS
Materials and Sample Preparation. Two commercially

available homopolymer grades of isotactic polypropylene (iPP) are
kindly provided by Borealis Polyolefine GmbH (Linz, Austria). The

sample referred to as iPP-1 is a material optimized for composite
production and has a weight-average molecular weight of 130 kg/mol
and a polydispersity index of 5.5. As a reference material, an
extensively studied injection molding grade, HD601CF, with a
weight-average molecular weight of 365 kg/mol and a polydispersity
of 5.5 (iPP-2), is used.62,63 Both materials are based on the same post-
phthalate Ziegler−Natta catalyst system and have the same degree of
isotacticity. To study the effect of MAH-g-PP compatibilizer on the
crystallization kinetics of iPP, a commercially available masterbatch
(Exxon PO1020) with high grafting content, i.e., classified as a MAH
content between 0.5 and 1 wt %, is mixed into both previously
mentioned homopolymers. Two industrially relevant blend compo-
sitions of 2.5 and 5 wt % MAH-g-PP are compounded using a
ThermoElectron Rheomex OS-PTW 16 twin-screw extruder (kindly
provided by PTG/e) with corotating screws of L/D = 40. The
monofilament is quenched and subsequently pelletized to make it
suitable for further sample preparation. For all materials described
above, the complete molar mass distribution, and in the case of MAH-
g-PP, the composition distribution are provided in the Supplementary
Material.
Thermal Analysis. The crystallization kinetics of the supercooled

melt under quiescent conditions are determined for isothermal and
non-isothermal histories by means of differential scanning calorimetry
(DSC). Samples of ≈4 mg are placed in 40 μL aluminum crucibles
and loaded into the autosampler of a Mettler−Toledo DSC 823e
equipped with a Cryostat intracooler for controlled cooling rates up to
20 K/min. The sample is heated to 200 °C at a rate of 20 K/min and
kept for 5 min to remove its thermomechanical history. This
temperature and isothermal time are determined to be sufficient based
on the rheological relaxation times and melt-memory analysis
measured by DSC. Subsequently, the sample is cooled at a rate of
20 K/min to room temperature (for the non-isothermal experiments)
or to the desired isothermal crystallization temperature. Temperature,
melting enthalpy, and thermal lag have been calibrated using indium
and zinc calibration standards. The furnace is continuously purged
with a nitrogen flow of 50 mL/min. To extend the temperature range
to practically relevant processing temperatures, isothermal crystal-
lization experiments are performed in the range of 0−100 °C on a
Mettler−Toledo Flash DSC (FDSC), equipped with a Huber TC100
intracooler. Using a sample mass in the order of nanograms melted
onto a UFS-1 sensor, heating rates up to 50,000 K/s and cooling rates
up to 5000 K/s are achieved, which allow to capture the isothermal
crystallization kinetics of iPP down to its glass transition temperature.
Samples are heated to 200 °C at a rate of 5000 K/s and after a hold
time of 1 s, cooled to the selected crystallization temperature at 5000
K/s. Prior to the sample preparation, the UFS-1 sensor is conditioned
five times and corrected according to the specifications of the
manufacturer. During the experiment, a continuous nitrogen flow of
20 mL/min is applied.
The crystallization process of iPP can be split into two mechanisms,

i.e., nucleation and growth. Using the calorimetric techniques
described above, mostly a combination of these two processes is
measured, although certain ad hoc protocols to split the two exist.64 A
better-defined method however, is the quantification of crystal growth
rates by means of polarized optical microscopy (POM). In such
experiments, the time evolution of the radius of individual spherulites
is extracted from an image series or video. Polymer particles are
heated to 230 °C on a hot plate and subsequently compressed
between two microscope glass slides until a film thickness of ≈20 to
40 μm is achieved. These films are then reheated in a Linkam TS350
heating stage with a TP93 temperature controller. Temperature and
thermal lag due to the presence of the glass slides are calibrated and
corrected for. Images are acquired using an Olympus Colorview III
digital camera mounted on an Olympus BX51 microscope operated in
transmission mode at a magnification of 20×. Radial growth rates are
determined from the linear slope of the radius versus time curves.
Using the above-described sample preparation method, four

different single-fiber composite samples are prepared. The thin
polymer films are remolten around a commercially available
continuous, silane-sized glass fiber, optimized for compatibilized
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polyolefin impregnation, with a diameter of 17 μm (Nippon Electric
Glass, Otsu, Japan) at a temperature of 200 °C, equilibrated for 5 min,
and subsequently cooled to the isothermal crystallization temperature
of 130 °C. For the sheared samples, the fiber is displaced over a
distance of 1 mm in 1 s as soon as the temperature reaches the
isothermal crystallization temperature. Additional details on the
sample preparation method can be found in our previous work.33

Gel Permeation Chromatography. All parameters of the
molecular weight distribution (MWD) were determined by gel
permeation chromatography (GPC) according to ISO 16014-4:2003.
A PolymerChar GPC instrument, equipped with an infrared (IR)
detector was used with 3× Olexis and 1× Olexis Guard columns from
Polymer Laboratories and 1,2,4-trichlorobenzene (TCB, stabilized
with 250 mg/L 2,6-di-tert-butyl-4-methyl-phenol) as the solvent at
160 °C and at a constant flow rate of 1 ml/min. 200 μL of the sample
solution was injected per analysis. The column set was calibrated
using universal calibration (according to ISO 16014-2:2003) with at
least 15 narrow MWD polystyrene (PS) standards in the range of
0.5−11 500 kg/mol. Mark Houwink constants used for PS, PE, and
PP are as described per ASTM D 6474-99. All samples were prepared
by dissolving 5.0−9.0 mg of polymer in 8 mL (at 160 °C) of stabilized
TCB (same as mobile phase) for 2.5 h at 160 °C under continuous
gentle shaking in the autosampler of the GPC instrument.
To characterize the maleic anhydride distribution over the

molecular weight distribution of the compatibilizer, GPC-IR6
measurements are performed using a PolymerChar 2D-LC high-
temperature chromatograph (Valencia, Spain). The instrument is
used in GPC mode, bypassing the HPLC column. The instrument is
equipped with a PLgel Olexis GPC column (300 × 7.5 mm L × I.D.,
13 μm particle size). A sample loop of 100 μL inner volume was
applied. The measurements were performed at 140 °C. Detection was
realized with a fixed wavelength infrared (IR) detector (IR6,
PolymerChar), with detection capabilities (bandpass filters) for
overall polymer concentration, CH2, CH3, and C�O. GPC elution
times are calibrated with polystyrene (EasiCal PS-1, Agilent,
Waldbronn, Germany). The mobile phase was 1,2-dichlorobenzene
(ODCB, Acros Organics, Schwerte, Germany). The mobile phase
flow rate was 1 mL/min. Sample concentrations were ≈5 g/L, 6 mL
of the mobile phase was automatically added to the sample vials
(containing weighed polymer) by the autosampler, while simulta-
neously flushing them with nitrogen. The sample was dissolved, under
shaking, for 1 h prior to injection. The sample is independently
prepared and analyzed two times.
Rheometry. The effect of MAH-g-PP addition on the flow

behavior of iPP is characterized on a MCR 502 rheometer (Anton
Paar, Graz, Austria) equipped with a convection oven. A parallel-plate
geometry with a plate diameter of 25 mm was used at a gap of ≈1
mm. A strain sweep at a frequency of 1 rad/s is performed at the
lowest (145 °C) and highest (265 °C) testing temperatures. The
sample is always molten at 265 °C for 5 min before being cooled at 10
K/min to the test temperature. At test temperatures below the
melting point of the polymer, the measurement time is kept
sufficiently short to prevent the onset of crystallization. A strain of
1% is selected as optimum since it is well within the linear regime of
the materials yet still provides sufficient torque resolution at higher
temperatures. Using this strain, small-amplitude oscillatory shear
(SAOS) frequency sweeps are measured from 0.1 rad/s to 100 rad/s
at 15 °C temperature intervals between 145 and 265 °C. Although the
convection oven is continuously flushed with nitrogen, for each
testing temperature, a new sample is used to prevent thermal
degradation. Samples are prepared by compression molding 25 mm
diameter disks of 1 mm thickness on a Fontijne Holland (TP 400)
compression molding machine. Pellets are sandwiched between PTFE
sheets to prevent adhesion to the mold and heated to 230 °C in the
hot section of the press. After 10 min of melting, a force of 100 kN is
applied and held constant for 3 min. Subsequently, the stack is placed
in the cold section of the press, where water-cooled plates kept at 20
°C extract heat from the sample.
Extended Dilatometry. The specific volume of various iPP

grades is characterized using a Pirouette dilatometer (IME

Technologies, Eindhoven, The Netherlands).65,66 This device allows
to measure the volume of a material as a function of pressure and
temperature, similar to standard PVT techniques, but in addition is
capable of performing these measurements under non-isothermal and
shear flow conditions. First, a ring-shaped sample is injection molded
using a Babyplast (Rambaldi, Italy) lab-scale device equipped with a
custom-designed mold. These rings, with a height of 2.5 mm, an outer
diameter of 22 mm, and a thickness of 0.5 mm, have a resulting
weight of solely ≈70 mg. The exact dimensions are measured using a
Mitutoyo micrometer with a resolution of 1 μm and the weight of the
individual rings is determined using a Mettler−Toledo XS105DU
balance (Columbus, Ohio). The ring is then sealed between two
PTFE rings of similar size and placed over the rotor of the PVT
device. After the stator is placed on top, the temperature is increased
to 230 °C and held for 10 min to eliminate its thermomechanical
history. Then, a pressure of 100, 300, 600, or 900 bar is applied and
held constant, after which the sample is cooled to room temperature
at an average rate of 1 K/s in the crystallization window. During
cooling, a shear pulse of 1 s is applied at temperatures corresponding
to 130 and 150 °C at atmospheric pressure, i.e., at undercoolings67,68
of 60 and 40 °C, while the sample height is recorded as a function of
temperature. Due to the confinement of the sample between the rotor
and the stator, the sample height is easily converted into a specific
volume. From the specific volume versus temperature curve, the onset
of crystallization temperature is determined. Analogous to previous
work done in our group,68 the crystallization temperature is
normalized according to

T
T

T q

onset,

onset,
=

(1)

where Tonset,γ̇ and Tonset,q are evidently the crystallization onset
temperatures in Kelvin in shear and quiescent conditions.
The parameter that is used to describe the strength of the flow in

these experiments is the temperature- and pressure-dependent
Weissenberg number given by

Wi a ap T R= (2)

in which γ̇ is the applied shear rate, ap and aT the pressure and
temperature shift factors, respectively, τR the governing relaxation
time of the high-molecular-weight tail with its reference at 190 °C and
atmospheric pressure. The determination of this parameter is
described in full detail in the Supplementary Material. The
temperature shift is described by the WLF relation

a
c T T

c T T
log( )

( )
( )T

1 ref

2 ref
=

+ (3)

where c1 and c2 are fit parameters of the linear rheological data, T the
absolute temperature, and Tref the reference temperature of 463 K.
The pressure shift factor is determined according to69

a p pexp( ( ))p 0= (4)

with κ the pressure dependency taken from ref 70, p the absolute
pressure, and p0 the (reference) atmospheric pressure of 1 bar. The
relevant parameters in the above equations are provided in Table S1.
Structure Quantification. Two sets of synchrotron X-ray

experiments are performed. A combined small-angle scattering and
wide-angle diffraction (SAXS/WAXD) setup at the BL11 NCD-
SWEET beamline of the ALBA synchrotron (Barcelona, Spain)71 is
used to quantify the microstructure of the samples prepared in the
dilatometer. A Pilatus 1 M area detector (Dectris, Baden, Switzerland)
with a pixel size of 172 × 172 μm2 is used to collect high-resolution
SAXS images at a distance of 6.24 m from the sample, while quasi-2D
WAXD patterns are acquired using an LX255-HS area detector
(Rayonix, Evanston Illinois) placed at a distance of 169 mm, having a
tilt angle of 30° with respect to the chain-orientation direction within
the sample. The pixel size of this detector is 44.3 × 44.3 μm2, yet in
this experiment, the device is utilized in 2 × 2 binning mode. The
beamline is operated at a photon energy of 12.4 keV, corresponding
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to a wavelength λ = 0.999 Å. The geometry is calibrated using silver
behenate (AgBh) for the small angles and chromium(III)oxide
(Cr2O3) for the wide angles. Samples are mounted on an aluminum
multisample holder with 4 mm holes using a double-sided adhesive
tape.
The in situ crystallization kinetics in both quiescent and shear

conditions are determined using a combined SAXS/WAXD setup at
the BM26 DUBBLE beamline, part of the European Synchrotron
Radiation Facility (ESRF) Grenoble, France.72 Similar to the
previously described configuration, a Pilatus 1 M area detector is
used to acquire 2D SAXS patterns at a distance of 3.44 m. In this case,
WAXD images are captured on a Pilatus 300K photon-count detector
with a pixel size of 172 × 172 μm2 that is mounted at a distance of
302 mm from the sample at a tilt angle of 8°. During this experiment,
the BM26 beamline is operated at a photon energy of 12 keV, which
corresponds to an X-ray wavelength of λ = 1.033 Å. Calibration of the
scattering geometry is done using silver behenate (SAXS) and
aluminum oxide (WAXD). Two different sample environments are
used: a Linkam DSC 600 heating cell to perform isothermal
crystallization experiments and a Linkam CSS450 shear cell to
study shear-induced structure formation in a parallel-plate geometry.
Analogous to the above-described DSC experiments, the 2 mg sample
is molten at 230 °C to erase the thermomechanical history and to
assure proper contact with the aluminum pan (TA instruments, 20
μL) and subsequently cooled at a rate of 20 K/min to the desired
isothermal crystallization temperature (125, 130, and 135 °C,
respectively) after which the structure formation is followed in time
until full space-filling is reached. The exact same temperature protocol
has been applied to 25 mm diameter disk-shaped samples (thickness
of ≈1 mm) that are placed in the shear cell and slightly compressed
between the two X-ray transparent windows (polyimide and
diamond). At an isothermal crystallization temperature of 133 °C, a
shear pulse of 1 s at rates of 10, 50, and 90 s−1 is applied and the
structure formation is followed for 30 min.
For all X-ray scattering/diffraction measurements, the acquired

patterns are normalized to the incident beam intensity and
background-subtracted. Data integration is done using the FIT2D
open-source software developed by the ESRF.73−75 The crystallinity is
determined by fitting an amorphous halo obtained from an atactic
polypropylene sample to the noncrystalline regions of the diffraction
pattern, i.e., the region at low and high q where no diffraction peaks
are visible. The area Atotal beneath the diffraction pattern and Aamorph
below the fitted amorphous halo, as indicated in Figure 1, are used to
calculate the weight fraction crystallinity

A A

A
total amorph

total
=

(5)

Subsequently, the crystalline diffraction peaks are deconvoluted using
Voigt functions to obtain the respective intensities from which the
phase composition is then calculated. Because of significant overlap
between the diffraction peaks of the α- and γ-phases of polypropylene,
the integrated intensity below (130)α, (300)β, and (117)γ is used to
calculate the relative fraction of phase i = α, β, γ according to60,76

A
A A Ai

i

(130) (300) (117)
=

+ + (6)

The average lamellar thickness of these crystals is calculated from the
1D Lorenz-corrected SAXS data. First, the 2D scattering data is
azimuthally integrated, i.e., integrated over the angle ϕ as schemati-
cally depicted in the left panel of Figure 2a, and plotting the obtained
intensity versus the scattering vector q

q 4
sin( )=

(7)

in which λ is the wavelength of the incident light (X-rays in this case)
and θ is half of the scattering angle. For an isotropic scattering system,
the long period is determined from the Iq2 versus q plot, as indicated
in Figure 2b, according to

L
q
2

p
max

=
(8)

where qmax is the absolute value of the scattering vector at the point
where Iq2 is maximum. When multiplied by the density-corrected
crystallinity χV, the lamellar thickness is obtained

L L L
( / )

( / ) ((1 )/ )c v p
c

c a
p= · =

+
·

(9)

where ρc and ρa refer to the density of crystalline (946 kg/m3) and
amorphous phases (850 kg/m3) at room temperature, respec-
tively.76−78

■ RESULTS AND DISCUSSION
As stated before, the prime motivation for this research is the
strongly altered interphase morphology around a glass fiber
subjected to shear flow when a matrix compatibilizer MAH-g-
PP is added to a neat iPP matrix. While studying the formation
of transcrystallinity around a glass fiber,33 under quiescent
conditions, the addition of 5% MAH-g-PP compatibilizer
appears to have a minute effect on the microstructure that
develops, as presented in the polarized optical micrographs of
the central panel of Figure 3 and in line with earlier
observations.25 However, when performing a fiber-pulling
experiment to induce a clear transcrystalline layer, a remarkable
difference between the structure formed in the compatibilized
matrix with respect to the nonmodified matrix is found; rather
than developing a columnar layer of oriented β-phase crystals
(top right panel), a large number of small, spherical α-phase
spherulites form (bottom right panel). Even though it is highly
unlikely that this phenomenon has not been observed before,
the authors are not aware of any literature discussing this
matter. At first consideration, one might argue that due to an
improved chemical interaction between the fiber and the
matrix, the local mobility of the polymer chains is restrained,
which might enhance the local nucleation efficiency. However,
given the considerable distance from the fiber where the
nucleation density is still strongly enhanced (≈100 to 200
μm), this hypothesis is deemed improbable. Instead, it is
hypothesized that the observation is a bulk matrix effect and

Figure 1. Example of a normalized, integrated WAXD pattern of a
semicrystalline, isotactic polypropylene sample that contains α, β, and
γ-phases. The amorphous halo is fitted first; thereafter, the crystalline
peaks are deconvoluted. The relevant deconvoluted diffraction peaks
of the individual phases are indexed and colored.
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becomes only apparent at the interphase because of the locally
applied shear flow. Therefore, a fiber-free matrix system under
various processing conditions is considered. Note that neither
during the melting at elevated temperatures nor upon cooling
and subsequent isothermal crystallization, inhomogeneities in
the undercooled melt are observed. Hence, the concentration
of MAH in the MAH-g-PP/iPP blend is considered to be
sufficiently low to inhibit macroscopic phase separation, a
phenomenon commonly observed when the concentration of
MAH-g-PP is above a critical value.79 Due to the extreme low
concentration of functional groups in the blended system, the
role of potential shear-induced phase separation at the
nanoscale in the increased nucleation density at the interphase
can solely be speculative as experimental verification is
challenging.
In order to systematically quantify the influence of MAH-g-

PP on the crystallization behavior of polypropylene, first
isothermal and quiescent conditions are considered. Under
these conditions, the process is typically well described by an
undercooling-dependent nucleation density N(T) and crystal
growth rate G(T).80 In the past, numerous crystallization
models for iPP have been developed,48,81−86 all with similar
characteristics. At low supercooling, the nucleation process is
dominated by the presence of foreign substances, i.e., fibers,
particulate fillers such as colorants, nucleating agents, or other
impurities, which may reduce the energy barrier for nucleation.
On the other hand, at high undercooling, the nucleation
process is governed by the spontaneous arrangement of chain

segments due to thermal fluctuations that become stable due
to the large difference between the crystallization temperature
and melting temperature.
Using a combination of differential scanning calorimetry

(DSC) and polarized optical microscopy (POM), the effect of
MAH-g-PP compatibilization on the crystallization kinetics of
iPP is analyzed; the crystallization halftime as a function of
temperature is presented in Figure 4a, where irrespective of the
sample, clearly, the homogeneous and heterogeneous nuclea-
tion-dominated regimes can be distinguished. The crystal
growth rates shown in Figure 4b are obtained by tracking
spherulite radii in time at a constant temperature. The radial
growth rates of iPP-1, iPP-2, and MAH-g-PP as well as the
compatibilized blends are found to be identical and
comparable to literature results on which the model prediction
(drawn curve) is found.80 The crystallization halftime (Figure
4a), being a measure of the overall kinetics, is significantly
lower when 5% MAH-g-PP is added to the iPP matrix material
compared to the individual constituents, yet solely in the
heterogeneous nucleation regime and particularly in the
temperature window that is practically relevant, i.e., between
50 and 100 °C. It should be noted that, in order to make a fair
comparison, the neat iPP-1 material has the exact same
thermomechanical history; it is run through the twin-screw
compounder, quenched, and repelletized analogous to the
blends. The addition to MAH-g-PP thus leads to a decrease in
crystallization halftime, i.e., an increase in overall crystallization
kinetics, while it does not at all affect the spherulitic growth

Figure 2. (a) Example of an isotropic (left) and anisotropic (right) iPP sample with most relevant integration principles indicated. (b) Example of a
normalized, azimuthally integrated SAXS pattern of a semicrystalline, isotactic polypropylene sample. The Lorenz-corrected 1D data q2I(q) is used
to determine qmax, i.e., the magnitude of the scattering vector at maximum 1D intensity, from which the average long spacing can be calculated.

Figure 3. Example of the typical microstructures observed at the interphase in a fiber-reinforced iPP composite material after the addition of MAH-
g-PP compatibilizer. The structure formation under quiescent conditions is presented in the central panel, whereas the right panel displays the
crystallizing microstructure after a 1 s shear pulse of 1 mm/s to the fiber. The location of the fiber (aligned in the horizontal plane) is indicated by
the arrows.
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rate. This suggests that the compatibilization lowers the free-
energy barrier for nucleation, therewith increasing the
nucleation density in the heterogeneous nucleation regime.
These findings are in line with literature reports of Cho et al.25

who analyzed the crystallization kinetics of MAH-modified iPP
for varying grafting densities and found a significant increase in
the crystallization temperature during cooling in the DSC,
mainly for low concentrations of compatibilizer, similar to our
system.
From the isothermal crystallization experiments performed

in conventional DSC, at temperatures ranging from 126 to 136
°C, the Avrami parameters that describe the kinetics are shown
in Figure 5a. The determination of these values87,88 along with
the experimental data is provided in the Supplementary
Material. For the neat iPP-1, iPP-1 with 2.5% and 5% MAH-g-
PP compatibilizer added, the Avrami exponent n is found to be
identical and close to 3. This suggests that for all of the
materials used in this study, under quiescent conditions, the
dominant crystallization mechanism is the three-dimensional
growth of preexisting nuclei and that with the addition of
MAH-g-PP, the initial number of these nuclei increases, given
that the spherulitic growth rate is identical (Figure 4b) for all
materials considered here. As the bulk nucleation density in the
pure MAH-g-PP sample is considerably lower than in the bulk
iPP-1 sample, and both are lower than those of the blends, it is
hypothesized that the addition of MAH-g-PP lowers the free-
energy barrier for nucleation of the abundantly available
heterogeneous nuclei in the iPP-1 (and similarly iPP-2)
material.
To verify these results, obtain a more reliable crystallinity

measure, and deduce the phase composition in these samples,

in situ isothermal crystallization experiments have been
performed in front of a synchrotron light source. Combined
WAXD/SAXS images are recorded as a time series at the
DUBBLE BM26B beamline, part of the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France.72 The
crystallization temperatures are set to 125, 130, and 135 °C.
In Figure 5b, the time evolution of the density-corrected
crystallinity is presented for an isothermal temperature of 135
°C. The lamellar thickness can be calculated by eq 9 from the
long period, measured from the collected SAXS data after
complete space-filling, and is found to be equal for all sample
compositions, i.e., is solely a function of crystallization
temperature. Lamellar thicknesses are determined to be 9.7,
10.2, and 10.7 nm for all samples crystallized at 125, 130, and
135 °C, respectively. The Avrami parameters calculated from
the crystallinity evolution (presented in Figure 5a) are in line
with those deduced from DSC and the results presented in
Figure 5b confirm the slight acceleration of the crystallization
kinetics, while the crystallizing polymorph is always α-phase,
the final lamellar thickness is equal for all systems (as is to be
expected since the crystallization is isothermal), and the final
morphology is in all cases spherulitic, i.e., no lamellar
orientation is observed from the SAXS patterns, which is in
line with POM observations of the single-fiber composites
presented in Figure 3.
The second essential element to understand the behavior of

these modified polypropylenes during processing is their
response to flow. Small-amplitude oscillatory shear (SAOS)
rheology is performed to determine the dynamic moduli and
from that the complex viscosity. Frequency sweep tests are
performed at constant temperature over the range of 145−265

Figure 4. (a) Influence of MAH-g-PP on the crystallization halftime of iPP after isothermal crystallization at the indicated temperatures. An
acceleration of the crystallization kinetics is observed solely in the heterogeneous nucleation regime. (b) Crystal growth rate as a function of
isothermal crystallization temperature determined by POM. The lamellar growth rate is not affected by the presence of a compatibilizer.

Figure 5. (a) Avrami parameters of crystallization as measured by DSC and in situ WAXD. (b) Crystallinity evolution upon quiescent, isothermal
crystallization at 135 °C determined by in situ WAXD analysis.
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°C and shifted to create a mastercurve at 190 °C using the
time−temperature superposition principle. The corresponding
shift factors are provided in the Supplementary Material and
fitted using the Williams−Landel−Ferry (WLF) equation. The
representative discrete relaxation time spectrum is determined
from a least-square fitting procedure of the multimode Maxwell
model to the dynamic moduli, which are presented in Figure
6a where the markers represent the experimental data, while
the drawn lines are the model fits. The effect of adding MAH-
g-PP to the neat iPP-1 material on its flow properties is best
derived from the complex viscosity, which is presented in
Figure 6b; at low deformation rates, due to the addition of the
low-molecular-weight component, a minor decrease in the
zero-shear viscosity is observed, which follows a simple linear
rule of mixing. These results are in line with the almost
negligible differences in the molar mass distribution that are
measured using high-temperature GPC and presented in the
Supplementary Material. At increasing deformation rate, i.e.,
when the material response becomes more elastic, the
influence of the added MAH-g-PP to the neat polypropylene
vanishes and the dynamic moduli are equal irrespective of the
blend composition.
The combination of marginally accelerated crystallization

kinetics and a negligible alteration of the flow characteristics of
the material does not explain the altered interphase structure
observed by POM on the single-fiber composites, in fact, it
suggests that under processing conditions, the compatibilized
system will exhibit a similar crystallization behavior in terms of
rate, phase, and morphology as compared to the neat matrix
material. To verify this, extended dilatometry experiments have

been performed at a wide range of shear rates, pressures, and
supercooling. Sample rings are placed in a confined geometry
between two PTFE sealings and heated to 230 °C for 10 min
to erase any thermomechanical history from the injection
molding step. After the application of an isobaric pressure in
the range of 100−900 bar, the sample is cooled at an average
rate of ≈1 K/s, while the sample height is recorded as a
function of temperature. As the sample geometry is confined in
the radial direction, the specific volume can be directly
calculated from the sample height. An example of such
measurement is presented in Figure 7a. In addition to the
application of pressure, a shear pulse of variable duration and
rate can be applied to the sample when it reaches a certain
temperature. In this work that pulse is always applied for 1 s,
which implies that depending on the shear rate the total
displacement varies. The shear rates were varied over a wide
range from 0 to 180 s−1, which resembles industrially relevant
injection molding conditions. Typically, for polyolefins, three
regimes can be distinguished depending on the flow strength;68

at low Weissenberg numbers there is no effect of the applied
flow (Regime I), at intermediate Weissenberg numbers
(Regime II) the flow creates precursors for crystallization,
i.e., flow-enhanced nucleation, and at high Weissenberg
numbers the flow is able to crystallize strongly oriented
structures often referred to as shish−kebab structures (Regime
III). For the neat polypropylenes, all three of these regimes are
observed as shown in Figure 7b for iPP-1 and previously
reported for iPP-2.68 When the MAH-g-PP compatibilizer is
added, the crystallization temperature in Regime II is
substantially increased, which indicates faster crystallization

Figure 6. (a) Dynamic moduli of various compatibilized systems measured by SAOS. The addition of MAH-g-PP has a minor influence on the
storage and loss moduli. (b) Complex viscosity calculated from the dynamic moduli presented in panel (a).

Figure 7. (a) Example of extended dilatometry curves of a MAH-g-PP compatibilized iPP sample measured at 300 bar under air-cooling conditions.
(b) Normalized crystallization temperature, i.e., the ratio of the onset temperature under shear flow conditions with respect to its quiescent
counterpart as indicated in panel (a) as a function of the flow strength.
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kinetics and a stronger effect of the flow as compared to the
neat iPP-1 material. As the crystallization kinetics generally
show an exponential dependency with the temperature, the
observed increase in crystallization temperature of ≈5−10 °C
indicates a 10−1000 times faster crystallization, an effect that is
marginally observed in quiescent conditions but strongly
enhanced by the application of mild shear flow. Moreover,
within the experimental conditions that can be applied by the
PVT device, there is no signature of a third flow-induced
crystallization (FIC) regime, which suggests that due to the
vast number of nuclei that develop, full space-filling is reached
before molecular stretch can lead to the formation of oriented
structures, a hypothesis that is confirmed by both ex situ and in
situ WAXD/SAXS experiments.
Post-mortem X-ray analysis of the PVT sample rings is

conducted at the NCD-SWEET BL11 beamline, part of the
ALBA synchrotron facility in Barcelona, Spain.71 Two-
dimensional wide- and small-angle X-ray patterns are acquired.
The phase composition of the samples is analyzed as described
before and the resulting β-phase fraction is presented in Figure
8a. For the neat iPP sample, the fraction of β-modification may
be significant; after the application of mild shear, the β-phase
reaches up to 60% of the total crystalline fraction. Upon
increasing the shear strain, the rapid crystallization of oriented
α-phase structures leads to complete space-filling, inhibiting
the β-lamellae to grow and as a result, a decrease of β-phase
content may be observed in Regime III. A similar, yet more
pronounced inhibition of this commonly desired crystal
modification is observed in Regime II crystallization of the

compatibilized iPP material. Here, solely an α-phase is
observed, independent of the applied shear conditions. Upon
the application of shear flow, the nucleation efficiency of the
MAH-g-PP modified material is strongly enhanced as
described before. Due to the rapid space-filling, the formation
and growth of highly oriented structures are inhibited, and as a
result, a quasi-isotropic morphology develops; the integrated
SAXS intensity as a function of the azimuth in Figure 8b
demonstrates that while the neat iPP sample exhibits a strong
lamellar alignment attributed to the formation of daughter
lamellae on the oriented shish,48,68 the morphology of the
compatibilized blend is almost purely isotropic.
In addition to the ex situ X-ray characterization carried out

on the PVT rings that are crystallized under various pressures
and shear flows, the in situ structure formation for both
molecular weights (iPP-1 and iPP-2) is studied by capturing
WAXD and SAXS images upon shear flow in a Linkam shear
cell in the BM26 beamline, part of the ESRF facility in
Grenoble, France. For both the pure and compatibilized
material, four different shear flows have been examined; as a
benchmark experiment, the quiescent crystallization process is
followed, while subsequently, shear flows at constant rates of
10, 50, and 90 s−1 are applied for 1 s. The crystallinity
evolution as a function of time is presented in Figure 9 for both
molecular weights at 5% of MAH-g-PP addition. Analogous to
the previously discussed dilatometry results, with increasing
flow strength, the crystallization kinetics are substantially
enhanced. Although the final crystallinity of the compatibilized
sample is slightly lower than the neat material under quiescent

Figure 8. (a) β-phase content determined by post-mortem X-ray analysis of PVT samples. Irrespective of the shear temperature, time, and rate, in
the presence of MAH-g-PP, no trace of this crystal modification is found. (b) SAXS intensity as a function of the azimuthal angle for a neat and
compatibilized sample crystallized under a strong shear flow.

Figure 9. Crystallinity evolution measured by in situ WAXD experiments upon isothermal crystallization in a shear cell at 133 °C and the indicated
shear conditions for (a) iPP-1 and (b) iPP-2, together with characteristic 2D WAXD and SAXS patterns upon shear flow, respectively. The arrows
indicate the shear direction.
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conditions, this difference vanishes when a shear flow is
applied. The apparent total crystallinity after shear flow is
reduced by approximately 5−10% as compared to quiescent
crystallization conditions. It should be highlighted once more
that these experiments are combined SAXS/WAXD experi-
ments, and because of the quasi-1D WAXD detector, the
determination of absolute crystallinity is practically impossible.
Hence, while the origin of this observed decrease in
crystallinity may be a result of a change in morphology, a
definitive argument cannot be given. The shear rates that are
not presented here, i.e., 10 and 50 s−1, can be found in the
Supplementary Material. From the WAXD data, the phase
composition can be calculated according to eq 6. The time
evolution of the phase composition of iPP-2 is shown in Figure
10a under quiescent conditions where, as expected, the fraction
of β-phase is equal to zero, i.e., no β-phase develops, for both
the neat and compatibilized samples. After the application of
shear (Figure 10b), the formation of β-iPP in the neat sample
is considerable; due to the prealignment of molecular sections,
small oriented α-phase crystals can form on which the β-
modification is able to nucleate27 and subsequently grow to a
detectable amount. This mechanism of β-phase formation has
been proposed in the literature by various authors and is in line
with the results presented in Figure 10b, as first and increase in
α-phase content is observed before the β-modification starts to
form. The compatibilized sample on the other hand, shows
faster kinetics (Figure 9b) but the formation of β-phase crystals
is inherently absent.
While it may be impossible to directly translate these

findings to a nucleation mechanism, as in these experiments
merely bulk properties are assessed, the combination of the
various techniques and protocols used in this work strongly
suggests that the shear flow component is able to form the
necessary oriented α-phase precursors only in the neat iPP
material. Irrespective of the molecular weight and counter
surface, e.g., steel in the dilatometer, glass in conventional
microscopy, polyimide, and diamond in the Linkam shear cell,
a strong bulk enhancement of the nucleation density is found
when a slight amount of MAH-g-PP compatibilizer is added. It
is therefore likely that the rapid space-filling by this vast
amount of nuclei reduces the formation of the oriented α-
phase from which the kinetically favored β-phase can grow.
The practical implications thereof are already visualized by the
optical micrographs presented in Figure 3, where the crystal
formation around a single glass fiber is shown for both
quiescent and shear flow conditions. Here, the before-

mentioned effects, i.e., the strong acceleration of the
crystallization kinetics, the vast amount of α-nuclei, and the
disappearance of mesoscale lamellar orientation infer a strongly
different crystalline microstructure at the interface of a fiber-
reinforced polymer composite. The confirmation that the
altered structure is a flow-induced effect from the bulk matrix
implies that only due to local strain amplification it becomes
apparent at the interphase, and that it is contrary to what is
generally believed, not related to any adhesive interaction
between the fiber and matrix. This has not only implications
for the processing of these compatibilized polymer composites
but also a pronounced effect on the resulting mechanical
performance of such materials.

■ CONCLUSIONS
For a wide range of processing conditions, the effect of maleic
anhydride compatibilization on the crystallization behavior of
polypropylenes is assessed. Isothermal crystallization experi-
ments are performed to quantify the crystal growth rate and
nucleation density for both neat and compatibilized systems.
Optical microscopy experiments show no dependence of the
amount of MAH-g-PP compatibilizer nor the matrix molecular
weight (of the composite and injection molding grade used)
on the radial growth rate of spherulites. The nucleation density
in the heterogeneous nucleation regime is found to be slightly
larger for the blended systems, i.e., the MAH-g-PP
compatibilizer mixed with neat iPP, as compared to both
individual blend components. Due to the lower molecular
weight of the modified polypropylene compatibilizer, a minute
decrease in zero-shear viscosity of the blends is measured.
However, given the rather large temperature dependence of all
of the abovementioned parameters of polypropylene, the
influence of maleic anhydride modification on the system can
be considered negligible when the material is crystallized under
quiescent conditions in a temperature gradient.
For industrially relevant conditions, however, a substantial

effect of the incorporation of maleic anhydride is found. Using
in situ density determination and X-ray scattering and
diffraction experiments, the crystallization kinetics as well as
the resulting microstructure and phase composition are
measured. (I) For the various blends of MAH-g-PP with
neat iPP, a strong acceleration of the crystallization kinetics is
found, especially in the regime that is dominated by flow-
enhanced nucleation. (II) Contrary to pure iPP systems, for
these compatibilized materials, no oriented shish−kebab
structures are observed at high shear rates. (III) Due to the

Figure 10. Phase composition of an iPP-2 sample after isothermal crystallization at 133 °C under (a) quiescent and (b) strong shear flow
conditions. Whereas in the quiescent case, both the neat and compatibilized sample consist only of α-phase iPP, upon shear flow a large difference
between the composition of the two samples can be observed.
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abundant nucleation of α-phase spherulites, the formation of
the β-modification is suppressed, which intrinsically has a
negative effect on the mechanical performance of iPP
materials. The strong implications of these three effects for
the structure formation upon the processing of iPP composites
are highlighted by considering the crystallization around a glass
fiber in shear flow conditions and may explain the contra-
dictory results on the composite performance in the literature.
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