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A B S T R A C T

Flow-induced crystallization at elevated pressure of a set of metallocene isotactic polypropylenes (iPP) posses-
sing different molecular weight distributions is studied using extended dilatometry experiments in an apparatus
able to apply elevated pressure (up to 1200 bar) and strong shear flow (shear rates up to 180 s−1). The effect of
flow on the crystallization temperature was quantified and the samples were analyzed using X-ray diffraction to
measure the relative amounts of different crystal phases.

The experimental results were used to test a flow induced crystallization model framework recently devel-
oped in our group which can describe the complex crystallization behavior of iPP and includes formation of
multiple morphologies (spherulites, shish-kebab structure with lamellar branching) and crystal phases (α β, and
γ ). Almost all model parameters were left unchanged, except for the temperature description of the quiescent
crystal growth rate and nucleation density (experimentally measured using optical microscopy) and an extra
parameter which takes into account the fraction of high molecular weight for the creation of flow-induced
nuclei.

The model describes rather good the experimentally observed trends for what regards crystallization tem-
perature and amount of α and γ -phase but substantial discrepancies were found in the amount of β-phase
formed. This could be related to the presence of 2,1 insertion errors in metallocene samples which could inhibit
the formation of this crystal phase.

1. Introduction

Isotactic polypropylene (iPP) is a remarkable and fascinating ex-
ample of polymer exhibiting different crystal phases and morphologies.
Its complex crystallization behavior is dependent on molecular archi-
tecture and, especially, on processing conditions: the most common
monoclinic α-phase [1], is formed at ambient pressure and for low/
moderate cooling rates. The β modification is usually formed using
specific nucleating agents [2–4] or from oriented α-crystals created by
moderately strong flow [5]. Elevated pressure and high crystallization
temperatures induces the γ-phase [6,7], which is found also in iPPs
with stereo- and/or regio-errors [8–10] or small amount of α-olefines
comonomer [11]. Elevated cooling rates (>100 °C/s) inhibit the stable
monoclinic modification in favour of a mesomorphic form [1,12]. Two
other modification (δ [13] and ∊ [14]) have been reported in literature,

but they are outside the scope of this work.
Processing also strongly affect the morphology of the material: fast

cooling induces a peculiar not-spherulitic, nodular morphology [15]
whereas elevated pressure, shifting the undercooling, causes an in-
crease in the number of nuclei, resulting in a smaller spherulite size if
compared to ambient pressure. Moderate flow conditions have the same
effect while strong flow rates induce formation of fibrillar crystals
called shish which can nucleate lamellae growing radially, named ke-
babs [16].

In the case of iPP, the shish kebab morphology possesses extra-levels
of complexity: kebabs, which are usually in the stable α-phase, provide
with their (010) lateral surfaces nucleation sites for additional
morphologies called daughters lamellae [17–19]. These are usually in
the α-modification (growing at an angle of 40°from the parents kebabs),
but, when flow is combined with elevated pressure, γ -daughters
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morphologies are also found [20].
It is easy to imagine, that during real processing conditions, since

the crystallizing polymer is subjected to different temperature gradients
(cooling rates), complex flow fields and eventually elevated pressure,
homogeneity of phases and morphologies is not an option. Exemplar is
the case of iPP injection molded products, containing up to four dif-
ferent crystal phases (α β γ, , and mesophase) [21,22] and morphologies
ranging from spherulitic (in the core), to shish-kebabs with lamellar
branching (in the shear layer) to nodular (in the skin/quenched layer).

Since both structure and morphology are determining key factors
for the final properties of the material [23], being able to predict them
is paramount to prevent undesired morphologies or to design products
with tailored properties.

The pioneering work in understanding and modelling flow-induced
crystallization started by the Janeschitz-Kriegl group [24] was devel-
oped and implemented during the last twenty years in our group
[25–28,19,29,30]: the temperature and pressure dependence of growth
of different crystal phases and of the overall nucleation density was
determined using an optimization routine to fit experimental data and
described by phenomenological equations, the effect of flow on the
increase in the number of nuclei and on oriented structures formation
was evaluated by considering the momentary stretch of the high mo-
lecular weight tail of the material, using different approaches over the
past years. The structure development in non-isothermal conditions
after flow at different pressures was computed using a modified set of
Schneider rate equations [31] combined with Kolmogorov-Avrami
equation [32] to account for impingment.

Last and important step in this developing framework, was recently
put forward by Roozemond et al. [33]: his approach combines two
phenomenological models that were validated in previous works for
multiphase non-isothermal structure development [27] and flow in-
duced-crystallization with multiple morphologies (parents/daughters)
[29]. New concepts were introduced, as the growth of γ-kebabs, an
increased growth rate for the α-parents morphologies during and after
flow and a fixed fraction of β-phase nuclei created by flow. Model re-
sults were validated on experimental data for a single Ziegler-Natta iPP
over a broad range of flow conditions, temperature and pressure,
showing excellent agreement.

In this work, we use the same modeling framework for predicting
extended dilatometry results obtained on three iPP grades produced by
metallocene catalysis, having different weight average molecular
weight and unimodal and bimodal distributions. Almost all the model
parameters were left unchanged, except for the temperature depen-
dence of the quiescent crystal growth rate and nucleation density,
measured using optical microscopy.

The aim of showing the universality of our modeling approach for a
broader range of material characteristics and conditions is presented in
the following manuscript.

2. Experimental

2.1. Materials

The materials employed for this study are a set of isotactic poly-
propylenes synthesized using metallocene catalysts and having dif-
ferent molecular weights and molecular weigth distributions. Slurry
reactors were employed for the synthesis of low MW, high MW, and
bimodal isotactic polypropylene (iPP) using a silica supported me-
tallocene catalyst. A pseudo C2-symmetric rac-dimethylsilyl(4-0-bi-
phenyl-2-n-hexylindenyl)(2-methyl-4-(3′,5′-di-tertbutyl-4′-methox-
yphenyl)-indenyl) zirconium dichloride was activated with MAO
(methylaluminoxane) impregnated silica particles. A single slurry re-
actor was used to prepare LMW and HMW iPPs using bulk propylene as
the diluent running at 75 °C. The molecular weight was controlled by
the amount of hydrogen used. For a bimodal iPP, two slurry reactors in
series were employed where the first reactor was used to synthesize

high MW iPP and the second was for low MW iPP. All iPPs thus pre-
pared were characterized by GPC-IR (gel permeation chromatography-
infrared detector) for MWD (molecular weight distribution) and by C13
NMR (nuclear magnetic resonance) for tacticity and 2,1 insertion de-
fects.

Two grades, named in this work LMW and HMW, present unimodal
molecular weight distributions centered at 100 and 1000 kg mol−1,
respectively. A third material has a bimodal distribution containing
73%wt of low molecular weight component (≈100 kg mol−1) and 27%wt
of high molecular weight fraction (≈1000 kg mol−1) (weight percen-
tages were calculated fitting Log-normal distribution to the molecular
weight distribution obtained from GPC measurements). Molecular
weight distributions obtained from GPC-IR measurements and related
molecular weight parameters are presented in Fig. 1 and in Table 1
together with the percentage of [mmmm] pentad and the regio defects.

To prevent degradation and chain scission during processing at
elevated temperature, the following amounts of stabilizers were added
to all the materials using a DSM MC 15 micro compounder: 1500 ppm
Irganox 1010, 1500 ppm Irgafos 168, 500 ppm DHT-4 V, and 150 ppm
Irganox E201 (Vitamin E).

2.2. Extended dilatometry

Experiments were performed in the Pirouette extended dilatometer
(IME Technologies), which has been employed in several works per-
formed in our group during the last years (see References
[34,35,28,30]). This apparatus is able to monitor the specific volume of
a material in a broad range of temperature (T=25–300 °C) and pres-
sure (p=1–1200 bar) and it possesses the exceptional ability to apply
shear flow in a Couette cell (γ ̇ =1–180 s−1) to the molten polymer.

The ring-shaped PVT samples have a mass of ≈75mg with dimen-
sions 22× 21× 2.5mm (outer diameter× inner diameter× height), and
are produced using a Babyplast mini-injection molding machine.

The experimental protocol consists of the following steps: first, the
sample is heated to 250 °C and kept at this temperature for 5min to
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Fig. 1. GPC traces of the three materials employed in this study. The dashed lines re-
present fitted log-normal distributions for the bimodal material, used for determining the
high and low molecular weight fractions.

Table 1
Characteristics of the three iPPs samples obtained from GPC-IR and C13 NMR. Regio
defects refers to 2,1 insertion errors.

Material Mn [kg
mol−1]

Mw [kg
mol−1]

Mz [kg
mol−1]

M M/w n [–] [mmmm] [%] Regio
defects
[%]

LMW 40 112 198 2.80 0.958 0.54
Bimodal 51 420 1’787 8.24 0.968 0.59
HMW 337 1’000 2’061 2.97 0.967 0.61
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erase any previous thermo-mechanical history, it is then pressurized to
the desired pressure (100, 500, 900 and 1200 bar) and cooled down to
room temperature with an average cooling rate of ≈1 °C/s. During
cooling, the material is subjected to shear flow for 1 s using different
shear rates (γ ̇ =0, 3, 10, 30, 100, 180 s−1) at a fixed undercooling
( TΔ γ ̇) of 30 °C. The undercooling ( = −T T TΔ γ γ̇ m

0,p
̇) is defined as the dif-

ference between the equilibrium melting temperature, Tm =195 °C for
iPP [36], and the shear temperature, Tγ ̇. The dependence of the melting
temperature from the pressure was taken in account according to the
well known Clapeyron equation [37]:

= + −T T ζ p p( ),m
0,p

m
0,p

0
0 (1)

where p is the pressure at which the experiment is conducted,
p0 =1bar the reference pressure pressure and ζ a thermodynamic
constant for the pressure dependence of the melting temperature, taken
to be 30 °C kbar−1 [38]. An overview of the experimental conditions
used is given in Table 2.

The absolute specific volume temperature evolutions obtained from
dilatometry experiments are converted to a normalized specific volume
( ∗ν ), to compare experiments performed at different thermo-mechanical
histories (different pressures and shear rates), using:

= −
−

∗ν ν ν
ν ν

,s

m s (2)

where ν is the measured specific volume, νs the value of specific volume
in the solid state at 40 °C, and νm the value of specific volume in the
melt at 220 °C.

The normalized specific volume is used to determine the experi-
mental onset of the crystallization temperature (Tc), defined as the in-
tersection of the slopes fitted on the specific volume evolutions in the
melt state and during solidification, as shown in Fig. 2. According to

this procedure, Tc corresponds to a total space filling of ≈10%. The
effect of flow on the crystallization kinetics is quantified using the di-
mensionless crystallization temperature θ, defined as:

=θ
T
T

,
γ
c

̇

c
Q (3)

where T γ
c

̇ and Tc
Q are the crystallization temperatures with and without

an applied shear flow, respectively.

2.3. Wide angle X-ray diffraction

Wide angle X-ray diffraction (WAXD) measurements were per-
formed using a Bruker D8 Discover equipped with a GADDS 2D detector
and using Ni-filtered Cu-Kα radiation (λ =1.54Å). WAXD two-di-
mensional images were acquired in transmission (in the direction per-
pendicular to flow in the Couette cell) for 480 s at a distance of 100mm
from the sample and corrected for the scattering of the air background.
2D images were reduced to 1D intensity vs 2θ profiles and an amor-
phous halo, obtained from the X-ray diffraction profile of an atactic
polypropylene, was scaled and subtracted from the diffraction profiles
of each sample.

The contribution to the diffraction due to the different crystal
phases was analysed according to a deconvolution procedure similar to
the one proposed by Turner-Jones [39]: 7 pseudo-Voigt fuctions were
used to fit the diffraction peaks, and the area underneath (130)α (A(130)α)
and the (117)γ (A(117)γ) were taken as a measure of the amount of the α
and γ polymorphs, respectively.

The fraction of the two phase was then evaluated using::
= +f A A A/[ ]γ (117) (130) (117)γ α γ and = +f A A A/[ ]α (130) (130) (117)α α γ .

2.4. Rheology

Determining factor for our modelling approach is the quantification
of the rheology of the material: the rate of formation of nuclei due to
flow and the longitudinal growth of shish structure is calculated from
the polymer backbone stretch on a continuum level using the extended
Pom-Pom (XPP) constitutive model [40].

Since it is widely recognized that it is the high molecular weight tail
of the material to be crucial for flow-induced crystallization [41–47],
only the longest mode (related to the HMW tail) is taken as re-
presentative in calculating the molecular stretch as follows:

+
− ⎛

⎝
− ⎞

⎠
+ ⎛

⎝
− ⎞

⎠
=

=

∇ ν
τ τ

c
c

c
c c

c
I

c

2
exp[ ( tr /3 1)]

1 3
tr

1 3
tr

0, Λ

tr( /3) .
R
HMW

o
HMW HMW

(4)

In which
∇
c is upper convected derivative the conformation tensor (c), q

the number of arms and ν given by =ν q τ0.1/ , o
HMW and τR

HMW the or-
ientation relaxation (reptation) time and the stretch-relaxation (Rouse)
time of the high molecular weight fraction of the material, respectively.

Orientation relaxation times for the three material were extracted
from small amplitude oscillatory shear measurements. The character-
istic rheological properties (storage and loss modulus, G′ and G″) were
obtained over a broad range of temperatures (from 150 to 230 °C) and
angular frequencies ω (from 0.01 to 100 rad s−1). Time-temperature
superposition was applied to obtain mastercurves at a reference tem-
perature of 190 °C. The temperature shift factors (aT) were calculated
using a WLF-description:

= − −
+ −

a c T T
c T T

log( ) ( )
( )

,T
1 ref

2 ref (5)

where Tref is the reference temperature (190 °C), and c1 and c2 the WLF
constants.

The relaxation time spectrum is calculated from the mastercurves by
fitting a discrete Maxwell relaxation time spectrum (g τ,i i) and the
longest relaxation time from the discrete spectrum of each material was

Table 2
Overview of all experimental conditions used in this work.

Pressure p (bar) Undercooling TΔ γ ̇ (°C) Shear temperature Tγ ̇

(°C)
Shear rates γ ̇

(s−1)

100 30 168.2 0, 10, 30,
100, 180

500 30 180 0, 10, 30,
100, 180

900 30 192 0, 10, 30,
100, 180

1200 30 201 0, 10, 30,
100, 180

Fig. 2. Schematic of the experimental analysis protocol applied to PVT measurements.
Solid line: crystallization under quiescent conditions, dashed line: crystallization after
shear pulse. Adapted from van Erp [28].
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taken to be the orientation relaxation time in the XPP model.
The stretch relaxation times (τR, necessary to calculate backbone

stretch in the XPP model) are more difficult to determine, as the ma-
terials show very little strain hardening in the range of strain rates that
can be measured using extensional rheology. Therefore, we use a
scaling argument based on the Doi-Edwards theory [48]: the stretch-
relaxation time (also called Rouse time) scales with the square of the
molecular weight: ∝τ MR w

2 .
The material used in references [28,29,33] has a molecular weight

of 365 kg mol−1 and the longest stretch relaxation time is 3.7 s at
190 °C. Consequently, we assume the stretch relaxation time of the
LMW material (Mw =100 kg mol−1) and of the HMW (Mw =1000 kg
mol−1) to be 0.25 and 25 s, respectively. Since the bimodal material
possesses an high molecular weight distribution centered at 1000 kg
mol−1, its Rouse time is considered to be the same as the HMW ma-
terial. For the parameter q (number of arms) the same value as Roo-
zemond is assumed for all materials (q=12). The scaling approach for
evaluating the stretch relaxation times could appear quite casual, since
the effect of polydispersity is neglected (the metallocene iPPs subject of
study have a narrower polydispersity if compared to the ZN iPP used in
references [28,29,33]) and the number of arms q is kept constant,
whereas it should be a fitting parameter for the extensional rheology
data.

Nevertheless, our aim is to show the universality of our crystal-
lization model for iPP, and all the parameters for the flow induced
nucleation described in Section 3.3 are tuned accordingly to the rheo-
logical ones, as determined by van Erp and Roozemond [28,29,33]. To
our opinion, the scaling argument for the stretch relaxation times and
the assumption of a constant value of the q paramenter would be the
best way, also for a future third party, to use this model without varying
too many parameters. Using this approach, no difficult fitting of ex-
tensional rheology data would be needed, and only orientation re-
laxation times obtained from small amplitude oscillatory shear mea-
surements are required.

All rheological parameters are presented together with the WLF
constants in Table 3 for each material. When solving the molecular
stretch at different pressure, the pressure shift factor was used ac-
cording to [49,50]:

= −a κ p pexp( ( )),p ref (6)

where =κ 16.18 GPa−1 and =p 1ref bar the reference pressure.

2.5. Polarized optical microscopy

The nucleation density and the crystal growth rate of the α-phase for
the different materials were determined by polarized optical micro-
scopy experiments. A thin slice of material was heated up to 230 °C in a
Linkam hot stage for 5min to erase any previous thermo-mechanical
history and subsequently cooled down to different isothermal crystal-
lization temperature with a cooling rate of 30 °C/min. Once the iso-
thermal crystallization temperature was reached, images were acquired
over time to determine the overall growth rate by measuring the time
evolutions of the radii of several growing spherulites. Since microscopy
experiments were conducted at ambient pressure and in a temperature
range (130–160 °C) only favourable to the formation of α-phase crys-
tals, the linear fit shown in Fig. 3 was used to obtain the α-crystal

growth rate at each temperature. Once spherulites reached impinge-
ment (space filling was complete), the number per micrograph, NA, was
counted in the visible field, at different positions within the sample.
Knowing the observed area, Amic, the approximate nucleation density
per unit volume was evaluated according to Janeschitz-Kriegl et al.
[51,52]:

⎜ ⎟= ⎛
⎝

⎞
⎠

N N
A

.A

mic

3/2

(7)

The analyzed microtomy area was about 0.5mm2, and at least 2 or 3
different micrographs were employed per crystallization temperature.

3. Crystallization model framework

Flow-induced crystallization of isotactic polypropylene at elevated
pressure in multiple phases and multiple morphologies is described in
this work according to the latest version of the modelling framework
recently implemented in our group by Roozemond et al. [33]. This
framework was formulated by combining the concept presented by van
Drongelen [27] for the influence of pressure and temperature on the
quiescent crystallization of iPP different crystal phases (α β, and γ) and
including the effect of flow on point- (spherulites) and line-nucleation
(shish) kinetics, as firstly proposed by van Erp [28] and lately extended
by Roozemond [29].

Crystal nuclei are created by cooling down or by application of flow,
and are assigned to a certain crystal phase according to a weight factor
based on their momentary growth rates. Each nucleus grows with its
respective crystal phase growth rate, dependent on pressure and tem-
perature, until unitary space filling is reached (impingement).
Mathematically, this is translated by a set of modified Schneider rate
equations [53], which are solved to calculate the overall crystallization
kinetics of spherulites in multiple phases and shish-kebab with α and
γ -phase lamellar branching.

The temperature dependence of both nucleation density and crystal
growth rates, is key for this work, since the parameters used in refer-
ences [27,33] were optimized on a very well characterized Ziegler-
Natta iPP grade, whereas the polymers object of this work are synthe-
sized by metallocene catalysis and present different molecular weight
distributions.

Since we want to show the universality of our modelling approach,
we try to keep the same as many parameters as possible, and we will
carefully tune only those which permit a more accurate description of
the data obtained from optical microscopy experiments.

Table 3
WLF constants and orientation relaxations times for the different materials at
Tref =190 °C.

Material c1 [°C−1] c2 [–] τo [s] τR [s] q [–]

LMW 3.2529 318.6857 0.525 0.25 12
Bimodal 0.5910 60.9154 580 25 12
HMW 3.2386 341.8496 580 25 12

12
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sp
he
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lit
e
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di
us
[μ
m
]

time [s]
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Fig. 3. Time evolution of the spherulites’ radii for the HMW material obtained from
microscopy experiments at 151 °C. The line represents the linear fit employed to calculate
the linear growth rate of α-phase.
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3.1. Crystal growth rate

The linear growth rates of α-phase spherulites for the three different
materials measured from POM experiments are shown as open markers
in Fig. 4a. Two main observations can be extracted from the experi-
mental results: the growth rates of the LMW material are practically the
same as the bimodal, whereas the HMW grade shows slightly slower
growth in the investigated temperature range. The influence of mole-
cular weight on the maximum growth rates has been investigated in
literature [54–56], and a decrease with increasing molecular weight is
expected, in line with our experimental observations.

In this work we use an empirical relation to describe the growth rate
of each crystal phase (α β, and γ), which, similarly to the widely used
Lauritzen-Hoffman theory [57], translates to a bell-shaped curve to
describe the temperature dependence of the growth rate:

= − −G T G c T T( ) exp( ( ) ),i i i imax, G, Gref,
2 (8)

where Gi is the crystal growth rate of a specific phase, G imax, the growth
rate at the reference temperature T iGref, and cG a constant parameter
describing the temperature dependence of the growth rate. Subscript
idenotes the possible different phases.

The shift of the reference temperature of all phases with pressure is
tuned using the Clapeyron equation (Eq. (1)). Pressure also increases
the maximum growth rate of the γ-phase according to an exponential
relation:

= −G G α p pexp( ( )),γ γ γmax, max,0, 0 (9)

with = −α 7.7·10γ
4 and p0 =1bar, the reference pressure.

Both the α-growth rate of the LMW and bimodal material can be
accurately captured by Eq. (8) using the parameters employed in re-
ferences [27,33] (see full line Fig. 4a).

The decrease of the maximum in growth rate for the high molecular
weight material is taken into account decreasing solely the value of
G αmax, (of a factor 2) to fit the experimental data. Consequently, the
decrease of Gmax for the other crystal phases (β and γ) is assumed to be
proportional to the decrease G αmax, .

The parameters used for the growth rate functions of the three
crystal phases are summarized in Table 4. The good agreement between
the set of parameters and the experimental data is shown in Fig. 4a
where the lines represent the growth rate for the α-phase evaluated
using Eq. (8) for the three different materials.

Finally, the growth rate of the α-phase nucleating directly from the
shish backbone (so called α-parents lamellae) is enhanced by flow,
since this lamellae present their chain axes oriented in the direction of
flow [29,17]. The increase in α-growth rate persist also immediately
when flow is stopped, and relaxes back to the quiescent value when the

chain orientation is lost. In our formulation there is not direct depen-
dence from the momentary molecular stretch or orientation but the
effect is taken into consideration by using an empirical relation which
showed good agreement with the experimental data in reference [29]:

= + −G T t G T G t λ( , ) ( )(1 exp( / )),α α,p flow G (10)

with Gα,p the growth rate of the α-parents morphology, =G 4flow and
=λ 9G s empirical parameters.

3.2. Nucleation density

Fundamental for our modeling framework is to quantify the tem-
perature dependence of the quiescent nucleation density since, this is
strongly dependent on the impurities and additives present in the
polymer, it can vary from one material to another.

The three iPPs show different values of the nucleation densities but
a similar temperature dependence (same exponential decay). The HMW
material shows the highest values of the nucleation density, followed by
the bimodal and the LMW. Since the same amount of support catalyst
particles and the same amount of additives was used during the pre-
paration and the processing of the three materials, one could expect the
nucleation density be similar among the three. A plausible explanation
would be that, since the materials were processed using extrusion (for
blending the additives) and injection molding (for preparing the PVT
samples) which involve high deformation and shear rates of the
polymer melt, some flow induced-nuclei could remain in the high
molecular weight material also after annealing at 230 °C for 10min
causing a self-seeding effect which leads to higher nucleation densities
for the HMW and the bimodal [45,58].

Based on this observation, we describe the temperature dependency
of the quiescent nucleation densities, used in our model, by mean of an
empirical relation as in Ref. [27,28,33]:

= − −N T N c T T( ) exp( ( )),q ref N N,ref (11)

where 145 °C is selected as reference temperature (TN,ref ) and Nref is the
experimentally measured nucleation density at this temperature
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Fig. 4. (a) α-crystal growth rate and (b) quiescent nucleation density. Markers are values extracted from microscopy experiments and lines are α-crystal growth rates (a) and quiescent
nucleation density (b) for the three different materials according to Eqs. (8) and (11), respectively.

Table 4
Parameters for crystal growth rate for the three different materials used.

Growth rate LMW Bimodal HMW

α β γ α β γ

c iG, [10−3 °C−1] 2.3 6.6 3.5 2.3 6.6 3.5
T iGref, [°C] 90 107 104 90 107 104
G imax, [μm s−1] 4.8 7.1 1.1 2.4 3.55 0.55
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(obtained from the average of different values measured using micro-
scopy). The factor cN, which describes the slope of the decay, is as-
sumed to be the same as in reference [33], since it provides a reason-
ably good description of the experimental data (See Fig. 4a). An
overview of the parameters used is given in Table 5.

Upon cooling, the quiescent nucleation rate is simply given by:

=N T
dN
dT

̇ ̇ .q
q

(12)

3.3. Flow-induced nucleation and longitudinal shish growth

As already stated earlier in this work, the creation of nuclei due to
flow is related to stretch of polymer chains constituting the high mo-
lecular weight fraction of the molecular weight distribution.

Therefore, the formation rate of new nuclei due to flow (Nḟ ) is
coupled, in a phenomenological manner, with the momentary stretch
(ΛHMW) of the HMW tail on a continuum level evaluated using Eq. (4).
The equation reads:

= −N g T p μ̇ ( , )exp( (Λ 1)),f n n HMW
2 (13)

with μn and gn scaling parameters determined in reference [33]. The
effect of pressure and temperature on the flow nucleation rate is in-
cluded in the momentary stretch (relaxation times shift with T and p)
and in the parameter gn as follow:

= − + −g T p ϕ g( , ) 10 ,c T T c p p
n hmw n,ref

( ) ( )T pn, ref n, ref (14)

with g c,ref Tn, n, and cn,p parameters determined by Roozemond [33].
Since the bimodal and the HMW material have the same high mo-

lecular weight component, the rheology for the longest mode is iden-
tical (see Table 3). We need to take into account the different con-
centration of HMW chains (responsible of flow induced nucleation)
using the additional parameter ϕhmw: this represent the fraction of
chains representative of the longest relaxation modes (those with high
molecular weight). It easily follows that ϕhmw =1 for the HMW mate-
rial and ϕhmw =0.27 for the bimodal (as determined from GPC, see
Section 2.1).

In case of strong flow conditions, highly oriented fibrillar crystals
(shish), able to nucleate lamellae in the α and γ -phase, are formed.
Their longitudinal growth is related to flow induced nucleation using a
formulation inspired by the “streamers” concept introduced by
Kornfield and co-workers [59]: shish propagation starts from flow-in-
duced nuclei and is driven by addition of chain segments to the tip of
the developing shish during flow. Assuming affine deformation (due to
the high local deformation rates), the longitudinal propagation rate is
defined:

=L N γξ̇ 2 ̇ ,tot f seg (15)

where γ ̇ is the shear rate and ξseg =5nm.
Overview of the parameters for flow-induced nucleation and shish

longitudinal development is given in Table 6.
The overall nucleation rate is the sum of the nucleation rate due to

cooling (Nq̇ ) and to flow (Nḟ ). The nuclei reservoir is assigned to the
different phase according to a weight factor ( fi):

= +N f N f Ṅ ̇ ̇ ,i i i,q q ,f f (16)

where fi,q and fi,f are the factors for quiescent and flow induced

nucleation rates.
In quiescent conditions, no β-phase is formed and the nuclei are

assigned to the α or to the γ phase according to their momentary
growth rates ( =f Gα α,q / +G Gα γ and =f Gγ γ,q / +G Gα γ).

When flow is applied, the model assumes the formation a fixed
fraction of β nuclei ( fβ =0.002, 2%), this nuclei are subtracted to the
overall reservoir and can only grow in β-phase spherulites.

The weight factors for flow induced nuclei are then defined as:

= −

=

= −

+

+

f f

f

f f

(1 ) ,

0.002,

(1 ) .

α β
G

G G

β

γ β
G

G G

,f ,f

,f

,f ,f

α
α γ

γ

α γ (17)

3.4. Schneider rate equations

Crystallization kinetics of spherulites and shish kebab with parents-
daughters morphology were evaluated using an extended and modified
version of Schneider rate equations [31].

In our modelling approach, point nuclei are created upon cooling or
by application of flow: at the moment of their formation, they are as-
signed to each phase using a weight factor based on their momentary
growth rate.

Kinetics of formation of shish-kebabs structure with multiple mor-
phology is a more complicated story: after shish are created during
flow, both α and γ -kebabs can develop (both denoted as parent
morphologies) from their backbone. From the α-parents lamellae, la-
mellae in daughters morphology, both in α and γ -phase grow with an
angle of 40°and 80°, respectively. Differently, γ-kebab can only nucleate
γ -daughters.

The relative fraction of each morphology is, again, proportional to
the momentary growth rate of the different phases (and morphology).
Only the α-parents morphology, possessing chain axes in the direction
of flow, has an increased growth rate during a certain time scale, as
stated in Eq. (10). The growth of all the other morphology is assumed to
be proportional to the quiescent growth rate of each phase.

All these concepts are mathematically translated in the set of dif-
ferential equation presented in Table 7.

Finally, the correction for the impingement of the different
morphologies is introduced by the Kolmogorov-Avrami equation [32]:

∑= − − +ξ ϕ ψ1 exp( ),i itot 0, 0, (18)

where ξtot is the total space filling, equal to 1 at the end of crystal-
lization. For each phase i, the individual space filling easily follows:

= − +ξ ξ ϕ ψ̇ (1 )( ̇ ̇ )i i itot 0, 0, .

4. Results

As stated before, aim of this paper is to demonstrate the applic-
ability of the latest version of our crystallization model framework,
applied so far to a single Ziegler-Natta iPP, to a set of materials with
different molecular weight distributions and synthesized using me-
tallocene catalysts.

Table 5
Parameters for quiescent nucleation for the three different materials used.

Nucleation density LMW Bimodal HMW

cN [°C−1] 0.211 0.211 0.211
TN,ref [°C] 145 145 145
Nref [m−3] 2.09 · 1011 1.71 · 1012 4.46 · 1012

Table 6
Parameters for flow-induced nucleation at Tref =166 °C and pref= 100 bar.

Parameter Value

μN [–] 0.03
ϕhmw [–] 1 (HMW, LMW) 0.27 (Bimodal)
gn,ref [m−3s−1] 1012

c Tn, [°C−1] −0.016
c pn, [bar−1] 7.58 · 10−4

ξseg [nm] 5
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Only two paramenters in the temperature dependence of the growth
rate and nucleation density were modified to better describe the ex-
perimentally measured values (Nref for each individual material and
Gmax only for the HMW).

Moreover an additional parameter (ϕhmw) was introduced to de-
scribe the flow induced nucleation rate for the bimodal material: this
was necessary because, in the previous formulation, the concentration
of chains representative of the longest relaxation modes, responsible of
the flow-induced nucleation/crystallization, was not explicitly taken
into account.

Throughout this manuscript, the experimental results from dilato-
metry will be compared to the output from the multi-phase multi-
morphological crystallization model, commenting agreement and dis-
crepancies, and suggesting the possible causes for the latter.

4.1. Dimensionless crystallization temperature

The dimensionless crystallization temperatures obtained from dila-
tometry experiments (θ, evaluated according to Eq. (3)) as a function of
the shear rate corrected for the pressure and temperature at with shear
flow is applied are plotted in Fig. 5 together with the model predictions
for the three materials object of this study.

As expected for materials possessing different molecular weight
distributions, the effect of flow on the experimental crystallization
temperature varies greatly.

Flow has hardly any influence on the crystallization of the LMW iPP,
and only the experiments performed using a shear rate of 180 s−1 at all
pressures (100, 500, 900, 1200 bar) show a small shift from the
quiescent crystallization temperature values (see Fig. 5a). For the bi-
modal material (Fig. 5b), a relatively mild increase of the crystallization
temperature is observed above a certain value of the shear rate whereas
the HMW material, as clear from Fig. 5c, shows 2 regimes beyond the
one where flow has no effect (at low shear rates): a moderate increase
of the crystallization temperature already at relatively low shear rates
(values of a a γ ̇T P lower than 100 s−1) and a substantial increase of θ for
strong flow rates (values of ≫a a γ ̇T P 100 s−1).

These different regimes for the increase dimensionless crystal-
lization temperature were defined by Van Erp et al. in previous work
[35,28] performed using the same experimental setup. Regime I is de-
fined in the range of shear rates where flow has no effect on the crys-
tallization temperature (no deviation from the quiescent Tc value is
observed), Regime II includes the experiments in which an increase in
the crystallization temperature is observed but no orientation is present
in the WAXD profiles, indicating an increase in point-nucleation. Fi-
nally, Regime III includes the experiments in which oriented crystals
are formed, resulting in a big increase of the crystallization temperature

if compared to the quiescent case.
Clearly, only the experiments conducted on the HMWmaterial show

all the three different regimes, whereas the LMW and the bimodal only
present flow-induced point nucleation at high shear rates.

The output from the model for the three different materials is shown
as full markers in Figs. 5a, b and c: the model predicts reasonably well
the general experimental trends but some deviations from the PVT data
can be observed.

First, the model does not predict the onset of flow induced nuclea-
tion for the LMW material (Fig. 5a) and underestimates the crystal-
lization temperatures in the flow induced nucleation regime for the
HMWmaterial. This disagreements between experiments and model are
related to an underestimation of the stretch relaxation times used which
leads to a lower number of flow induced nuclei in respect to the ex-
perimental case. We remind the reader that the Rouse times used to
calculate the stretch of the high molecular weight tail of the material,
according to Eq. (4), were not evaluated from fitting experimental data,
but estimated from the Rouse time used by Roozemond [29,33] (for a
Ziegler-Natta iPP) and using scaling arguments based on reptation
theory and weight average molecular weights (see Section 2.4). The
material used in Roozemond work has a broader molecular weight
distribution (polydispersity index PDI≃ 5.4) if compared to the LMW
and HMW metallocene iPPs used in this work (PDI≃ 3): deviations
(underestimation of the actual Rouse times) can be expected.

Although these deviations are present, the three crystallization re-
gimes and their onsets are well predicted for both the bimodal and the
HMW material and the crystallization temperatures in Regime III (for-
mation of oriented crystal structures) for the HMW is captured quite
accurately. This is even more relevant if considered that, in the current
work, all the parameters related to flow-induced nucleation and long-
itudinal shish growth are left unchanged with respect to the original
model formulation [33] and considering the assumptions made to
evaluate the stretch relaxation times (see Section 2.4).

4.2. α and γ-phases content

One of the most relevant results of our modelling multi-phase multi-
morphology approach was the prediction of the relative amounts of the
two predominant polymorphs, α and γ -phase. Two fundamental con-
cepts were introduced by Roozemond et al. in a consecutive series of
works [19,29,33]: α-parents lamellae (kebabs) possess an increased
growth rate during flow and for a specific time after its cessation and
γ -phase grows in shish-kebab structures not only from the daughter
morphology (α-parents), but can also nucleate directly from the shish
backbones (forming so called γ-kebabs or γ -parents morphology).

In this section, the validity of the approach and, especially, of the
concept is tested, presenting side by side the volume fractions of the
different phases as a function of the crystallization temperature as ob-
tained from the experimental results and from the model predictions.

The experimentally measured α-phase volume fractions for the
three different material are presented in Fig. 6a, c and e (LMW, bimodal
and HMW, respectively), dashed lines are added as guides to the eye.

Similarly to van Erp [35], a decrease of the α phase fraction is ob-
served at high crystallization temperatures and high pressure for both
the LMW and the bimodal materials. This is easily ascribed to the fact
that, for crystallization at low temperatures (as expected for experi-
ments conducted at lower pressures and with no big effect of flow), the
growth rate of the α-phase is clearly higher, while at high temperature
and high pressure the growth of the γ -phase becomes predominant.
This is even more clear if we consider the corresponding experimental
γ -phase volume fraction presented in Fig. 7a and c for the LMW and the
bimodal materials: the decrease in α-phase content correspond to a
consequential increase in the amount of γ -phase. The effect is captured
rather well by the crystallization model as evident from the model
predictions for the α and γ-phase volume fraction of the LMW and the
bimodal presented in Fig. 6b and d and Fig. 7b and d.

Table 7
Schneider rate equations used to evaluate the kinetics of all the different morphologies.

Spherulites

ϕ ̇ i3, =8πṄi (ϕ3 =8πN , number)

ϕ ̇ i2, =G ϕi i3, (ϕ2 =8πRtot, radius)

ϕ ̇ i1, =G ϕi i2, (ϕ1 = Stot, surface)

ϕ ̇ i0, =G ϕi i1, (ϕ0 =Vtot, volume)

Shish-kebabs

ψ ̇ α1, =4
+

πG Lα
Gα

Gα Gγtot
(surface α-parents)

ψ ̇ γ1, =4
+

πG Lγ
Gγ

Gα Gγtot
(surface γ -parents)

ψ ̇ α0, ,p =
+ +

G ψα α
Gα

Gα Gα Gγ,p 1,
,p

,p ,d

(volume α-parents)

ψ ̇ α0, ,d =
+ +

G ψα α
Gα

Gα Gα Gγ,d 1,
,d

,p ,d

(volume α-daughters)

ψ ̇ γ0, ,p =G ψγ γ1, (volume γ -parents)

ψ ̇ γ0, ,d =
+ +

G ψγ α
Gγ

Gα Gα Gγ1, ,p ,d

(volume γ -daughters)
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The experimentally observed trend of the different phase fractions
as a function of the crystallization temperature for the HMW material
shows instead a completely different behavior (see Figs. 6e and 7e). For
the experiments where formation of oriented crystals (shish-kebab
morphologies) is observed, substantial amounts of α-phase (up to 60%)
are found at high temperature (up to 195 °C).

This is in agreement with the idea of an increased growth rate of the
α-parents morphology during and immediately after flow, due to the
fact that the α-kebab present their chain axes in the direction of flow.
The concept is incorporated in the crystallization model by mean of Eq.
(10) and leads to a quite accurate prediction of the α and γ -phase
contents for the HMW material in the high temperature range, as evi-
dent from Figs. 6f and 7f.

Some discepancies are found at very high temperatures where the
model overestimates the amount of α-phase formed (90% vs ≈65% of
the experiments). Although the differences for these points are sub-
stantial, we need to remind the reader that the parameters used in Eq.
(10) (Gflow and λG) were obtained from a set of experiments on a
completely different material (Ziegler-Natta, different molecular weight
distribution) and, moreover, we use the same growth rate function for
the γ phase as used in references [27,33] for the low molecular weight
and the bimodal materials (the growth rate of the γ phase was eval-
uated in reference [27] using in situ X-ray experiments, which un-
fortunately were not possible for the current study). For the HMW
material, we decrease the value of the maximum in growth rate of the γ
phase of a factor 2 since experimentally the same decrease is measured
in the growth rate of the α phase.

This is quite a crude assumption, since the material object of study

in references [27,33] had many less regio-defects than the metallocenes
investigated in the current work. It is well known that the γ-form is able
to host more defects in its crystal structure (see Refs. [8,9]), therefore
its growth for the iPPs object of this study, is expected to be favoured
over the typically stable α-form, especially in the high temperature
range. Therefore, the under estimation of the amount of γ-form could
be related to the aforementioned underestimation of the crystal growth
rate of the γ -form, and only experimental data collected for metallocene
iPPs could solve the issue in the future.

Overall, the model describes rather well the experimentally ob-
served trends, and probably further improvements could be achieved by
introducing some dependence on the molecular orientation and/or
stretch for the increased growth rates of the α-parents morphology.

4.3. β-phase content

The biggest discrepancies between the experimental results and the
model predictions concern the amount of β-phase formed.

In the model formulation a fixed amount of β-phase nuclei are
formed upon application of flow (0.2% of the total amount of flow-
induced nuclei) and can grow into spherulites as already explained in
Section 3.

Although this number is extremely low, relevant amounts of β-phase
can be found in samples crystallizing in the temperature range in which
the crystal growth rate of the β polymorph is significantly higher (be-
tween 90 and 130 °C at ambient pressure, according to the model).

As expected, the crystallization model predicts volume fractions of β
crystals as high as 20% also in our case, as evident from the analysis of
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Fig. 5. Dimensionless crystallization temperature (θ) as a function of the flow strength for the LMW (a), bimodal (b) and HMW (c) materials. The open and filled markers represent
experimental data and model predictions, respectively.
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Fig. 8 where the model predictions are shown for the three different
materials.

Surprisingly, none of the 60 samples showed presence of β-phase in
our experiments. We point out that the highest predicted amount of
β-phase is found mostly at low pressure (100–500 bar) and relatively
high undercooling (low crystallization T), meaning that this will not
significantly affect the big discrepancies found for the amount of
α-phase predicted at low undercooling (Figs. 6 and 7). It will actually
slightly improve the agreement between experiments and model pre-
dictions for low crystallization T. A possible reason for the absence of
β-phase could be that β-phase growth in metallocene iPPs is un-
favoured. At the moment, no solid explanation can be given to the
experimental observations, since very little work has been done on
β-phase crystallization of metallocene isotactic polypropylene (for

example using nucleating agents or flow fields to induce it).
Choi and White [60] found substantial amounts of β-phase (up to

15%) in metallocene iPPs with rather low tacticity obtained by melt
spinning.

De Rosa et al. investigated the crystallization behavior of isotactic
polypropylene from metallocene catalysis and different stereo-reg-
ularity [8] and comonomer content [9] and found an increase in the
amount of γ-form with decreasing the average length of isotactic se-
quences or with increasing comonomer content.

Krache et al. studied the effect of cooling rate on the crystallization
behavior of β-nucleated metallocene iPPs (with 94% of [mmmm]
pentads and about 1% of regio errors) and compared it to that of a
standard Ziegler-Natta material [61]. They found that the addition of
1%wt of a typical β-nucleating agent to the metallocene iPP was not
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Fig. 6. α-phase volume fraction as a function of the crystallization temperature (Tc) for the LMW (a, b), bimodal (c, d) and HMW (e, f) materials. Left column (a, c, e) shows experi-
mentally measured values and right column the model predictions (b, d, f). The dashed line is a guide to the eye.
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enough to develop any appreciable amount of β-phase in a broad range
of cooling rates (2–200 °C/min), whereas the same amount added to the
Ziegler-Natta polymer led to 100% of the β modification at low cooling
rates. Their speculation was that such amount of nucleating agent was
not enough to counterbalance the well known γ formation at relatively
high content of defects (stereo- and regio-errors).

A plausible explanation to our experimental observations would be
that, although flow might form some β nuclei, their growth, for me-
tallocene systems, is so much slower if compared to the ones of α and
γ -phase that they can hardly fill any space, resulting in a concentration
which is below the X-ray detection limit.

5. Conclusions and outlook

The flow induced crystallization behavior at elevated pressure was
characterized for a set of isotactic polypropylenes from metallocene
catalysis, having different molecular weight and molecular weight
distributions (relatively low, bimodal and high molecular weight). A
unique dilatometer device able to apply shear flow to the polymer melt
was used and the effect of flow on crystallization was quantified mea-
suring the shift of the crystallization temperature and the samples were
analyzed ex-situ using X-ray diffraction technique to measure the dif-
ferent crystal phases formed.

We used this dataset, consisting of 60 different experiments, as a test
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Fig. 7. γ -phase volume fraction as a function of the crystallization temperature (Tc) for the LMW (a, b), bimodal (c, d) and HMW (e, f) materials. Left column (a, c, e) shows experimentally
measured values and right column the model predictions (b, d, f). The dashed line is a guide to the eye.
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bed for a previously developed numerical model [33] which includes
the effect of flow and pressure on the crystallization behavior and
which was used, so far, only on a single Ziegler-Natta iPP.

Only the functions describing the temperature dependence of the
quiescent nucleation densities and growth rate were tuned using ex-
perimentally measured values and a pre-factor related to the fraction of
chains representative of the longest relaxation mode was introduced in
the equation for the formation of flow-induced nuclei solely for the
bimodal material.

The model prediction of the crystallization temperatures and of the
volume fractions of the α and γ polymorphs showed reasonably good
agreement with the experimental data, fully capturing the observed
trends.

Surprisingly, none of the experiments showed the presence of
β-phase whereas the model, assigning a fixed amount of nuclei created
by flow to this crystal modification, predicts amounts as high as 20% for
certain flow conditions. Although at the moment, no clear explanation
can be given to the experimental evidence (more experiments are
needed), a possible explanation could be given by a lower growth rate
of the β-phase in metallocene systems, which present higher amount of
regio-errors (2,1 insertion) if compared to the classical Ziegler-Natta
object of the previous studies.
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