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a b s t r a c t

A modeling framework is presented to describe flow-induced crystallization of isotactic polypropylene at
elevated pressures in multiple crystal phases and morphologies. By combining two models for flow
induced crystallization developed in previous work, all parameters but one are a priori fixed. In the
present work only one additional parameter was introduced, determining the portion of spherulites
nucleated by flow that form b-crystals.

Model calculations show good agreement with experimental data for crystal volume fractions of all
phases over a very wide range of flow-conditions, with shear rates varying from 0 to 200 s�1, pressures
varying from 100 to 1200 bar and shear temperatures from 130 to 180 �C. Moreover, the model provides a
tool to investigate two open questions regarding crystallization of isotactic polypropylene. First, it is
shown that flow-induced formation of b-phase can be accurately described by assigning a fixed portion
of flow-induced spherulites to the b-phase. Due to the high growth rate of b-phase compared to the a

and g-phases, although over a relatively narrow temperature range, only a seemingly small portion of
0.2% of all flow-induced nuclei becoming b-spherulites is enough to explain the experimentally observed
volume fractions of b up to 20%. Secondly, it is shown that experimentally found volume fractions of g-
phase at high shear rates and pressures can only be matched if g-crystals can directly nucleate on highly
oriented flow-induced crystallites (so-called shish).

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In polymeric products, in particular those made from isotactic
polypropylene, different crystalline phases and different mor-
phologies can be present. In stereoregular isotactic polypropylene,
four different crystal phases can be present. Most dominantly
present is typically the a-phase [1], formed at atmospheric pressure
and low to moderate cooling rate. Crystallization under the influ-
ence of moderately strong flow conditions or specific nucleating
agents can induce b-phase [2], while crystallization of the g-phase
can be achieved in several manners such as small amounts of 1-
olefine counits [3], introducing stereo- and regio-irregularities
controlled by a metallocene catalyst [4,5], in materials of very low
rs).
enter, PO Box 1066, 6160 BB

PX Bergen op Zoom, The
molecular weight [6], or crystallizing under elevated pressure and
high temperature [7,8]. Especially the latter is relevant in the
context of the present work. Additionally, the formation of stable
crystal phases can be suppressed in favor of a mesomorphic phase
[9,10] at high cooling rates (>100 K/s). For completeness, we should
also mention the recently discovered d� phase (in isotactic poly-
propylene with long branches [11]) and ε� phase (in stereo-
defective polypropylene [12]).

Obviously, the occurrence of the mentioned crystal phases in a
particular polymer product strongly depends on processing con-
ditions. Factors like flow below the melting temperature [13e22],
pressure [8,23,24] and of course temperature history [25e30] all
play an important role. The classical example is injection molding.
An extended set of the effects of processing conditions during in-
jection molding and of molecular variations and their influence on
phase composition of the final product was presented in a paper by
Housmans et al. [31].

Modeling flow induced crystallization of polymers is inevitable
for the prediction of final structure properties as a function of the
local thermal andmechanical history which, in turn, determine to a
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large extent the final local mechanical and optical properties of a
polymeric product [31e33]. Such models do exist in literature,
although they are usually focused on either the temperature effect
[26,34], or the flow-effect (via an increase of nucleation density or
enhanced crystallization rate) [35e48]. However, there are two
important requirements for a reliable application of these models
1) experimental validation at process conditions, i.e. high pressure,
high cooling rates and strong flow gradients and 2) the ability to
predict a local mixture of different crystalline phases (a,b,g, and
meso-phase in isotactic polypropylene) as well as different crys-
talline morphologies (spherulites, shish-kebabs with lamellar
branching, i.e parent and daughter lamella). Models based on mo-
lecular dynamics simulations do not fulfill the first requirement
(see for example ref. [49], where the shear rates considered are
<1 s�1, not comparable to 102�104 s�1 as can be found in real
processing conditions). With respect to the second one: to our
knowledge such models do not exist!

The present model, which deals with the two issues of valida-
tion and multiple phase/multiple morphologies, combines two
phenomenological approaches to flow induced crystallization of
isotactic polypropylene that have been validated in previous works;
non-isothermal crystallization leading to varying compositions of
crystal phases (a, b, g, meso) [24] and flow-induced structure for-
mation leading to various crystalline morphologies (spherulite,
shish-kebab with parent and daughter crystals) [50,51]. Aside from
the obvious goal of validating the approach of combining these
models, this research is also aimed at investigating two phenom-
enon specific to flow-induced crystallization of isotactic
polypropylene.

1. Flow-induced beta-phase formation. In quiescent conditions
only appearing if a specific nucleating agent is present, small
fractions of beta-phase can also be formed in relatively mild
flow conditions [52]. In the present model, this is captured by
assigning a fixed portion of flow-induced nuclei to the b-phase.
In this research we wish to investigate how big the fraction of
flow-induced nuclei is that form beta-crystallites.

2. Nucleation of g-phase on shish. It has recently been observed
that under strong flow conditions at high pressure, relevant to
e.g. the injection molding process, g-crystals can have strong
preferential orientation of 40� with respect to flow direction
[53]. However, it is not clear whether gamma crystals only
nucleate on kebabs formed by a-crystals, or if they can also
nucleate directly on the shish. The formulation of the present
model allows us to see effects of both possibilities on the phase
composition.
Table 1
Overview of all experimental conditions.

Pressure (bar) Undercooling Shear temperature Shear rates

DT _g (�C) DT _g (�C) _g (s�1)

100 30 167 0, 10, 30, 100, 180
500 30 179 0, 10, 30, 100, 180
900 30 190 0, 10, 30, 100, 180
1200 30 201 0, 10, 30, 100, 180

100 60 137 0, 3, 10, 30, 100, 180
500 60 149 0, 3, 10, 30, 100, 180
900 60 161 0, 3, 10, 30, 100, 180
1200 60 170 0, 3, 10, 30, 100, 180
2. Experimental

The model presented in this paper is validated with a set of
experimental data that was previously published and described in
detail in Refs. [52,54]. The experiments were performed in the
Pirouette apparatus [52,54,55]. This extended dilatometer can be
used to monitor specific volume of a material at a range of tem-
peratures and pressures, and it possesses the added ability to
subject the material to shear flow in a Couette cell.

The experimental protocol is as follows: starting from the
molten state, Tm¼ 230 �C, the material is cooled down at ~1 �C/s to
room temperature under isobaric conditions at four different
pressures (p¼ 100,500,900,1200bar). During cooling, a shear pulse
was applied with fixed duration of 1 s and varying shear rate of
g_¼0,3,10,30,100,180 s�1 at undercooling of 30 �C or 60 �C. The
undercooling is the difference between the temperature where the
shear pulse was applied and the melting temperature, taking into
account for the variation of melting temperature with pressure
according the Clapeyron equation [56] (Eq. (3)). The melting tem-
perature at atmospheric pressure was taken as 197 �C. All experi-
mental conditions are summarized in Table 1. The specific volume
of the material was monitored and the experimental crystallization
temperature was defined as shown in Fig. 1 [54]. determined that
this point corresponds to a space filling of ~10%.

The effect of the flow on the crystallization kinetics is expressed
by the dimensionless transition temperature Q,

Q ¼ T _g
c

TQc
; (1)

with TQ
c the crystallization temperature in quiescent conditions and

T _g
c the crystallization temperature after shear. Hence,Q ¼ 1 if shear

has no effect and Q increases with shear rate.
Ex-situ wide Angle X-ray Diffraction (WAXD) and small angle X-

ray scattering (SAXS) single-shot experiments were performed on
the solidified samples at the Dutch-Belgian (DUBBLE) beamline
BM26 [57] of the European Synchroton Radiation Facility (Gre-
noble, France) using a high resolution Pilatus 1M detector and a
wavelength of l ¼ 1.033 Å. Two-dimensional images were acquired
and corrected for spatial distortion and for the scattering of the
empty sample cell [52]. Volume fractions of a,b, and g-phase were
obtained fromWAXD images as described by van Erp et al. [52]. The
SAXS results are not used in this paper.

2.1. Material

The material used in the study is an iPP homopolymer (Borealis
HD601CF, Mw ¼ 365 kg mol�1, Mn ¼ 68 kg mol�1), the material of
choice of many other crystallization studies as well [51,52,58]. The
model used in this work calculates nucleation rate and longitudinal
shish growth rate from backbone stretch on a continuum level. The
former is calculated from stretch of a mode representative of the
longest chains in the material, the latter from stretch of an average
mode. The eXtended PomePom (XPP) model [59] is used to
calculate the backbone stretch, with parameters for the XPP model
as given by Roozemond et al. [51].

3. Crystallization model

The concept of the model presented in this paper was presented
by van Drongelen et al. [24]. For each crystal phase, the Schneider
rate equations [26,60] are solved to calculate the crystallization
kinetics. To do so, only temperature dependent nucleation density
and growth rate are required. The growth rate of the a, b, and g-
polymorphs was determined by van Drongelen [24]. The kinetics of
formation of the mesomorphic phase were also determined, but
will not be used in this paper since the experiments used do not
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Fig. 1. Experimental protocol. Solid line: crystallization under quiescent conditions,
dashed line: crystallization after a shear pulse.

Table 2
Parameters for quiescent nucleation and crystal growth rate.

Nucleation density

Nref (m�3) 2.2$1015

TN,ref (�C) 110
cN (�C�1) 0.211

Crystal growth rate a-phase b-phase g-phase

Gmax,0 (mm/s) 4.8 7.1 1.1
TG,ref (+C) 90 107 104
cG (10�3�C�1) 2.3 6.6 3.5
a (bar�1) 0 0 7.7$10�4
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show any of this phase due to the relatively low cooling rate. Nuclei
can be spawned by cooling down or the application of flow. Upon
creation, fractions of nuclei are allocated to one of the three crystal
phases based on their momentary growth rates. Each nucleus
grows until impingement, with the crystal growth rate of their
respective crystal phases, which depends on the momentary tem-
perature and pressure. This is the mechanism that determines the
final fractions of a, b, or g-phase in the material. The addition with
respect to the work from van Drongelen et al. is that, where they
only considered quiescent conditions (i.e. the only source of
nucleation are thermally activated heterogeneous nuclei and only
spherulitical growth occurs), we have added flow-induced nucle-
ation and growth of shish-kebab structures including lamellar
branching, i.e a parent and daughter structure.
3 Actually, for these phases orientation might decrease crystal growth rate.
However, there is no experimental evidence for this effect.
3.1. Crystal growth rate

The crystal growth rate of each of the crystal phases is one of the
most important determining factors in this modeling framework.
Not only does it determine the rate at which space filling of each
crystal phases takes place, it also governs the allocation to different
crystal phases of nuclei that are created by either cooling down or
the application of flow. In this workwe use an empirical relation for
the growth rate of each crystal phase, which, like the well-known
HoffmaneLauritzen theory [61], yields a bell-shaped curve for
growth rate versus temperature;

GiðTÞ ¼ Gmax;iexp
�
� cG;i

�
T � TG;ref ;i

�2�
: (2)

With G crystal growth rate, T temperature, Gmax the crystal
growth rate at reference temperature Tref ;G, and cG a parameter
governing the temperature dependence of the growth rate. Because
applying pressure increases undercooling, the reference tempera-
ture is adjusted with pressure according to the Clapeyron equation
[56],

TG;ref ;i ¼ TG;ref ;i;0 þ zðp� p0Þ (3)

with z¼27.5+C/kbar and p0¼1 bar the reference pressure. Addi-
tionally, pressure has an influence on the maximum growth rate,

Gmax;i ¼ Gmax;0;iexpðaiðp� p0ÞÞ: (4)

Subscript i denotes the possible different crystal phases. All
parameters in the above equations are given in Ref. [24] and
summarized in Table 2.

3.1.1. Effect of orientation on growth rate
Crystal growth rate can be enhanced by the orientation of chains

in flow direction [62,63]. Therefore, in the case of shish-kebab
crystallization, the growth rate of a-phase kebabs is increased.
This is accounted for by increasing the a-crystal growth rate by a
factor during flow, relaxing to the quiescent value with a relaxation
time similar to an average rheological relaxation time [64]. In a
mathematical expression,

Ga;pðT ; tÞ ¼ GaðTÞ
�
1þ Gflowe

�t=lG
�
; (5)

where Ga,p is the growth rate of a-phase kebabs and Gflow¼ 4 and
lG¼ 9 s are empirical parameters, determined by Roozemond et al.
[62]. The effect is active from the start of flow and starts relaxing
from the cessation of flow denoted by t.

In the current formulation of orientation-induced growth rate
increase, there is no dependence on the molecular orientation and/
or stretch of the growth rate; it attains the same value irrespective
of flow strength. This choice is obviously flawed; the crystal growth
rate should be some function of molecular orientation/stretch,
which depends on the magnitude of the shear rate. However, this
would introduce complexity in the form of additional fitting pa-
rameters that, at the moment, cannot be determined indepen-
dently. The reason that we obtain accurate results with the current
choice is related to the fact that for low shear rates, the nucleation
density is relatively low and hence only a small amount of crys-
tallinity is formed in the time period that the crystal growth rate is
increased.

The crystal growth rate of the g-phase and a-daughters, denoted
in this paper respectively by Gg and Ga,d are not affected by flow, as
the c-axis of chains in these crystals is not in the direction of flow.
Moreover, crystallization of these species typically occurs only after
the flow-induced orientation has relaxed away3.

3.2. Crystallization kinetics

3.2.1. Quiescent nucleation density
The heterogeneous nucleation density as a function of temper-

ature is calculated using

NqðTÞ ¼ Nref exp
�
� cN

�
T � TN;ref

��
; (6)

where the reference temperature is shifted in the same way as in
Eq. (3). Parameters values are given in Refs. [24], see also Table 2.



Table 3
Parameters for the flow-induced nucleation model at reference temperature of
166 �C and reference pressure of 100 bar.

Parameter Value unit

gn;ref 1012 [m�3�s�1]
cn;T �0.016 [�C�1]
cn;p 7.58$10�4 [bar�1]
mn 0.03 [e]
xseg 5 nm
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The nucleation density versus temperature at reference pressure of
1 bar is shown in Fig. 2(b). During cooling, the nucleation rate is
therefore given by

_Nq ¼ _T
dNq

dT
(7)

3.2.2. Flow-induced point-like nucleation
Extensive research in the past decade into the phenomenon of

flow-induced crystallization has indicated that flow-enhanced
point-like nucleation is dominated by the chains on the high end
of the molecular weight distribution [16,21,65]. Similar to the
approach taken by earlier work from our group [21,36,52,65], the
creation rate of point-like nuclei is coupled in a phenomenological
way to the momentary stretch in the high molecular weight tail of
the material on a continuum level,

_Nf ¼ gnðT; pÞexp
�
mn

�
L2

hmw � 1
��

: (8)

where Lhmw is the backbone stretch calculated using the eXtended
PomePom constitutive model [59], and mn and gn are scaling pa-
rameters, the latter of which depends on temperature and pressure
following

gnðT ;pÞ ¼ gn;ref10
cn;TðT�TrefÞþcn;pðp�prefÞ (9)

All parameters in the above equations are given in Table 3.
Further details on the calculation of backbone stretch and charac-
terization of this model is presented by Roozemond et al. [51].

An extended version of the Schneider rate equations is used to
calculate crystallization kinetics. For spherulites, we have

_f3;i ¼ 8p _Ni ðf3 ¼ 8pNÞ;
_f2;i ¼ Gif3;i ðf2 ¼ 8pRtotÞ;
_f1;i ¼ Gif2;i ðf1 ¼ StotÞ;
_f0;i ¼ Gif1;i ðf0 ¼ VtotÞ;

(10)

where subscript i denotes different crystal phases. Gi is the crystal
growth rate as determined from Eq. (2). The nucleation density for
each phase is allocated from the total reservoir of nuclei,

_Ni ¼ fi;f _Nf þ fi;q _T
dNq

dT
; (11)

with N_f and dNq/dT from Eqs. (7) and (8), respectively. fi denotes the
factor by which the nucleation density is divided between the
crystal modifications. This is done in the same way as in Refs. [24],
by their momentary growth rates. The basic idea behind this
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Fig. 2. (a) Crystal growth rate versus temperature for different crystal phases at a refere
approach is that in isotactic polypropylene, a nucleation site can
become a crystallite composed of either a-phase or g-phase. The
chance that a nucleation site becomes a crystal of respectively a-
phase or g-phase depends on how favorable growth of the
respective phases is at the momentary temperature and pressure. It
is assumed that this is reflected by the growth rates of the phases.

The b-phase is a different story, as it can only be nucleated by
specific nucleating agents or flow. Therefore, a different approach
much be chosen to calculate its nucleation density. In quiescent
conditions the number of b-nuclei is simply set to zero. In the case
that b-nucleating agents are added, this can be accounted for by
ascribing an amount of nuclei to the b-phase that is unrelated to the
nucleation density of a-phase and g-phase [24]. The quiescent
nucleation densities for the three phases now follow from

fa;q ¼ Ga

Ga þ Gg

fb;q ¼ 0

fg;q ¼ Gg

Ga þ Gg
:

(12)

With application of flow, a small amount of b-phase is formed.
Because the growth rate of the b modification is much higher than
that of the other two phases (see Fig. 2(a)), only a small amount of
b-nuclei is enough to yield considerable b space filling. Here we
take the simplest approach possible and choose to assign a fixed
fraction of flow-induced nuclei to the b-phase. The corresponding
parameter value will be determined later on in this paper. The
remainder of nuclei is assigned to a and g as above,

fa;f ¼
�
1� fb;f

� Ga

Ga þ Gg

fb;f ¼ fb;f

fg;f ¼
�
1� fb;f

� Gg

Ga þ Gg
:

(13)
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nce pressure of 1 bar. (b) Quiescent nucleation density of the iPP used in this work.



Fig. 4. Schematic depiction of segment addition to a shish.
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3.2.3. Shish-kebab nucleation
Strong flows create fibrillar crystalline structures (shish). The

length per unit volume of shish, denoted by L, is assumed to be
constant after cessation of flow. So-called ”kebabs”, also known as
parent lamellae, grow radially outward from the shish. On their
(010) lateral surface another species of lamellae, known as
daughters, nucleate [66,67]. Fig. 3 depicts the three morphologies
in a schematic way.

The shish growth mechanism in our model (see Fig. 4) is based
on the ”streamers” concept proposed by the Kornfield group [68].
Shish propagate in lengthwise direction by the addition of chain
segments with length xseg. In a crude sense, the flow attaches these
segments as crystals to the tip of the shish. Because deformation
rates for the experiments used here are high (possibly even higher
so in the surroundings of a shish [69]), we can assume that the
material deforms affinely. We can then express the lengthwise
propagation speed of a shish as

_L ¼ _gxseg: (14)

In our model, all nucleation sites grow in lengthwise direction
with this mechanism. Therefore, the total line nucleation density
for kebabs, i.e. the specific shish length, is given by

_Ltot ¼ 2Nf _gxseg: (15)

Note that we do not apply a critical flow condition for the for-
mation of shish as was done in previous work [35,54]. In the
mentioned papers, the critical flow conditionwas invoked to obtain
a set of equations that could describe flow-induced nucleation in
both low and high shear rate regimes. In the current formulation
this is not necessary. For weak to mild flow conditions, no shish
creation is observed, because nucleation rate _Nf as well as propa-
gation rate _L are low for such flow conditions. There is no explicit
dependence on molecular weight in the growth rate of shish; this
comes in via the nucleation rate which is coupled to backbone
stretch in the high-molecular weight tail.

3.2.4. Shish-kebab crystallization kinetics
Janeschitz-Kriegl and coworkers adapted the Schneider rate

equations for crystallization of shish-kebab structures [13]. Based
on their work, we derived a mathematical model to capture crys-
tallization kinetics of parent and daughter crystals in polypropylene
composed solely of the a-phase [62]. In the present paper we
extend this model to incorporate also crystals of the g-phase
growing on shish-kebabs. In most cases, the g-phase is only
Fig. 3. Schematic depiction of a shish with parent kebabs and daughter lamellae. The
surface area of kebab on which both parent and daughter morphology can grow is
denoted by j1,p.
observed as daughter lamellae. However, recently van Erp et al. [53]
observed in WAXD a highly oriented pattern, possibly indicating
that this crystal phase can also grow in the parent morphology.
Therefore, we consider two cases in the present paper, one where
g-crystals only grow in the daughtermorphology, and onewhere g-
crystals can also form parent crystals, i.e. nucleate directly on shish
creating kebabs consisting purely of g-phase.

The Schneider rate equations for shish-kebabs are presented
below. For the growth of kebabs on shish, we have in the case that
g-phase does not form kebabs,

_j1;a ¼ 4pGaLtot
_j1;g ¼ 0:

(16)

And in the case that g-phase does form kebabs, using again
growth rate weighing:

_j1;a ¼ 4pGaLtot
Ga

Ga þ Gg

_j1;g ¼ 4pGgLtot
Gg

Ga þ Gg

(17)

Here, j1 denotes the surface area per unit volume of crystals
growing on kebabs and the different growth rates Gi are as given by
Eq. (5).

On a-kebabs, three different crystal morphologies can nucleate;
a-parents (with c-axis oriented in flow direction), a-daughters
(with c-axis under an angle of 80� with flow direction), and g-
daughters (with c-axis under an angle of 40� with respect to the a-
phase on which they nucleate). Therefore only a-daughters have
increased growth rate due to orientation; the growth rate of the
other two morphologies is always equal to the growth rate of the
respective phases in quiescent conditions. It is assumed that on g-
kebabs, only g-phase grows. In mathematical expressions, this
becomes

_j0;a;p ¼ Ga;pj1;a
Ga;p

Ga;p þ Ga;d þ Gg

_j0;a;d ¼ Ga;dj1;a
Ga;d

Ga;p þ Ga;d þ Gg

_j0;g;p ¼ Ggj1;a
Gg

Ga;p þ Ga;d þ Gg

_j0;g;d ¼ Ggj1;g

(18)

where j1,i is given by either Eq. (16) or Eq. (17), depending on g-
parent growth being on or off. Subscripts p and d denotes the
volume is respectively in parent crystals or daughter crystals.
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3.3. Impingement

To correct for impingement, we use the well-known Kolmo-
goroveAvrami equation [70];

xtot ¼ 1� exp

 
�
X
i

f0;i þ j0;i

!
: (19)

where xtot is the total space filling, that reaches 1 when the crys-
tallization process is complete. From this, it follows that the space
filling of each individual crystal phase is given by

_xi ¼ ð1� xtotÞ
�
_f0;i þ _j0;i

�
: (20)

The crystallization temperature in our calculations is defined as
the temperature when xtot reaches 10%, like in the experiments. For
all conditions in this paper, the cooling rate is sufficiently low to
allow the material to fully crystallize, hence xtot¼ 1 at the end of
each experiment. Moreover, for this cooling rate no mesomorphic
phase forms and, therefore, this phase is not considered in this
work. The volume fractions of the respective phases, that are
compared to experimental data fromWAXD, are given by xi/xtot¼xi.
4. Results

In this section we compare calculations for the volume fraction
of different phases found in different polymorphs with experi-
mental data obtained from WAXD. As stated in the Introduction,
the model presented in this paper contains two elements that have
not been explored before. First, we explore the creation of b-nuclei
and b-growth in the regime of flow conditionswhere the number of
nucleation sites is increased, but the final morphology is still more
or less isotropic. Second, the model allows us to investigate the
possibility of forming kebabs consisting of purely g-phase, next to
purely a-phase kebab, under conditions of high shear rate and high
pressure. It is important to note here that all other facets of flow-
Fig. 5. Final volume fraction of the b-polymorph as a function of undercooling at the point o
amounts of flow-induced nuclei assigned to the b-phase. Unfilled symbols indicate shear p
60 �C. Different symbols indicate different pressures.
induced crystallization resulting in multiple phases and different
polymorphs, like formation of a and g-crystals under mild shear
conditions and the formation of shish-kebabs, were taken from
previous work [24,51]. Hence, the mathematical framework and
necessary parameters are a priori fixed.

In this section we have placed the focus on the two research
questions posed in the introduction. Therefore, the results are
presented in such a way to facilitate drawing conclusions about
these questions. For a side by side comparison of experimental data
and calculations, the reader is referred to appendix B.
4.1. Point-like nucleation: flow induced b-phase

The growth rate of b-phase exceeds that of the other poly-
morphs of iPP in the range of 95e130 �C under atmospheric pres-
sure (see Fig. 2). Therefore, one could expect the strongest
contribution of b-phase in experiments where the crystallization
temperature lies in this range, corresponding to an undercooling of
65e110 �C. However, the lowest observed crystallization tempera-
ture Tc is about 120 �C with a corresponding undercooling of 75 �C.
A lower Tc is not reached since for the cooling rate applied space
filling is completed at that temperature, even for quiescent condi-
tions and the lowest applied pressure. Therefore, we expect (and
indeed find) no b-nuclei at these conditions. Upon application of
flow however, crystallization temperature increases and the ma-
terial crystallizes at such an undercooling that growth rate of b-
phase exceeds that of the a- and g-phases.This is demonstrated in
Fig. 5(a), where we have plotted the experimentally found volume
fraction of b-phase against undercooling (corrected for pressure) in
Fig. 5(a). Figs. 5(b)-(d) show corresponding calculations with
varying fraction of flow-induced nuclei assigned to the b-phase (fb
in Eq. (13)). The best agreement with experiments is observed for
fb¼ 2$10�3, meaning that 0.2% of all flow-induced nuclei becomes a
b-spherulite. Again, the reason that such a low number gives a
significant amount of volume fraction of b-phase is that the growth
rate of this phase in the relevant temperature region far exceeds the
f crystallization. (a) shows experimental results, (b)e(d) show calculations with varying
ulse was applied at an undercooling of 30 �C, filled symbols indicate undercooling of



Fig. 6. Volume fractions of different polymorphs (columns) as a function of crystallization temperature. Top row shows experimental results, middle row shows calculations with g-
kebabs and bottom row shows calculations with no g-kebabs. Different symbols indicate varying degrees of orientation as measured by WAXD [52]. The dashed line was added as a
guide to the eye.

P.C. Roozemond et al. / Polymer 89 (2016) 69e80 75
growth rates of the other polymorphs of iPP (see Fig. 2(a)).
4.2. Oriented regime: can g-phase grow in kebabs?

As was already demonstrated by van Erp et al. [52], the poly-
morphic crystallization of isotactic polypropylene correlates
strongly with the crystallization temperature. The qualitative effect
of flow during cooling can therefore easily be estimated; by
increasing strength of flow (and hence the number of flow-induced
nuclei), the crystallization temperature is increased and therefore
generally more g will be formed at the expense of a-phase, with a
narrow temperature range where flow generates also the b-phase,
see the previous section. This is clearly visible when the volume
fractions of different phases are plotted against the crystallization
temperature for all experiments (Fig. 6, top row). The simple reason
for the observed trends is that at low temperatures growth rate of
a-phase is clearly higher than that of g, while at higher tempera-
tures the difference in growth rate between the two phases be-
comes smaller (see Fig. 2). The creation of the b-phase is observed
in these figures in the lower range of the crystallization



Fig. 7. Normalized specific volume as function of temperature for experiments with shear rate of 180 s�1 for all pressures.

Fig. 8. Dimensionless crystallization temperature versus shear rate corrected for temperature and pressure for flow at (a) undercooling of 30 �C (i.e. Tshear¼ 167 �C at 100 bar) and
(b) undercooling of 60 �C (i.e. Tshear¼ 137 �C at 100 bar). Open symbols show measurements, closed symbols show calculations. It is important to note that Q levels off at high shear
rates for DT _g ¼ 60 �C because the crystallization temperature becomes equal to the flow temperature.
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temperatures where there is a dip in the a-phase fraction. Addi-
tionally, upon increasing pressure crystallization temperature shifts
to even higher values because the growth rate of g-phase is
strongly increased by the effect of pressure (Eq. (4)).

However, the eight experiments for the highest shear rate
( _g ¼ 180s�1, p¼ 100,500,900,1200 bar, T-shear undercooling of 30
and 60 �C) clearly deviate from the trend line (indicated in Fig. 6). In
all of these cases, the amount of a-phase formed is higher than
what would be expected comparing to data points where no
orientation was observed, i.e. the point-like crystallization. For
these experiments, the trace of normalized specific volume versus
temperature is shown in Fig. 7. Here we observe that crystallization
is reached rather rapidly after the flow pulse (within 20 s)4. Because
of this, the effect of orientation on a-growth rate (Eq. (5)) becomes
dominant. This is highlighted in the Appendix, where this effect
was turned off in our model and indeed all points collapse more or
less on the same line.

Exactly these experiments are very sensitive to the nucleation of
g-phase on kebabs. The middle and bottom row in Fig. 6 show
model calculations corresponding to the experimental data set
shown in the top row. In the middle row, the g-phase can also grow
directly on the shish as kebabs. The bottom row shows the results
when this possibility is turned off in the model as described in
4 For the shear undercooling of 30 �C, the shear pulse is visible as a temporary dip
in the specific volume. For the shear undercooling of 60 �C crystallization occurs
already during the shear pulse and therefore the dip is not visible.
section 3.2.4. Good agreement is observed with experimental data
for the case that the g-phase can nucleate directly on shishes
(middle row). On the other hand, if growth of g-kebabs is turned
off, the a-phase consumes an even larger portion of volume
because of its increased growth rate due to orientation (Eq. (5)),
causing a strong overestimation of the volume fraction of a-phase.
From these results it can therefore be concluded that our modeling
approach indicates that g-phase must be able to nucleate directly
on shishes.

4.3. Dimensionless crystallization temperature

Finally, these experimental results were in a previous paper
presented to highlight the influence of the flow strength [52] by
plotting the normalized crystallization temperature (Eq. (1)) as
function of shear rate. In two follow-up papers, using single-
phase models differing in the way shish growth was modeled,
these dimensionless temperatures were predicted with good
agreement [51,54]. Here we demonstrate the validity of our
multi-phase model by showing that crystallization temperatures
are still correctly captured. Fig. 8 shows normalized crystalliza-
tion temperature as defined by Eq. (1) for both experiment and
calculations. On the x-axis the shear rate corrected for temper-
ature and pressure [51] is plotted. The shift of relaxation times aT
was obtained from rheological characterization [58], and the shift
of relaxation times with pressure ap for polypropylene was ob-
tained from literature [71]. The three regimes indicated in the
figure are defined as follows: if no deviation from the quiescent
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crystallization temperature is obtained this is called regime I.
Conditions that do deviate from the quiescent crystallization
temperature but do not show any orientation in XRD [52] fall in
regime II. Flow conditions that result in an oriented crystal
structure observed in XRD fall in regime III.

Again, fb ¼ 0.002 and growth of g-phase directly on shish is
turned on, see previous section. However, without going in further
detail, it should be noticed that both aspects have little effect on the
crystallization temperature. The same quality of agreement is ob-
tained as for the single-phase models. For further details and
interpretation of these results we refer to previous papers
[51,52,54].

Notice that with this model much more detailed information
is available such as the (average) orientation of the different
fractions and parent daughter ratios as was described in Rooze-
mond et al. [51]. This information can be used in future work
when structure is related to, for example, anisotropic mechanical
properties. However, this is not a topic of this paper.
5. Conclusions

A modeling framework was presented to describe flow-induced
crystallization of isotactic polypropylene at elevated pressures in
multiple crystal phases and morphologies. The framework was
constructed by combining two models developed in previous work
[24,51]. All parameters in these models were fixed in the afore-
mentioned papers. In the present work only one additional
parameter was introduced, determining the portion of spherulites
created by flow that form b-crystals.

Model calculations show good agreement with experimental
data for crystal volume fractions of all phases over a very wide
range of flow-conditions, with shear rates varying from 0 to
200 s�1, pressures varying from 100 to 1200 bar and shear
temperatures from 130 to 180 �C such that, for a given pressure,
undercoolings of 30 or 60 �C were obtained when shear was
applied. Moreover, the model provides a tool to investigate open
questions regarding crystallization of isotactic polypropylene.
First, we have shown that the experimentally obtained volume
fractions of b-phase can be explained by assigning a seemingly
low number of 0.2% of all flow-induced spherulites to the b-
phase. Because of the high growth rate of b-phase compared to
the a and g-phase, even such a low number of nuclei is enough to
Fig. 9. Volume fractions of a) a- and b) g-polymorphs as a function of crystallization tempe
turned off (see Eq. (5)). Different symbols indicate varying degrees of orientation as measu
explain volume fractions of b up to 20%. Moreover, the model also
captures the range of pressure dependent undercooling at which
the b-phase forms very well.

Second, the model was derived for two possible growth mech-
anisms of g-phase on highly oriented flow-induced crystallites, so-
called shish; one where g-crystals can only form on a-kebabs in the
form of daughter lamellae, and one where g can also nucleate
directly on shish and form kebabs, next to g-phase daughters on
kebab. Good agreement with experimental data was only observed
for the form of the model where g-crystals can nucleate directly on
shish, indicating that under appropriate conditions (high pressure,
high shear rate), a considerable fraction of the kebabs can consist of
the g-phase.

For further validation of the presented model, as well as
linking flow-induced crystal structure to final properties (me-
chanical and optical), it would be desirable to analyze the
morphology of the experimental samples in more detail. Crys-
tallite dimensions (could be obtained from e.g. TEM) and lamellar
thickness (SAXS) are thought to play a determining role in me-
chanical properties. The former can be obtained directly from the
Schneider rate equations and the latter might be estimated via
the crystallization temperature. Furthermore, the presented
approach to model crystallization of b-phase implies that in mild
flow conditions there would be a small number of b-crystals that
fill a large fraction of the volume. Therefore these crystals should
have much larger radius than ones composed of the a-phase or
g-phase. This prediction could be check with e.g. optical
microscopy.
Appendix A. Model without increase of a-growth rate due to
orientation

Figure A shows calculations for the volume fractions of a- and g-
phase for the case that g-phase can nucleate directly on shish
forming kebabs, with no increase of af-growth rate during and
shortly after flow due to orientation, i.e. Gflow¼ 0 in Eq. (5). It is
observed that the eight data points highlighted in section 4 now all
collapse on the, approximately, linear relations between crystal
volume fraction and crystallization temperature. This is an indica-
tion that indeed the deviation from this trend is caused by the a-
phase having an increased growth rate due to orientation caused by
flow.
rature. In these calculations, the increase of a-growth rate due to orientation has been
red by WAXD [52].



Appendix B. Overview of experimental and modeling results

Fig. 10. Fraction of crystal phases as a function of shear rate for all pressures (columns) and undercoolings (rows). Connected symbols show experiments, symbols show calculations.
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