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A B S T R A C T   

While crystallization behavior of isotactic polypropylene homopolymers had been subject to a wide range of 
experimental and modeling studies, this is not the case for propylene-ethylene random copolymers (PPR). This 
class of polymers offers up to now significant challenges, both from an experimental as well as a modeling 
perspective. The ethylene incorporation in the propylene chains, as well as the distribution of this comonomer, 
has a marked effect on the crystallization kinetics. Moreover, the presence of these defects causes a clear sep-
aration between primary crystallization (i.e. space filling) and subsequent secondary crystallization (increase of 
crystallinity in filled space) within the spherulitic skeletons, particularly subsequent at high primary crystalli-
zation temperatures. In this work, the underlying mechanism is first quantified by means of a combination of in- 
situ WAXD and SAXS experiments, as well as ex-situ WAXD experiments and calorimetric measurements. Based 
on these experiments an extended model framework is presented, capable of predicting multiphase non- 
isothermal crystallization kinetics as well as the final crystallinity as a function of the applied thermal condi-
tions relevant for processing. The chemical composition distribution (CCD) of the ethylene comonomer serves as 
critical input to parameterize the model. Optical microscopy- and DSC experiments are used for parameterization 
of the primary crystallization model. The model developed in this study is, in principle, applicable to all poly-
propylenes, ranging from homo-polymers to random copolymers with variable comonomer content and/or CCD 
but, so far, only applied and validated on one PPR. To validate the model and the parameters for a given PPR, 
several non-isothermal and isothermal experiments (the latter followed by subsequent cooling) are conducted 
over a wide range of crystallization temperatures and cooling rates. The good match between experiments and 
model predictions demonstrates the power of the newly developed framework. The final crystallinity, the amount 
of α- and γ-phase, and the ratio between primary and secondary crystallization can be predicted as a function of 
the time-temperature history. To the best knowledge of the authors, it is the first time that such a direct 
connection with the CCD is incorporated in a crystallization model. Consequently, the model offers a new tool to 
bridge the gap between chemical structure and resulting product properties, which now has come one step closer 
for PPR systems.   

1. Introduction 

Due to its versatile properties and low manufacturing costs, isotactic 
polypropylene (iPP) is one of the most widely used polymers after the 

invention of the catalytic process by Ziegler and Natta [1,2]. Today, with 
a grown interest on recyclability, it is expected that polyolefins in gen-
eral, and more specific PP, will grow in importance even further. 
Therefore, continuous efforts are being made to close the gaps from 
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chemical composition and processing conditions to material properties, 
in both academia and in industry [3–7]. Certain molecular structures 
give rise to the development of morphologies that are beneficial for 
specific desired properties. However, final product properties follow 
from the morphology, which is always resulting from a combination of 
the material characteristics at one hand, and the way it is shaped (i.e. 
thermo-mechanical history) into a product on the other [4,8]. 

The enormous versatility of properties that can be obtained within 
polypropylene materials arises to a large extent from its unique crys-
tallization behavior, marked by polymorphism [9–13]. Bridging the 
gaps between molecular structure (molecular properties), processing 
conditions, morphology development and product properties (macro-
scopic) is an extremely challenging task, particularly for semi-crystalline 
materials. When considering isotactic polypropylene, solidified under 
moderate cooling conditions, predominantly monoclinic α-phase crys-
tals are observed. However, upon fast cooling a mesomorphic phase is 
formed [14]. This is a disordered crystalline form which has positional 
order only, and therefore, has features intermediate to amorphous phase 
and the other crystal forms [15]. In addition to these two phases, 
orthorhombic γ-phase [16] develops in isotactic iPP under high pressure 
[17,18]. Moreover, γ-crystals can develop at ambient pressures when 
low molecular weight iPP crystallizes. Besides the cooling rate and 
pressure applied during solidification, the chemical composition of the 
PP affects the competition between these phases as well [19]. With 
increasing defect content like reduced isotacticity or increased amount 
of comonomer [20–22], γ-phase formation is stimulated. Finally, 
pseudo-hexagonal β-phase [23] develops with the addition of a specific 
nucleating agent [24] or when crystallization takes place at high tem-
peratures under certain flow conditions [25]. Besides polymorphism, 
both affected by the chemical composition and quiescent processing 
conditions, flow has a marked effect on crystallization and properties [8, 
26,27]. Although flow is not in the scope of the current study, several 
authors have extensively studied these phenomena [28–31]. 

In contrast to iPP, PPR like the ethylene propylene copolymer used in 
this work, displays a more rich polymorphism in ambient quiescent 
conditions. Moreover, ethylene defects can be incorporated into the 
crystal lattice and affect the crystal density, lattice dimensions and 
thermal behavior [32–35]. Due to the effects this exerts on the me-
chanical performance, PPR’s are important materials that add additional 
options to the already versatile properties, available from iPP. Despite 
the complex crystallization behavior of iPP, the group of Peters recently 
managed to model multiphase multimorphology crystallization 
behavior of iPP [8,28,36]. The strength of this model framework is its 
applicability to a variety of semi-crystalline materials, as was demon-
strated and validated in several publications. So far, owing to its 
chemical heterogeneity PPR copolymer is not yet modeled in the 
aforementioned framework. In comparison to iPP, PPR has larg fractions 
of material that cannot unconditionally participate in the crystallization 
process at high temperatures, which can result in large portions of sec-
ondary crystallization [37]. 

A thorough understanding of the crystallization behavior allows to 
adequately steer material development, as well as processing conditions 
in production steps, in order to obtain desired macroscopic properties. 
Due to the high amount of parameters affecting the crystallization ki-
netics, influenced by molecular features and locally variable conditions 
experienced during and prior to solidification in real-life processing, a 
decent crystallization model allowing to study the influence of separate 
parameters is of vital importance. Predictive capability will boost ma-
terial development, increase efficiency and reduce experimental costs. 

The aim of this study is to develop an experimentally validated 
crystallization model, applicable to PPR, which can be adopted for 
different amounts and types of comonomer, by varying the input pa-
rameters. Moreover, the model should be applicable to several thermal 
histories, ranging from processing relevant cooling rates to isothermal 
crystallization. First, PPR crystallization phenomena are treated to 
illustrate similarities with iPP, and subsequently, some characteristics 

that are specifically evident in PPR will be discussed. After the crystal-
lization phenomena of PPR are treated, a model approach is introduced, 
parameterized and validated with optical microscopy, thermal analyses 
techniques and in-situ X-ray experiments. 

2. Crystallization phenomena in PP random copolymers 

The majority of the crystallization studies carried out on PPR focused 
on measuring and understanding the results of the complex crystalli-
zation behavior of these materials, rather than modeling the kinetics 
and, with that, predict these results. These studies give important in-
sights to be accounted for when developing a model framework for PPR. 
Below, the key phenomena that are typical for PP crystallization in 
general, and more specifically for PPR, are treated further. 

2.1. Multi-phase crystallization at ambient pressure 

As explained in the introduction, polypropylene can adopt several 
unit cell structures when crystallizing. If highly isotactic homopolymers 
crystallize in the absence of β-specific nucleating agents in quiescent 
conditions, a competition between mesophase and α-phase takes place 
[36,38]. Depending on the cooling rate and thus the crystallization 
temperature, either one of them dominates and in a specific temperature 
window between 40 and 50 ◦C a combination of the two is formed [39, 
40]. In the case of a random- or low molecular weight polypropylene, 
γ-phase can develop at ambient pressure, while in highly isotactic iPP, 
elevated pressures need to be applied in order to get γ-crystals [17,20]. 
With increasing comonomer content, an increase in the γ-fraction is 
observed [41–44]. Interestingly, α- and γ-crystals form within the same 
spherulites [18,22,44–46], whereas β- and mesophase form separate 
spherulites and nodules, respectively [8,39,47]. In general it is accepted 
that γ-phase cross nucleates on α lamellae [44,48], meaning that in order 
to grow γ-crystals, α crystals must be formed first. Zhang et al. [18] 
revealed a mechanism of the formation of an α-skeleton in which pre-
vailing development of the γ-form takes place in iPP at elevated pres-
sures. This is an important finding that will be used and explained 
further in section 3, as it affects the model framework. Several authors 
linked the maximum amount of γ phase formation to the sequence length 
[41,45]. 

Besides the effect on the α-γ- competition, the ethylene comonomer 
exerts an effect on the mesomorphic phase and the β-crystals as well. The 
higher the ethylene content, the more the β-phase formation is sup-
pressed [49]. In processing, when ballistic cooling is applied, the 
increased ethylene content results in a decreased crystallization tem-
perature window where mesophase is formed [38]. Nevertheless, be-
sides α- and γ-structures, the mesophase is the third important structure 
that forms in PPR’s. The presence of the mesophase is accompanied with 
a consequence for the crystallization model in terms of the nucleation 
mechanism. It is well known that mesophase proceeds via a homoge-
neous nucleation mechanism [50–53], which is in contrast with the 
other crystals that form from a heterogeneous nucleation mechanism 
[51]. In polypropylene, heterogeneous nucleation (pre-existing or 
dormant nuclei) dominates crystallization at low under-cooling and is 
activated by lowering the temperature. Homogeneous nucleation, i.e. 
thermal size fluctuations of ordered domains surpassing a critical size, 
dominates nucleation at high under-cooling [38,51]. 

For an iPP homopolymer, multiphase crystallization kinetics are 
modeled successfully in Refs. [36,54]. The proposed framework is 
capable of predicting multiphase structure development in quiescent, 
non-isothermal conditions. For convenience, the nucleation mechanism 
of the mesophase was heterogeneous in that specific work, but can easily 
be exchanged for a homogeneous mechanism [55]. Notice that this 
modeling was successfully extended to include flow, i.e. to capture real 
life processing conditions [8,28]. 
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2.2. Primary and secondary crystallization 

In the work of Nozaki et al. [37], a clear distinction between primary 
and secondary crystallization phenomena was revealed. They found that 
primary isothermal crystallization of a PPR at a given (high) tempera-
ture results in a temperature dependent ratio between α- and γ-crystal-
lites. Additionally, even after reaching full spacefilling at isothermal 
conditions, the relatively low crystallinity increases upon subsequent 
cooling and the ratio γ-to α-changes significantly. Both α-α homo- or α-γ 
hetero-epitaxy are common, but the majority of the crystals formed in 
the subsequent cooling step adopts an orthorhombic γ-unit cell struc-
ture. The latter is a secondary crystallization phenomenon and can result 
from lamellar insertion or lamellar thickening. This observation has 
important consequences for the development of the model since in-situ 
measurements are required to split primary and secondary crystalliza-
tion phenomena, and be able to quantify the behavior. Findings similar 
to Nozaki et al. were obtained by Auriemma et al. [56], who investigated 
melt crystallization of mixtures of regular and irregular isotactic poly-
propylene. Crystallization in well separated temperature ranges resulted 
in the formation of different populations of intermixed lamellar stacks. 
Crystallization induced phase separation starts at the onset of crystalli-
zation of the high stereoregular iPP component. Consequently, the 
concentration of the low stereoregular component in the non-crystalline 
surrounding increases further. Upon further cooling, the irregular 
component crystallizes and forms independent stacks of lamellae in the 
interlamellar amorphous regions. Combining the findings of Nozaki 
et al. with the findings of Auriemma et al. suggests that a similar 
mechanism could take place upon isothermal crystallization and sub-
sequent cooling of PPR. At the relatively high isothermal crystallization 
temperatures, only a fraction will be able to crystallize. Given the 
ethylene content of this specific fraction, a certain ratio between α- and 
γ-crystals will be formed. The resulting spherulites or skeletons have a 
rather open structure, composed of thick lamellae. Upon subsequent 
cooling, the second fraction with an increased ethylene content starts to 
crystallize. The change in ethylene content translates into the ratio 
α-versus γ crystals. Such a process also takes place in continuous cooling 
experiments, but since the differences between the ethylene containing 
fractions, present in commercial PPR’s, are not as extreme as for 
example the materials used in the work of Auriemma et al., the conse-
quences are less obvious. Nevertheless, ratio’s between the various 
fractions can be utilized to steer morphology and thus mechanical 
properties [57]. 

Secondary crystallization phenomena like lamellar insertion are 
incorporated succesfully in models, for example by van Drongelen et al. 
[58] for LLDPE and by Yaghini and Peters for polyamide 6 [59]. How-
ever, the presence of polymorphism in PPR makes that the approach is 
not directly applicable. 

2.3. Decreasing crystallinity with increasing crystallization temperature 

In general, crystallization of semi-crystalline polymers results in 
higher crystallinities upon increasing crystallization temperatures, 
particularly when looking in the temperature regime in which crystal-
lization occurs at accessible timescales. In PPR, contradicting findings 
have been reported. The heat of fusion, recorded during isothermal 
crystallization at several temperatures, displays a maximum [60]. With 
increasing amount of ethylene content this maximum enthalpy of fusion 
shifts towards lower temperatures [43], i.e. the temperature at which 
the maximum crystallinity is obtained, decreases with ethylene content. 
These results can be linked to the primary and secondary crystallization 
phenomena. It strongly suggests that in the case of a PPR (or another 
material with large stereo-irregularity), certain fractions are not able to 
crystallize at high temperatures. Only the highly isotactic fractions can 
adopt a crystalline structure under these conditions, whereas fractions 
with lower isotacticity or higher comonomer content tend to crystallize 
at lower temperatures, causing a progressively decreasing crystallinity 

towards the high temperature regime. Depending on the overall defect 
content, and the chemical composition distribution of these defects, the 
optimum isothermal crystallization temperature, i.e. the isothermal 
temperature that results in the highest crystallinity, is determined. 

Recently, it was demonstrated that the maximum crystallinity can be 
predicted from a model framework, applied to polyamide 6 [59]. At 
infinite time, the maximum crystallinity is temperature dependent in 
this model, for which only a certain range of crystallization tempera-
tures are considered. In the investigated temperature regime, the poly-
amide did not display a decrease in crystallinity with increasing 
crystallization temperature. This means that the approach to predict 
final crystallinity levels can only partially be adopted. 

2.4. Heat of fusion 

The heat of fusion is often used to determine the crystallinity. This 
approach is particularly useful in case of Flash DSC experiments (small 
amounts of sample on a chip makes it difficult to combine with X-ray) or 
in case X-ray is not available. However, in case of multiphase materials, 
it is difficult to obtain exact crystallinity levels. Each crystal phase has its 
own heat of fusion, meaning that information on the phase composition 
is required [33,34]. Moreover, upon heating, melting and recrystalli-
zation phenomena can occur in case the heating rate is not sufficiently 
high [40,61]. Additionally, in the specific case of PPR, a small portion of 
the ethylene present in the PPR can incorporate in the crystal lattice [32, 
62]. This gives a reduction in crystal density, but also decreases the 
melting enthalpy of the crystals and changes the dependency of Tm with 
comonomer content [35]. The correct value of the enthalpy of fusion can 
best be determined by a combination of X-ray and DSC experiments, 
which unfortunately is often not available. 

3. Model approach 

In quiescent conditions, polymer crystallization from the melt is 
generally governed by two processes: nucleation and growth. From the 
nuclei, crystallites grow laterally with a temperature dependent thick-
ness, the so-called lamellar thickness, which increases with crystalliza-
tion temperature [63–66]. The growing lamellae are mostly ordered in 
spherulitic structures. If large enough, radial growth of these spherulites 
can macroscopically be observed and monitored over time by means of, 
for example, polarized optical light microscopy (POM). The temperature 
dependent primary growth rate, in combination with the number of 
spherulites, determines the rate of spacefilling, the point at which 
spherulites start to impinge and, consequently, when the radial growth 
stops. Even at full spacefilling, non-crystallized amorphous regions are 
left in between the lamellae. Where the spacefilling ξ evolves form 
0 (melt) to 1 (full spacefilling), the final crystallinity level χ, which is 
defined as the fraction of crystals, is smaller, and for PP typically grows 
from 0 to values in between 0.4 and 0.65. This difference between ξ and 
χ is a consequence of the semicrystalline nature of polypropylene, and 
both represent different features. In case part of the space is filled, two 
different crystallinity values can be distinct. The first one is the overall 
crystallinity and denotes the fraction of crystals in the total volume 
(filled and unfilled space). The second one is a local crystallinity and 
denotes the crystallinity within the filled space. At full space filling, the 
two equal to one another. In the remainder of this article, the local av-
erages are referred to with superscripts, i.e. χa, whereas the overall av-
erages are referred to with subscripts: χa. 

3.1. Primary crystallization 

In this work, crystallization that takes place at the front of growing 
spherulites during the spacefilling process is considered to be the pri-
mary crystallization. 

We will first focus solely on primary crystallization, in which the 
spacefilling based on nucleation and unconfined three-dimensional 
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growth can be described using the Kolmogoroff Equation [67]: 

ξ(t) = 1 − exp

(

−
∑

i
φ0,i(t)

)

(1)  

where φ0,i(t) is the undisturbed total volume of all spherulites of phase i 
(i.e. impingement is disregarded), given by: 

φ0,i(t) =
4π
3

∫t

− ∞

dt’Ni(t’)

⎡

⎣
∫t

− ∞

duGi(u)

⎤

⎦

3

(2) 

Experimentally, the spacefilling ξ(t) can be extracted with, for 
example, in-situ X-ray measurements, provided that the secondary 
crystallization is negligible. By monitoring the overall average primary 
crystallinity at time t, χp(t) can be normalized with the maximum final 
primary crystallinity χ∞,p to obtain spacefilling. Additionally, space-
filling can be extracted from optical microscopy experiments. As will be 
demonstrated later, χ∞,p is not a constant, but a direct result of the 
thermo (-mechanical) history experienced during the primary crystalli-
zation process. 

In Equation (2), the phase specific spherical nucleation density Ni(t′) 
= Ni(T(t′), p(t′)) and growth rate Gi(u) = Gi(T(u), p(u)) are both tem-
perature (T) and pressure (p) dependent. In the special case where both 
pressure and temperature are constant during crystallization, Equation 
(1) reduces to the well-known Avrami equation [68,69]. 

In this work, crystallization at non-isothermal conditions under 
ambient pressure is considered. The Schneider rate equations [70] 
translate Equation (2) into a set of more convenient differential 
equations: 

dφ3,i

dt
= 8πṄi,k,q (φ3 = 8πNi)

dφ2,i

dt
= Giφ3,i (φ2 = 8πRtot,i)

dφ1,i

dt
= Giφ2,i (φ1 = Stot,i)

dφ0,i

dt
= Giφ1,i (φ0 = Vtot,i)

(3) 

Equation (3) hold for spherulites and mesomorphic nodules, since in 
this work it is assumed that both structures grow spherically, rather than 
for example the disc like structures for polyamide 12 as described by 
Paolucci et al. [55]. Here, Ṅi,k,q is the nucleation rate of phase i, for 
quiescent conditions q. k denotes the nucleation mechanism, either 
homogenous or heterogeneous. The total amount of nuclei N grow 
radially with a growth rate G into a total radius Rtot. Both, the total 
undisturbed volume Vtot and the total spherulitic surface Stot can be 
extracted from the Schneider rate equations as well. 

Upon primary crystallization, all crystal phases as well as the 
mesomorphic phase can be formed. While the mesophase typically forms 
in separated nodules [39,50,51], and the β-phase tends to form distinct β 
spherulites [47], γ co-crystallizes at the lamellar length scale into 
α-based structures [18,22,44]. 

The space filling is therefore calculated by: 

ξ =
∑

n=α,β,m
ξn (4) 

The rate of change of spacefilling of each individual crystal phase 
contributing to this process follows from: 

ξ̇n = (1 − ξ)φ̇0,n (5) 

Note that gamma does not contribute to the spheruletic spacefilling 
process and, therefore, needs to be incorporated into the model in an 
alternative fashion. In the work of Looijmans et al. [71], a crystallization 
model for cross-nucleation is presented. This model is based on experi-
mental observations of clear ‘pie slices’ of one phase, nucleating on a 

sperulitical structure of the other phase since the number of cross-nuclei 
is relatively low and growth rates are significantly different. In the 
present work, we also have a case of nucleation of γ phase in/on the α 
crystals (hetero epitaxy), but less clearly separated and (most probably) 
at a lamellar scale [48]. Notice that, in the temperature regime where 
both the α and γ phase grow, the growth rates are nearly the same. If the 
growth rates of both phases are nearly the same and proceed at the small 
local scale of the lammellae (high cross-nucleation densities), they show 
local fluctuations. The growth of one phase after cross nucleation can 
dominate for a period, but can later or elsewhere be overtaken by the 
other one [65]. This causes a mixture of the two phases, of which, at a 
constant temperature, the overall volume ratio is constant. Moreover, 
since clear pie slices are typically not observed (also not in this study), 
modeling of γ-growth based on the geometrical observations as sug-
gested by Looijmans et al. does not apply here. 

With these considerations in mind, we propose to follow the obser-
vations of Zhang et al., who reported the formation of an α-skeleton in 
which γ- and α lamellae can grow. The volume ratio of the α and γ phases 
is constant at a fixed temperature, and can be determined by attributing 
the radial spheruletic growth rate to α-crystals. Hence α needs to grow 
before γ grows. The space, occupied by α skeletons or mixed α, γ struc-
tures, is denoted with ξα. Within this space, apparent space fillings, i.e. 
that do not count up to the total space filling, can be calculated. These 
apparent spaces ξαα and ξγα are obtained using 

ξαα = ξα⋅
ξα

ξα + ξγ
; ξαγ = ξα⋅

ξγ

ξα + ξγ
; ξα = ξαα + ξαγ (6)  

and are calculated from ξα and ξγ, following from Equation (5). Note that 
ξγ is an apparent space occupied by γ crystals, growing with an apparent 
growth rate Gγ, and does not represent a physical volume. Therefore, in 
Equation (4) it is not accounted for γ-crystals. Nevertheless, ξγ is 
calculated using equation (3). Since γ grows into α spherulites, both have 
the same nucleation density Nα. In conclusion, the above equations 
mean that after reaching full spacefilling, the following relations should 
hold: 

ξ =
∑

n=α,β,m
ξn =

∑

i=αα,αγ,β,m
ξi = 1 (7) 

This approach implies that in the absence of β and meso crystals, the 
radial growth rate observed in optical microscopy experiments, is 
controlled by- and attributed to the α-phase. Alamo et al. report two 
growth rates extracted from optical microscopy experiments, executed 
during isothermal crystallization at various high temperatures of 
random polypropylenes with different comonomer content [22]. They 
explained this observation by the transition from mixed α, γ formation at 
the early stages of crystallization, to the growth of purely γ at the growth 
front. Such a transition is expected only at large timescales and rela-
tively high isothermal crystallization temperatures. Therefore, the 
assumption to assign the radial growth rate to α is expected to hold in 
case of crystallization at time scales below 100 min, and definitely in 
time scales typically assessed in industrial production processes. 

The phase specific pressure and temperature dependent growth rates 
and nucleation rates are described by the expressions (8) and (9) 
respectively, similar to Ref. [36]. 

Gi(T, p) = Gmax,i(p)exp(− cg,i(T(t) − TGref ,i(p))2
) (8) 

In this equation, Gmax,i is the maximum growth rate at reference 
temperature TG,ref,i, of each crystal phase i. The width of the Gaussian 
shaped growth rates is given by the constants cg,i. Even though the radial 
growth rate of γ-PP does not have a direct physical meaning since the 
γ-crystals co-crystallize, the model describes γ crystallization with a 
unique apparent growth rate. In isothermal isobaric quiescent condi-
tions, the growth rates should be constant. The nucleation mechanism is 
more straightforward. Mesophase results from a purely homogeneous 
nucleation rate while the other crystal phases originate from 
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heterogeneous nucleation. Since α and γ co-crystallize, their nucleation 
rate is equal, see Equation (9). In the absence of flow or a β-specific 
nucleating agent, no β-crystals are expected to form and, therefore, this 
phase is not considered in this work. 

Ṅα,het,q(T, p) = Ṅγ,het,q(T, p) = Ṫ
dNα,het,q

dT
Ṅm,hom,q(T, p) = Ṅm,hom,q

(9) 

The α-nucleation rate comprises the amount of nuclei as a function of 
the crystallization temperature, equation (10). By counting the amount 
of spherulites in different isothermal crystallization experiments, the 
heterogeneous nucleation rate for the α-phase can be estimated. 

dNα,het,q

dT
= − cnNref exp(− cn(T(t) − TNref (p))) (10) 

Temperature dependent homogeneous nucleation rates of a meso-
phase can be described as for example done by Koutsky et al. and Pao-
lucci et al. [55,72]. However, especially in the case of mesophase 
polypropylene, a significant number of the required parameters is either 
not reported in literature (to the knowledge of the authors), has limited 
physical meaning, or a variety of different values are reported. There-
fore, it is chosen to describe the bell-shaped homogeneous nucleation 
rate Ṅm,hom,q with an equation equivalent to Equation (8). This function 
does not reproduce the typical non-symmetric shape of the homoge-
neous nucleation rate, but is chosen since it closely matches the curva-
ture in the relevant temperature window, i.e. where the mesophase 
forms. 

Ṅn,hom,q = Nmax,hexp(− cn,h(T(t) − TNref ,h)
2
) (11) 

So far, the focus has been on polymorphism and spacefilling, but 
what additionally determines the properties, is the fraction of the crys-
tals and the thickness of the crystals [73,74]. Therefore, being predictive 
with respect to crystallinity is of added value to the model. Typically, the 
spacefilling needs to be multiplied with a final primary crystallinity level 
(of phase i) χp

∞,i, obtained in the filled space, in order to calculate a global 
crystallinity χp,i. Here, it is suggested to use a temperature dependent 
local χp

∞,i(T(t)). 
To obtain χp,i, the crystallinity occurring at time tp at the front of 

growing crystalline structures of phase i, χp
∞,i(tp, ξtp ,i) (with i = αα, β, αγ, 

m) is integrated over the filled space. ξtp ,i indicates the location of that 
crystallinity level, i.e. the filled space at time tp of phase i (again, notice 
that we use superscript for local crystallinity while for volume averaged 
specific crystallinity we use subscript). 

The specific primary crystallinity of phase i, i.e the primary crystal-
linity in a representative volume where the space filling takes place, is 
given by: 

χp,i(t, ξi) =

∫ ξi

0
χp

∞,i

(
t, ξtp ,i

)
dξtp ,i (12) 

Equation (12) requires phase specific χp
∞,i values, which is undesired, 

since this information is experimentally not accessible. Therefore, it as 
assumed that the final primary crystallinity level of all phases is equal, 
and equation (12) reduces to: 

χp,i(t, ξi) =

∫ ξi

0
χp

∞

(
t, ξtp ,i

)
dξtp ,i (13) 

The total primary crystallinity, i.e. the sum over all phases, is given 
by: 

χp(t) =
∑n

i=1
χp,i(t, ξi) (14)  

3.2. Secondary crystallization 

As soon as a certain volume is occupied with primary crystals, the 

crystallinity can locally grow further. This phenomenon, with the 
accompanying increase in crystallinity, is referred to as secondary 
crystallization and is enabled after primary crystals are formed, i.e. 
secondary crystallization can start in the filled areas, before complete 
spacefilling is reached. In PP random copolymer, secondary crystalli-
zation phenomena can significantly contribute to the crystallinity, 
depending on the thermal history applied during the solidification 
process [37]. Besides an increase in crystallinity, the phase composition 
can change due to phenomena like lamellar insertion or thickening (of 
different polymorphs). Similar secondary phenomena have been 
captured in a model by van Drongelen et al. [58] who investigated 
primary and secondary crystallization in LLDPE, using a convolution 
integral to capture the evolution in the maximum crystallinity. More 
recently, Yaghini and Peters modeled secondary crystallization of 
polyamide 6 [59]. To incorporate multiphase secondary crystallization 
in the model at hand, first a rather general model for multi-phase sec-
ondary crystallization will be presented. Next, to make the model 
applicable, some simplifications are introduced. 

The local primary crystallinity χp
∞,i, formed in the primary crystalli-

zation step at the front of a growing spherulite, can further increase over 
time. The level of secondary crystallinity of a phase j, j = α, β, γ, m, at 
time t, in all positions that were occupied at time tp by a growing primary 
semi-crystalline structure i, is given by: 

χs
ij

(
t, ξtp ,j

)
=

∫ t

tp
χ̇s

ij

(
T(t′ ), ξtp ,j

)
dt′ (15) 

Again, it is emphasized that these are local crystallinity levels (i.e. in 
a given position in a spherulite) and not the crystalinity levels in a 
representative volume, i.e. a volume which contains multiple (growing) 
crystalline structures as, for example, spherulites. 

If i = j, the secondary crystallizing phase is the same as the primary 
crystallizing phase, i.e. α crystallizes in α. If i ∕= j, the secondary phase is 
different from the primary one, e.g. γ crystallizes in α. Notice that 
different phases can grow as secondary structures simultaneously in the 
same primary crystallized phase. 

The rate of change of the crystallinity at these positions ξtp ,j for t > tp, 

χ̇ij

(
ξtp ,j,T(t)

)
= χ̇s

ij(T(t)) is assumed to be a function of the temperature 

and the difference with the maximum secondary crystallinity level that 
can be obtained at a given temperature for isothermal conditions. 

Moreover, the initial condition is given by χs
ij

(
tp, ξtp ,j

)
= 0. 

The specific secondary crystallinity of phase i, i.e the secondary 
crystalinity in a representative volume occupied by phase j in the pri-
mary process, is given by: 

χs,ij

(
t, ξj
)

=

∫ ξj

0
χs

ij

(
t, ξtp ,j

)
dξtp ,j =

∫ ξj

0

⎡

⎢
⎣

∫ ξj

0
χ̇s

ij

(
T(t′ ), ξtp ,j

)
dt′
⎤

⎥
⎦dξtp ,j

=

∫ t

0

⎡

⎢
⎣

∫ t

tp
χ̇s

ij

(
T(t′ ), ξtp ,j

)
dt′
⎤

⎥
⎦ξ̇jdt

(16) 

The total secondary crystallinity contributing to phase i is given by: 

χs,i(t) =
∑p

j=1
χs,ij
(
t, ξj
)

(17) 

In our case only the α and γ phase are considered to grow during 
secondary crystallization processes, and thus, j = α, γ. The total sec-
ondary crystallinity is given by: 

χs(t) =
∑m

i=1
χs,i(t) (18) 

Since in this work secondary crystalization is only considered in the α 
skeletons, and not in spaces occupied by β- and/or mesophase, i = α in 
equation (18). 
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Next, a constitutive equation describing the secondary crystallization 
behavior has to be specified. A phenomenological expression for the 
single phase case is given by van Drongelen et al., and Yaghini & Peters 
[58,59]: 

χ̇s
(

T, ξtp ,i

)
=
(
χs

∞

(
T
(
tp
) )

− χs(t)
)nK(T)

χs
∞ − χs(t) ≥ 0

(19)  

where χs
∞ is maximum level that secondary crystallization can reach for 

isothermal conditions, i.e for the temperature at time tp. In other words, 
the maximum level that secondary crystallization at positions defined by 
ξtp can reach, is determined by the temperature at that position at the 
moment it was occupied by the growing semi-crystalline structure. For 
any thermal history that does not include melting the term χs

∞ − χs(t) is 
assumed to become zero when χs

∞,i < χs
i (t), i.e. χs(t) cannot decrease. The 

temperature depent rate function K is given by: 

K(T) = a⋅exp

(

− b
(
T − Tref

)2

T2

)

(20)  

in which Tref represents the temperature for which the rate of secondary 
crystallization reaches its maximum a, and the parameter b governs the 
width of the function K(T). Generalizing this expression for a multiphase 
case can be done by specifying the temperature dependent secondary 
crystallization rate for each separate phase. Based on expression (19), 
such an extended version for the multi phase case looks like: 

χ̇s
i,j

(
T, ξtp ,i

)
=
(

χs
∞,i

(
T
(
tp
) )

− χs
ij(t)

)n
Ki(T)

χs
∞,i − χs

ij(t) ≥ 0
(21) 

However, such a general approach requires a rather large number of 
parameters of which it is questionable if these can be determined with 
reasonable experimental effort, if possible at all. Therefore, a simplified 
constitutive equation for multiphase secondary crystallization is pro-
posed in which one total value for the maximum secondary crystalli-
zation is used and the contribution to the different phases is expressed by 
the rate function Kj(T): 

χ̇s
j

(
T, ξtp ,i

)
=
(
χs

∞

(
T
(
tp
) )

− χs(t)
)nKi(T)

χs
∞ − χs(t) ≥ 0

(22) 

In which χs(t) is the sum of the secondary crystallization of the 
different phases: 

χs(t) =
∑n

j=1

∑n

i=1
χs

ij(t) (23) 

For the random PP’s considered here, the determination of the 
maximum level of secondary crystallization χs

∞ will be discussed in 
detail in the next section. Evaluating Equation (16) can be numerically 
demanding. An approximation for χs,ij(t, ξi) is given by: 

χ̃s,ij(t, ξi) = ξi

∫ t

ts
χ̇s

j (T(t
′

) )dt
′ (24)  

where it is assumed that secondary crystallization can be taken into 
account by an average value that evolves as a function of the thermal 
history. This is exactly what one measures when secondary crystalliza-
tion is determined in a representative volume, i.e. when performing DSC 
or X-ray experiments. In this work we will use both assumptions, i.e. 
Equation (22) and Equation (24). 

Finally, the overall multiphase crystallinity as a function of time is 
given by the sum of the primary and secondary crystallization processes. 

χ(t) = χp(t) + χs(t) (25) 

In the next section we will focus on how to determine the parameters 
for the secondary crystallization modelling. 

3.3. The determination of χs
∞ 

To solve Equation (22), the evolution of the maximum level of sec-
ondary crystallinity is crucial. In the work of Yaghini and Peters [59], in 
which a polyamide 6 was studied, a kinetic maximum crystallinity level 
as a function of the temperature was reported. For entropy arguments a 
melt crystallized polymer will never reach 100% crystallinity, explain-
ing the presence of this maximum χKIN

∞ , which increases with increasing 
crystallization temperatures. This can be understood best by the fact that 
at high temperatures the material is allowed more time to crystallize, 
and therefore, solidifies in a state closer to the energetically most 
favorable state. A recent study of Auriemma et al. was devoted to reveal 
the crystallization behavior of blends of regular and irregular isotactic 
polypropylene fractions [56] with clearly separated crystallization 
temperature ranges. At high temperatures, progressive formation of 
lamellar crystals from the high stereoregular component was found. 
Consequently, the concentrations of the low stereoregular component in 
the remaining amorphous domains increased, and upon a further 
decrease in temperature, the low stereoregular component crystallized 
in thin lamellae in between the already existing primary ones. Although 
the different fractions in random PP are less obvious and less separated, 
it is plausible to assume that such a mechanism of phase separation as a 
result of crystallization takes place also here. Isothermal crystallization 
at high temperatures, i.e. low undercooling, gives rise to the formation 
of relatively thick lamellae [64,75]. Depending on the comonomer 
content distribution of the random PP, certain fractions of the material 
are not able to crystallize. Therefore, open spherulite structures with 
thick lamellae and relatively large amorphous layers in between, arise at 
high temperature where undercooling is low. However, upon subse-
quent cooling (after reaching full space filling), the undercooling gets 
larger, thinner lamellae can form, and additional parts of the amorphous 
material are able to crystallize. This suggests that when going from high 
to low temperature, the fraction of crystallizable material increases from 
zero towards higher levels, and is referred to as maximum crystallizable 
fraction χCF

∞ in this work. Ziegler-Natta materials generally contain 
non-crystallizable fractions, so the maximum (or plateau) value will not 
reach one. 

From Alamo et al. [60], a maximum crystallinity is expected as a 
function of the isothermal crystallization temperature, when crystal-
lizing PP with a high defect content in isothermal conditions. The 
decrease in crystallinity with increasing temperatures is attributed to a 
growing fraction of short sequences, present in the material, that can not 
participate in the crystallization process. This maximum shifts towards 
lower temperature with increasing defect content, and is (mainly) the 
result of primary crystallization phenomena. Considering the afore-
mentioned local kinetic maximum crystallinity χKIN

∞ in combination with 
the local crystallizable fraction χCF

∞ , it is assumed that the local 
maximum primary crystallinity, i.e. the maximum primary crystallinity 
in the filled space χp

∞, is given by their product. 

χp
∞ = χKIN

∞ ⋅χCF
∞ (26) 

Summarizing this information in a graph leads to the curves depicted 
in Fig. 1. 

After reaching spacefilling, with a temperature dependent maximum 
primary crystallinity level χp

∞, explained by the product between χKIN
∞ 

and χCF
∞ , the situation changes when proceeding to a different temper-

ature. Upon lowering the temperature, the crystallizable fraction in-
creases with respect to the temperature at which the primary crystals 
were formed initially. The ΔχCF

∞ that comes available will form crystals at 
a crystallinity level of χKIN

∞ , giving rise to a maximum increase in crys-
tallinity, i.e. secondary crystallinity, of ΔχCF

∞ ⋅χKIN
∞ . 

χs
∞

(
T, ξtp

)
=

∫ χCF
∞ (T)

χCF
∞ (Ttp )

χKIN
∞

(
T, ξtp

)
dχCF

∞ =

∫ Tt

Ttp

χKIN
∞

(
T, ξtp

) dχCF
∞

dT
dT (27) 
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The maximum achievable amount of secondary crystallinity χs
∞ 

within the filled space ξ is used in Equation (22), and follows from the 

integral over χKIN
∞

(
T, ξtp

)
, Equation (27). ξtp in this equation accounts for 

the space filled at position tp. 
In Fig. 1, the positions of χKIN

∞ and χCF
∞ are captured by descriptive 

functions, in which the parameters have no physical meaning. χCF
∞ is 

captured by [76]. 

χCF
∞ = C

Tm1 − T
T1 − T

(28)  

while it is assumed that χKIN
∞ can be described by a first order polynomial, 

similar to Ref. [59]: 

χKIN
∞ = pk1⋅(T − 273) + pk2 (29)  

pk1, pk2, C, Tm1 and T1 are constants, and T is the temperature at which 
the crystalization takes place. For T > Tm1, χCF

∞ = 0. The chosen strategy 
to determine χs

∞ (see Equation (22)) as a function of the thermal history 
will be explained on the basis of three hypothetical examples. We 
consider the χCF

∞ and χKIN
∞ values, as given in Table 1: 

The values above result in the following calculations:  

1. In the first case, isothermal crystallization till full space filling at low 
temperature (approximately 90◦C) is considered, see Fig. 1 path 1. In 
this specific hypothetic case, the isothermal crystallization temper-
ature is reached before the crystallization onset. χKIN

∞ = 0.5 with a 
crystallizable fraction χCF

∞ = 0.8, resulting in a χp
∞ = 0.5⋅ 0.8 = 0.4, 

see Equation (26). At isothermal condition, dχCF
∞ /dT =

[
χCF

∞ (Tt) −

χCF
∞ (Ttp )

]
= 0, and thus secondary crystalization will not be possible 

(Equation (27)). However, after subsequent cooling to room tem-
perature, the crystallizable fraction χCF

∞ has increased to 0.9, as 
indicated by the black cross in Fig. 1. Therefore, the term dχCF

∞ /dT =
[
χCF

∞ (Tt) − χCF
∞ (Ttp )

]
= 0.9 − 0.8 = 0.1. 

The kinetic maximum χKIN
∞ at that temperature is approximately 0.3. 

Then, according to Equation (27), χs
∞ = 0.3⋅0.1 = 0.03. Notice that 

at full spacefilling, which was reached in the isothermal step of the 
hypothetical example, the local crystallinity values (within the filled 
space) equal the global crystallinity values (within entire sample) 
and thus, χCF

∞ = χ∞,CF,χKIN
∞ = χ∞,KIN and χp

∞ = χ∞,p. 
At a temperature of 90◦C, the χCF

∞ is close to reaching the lower 
temperature plateau value, meaning that further cooling hardly af-
fects the crystallizable fraction. Consequently, with primary crys-
tallization at increased undercooling, the population of secondary 
lamellae (cross-hatched structures) decreases [77]. 

2. In case isothermal crystallization (till full spacefilling) at high tempera-
ture is considered, for example 125 C as indicated in Fig. 1; path 2, the 
proportions of primary and secondary crystallization change with respect 
to the first example. χKIN

∞ = 0.6 with a crystallizable fraction of χCF
∞ =0.3, 

resulting in a χp
∞ = 0.6⋅0.3 = 0.18 (Equation (26)). Also in this case, at 

isothermal conditions χs
∞ = 0 (Equation (27)). After subsequent 

cooling to room temperature, dχCF
∞ /dT =

[
χCF

∞ (Tcurrent) − χCF
∞ (Tformed)

]
=

0.9 − 0.3 =0.6, and χKIN
∞ =0.3. Then, χs

∞ = 0.3⋅0.6 = 0.18 as obtained 
by Equation (27). The fraction of secondary crystals that can be formed 
when following path 2 is thus an order of magnitude higher than the 
fraction of secondary crystals formed in case 1.  

3. Finally, a situation with an additional quenching step at 50% 
spacefilling is considered. The first isothermal crystallization, up to 
50% spacefilling (Δξ1), occurs at high temperature; 125 ◦C. The 
second subsequent isothermal crystallization step, from 50% space-
filling till 100% (Δξ2) takes place at 90◦C (combination of path 1 and 
2, Fig. 1). With χ∞,KIN = 0.6 and 0.5, and χCF

∞ = 0.3 and 0.8 respec-
tively, this results in a global primary crystallinity 

χ∞,p = Δξ1⋅χp
∞,@125 + Δξ2⋅χp

∞,@90 = Δξ1⋅χKIN
∞,@125⋅χCF

∞,@125 + Δξ2⋅χKIN
∞,@90⋅ 

χCF
∞,@90 = 0.5⋅0.6⋅0.3+ 0.5⋅0.5⋅0.8 = 0.29. 

After quenching to a temperature of 20◦C, the crystallizable fraction 
χCF

∞ = 0.9, and thus 
χ∞,s = Δξ1⋅χs

∞,1 + Δξ2⋅χs
∞,2 = Δξ1⋅χKIN

∞,@20⋅(χCF
∞,@20 − χCF

∞,@125)+ Δξ2⋅ 
χ∞,@20 

KIN⋅(χCF
∞,@20 − χCF

∞,@90) = 0.5⋅0.3⋅(0.9 − 0.3)+ 0.5⋅0.3⋅(0.9 −

0.8) = 0.115. Please note the distinction between local and global 
crystallinities in this last example. 

Using the model as explained in these examples means that phase 
separation during crystallization is implicitly taken into account. Crys-
tallization is resulting from the fractions containing sufficiently long 
propylene sequence lengths. Depending on the temperature, parts of 
these fractions participate in crystallization, or are forced into the 
remaining amorphous domains. In real life processing, crystallization 
will not proceed in a stepwise fashion, but solving the integrals allows to 
apply the same procedure on more realistic conditions. Although diffi-
cult to visualize, the scenario’s shown before clarify how the model 
works. Moreover, one could reason why secondary crystallization plays 
a major role in the crystallization behavior of PP random copolymers, 
while in highly isotactic PP homopolymer no such phenoma are 
observed (at least to this extend). Due to longer average sequence 
lengths in the major part of a homopolymer, the plateau of the tem-
perature dependent crystallizable fraction is observed at higher tem-
peratures. Therefore, in the temperature range where the homopolymers 
typically crystallize, the maximum crystallinity is dominated by χKIN

∞ . 

4. Materials and methods 

4.1. Material 

The material used in this work is an ethylene propylene random 
copolymer, supplied by SABICTM. The ethylene content, determined by 
13C NMR is approximately 3.7 wt%. The material is synthesized with a 

Fig. 1. Final crystallinity levels as a function of temperature for isothermal 
primary crystallization (green line), based on the amount of crystallizable 
material fraction (orange line) multiplied with the kinetic maximum crystal-
linity (red line). Arrows indicate the values of the aforementioned maxima, 
corresponding to 90◦C and 125◦C, indicated with 1 and 2 respectively (referred 
to as path 1 and path 2). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Final crystallinity levels for illustrative calculation examples.  

Temperature [◦C] χKIN
∞ [ − ] χCF

∞ [ − ]

20 0.3 0.9 
90 0.5 0.8 
125 0.6 0.3  
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Ziegler-Natta catalyst, and has a weight average molecular mass Mw of 
690 kg/mol, with a polydispersity index Mw/Mn of approximately 7.7 
(SEC-DV-IR). The MFR of the material is 0.3 g/10 min at 230◦C. 

4.2. Polarized optical microscopy 

The primary growth rate of the crystallizing morphology is quanti-
fied by means of polarized optical microscopy (POM). Thin polymer 
films (≈50–100 μm) are prepared by heating single granules to 230 ◦C 
on a hot plate. These molten droplets are then manually compressed 
between two microscope glass slides and left at high temperature for 2 
min to relax any stresses introduced during the compression step. The 
films are sandwiched between a microscope glass slide and cover glass 
slide and placed in a Linkam LTS350 hotstage. For each crystallization 
protocol a series of images is acquired in transmission mode using an 
Olympus BX51 microscope equipped with an LM-PLAN-FI 20x/040 lens. 
To enhance the contrast between the crystalline lamellae and amor-
phous undercooled melt, the hotstage is placed between two orthogonal 
polarizers. The sample is heated to 230 ◦C to erase the thermo-
mechanical history and subsequently cooled at a rate of 30 K/min to the 
desired temperature. Due to the limited achievable cooling rates, only a 
relatively small crystallization temperature window can be assessed in 
the optical microscopy experiments. After reaching the set temperature, 
the sample is kept isothermal while collecting an image series to follow 
the spherulite growth over the complete crystallization process till 
impingement. The linear growth rate G(T) is obtained from the slope of 
average plots of the spherulite radius versus the time. With pixel size of 
17 μm × 17 μm, and an image of 2576 x 1932 pixels, several radii were 
recorded per crystallization temperature to reduce the experimental 
uncertainties. When setting a threshold gray value to define the space 
filled area, the conversion of the polymer melt into solidified material 
can be determined over time. 

4.3. Fractionation 

The PPR is fractionated by means of preparative Temperature Rise 
Elution Fractionation (pTREF). A cooling rate of 0.025 ◦C/min is used in 
the cooling process on a sample of 2 g. At every fractionation temper-
ature, i.e. 20, 55, 75, 84, 89, 92, 95, 98 and 110 ◦C, after annealing for 1 
h xylene solvent is flushed 3 times to recover the soluble material. 
Subsequently, methanol is used for precipitation, and after drying, the 
sample is suitable for further analysis. 

4.4. NMR 

The ethylene content of the copolymers is determined by 13C NMR 
spectroscopy. Approximately 150 mg of each sample is dissolved at 135 
◦C in ~3 ml of 1,1,2,2-tetrachloroethane-d2 (TCE-d2) in a 10 mm NMR 
tube. The NMR measurements are carried out on a Bruker 500 Advance 
III HD spectrometer equipped with a 10 mm DUAL (proton and carbon) 
cryogenically cooled probe head operating at 125 ◦C. The 13C NMR 
experiments are performed using power-gated decoupling, a spectral 
width of 220 ppm and a relaxation delay of 20 s between each of the 512 
transients. The spectra are calibrated by setting the central signal of 
TCE’s triplet at 74.2 ppm. 

4.5. Thermal analysis 

In order to quantify the crystallization behavior, two different tem-
perature protocols are used; isothermal crystallization and crystalliza-
tion during continuous cooling. To measure the crystallization rate and 
the corresponding half time, isothermal DSC experiments were con-
ducted on a TAinstruments Q20. The maximum specified cooling rate in 
this DSC apparatus is 30 ◦C/min, and therefore, the accessible temper-
ature range for achieving purely isothermal crystallization is rather 
limited. To study crystallization behavior at high undercooling, a 

differential fast scanning chip calorimeter FLASH DSC 1 (Mettler 
Toledo), combined with a Huber Intracooler TC100, is used [55,61]. The 
detailed procedure and the applied thermal protocols are explained in 
detail in the Supplementary Material. 

4.6. X-ray 

To capture the structure development of the PPR under various 
conditions, a series of X-ray experiments are carried out. These experi-
ments consist of two series of in-situ measurements, and are completed 
with ex-situ experiments, of which the details are discussed separately. 
The data analyses of the integrated X-ray patterns is described in the 
Supplementary Material. 

4.6.1. Isothermal crystallization with in-situ X-ray 
The crystallization behavior is studied with a Linkam DSC600 hot 

stage, equipped with a liquid nitrogen container for fast cooling. This 
stage allows for cooling in a controlled way up to rates of 30 ◦C/min and 
to record the enthalpy from the crystallization process. The applied 
temperature history is depicted in Fig. 16a, following the solid line 
(cooling after the isothermal step). These experiments are combined 
with in-situ real time WAXD experiments, carried out at the ESRF 
DUBBLE BM26, Grenoble, France. The evolution of the fractional con-
tent of the different polymorphs could be observed by deconvolution of 
the integrated signal [5]. The WAXD experiments are also combined 
with real time simultaneous SAXS experiments to capture the evolution 
of the long period [78]. The 2D SAXS patterns are recorded with a 
Pilatus 1 M detector, and simultaneously a Pilatus 3K detector is used to 
record the WAXD signals. Both the detectors have a pixel size of 172 ×
172 μm2, and the sample to detector distance was approximately 290 
mm for WAXD and 3000 mm for SAXS. The acquisition time was 5 s for 

both SAXS and WAXD. The wavelength of the beam is λ = 1.033A
̊
. All 

samples are background subtracted and normalized to incident beam 
intensity, prior to the radial integration, which is executed using the 
Fit2D software. 

4.6.2. Continuous cooling experiments with in-situ X-ray 
In a second set of experiments at the Twente University, continuous 

cooling is carried out on a custom installed Linkam THMS600 hot-stage, 
combined with in-situ WAXD experiments performed in transmission 
mode and conducted on a Bruker D8 Discover system. The XRD system is 

equipped with a Cu-source, providing a wavelength of 1.54 A
̊
. A Montel 

optical mirror is used to provide a highly parallel beam, collimated to a 
diameter of 1 mm. The sample in the hot-stage was enveloped in Kapton 
which was installed at 68 mm from the Eiger R500K 2D detector. Con-
stant cooling conditions of 20, 5 and 1 ◦C/min are applied, and 
measured with acquisition times of 9, 36 and 58 s per frame respectively, 
resulting in average temperature resolutions of 3, 3 and 1 ◦C per frame. 
Samples are heated and cooled according to the protocol indicated in 
Fig. 16b. An interval of 2 s was required in between measurement frames 
to store the data. Background subtraction and integration is executed 
using the Fit2D software. The experiment at the highest cooling rate, i.e. 
20 ◦C/min is executed 4 times, and the recorded patterns were summed 
to improve resolution. 

4.6.3. Ex-situ X-ray 
Additionally, single shot experiments were conducted on DSC sam-

ples prepared with different cooling rates. Static experiments on these 
preconditioned samples were performed at the SAXSLAB GANESHA at 
DSM Material Science Geleen. The instrument features a XENOCS 
microfocus source (CuKα) coupled to a multilayer optics. Depending on 
experimental conditions, the primary beam is shaped via three sets of 
JJXRAX 4-blade slit systems with single-crystal antiscatter slits to in-
crease signal-to-noise ratio. Samples are mounted in vacuum and 
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positioned via a remote-controlled stage, with a Pilatus 300k detector 
placed at a distance of 120 mm from the sample position in an off-axis 
position to extend the available q-range during WAXD experiments. 
Raw data are calibrated and intensity profiles extracted after standard 
corrections from the non-oriented samples via sectorial integration 
using the SAXSLAB software. 

Finally, two samples prepared in the Flash DSC at isothermal crys-
tallization temperatures of 60 and 90 ◦C were measured ex-situ to reveal 
the phase composition. The latter two samples were cooled with 1000 
◦C/s after isothermal crystallization, to ensure that the structures 
created at the isothermal temperatures were frozen, and secondary 
crystallization phenomena were minimized. These static experiments on 
samples prepared via Flash-DSC where performed using the D8 
DISCOVER at DSM Material Science Geleen. The instrument features an 
INCOATEC microfocus source (CuKα) with a multilayer optics focusing 
the beam onto the sample position. WAXD patterns are collected using a 
VANTEC 500 detector placed at a distance of 150 mm from the sample, a 
take-off angle of 2Θ = 18◦ using a reduced resolution of 1024 x 1024 
pixels. To match dimensions of the primary beam and FDSC sample, the 
beam was reduced to size of either 20 or 50 μm using capillary optics 
with a lead pinhole mounted near the sample to reduce air scatter. Prior 
to measurements the sample position was optimized by monitoring 
diffracted intensity while moving y- and z-position of the remote- 
controlled sample stage. 

5. Results and discussion 

5.1. Parameterization strategy 

As became evident in Section 3, the model framework contains a 
significant number of parameters, which partially results from the 
distinction between primary and secondary crystallization phenomena 
(needed to describe and model the in-situ experiments), and partially as 
a consequence of the polymorphism due to co-crystallization of α and γ 
structures, typically observed for PPR’s. For this reason, an approach 
based on solely DSC as for example proposed by de Santis et al. [79], is 
not applicable. Therefore, the first part of the method to parametrize the 
model is based on a stepwise procedure, consisting of the following 
experiments to capture the primary crystallization kinetics:  

● Optical microscopy experiments, carried out at high temperature in 
the range where isothermal crystallization can be achieved, are 
analyzed first. From these experiments, the heterogeneous nucle-
ation density and the spherulitic α growth rate for this limited tem-
perature range can be extracted.  

● A combination of crystallization half times in the heterogeneous 
crystallization regime, obtained from DSC, Flash DSC and optical 
microscopy, is then used to fix the position and shape of the spher-
uletic α growth rate as well as the heterogeneous nucleation density, 
both as a function of the crystallization temperature.  

● With the α growth rate fixed, experimental information on phase 
composition obtained from X-ray is utilized to determine the ratio of 
α versus γ crystals. In this way, the position and shape of the γ growth 
rate (modeled as an apparent growth rate, see Equations (3) and (8)) 
can be found and fixed.  

● Finally, the position of the homogeneous nucleation (mesophase) 
density and corresponding growth rate is optimized by means of 
numerical exprimenting, based on a combination of reasoning and 
experiments conducted with Flash DSC. 

Once the primary crystallization kinetics are captured, the temper-
ature dependent final crystallinity levels and the secondary crystalliza-
tion kinetics are determined on the basis of X-ray and DSC:  

● The equilibrium level of crystallinity upon primary crystallization, 
χp

∞, is determined based on a combination of WAXD, DSC and Flash 
DSC experiments, all covering a specific temperature range. 

● The temperature dependent crystallizable fraction, χCF
∞ , is deter-

mined via NMR on fractionated PPR. Combining the average pro-
pylene sequence length determined as such, with the lamellar 
thickness as a function of the crystallization temperature, results in 
the crystallizable fraction as a function of the crystallization 
temperature.  

● By dividing χp
∞ by χCF

∞ , the kinetic maximum crystallinity χKIN
∞ can be 

obtained. Here it is asumed that χKIN
∞ can be described by a first order 

polynomial [59].  
● Ultimately, in-situ X-ray (WAXD and SAXS) is used to optimize the 

parameters describing the secondary kinetics for both the α and γ 
growth. 

After presenting the parametrization results, the model is applied to 
a series of different isothermal crystallization and continuous cooling 
experiments. Once the validity of the approach has been demonstrated, 
structure development is predicted over a wide range of processing 
relevant cooling conditions. 

5.2. Optical microscopy 

The isothermal optical microscopy experiments are conducted in a 
range between 114 ◦C and 126 ◦C, with intervals of 2 ◦C. At lower 
temperatures, the desired temperature could not be reached prior to the 
crystallization onset, while at higher temperatures the required experi-
mental time to reach spacefilling was too long. In Figure 18, Supple-
mentary Material, POM images are shown at different times, 
corresponding to crystallization temperatures of 114, 120 and 126◦C. 

At early stages, elongated spherulites which are typical for crystal-
lization of α phase skeletons with γ-phase cross hatching, are encoun-
tered [80]. In later stages, the growth proceeds in a more spherical 
fashion. As expected, the highest amount of spherulites is obtained at the 
lowest crystallization temperature, and therefore, giving the smallest 
spherulites. Counting the amount of spherulites visualized in the POM 
image is a delicate task, but can be used to determine the nucleation 
density according to: 

N(T) = N(3/2)
2D (30) 

Here, N(3/2)
2D is the amount of nuclei that are observed in the 2D image 

[54,81,82]. The equation only applies if the image is sufficiently large 
with respect to the spherulites. An example of the counting, as well as 
the temperature dependent nucleation density is shown in Figure 19a 
and 2a respectively. The solid line follows from Equation (10), using the 
parameter values as listed in Table 2, and is in qualitative agreement 
with nucleation densities reported previously by various authors [6,7, 
54,83–85]. 

In quiescent conditions at temperatures above the melting range of 
the mesophase, the formation of the α skeleton governs spacefilling and 
dominates the spherulite growth, whereas the formation of γ proceeds 
via branching on the α-lamellae [18,22,80]. Therefore, it is assumed that 
determination of the radius as a function of time allows for a direct 
measurement of the α growth rate. This is done for all optical micro-
scopy experiments and the results are shown in Fig. 19b. At every 
temperature, several spherulites are tracked in order to reduce the sta-
tistical error. The values of the different slopes fitted to the radius over 
time reveal the growth rates. Note that the extrapolated slopes do not 
intersect with the origin, as was previously reported by for example [22, 
105]. The growth rates are plotted in Fig. 2b as a function of the crys-
tallization temperature. In addition to the data obtained in this work, an 
extensive comparison is made with data reported in literature, con-
taining both iPP homopolymers and PPR’s. Based on the data reported in 
Refs. [4,22] (PPR), and in Refs. [86–88] (iPP homopolymers with 
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different levels of isotacticity), it can be seen that the maximum of the 
growth rate decreases in absolute value, but also shifts towards lower 
temperatures with an increasing amount of defects. From this compar-
ison it is clear that the ethylene content is not the only factor of influ-
ence. The Ziegler-Natta PPR used in this work (ethylene content = 3.7 wt 
%) displays a growth rate in between metallocene based PPR’s with a 
ethylene content of 1.1 and 1.5 wt% respectively. In fact, Kang et al. 
correlated the temperature dependent growth rate to the longest 
sequence lengths present in the polypropylene [89,90]. This illustrates 
the importance of the chemical composition distribution of the material. 
The data obtained from the combination of the POM experiments and 
the literature allows to position the α-growth rate and nucleation 
density. 

5.3. Isothermal crystallization with in-situ X-ray 

Now, Nα(T) and Gα(T) are fixed (parameter values in Table 2). In 
order to continue the parameterization of the primary crystallization 
model, the Gγ(T) has to be determined and for that purpose, (in-situ) X- 
ray experiments are used. Due to the co-crystallization of γ-lamellae into 
α spherulites, γ-growth rate cannot be visualized by means of a direct 
optical measurement. Therefore, the apparent growth rate is deduced 
from an optimization of the model on experimental X-ray data, captured 
during primary isothermal crystallization. The different experimental 
techniques employed in this work are calibrated for the temperature on 
the basis of the crystallization half times, according to the method 
described in the Supplementary Material. 

During the isothermal crystallization, both the α- and γ-polymorphs 
are formed. From the peak deconvolution procedure it follows that the 
ratio of α and γ is approximately constant throughout the primary 
crystallization process, at a ratio depending on the isothermal crystal-
lization temperature, see Fig. 3. Based on the definition of the primary 
crystalization, this behavior is expected. At the front of growing spher-
ulites, the amorphous PPR consists of a homogeneous melt that gives rise 
to a fixed ratio of α and γ crystals. Moreover, lamellar thickening and 
perfectioning is neglected, and other secondary phenomena like 
lamellar insertion due to growing crystallizable fractions does not take 
place at isothermal conditions. At these conditions and with one single 
nucleation density, the ratio in the volume fraction γ versus α scales with 
G3

γ /(G3
α + G3

γ ). This is used to position the γ growth rate with respect to 
the α growth rate. Since the available crystallization temperature range 
in the DSC is relatively small, similar types of experiment was carried 

Fig. 2. a) The heterogeneous (α crystal) nucle-
ation density as a function of the temperature. 
The iPP data is obtained from Refs. [6,7,54, 
83–85] respectively, and the colored markers are 
obtained from POM experiments carried out in 
this work. The line represents the extrapolation 
used in the model. b) PP-E data is obtained from 
Ref. [4] (ZN catalyst) and [22] (metallocene 
catalyst). The number indicates the weigth per-
centage of ethylene. The iPP data is reproduced 
from Ref. [86] (fractionated iPP) and [87] (met-
allocene catalyst), where the number indicates 
the isotacticity. Finally, iPP-1 to iPP-7 are a series 
of highly isotactic iPP’s, reproduced from 
Ref. [88]. The colored markers are the growth 
rates measured in this study.   

Table 2 
Model parameters.  

Parameter Value Unit Parameter Value Unit 

Nref 1013 [#] Gmax,m 6.5 ⋅ 10− 6 [m/s] 
TNref 393 [K] TG,ref,m 298 [K] 
cn 0.12 [1/K] cg,m 1.2 ⋅ 10− 3 [1/K2] 
Gmax,α 5.27 ⋅ 10− 6 [m/s] Nmax,h 3.05 ⋅ 1018 [#/m3] 
TG,ref,α 340.5 [K] cn,h 2.1 ⋅ 10− 3 [1/K] 
cg,α 8 ⋅ 10− 3 [1/K2] TNref,h 292.02 [K] 
Gmax,γ 1.82 ⋅ 10 − 6 [m/s]    
TG,ref,γ 344.45 [K]    
cg,γ 1.85 ⋅ 10− 3 [1/K2]     
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out in the Flash DSC at an isothermal crystallization temperatures of 60 
◦C and 90 ◦C. The preconditioned samples are quenched to room tem-
perature and used to conduct ex-situ WAXD experiments (see Figure 21, 
Supplementary Material). Crystalline fraction of γ = 0.01 and 0.14 
respectively). The broader temperature range and the additional data 
obtained via Flash DSC help to position the γ growth rate over a broad 
temperature regime. Consequently, the applicability is extended to a 
wider range of cooling rates. By using the combined information, the 
growth rate curve of the γ-crystals can be fixed, see Fig. 4b. The X-ray is 
used to manually optimize for the ratio between α and γ. In Section 5.5, a 
more extensive analysis of the X-ray results is presented. 

The last that needs to be parametrized in the primary part of the 
crystallization model concerns the mesophase, which forms via a ho-
mogeneous nucleation mechanism. Crystallization in the relevant tem-
perature regime can only be assessed in a controlled way by using the 
Flash DSC. The crystallization half times, determined over a broad range 
of isothermal crystallization temperatures, see Figure 20b, allow to es-
timate the parameters of the governing equations. The choice to describe 
the homogeneous nucleation rate by Equation (11) simplifies the 
parameterization process. Nevertheless, a basic principle needs to be 
considered. The nodular structure of the mesophase, which is typically 
finer than the spheruletic morphologies, implies a relatively high 
nucleation density, i.e., the homogenoeus nucleation rate will exceed 
the heterogeneous nucleation rate in the temperature regime in which it 
is active (in between the melting temperature of the mesophase and the 
glass transition temperature of the melt which typically varies with 
ethylene content [91]). Based on these considerations, the homogeneous 

nucleation rate is described with the parameters reported in Table 2, and 
depicted in Fig. 4a. Fixing the mesophase nucleation density allows to fit 
the corresponding growth rate on the crystallization half times, 
measured in the low isothermal crystallization temperature range. The 
result of this exercise is depicted in Fig. 4b. The combination of nucle-
ation- and growth rate is not uniquely determined for the mesophase, 
however, captures the experiments sufficiently well. 

5.4. The determination of the χ∞ levels 

To include secondary crystallization in the model, and to be able to 
predict also the final level of the crystallinity on the basis of the con-
ditions experienced by the material, the temperature dependent 
maximum crystallinity levels need to be determined. The final level of 
the primary crystallinity χp

∞ can be measured directly in isothermal 
conditions and the crystallizable fraction χCF

∞ can be deduced from ex-
periments as well. According to Equation (26), χKIN

∞ then needs to be 
determined by dividing χp

∞ by the crystallizable fraction, since particu-
larly χKIN

∞ is difficult to measure. The crystallizable fraction is referring to 
the fraction of chains with a sufficiently long sequence of propylene 
units to crystallize into lamellae at a given undercooling. At decreasing 
crystallization temperature, the lamellar thickness decreases, meaning 
that the crystallizable fraction increases. To get this material charac-
teristic as a function of temperature, different paths may be chosen. 
Here, a route via fractionation and 13C NMR will be discussed, which is 
the most comprehensive approach. 

The PPR used in this study is fractionated into nine separate frac-
tions. The corresponding results are summarized in Table 3. The 
composition and sequence length distribution are determined for every 
fraction. The composition on the triad level, as determined via NMR can 
be used to calculate the average regular sequence length [92,93], iPPavg 
of each fraction, according to Equation (31). 

Fig. 3. The γ fraction as a function of the crystallinity during primary crys-
tallization (open markers) under isothermal conditions. The solid black lines 
represent the average constant γ crystallinity throughout the crystallization 
process. Dashed lines indicate γ crystallinity as obtained from ex-situ experi-
ments, carried out on flash DSC chips isothermally crystallized at 60 and 90 ◦C. 
The filled markers are obtained from the ratio’s in cubic growth rate of α- and γ 
phase, as calculated by the model. 

Fig. 4. a) The heterogeneous nucleation density (dashed line) and the homogeneous nucleation rate (solid line) as used in the model. The markers indicate the 
nucleation densities obtained from the POM experiments. b) Growth rates of α (dashed), γ (dotted) and mesophase (solid) as used in the model. The markers indicate 
the alpha phase growth rates obtained from optical microscopy. 

Table 3 
NMR results on fractionated PPR.  

fraction 
# 

relative 
amount 

PPP 
[%] 

PPE 
[%] 

EPE 
[%] 

iPPavg[#] iPPavg, 

l[nm] 
C2 
[wt 
%]         

1 5.8 42.2 22.3 7.5 5 1.1 20.3 
2 6.4 72.7 14.9 1.6 11 2.4 7.1 
3 9.3 83.9 9.8 0.5 18 3.9 3.9 
4 8.7 88.2 7.5 0.2 25 5.4 2.6 
5 10.4 90.1 6.3 0.2 30 6.5 2.3 
6 7.8 91.3 5.7 0.2 33 7.2 2.2 
7 8.3 92.3 5.1 0.1 37 8.0 2.1 
8 28.8 92.9 4.9 0.1 39 8.5 1.5 
9 13.5 94.6 3.8 0.0 51 11.1 1.4  
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iPPavg =
2PPP + PPE

PPE
(31) 

In this equation, PPP is the relative percentage of triads consisting of 
three propene monomers, and PPE the percentage of two propene units 
followed by one ethylene monomer. 

When the material crystallizes, it first adopts a helical conformation 
with a repetitive length of 0.65 nm per 3 propene monomers. Therefore, 
the average iPP sequence length can be translated into a helical length in 
nm, according to equation (32). 

iPPavg,l = 0.65
(

iPPavg

3

)

(32) 

The fraction containing the fewest ethylene comonomers, i.e. frac-
tion nine, has an average propylene sequence length of 51 units, see 
Table 3. This fraction covers 13.5% of the material and can form 
lamellae with a thickness of approximately 11.1 nm according to 
equation (32). Fraction eight, which is 28.8% of the lamellae can form 
lengths of approximately 8.5 nm, meaning that in total 42.3% of the 
material can form lamellae of at least 8.5 nm. Repeating this for all 
ractions yields the result reported in Fig. 5a. 

After interpolation of the results, one can look for example at an 
average iPP length iPPavg,l of 8 nm, and read that a material fraction of 
approximately only 45–50% can contribute to the crystallization pro-
cess. This curve is a material characteristic which affects the crystalli-
zation behavior, because the temperature at which crystallization takes 
place determines the amount that can crystallize. It should be noted that 
the NMR analyses based on the fractions is a fingerprint of the catalyst 
and the process used for producing the specidic polymer investigated in 
this study, and does not apply to all PPR’s [95]. The thickness of the 
lamellae that are being formed can be deduced from the melting tem-
perature via Gibbs-Thomson [63–65]. By combining with the 
Hoffman-Weeks equation, lamellar thickness can also be predicted from 
the crystallization temperature [66]. In case the thickening factor of the 
Hoffman-Weeks relation is set to 1, lc and Tc relate according to: 

lc =
2σeT0

m

ΔHf
(
T0

m − Tc
) (33) 

Fig. 5b shows the dependence of the lamellar thickness on the 
crystallization temperature for an iPP, as well as a PPR with a como-
nomer content of 3.1 wt% ethylene [33]. At low isothermal crystalli-
zation temperatures, the lamellar thickness converges to an asymptotic 
value of approximately 2–3 nm, indicating a minimum lamellar thick-
ness that can be formed [96], see asymptote in Fig. 5b. Besides the 
amount of ethylene, polymorphism can influence the Gibbs-Thomson 
equation [33]. The solid and the dashed lines represent the α and the 
γ polymorphs respectively. The parameters for the Gibbs-Thomson 
equation applicable to the PPR used in this study are based on a fit of 
data obtained in isothermal crystallization experiments carried out with 
in-situ X-ray (lamellar thickness lc), and a determination of T0

m based on 
DSC, see Figure 23. Note that T0

m values depend on the content of 

imperfections [97,98]. To avoid the complex interplay between melting, 
reorganization, recrystallization and decomposition [61], the sample is 
crystallized isothermally and heated with a rate of 10 ◦C/min, which is 
sufficiently high [40]. 

Although part of the ethylene can be included in the polypropylene 
crystals [21,32,62,99], the majority is excluded. Consequently, it is 
assumed that only the regular isotactic fractions long enough to be 
incorporated in lamellae (formed at a given temperature) will partici-
pate in the crystallization process. Folding back of chains into the crystal 
and the position of the ethylene units in that perspective has conse-
quences too, but is not considered here. In that way, the results in Fig. 5 
can be combined to obtain a crystallizable fraction χCF

∞ as a function of 
the crystallization temperature in a way similar to Jeon et al., who 
determined a fractional content of crystallizable sequences as a funtion 
of ethylene content [91]. In the current work the ethylene content of the 
material is constant and the crystalizable fraction is solely a function of 
temperature. The higher the crystallization temperature and the thicker 
the lamellae, the smaller the fraction of material that crystallizes, see 
Fig. 6, orange line. The values, used to parameterize the polynomial in 
Equation (28), are given in Table 5. 

To use this approach on a ZN random copolymer, which has a broad 
distribution of comonomer (as illustrated by the fractionation experi-
ment, Table 3), the fractions should not phase separate in the polymer 
melt prior to crystallization. In this stage, possible phase separation is 
determined by the miscibility of the different fractions present in the 
sample and the thermo-mechanical history the material experiences. For 
PP random copolymer, the fractions eluted at temperatures above 55◦C 

Fig. 5. a) The fraction of the PP random 
with a minimal isotactic propylene sequence 
length as indicated on the horizontal axis, in 
which the average iPP length is the length in 
the helical conformation. The curve is 
calculated based on fractions obtained via 
pTREF (fractionation based on melting 
behavior) and evaluated individually with 
NMR. b) Relation between lamellar thickness 
and crystallization temperature for a PP- 
hopol [94], a PPR [33], and the PPR used 
in this work. The parameters are given in 
Table 4.   

Fig. 6. The crystallizable fraction χCF
∞ (orange line) as a function of the crys-

tallization temperature, based on NMR conducted on the PPR fractions 
(experimental data as a function of the crystallization temperature obtained 
from Equation (33) and Table 3).In green, the primary crystallinity level χp

∞, 
based on DSC- and X-ray experiments (markers), is shown. The final kinetic 
crystallinity level χKIN

∞ (red curve) as obtained from Equation (26). (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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may be expected to be miscible in the melt. All these fractions contain 
1.4–3.9 wt% ethylene, so they differ in branching content by less than 4 
mol%. Hence, miscibility between these fractions is expected. For the 
material analyzed, the fractions potentially sensitive to phase separation 
during high temperature annealing (> 10wt% ethylene), play a limited 
role in the subsequent crystallization due to the short propylene 
sequence lengths present in the chains. Possible phase separation of 
these fractions will not affect crystallization kinetics. Although not 
completely possible to exclude phase separation in the melt, we have 
reasonable arguments to support the hypothesis that the effects on 
crystallization kinetics are insignificant, and therefore, we do not 
include this in the model. 

Next, the absolute position of χp
∞ can be measured directly from in- 

situ WAXD and from DSC. The latter requires immediate heating after 
reaching spacefilling in isothermal conditions, in order to prevent sec-
ondary crystallization phenomena to take place. Not all crystallization 
temperatures are assessable in combination with in-situ X-ray experi-
ments or standard DSC. Therefore, Flash DSC is used for the lower 
temperature regime. The melting enthalpy after isothermal crystalliza-
tion can be used to determine the crystallinity under the assumptions 
that the difference in heat of fusion for α- and γ-crystals can be neglected 
[33], and that the value is constant over the whole temperature regime. 
In Fig. 6, the combined results of χp

∞ from X-ray analyses and DSC ex-
periments are shown, where ΔHf = 191[kJ/mol] was used, in line with 
[34]. Notice that the crystallinity is only determined in the regime where 
solely α and/or γ forms. 

The experimental data that represent χp
∞(T) are indicated in Fig. 6. 

Below 50 ◦C, where mesophase is expected, the experimental data is not 
considered since the enthalpy required to obtain a crystallinity is un-
known and the risk for melting recrystallization phenomena is high. 
With the χCF

∞ fixed, and an indication of the position and shape of χp
∞(T)

on the basis of X-ray and DSC experiments, the position of χKIN
∞ can be 

determined according to Equation (26). 
Fig. 6 shows the positions of χKIN

∞ and χp
∞ that are found. The values 

used to parameterize the polynomial, Equation (29), are given in 
Table 5. 

Due to kinetic effects such as crystallizable sequences getting trapped 
in non-crystalline regions, χKIN

∞ increases with temperature. The kinetic 
effects increase when crystallization temperatures get lower and 
lamellae get thinner. Moreover, crystallization rates get higher and thus 
chains get trapped in a less favorable configuration more easily. In the 
model the same conclusion follows when considering primary crystal-
lization below 80 ◦C. Here, the crystallizable fraction is close to the 
plateau value and upon subsequent cooling does not govern a significant 
increase. Therefore, at these lower temperatures the final crystallinity 

level based on kinematic effects is close to χp
∞ and secondary crystalli-

zation is hardly possible. Around T0
m, the kinematic effects should play a 

limited role, and thus one would in theory end up with a higher crys-
tallinity. Nevertheless, the crystallizable fraction is low, therewith 
allowing only a small crystallinity to develop. In this regime, the final 
crystallinity is dominated by the fraction that can participate in the 
process. 

5.5. In-situ X-ray results and model validation 

WAXD and SAXS patterns were recorded to follow the structure 
development during the application of the thermal protocols as depicted 
in Fig. 7. 

To determine time resolved structural features such as the long 
period and the crystallinity, the isotropic 2D patterns are radially inte-
grated. In Figure 22 of the Supplementary Material, a typical example 
obtained from the SAXS measurements is presented. Similarly, Fig. 22b 
depicts a typical corresponding result obtained from the in-situ WAXD 
experiments. The red curves depict the evolution during the cooling, 
subsequent to isothermal crystallization until full spacefilling is reached. 
An obvious change of the maximum in the Lorentz corrected SAXS data 
can be observed in this part of the experiment. 

The evolution of the long period, determined according to Equation 
(41), is depicted in Fig. 8. Initially, at the onset of crystallization, the 
long period is large, but with increasing spacefilling, the average de-
creases and converges to a nearly constant value, specific for that tem-
perature and used to construct Fig. 5b. After the isothermal step, at the 
onset of cooling, the long period decreases further until it reaches at 
room temperature approximately the same value for all experiments, 
independent of the isothermal crystallization temperature at which 
spacefiling took place. The long period during the cooling step after 
isothermal crystallization up to full spacefilling is plotted as a function of 
temperature, see Fig. 8b. Three distinct regimes can be identified in 
which the long period decreases. The first one, just below the isothermal 
temperature is the result from thermal shrinkage of (mainly) the 
amorphous layers. The slope is steeper for higher crystallization tem-
peratures and thus for a larger amorphous content (Fig. 9a). Next, a 
steeper drop takes place which is resulting from lamellar insertion, 
similar to Ref. [56]. This drop takes place around 20–40 ◦C below the 
isothermal crystallization temperature at which full space filling is 
reached. The thickness of newly formed secondary lamellae needs to be 
small enough to fit in the amorphous domains, preserved in the spher-
uletic skeletons. Eventually, in the third regime below 70 ◦C, the 
decrease in the long period results from thermal shrinkage again, and 
due to the (slightly) higher crystallinity the temperature dependence is 
not as pronounced as in the first regime. If primary crystallization takes 

Table 4 
Parameters for the Gibbs-Thomson equation, Equation (33), for both the α and γ 
phase.  

Parameter iPP [94] PPR [33] PPR this study Unit 

ethylene content 0 3.1 3.7 [wt%] 
σe,α 52.2 ⋅ 10− 7 57 ⋅ 10− 7 61 ⋅ 10− 7 [J/cm2] 
T0

m,α 459.1 483 434.07 [K] 
ΔHf,α 209 199 191 [J/g] 
σe,γ 51.7 ⋅ 10− 7 52 ⋅ 10− 7 52 ⋅ 10− 7 [J/cm2] 
T0

m,γ 460.2 439 431.5 [K] 
ΔHf,γ 190 180 179 [J/g]  

Table 5 
Model parameters for the χ∞ levels.  

χCF
∞ value χKIN

∞ value 

C 1.11 [-] pk1 2.75 ⋅ 10− 3 [-] 
Tm1 408 [K] pk2 2.5 ⋅ 10− 1 [-] 
T1 421 [K]    

Fig. 7. The time temperature profiles of the experiments, carried out at various 
isothermal crystallization temperatures in combination with in-situ X-ray. The 
longer experimental time used for Tc,iso = 113◦C is due to experimental 
circumstances. 
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place at lower temperatures, the available space and material for sec-
ondary crystallization phenomena reduces further and further. 

The lamellar insertion, a purely secondary phenomenon, has to come 
along with an increase in crystallinity. Crystallization at high tempera-
tures (above 100◦C) is only possible for the highly isotactic fractions of 
the material, which will be extracted from the melt and incorporated in 
the crystal lattice. As a result, the left-over amorphous fraction which 
crystallizes by means of lamellar insertion upon cooling, contains 
increased amounts of defects, favoring γ-iPP formation. Higher crystal-
lization temperatures result in lower primary crystallinity levels, but 
also in the extraction of the longest propene sequence lengths. Conse-
quently, in all cases predominantly γ-crystals are formed during sec-
ondary crystallization. The higher the crystallization temperatures, the 
larger the fractions of left over amorphous material and the larger the 
amount of inserted lamellae. Lamellar perfectioning and thickening of 
the primary lammellae, typically observed upon annealing at high 
temperature [75,100], is not included in the model. 

Fig. 9 shows the development of the crystallinity χ as a function of 
the time-temperature history. In Fig. 9b, part of the experimental data is 
excluded from the figure for clarity arguments. The markers indicate the 
experimental outcome, and the solid lines are the model predictions. 
These predictions consist of a primary part, for which the model pa-
rameters are determined and summarized in Table 2, and a secondary 
part for which the optimal parameters are determined on the basis of in- 
situ WAXD results. The parameters, aiming for an optimal match be-
tween model predictions and experimental results in isothermal and 
continuous cooling experiments, are summarized in Table 6. 

Deconvolution of the WAXD patterns provides detailed information 
of the phase composition, see Fig. 10. In the predominantly primary 
isothermal crystallization step, the amount of α increases with 
decreasing crystallization temperature. For all thermal protocols, a 

similar absolute amount of α is formed in the secondary crystallization 
step upon cooling (after reaching full spacefilling at isothermal condi-
tions), see Fig. 11a. The γ-phase on the other hand gets higher with 
increasing crystallization temperature, and significantly grows during 
secondary crystallization. Therefore, the kinetics of γ crystal growth are 
faster than the kinetics of α growth during secondary crystallization, 
which is in line with the expectations [42,101]. In Table 6, only α- and 
γ-phase are considered since the other crystal phases did not form in 
secondary processes. Using these parameters results in the model de-
scriptions, indicated with the black lines in Figs. 9–11. All predictions, as 
a function of both time (Fig. 10) and temperature (Fig. 11, part of the 
data excluded from the figure for clarity arguments) of the primary and 
secondary crystallization phenomena give an accurate description of the 
experimental results. Moreover, the ratio between α- and γ polymorphs 
is captured very well throughout the entire crystallization process. 

To verify that continuous cooling experiments can be described 
equally well with this set of parameters, a set of in-situ X-ray experi-
ments conducted on an in-house lab setup, are used (cooling protocol 
given in Figure 16b), see the results in Figs. 12 and 13. Again, for the 
three cooling rates investigated here, the model accurately predicts the 
development of crystals over time and temperature. The crystallization 
onset time and temperature are predicted well and, moreover, the 

Fig. 8. a) The long period as a function of time, calculated according to Equation (41) and applied to experiments with isothermal crystallization at various 
temperatures. b) The long period as a function of temperature in the cooling step after isothermal crystallization up to full space filling. The strong decrease between 
70 and 110 ◦C is attributed to lamellar insertion. Lines are guides to the eye. 

Fig. 9. a) The evolution of the crystallinity, obtained from in-situ synchrotron X-ray experiments, as a function of time for the different thermal protocols, see Fig. 7. 
The markers are the experimental data and the solid lines are the model predictions. b) The same experimental data and model predictions of the crystallinity as a 
function of temperature. 

Table 6 
Model parameters for the secondary crystallization kinetics.  

Parameter i = α i = γ Unit 

aj 0.7 2.135 [1/s] 
Tref,j 340.5 344.45 [K] 
bj 120 120 [ − ] 
nj 3 3 [ − ]  
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structure development until reaching the final temperature is also 
captured quite well. The lower the cooling rate, the higher the crystal-
lization temperature and the higher the final crystallinity level (com-
bination of primary and secondary). Since the experimental error on the 
measurements conducted on the lab setup is slightly larger, particularly 
for the experiments conducted at cooling rates of − 20 ◦C/min, ex-situ 
experiments were carried out to confirm these final levels, indicated by 
the solid filled marker in Fig. 12. Moreover, that data is presented 
starting from a negative crystallinity to show the experimental noise at 
high temperatures, where the crystallinity is still zero. 

A distinction between the α- and γ-phase development can be made 
in the same way as before, and as evidenced by Fig. 13 (as a function of 
time and temperature), the model captures the experiments very well. 
With increasing cooling rate, an growing amount of α crystals is found, 
while the amount of γ crystals decreases. During secondary 

crystallization, the majority of newly formed crystals are formed in the 
γ-phase. Deviations are observed mainly for the experiments carried out 
at cooling rates of − 20 ◦C/min, which should be attributed to experi-
mental noise. 

5.6. Model applicability in an extended processing window 

It is demonstrated that the model is capable of predicting multiphase 
structure development in both isothermal crystallization experiments 
followed by cooling, and continuous cooling experiments. The crystal-
lization half time diagram, depicted in Fig. 14a, is constructed from the 
inverse crystallization half times, depicted in Fig. 20b, at isothermal 
conditions over a broad range of temperatures. The solid black line in 
Fig. 14a represents the model prediction. In both the homogeneous and 
heterogeneous nucleation regime, the model describes the experimental 

Fig. 10. a) The evolution of the α-crystal fraction as a function of time, obtained via deconvolution of the WAXD signals recorded from in-situ experiments, measured 
during the thermal histories shown in Fig. 7 b) The corresponding evolution of the γ polymorph. 

Fig. 11. a) The evolution of the α-crystal fraction as a function of the temperature, obtained via deconvolution of the WAXD signals recorded from in-situ exper-
iments, measured during the thermal histories shown in Fig. 7 b) The corresponding evolution of the γ polymorph. 

Fig. 12. a) The evolution of the crystallinity, obtained from in-situ X-ray experiments, as a function of time, collected simultaneously with the application of 
continuous cooling rates of 1–5 and 20 ◦C/min, see Fig. 16b for the cooling procedure. The markers are experimental data and the solid lines are the model pre-
dictions. Solid filled markers are obtained from ex-situ X-ray. b) The corresponding evolution of crystallinity as a function of temperature. 
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data very well. Fig. 14b shows that phase composition of α and γ is 
properly predicted for the temperatures where it could be verified based 
on WAXD experiments. Moreover, the level of the final crystallinity 
within the isothermal step matches the experimentally obtained ones. 

A similar plot can be made for the continuous cooling experiments. 
Also here, the temperature range in which a constant cooling rate could 
be applied, and for which the samples could be used for X-ray experi-
ments, is rather limited. However, combining Flash DSC and standard 
DSC data, and scaling to the crystallinity level as obtained by X-ray at 
low cooling rates, allows to determine the final level of the crystallinity 
over a broader range, see Fig. 15. Phase composition and the final level 
of the crystallinity are predicted rather well. In the range in which the 
transition from mesophase to α-phase is found, the predicted crystal-
linity level is slightly too high. A possible explanation could be that the 
model predicts a volume percentage of crystals, whereas the Flash DSC 
gives the crystallinity based on latent heat release. The mesophase and 
the α-phase in this regime are thermally less stable and have a lower heat 
of fusion. Therefore, latent heat might be scaled with a different factor 
than the α- and γ-phase to properly translate to a volume percentage. 
The levels of mesophase that are found in a rather narow range of 
cooling rates are lower than expected from ballistic cooling experiments 
[38]. Nevertheless, the results are in agreement with observations on 
random copolymers of propene and higher α-olefins, investigated in 
continuous cooling experiments [102]. 

6. Conclusion 

The crystallization behavior of a PP random copolymer has been 
studied and quantified over a wide range of cooling rates and thermal 

Fig. 13. a) The evolution of the alpha crys-
tallinity, obtained from deconvolution of in- 
situ X-ray experiments, as a function of 
time, collected simultaneously with the 
application of continuous cooling rates of 1, 
5 and 20 ◦C/min, see Fig. 16b for the cooling 
procedure. The markers are experimental 
data and the solid lines are the model pre-
dictions. Solid filled markers are obtained 
from ex-situ X-ray. b) The corresponding 
evolution of the gamma crystallinity. c) The 
evolution of the alpha crystallinity as a 
function of temperature. d) The correspond-
ing evolution of the gamma crystallinity.   

Fig. 14. a) Crystallization half times ob-
tained from DSC, X-ray and POM experi-
ments as a function of the isothermal 
crystallization temperature (markers) and 
the corresponding model predictions (solid 
black line). b) The final crystallinity (i.e. at 
room temperature) and the phase composi-
tion resulting from isothermal crystallization 
at several temperatures determined experi-
mentally (markers), and the corresponding 
model predictions over a wide range of 
isothermal crystallization temperatures.   

Fig. 15. The crystallinity and phase composition as a function of the applied 
continuous cooling rate, obtained from experiments (markers) and model pre-
dictions (solid lines). The melting enthalpy of all crystal phases is assumed to be 
the same. 
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protocols by means of (time resolved in-situ) WAXD and SAXS, polarized 
optical microscopy and (Flash) DSC. Important phenomena like primary 
and secondary multiphase crystallization and crystallization under 
isothermal and non-isothermal conditions are quantified. 

Based on the experimental information, a previously developed 
multiphase primary crystallization model is parameterized for a 
propylene-ethylene random copolymer. Additionally, the existing 
framework is extended to multiphase secondary crystallization. This 
extension is based on a concept of a temperature dependent maximum 
crystallinity level, making the model capable to predict final crystal-
linity levels as well. The maximum crystallinity is based on the kinetic 
maximum crystallinity at given temperature on one hand, and on the 
crystallizable fraction at that temperature on the other hand. In 
isothermal conditions, the crystallinity develops until reaching the 
product of the two. However, upon cooling the crystallizable fraction 
increases, allowing for a further secondary increase of the crystallinity 
which is predominantly governed by γ-phase formation. 

Parameterization of the secondary crystallization model proceeded 
via fractionation of the PPR. To determine the crystallizable fraction as a 
function of temperature, each fraction is studied in 13C NMR, to obtain 
the average regular sequence length. Under the assumption that 
ethylene does not incorporate in the polypropylene crystals, the fraction 
that can form a certain lamellar thickness and thus crystallize at a given 
undercooling is determined. As such, the chemical composition distri-
bution is used as a direct input for the crystallization model proposed in 
this work. Time-resolved X-ray is used to manually optimize the pa-
rameters for the kinetics of the secondary crystallization phenomena on 
the basis of numerical experiments. 

The proposed model framework accurately describes multiphase 
primary and secondary crystallization phenomena in both isothermal 
and non-isothermal conditions over a wide range of crystallization 
temperatures and cooling rates. Deconvolution of the in-situ X-ray 
revealed an excellent agreement between predicted and experimentally 
obtained phase composition as a function of time and temperature. The 
model shows how the chemical composition distribution of ethylene 
units in propylene chains can be used to understand the crystallization 
behavior, and to model the final crystallinity and phase composition. 
Moreover, the framework has proven to be predictive in a quantitative 
way in processing relevant cooling conditions. To predict structure 
development in real processing conditions, the model should be 
extended further to allow for flow induced crystallization predictions. 
Flow plays an important role in the majority of industrial production 
processes, and is therefore a topic for future work. 
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