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Abstract

This work demonstrates and models the self-organization of mixed polymorps in

polymers containing simultaneously growing phases with different growth rates. The

model was verified and demonstrated in isotactic polypropylene nucleated by a non-

selective nucleating agent. The crystallization and melting processes were studied by

calorimetry (DSC) and polarized light microscopy (PLM). The morphology of the sam-

ples was investigated using PLM and scanning electron microscopy (SEM). The funda-

mental rules of the formation of two polymorphic modifications developing

simultaneously on the same nucleating particle are introduced. A simple equation is

suggested to predict the morphological geometry on the lateral surface of the nucleat-

ing agent. The results indicated good agreement between the predicted and observed

geometry. The proposed model explains the self-organization of micro-sized reinforce-

ments of α-modification in the matrix of β-iPP. Although the proposed equation was

tested for this particular case it is a general equation for all structures in which different

polymorphs are growing simultaneously with different growth rates.
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1 | INTRODUCTION

Nucleating agents (NAs) are used in large amounts to modify the crys-

talline structure and consequently the properties of semicrystalline

polymers.[1–6] Especially, these additives are used in isotactic polypro-

pylene (iPP), which is the most dynamically developing commercial

polymer. The early work of Binsbergen et al.[1] revealed a few impor-

tant hints about the correlation between the chemical structure of the

NAs and their efficiency, but these correlations were not general. The

most probable explanation for nucleation efficiency was given by

Alcazar et al.[7] because they found that the structural matching

between the crystallite sizes results in the nucleating effect. Accord-

ingly, the efficiency of the nucleating agents might be considerably

different due to the significantly different morphology of the addi-

tives. The reliable comparison of NAs is difficult, but possible using

the efficiency scale suggested by Thierry et al.[8] The effect of these

additives is well known, the crystallinity (X) as well as Tcp increases in

their presence,[5,9] the crystallization process becomes faster and con-

sequently, the processing of the polymer can be accelerated as

well.[3,5,10] The first NAs applied in large amounts were insoluble in

the polymer melt and were dispersed as heterogeneous particles dur-

ing processing.[1,11] Consequently, the homogeneous distribution of
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the NA particles is essential, although it is not always easy because of

the large aggregation tendency of these additives.[5] The first break-

through in this field was the introduction of the sorbitol based NAs by

Milliken,[12–17] which were soluble in the polymer melt at high tem-

peratures and they were designated as organogelators.[18,19] Nowa-

days these NAs are used as clarifiers because the nucleus density is

very large in their presence.[15,20–22]

iPP is a polymorphic polymer, which has four crystalline modifica-

tions, namely α-, β-, γ, and the recently discovered ε-forms.[23–26]

Most of the NAs induce the formation of the thermodynamically sta-

ble modification of the polymers, thus the majority of NA applied in

iPP promote the formation of α-modification.[3,10,27] There are also

numerous NAs, which induce the formation of the β-modification

because its impact resistance is significantly larger compared to that

of the α-form.[25,28–39] Several novel β-NAs are soluble in the polymer

melt in order to achieve good homogeneity, however, β-NAs are not

always completely selective to one of the modifications and mixed

polymorphic structure is formed in their presence.[29,40] This effect is

designated as “dual nucleating ability”, which term was introduced in

our earlier publication.[40]

In this work, the crystallization process in the presence of a NA with

dual nucleating ability is reported. The rules of the self-organization, as

well as the formation of the crystallization process, are described in detail.

An equation is suggested, which describes the geometry of the super-

molecular structure formed on the surface of nucleating agents with dual

nucleating ability. The observations made in this work are easy to imple-

ment to any other polymer with complex polymorphic structure.

2 | MATERIALS AND METHODS

Our work focuses on the introduction of the crystallization process on

the surface of a non-selective NA in polymorphic polymers. Accordingly,

a polymorphic polymer, isotactic polypropylene, was used as model

material. Tipplen H890 a commercial grade iPP homopolymer was used

in our study to demonstrate that the presented example does not

require any special polymer grade. The melt flow rate (MFR) of H890 is

0.3 g/10 minutes (measured at 230�C using 2.16 kg of load).

Two NAs were used in this study. N,N0-Dicyclohexyl-2,6-

naphthalenedicarboxamide (NJS),[41–44] and N,N0-Dicyclohexyl-ter-

ephthalamide (DCHT).[45,46] Their chemical structures are presented

in Scheme 1. NJS was added to the iPP in the concentration range of

0 to 1000 ppm, while DCHT was added to the iPP from 0 to

5000 ppm.

The homogenization of the NAs was carried out using a

Brabender DSK 4267 twin screw compounder. The temperature pro-

file was 210�C, 220�C, 230�C, 230�C, and the rotating speed was

50 rpm. The extruded fiber was conducted through a water bath, and

then it was cut into small granules.

The supermolecular structure of the samples containing NAs was

studied by polarized light microscopy (PLM). The measurements were

taken using a Zeiss Axioskop equipped by a Leica DMC 320 digital

camera and a Mettler FP82 type hot stage. The micrographs were

recorded with the Leica IM50 software. For the determination of the

optical character of the samples studied, a λ-plate located diagonally

between the crossed polarizers was used. The samples were crystal-

lized under isothermal conditions after the elimination of thermal and

mechanical prehistory by heat treatment of the samples at Tf = 240 or

250�C for 3 minutes in the presence of NJS or DCHT, respectively.

This unusual high Tf was selected in order to study the dissolution of

DCHT into the polymer melt. After the heat treatment, the samples

were cooled to various crystallization temperatures (Tc) at a rate of

5�C/min or quenched at 20�C/min to Tc.

SEM micrographs were taken from the samples using JEOL ISM

5600 LV equipment. The surface of the samples was etched with a

permanganate solution[47] for 24 hours at room temperature in order

to observe the fine morphology in details.

3 | CRYSTALLIZATION MODEL

Here we introduce a simple approach, which describes the geometri-

cal rules of the crystallization process of the polymorphic modifica-

tions on the surface of the NA with dual nucleating ability.

In an earlier publication we discussed a soluble β-NA which was

proved to have dual nucleating ability in iPP.[40] To demonstrate the

way it affects the crystalline structure of the polymer we present a

schematic illustration of the initial (a) and the later (b) stages of the

crystallization process in Figure 1. In this particular case the α- and

the β-modifications developed simultaneously on the surface of the

NA crystals.

Although the polymorphic forms can develop simultaneously

on the surface of the NA crystal, the nucleation density of the dif-

ferent forms is usually also different because of the dissimilar effi-

ciency of the NA for each modification. The nucleation density of a

polymorphic modification on the surface of the NA crystal is pro-

portional to the efficiency of the NA to that certain form. As a con-

sequence, the type of the NA (and thus the nucleation density)

together with the growth rates of the modifications will determine

the final crystalline structure. Essentially, despite the simultaneous

formation of the nuclei of the different polymorphic forms during

crystallization only that modification will develop in which more

nuclei are induced and has a growth rate (G) higher or at least equal

to that of the other forms. In our case below 100�C (Tαβ) and above

140�C (Tβα) only the thermodynamically stable α-iPP develops,

because it has a higher growth rate than the β-iPP.[48,49] If the con-

ditions of crystallization favor the growth of the β-form (ie, the

temperature is between Tαβ and Tβα), the formation of this less sta-

ble modification is also feasible as it is presented in Figure 1. Fan-

like formations of the β-modification develop in the early stage of

the crystallization. The slower modification will be overgrown by

these fan-like structures and small occluded crystals will remain

near the surface of the NA. The ratio of the growth rates (R) deter-

mines the shape and the size of these small occluded crystals as

well as the center angle of the fan-like formations. By varying the

temperature of crystallization the structure can be tuned.
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R=
Gfaster

Gslower
=
Gβ

Gα
ð1Þ

In Equation (1) R is calculated by dividing the higher growth rate

with the lower one, thus R always has a value larger than 1. In our

case, if the temperature is between Tαβ and Tβα, the growth rate of

the β-form has to be divided by that of the α-modification as it is dem-

onstrated in Equation (1). We have to note that the growth rates

depend on temperature thus the calculation of R may change accord-

ingly in other cases. The precise geometrical calculation of the shape

of the fan-like slices is possible in analytical geometry similarly to the

earlier work by Varga[50], but first, the following preconditions should

be considered.

• The α-nuclei form in large density at t = 0 minute along the entire

planar surface of the nucleating agent (x-axis)

• The sole β-nucleus (which can form sporadically) is located exactly

in the origin and starts growing also at t = 0 minute

A lack of the β-nucleus in the origin would eventuate a formation

of α-crystals along the entire x-axis, which would grow at a constant

rate independent from the x spatial coordinate. The interface (y)

between the melt and the already crystalline phase would be, there-

fore, a straight line parallel with the x-axis:

y =Gα � t ð2Þ

Where Gα refers to the growth rate of α-modification, t is the

denomination of the time coordinate. The case we are intending to

investigate now, however, features a sole β-nucleus located in the ori-

gin (see the above introduced initial conditions). Unlike the α-form

nucleated along the entire x-axis, β-phase starts to grow from a single

point (x = 0, y = 0, that is, the origin), which eventuates the formation

of a circular spherulite of a radius (rβ) determined solely by the time

coordinate:

x2 + y2 = rα tð Þ2 = Gβ � t
� �2 ð3Þ

The interface between the α- and β-phases are determined by the

points being capable of simultaneously satisfy Equations (2) and (3),

which point is reached by both α- and β-forms at the same time (Equa-

tion (4)). By changing the time, these points will give the borderline

between the α- and β-crystals.

Gα � t= y and Gβ � t= y ð4Þ

In simpler words: the interface between the adjacent α- and

β-phases is lying along a set of points marked by (x, y) coordinates

reached by the continuously growing α- and β-phase at the exact

same time. This means, that Equations (2) and (3) needs to be solved

simultaneously. A solution requires one equation to be eliminated

first, for example, by expressing the variable of time from

Equation (2):

F IGURE 1 Simultaneous crystallization of the α- and β-modifications of iPP on the surface of a NA with dual nucleating ability in A, the initial
and B, the later stages of the crystallization process if the temperature is between Tαβ and Tβα. NA, nucleating agent

SCHEME 1 Chemical structure of A, NJS and B, DCHT
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1
Gα

�y = t ð5Þ

Which can now be substituted back into Equation (3):

x2 + y2 =
Gβ

Gα
�y

� �2
ð6Þ

As the brackets on the right side contain a simple product, the y

coordinate can be separated from the parameters of the growing

rates:

x2 + y2 =
Gβ

Gα

� �2

�y2 ð7Þ

After the rearrangement of Equation (7), the following equation

can be written:

x2 =
Gβ

Gα

� �2

�y2−y2 ð8Þ

Equation (8) can be re-written and rearranged as:

x2 =
Gβ

Gα

� �2

−1

" #
�y2 ð9Þ

x2

y2
=

Gβ

Gα

� �2

−1 ð10Þ

Note that both of the variables located on the left side are

squared, their ratio, therefore, can be simplified:

x
y

� �2

=
Gβ

Gα

� �2

−1 ð11Þ

A ratio of the spatial coordinates can now be expressed as a

square root of the right side of Equation (11):

x
y
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gβ

Gα

� �2

−1

s
ð12Þ

At this point, one might consider, that x and y coordinates are

projections of the end of the hypotenuse (outlined by the interface

between the α- and β-phases) to the abscissa and ordinate, respec-

tively. Therefore, the angle we are searching for can be expressed by

using these coordinates: as x equals to the opposite cathetus, while y

equals to the adjacent cathetus, their ratio—by definition—is expected

to be equal to the tangent of the angle confined by the y-axis and the

interface line between the alpha and beta phase.

tan φ Gα,Gβ

	 
	 

=
x
y
= �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gβ

Gα

� �2

−1

s
ð13Þ

In order to express the angle itself, one might apply the inverse

function of a tangent:

φ Gα ,Gβ

	 

= arctan �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gβ

Gα

� �2

−1

s2
4

3
5 ð14Þ

Introducing Equation (1) into Equation (14) the central φ angle

can be obtained as:

φ Gα,Gβ

	 

= arctan �

ffiffiffiffiffiffiffiffiffiffiffiffi
R2−1

ph i
ð15Þ

Figure 2A demonstrates the correlation between the φ angle and

R in the case of iPP (the growth rates of α- and β-modifications were

taken from earlier works[48]) and Figure 2B is the graphical represen-

tation of Equation (15). It should be noted that as the growth rate is

somewhat dependent on the molecular structure of the polymer the

data given in Varga's work may not apply for all iPP grades. Nonethe-

less, the ratio of the growth rates is less sensitive to the molecular

structure than the primary G data of the modifications, thus the data

presented by Varga for iPP can be used for prediction.

4 | RESULTS AND DISCUSSION

Figure 2A illustrates that the φ angle increases monotonously with

increasing R which implies that the fan-like structures are wider if the

difference of the growth rates increases. This theory was corrobo-

rated by experimental results. In Figure 3 the microscopic view of the

crystallization process on the surface of a needle like NA with dual

nucleating ability is presented. The sample was nucleated by 500 ppm

NJS and was heated to 240�C before crystallization so that the NJS

dissolves completely. The NA was recrystallized in needle form at

190�C and subsequently, the sample was cooled to the crystallization

temperature of 135�C. We show in Figure 3 the structure of the crys-

talline phase developed on the lateral surface of the NJS needle. The

value of R at 135�C was taken from the work of Varga et al.[48] and it

equals to 1.178. The φ angle was calculated using this value according

to Equation (15). and the result is 22.2�. Compared this calculated

angle to the measured value (22.0 ± 2.65� Figure 3B) it can be

established that the experimental and simulated values are in excel-

lent agreement despite the fact that different iPP grades were used in

the two studies. Accordingly, the good agreement supports our

assumption that R is less sensitive to the polymer grade than the pri-

mary G data. We have to note that the measurements of the central

angle from PLM figure is complicated thus the values obtained from

microscopic pictures have a certain scattering.

It should be noted, that the growth rate of α-iPP becomes faster

above Tβα and consequently a modification change takes place above

this temperature on the surface of the β-crystals. This interesting phe-

nomenon is called “cross-nucleation” and it has anomalous tempera-

ture dependence as it was described recently.[51,52] Our general
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model can be applied for the description of this phenomenon as well

because it is also the development of different modifications on a sur-

face, but the surface is the growing β-spherulite.

5 | MODELL APPLICATION: CROSS-
NUCLEATION

In this particular case (above Tβα) R should be defined as Gα/Gβ,

because at this temperature the α-modification grows faster. The ratio

of R can be estimated from the review work of Varga, where the

cross-nucleation phenomenon was described in detail.[53] The process

is presented in Figure 4.

The cross nucleation was studied in this review work at 141.5�C

(above Tβα = 140�C), where R is close to 1 (actually R = 1.075) and the

cross nucleation density is very low. At this temperature, the growth

rate of α-modification is a little faster than that of the β-form. Based

on the detailed study of reverse temperature dependency of cross

nucleation,[51] its rate is slow and in this case, the study of individual

cross nuclei is possible. The structure presented in Figure 4 was pre-

pared during a two-step crystallization process. The sample was crys-

tallized at 135�C for a long time where large spherulites (β-iPP at the

left-hand side and α-iPP at the right-hand side) were developed. Sub-

sequently, crystallization temperature was raised to 141.5�C, where

slow cross nucleation occurred. After the cross nucleated slices

became clearly observable, the temperature was elevated further to

163.5�C, where β-modification melted completely. Consequently, the

α-form developed during cross nucleation became well observable.

The predicted angle is 21.5� and the measured values are 21.5 ± 3.5�.

We have to note here that cross nucleation takes place at the curved

surface of a growing spherulite, but Equation (15) can be used for cal-

culating the φ angle even in this case as well. However, the bound-

aries of the faster spherulite slice will be a Limaçon curve instead of a

straight line. The derivation of this case is presented in the Supporting

F IGURE 2 Simulated φ angle according to Equation (15) as a function of the ratio between the growth rates of A, β- and α-iPP and B, a
schematic representation of the structure. All data presented in this figure are based on the growth rate data measured by Varga et al[48]

F IGURE 3 Crystallization representing similar structure than Figure 2 in practice in the presence of NJS at A, 135�C for 30 minutes and after
the partial melting of β-iPP at B, 156�C
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Information as well. As it was pointed out in our earlier work, “cross-

nucleation” has reverse temperature dependency, thus the number of

the cross nuclei increases with temperature.[51] Apparently, φ angle

may be larger than the predicted far above Tβα, because several nuclei

may form very close to each other and those cannot be distinguished

and studied individually.

The detailed explanation of the crystallization process in the pres-

ence of additives with dual nucleating ability allows us to understand

the crystallization process under real industrial conditions. According

to our model, if the crystallization takes place in the temperature

range between Tαβ and Tβα, which range overlaps mostly with the

temperature range of crystallization during conventional processing

technologies, fan-like β-slices should overgrow the slower α-iPP (See

in Figure 3). The structure demonstrated in Figure 3, however, cannot

be obtained under real industrial processing parameters, because the

crystallization runs under dynamic cooling conditions. If the cooling

rate is higher, the NA cannot develop needle crystals, so it recrystal-

lizes in the form of smaller and finely dispersed crystals instead. Still,

the rules of crystallization proposed above are valid also in the case of

these smaller crystals. To demonstrate this process a sample con-

taining NJS in a very small amount (50 ppm) was quenched to the

crystallization temperature in PLM. The sample was heated to 240�C

to dissolve the entire amount of NA and then it was cooled to the

crystallization temperature. In this case, the recrystallization and self-

organization of the nucleating agent as well as the crystallization of

the polymer occur simultaneously. This process is rather similar to the

industrial conditions, however under processing conditions the

cooling rate is even higher and the nucleating agent content is also

larger (Figure 5). At the center of the micrograph a “microcrystalline”

structure developed, which consists of the small α-crystals overgrown

by the β-iPP matrix. Here the nucleating agent recrystallized locally

during crystallization, because its concentration increases in the free

melt phase where large spherulites were not formed. Although the

crystals of the nucleating agent are not observable, after the partial

melting of the β-phase at 156�C the small α-crystals can be visualized.

At a larger NA content this structure becomes homogeneous, but the

phenomena can be demonstrated more clearly using this small

concentration.

At larger NA content (2000 ppm DCHT) the structure is more

homogeneous and the self-organized microcrystalline structure covers

almost all the view area of the microscope (see in Figure 6). The crys-

tallization was conducted at 135�C, in order to keep Tc between Tαβ

and Tβα. It is well discernable that well-developed spherulites cannot

form because of the large nucleating agent content. For better visuali-

zation of the overgrown α-crystals, the λ-plate was removed from the

microscope and the structure was captured in black and white color.

The self-organization of the finely distributed α-crystals is similar to

the expected structure under real processing conditions, however, the

size of the small inclusions could be even smaller in that case.

In order to check the structure formed under real industrial condi-

tions, NJS was added to the iPP in 500 ppm and standard ISO 527

specimens were injection molded under conventional conditions. The

temperature of the melt was 240�C and the mold temperature was

F IGURE 4 The cross nucleation process on the surface of a β-iPP
spherulite after raising the temperature above the critical
βα-recrystallization temperature at 141.5�C. The φ angles were
measured at the locations marked by arrows

F IGURE 5 “Microcrystalline” field formed in the presence of 50 ppm NJS at A, 135�C and the remaining small α-crystals after the partial
melting of β-iPP at B, 156�C
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F IGURE 6 Crystalline
structure formed in the presence
of 2000 ppm DCHT at A, 135�C
and the residual small α-crystals
after the partial melting of β-iPP
at B, 156�C. The sample was
heated to 250�C in order to
dissolve the NA and then was
cooled directly to the

crystallization temperature as fast
as possible. NA, nucleating agent

F IGURE 7 Crystalline structure observed on the fracture surface of the specimens fabricated for mechanical tests. A,B,C, NJS 500 ppm and
D,E,F, 300 ppm NJS in different magnifications and locations. The samples were fractured in liquid nitrogen in order to avoid plastic deformation.
Then the fracture surface was etched for 48 hours using a permanganic etching solution according to Olley and Bassett[47]
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40�C, thus the cooling rate is certainly faster in the injection molding

process than 20�C/min, thus all the required conditions were fulfilled.

The supermolecular structure formed during the real processing con-

ditions was studied on the fracture surfaces (Figure 7), which were

etched using etching solution according to Olley et al.[47]

It is known that α-iPP dissolves even slower during etching, thus

the sharp small crystals represent the reinforcing α-crystals (few of

them are marked in Figure 7), which can be observed in large density

in these samples. The final structure is formed throughout the recrys-

tallization and self-organization of the nucleating agent and then the

dual crystallization process of the polymer. Consequently, the amount

of reinforcing α-crystals can be manipulated by the content of the NA

because more and more NA particles form as a consequence of the

recrystallization of the NA and proportionally the amount of the small

micron-sized α-crystals increases as well. This is the explanation for

the fact that the partial fraction of α-modification increases slightly

with increasing of nucleating agent content.[29,40,45] The model and

the self-organized structure presented here explains clearly that small

α-crystals reinforces the β-iPP matrix in injection molded specimens

resulting in simultaneous stiffening and toughening effect, which was

observed by us and other researchers as well.[45,54–56]

6 | CONCLUSIONS

The crystallization process was discussed in this work in the presence

of soluble nucleating agents with dual nucleating ability. The general

rule of crystallization on the surface of a non-selective nucleating

agent was explained in detail and using a simple geometrical model.

The reliability of the proposed model was proved in the case of the

crystallization on the surface of a non-selective β-nucleating agent

and in the case of “cross nucleation” as well. The agreement between

the predicted and the measured angles is good in both cases indicat-

ing the model is generally valid and robust. It was proved clearly that a

special self-organizing structure develops in iPP the presence of

nucleating agents with dual nucleating ability, in which small α-crystals

are distributed finely in a β-matrix. It was proved that this structure

develops under conventional processing conditions as well and this

structure can explain clearly the advantageous mechanical properties

of iPP in the presence of nucleating agent with dual nucleating ability.

We have to state that the proposed model is not limited to iPP and it

could be adapted to any other polymorphic polymer, in which nucleat-

ing agents with dual nucleating ability are used.
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