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ABSTRACT

The present study introduces a new calculation method for obtaining nucleus density formed during
non-isothermal crystallization of semicrystalline polymers. Isotactic polypropylene homopolymer
(iPP) was used as a semicrystalline model polymer and its crystalline structure was modified using
highly efficient nucleating agents or different cooling rates in order to manipulate nucleus density
(N) within a wide range. The melting and crystallization characteristics were studied by calorimetry
(DSC) and the nucleus density was calculated from the crystallization curves recorded under non-
isothermal conditions at constant cooling rate. The nucleus density was correlated to the optical
property, in fact to the haze index of injection molded plaques in order to qualify the calculated
values of N. It was found that N increases more orders of magnitude in nucleated samples and
correlates strongly to the optical properties. These observations are according to our expectations

and indicate clearly the reliability of the proposed calculation approach.

Keywords: nucleus density, crystallization kinetics, polypropylene, non-isothermal

crystallization, optical properties

INTRODUCTION

Optical properties of semi-crystalline polymers are in the focus of the recent development in the
polymer industry. The demand for optically transparent packaging materials increased dramatically
in the last decades. Optically transparent engineering polymers like PMMA, PVC and PS were

used in this area, but the cost of these materials made the packaging quite expensive. Consequently,



isotactic polypropylene (iPP) due to its exceptionally advantageous prize-performance ratio could
be a potentially good candidate in packaging industry. On the contrary to the above-mentioned
amorphous polymers iPP is a semicrystalline polymer '. The crystalline phase in iPP consist of
different supermolecular entities formed from the arrangement of chain folded fibrillar or lamellar
primer crystallites. Light scatters on these units, which makes iPP opaque, consequently reduces
its applicability as transparent packaging material 2. The optical properties of transparent products
is characterized by haze, which is the total flux of light scattered within the angular range between
2.5 and 90° and normalized to the total transmitted flux *. The modification of crystalline structure
by efficient nucleating agents is the most widely applied technique for improvement of optical
and/or mechanical properties of iPP !**7. Recently, sorbitol derivatives are used for clarifying iPP
thus these additives are also called as clarifiers '8, The former results indicated that nucleus
density increases steeply in the presence of nucleating agents or clarifiers and consequently the
size of supermolecular unit decreases considerably !°. The presence of smaller supermolecular units
changes the nature of light scattering in the visible range and results in smaller haze in the product
3.

Earlier studies revealed that nucleus density is a key parameter in understanding of optical

3 19 Several attempts were carried out for the reliable

properties in crystalline polymers
determination of nucleus density during crystallization >*2*. The easiest technique is the estimation
of nucleus density by optical or any other microscopic technique ?* . Usually samples are
crystallized in a microscope under isothermal conditions and the number of the nuclei formed can
be counted directly in a small volume of the sample. The final N is given in one cubic meter. This

method is effective and easy, but notoriously imprecise. Moreover, it works only in the temperature

range wherein the number of spherulites can be counted. At low temperatures the number of



spherulites is too large and can not be counted reliably and at high temperatures the nucleus density
is too small to obtain reliable result using this microscopic technique.

An other possibility is the determination of nucleus density from calorimetric crystallization
curve, which can be described by kinetic equations. The most frequently applied kinetic concept
) 26.27,

for evaluation of crystallization process is the Avrami-Kolmogoroff-Evans equation (AKE

which is known as Avrami model.

E(t) = kt" = In(2) (L)n (1)

t1/2

E(?) is the expected volume of crystalline phase, £ is the overall rate constant of crystallization, ¢

is the time and #» is the Avrami exponent. Equation 1 can be applied for both thermal and athermal

nucleation (see in Equation 2). The major difference in the nucleation mechanisms is that the

number of nuclei is changing in thermal and remains constant in athermal nucleation under
isothermal conditions.
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where N is the number of nuclei. The function v(0, ¢) describes the volume of growing crystal,
which is formed at 8 time and is grown until ¢ time. a(6) is characteristic for the formation rate of

nuclei. If the growth rate is equal toward all dimension the v(8, ¢) function can be expressed as:
: d
v(8,6) = f; ([, G(T)dT) 3)

where G(7) is the growth rate at 7 temperature and f; is a geometrical factor, which equals 4/37 in
the case of spherical growth. The exponent d is the dimension of growth. Accordingly,
crystallization process can be described in the case of three dimensional and spherulitic growth

using Equation 4.



E(t) = kt" = N%n(Gt)3 (4)

Based on equations 2-4 N can be calculated either for athermal or for thermal nucleation. If the
number of nuclei is constant (athermal nucleation) and spherulitic three dimensional growth is

supposed N can be expressed easily from Equation 4.

k
N - 171'63
3
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The situation is more difficult in the case of thermal nucleation, because the formation rate of the
nuclei should be also included. The number of nuclei is changing during crystallization, thus it can
be only calculated at a given crystallization time according to equation 6. However, this equation
can be applied only until the development of the crystalline phase stops (practically under 95-97%
of conversion), because it results in infinite number of nucleus at infinite time. If the final time (#)
at high conversion of crystallization is used for calculation, equation 6 results in the number of

nuclei at the end of crystallization.

Ny = oL = <Ae(_Ak_GTz)e(_%)> tr (6)

where Q" is the activation heat of the transport processes, which can be obtained from the WLF
equation. AG. is the free enthalpy of formation of a nuclei with critical size. The G can be
measured at a discreet temperature using optical microscopy and k& can be estimated from the
evaluation of a crystallization curve recorded at the same temperature in a DSC. Usually the
linearized form of Avrami equation (Equation 1) is used for evaluation of £ and n.

In(—In(1 — X)) = In(k) + nIn(t) (7)



X is the crystalline fraction at ¢ time (X=X;/Xx). The left side of Equation 7 have to be plotted
against Inz and # is the slope and £ is the intercept of the straight line. Once the G(7) and k data
pairs are available N can be easily calculated. This proves clearly that theoretically the calculation
of nucleus density is possible, but not easy. Moreover, the major drawback of these calculations is
that G(7) and & data can be obtained at isothermal conditions in a limited temperature range either
in POM or in DSC. The temperature window of the two techniques is quite different thus the
temperature range of such calculation is strongly limited. The crystallization becomes too slow at
high temperatures, where the growth of the spherulites can be studied easily, but the crystallization
curves recorded at these temperatures are too flat and their evaluation becomes unreliable. In spite
of that the size of the spherulites becomes too small at low temperatures and thus the estimation of
G(7) is not possible, although the evaluation of crystallization isotherms recorded by DSC is easy

1. 222 worked out an evaluation

at these temperatures. In order to solve this problem Lamberti et a
method for calculation of nucleus density from the DSC experiments only, moreover he
summarized accurately the possibilities and limitations of these conventional equation in his recent
work 22 The method is based on the AKE equation as well. The method was developed for
nucleated samples thus it supposes that athermal nucleation occurs. For the determination of N the

G(T) function should be known. They used the widely accepted Hoffmann-Lauritzen equation to

describe the temperature dependency of growth rate.

G(T) = Gyexp (— U—) exp (W) (8)

R(T-Ty+Two) 2T2(T9-T)

where G(T) is growth rate, R is the universal gas constant, 7,,’ is the equilibrium melting
temperature of the polymer, 7 its glass transition temperature, 7. is a reference temperature used

in William-Landel-Ferry equation, U™ the activation energy of transport processes, while Go and



kG are iterative parameters. The half time of crystallization can be modelled analogously to the

growth rate using the following equation:

I Y SN TR (TH+T)
= () oo (i) ©)

1/2

where #;/> is the half time of crystallization. Using the equations above nucleus density can be

expressed as:

3 2
_ 3 1/t1/2 3 _ (3 1/t§)/2 (_ (ke—k) T (T —T)
N==ZIn@) (—G ) = <4ﬂ In(2) (—GO exp (-3 T (10)

The model of Lamberti el al. ?° was tested on nucleated and clarified samples during earlier
studies ' and we found that the nucleus density is a key parameter indeed from the point of view
of optical properties. de Santis et al. ?* introduced a similar technique, which also capable to
calculate nucleus density from isothermal crystallization curves. The crucial problem of the above
mentioned calculation methods is that N can be obtained only from isothermal experiments, which
is very time consuming experiments and the results of such calculation are difficult to be related to
properties of product in practice. The characteristics of crystallization process under processing
conditions were collected, studied and described in details by the research group of Janeschitz-
Kriegl et al.?® 2.

The kinetics of crystallization at constant cooling rates was described by Ozawa *°. He modified
the Avrami equation and introduced a new term, y(7), which is the cooling function and contains
both the nucleation and the growth. The formalism of this equation is very similar to that of Avrami
equation except that y(7) and the cooling rate () is written in the right side of Equation 7. The
slope of the plotted line results in the Avrami constant and the slope is the y(7) function, which

contains the nucleation density as well. Unfortunately, the number of nuclei cannot be evaluated

7



directly from this simple equation. Only few attempts carried out to obtain nucleus density under
non-isothermal conditions *!~*3. Boyer et al. *? introduced recently an excellent work for description
of crystallization at high cooling rates. The most important merit of this work is the unique
technique for measurement of growth rate in wide temperature range at constant cooling rate.
Unfortunately these works propose that the nucleation is instantaneous and athermal thus the
number of nuclei is constant during the crystallization and can be obtained similarly to Equation 4.
However, the reality is more complex and the change in the number of nuclei cannot be neglected
according to our opinion. In addition all approaches concern this problem handles the growing
spherulites as freely growing spheres, which is also a simplification of the reality. In fact spherulites
grow freely only in the early stage of crystallization and later the spherulite boundaries meet and
the development of the supermolecular unit stops. This statistical process is usually also neglected
by the existing models. An excellent numerical approach was published by van Drongelen et al.>*,
which makes possible to handle the complex crystallization process of iPP under non-isothermal
conditions even under fast cooling rates.

Consequently, the aim of this work is to suggest a numerical calculation method based on the
basic equations of crystallization kinetics for obtaining nucleus density from calorimetric
crystallization curves recorded under non-isothermal conditions if the growth rate is known in wide
temperature range. Nucleus density was calculated for nucleated and non-nucleated iPP

homopolymer samples and the obtained N was correlated to the haze of injection molded samples

in order to check the reliability of the results.



EXPERIMENTAL

Materials

TIPPLEN H3 iPP homopolymer, which is a neat reactor powder, was supplied by Tisza Chemical
Group Ltd. was used as reference polymer (designed as H3). The MFR of the polymer was
estimated according to ISO 1133 standard at 230 °C and 2.16 kg of load and it was between 8 and
15 dg min™!. The polymer resin was stabilized using 2000 ppm of Irganox B215 (BASF Germany).
Two types of heterogeneous nucleating agents (NA21E and NA71 supplied by Adeka-Palmarole,
France) and one clarifier (Millad NX 8000, Milliken USA) were used for modification of
crystalline structure. NA21E and NA71 were introduced in 500, 1000, 1500, 2000 and 3000 ppm
and these nucleating agents were designed as N2 and N7 respectively. The clarifier (Millad NX
8000) 1s applied in larger concentrations (1000, 2000, 3000, 4000 and 5000 ppm) and it is designed
as NX in the followings. The sample codes contain the code of the polymer, nucleating agent and
its amount in ppm. For example H3-N2-500 means that 500 ppm of NA21E was introduced into
H3 polymer.

The additives and the polymers were homogenized in two steps procedure. First the polymer
power and the additives were homogenized in a Thyssen Henschel FM/A10 fluid type mixer at a
rotation speed of 700 min™! for 5 min. Subsequently, the homogenized powder was processed using
a Brabender Plasti-Corder 42/7 twin screw extruder driven by a Brabender Plasti-Corder PLE 3000
driving unit. The temperature zones of the extruder were set to 210, 220, 230 and 230 °C and the
rotation speed was 50 min™!. 1 mm thick platelets were injection molded for haze measurements

using a DEMAG IntElect electronic injection molding machine. The temperature zones of IM



machine were set to 200, 210, 220 and 230 °C and the temperature of the mold was 40 °C. The
holding pressure was 700 and 400 bar during the injection and hold on stage respectively. The hold

on time was 10 s.

Methods

Melting and crystallization characteristics of the polymers were studied using a Perkin Elmer
DSC-7 calibrated by Indium and Tin reference materials. Samples between 3 and 5 mg were studied
under pure Nitrogen atmosphere (20 mL min™'). The thermal and mechanical prehistory of the
samples was erased at 220 °C for 5 min. Subsequently, the samples were cooled to room
temperature at different heating rates of 5, 10, 15 and 20 °C min™'. The nucleus density was
calculated from the crystallization curve recorded during cooling. Then the samples were heated
up to 220 °C again at 10 °C min™! in order to record the characteristic data of melting as well.

Thermooptical studies were carried out in order to determine the growth rate of the polymer at
different temperatures. A Zeiss Axioscop was used for these studies. The samples were heated
using a Mettler FP80 hot stage and the micrographs were captured using a Leica DMC 320 type
digital camera and the evaluation of the images was performed by Leica IM50 software. The
thermal and mechanical prehistory of the samples was eliminated at 220 °C for 5 min similarly to
the DSC experiments. Then the samples were quenched to the crystallization temperatures and the
growth of the spherulites was studied isothermally.

The optical properties (haze index) of injection molded platelets were measured using a

Hunterlab ColorQuest XE apparatus according to the ASTM D1003D-95 standard.
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THEORY OF CALCULATION

The kinetic equations (Equations 1-6) of crystallization describe the development of the
crystalline phase as forming and growing of spheres in the materials. Unfortunately, the exact
solution of the basic kinetic equations of crystallization can not be given under non-isothermal
conditions because the overall rate constant (k) and the other constants refer to the transport
processes in the polymer melt (Q” and U”) depend strongly on temperature. Consequently, the exact
solution of this problem is very difficult if not impossible at all. However, the basic assumption of
crystallization that the volume is filled up with continuously forming and growing spheres, can be
applied for non-isothermal conditions as well and the development of crystalline volume can be
directly calculated from the DSC curve. Consequently, the estimation of nucleus density is
possible, but few assumptions should be considered for the calculations:

-The number of nuclei is changing during non-isothermal crystallization, thus rate of nucleation

is changing continuously. In fact the overall rate is proportional to the supercooling (k ~ AT %)

-The growth rate of the polymer depends only on temperature and do not depend on nucleation.

-Crystallization takes place at large supercooling under dynamic conditions thus the entire

process is in Growth Regime III and the Regime does not change.

-Crystallization is described by growing and forming of spheres, which are growing with the

same rate toward all steric directions.

With respect to the assumptions above the first step of calculation is the determination of growth
rate in wide temperature range by POM technique. Then the G function can be calculated by fitting
Equation 8 to the experimental data and Gr function has to be simulated using the temperature

range and increment applied during the cooling run in the DSC.
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The second step is the calculation of the development of crystalline volume from the DSC curve

directly.

AHEm Xgm

Vvt = =
cr AH;)n'PCT Pcr

(11)

VL. is the volume of crystalline fraction at ¢ time or T temperature. We may note that the time and
temperature points are equivalent using a constant cooling rate and every point of the DSC curve
can be given as a function of time or temperature. AH¢ is the partial crystallization enthalpy at ¢
time, m is the sample mass, AH), is the equilibrium enthalpy of fusion *¢ and its value is 148 Jg'!

)37 and x; is

for the a-modification of iPP. The p. is the density of crystalline fraction (0.936 gcm
the conversion of crystallization.

Once the development of crystalline volume is known the V! function can be divided into
infinitesimally small increments. In our case we used s as time increment (z;), which corresponds

to 0.17 °C at 10 °Cmin’! heating rate. The small increase in crystalline volume (AV,,) in every

incremental section can be calculated easily as:

AV, = VE =37 AY,, (12)

We suppose that Equation 4 can be written to every small temperature increment and

consequently N can be calculated in each small increment using the basic equations.

4
AV = Ngﬂ(GTti)3 (13)
3AV,,
"~ 4n(Grt)? (14)
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Gris the growth rate at a given temperature corresponding to the small increment investigated. The
AV, however consists of two parts, because both the growth of existing nuclei and the formation

of new nuclei have to be concerned. Thus AV, have to be written as:

AV = X " Avey + Avk (15)

The first part of Equation 16 (Zg_ti Av,,.) is the volume increase originated from the growth of all
existing nuclei before ¢ and the second part (Avf,) is the volume change due to the formation of

new nuclei. The two parts can be expressed as:

—t: —t: 4

Yo Ave = 3o N Iu(Grt)? (16)
4

Avg, = N; gn(GTti)3 (17)

Our goal is to calculate the number of new nuclei needed to obtain the measured increase of
crystalline volume (M) in each small increment of crystallization, thus Av}, have to be expressed

from Equation 15. Using Equations 16 and 17 the formula of N, can be estimated as:

30V
41 (Grt;)3

— %o N (18)

t

Unfortunately, Equation 18 can not be used for evaluation of nucleus density, because this
mathematical formula describes the crystallization as the development of freely growing spheres.
However, growing of spherulites is unhindered only in the early stage of crystallization and
spherulites come into contact with each other during later stage of crystallization * leading to
smaller number of growing spherulites than Zg_t" N. We may suppose that the number of freely
growing spherulites is somehow proportional to the conversion and it is large at the beginning and

small at the end of crystallization. In order to consider this problem the sigmoidal equation of

13



random nucleation and subsequent growth of the original Avrami theory is incorporated into
Equation 18. For simplicity let us define N;_,, which equals to Zg_ti N. In our case we supposed

three dimensional growth and continuously changing nuclei number. Thus the number of active

nuclei can be expressed as:

Ne_t, (1 ~ (401 - x) (= In(1 = x) ™ 4)) (19)

Using this correction function the number of subtracted spherulites can be modified during
crystallization as a function of conversion (x;). Equation 19 equals to Ny, at x; = 0 and it
monotonously decreasing with increasing conversion. Accordingly, all growing spherulites are
subtracted at the beginning of crystallization, which means that the change in crystalline volume
originated from the formation of new nuclei mainly. After a short incubation time the number of
subtracted nuclei decreases indicating that the growth of the existing supermolecular unit becomes
more and more pronounced. However at larger conversion the number of freely growing spherulites
decreases as a consequence of meeting of spherulite boundaries. According to equation 19 the
number of subtracted existing spherulites increases again because the closed surfaces cannot
contribute to the development of crystalline phase. Although, we have to note here that the
correction presented in this work may not consider all statistical effects during crystallization the

development of a more sophisticated internal function might open a further discussion in the future:
3AV,, 3/4
N, = —Fer __N,_, (1 - (4(1 —x)(~In(1 - x)) )) (20)

T 4m(Gety)?

N =3 N, 21)
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The value of AV,, is derived from the crystallization curve directly, Gr is simulated value for the
entire process. The sum of N; until the end of crystallization (#) results in the nucleus density at a

constant cooling rate.

RESULTS AND DISCUSSION

Melting and crystallization characteristic of nucleated samples

As it was described in the Materials section our concept was tested on nucleated iPP

homopolymer samples. The characteristic data of crystallization and melting was evaluated from

the cooling and heating runs respectively after elimination of thermal and mechanical prehistory

of the samples (Table 1).

Table 1 The characteristic data of melting and crystallization

Cooling run Second heating run
Sample code
Tcp /OC ch/oc Tc() /OC AHC /Jg-l Tmp /OC Tm /OC A]‘If/Jg-l

H3-ref 112.6 108.4 117.6 -97.2 164.0 173.1 94.6

H3-N2-500 125.3 121.6 128.7 -98.6 167.4 170.9 101.4
H3-N2-1000 126.8 123.6 129.9 -98.7 166.7 169.8 104.8
H3-N2-1500 127.1 124.0 130.2 -98.2 166.5 169.6 104.7
H3-N2-2000 127.3 124.0 130.6 -100.4 166.7 170.0 105.5
H3-N2-3000 128.3 124.5 131.6 -99.0 167.2 171.0 103.8
H3-N7-500 125.8 122.1 129.4 -101.1 166.9 170.7 103.8

15



H3-N7-1000 127.0 122.9 130.6 -102.2 166.9 171.1 104.0

H3-N7-1500 128.0 124.3 131.4 -103.5 166.9 170.5 104.2
H3-N7-2000 128.8 125.4 132.4 -103.0 167.0 169.9 101.7
H3-N7-3000 129.8 126.7 132.9 -102.8 165.9 169.3 102.5
H3-NX-1000 113.6 110.6 116.1 -96.0 162.9 169.0 97.2

H3-NX-2000 125.0 121.9 126.8 -100.4 166.2 169.8 106.0
H3-NX-3000 128.8 123.9 133.9 -101.9 167.2 170.9 110.5
H3-NX-4000 130.5 126.6 133.7 -102.7 166.9 170.9 110.1
H3-NX-5000 131.1 127.5 134.3 -101.9 166.5 170.2 110.2

The onset (7o), peak (T¢») and end (7)) temperature of crystallization as well and the enthalpy
of crystallization (AH.) were evaluated from the crystallization curve. The peak (7,,) and end (7')
temperature as well as the enthalpy of fusion (AHy) were obtained from the melting curves recorded
during second heating. The presented data indicate clearly that the nucleating agents are efficient

and their efficiency is characterized by the shift of 7, and the change in crystallinity (Figure 1.)
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Figure 1 The efficiency of selected nucleating agents in iPP

It can be clearly seen that NX is the most effective additive, because Tty 1s the highest in the
presence of this clarifier. The efficiency N2 and N7 is similar, but smaller compared to that of NX.
However, we have to point out that NX is soluble in iPP melt thus it is effective only at relative
large content 810141617 N2 and N7 are not soluble nucleating agents, thus they are effective even
at low concentrations. The considerable change in 7¢,, indicates that considerable increase in
nucleus density might be expected in the studied samples due to the efficiency of the nucleating

agents used.
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Calculation of nucleus density

As it was described before the first step of calculation of N is the determination of Gr function.
The growth rate of spherulites was derived from POM micrographs taken during crystallization
under isothermal crystallization at different temperatures (7). The size of five spherulites was

measured during crystallization and an example is demonstrated in Figure 2.

Figure 2 The spherulitic structure of H3 iPP crystallized at 132 °C for 14 min

The radius of spherulites was plotted against time for all the spherulites. The growth rate of the
spherulites is linear at isothermal temperature thus the plotted data describes a straight line and the
slope of this line is the linear growth rate (G(7)) at T. (Figure 3). The data points fit nicely to a
straight line (R > 0.99). Similar diagrams were obtained at 134, 136, 138, 140 and 142 °C and the
G(T) was calculated for all these temperatures. After all G(7) data were obtained Equation 8 is
fitted to these data. The value of constants used during the fitting procedure appears in Table 2. We
have used the same constants as it had been used before in order to make the present results

comparable with the previous ones '*2°,

18
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Figure 3 The growth of spherulites in H3 iPP at 132 °C

Table 2 The value of constants used during fitting of Equation 8 to the measured Gr data

Constant /dimension Value Reference
T, /K 263.15 39
T, /K 481.15 36
T, /K 30.0 20
U* 20
— /K 755
R
KG fitted
Go /ms™! fitted

The fitted curve is presented in Figure 4. The most difficult point of this calculation method is the

determination of Gr function, because G(7) data can be measured experimentally only in narrow
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1.4% developed

temperature range using conventional hot stage microscopy. Although, Ratajski et a
a unique technique for measurement of G(7) in wide temperature range. They could estimate the
growth rate of a transcrystalline layer in wide temperature range indeed, however this technique
requires special instrumentation thus it is not available in most laboratories. In order to demonstrate
the reliability of the calculation the crystallization curve is also included into Figure 4. It is clearly
visible that the crystallization of the polymer takes place near to the experimental data. Moreover,
efficient nucleation shifts the crystallization peak toward higher temperatures, thus the
crystallization of nucleated samples will be even closer to the experimentally measured Gr data.

1.4! using the

The simulated Gr function was compared to literature data obtained by Gahleitner et a
unique technique mentioned above (see the black squares in Figure 4). It can be established that
the simulated and experimentally obtained data are in the same order of magnitude. In addition our

1.4, The matching of Gr data is

simulated data are similar to those simulated by van Drongelen et a
reasonably good close to the temperature range of crystallization process of the polymer at
relatively slow cooling rate used in this study. As a consequence we may suppose that despite of

the narrow temperature window of POM experiments the simulated Gr data are reliable in the

temperature range of crystallization and can be used for the calculation of N.

20



7.0x10°

O Data taken form Gahletiner et al.
1- - - Simulated curve by van Drongelen et al.

6.0x10° - O =

E
)l & o
-6 n ><
5.0x10 0
_ 4.0x10° [ T
é GT function l %
= 3.0x10"° 7 R g =
O R 2
2.0x10° &=
+—
] <
O
1.0x10° - =

] \ DSC curve

0.0 h . ;

. : . 7 . :
250 300 350 400 450 500

Temperature /K

Figure 4 The simulated growth rate function (Gr) and the crystallization curve recorded by DSC

at 10 °Cmin’! of cooling rate (Literature data was taken from* *!)

Once the simulated Gr function and the conversion curve (x;) of crystallization (simply the
integrated crystallization curve) are estimated in the same temperature range, the calculation of
nucleus density is possible. The development of crystalline volume (V%) can be calculated
according Equation 12 and is plotted in Figure 5. During the calculation of N, this V% function is
divided into infinitesimally small sections, wherein the temperature (7;) and time (z;) were 0.17 °C

and 1 s respectively. AV, can be calculated from Figure 5 in every small increments using Equation

14.
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Figure 5 Development of crystalline volume in H3 iPP at cooling rate of 10 °Cmin’!

After calculation of AV, the nucleus density can be calculated using the Gr at the temperature
where the increment is and ¢ according to Equations 20 and 21. The calculated N function is
presented in Figure 6. It can be clearly seen that the nucleus density increases steeply the early
stage of crystallization. The rate of nucleus formation becomes the fastest also in the early stage of
crystallization, where the increase of crystallization rate is the steepest, which is in good agreement
of the general theories of crystallization kinetics. Subsequently, the rate of nucleus formation slows
down at larger conversions because of the kinetic hindering and the small volume of free melt,
wherein nucleation can occur. The value of Nis the sum of N; values in the entire conversion range
(see Equation 21) and gives the final number of nucleus in the sample formed during crystallization.

Since the relative error of the experimental data is very large at the beginning of crystallization

the N; curve should be summarized in the conversion range of 0.003<x,< 1 in order to get reliable
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result. The estimated nucleus density is 8.95%10% m™ in the case of non-nucleated H3 iPP. The N
function can be plotted either against temperature or against time because of the constant cooling

rate.
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Figure 6 The N; function together with the crystallization curve of H3 1PP crystallized at 10

°Cmin! of cooling rate

It was supposed that the growth rate depends only on temperature, thus the Gr function have to
be determined only for the non-nucleated polymer and the estimated Gr function can be used for
the calculation of N of the nucleated samples as well. This assumption is in good agreement with
the basic theory of crystallization, because the growth of crystalline front occurs via secondary
nucleation *°. That means that the crystalline phase covers the heterogeneous surface at the initial
stage of crystallization and the secondary nuclei form on the surface of the polymer instead of the

nucleating agent. The effect of nucleating agents on nucleus density is demonstrated in Figure 7.
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Figure 7 The effect of nucleating agent on the nucleus density (a) and the correlation between
T, and N; (b)

The results presented in Figure 7a indicate that N increases more than five orders of magnitude,
which is according to our expectations. Moreover, it is clearly observable in Figure 7b that N
correlates also with 7¢,. In other words, the more efficient is a nucleating agent, the larger is the
nucleus density in its presence. However we have to note that the deviation of the data points from
the general trend hints that the nucleus density depends not only on nucleation activity. In addition
we have to note that the obtained N values in the presence of efficient nucleating agents are in the
order of 10'* m™, which are close to the nucleus density values obtained by other research groups
34,41

The effect of nucleus density has been correlated to the optical properties thus we can check the
reliability of our results by plotting haze (H) as s function of N (Figure 8). A clear correlation can
be established between N and H and the results indicate unambiguously that optical properties
improve only above a critical N, because the size of spherulites becomes so small at this N value

that they do not interfere with the visible light anymore. The results explain the strong correlation
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between H and T, as well 4>+

, which correlation is used frequently by the industrial practice.
However, we have to call the attention to the fact that this correlation is not necessarily valid in
every case. If the concentration of a highly active nucleating agent is small the nucleus density will
be proportionally smaller leading to slightly improved optical properties only'®. Calculation of
nucleus density is essential in every case, when the optical properties of a semicrystalline polymer

are investigated, because the explanation of improved optical properties is the change in

supermolecular structure.
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Figure 8 The effect of change in nucleus density on the optical properties

The effect of cooling rate on the nucleus density
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Using our calculation model, nucleus density of polymers can be reliably calculated from DSC
curve recorded at constant heating rate. However, it is well-known that the nucleus density depends
on the cooling rate as well. According to literature sources, nucleus density increases with
increasing cooling rate 3445, The explanation is also well-known that the crystallization process
shifts toward the lower temperatures at faster cooling and the rate of nucleus formation increases
also at larger supercooling leading to larger nucleus density. Therefore we checked how our model
handles the effect of cooling rate. Non-nucleated H3 polymer was cooled to room temperature at
5,10, 15 and 20 °Cmin™' and the nucleus density was calculated from each cooling curve. There
are two possibilities to calculate nucleus density at different heating rates, because either 7; or #;
can be constant, but both of them cannot be kept constant at the same time. If 7; is constant the
faster cooling results in shorter # and vice versa. Similarly to that the faster or slower cooling rates
results in smaller and larger 7; in the case of constant #. Nucleus density was calculated according
to both ways with constant 7; or ¢ as well. The results are depicted in Figure 9.

The results indicate clearly, that 7; must be kept constant during the calculation and fixing of ¢
results in misleading results. The results are easy to be explained because at constant #; the
temperature window increases and decreases with changing the cooling rate. However, we have to
call the attention that the temperature window of the calculation procedure must be small enough
to use Equation 4 with constant Gr. In the case of larger cooling rate the temperature increment
will be too large and the Equation 4 cannot be used with constant Gr. Using constant 7; the results
are in good agreement with the basic phenomenon of crystallization, because N should increase
with increasing of cooling rate. Consequently, using the calculation method proposed in this work
the 7; must be kept constant if the effect of cooling rate is studied. We have to remark here that the

proposed approach is valid only in the case of limited cooling rates, because at very high cooling
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rates the formation of nuclei is suppressed also, which can be seen in the work of Boyer et al. 32 or
van Drongelen et al. 3*. In addition the proposed model could not be tested also in the case if
crystallization takes place in the vicinity of glass transition temperature (7%), because it requires
special fast scan calorimetry to perform such experiments *°. Accordingly, the extension of this

calculation approach to extreme fast cooling rates could be the direction of further studies.
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Figure 9 Effect of cooling rate on nucleus density calculated with constant 7; and ¢

CONCLUSIONS

A new approach was proposed in this work for calculation nucleus density from crystallization

curve recorded under non-isothermal condition at constant cooling rate. The calculation approach
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was tested on iPP homopolymer samples with and without efficient nucleating agent. The obtained
results proved that the nucleus density increases more than five orders of magnitude in the presence
of efficient nucleating agent. These results are in good agreement with earlier nucleus density data
obtained by different approaches as well as with our expectations and indicate clearly that the new
approach results in reliable nucleus density values. Our approach was tested in the non-nucleated
polymer at different cooling rates and it was found that if the temperature increment is fixed during
the calculation then it is capable to calculate the nucleus density at different cooling rates.

The calculated nucleus density values were correlated to the optical properties of injection
molded samples and it was demonstrated unambiguously that the haze of the polymer decreases
above a critical nucleus density. Moreover, the results revealed also that the nucleus density in the
presence of a sorbitol based clarifier is much larger compared to that of a conventional nucleating

agent leading to much better optical properties.
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