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ABSTRACT: The influence of titanium dioxide (TiO2) nanoparticles on the crystallization behavior of polypropylene was investigated

by conventional differential scanning calorimetry (DSC) and fast scanning DSC measurements. The data obtained from both methods

were estimated for the first time using the Lauritzen-Hoffmann equation to analyze the behavior over a wide cooling range under

nonisothermal conditions. This provides more reliable values of nucleation parameters (Kg) and surface free energy (re). The varia-

tion of the effective energy (DE) was determined with the Kissinger method. Regardless of the cooling rate, both Kg and re indicate

the role of titania as a nucleating agent enhances the crystallization rate. However, the DE denotes that TiO2 acts as an obstacle to

the mobility of chain segments at cooling rates below 150 8C/s, while, in contrast, the presence of titania enhances the chain mobility

at cooling rates above 150 8C/s. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43944.
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INTRODUCTION

Polypropylene, PP, is one of the most widely used and fastest

growing classes of thermoplastic polymers in numerous indus-

tries. It exhibits a good balance between physical and mechani-

cal properties as well as easy processability at a relatively low

cost. However, the use of PP is still limited by its comparatively

low modulus and stiffness in comparison with engineering plas-

tics.1 To overcome these limitations, one of the most useful

methods is the incorporation of reinforcing fillers such as glass,

carbon, and aramid fibers as well as natural fibers2,3 or synthetic

fibers4 to enhance the properties of polymeric materials.5 In

recent years, research also investigated the use of inorganic

nanoparticles such as calcium carbonate (CaCO3),6 titania

(TiO2),7 and silica (SiO2)8,9 to improve mechanical and func-

tional properties of plastics.

In general, it is known that the mechanical properties of semi-

crystalline polymers are highly dependent on their morphologi-

cal structure, which is governed by the respective crystallization

processes undergone during production. Using thermo-

analytical (TA) data, analysis of quiescent crystallization kinetics

is usually performed under either isothermal or nonisothermal

conditions. To elucidate the mechanism of crystallization in

polymers, isothermal studies are state of the art. Crystallization

kinetics of polymers have been commonly studied based on the

Avrami equation10–12 and the Lauritzen-Hoffmann theory.13,14

While the Avrami equation and its modifications are used to

describe the bulk crystallization kinetics of polymers, the

Lauritzen-Hoffmann theory suggests that crystallization is con-

trolled by nucleation and transport of macromolecules in the

melt.15

Most investigations on crystallization are obtained from conven-

tional DSC where the fastest applied cooling rate can not exceed

1 8C/s.16 Experimental data about crystallization are only avail-

able in a narrow range of cooling and temperatures. This often

leads to crystallization at low supercooling levels of the melt.

Investigation of crystallization in cooling conditions relevant in

polymer processing, which is beyond the capability of standard

DSC, is not possible. Consequently, to reach higher cooling

rates, high performance DSCs are required. Very few are

described in the literature. Notable developments include the

ultra-fast scanning calorimeters17,18 and flash DSC 1.19 The

development of such high performance DSCs has helped to

achieve breakthrough knowledge in the field of polymer crystal-

lization in a much wider temperature/supercooling range than

on application of DSC. This technique has given new insights

into crystallization, melting behavior, glass transition, and
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structural reorganization under fast cooling of various polymers

such as PA 6,20 PA 11,21,22 PBT,23,24 PET,24 PLA,25,26 PTFE,27

PB,27,28 and iPP.23–26,29–32

While the conventional DSC is accepted for characterization of

certain material properties, the flash DSC allows us to better

understand the influence of nanofillers on the crystallization

and the structure development under real processing conditions.

The aim of this work was to investigate the crystallization of

isotactic PP (iPP) containing TiO2 nanoparticles by using con-

ventional differential scanning calorimetry (DSC), and flash

DSC. To the best of our knowledge, we applied the Lauritzen-

Hoffmann theory for the first time to our materials and ana-

lyzed the effects of TiO2 nanoparticles on the nonisothermal

crystallization kinetics in a wider cooling range. The Kissinger

model was used to verify the variation of the activation energy

in a broader cooling range.

EXPERIMENTAL

Materials and Processes

PP (PP HD120 MO, Borealis GmbH, Burghausen, Germany)

was used as a matrix material and titanium dioxide (TiO2)

nanoparticles (Hombitec RM130 F, Huntsman, Duisburg, Ger-

many) as inorganic nanofillers.

PP nanocomposites were first prepared using an optimized co-

rotating twin-screw extruder (Theysohn, Theysohn Extrusion-

stechnik GmbH, Salzgitter, Germany) followed by injection

molding (Arburg Allround 420C, ARBURG GmbH 1 Co KG,

Loßburg, Germany). The procedure is described in the litera-

ture8 in detail. Using this procedure, three different materials

were prepared as shown in Table I.

Preparation of the Specimens

In order to study the crystallization, the center part of an

injection-molded plate was cut into rectangular cuboids

(Figure 1). Then, thin sections with a thickness of 30 mm were

prepared from the center area of the rectangular samples using

a rotation microtome (Hyrax M 25, Carl Zeiss MicroImaging

GmbH, Jena, Germany) equipped with a steel blade.

Differential Scanning Calorimetry

The measurements were performed on a DSC (TA Q20, TA

instruments, Eschborn, Germany) equipped with the Refriger-

ated Cooling Systems 90 (RCS90). Indium was used as a refer-

ence material to calibrate both the temperature scale and the

melting enthalpy before the samples were measured in alternate

runs. To minimize thermal degradation each sample was used

only once. Nitrogen gas was used for purging throughout the

measurements. The weight of each specimen ranged from 5 to

10 mg. Each sample was placed in an aluminium pan and the

pan was then completely sealed with an aluminium lid. For

nonisothermal crystallization, the samples were heated to 220 8C

at a rate of 0.17 8C/s and held for 180 s at this temperature.

Then, the specimens were cooled to 0 8C at various cooling rates

(from 0.03 to 0.67 8C/s).

Flash DSC

Nonisothermal crystallization experiments were performed using

a power compensation differential fast scanning chip calorime-

try (FLASH DSC 1, Mettler Toledo, Gießen, Germany) in com-

bination with a Huber Intracooler TC100. Dry nitrogen was

used as a purge gas at a rate of 30 mL/min. The specimen was

placed directly on the sensor. In order to provide a good ther-

mal contact between the specimen and the sensor, the specimen

was molten at a heating rate of 0.1 8C/s before the actual experi-

ments. During the experiment, the samples were heated to

220 8C at a rate of 1000 8C/s, and were kept at this temperature

for 0.1 s. Then, the specimen was cooled to 290 8C at various

cooing rates. The heating and cooling rates as well as the hold-

ing time were chosen based on results published in Refs. 19,22.

RESULT AND DISCUSSION

Dependence of Cooling Rate on Crystallization Temperature

Figures 2 and 3 show the cooling curves of neat PP and PP/

TiO224 vol % obtained from conventional and flash DSCs,

respectively. The plots show that only one crystallization process

can occur at slower cooling rates. In addition, two different

crystallization processes can be observed at cooling rates above

100 8C/s. The first crystallization process, at high temperature,

can be interpreted as the crystallization of the a-phase of PP.

The second one, at low temperature, is the formation of a mes-

ophase.23,33 No mesophase can be observed in the case of TiO2-

filled PP.

From the cooling curves in Figures 2 and 3, the peak of crystal-

lization temperature (Tp) can be determined as shown in Figure

4. As expected, an increase in the cooling rate results in the

Table I. Sample Designation and Composition of PP-Based

Nanocomposites

Composition, vol %

Designation PP TiO2

PP-V0 100 —

PP-T-V1 99 1

PP-T-V4 96 4

Figure 1. Preparation of specimens. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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lowering of Tp in all materials. The results show acceleration of

crystallization with incorporation of TiO2 nanoparticles, irre-

spective of the cooling rate. Furthermore, the mesophase of PP

is obstructed by the presence of TiO2 nanoparticles. Beyond the

cooling rate of 700 8C/s, the observable crystallization and meso-

phase formation cannot be expressed in neat PP. However, crys-

tallization still occurs at a cooling rate of up to approximately

2000 8C/s in TiO2-filled PP.

With neat PP, the formation of a mesophase is faster than that

of the crystallization of a-form. Therefore, the formation of the

mesophase can occur during cooling in neat PP.23 On the other

hand, no formation of the mesophase in PP filled with TiO2

nanoparticles indicates the much faster crystallization of a-form

during cooling compared to the rate of mesophase formation.

Crystallization Activation Energy by Kissinger Method

The activation energy (DE), which is the energy required for the

transportation of molecules from a molten state to a growing

crystal surface for the nonisothermal crystallization of materials,

can be determined using the Kissinger method34 as follows:

d ln 1
T2

p

� �h i

d 1
Tp

� � 52
DE

R
(1)

where Tp, R, and 1 are the peak of crystallization temperature,

the universal gas constant and cooling rate, respectively. The

plot of ln ð1=T 2
p Þ versus 1=Tp should be a straight line with a

slope of 2DE=R.

The cooling rate range obtained from conventional DSC is

very narrow. Therefore, the Kissinger plots tend to be straight,

indicating single activation energy. In Figure 5, the data

obtained from flash DSC at a higher cooling rate are an exten-

sion of conventional DSC. However, the Kissinger plots show a

curvature which indicates that the effective activation energy

decreases at a higher cooling rate (lower crystallization

temperature).

As shown in Figure 5, three different regions can be defined in

order to calculate the activation energy. The results thus

obtained are summarized in Table II. Since the Kissinger

method was formulated for heating experiments (i.e., positive

heating rate values), the value of DE is always negative for the

cooling process. As can be seen, the absolute values of DE for

TiO2-filled PP are greater than that for neat PP at lower cooling

rates (below 150 8C/s, Period A and B). However, the absolute

value of DE decreases by a factor of 2 in the presence of the

TiO2 nanoparticles at cooling rates above 150 8C/s (Period C).

The result indicates that at lower cooling rates the PP molecular

segments required more energy to rearrange in the presence of

TiO2, since the TiO2 might hinder the mobility of chain seg-

ments. This may affect the spherulite growth rate of PP during

crystallization. In contrast, it helps to increase the transporta-

tion ability of PP molecular chains during the crystallization

process at higher cooling rates. This can be explained by the

reduction of the activation energy, DE of TiO2-filled PP at cool-

ing rate above 150 8C/s as listed in Table II

Figure 2. Cooling curves of (left) neat PP and (right) TiO2-filled PP measured with DSC. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 3. Cooling curves of (left) neat PP and (right) TiO2-filled PP measured with FDSC. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Continuous Cooling Transformation

Continuous cooling transformation (CCT) diagrams are widely

used in metallurgy and solid-state phase transformations. These

approaches have been applied to predict the polymer crystalliza-

tion under any cooling condition.35,36 Here, in order to con-

struct the CCT diagram, the crystallization peak time and

temperature, tp and Tp were used, respectively. The CCT dia-

grams of materials are shown in Figure 6, where the crystalliza-

tion point as a function of time and temperature is obtained at

a constant cooling rate. If the presence of nanofiller is expected

to increase the rate of the solidification/crystallization process,

then the corresponding CCT curve will shift to a higher temper-

ature. In the diagram, it can be observed that the crystallization

point is reached at higher temperatures for the samples filled

with TiO2. This indicates that the TiO2 nanoparticles accelerate

the crystallization process of PP showing the nucleating effect

during the crystallization process. This is a very useful tool for

semi-crystalline polymer processing to predict the crystallization

under any cooling conditions, i.e. under real industrial process-

ing conditions.37

Fold Surface Free Energy Based on the

Lauritzen-Hoffmann Theory

Based on the Lauritzen-Hoffmann equation,13,14 Chan and

Isayev38 replaced the growth rate (G) and a pre-exponential fac-

tor (G0) with (1/t1/2) and (1/t1/2)0, respectively, in order to

Figure 4. Peak of crystallization temperature as a function of the cooling

rate. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5. Kissinger plots for the evaluation of crystallization activation

energy. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table II. Activation Energy (DE) from the Kissinger method

Sample Period 1 Range, 8C/s DE, kJ/mol

PP-V0 A 0.03–0.67 398

B 5–100 133

C 150–700 98

PP-T-V1 A 0.03–0.67 512

B 5–100 288

C 150–2500 48

PP-T-V4 A 0.03–0.67 578

B 5–100 328

C 150–2500 62

Figure 6. CCT diagram for neat and TiO2-filled PP. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Lauritzen-Hoffmann plot for nonisothermal crystallization.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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describe the temperature dependence of the overall crystalliza-

tion rate thus:

1

t1=2

� �
5

1

t1=2

� �
0 exp

2U �

RðTi2T1Þ

� �
exp

2Kg

TiðDTÞf

� �
(2)

where (1/t1/2)0 is the pre-exponential factor, U* is the transport

activation energy (6280 J/mol for PP), R is the gas constant

(8.314 J/(mol K), and Ti is crystallization temperature. f is the

correction factor related to temperature, usually described as

f 5 2Ti/(T0
m 1 Ti) to account for the variation in the heat of

fusion per unit volume of crystal, Dhf (1.93 3 108 J/m3). T1 is

the theoretical temperature at which all motion associated with

viscous flow ceases, defined as T15 Tg – 30 K. Kg is the nucle-

ation constant and can be expressed as

Kg 5
4b0rreT 0

m

kBðDhf Þ
(3)

where b0 is the layer thickness (6.26 x 10210 m), r is the later

surface free energy (1.15 x 1022 J/m2), re is the fold surface

free energy, and kB is Boltzmann’s constant. The Lauritzen-

Hoffmann equation can be applied to nonisothermal data to

describe the crystallization kinetics.39

Replacing crystallization half time with peak crystallization time

and isothermal crystallization temperature with peak crystalliza-

tion temperature, the data in Figure 6 are plotted in Figure 7

according to eq. (2). One can see that the Lauritzen-Hoffmann

equation demonstrates discontinuities for neat PP. However, no

such discontinuous variation can be seen for the TiO2-filled PP.

The observed discontinuity may be attributed to a change in

the crystallization mechanism. The Lauritzen-Hoffmann values

plotted for nano-filled PP shifted to the right because of the

lower supercooling degree, DT at which crystallization

occurred.40 To verify any possible change in the crystallization

mechanism, determination of parameters at the lower cooling

rates and higher cooling rates were performed (results shown in

Table III). The obtained nucleation parameter (Kg) (from the

slope of the fitting line) values can be used to calculate the fold

surface free energy (re) of materials from eq. (3) and the values

are listed in Table III. It can be observed from Table III that the

values of Kg and re, display a significant increase at the higher

cooling range, which correspond to a lower crystallization tem-

perature range of neat PP. In contrast, no significant change in

both Kg and re values for TiO2-filled PP occurs. A foreign sur-

face often reduces the nucleus size needed for crystal growth.

This is because the creation of the interface between polymer

crystal and substrate may be less hindered than the creation of the

corresponding free polymer crystal surfaces. A heterogeneous

nucleation path makes use of a foreign pre-existing surface to

reduce the free energy opposing primary nucleation.41 As a result,

the value of re is reduced, thereby giving rise to an increase in

crystallization rate. This indicates that TiO2 can act as a very effec-

tive nucleating agent for PP, irrespective of cooling rate.

CONCLUSIONS

This work shows the influence of TiO2 nanoparticles on the

crystallization process of PP using conventional DSC and flash

DSC analyses in order to verify a wider range of cooling rates

and crystallization temperatures. The results show that the crys-

tallization of the a-phase and the formation of a mesophase are

influenced by the presence of titania. The data obtained from

both conventional DSC and flash DSC were estimated for the

first time using the Lauritzen-Hoffmann theory under noniso-

thermal measurement. The Kg and re parameters of TiO2

nanoparticles-filled PP are much lower than that of neat PP,

indicating that the TiO2 nanoparticles serve as a very effective

nucleating agent to enhance the overall crystallization rate of

PP. In contrast, it retards chain mobility with higher DE values

at cooling rates below 150 8C/s. However, it helps to make the

molecular chains of PP crystallize easier during a nonisothermal

crystallization process at cooling rates above 150 8C/s.
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