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ABSTRACT: The influence of the hydrogenated petroleum resin P125 on the crystallization behavior, crystallization kinetics, and

optical properties of polypropylene (PP) were investigated. The results of differential scanning calorimetry, successive self-nucleation,

and annealing fractionation demonstrated that P125 reduced the interaction between the PP molecules, decreased the crystallization,

prevented PP from forming thick lamellae, and encouraged the formation of thin lamellae. The isothermal crystallization kinetics,

self-nucleation isothermal crystallization kinetics, and polarized optical microscopy observations showed that P125 slightly decreased

the nucleation rate, significantly decreased the crystal growth rate, generally reduced the overall crystallization rate, and effectively

deceased the crystallite sizes of PP. The optical properties studies showed that P125 effectively decreased the haze and increased the

surface glossiness and yellowness index of PP. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 25–38, 2013
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INTRODUCTION

Petroleum resin comes from blends of unsaturated monomers

obtained as volatile byproducts in the cracking of natural gas,

gas oil, and so on. The unsaturated monomers consist of

mono-olefins, diolefins, cyclic olefins, and vinyl derivatives of

aromatic hydrocarbons. A hydrogenate procedure is often used

to obtain hydrogenated petroleum resin (HPR). HPRs are com-

monly characterized by their color, iodine number, specific

gravity, solution viscosity, softening point, and aniline point.

They have water resistance, wide compatibility with polyolefins,

chemical neutrality, good electrical properties, and well-balanced

adhesive characteristics.

Because of the advantages mentioned previously, HPRs are

widely added to polypropylene (PP) to modify its structure,

morphology and properties, especially in film production. The

consumption of HPRs in PP applications is large. Researchers

have mainly paid attention to the phase behavior crystallization,

morphology, and properties of PP blended with low-molecular

resins similar to HPRs, for instance, hydrogenated oligocyclo-

pentadiene.1–4 They have also investigated the crystallization,

morphology, and properties of PP/HPR mixtures;5–7 great pro-

gress in investigating the phase structure, overall crystallization

behavior, and structure has been made. However, in previous

studies, the detailed influence of HPRs on the crystallization

behavior and crystallization kinetics (e.g., the separated primary

nucleation kinetics and crystal growth kinetics) is still not clear

yet; this is of great importance in determining the multiscale

morphology and properties of PP.8,9 Currently, the application

of HPRs on PP is still in its experiential stage, and this has

restrained the scientific application of HPRs and the property

design of PP products.

In classical crystallization theories, the temperature dependence

of the overall crystallization rate (Go) can be expressed by two ex-

ponential factors: the nucleation term and the crystal growth

(molecular transport) term.10–13 For many semicrystalline poly-

mers, including PP, it has been found that these two factors have

different crystallization peak temperature (Tc) dependence behav-

iors and thereby display a bell-shaped temperature dependence of

Go, with a maximum Go at a maximum Tc.
10–13 At low super-

coolings (the high-crystallization region), the thermal movement

of the molecular chains is intense, and the crystal growth term is

dominant; At high supercoolings (the low-Tc region), the molec-

ular chain diffusion becomes very difficult, and the nucleation

term is dominant. As the temperature decreases and even

approaches the glass-transition temperature (Tg), the crystalliza-

tion nearly ceases. On the other hand, it is necessary for the melt

to be supercooled to form stable nuclei; therefore, the higher the

supercooling degree is, the more favorable the thermodynamic

conditions will be for nuclei formation.
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HPRs have a softening point above which the resin is a liquid;

below the softening point, HPRs are solid. Interestingly, the

softening point of HPRs is usually within the Tc region of PP.

Different temperature regions might lead to different phase

behaviors of HPRs and may further influence the crystallization

behavior of PP.

Unsatisfactory optical properties restrict the industrial applica-

tion of PP, although the resin usually has superior mechanical

properties. Therefore, it is important to explore methods for

improving the optical properties, that is, to reduce the turbidity,

to increase the surface glossiness, and so on. One method for

modifying the optical properties is the introduction of additives,

such as nucleating agents, that will vary the crystallization

behavior of PP.14 However, the detailed influence of HPRs on

the optical properties of PP and their relation to the crystalliza-

tion behavior are still unknown.

It would be helpful to design the morphology and properties of

PP if the influence of HPR on the crystallization behavior,

crystallization kinetics, and optical properties could be studied.

The aim of this research was to study the influence of HPR on

the crystallization behavior, crystallization kinetics, and optical

properties of PP and their relationships in detail.

EXPERIMENTAL

Materials

The PP resin used was resin from a biaxially oriented PP film

(trade name T38F), which was produced by Lanzhou Petro-

Chemical Corp., China; it had a melt flow index of 3.0 g/10

min (2.16 kg), a number-average molecular weight of 120,000, a

weight-average molecular weight of 370,000, and a molecular

weight dispersity of 3.08.

HPR (trade name P125, produced by Idemilsu Petro-Chemica’s

(Japan) Polymerization and Hydrogenation Technologies, with a

number-average molecular weight of 880 and a softening point

of 125�C) was used.

The PP pellets and P125 were mixed at weight ratios of 100: 5,

100: 10, and 100: 15, respectively, and were then mixed in a

HAAKE PolyLab instrument, German. The processing condi-

tions were as follows: a temperature of 200�C, a rotation rate of

30 rpm, and a mixing time of 10 min.

Characterization

Differential Scanning Calorimetry (DSC). All of the calori-

metric experiments were carried out on a Mettler Toledo DSC1

differential scanning calorimeter Switzerland under a nitrogen

atmosphere (50 mL/min). Calibration for the temperature scale

was performed with indium as a standard to ensure reliability

in the data obtained. To ensure the homogeneity of the samples

and good contact between the sample and the pan, the virgin

polymer was molded at 200�C and 10 MPa for 5 min into

sheets with a uniform thickness of about 300 lm. Then, 5-mg

round samples were punched out of the sheets. The HPR was

amorphous and did not crystalize. Therefore, in the calculation

of the degree of crystallinity (Xc) of the blends, the amount of

P125 was subtracted. The experimental error of the measured

Tc and melting peak temperature (Tm) was 60.1�C.

Successive Self-Nucleation and Annealing (SSA)

Fractionation. The complete thermal treatment of SSA fractio-

nation included the following steps:

1. Erasing the thermal history by heating the sample to

200�C and holding for 5 min.

2. Cooling the sample at 20�C/min to 30�C and holding for

2 min

3. Heating the sample at 20�C/min from 30�C to a partial

melting temperature denoted as Ts.

4. Keeping the sample at Ts for 15 min.

5. Running a DSC cooling scan at 20�C/min from Ts to

30�C, where the effects of the thermal treatment were

reflected on the crystallization of the sample.

6. Repeating steps 3–5 at increasingly lower Ts values, which

were varied from 167 to 139�C at 4�C intervals for a total

of eight self-nucleation/annealing steps.

7. Finally, heating the sample at 10�C/min from 30 to 200�C
to obtain a multiple melting endotherm.

The first Ts to be used in step 4 was carefully chosen as 167�C,
which was the lowest temperature within domain II (or the self-

nucleation domain, defined by Fillon and coworkers15–17) of the

PP resin studied in this article.

Isothermal Crystallization. The isothermal crystallization kinetics

were studied according to the following procedures: (1) the samples

were heated from 30 to 200�C at 10�C/min under a nitrogen

atmosphere and kept there for 5 min to erase any previous thermal

history, (b) the samples were quickly cooled down to a desired Tc
at 50�C/min, and (3) the samples were isothermally retained for

the period of time necessary to complete the crystallization.

Self-Nucleation Isothermal Crystallization Kinetics (Scheme 1).

The self-nucleation isothermal crystallization kinetics were

measured according to the following procedures: First, the self-

nucleating behavior of the samples was measured according to

Fillon and coworkers,15–17 and the temperature region for the

self-nucleation domain (domain II) was determined. Then, sam-

ples were held at 200�C under a nitrogen atmosphere for 5 min

to destroy any residual nuclei. After that, the samples were

cooled to 30�C at 10�C/min and held there for 2 min to create

a ‘‘standard’’ thermal history; they were then heated again to the

self-nucleating temperature (the lowest temperature within

domain II was desired, and in this study, the self-nucleating

temperature was 167�C) and kept there for 5 min. Then, the

sample was rapidly cooled to a predetermined Tc and held there

for a period of time, which was long enough to allow complete

isothermal crystallization. Finally, the sample was heated to

200�C at a rate of 10�C/min.

Polarized Optical Microscopy (POM). The superstructural

morphology of the samples was studied with a Zeiss MC-80

(German) polarized light microscope. Thin melt samples were

prepared between microscope coverslips. They were melted at

200�C for 5 min and then cooled to room temperature at a

cooling rate of 5�C/min.

Wide-Angle X-Ray Diffraction (WAXD). The samples were

molded at 200�C and 10 MPa for 5 min into sheets of a uni-

form thickness of about 100 lm for WAXD measurement. All
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of the WAXD experiments were performed with a DX-1000 dif-

fractometer, Haoyuan Instrument Corp., China. The wavelength

of Cu Ka was k ¼ 0.154 nm, and the spectra were recorded in

the 2y range of 5–35� at a scanning rate of 2�/min with a scan-

ning step of 0.02�. The crystallite size (L) of each plane of sam-

ples was determined from XRD with the Debye–Scherrer equa-

tion:18

L ¼ 0:9k=b cos h

where k is the X-ray wavelength of radiation used, y is the

Bragg angle, and b is the full width of the diffraction line at the

half-maximum intensity (rad).

The content of the b-crystal form was determined according to

standard procedures described in the literature19 with the

following relation:

kb ¼ Hbð300Þ
Hbð300Þ þHað110Þ þHað040Þ þHað130Þ

where kb denotes the relative content of the b-crystal form

(WAXD); Ha(110), Ha(040), and Ha(130) are the intensities of

the strongest peaks of the a form attributed to the (110), (040),

and (130) planes of the monoclinic cell, respectively; and

Hb(300) is the intensity of the strongest (300) diffraction peak

of the trigonal b form.

Optical Properties. Films with a thickness about 100 lm were

prepared by compression-molding at 200�C and 10 MPa for 5

min, and the optical parameters, the yellowness index (YI), sur-

face glossiness, and turbidity (s), were measured.

YI.. Polymer discoloration of the samples were monitored by

changes in YI.20,21 The samples were measured with a Hunter-

Lab (USA) colorimeter according to ASTM D 1925.

s. s was defined by the following equation:14

s ¼ ð1=dÞlnðI0=It Þ (1)

where Io and It are the intensities of the incident and transmit-

ted lights, respectively, and d is the thickness of the sample.

Surface glossiness.. The surface glossiness of the samples was

measured by a glossmeter (model 520, Zhongcun optical elec-

tronic instrument Corp., China), according to GB/T 8807-1988.

The details were reported in Ref. 22.

RESULTS AND DISCUSSION

DSC Cooling and Melting Behavior

The DSC cooling and subsequent heating curves at a rate of

10�C/min are shown in Figure 1. The melting and cooling

parameters obtained are listed in Table I, where Tmendset � Tmonset

(where Tmendset and Tmonset are the endset and onset melting

temperatures, respectively) is an evaluation standard of the Tm
range of the sample. The larger Tmendset � Tmonset is, the wider

the melting temperature range of the sample is.

Figure 1 and Table I show that after the addition of P125, Tc

and the onset and endset crystallization temperatures (Tconset

and Tcendset, respectively) on the cooling curves all decreased

gradually. Meanwhile, Tmonset and Tmendset, Tm on the melting

curves, and Xc decreased gradually; this indicated that P125

restrained the formation of thick lamellae and reduced the

crystallizability of PP. On the other hand, the melting range

Scheme 1. Thermal treatment protocol of the self-nucleation isothermal

crystallization kinetics.

Figure 1. (a) Cooling curves and (b) subsequent heating curves of PP

with P125 at a rate of 10�C/min. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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(Tmendset–Tmonset) increased gradually as the amount of P125

increased; this indicated that the distribution of lamellar thick-

ness became broader.

WAXD Characterization

The obtained WAXD profiles of the samples are shown in

Figure 2. The crystallite parameters, d-spacing, L, relative degree

of crystallinity (X), and kb, are listed in Tables II and III. Note

that in the calculation of Xc of the samples, the amount of P125

was subtracted.

As shown in Tables II and III, for the pure PP, the emergence of

the peak at 2y ¼ 16�, characteristic of the b (300) plane,

indicated the formation of b crystals. kb was 16.1%. However,

after the addition of P125, the peak at 2y ¼ 16� disappeared;

this may have indicated that P125 prevented PP from forming

b crystals. On the other hand, as the amount of P125 increased,

nearly all of the d-spacing of the crystal planes of PP increased,

and L and X decreased. This indicated that the addition of P125

made the crystal particles more loosely packed and decreased

L of PP.

SSA Fractionation

SSA is widely used in tacticity studies of polyolefins23–37 and

can also be used to study the influence of additives on the

crystallization behavior of polyolefins.38–40 In this study, SSA

fractionation was used to quantitatively study the influence of

P125 on the crystallization behavior of PP.

SSA Curves and the Lamellar Thickness Distribution

The SSA final melting curves of the samples are shown in

Figure 3. To benefit discussion, the peak located at the highest

temperature is denoted as peak 1, and the following main peak

located at a high temperature is denoted as peak 2.

The lamellar thickness was estimated from the SSA curve with

the Thomson–Gibbs equation,41 according to which the SSA

curves were converted into lamellar thickness distribution

curves, as shown in Figure 4:

Tm ¼ T 0
m 1� 2r

DH0L

� �
(2)

where T0
m is the equilibrium melting temperature and is equal

to 460 K42,43, DH0 is the equilibrium melting enthalpy per unit

volume and is equal to 184 � 106 J/m3, r is the surface energy

and is equal to 0.0496 J/m2, and L is the lamellar thickness.44

As shown in Figures 3 and 4, when 5% P125 was added, the Tm
located at the highest temperature (peak 1) disappeared. As the

amount of P125 increased, the SSA melting curve gradually

shifted toward the lower temperature region; this indicated that

the thickness of the formed lamellae decreased. Meanwhile, Xc

decreased gradually, and this indicated that a lesser amount of

crystal formed after the same SSA protocol.

To further the analysis, the statistical parameters describing the

lamellar thickness, the arithmetic average lamellar thickness

(Ln), weighted average lamellar thickness (Lw), and broadness

index (I), were calculated with the following equations.45

I ¼ Lw

Ln
(3)

Ln ¼
n1L1 þ n2L2 þ n3L3 þ n4L4þ;…;þnjLj

n1 þ n2 þ n3 þ n4þ;…;þnj
¼

X
fiLi (4)

Ln ¼
n1L

2
1 þ n2L

2
2 þ n3L

2
3 þ n4L

2
4þ;…;þnjL

2
j

n1L1 þ n2L2 þ n3L3 þ n4L4þ;…;þnjLj
¼

P
fiL

2
iP

fiLi
(5)

where ni is the normalized peak area and Li is the lamellar

thickness for each fraction. The quantitative results obtained are

listed in Table IV.

Table IV shows that as the amount of P125 increased, Ln, Lw,

and I decreased gradually. This indicated that P125 decreased

Table I. Crystallization and Melting Parameters of PP with P125

Sample

Cooling scan Heating scan

Tconset Tc Tcendset Tmonset Tm Tmendset Xc Tmendset � Tmonset

Pure PP 122.6 118.8 114.6 155.3 162.0 166.4 47.4 11.1

þ5% P125 122.8 118.1 114.5 153.3 161.3 166.5 46.6 13.2

þ10% P125 121.2 116.9 112.5 151.6 160.0 166.3 43.4 14.7

þ15% P125 120.2 115.5 110.5 150.0 159.4 166.1 42.2 16.1

Figure 2. WAXD profiles of PP with different contents of P125. [Color

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

wileyonlinelibrary.com.]
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the crystallizability of PP and restrained the formation of thick

lamellae.

Influence of P125 on the Contents of the Lamellae with

Different Thicknesses

Figure 5 shows the curves of accumulated crystallinity as a func-

tion of the melting temperature of the samples. To quantita-

tively study the variation of the relative crystallinity of the

formed lamellae with different thicknesses after the addition of

P125, a melting range of 120–180�C on the SSA curves was

divided into six temperature regions, and the relative crystallinity

in each temperature range was calculated, as shown in Table V.

Figure 5 and Table V show that as the amount of P125 increased,

the relative crystallinity in the high-temperature ranges (>160�C)
decreased gradually. This suggested that lamellae with lower

thicknesses formed. Meanwhile, the relative crystallinity in the

low-temperature ranges under 160�C increased gradually; this

indicated that a greater amount of thin lamellae formed. These

results illustrate that P125 restrained the formation of thick

lamellae and encouraged the formation of thin lamellae for PP.

Finally, the values of the relative degree of crystallinity at crystal-

lization time t (Xt) in the temperature range below 160�C
increased gradually as the amount of P125 increased.

Because of the structural similarity of PP and P125, the blend

in this study was miscible in the melt state;6 therefore, the pres-

ence of P125 molecules might have modified the motion of PP

macromolecules in the melt and reduced the interaction

between PP macromolecules. Finally, the formation of thick

lamellae for PP was restrained, and more thin lamellae formed.

Isothermal Crystallization Kinetics

P125 possesses softening behavior and a softening point at

125�C, which is located just within the Tc of PP. To fully inves-

tigate the influence of P125 on the crystallization kinetics, the

isothermal crystallization kinetics were studied in a large

temperature range, which covered the softening point of P125,

from 121 to 130�C.

The curves of Xt as a function of t and the corresponding exother-

mic DSC curves at these temperatures are presented in Figure 6. Xt

here is a relative value and can be defined as follows:

Xt ¼
Z t

0

ðdHc=dtÞdt=
Z 1

0

ðdHc=dtÞdt (6)

where dHc denotes the measured enthalpy of crystallization

during the isothermal time interval dt. The limits t and 1
denote the elapsed time during the course of crystallization and

at the end of the crystallization process, respectively.

The half-crystallization time (to1/2), which is defined as the half-

period (i.e., 50% crystallization) from the onset of crystalliza-

tion to the end of crystallization, can be a direct measure of the

crystallization rate. The reciprocal of to1/2, represented by Go1/2

[eq. (7)], can also be used as a parameter characterizing the

overall crystallization rate of the samples.

Go1=2 ¼ 1=to1=2 (7)

Table II. Crystallite Parameters of the PP Samples with P125 Obtained from WAXD

Parameter Sample a(110) b(300) a(040) a(130) a(111) a(041)

d-spacing (A) Pure PP 6.2907 5.5219 5.2343 4.7843 4.2012 4.0607

þ5% P125 6.2914 — 5.2402 4.7870 4.2050 4.0622

þ10% P125 6.3061 — 5.2464 4.7982 4.2120 4.0704

þ15% P125 6.3180 — 5.2544 4.8054 4.2254 4.0797

L (nm) Pure PP 18.9 25.1 22.4 14.9 14.3 12.7

þ5% P125 18.5 — 21.1 14.6 13.6 12.2

þ10% P125 17.9 — 20.1 14.0 12.8 11.9

þ15% P125 17.1 — 19.7 13.4 12.5 11.4

Table III. X and kb Values of the Samples

Sample kb (%) X (%)

Pure PP 16.1 50.6

þ5% P125 0.0 49.6

þ10% P125 0.0 46.3

þ15% P125 0.0 42.2

Figure 3. SSA fractionation curves of the PP samples. The peak located at

the highest temperature is denoted as peak 1, and the following main peak

located at a high temperature is denoted as peak 2. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The Avrami equation, a semiempirical expression, is widely

applied to indirectly characterize the dimensionality of growth

in polymer crystallization; it is used to analyze the isothermal

crystallization kinetics of samples. The logarithmic form of the

Avrami model is expressed as shown in eq. (8):46

ln½�lnð1� Xt Þ� ¼ lnKn þ nln t (8)

where n is the Avrami exponent and Kn is the crystallization

rate parameter involving both the primary nucleation and

growth rate of crystals. By fitting the experimental data to

eq. (8), we obtained the values of n and Kn. n is broadly used

to describe dimensionality as the regions from lower than 2, 2

to 3, and 3 to 4, which correspond to one-, two-, and three-

dimensional growth, respectively.47 Because some of the curves

of log[�ln(1 � Xt)] versus log t are not always linear in the

whole range, a linear fitting is applied to the linear parts of the

curves in the log t range below 0.4. The variation of to1/2, Go1/2,

and Kn as a function of the isothermal Tc are shown in Figure 7.

The Avrami plots of log[�ln(1 � Xt)] versus log t for the

isothermal crystallization process of the samples are shown in

Figure 8, and the values of n are listed in Table VI.

As shown in Figure 7(a–c), the parameters describing the overall

crystallization rate (Go1/2 and Kn) decreased gradually as the

amount of P125 increased; this indicated that P125 decreased

the overall crystallization behavior of PP.

Meanwhile, Figure 8 shows that after the addition of P125, for

pure PP, the curves of log[�ln(1 � Xt)] versus log t were

almost linear over the whole range. However, for samples with

P125, many curves contained two linear parts; this indicated

that there appeared to be two different stages during isothermal

crystallization. To study the crystallization behavior in the early

stage, a linear fitting was applied on the left linar part of the

curves, and n was obtained, as shown in Table VI. For pure PP,

the majority of the n values were larger than 2; this denoted

two-dimensional growth. However, for samples with P125, at

low Tc (<125�C), the n values were lower than 2; this indicated

one-dimensional growth. At high Tc (125–130
�C), the n values

were higher than 2; this suggested that the crystallization

dimensionality changed to two-dimensional growth. This

change might have been due to the different phase states of

P125 when Tc was below or above the softening point, 125�C.

To further the study, the to1/2 value at Tc ¼ 121�C [to1/2(121�C)]

of each sample was taken as a reference, and all of the to1/2 val-

ues at Tc ¼ 121–130�C were normalized. Their variation as a

function of Tc is shown in Figure 9.

Figure 9 shows that for pure PP, to1/2(130�C) was 4.95 times the

value of to1/2(121�C). However, for the PP sample with 15% P125,

this value was 7.52. This suggested that the greater the amount

of P125 was, the higher the rate of increase of to1/2 was; namely,

the greater the decrease rate of Go was.

The influence of the softening point of P125 on the crystalliza-

tion behavior of PP could be explained as follows. When the

temperature was lower than the softening point, P125 was solid,

and the interaction between P125 and PP molecules was slight.

Therefore, the restraint on the crystallization rate was slight.

When the temperature was higher than the softening point,

P125 was in the molten state. Because of the molecular struc-

tural similarity between P125 and PP, the compatibility between

the two components was good. Therefore, the molten P125

might have decreased the interaction of the PP molecules and

significantly decrease Go. The higher the content of P125 was,

Table IV. Average Lamellar Thickness Parameters of the Samples

Sample name Lw Ln I ¼ Lw/Ln

Pure PP 14.7 13.2 1.11

þ5% P125 14.3 13.1 1.09

þ10% P125 14.2 13.0 1.09

þ15% P125 13.3 12.3 1.08

Figure 5. Relative area percentage as a function of the melting tempera-

ture calculated from the SSA curves of the samples. [Color figure can be

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

Figure 4. Lamellar thickness distribution curves of the PP samples.

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

wileyonlinelibrary.com.]
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the higher the increase rate of to1/2 was when Tc increased from

121 to 130�C.

Self-Nucleation Isothermal Crystallization

In the isothermal crystallization study, both primary nucleation

and crystal growth made a contribution to the overall crystalliza-

tion kinetics of PP. To separate the contribution of these two fac-

tors, the self-nucleation isothermal crystallization kinetics48 were

studied. It was assumed that during the process, the sample was

fully nucleated. Then, the sample was rapidly cooled down and

isothermally crystallized at a desired temperature (TcSN). In this

way, the subsequent isothermal crystallization could be used to

study the crystal growth kinetics. The value of TcSN was settled

on the basis of experimental consideration. For pure PP, TcSN ¼
138–142�C; for samples with P125, because of the low crystal

growth rate (G), the TcSN was chosen as 126–130�C.

The curves of Xt as a function of t at TcSN are shown in Figure

10. The corresponding exothermic DSC curves at these tempera-

tures are also presented in the inset of Figure 10.

The half-crystal growth time (tc1/2), which is a direct measure of G,

in the self-nucleation isothermal crystallization measurement. Gc1/2

(the reciprocal of tc1/2) could also be used as a parameter to charac-

terize the crystal growth rate G. The higher Gc1/2 is, the faster G was.

Figure 6. Plots of the relative crystallinity versus t for (a) pure PP, (b) 5% P125, (c) 10% P125, and (d) 15% P125 isothermally crystallized at 121–

130�C. The inset gives the corresponding exothermic DSC curves at these temperatures. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Table V. Xc Value of Each Temperature Region on the SSA Curves of the Samples

Sample Xc (%) <130�C 130–150�C 150–160�C 160–170�C 170–180�C >180�C

Pure PP 59.3 3.05 4.61 7.94 24.97 18.43 0.30

þ5% P125 51.9 3.09 4.66 8.37 23.55 12.17 0.00

þ10% P125 51.3 3.17 4.72 9.05 23.27 11.15 0.00

þ15% P125 46.5 3.22 5.15 9.37 21.53 7.23 0.00
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Hoffman and coworkers49–53 proposed an equation based on

the Turnbull and Fisher equation, which is usually referred to as

Lauritzen–Hoffman theory [eq. (9)]. For a plain polymer, the

equation is as follows:

ln G ¼ ln G0 �
u�

r tc � t1ð Þ

� �
� kg

tc dt f

� �
(9)

where G0 is a constant and includes all of the terms that are

temperature-insensitive, U* is the transport activation energy

and is equal to 1500 cal/mol, R is the gas constant and is equal

to 8.314, Kg is the nucleation parameter, T1 is the temperature

below which motions cease and is usually taken as T1 ¼ Tg �
30 K, DT ¼ T0

m � Tc is the degree of undercooling in which T0
m

is the equilibrium melting temperature, and f is a factor that

accounts for the variation in the enthalpy of fusion (Dhf) with

temperature, and is obtained by

f ¼ 2tc= t0m þ tc
� �

However, the binary blend system in this study contained a

crystallizable and an amorphous component; therefore, the

expression of the spherulite radial growth rate was different

from that of a plain polymer system. For these blends, the pre-

vious equation was modified as follows:3,54–57

ln G � lnu2 ¼ ln G0 �
u�

r tc � t1ð Þ

� �
� kg

tc dt f

� �
þ 0:2t0mlnu2

dt

(10)

where Kg is also expressed as eq. (11)

kg ¼ ncb0rret
0
m=dhf k (11)

where /2 is the volume fraction of the crystallizable compo-

nent and the nc value depends on the crystallization regime

according to Lauritzen–Hoffman theory. In regimes I and III,

which occur at low and high undercoolings, respectively, nc ¼
4. However, in regime II, which occurs at medium undercool-

ing, nc ¼ 2. According to the literature,58 in this study, nc was

taken to be 2. r and re are the lateral and end surface free

energies of the growing crystal, respectively. b0 is the molecular

thickness, and k is the Boltzmann constant and is equal to

1.38 � 10�23 J/K.

r can also be estimated as follows:

r ¼ aDhf
ffiffiffiffiffiffiffiffiffi
a0b0

p
(12)

where a was empirically obtained to be 0.1 and a0b0 represents

the cross-sectional area of the polymer chain.59 Dhf, a0, and b0
of PP were supposed to be 1.96 � 108 J/m3, 5.49 � 10�10 m,

and 6.26 � 10�10 m on the basis of the literature.60 Therefore,

a value of ¼ 11.5 erg/cm2 was obtained from eq. (12).

From the plot of lnG þ U �

R Tc�T1ð Þ against 1
Tc DT f

the value of Kg

was directly calculated from the slope. Therefore, the value of re
was estimated simply with eqs. (11) and (12). The variations of

tc1/2 and Gc1/2 as a function of Tc are shown in Figure 11, and

the Kg and re values are listed in Table VII.

Figure 11 suggests that once 5% P125 was added to PP, G of PP

significantly decreased. As the amount of P125 increased, G

decreased gradually, but the decrease rate was relatively low.

Figure 7. Plots of (a) to1/2, (b) Go1/2, and (c) Kn as a function of the iso-

thermal Tc of the samples. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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On the other hand, as shown in Table VI, the Kg and re values
increased gradually as the amount of P125 increased. This indi-

cated that the energy barrier for crystal growth of PP increased,

and it became harder for crystal growth to occur. P125 signifi-

cantly decreased the crystal growth ability of PP.

Influence of P125 on the Nucleation Kinetics of PP

As is discussed previously, the results of the isothermal crystalli-

zation kinetics show that P125 decreased Go of PP to a relatively

low extent. Meanwhile, the results of the self-nucleation isother-

mal crystallization kinetics suggest that P125 significantly

decreased G of PP. However, the influence of P125 on the nucle-

ation kinetics of PP was still not clear.

In DSC measurement, both the nucleation and crystal growth

were shown to make a contribution to Go; this resulted in a

mathematical superposition of both bell-shaped curves and

the formation of the bell-shaped curve of Go. Therefore, on the

basis of the results obtained previously, we plotted the inte-

grated curves of Go and the growth rate as a function of Tc, as

shown in Figure 12. The four curves on every sides are Go (i.e.,

nucleation and growth rate) and the growth rate parameters

obtained, which were only a part of the integrated bell-shaped

curves of G or the Go curves of the samples. The other four

curves in the center are the integrated bell-shaped curves we

Figure 8. Avrami plots of log[�ln(1 � Xt)] versus log t for the isothermal crystallization process for the following samples: (a) pure isotactic polypro-

pylene (iPP), (b) PP þ 5% P125, (c) PP þ 10% P125, and (d) PP þ 15% P125. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table VI. n Values of the Samples Isothermally Crystallized at 121–1308C

Tc (�C)

Avrami exponent, n

Pure 5% 10% 15%

121 1.768 1.830 1.790 1.854

122 2.100 1.845 1.895 1.906

123 2.340 1.867 1.906 1.941

124 2.300 1.944 1.982 1.998

125 2.258 2.079 2.103 2.261

126 2.224 2.089 2.078 2.198

127 2.315 2.222 2.148 2.266

128 2.390 2.313 2.311 2.312

129 2.297 2.487 2.408 2.435

130 2.338 2.461 2.328 2.520
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deduced, where the solid line represents Go (i.e., the nucleation

and growth rate), and the dotted line represents the growth rate

only.

Figure 12 shows that for pure PP, the bell-shaped Go curve was

placed in a lower temperature region compared with that of the

crystal grow rate only. However, when 5% P125 was added, the

Go curve shifted to a slightly lower Tc value compared with the

curve of the pure PP. Meanwhile, the G curve shifted to a lower

Tc value significantly and approached the Go curve. As the

amount of P125 increased, the Go curves shifted to lower Tc’s

gradually at a low degree, whereas the G curve shifted to lower

Tc’s to a greater degree. When the amount of P125 was 15%,

the G curve was placed at an obviously lower Tc compared with

the Go curve.

Considering that the nucleation and crystal growth contributed

to the overall crystallization, we established that the overall

crystallization curve should be placed between the nucleation

curve and the crystal growth curve. On the other hand, we

found in Figure 1 and Table I that P125 decreased Tc; this indi-

cated that P125 decreased the nucleation rate of PP. Therefore,

Figure 9. Variation trend of to1/2 of the samples with P125 as a function

of Tc. The to1/2(121�C) values of the respective samples were taken as refer-

ences of their own, respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 10. Plots of the relative crystallinity versus t for (a) pure PP, (b) 5% P125, (c) 10% P125, and (d) 15% P125 isothermally crystallized after self-

nucleation at 167�C. The inset gives the corresponding exothermic DSC curves. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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we deduced that after P125 was added, the bell-shaped

nucleation rate curve shifted to lower Tc, the decreasing

degree of which was lower than that of the overall crystalli-

zation curve. When 15% P125 was added, the nucleation

rate curve was placed at an obviously higher Tc than that

of the Go curve.

POM Observation

To directly observe the spherulite morphology of the samples,

POM observation was performed. The samples were heated at

200�C for 5 min to erase the thermal history and then cooled

down to room temperature at a cooling rate of 5�C/min. After

that, the POM micrographs of the samples were taken, as shown

Figure 13.

Figure 13 shows that the crystallite morphologies of the samples

were quite different from each other. For the pure PP sample,

some large spherulites with diameters of about 100 lm were

observed. For PP samples with 5% P125, the spherulites

observed were obviously smaller than those of the pure sample,

and the number of the spherulites was larger. As the amount of

P125 increased (PP with 10 and 15% P125), the sizes of spheru-

lites decreased gradually, and the number of spherulites

increased.

These POM results demonstrate that P125 effectively reduced

the L values and increased the number of crystallites of PP.

From the aspect of crystallization kinetics, this result might

have been due to the increase in the nucleation rate or the

significant decrease in G during the crystallization procedure.

The increase in the nucleation rate should have led to a higher

Tc; this was, however, not observed in this study. Therefore, the

POM results indicated that P125 significantly decreased G of PP

and finally reduced L; this was consistent with the results of the

previous DSC kinetic studies.

Optical Properties

The crystallization results demonstrated that P125 significantly

changed the crystallization behavior and spherulite morphology

of PP and might have modified the optical properties of the

sample. The optical parameters of the samples, s, YI, and

surface glossiness, were measured and are listed in Table VIII.

As shown in Table VIII, after the addition of P125, s
decreased, and the surface glossiness increased. This suggested

that P125 improved the optical properties of PP. Moreover,

the surface glossiness was sensitive to the level of surface flat-

ness;22 the higher the level of surface flatness was, the higher

the surface glossiness of the sample was. The previous results

might suggest that P125 increased the surface flatness level of

the PP samples. Meanwhile, YI increased when P125 was

added; this indicated that the addition of P125 discolored the

PP sample. The degree of discoloration increased with increas-

ing amount of P125.

The improvement of s in the PP samples after the addition of

P125 was attributed to the influence of P125 on the crystalli-

zation behavior and crystallite morphology of PP. As we stud-

ied, P125 reduced the nucleation rate of PP slightly, decreased

the crystal growth significantly, and finally reduced L and the

degree of crystallinity. When light propagates through a film,

it might be absorbed and scattered by the medium in the

film, and most of the contributions of attenuation of light by

the film result from scattering by the film. Smaller sizes in the

crystallites help to decrease the scattering of light and, finally,

help to decrease s and improve the transparency of the

sample.

Figure 11. (a) tc1/2 and (b) Gc1/2 as a function of the self-nucleation Tc of the samples. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table VII. Secondary Kg and re Values of the Growing Crystals of the

Samples

Sample Kg � 10�4 (K2) re (erg/cm2)

Pure PP 21.8 89.1

þ5% P125 26.7 109.1

þ10% P125 39.5 161.4

þ15% P125 40.5 165.5
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Figure 12. Schematic representation of the influence of P125 on the detailed crystallization kinetics of PP. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 13. Polarized micrographs of spherulites grown during cooling at 5�C/min from the melt (200�C) of the samples.



CONCLUSIONS

In this study, the influence of the HPR P125 on the crystalliza-

tion behavior, crystallization kinetics, and optical properties of

PP were studied. The conclusions drawn were as follows.

The studies of DSC, SSA, and WAXD demonstrated that P125

reduced the interaction between the PP molecules, decreased

the crystallizability of PP, prevented PP from forming thick

lamellae, and encouraged the formation thin lamellae.

The investigation of the isothermal crystallization kinetics, self-

nucleation isothermal crystallization kinetics, and POM showed

that P125 slightly decreased the nucleation rate of PP, signifi-

cantly decreased G, and finally, reduced Go of PP. The L values

of PP were effectively decreased after the addition of P125.

The isothermal crystallization kinetic study over a wide

temperature range covering the softening point of P125 dem-

onstrated that the variation rate of Go under the softening

point was obviously lower than that above the softening point;

this was attributed to the different phase states of P125 over

and below the softening point. Moreover, the dimensionality

of crystallization of the PP samples changed after the addition

of P125.

The optical properties studies showed that P125 effectively

decreased s and increased the surface glossiness of PP; this was

attributed to the influence of P125 on the crystallization behav-

ior and morphology of PP. Meanwhile, P125 increased YI and

could discolor the PP sample.
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