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T
he non-isothermal crystallization kinetics of isotactic polypropylene (iPP) and

iPP/microcrystalline cellulose 1 (MCC1) (hydrolyzed by HCl) and iPP/ microcrys-

talline cellulose 2 (MCC2) (hydrolyzed by H2SO4) composites were investigated

by differential scanning calorimetry techniqye (DSC) with various cooling rates. The

Avrami, Ozawa, and Mo equations were applied to describe the non-isothermal crys-

tallization kinetics and to determine the crystallization parameters of the composites.

The results show that the values of t1/2 for iPP/MCCs composites are lower than that

for iPP. The value of F(T) systematically increases with increasing relative degree of

crystallinity. Non-isothermal crystallizations of iPP/MCCs composites correspond to tri-

dimensional growth with heterogeneous nucleation and MCCs acted as nucleating

agent in iPP matrix. The addition of microcrystalline cellulose has greatly reduced the

spherulitic size of iPP. 

INTRODUCTION

Isotactic polypropylene (iPP) is a

semicrystalline thermoplastic poly-

meric material that has been wide-

ly used because of its attractive

combination of good processabili-

ty, good mechanical properties, and

good chemical resistance.

However, inadequate stiffness and

high brittleness of iPP have limited

its versatile application to some

extent. Compounding with inor-

ganic/organic particles is a simple,

effective, and economical method

to improve the mechanical and

thermal properties of iPP. In recent

years some studies on the structure

and property of inorganic/organic

particles-filled polymer blends

have been conducted [1–7]. It is

found that usually by addition

of inorganic/organic particles to

iPP there is a slight increase in the

Available online at: http://journal.ippi.ac.ir 



crystallization temperatures of iPP while the crystal-

lization rate is accelerated and finally the degree of

crystallinity is increased as well. It has been reported

that 0.8 wt% of an organic phosphorus particles added

to iPP increases the nucleation density by six orders of

magnitude and the crystallization temperature by

12 K [8].

Microcrystalline cellulose (MCC) whose amor-

phous regions are removed by acid hydrolysis can be

a very promising cellulosic reinforcement for poly-

mers. Basically it is crystalline cellulose derived from

high quality wood pulp and it is expected to disinte-

grate into cellulose whiskers after being completely

hydrolyzed. Native cellulose is one of the strongest

and stiffest natural fibres available; with estimated

theoretical modulus of 167.5 GPa [9] it has a high

potential to act as reinforcing agent in polymers [10-

15]. This cellulose fibril can be about 5-10 nm in

diameter and the length varies from 100 nm to sever-

al micrometers. MCC [16] has the advantage of hav-

ing high specific surface area compared to the other

conventional cellulose fibres.

In this article, we investigate the effect of nucle-

ation of MCC hydrolyzed by different acids on the

non-isothermal crystallization kinetics of iPP/MCC

composites. Several non-isothermal crystallization

kinetic equations were employed to deal with the non-

isothermal crystallization data. The kinetic parameters

like the Avrami exponent was evaluated from the data

based on differential scanning calorimetry (DSC)

crystallization exotherms for iPP and iPP/MCC com-

posites. Furthermore, polarized optical microscopy

technique was used to display the effect of MCC on

the nucleation density of iPP.

EXPERIMETTAL

Materials

Isotactic polypropylene (S 950) used in the study was

purchased from Sinopec Yangzi Petrochemical Co.

Ltd., with the melt index 26.0 g/10 min; density 

905 kg/m3. Microcrystalline cellulose 1 (MCC1) was

hydrolyzed by HCl (3 mol/L, 30 min, 102ºC).

Microcrystalline cellulose 2 (MCC2) was hydrolyzed

by H2SO4 (1.5 mol/L, 30 min, 102ºC) [17]. Both

MCC1 and MCC2 were made in our laboratory with

5-50 μm in length and about 20 μm in diameter (cel-

lulose I type). 

Preparation of Composites 

Samples of iPP, MCC1, and MCC2 were dried in

vacuo at 60ºC for 10 h. MCCs were pretreated at first

and then mixed with iPP, separately. Composites were

prepared by melt-mixing method with a mini-type

extrusion machine (DACA, American). The mixing

was carried out at 195ºC at 75 rpm for 5 min. The

ratios of MCC1 or MCC2 to iPP were 1%, 2%, and

3% and each resultant composite is abbreviated as

(A: MCC1) A-1, A-2, and A-3 or (S: MCC2) S-1, S-

2, and S-3. 

Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC 822e,

Mettler-Toledo, Switzerland) was employed to study

the crystallization behaviours of the composites.

About 5.0 mg samples were used. Indium was used

for temperature calibration (Tm = 156.6ºC, ΔHm =

28.4 J/g). Samples were heated at a rate of 10 K/min

to 473 K for 5 min to erase the thermal history effects

and then cooled to 323 K at various rates of 5.0, 7.5,

10.0, 12.5, 15.0 K/min. Finally the DSC cooling scan-

ning curves were recorded. All the measurements

were carried out under a nitrogen atmosphere to pre-

vent extensive thermal degradation.

Polarized Optical Microscopy

The spherulite morphology and growth of iPP/MMC

composite was observed with an Olympus BX51

polarized light optical microscope (POM) equipped

with crossed polars and a hot stage (Linkam THMS

600). The samples were hot pressed into films of

thickness 0.02 mm. After that, the film sample was

heated to 473 K for 1 min via the hot stage and then

cooled to the desired crystallization temperature (Tc)

where, the spherulitic growth was monitored.

Micrographs were taken at various time periods for

measuring the spherulite radii (R).

RESULTS AND DISCUSSION 

Crystallization Behaviour

Figures 1a-1f and Table 1 show that the higher the
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Figure 1. DSC Thermograms of: (a) A-1, (b) A-2, (c) A-3, (d) S-1, (e) S-2, and (f) S-3 composites during non-isothermal

crystallization at different cooling rates.
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cooling rate, the shorter time would be needed for

completion of crystallization. It is shown that obvi-

ously both MCC1 and MCC2 enhance the crystalliza-

tion peak temperature (Tp). MCC2 seems to be more

effective than MCC1.

To obtain some information about the crystalliza-

tion kinetics, the data in Figures 1a-1f were trans-

formed to the relationship-of relative degree of crys-

tallization versus time and macromechanics model

was used to analyze the data. The relationship of the

relative degree of crystallization versus time is shown

in Figures 2a-2f. It can be seen that the higher the

cooling rate, the shorter the time for completion of

the crystallization is needed.

The half-time of non-isothermal crystallization,

t1/2 could be obtained from Figures 2a-2f for iPP and

iPP/MCCs composites and the results are listed in

Table 2. As expected, the value of t1/2 decreases with

the increasing of cooling rates of iPP and iPP/MCCs

composites. Moreover, at a given cooling rate, the

values of t1/2 for iPP/MCCs composites are lower

than those for iPP, signifying that the addition of

MCCs can accelerate the overall crystallization

process. It appears that MCC2 is more effective than

MCC1.

Non-isothermal Crystallization Kinetics

Isothermal crystallization kinetics was analyzed

using the Avrami theories [18,19] while, the non-

isothermal crystallization kinetics was more compli-

cated. The crystallization rate and mechanism can be

influenced by many factors: not only the crystalliza-

tion temperature and molecular weight, but also the

molecular orientation, thermal history, and the pres-

ence of additives. In this paper, we used the

Jeziorny’s [20], Ozawa’s [21] and Mo’s analyses [22]

to investigate the non-isothermal crystallization

kinetics of iPP/MMCs composites.

Jeziorny Analysis 

This analysis is based on Avrami equation. Supposing

the temperature is not changed when crystallization is

progressing, then the non-isothermal crystallization

process could be calculated as:

(1)

where, Xt is the relative degree of crystallinity which

is defined as:

(2)

where, T0 and T∞ are the temperatures at which crys-

tallization starts and stops, and kt and n denote the

nucleation and growth rate constant and the Avrami

exponent, respectively. It is known that the value of n

strongly depends on the mechanism of nucleation and

the morphology of crystal growth. The ideal n must

be an integer whose value is usually between 1 and 4.

For polymers, n will not always be an integer,

because of the existence of homogeneous nucleation,

heterogeneous nucleation, the second crystallization,

etc. The Avrami crystallization constant, kt, is related

to the nucleation and crystallization rates. Taking the

double logarithmic form of eqn (1) gives:

(3)

Thus, the values of kt and n can be obtained from the

intercepts and slopes of the linear plots of ln[-ln(1-
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Table 1. Values of the Tp at various cooling rates.

R

(K/min)

Tp(K)

PP A-1 A-2 A-3 S-1 S-2 S-3

5.0

7.5

10.0

12.5

15.0

389.9

388.3

386.9

385.3

384.1

391.6

389.2

387.6

386.4

385.4

392.2

390.5

388.9

387.6

386.6

392.4

390.7

389.6

388.0

386.9

397.2

394.7

393.4

392.0

390.4

396.9

395.5

393.8

392.8

391.1

398.8

396.7

394.9

393.5

392.4

1 exp( )n
t tX k t= − −

0

0

(d / d )d

(d / d )d

T

cT
t T

cT

H T T
X

H T T∞
=

∫
∫

( )tln[ ln 1 ] ln lntX k n t− − = +
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Figure 2. Relative crystallinity degree versus time for non-isothermal crystallization of:  (a) A-1, (b) A-2, (c) A-3, (d) S-1,

(e) S-2, and (f) S-3 composites at variois cooling rates.
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Xt)] versus ln t, respectively (Figure 3). Then, the

modified equation for the non-isothermal crystalliza-

tion process is:

(4)

where, kc and R are the polymeric non-isothermal

crystallization parameter and the cooling rate, respec-

tively.

As shown in Figure 3, there is a good linear rela-

tionship between ln[-ln(1-Xt)] and ln t for iPP/MCCs

composites. Non-isothermal crystallization parameter

may be calculated from the results of Figure 3 and

eqns (3) and (4) (Table 3). For the same sample, kc

rises with the cooling rate, indicating a faster crystal-

lization rate. Both MCC1 and MCC2 could elevate

the crystallization rate of iPP when the cooling rates

are being equal. Taking the cooling rate of 5 K/min,

for example, the exponent n for A-1, A-2, and A-3

varies from 4.35 to 3.87 and from 4.56 to 3.26 for S-

1, S-2, and S-3. The decrease of n values with increas-

ing amount of MCC means that the heterogeneous

nucleation becomes more obvious and the MCC acted

as a nucleating agent in iPP matrix. The n values also

indicate that non-isothermal crystallizations of

iPP/MCCs composits correspond to tri-dimensional

growth. The degree of hydrolysis for MCC2 which

has been hydrolyzed by H2SO4 is higher than that of

MCC1 hydrolyzed by HCl. The interaction between

MCC2 and iPP matrix may be stronger than that

between MCC1 and iPP matrix. The n values of

MCC2 are lower than those of MCC1 and oppositely

the kc values of MCC2 are higher than those of MCC1

at the same cooling rate. Therefore, the heterogeneous

nucleation effect of MCC2 must be stronger than that

of MCC1.

Ozawa Analysis

The alternative approach adopted here is the Ozawa

equation [21].

1-Xt = exp[-K(T)/Rm] (5)

where, K(T) is a cooling function and m is the Ozawa

exponent that depends on the dimension of crystal

growth. Taking the double-logarithmic form eqn (5)

gives:

ln[-ln(1-Xt)] = ln K(T) m ln R                                       (6)

Studying the process at different cooling rates and

plotting ln[-ln(1-Xt)] against lnR at a given tempera-

ture, a straight line should be obtained if the Ozawa

method is valid. Then, the parameters of m and K(T)

can be determined from the slope and intercept,

respectively.

The results based on Ozawa method are shown in

Figure 4. It is clearly seen that the curves in the plots

of ln(-ln(1-Xt)) vs. lnR for A-1 and S-1 do not exhib-

it a linear relationship. This might be reasonable,

because the upper parts are related with the later

stages during which crystallization is retarded, as it

takes place in a constrained environment. Ozawa, in

his approach, ignored the secondary crystallization

and the dependence of the folded length on tempera-

ture [23]. Lopez et al. [24] claimed that during cool-

ing, secondary crystallization could not take place due

to the continuous decrease in temperature. However,

it is known that Ozawa analysis cannot describe ade-

quately the crystallization kinetics of polymers such

as PE, PEEK, and nylon-11[25] for which a large part

of crystallinity is attributed to secondary crystalliza-

tion [26]. Thus, in iPP/MMCs composites of the 
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Table 2. Values of t1/2 at various cooling rates.

R

(K/min)

t1/2

PP A-1 A-2 A-3 S-1 S-2 S-3

5.0

7.5

10.0

12.5

15.0

6.9

5.41

4.35

4.10

3.64

6.4

4.64

3.69

3.02

2.58

6.37

4.5

3.5

2.91

2.51

6.32

4.41

3.46

2.8

2.43

5.06

3.85

2.99

2.52

2.15

5.39

3.69

2.89

2.44

2.07

4.85

3.53

2.78

2.36

1.99

Rkk tc /lnln =
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Figure 3. Plots of ln(-ln(l-Xt)) versus lnt for crystallization of: (a) A-1, (b) A-2, (c) A-3, (d) S-1, (e) S-2, and

(f) S-3 composites.
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Table 3. Values of the n, kc and lnkt at various cooling rates.

present work, the Ozawa analysis is not discussed, as

it is thought to be rather inapplicable.

Mo’s Analysis

As the degree of crystallinity is found to be related to

Figure 4. Ozawa plots of ln(-ln(l-Xt)) vs. lnR for crystalliza-

tion of: (a) A-1 and (b) S-1 composites at different tempera-

ture.

the cooling rate R and the crystallization time t (or

temperature T), the relation between the cooling rate

and the crystallization time for a given degree of crys-

tallinity is defined by Mo, et al. [22] as follows:

(7)

where, F(T) refers to the value of cooling rate chosen

at unit crystallization time when the system has a cer-

tain degree of crystallinity. The smaller the value of

F(T), the higher the crystallization rate would

become. Therefore, F(T) has a definite physical and

practical meaning. The value of α is related to mech-

anism of nucleation. As shown in Figure 5, plotting

lnR against lnt, at a given relative degree of crystal-
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(a)

(b)

ln ln ( ) lnR F T tα= −

Sample R

(K/min)

n kc lnkt

PP

A-1

A-2

A-3

S-1

S-2

S-3

5.0

7.5

10.0

12.5

15.0

5.0

7.5

10.0

12.5

15.0

5.0

7.5

10.0

12.5

15.0

5.0

7.5

10.0

12.5

15.0

5.0

7.5

10.0

12.5

15.0

5.0

7.5

10.0

12.5

15.0

5.0

7.5

10.0

12.5

15.0

4.01

4.15

4.22

4.37

4.39

4.35

4.40

4.50

4.61

4.91

4.15

4.17

4.21

4.38

4.85

3.87

3.91

3.96

4.24

4.71

4.56

4.65

4.81

4.90

4.90

3.45

3.56

3.71

3.71

4.12

3.26

3.33

3.86

3.97

4.51

0.54

0.71

0.96

0.99

1.1

0.54

0.71

0.96

0.99

1.1

0.61

0.82

0.96

1.08

1.14

0.82

0.93

0.99

1.19

1.2

0.61

0.82

1.02

1.12

1.23

0.81

0.95

1.1

1.2

1.27

1.01

1.06

1.14

1.25

1.3

-3.0809

-2.5688

-0.4082

-0.1256

1.4296

-3.0809

-2.5687

-0.4082

-0.1256

1.4297

-2.4715

0.0746

-0.4082

0.9620

1.9654

-0.9923

-0.5443

-0.1005

2.1744

2.7348

-2.4715

-1.4884

0.1980

1.4166

3.1052

-1.0536

-0.3847

0.9531

2.2790

3.5853

0.0498

0.4370

1.3103

2.7893

3.9355
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(b)

(c)

Figure 5. Mo plots of lnR vs. lnt for crystallization of: (a) A-1, (b) A-2, (c) A-3, (d) S-1, (e) S-2, and (f) S-3

composites.

 

(d)

(e)

(f)

 

 

 

 



lization, a linear relationship is observed. The values

of F(T) and the slope α are listed in Table 4 that

shows the values of α are nearly the same for each

sample. As the F(T) values increase with the relative

degree of crystallinity within equal time intervals, a

faster cooling rate R is required for the same sample

to reach a higher degree of crystallinity which also

means a larger F(T) value. Thus, when the crystal-

lization time is the same, the relative degree of crys-

tallinity would increase with the cooling rates.

It can also be seen that F(T) systematically

increases with the increasing the relative degree of

crystallinity. It is also obvious that for a definite

degree of crystallinity, F(T) for iPP/MCCs compos-

ites is smaller than that for iPP. This means that, to

reach the same relative degree of crystallinity, iPP/

MCCs composites require smaller cooling rates

which indicate that iPP/MCCs composites crystallize

at a faster rate than iPP. The higher the amount of

MCC, the smaller would be the F(T) value. This indi-
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Table 4. Non-isothermal crystallization kinetic parameters based on Mo’s treatment.

Xt

(%)

iPP A-1 A-2 A-3 S-1 S-2 S-3

F(T) F(T) F(T) F(T) F(T) F(T) F(T)

10

20

40

60

80

5.89

6.92

8.76

9.35

10.49

1.40

1.45

1.48

1.43

1.54

5.89

6.92

8.76

9.35

10.49

1.31

1.35

1.26

1.38

1.36

4.89

5.61

7.92

8.41

9.26

1.48

1.48

1.37

1.29

1.19

4.31

5.28

7.12

8.01

9.12

1.35

1.4

1.42

1.31

1.32

5.4

6.23

7.98

8.56

9.86

1.56

1.65

1.54

1.71

1.53

4.56

5.41

7.86

8.31

8.86

1.45

1.51

1.62

1.65

1.64

4.2

5.1

6.86

7.84

8.59

1.31

1.35

1.39

1.56

1.42

(a-5s) (b-5s)

Continued

   

  

(c-5s)

(a-40s) (b-40s) (c-40s)

 



cates that MCCs can raise the crystallization rate. On

the other hand, the results show that at each relative

degree of crystallinity, the value of F(T) of iPP/

MCC2 is lower than that of iPP/MCC1 which is in

accordance with Jeziony analysis; meaning that the

heterogeneous nucleation effect of MCC2 must be

stronger than that of MCC1.

Morphological Observations

Morphological observations were carried out by opti-

cal microscopy. Figure 6 shows the photographs of

iPP/MCCs composites as well as that of pure iPP

during isothermal crystallization process at 130ºC. It

is clear in Figure 6 that the nucleation rates of iPP/

MCCs composites are larger than that of iPP, because

of heterogeneous nucleation of MCCs particles.

Induction periods of iPP, iPP/MCC1 (1%) and

iPP/MCC2 (1%) are 15-40, 5-15, and <5 s, respec-

tively. 

Since, crystal growth is ultimately limited by fac-

ing spherulite boundary it will lead to an irregular

final structure and smaller crystalline dimension. In

Figure 6(5 s) a perfect spherulite shape is not evi-

dently seen but, the intersections of Figure 6(60 s)

clearly indicate the existence of a perfect spherulite

[27-30]. The average spherulite sizes of iPP,

iPP/MCC1, and iPP/MCC2 are about 35, 20 and

10 μm, respectively. Therefore, compared with oth-

ers iPP/MCC2 has the least crystallization time and

final crystal size at 130ºC. It is well known that crys-

talline morphology significantly affects the mechan-

ical properties of a material because a smaller crystal

is prone to develop into a crack to absorb impact

energy while a big spherulite is apt to form local

stress which makes the material brittle. Therefore,

the crystalline morphology of iPP/MCC2 is

favourable for its mechanical properties [31,32].

CONCLUSION

Three methods were used to deal with the non-

isothermal crystallization process for iPP and

iPP/MCCs composites. The Ozawa equation cannot

satisfactorily describe the non-isothermal crystalliza-

tion behaviour of iPP/ MCCs composites, while

Jeziorny’s and Mo’s methods can. According to the

results obtained by Avrami equation, the primary

crystallization stage for non-isothermal melt crystal-

lization might correspond to a three-dimensional

spherical growth with heterogeneous nucleation. The

values of the rate parameter Zc and the kinetics

parameter F(T) reveal that adding MCCs obviously

increases the crystallization rate of iPP from molten

state,. The results of DSC and polarized optical

microscopy techniques indicate that MCC can

increase the crystallization temperature and the

nucleation density of iPP. Thus, MCC is an effective

nucleating agent for iPP. When MCC1or MCC2 are

added to iPP, the crystallization rate increases and

with the increasing amount of MCC the crystalliza-

tion temperature, Tp increases as well. 
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posites at various time (magnification ×500, crystallizing temperature 130°C).
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