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Abstract  The effect of pre-shear flow on the subsequent crystallization process of polymeric melt was investigated and a 
flow-induced crystallization (FIC) model based on the conformation tensor incorporating the pre-shear effect was proposed. 
The model is capable of predicting the overshoot phenomena of the stress and the flow-induced free energy change of the 
polymeric system at high pre-shear rates. Under the condition of flow, the increase in the activated nuclei number was 
contributed by the flow-induced free energy change, which showed an overwhelming effect on the nuclei formation during 
the pre-shear process at high shear rates. The half crystallization time (t1/2) of polypropylene (PP) as functions of pre-shear 
rate and pre-shear time at different crystallization temperatures was predicted and compared with the experiment data. Both 
numerical and experimental results showed that t1/2 of PP decreased dramatically when the flow started but leveled off at 
long times. It was found that two transformation stages in t1/2 existed within a wide range of shear rates. For the first stage 
where the melting polymer experienced a relatively weak shear flow, the acceleration of crystallization kinetics was mainly 
contributed by the steady value of free energy change while in the second stage for high shear rates, strong overshoot in 
flow-induced free energy change occurred and the crystallization kinetics was thus significantly enhanced. The overshoots in 
stress and flow-induced free energy change reflected an important role of flow on the primary nucleation especially when the 
flow was strong enough. 
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INTRODUCTION 

The crystallization behavior of thermoplastic polymers is strongly affected by processing conditions. For 
example, the degree of crystallization and the size of the resulting spherulites depend on both the temperature 
and the rate of temperature change[1−3]. It is also well known that the applied flow may significantly enhance the 
crystallization kinetics and also produce highly oriented morphologies[4, 5]. The molecular orientation induced by 
the flow is found to be positive to improve the mechanical properties of the polymer materials. The effect of 
flow on crystallization is often referred to as flow-induced crystallization (FIC). 

It is known that the polymer crystallization evolves two typical stages: the formation of stable nuclei and 
the subsequent process of crystallite growth[6]. The effect of flow on crystallization kinetics is mostly attributed 
to a significant nucleation process[7]. Martins et al.[8] reported that the formation of the ordered regions between 
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entangled polymer chains would lead to higher activation energies for critically sheared melts, which might 
prefer to form nuclei precursors. In spite of the relative simplicity of the underlying physics, modeling of the 
FIC process turns out to be a formidable task, even though only the very basic problem of isothermal crystalline 
nucleation under flow is addressed.  

To get insight of the FIC phenomenon, there have been considerable literatures concerning prediction of 
the crystallization kinetics in a flow field based on different theories. Among them, some different quantitative 
predictions are carried out within a similar framework: first, the adopted rheological constitutive equations, 
including Doi-Edwards[9], Upper Convected Maxwell[10], Leonov[11], Single-mode PTT model[12], or 
conformational tensor model[13, 14], and second, the correlation between the rheological equation and the 
nucleation rate; for example, based on the Hamiltonian/Poisson Bracket formalism combined with the Avrami 
equation, Doufas et al.[14] developed a continuum model to simulate FIC of polymer melts in homogeneous flow 
fields under isothermal conditions. This model predicted the crystallization kinetics as well as the rheological 
and rheo-optical behavior of semi-crystalline systems. However, Tanner[15] expressed doubts about the stress 
calculation in Doufas et al.’s work. He proposed a suspension-based theory whereby “rigid” crystals were 
considered to be embedded in an amorphous matrix, and pointed out a more complex stress calculation. In 
addition, based on a Leonov model Zuidema et al.[11] regarded the recoverable strain as the driving force for 
FIC. More recently, much attention has been paid to construct more accurate micro-rheological models to 
describe the FIC phenomenon. For example, based on the classical thermodynamic theory, Coppola et al.[9] 
considered that the inner structure of polymer melts was changed by the flow, which denoted that the free 
energy difference between the crystalline and amorphous phase was also changed by the flow field. They 
thereby proposed a nucleation equation, in which the flow-induced change of free energy was introduced into 
nucleation process, and a good agreement between model predictions and experimental data was obtained. Later, 
Zheng and Kennedy[16] proposed a model that coupled the Eder’s flow-induced nuclei formation equation[17] 
with the dumbbell free energy expression, and they successfully predicted the half crystallization time (t1/2) of 
polypropylene (PP) under pre-shear flow. Although the values of the predicted t1/2 were somewhat overestimated 
for shear rate higher than 10 s−1 and the reason that t1/2 dropped down dramatically at the instant once upon 
shearing was not clear, a relatively good agreement between predictions and the experimental data was 
achieved.  

The stress overshoot at the start of shear flow at sufficiently high shear rates is an important rheological 
phenomenon and has been noticed in many experiments and theories[18−20]. Stress overshoot results in the shear 
stress increasing with time, passing through a maximum, and leveling off at long times. Doufas et al.[14] captured 
a stress overshoot during the initial stages of the melt deformation and considered that the overshoot was a 
consequence of the nonlinear rheological behavior of the amorphous melt before the start of crystallization. 
Kumaraswamy et al.[20] reported that the high shear stresses imposed on PP melt gave rise to the nonlinear 
overshoot phenomenon, which led to an acceleration of crystallization kinetics. Taking into account the 
relationship between the nucleation and viscoelastic response of polymer melts, it is necessary to interpret this 
stress overshoot phenomenon with a more precise rheological consideration. 

In the present work, a rheological model with regard to the overshoot during FIC in polymer melts was 
employed under homogeneous flow in isothermal conditions, in which two relevant stages, nucleus generation 
and crystal growth, were coupled with the pre-shear treatment. This model was primarily concerned with the 
effects of flow on the nucleation process of polymer melts, in which some factors that evidently contributed to 
flow-enhanced crystallization such as shear rate, shearing time as well as the stress overshoot were investigated. 

MODELS 

Similar to many authors’ work[14, 21−23], the crystalline polymer system is treated as a two-phase system of 
amorphous and semi-crystalline phases. Based on the following assumptions, the rheologically FIC model is 
constructed. 
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(1)  The physical properties of the amorphous phase are independent of the crystallinity. 
(2)  Once the activated nuclei form, they need a very long relaxation time to disappear, which means that 

the number of nuclei per unit volume almost does not change after the shear is stopped. 
(3)  The crystallizing system is regarded as a suspension system with the semi-crystalline entities growing 

and spreading in the amorphous matrix. 
Following previous work[15, 16], the general nucleus generation N of the semi-crystalline polymer can be 

separated into two parts: the number of activated nuclei in the quiescent condition, denoted as Nq, and the 
number of activated nuclei induced by the flow, Nf , scilicet: 

 fq NNN +=  (1) 

Nq can be expressed directly as[24] 

 ( )bTaN +Δ⋅= expq  (2) 

where ΔT is the temperature difference between the equilibrium melting temperature of the polymer melt and the 
experimental temperature, i.e., the degree of supercooling, and a and b are two constants. 

As for the influence of shearing on Nf, the same expression as Zheng and Kennedy’s[16] is used. This 
expression was previously proposed by Eder and Janeschitz-Kriegl[17] and shown as follows: 
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where λN is the temperature-dependent relaxation time and always possesses a large value, which corresponds to 
the second assumption as above mentioned. f is considered to be dependent on the flow variables as well as 
temperature, and is written as[16]: 
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where C0 is a coefficient involving the energetic and geometrical constants of the crystals. kb is the Boltzmann 
constant. U* is related to the activation energy of the supercooled liquid nucleus interface. Rg is the universal gas 
constant. T∞ = Tg − 30, where Tg is glass transition temperature. Kg is a constant containing energetic and 
geometrical factors of the crystalline nucleus[25]. ΔGf is the free energy change of the polymeric system due to 
the pre-shear flow. The free energy change for the quiescent crystallization, ΔGq, which accounts for the 
volumetric free energy difference between the liquid and crystalline phase, can be expressed to an 
approximation as[9] 

 0
m0q /TTHG Δ⋅Δ=Δ  (5) 

where ΔH0 is the latent heat of crystallization, 0
mT  represents the equilibrium melting temperature and in Eq. (4), 

θ = Tm
0(ΔH0⋅ΔT)[16]. 

The unknown variable, ΔGf, corresponding to the flow-induced free energy change of polymeric melt 
before crystallization, is considered to be strongly related to the change of the inner molecular structure caused 
by the imposed macroscopic flow. Based on the concept of conformation tensor, the following equations are 
adopted to account for the effect of the inner structure change on the free energy of the liquid phase[26, 27]: 
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where ζ is a constant, which is related to the material properties and is chosen as adjustable parameter in the 
calculation. The value of ζ ranges from 10 to 100. In the present work its value is ca. 82. Gc is the elastic 
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modulus of the material, δ is a unity tensor, and tr(·) represents the trace operator of a tensor. The 
phenomenological conformation tensor C is the internal structure tensor[26, 27] and illustrated as: 
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where t is time; u is the velocity field; η0 is the zero-shear viscosity; and superscript T denotes a tensor 
transpose. Gc is described as[26−28] 
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where G0 is the shear modulus at rest, h(C) is the damping function, and n is the flow index of the power-law 
model. 

The stress tensor after the shear but before the crystallization can be derived from the calculation of the 
conformation tensor under flow[26−28]: 

 )(c CCCτ −⋅⋅= G  (9) 

Combining Eqs. (1)−(8), the evolution of the number of activated nuclei induced by the flow with time can 
be calculated. Then the volume fraction of the crystals, αf changing with time during the isothermal 
crystallization process is obtained by Eq. (10) when impingement and swallowing are disregarded, which means 
that the nucleation rate does not depend on the volume fraction of the crystallized material[15]: 
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where m = 3 and Cm = 4π/3, corresponding to a three-dimensional growth of crystallites. G(T) denotes the grow 
rate of spherulites, which will be discussed later. 

Considering the pre-shear process, both the quiescent crystallization and FIC contribute to the degree of 
space filling. Therefore, the volume fraction of the crystals during and after shearing treatment is finally 
expressed as[10]: 
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where ts is the shearing time. 
Furthermore, when the impingement of crystals is considered, we can get the relative crystallinity α 

according to the Avrami model[29]: 

 )exp(1 fa−−=α  (12) 

Considering the short-term pre-shear treatments, the influence of pre-shear on the growth rate of spherulites 
G(T) can be regardless[10]. Therefore, according to the Hoffman-Lauritzen theory[25], the following equation 
should be available for the pre-shear experiments: 
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where Ga is a constant.  
The variations of viscosity and relaxation time with temperature are modeled by using a temperature 

shifting function αT: 
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where η(T0) and λ(T0) are the viscosity and the relaxation time at the reference temperature T0, respectively. For 
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the temperature shifting function αT, an Arrhenius type equation is used: 
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where Ea/Rg is a constant. 

RESULTS AND DISCUSSION 

Typical Results of Model Prediction 
To investigate the model predictions for the various FIC experiments of semi-crystalline polymer systems, the 
model proposed in the previous section was constructed numerically. The necessary parameters regarding the 
material properties and model variables were obtained from references[10, 16] and summarized in Table 1, which 
corresponded to the crystallization process of typical semi-crystalline materials such as PP. The rheological 
parameters in Table 1 were determined through the dynamic rheological experiments[10] and the crystallization 
parameters were obtained from thermal experiments by the calorimeter and Linkam shearing hot stage[16]. 

 
Table 1. Typical material properties and model parameters (after refs. [10], [16]) 

Symbol Unit Value 
G0 Pa 8.98 × 104 
ζ − 82 
λa s (at T0) 4 × 10−2 
η0 Pa·s (at T0) 3.42 × 103 
T0 K 476.15 
Ga m·s−1 2.83 × 102 
Kg K2 5.50 × 105 
U* J·mol−1 6.27 × 103 
Tg K 2.69 × 102 
λN s 106 
C0 J−2·s−1 5.06 × 1034 
Kb J·K−1 1.38 × 10−23 

a m−3·K−1 1.56 × 10−1 
b m−3 1.51 × 101 

ΔH0 J·m−3 1.44 × 108 
Tm

0 K 483.15 
Rg J·mol−1·K−1 8.314 

Ea/Rg K 5.602 × 103 
 

According to the above equations, the crystallization process of PP under pre-shear treatment could be 
estimated. At a given pre-shear rate, the conformation change of polymer melt could be solved according to    
Eqs. (7) and (8). The absolute values of flow-induced free energy change fGΔ  were then obtained based on   

Eq. (6). Here ζ was treated as an adjustable parameter with a value of 82. Combining with Eq. (5), f in the 
expression of nuclei formation equation (Eq. 3) was available. By solving Eq. (3), the time evolution of Nf was 
obtained. Finally, according to Eq. (11), the volume fraction of crystallization αf during and after shear 
treatment could be calculated. αf could be transformed into the relative crystallinity α of the semi-crystalline 
system through Eq. (12). Moreover, spherulite impingement was able to be taken into account by comparison of 
αf and α. 

In our FIC model, both the absolute values of flow-induced free energy change fGΔ  and macroscopic 

stress τ were considered to depend on the conformation tensor, i.e., inner structure of polymer melts, but their 
dependences were different in comparison with Eq. (6) and Eq. (9). The time evolution of shear stress of the 
polymer melt during the pre-shear process is shown in Fig. 1. When the pre-shear rate was low enough (< 3 s−1), 
the shear stress transited from zero to a steady plateau smoothly and no overshoot in stress was observed. 
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Evident stress overshoots were observed when the shear rate increased to some critical value: obviously above 3 
s−1 the stress growth in start-up of the shear flow exhibited a stress overshoot before a steady-state value was 
reached. The higher the shear rate was, the earlier the stress overshoot occurred and the larger the peak and 
steady values of the shear stress were. Such behavior predicted by the model is typical as the rheological 
response of a polymer melt when subjected to shear flow[19, 30], consistent with the reported work[18−20]. Figure 2 
shows the predicted absolute value of flow-induced free energy change with the pre-shear time at different shear 
rates. The overshoot in fGΔ  was also evident for large shear rates (> 3 s−1), and with increasing shear rate the 

peak value of flow-induced free energy change overshoot
fGΔ  appeared at short shearing time, in the same way as 

the peak value of shear stress did in Fig. 1. However, taking into account the steady value of fGΔ  (denoted as 
s

fGΔ ) at different shear rates, it was found that the values of s
fGΔ  were not so different when the imposed 

pre-shear rates were larger than a critical value of 5 s−1 comparing with those at lower shear rates. It indicated 
that s

fGΔ  after overshoot remained almost invariable if the pre-shear rates applied were high enough, which 

may be attributed to that the deformation or the degree of stretch of the polymer coils induced by flow was 
limited even though the shearing was strong[26]. Based on the theory of Lauritzen and Hoffman[31], Coppola and 
Grizzuti[9] thought that the effect of the macroscopic flow on the free energy would lead to a change of 
nucleation rate ultimately. Therefore, the evolution of fGΔ  with shearing time reflected a great effect of shear 

on the formation of the activated nuclei and then the subsequent crystallization process. 
 

            
Fig. 1  Time evolution of shear stress during pre-
shearing for the different shear rates at 140°C 

 Fig. 2  Time evolution of the absolute value of flow 
induced free energy change for the different shear rates at 
140°C 

 
Shearing promotes the occurrence of nuclei[7]. When higher shear rate is imposed, the larger number of 

nuclei is expected. As shown in Fig. 3, the final steady number of activated nuclei increased sharply with the 
pre-shear rate. Noting that all the values of N in Fig. 3 started from the same value, corresponding to the number 
of nuclei caused by super-cooling under the quiescent condition as described in Eq. (1), and the rise in N from 
the base line was undoubtedly caused by the effect of pre-shearing. In contrast with Fig. (2), two different kinds 
of effect of shearing or flow-induced free energy change on the nucleation process of the system could be found. 
First, s

fGΔ  was dominant for weak shearing without overshoot in stress or fGΔ . In the range of low shear rate 

below 3 s−1, the number of activated nuclei increased with time smoothly and gently, consistent with the results 
in Figs. 1 and 2. Second, both s

fGΔ  and overshoot
fGΔ  co-dominated the nucleation process when the shear rate 

was larger than 3 s−1. In this regime, a very sharp increase in the number of the activated nuclei resulting from 
the free energy overshoot was first observed, and a relatively gentle rise followed until the shearing was stopped 
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at 10 s, and then the number of the activated nuclei leveled off. The sharp increase in the nuclei number was due 
to the overshoot and the fact that once the activated nuclei formed, they needed a very long time to disappear. 
Especially, the overshoot would be overwhelming when the pre-shear rates were high enough (larger than        
20 s−1). In such cases overshoot

fGΔ  was much higher than s
fGΔ  (Fig. 2); the contribution of s

fGΔ  to the nuclei 

number was thus tiny. This could be further interpreted as shown in Fig. 4, the time evolution of nucleation rate 
for different pre-shear rates during pre-shearing for 10 s. The nucleation rate sharply increased with time at the 
start of shear flow, passed through a maximum, and leveled off at some time, after which the nucleation rate did 
not change. The degree of overshoot on the nucleation rate at high shear rates (larger than 20 s−1) was much 
higher than those at low shear rates. 

            
Fig. 3  Time evolution of activated nuclei for different 
pre-shear rates at 140°C (pre-shear time for 10 s) 

 Fig. 4  Time evolution of nucleation rate for different 
pre-shear rates at 140°C during pre-shearing for 10 s 

Comparison with Experimental 
As a demonstrating example of our model, the crystallization kinetics of PP was focused and calculated. Here 
the half crystallization time t1/2 was chosen as a key macroscopic experimental parameter to characterize the 
crystallization kinetics. The experimental data used in this work was obtained from Koscher and Fulchiron’s 
work[10], in which t1/2 of PP was determined by averaging the experimental data measured through three different 
methods including DSC, rheometry, and microscopy. At the same time, numerically, the plot of t1/2 versus shear 
rate was obtained by solving Eq. (12) in the case of αf = ln2[10]. 

The model prediction of PP crystallization kinetics was shown in Fig. 5, in which the experimental data and 
the predictive curves by Zheng and Kennedy[16] were also shown for comparison. Our predictive curves, t1/2 
versus pre-shear rate at different crystallization temperatures, showed a reasonable agreement with experimental 
data. Especially, it should be pointed out that two transition shear rates were observed in each curve, which was 
essentially different from Zheng and Kennedy’s simulated results[16] as well as that of Koscher and 
Fulchiron’s[10]. In Fig. 5, an evident decrease in t1/2 was not observed until the shear rate increased up to            
ca. 0.3 s−1, indicating that the effect of flow on crystallization kinetics was not significantly enhanced when the 
shear rate was too small. After passing the first transition shear rate, the t1/2 decreased dramatically with 
increasing shear rate up to about 20 s−1, i.e., the second transition shear rate, indicating that the whole 
crystallization kinetic was enhanced remarkably under moderate shear flow. Above 20 s−1, strong shearing gave 
rise to a further acceleration of crystallization kinetics. The reason for the existence of two transition shear rates 
may lie in the different nucleation rates in the two stages. According to Fig. 2, it was known that the flow-
induced free energy change did not show overshoot when the shear flow was weak (shear rate < 3 s−1 in Fig. 2), 
or only show a weak overshoot for shear rates below 20 s−1. For low shear rates, the maximum of the free energy 
change didn’t show until the steady state was reached. In these cases, the number of activated nuclei was mainly 
determined by the magnitude of the steady value of the free energy change. However, when the shear rate was 
higher than 20 s−1, there existed a maximum difference of free energy change between the peak and steady 
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values. The overshoot in fGΔ  thus became a decisive factor in primary nucleation. As abovementioned, the 

crystallization rate of PP was mainly determined by the number of activated nuclei, so the change of the 
nucleation rate would result in a variation of crystallization kinetics. Therefore, the overshoot in fGΔ  played an 

important role in second acceleration stage of crystallization kinetics. These results indicated the validity of the 
present FIC model which emphasized the effect of overshoot of the flow induced free energy change on the 
crystallization kinetics. 

 
Fig. 5  The half crystallization time versus shear rate at different crystallization temperatures after 10 s  
pre-shear treatment in comparison with experimental data and Zheng and Kennedy’s results[16] 

 
The effect of pre-shear time on the crystallization kinetics was shown in Fig. 6, in which the experimental 

data and the fitting curves by Zheng and Kennedy[16] were also shown for comparison. Once upon shearing, t1/2 
dropped down dramatically. A further increase of the shearing time seemed to play a tiny role on the 
enhancement of the crystallization. By contrast, our prediction seemed to show a better agreement with the 
experimental data at both testing temperatures.  

 

 
Fig. 6  The half crystallization time versus pre-shear time at different crystallization temperatures and a  
pre-shear rate of 5 s−1 and in comparison with experimental data and Zheng and Kennedy’s results[16] 

 
To further elucidated the effect of pre-shear time on the crystallization kinetics, Fig. 7 illustrated the 

predicted relative crystallinity as a function of crystallization time at 140°C for different pre-shear times. The 
shear rate of 5 s−1 was chosen because the experimental data could be available only. In the case of applying 
shearing for 10 s, the crystallization time was shortened significantly compared with that without shearing. With 
increasing pre-shear time, the crystallization time decreased gradually. However, as the pre-shear time further 
increased, the difference between the relevant crystallization times trended to be negligible as seen for the cases 
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of shearing for 90 and 100 s. This predicted result was consistent with that in Fig. 6, in which the crystallization 
times were almost unchanged at long times. According to Martins et al.[8, 30], the molecular chains in shear flow 
could not be fully stretched, and the nucleation density could not increase infinitely, therefore the crystallization 
must be saturated under some critical conditions. Kumaraswamy et al.’s work[20] also indicated that shearing 
above a critical stress for a time longer than a critical value, would lead to a saturation of crystallization (limiting 
crystallization kinetics), and both the stress and strain could be considered as controlling factors for this 
saturation. By comparing the curves for pre-shear time of 90 and 100 s, the nucleation capability of PP could be 
considered to be saturated in such a strain range since the two curves for relative crystallinity were close.   
Figure 8 showed the number of activated nuclei per unit volume, N, as a function of crystallization time for 
different shear rates at 140°C. Comparing the number of activated nuclei after pre-shear treatments with 
shearing time of 90 and 100 s, it was also found that the numbers for the two cases were very close, again 
indicating that the nucleation capability of PP was saturated. 

          
Fig. 7  Evolution of relative crystallinity with time at 
140°C for different shearing time at a shear rate of 5 s−1 

 Fig. 8  Evolution of activated nuclei with time at 140°C 
for different shearing time at a shear rate of 5 s−1 

CONCLUSIONS 

The present work dealt with the overshoot phenomena during flow-induced crystallization in polymer melts. The 
influences of overshoots in stress and in free energy change of the polymeric system induced by the pre-shear 
flow were discussed based on a FIC model. It was found that when the pre-shear rates were low enough, the 
shear stress and the flow-induced free energy change increased to a steady plateau without overshoots, whereas 
evident overshoot phenomena were observed for shear rates larger than some critical values. The higher the 
shear rate was, the earlier the overshoot occurred and the larger the peak and steady values of the shear stress 
and the flow-induced free energy change were. The flow-induced free energy change played an overwhelming 
role in the nucleation process during the pre-shear process when the shear flow was strong enough. The strong 
overshoot in flow-induced free energy change prompted the number of activated nuclei to reach the steady value 
much more rapidly. The acceleration of crystallization kinetics exhibited different features depending on the 
shear rate. The comparison of the predicted half crystallization time of PP with experimental data and other 
reported fitting data indicated the validity of the proposed FIC model.  
 
 
REFERENCES 
 
1 Lorenzo, A.T., Arnal, M.L., Sanchez, J.J. and Muller, A.J., J. Polym. Sci. B: Polym. Phys., 2006, 44: 1738 
2 Eder, G., Janeschitz-Kriegl, H. and Liedauer, S., Prog. Polym. Sci., 1990, 15: 629 
3 Michaeli, W., Gutberlet, D. and Glissmann, M., Polym. Test, 2001, 20: 459 
4 McHugh, A., Polym. Eng. Sci., 1982, 22: 15 



F.Y. Yu et al. 666

5 Somani, R.H., Yang, L., Zhu, L. and Hsiao, B.S., Polymer, 2005, 46: 8587 
6 Elmoumni, A. and Winter, H.H., Rheol. Acta, 2006, 45: 793 
7 Monasse, B., J. Mater. Sci., 1992, 27: 6047 
8 Martins, J.A., Zhang, W.D. and Brito, A.M., Macromolecules, 2006, 39: 7626 
9 Coppola, S., Grizzuti, N. and Maffettone, P.L., Macromolecules, 2001, 34: 5030 
10 Koscher, E. and Fulchiron, R., Polymer, 2002, 43: 6931 
11 Zuidema, H., Peters, G.W.M. and Meijer, H.E.H., Macromol. Theory Simul., 2001, 10: 447 
12 Tanner, R.I. and Qi, F.Z., J. Non-Newtonian Fluid Mech., 2005, 127: 131 
13 Bushman, A.C. and McHugh, A.J., J. Polym. Sci. B: Polym. Phys., 1996, 34: 2393 
14 Doufas, A.K., Dairanieh, I.S. and McHugh, A.J., J. Rheol., 1999, 43: 85 
15 Tanner, R.I., J. Non-Newtonian Fluid Mech., 2002, 102: 397 
16 Zheng, R. and Kennedy, P.K., J. Rheol., 2004, 48: 823 
17 Eder, G. and Janeschitz-Kriegl, H., “Materials science and technology: processing of polymers”, Vol. 18, Wiley, 

Weinheim, 1997, Chapter 5 
18 Letwimolnun, W., Vergnes, B., Ausias, G. and Carreau, P.J., J. Non-Newtonian Fluid Mech., 2007, 141: 167 
19 Tapadia, P. and Wang, S.Q., Phys. Rev. Lett., 2006, 96: 016001 
20 Kumaraswamy, G., Issaian, A.M. and Kornfield, J.A., Macromolecules, 1999, 32: 7537 
21 Dairanieh, I.S., McHugh, A.J. and Doufas, A.K., J. Reinf. Plast. Compos., 18 (1999) 464 
22 Doufas, A.K. and McHugh, A.J., J. Rheol., 2001, 45: 403 
23 Doufas, A.K., McHugh, A.J. and Miller, C., J. Non-Newtonian Fluid Mech., 2000, 92: 27 
24 Angelloz, C., Fulchiron, R., Douillard, A., Chabert, B., Fillit, R., Vautrin, A. and David, L., Macromolecules,  

2000, 33: 4138 
25 Hoffman, J.D. and Lauritzen, J.I., Revs. Natl. Bur. Stand., 1961, 65A: 297 
26 Huang, X.H. and Zhou, C.X., Polym. Eng. Sci., 1999, 39: 2313 
27 Zhou, C.X., Chinese J. Polym. Sci., 1999, 17(2): 151 
28 Zheng, H., Yu, W. and Zhou, C.X., Chinese J. Polym. Sci., 2005, 23(5): 453 
29 Avrami, M., J. Chem. Phys., 1940, 8: 212 
30 Rubio, P. and Wagner, M.H., J. Non-Newtonian Fluid Mech., 2000, 92: 245 
31 Lauritzen, J.I. and Hoffman, J.D.J., J. Research Natl. Bur. Stand., 1960, 64A: 73 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


