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The effect of flow on the formation of semi-crystalline polymer morphology is well documented.[1-4] This 
notwithstanding, the level of understanding of the key mechanisms leading to formation of oriented 
structures and to large enhancement of crystallization kinetics has not attained a satisfactory level to model 
solidification of crystallisable polymers under typical  processing conditions with which Ktons of polymers 
are processed every day. From a microscopic point of view, in-situ and ex-situ experiments have shown that 
shear flow promotes local chain alignment and generates nanodomains with a certain degree of order, 
usually referred to as crystal nucleation precursors. It is  now ascertained that if flow-induced structures are 
held in quiescent condition at temperatures above the melting point of the polymer, they will dissolve again 
in the melt, with a strongly temperature dependent kinetics which, in certain conditions, is associated to 
characteristic times much longer than the rheological ones.[5,6] The stability of these precursor must thus be 
related to their morphological features (e.g. length, the thickness…) and internal structure. Direct evidences 
of their structural organization are still lacking; we aim to extract some   information on these flow-indced 
entities and on their variability with flow conditions by measuring flow memory effects in properly designed 
experiments.  
This investigation has been carried on using well characterized i-PP samples (T30G Basell). The adopted 
thermo-mechanical history is depicted in Figure 1. The polymer is firstly held to relax at a suitable annealing 
temperature (220°C) for 5 min. Then it is cooled to the chosen shearing temperature (170°C). A step shear is 
then applied, followed by the relaxation step. Different relaxation times, as well as temperatures, have been 
explored. The extent of relaxation has been assessed by its effect on last stage of the experiment, i.e. on the 
isothermal crystallization kinetic at a constant temperature (e.g. 135°C). The goal is to quantify  relaxation 
kinetic (together with its temperature dependence) for precursors that have been originated in different flow 
conditions, possibly leading to differences in their stability. 

 
 

Figure 1.Scheme of thermo-mechanical history for flow effect relaxation experiments 

Time-resolved 2-D Small Angle X-Ray Scattering patterns have been acquired on-line during the 
crystallization process at   beamline A2 of Hasylab. The mechanical deformation was applied to the polymer 
melt by means of a Linkam CSS450 shear cell. In order to allow the transmission of the X-rays, many 
research groups have replaced the original quartz plates of the shear cell with drilled metal plates, in which 
the holes were covered by a kapton film. [1,3,6] This modification has obviously caused alterations to the 
thermal exchange in the system. In particular,  as a result of the much greater thermal conduction coefficient, 
the actual sample temperature can even be 15 °C lower than the set value. Surprisingly, this problem, which 
should have been met by other researchers, has always been disregarded. Our setup round on the difficulty 
by employing the original quartz plates, in which holes were drilled and on which a thin kapton foil glued. 
Isothermal crystallization kinetic after the thermo-mechanical history above described was monitored by 



following the increase of the relative invariant, proportional to the degree of space filling. In Figure 2 
examples of crystallization curves are reported for quiescent, sheared and partially relaxed conditions.  

 

 

 

 

  

 
 
                                          

Figure 2. Disappearance of flow effect on crystallization kinetic with increasing relaxation time.  

The effect of flow is maximum when cooling to the crystallization temperature was imposed immediately 
after cessation of shear;    the effect of shear eventually disappears when a sufficiently long time is 
interposed between the shear step and the cooling to Tc. Considering the half crystallization time, the kinetic 
of flow memory erosion can be quantitatively assessed by introducing a parameter proportional to the 
residual shear-enhancement of crystallization kinetic. This parameter corresponds to the   relative shear 
efficiency and has values between  1  (maximum shear efficiency, no relaxation) and 0 (minimum shear 
efficiency, fully relaxed system: quiescent crystallization time). An example of the obtained results is shown 
in Figure 3, in which the relative shear efficiency of precursors formed at the same shearing temperature and 
using the same shearing time is plotted as a function of the time of relaxation at different temperatures. 

 
 
 
 
 
 
 
 
 
                                  
                                              

Figure 3.Relative shear efficiency as a function of time of relaxation for different series of experiments. 

It can be appreciated that the time scale for flow memory relaxation is much higher than rheological 
characteristic times, pointing out that the mechanism of flow-induced structure dissolution involves much 
more than simple re-coiling of oriented chains. The higher the relaxation temperature, the faster is the 
erasure of flow memory. Moreover, at a given relaxation temperature, life-time of shear induced precursors 
is longer if they have been created under a stronger flow field, thus suggesting an influence of shear 
conditions in the morphological features of flow-induced precursors. 
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