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Processing of polymeric materials always involves a cooling stage, with cooling rates spanning from a few 
to hundreds degree per second. In semi-crystalline polymers, crystallizzation behavior and, in turn, final 
product properties, are largely affected by the cooling history. A paradigmatic case, both for its industrial 
relevance and its intriguing scientific aspects, is represented by isotactic polypropylene. It is well 
documented in the literature [1-3] that fast cooled polypropylene solidifies in a structure with intermediate 
degree of order, between that of the α-phase (monoclinic) and of the amorphous state, usually referred to as 
mesophase or smectic phase. So far, little is known about the role played by molecular features on the 
development of the smectic phase upon quenching. In this work, the effect of comonomer content on the 
crystallization behavior of propene/ethylene random copolymers during fast cooling has been studied by 
means of a simple experimental approach based on the acquisition of  the actual temperature history 
experienced by thin polymer films. The investigated materials  were a series of propene/ethylene (P/E) 
random copolymers (supplied by Borealis), with identical molecular features but different ethylene 
concentration, spanning from 0 (PP homopolymer) to around 8 mol%.  

Fast cooling is imposed through the heat transfer from a thin layer of polymer (around 300 µm thick) 
wrapped in a 20 µm thick Al foil to a cooling fluid  (either a large volume of a liquid at uniform temperature 
or room temperature air, blown towards the sample’s surface at controlled flow rates). The temperature is 
measured by a Chromel-Alumel micro-thermocouple, placed in the mid-plane of the sample and connected 
to a fast acquisition datalogger . The resulting cooling curves, T(t), are interpreted in terms of Continuous-
Cooling-Transformation (CCT) diagrams, widely used for steels, [4] but almost forgotten in non-isothermal 
crystallization of polymers.[5] These plots are commonly employed to highlight when and at what 
temperature the phase transition (i.e. melt crystallization) is expected to take place under a given cooling 
history. To construct the CCT diagrams for the polymeric system under investigation it is sufficient to plot 
the crystallization onset time and temperature, extracted from a large series of cooling curves corresponding 
to different environmental conditions. The onset of phase transition can be identified as the first point of the 
T(t) curve which deviates from the “natural” (exponential) decrease of sample temperature. 
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Figure 1. CCT diagrams for P/E random copolymers. Lines are drawn to guide  eyes. Two cooling curves 
and WAXD patterns of the obtained structure are also reported as examples. 



The CCT diagrams of C3/C2 random copolymers are shown in Figure 1. The presence of two distinct zones 
is evident. The one at higher temperatures can be associated to the crystallization  of the stable α-
modification, while the other one is related to development of the mesophase.[6] The results show that the 
presence of randomly distributed ethylene co-units along the chain strongly depresses the kinetics of non-
isothermal crystallization of the α-phase, resulting in a lower crystallization temperature under any cooling 
condition. On the other hand, differences in copolymers’ microstructure barely affect the rate of 
development of the smectic modification at low temperatures. As a result of the hindrance to the 
development of the α-phase, one forecasts that, on increasing the concentration of chain defects, the 
minimum cooling rate at which no α-crystallinity is formed in the solidified material progressively 
decreases. In other words, while under given cooling conditions the homopolymer and the copolymers with 
low content ethylene co-units crystallize exclusively in the α-form, under identical cooling conditions the 
copolymers with relatively high concentration of constitutional defects  only exhibit the mesomorphic 
modification. The validity of these conclusions, drawn from our simple approach, is fully supported by 
WAXD patterns on the solidified samples,  acquired at Beamline A2 of Hasylab, DESY. The quantitative 
determination of phase contents was carried on using a previously validated [7] deconvolution procedure of 
the patterns. Figure 2  shows the typical trend of phase contents as a function of average cooling rate. The 
transition between α-phase and mesophase crystallization takes place quite abruptly at a certain critical value 
of cooling rate, in the transition region a mixed structure is observed. It can be appreciated that to obtain a 
predominantly smectic sample, for the copolymer with around 8 mol% of ethylene, the average cooling rate 
needed is about three times lower than that required for the homopolymer. 
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Figure 2. Phase content as a function of average cooling rate for different P/E random copolymers. Lines are 
drawn to guide the eyes. Critical cooling rate for structural crossover is indicated by an arrow. 

In this study we have achieved new insights in the development of  mesophase during fast cooling of P/E 
random copolymers by combining on-line thermal analysis and off-line structural characterization within an 
original CCT diagrams approach. The attention was focused on the role of co-units in affecting PP 
polymorphism in strongly non-isothermal conditions.  Our results show that a key role in favouring smectic 
phase formation is played by the hindrance to the development of the α-phase. This concept can be rather 
safely generalized: anything that negatively affects the crystallization kinetic of α-phase (including regio- 
and stereo-defects) will “indirectly” promote the formation of the mesophase.  
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