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In polymer processing as fibre spinning, injection moulding, film casting and so on, the forming phase of the
melt is followed by its solidification due to cooling. This implies the crystallization of the polymer during the
processing. Typically, crystallites are formed and an ordered structure can be detected, if the cooling rate is
not too high. As a consequence, during processing the rheological response of the material significantly
changes from a liquid-like to a solid-like behaviour. The knowledge of the mechanical response of the material
during crystallization is therefore of seminal importance for process control and modelling. We here focus on a
random copolymer, the Ethylene vinyl acetate (EVA), made of ethylene and varying amounts of vinyl acetate
that interfere with poly-ethylene chain packing reducing the crystallinity, improving the transparency and
lowering the melting temperature. This allows studying the crystallization kinetics at relatively low
temperatures so to avoid all the experimental issues related to thermal degradation. The crystallization
process is rheologically studied in non-isothermal conditions and the frequency spectra are measured at
different temperatures to investigate the viscoelasticity of EVA during the change of phase. Coupling the
crystallization kinetics and the viscoelastic spectra at different temperatures, i.e. at different degree of
crystallinity, we determine two independent shift factors, one for the time-crystallinity shift, the other for the
time-temperature shift, so to propose a new time-temperature-crystallinity superposition to reconcile all the
data on a single master curve. In this way, the experimentally observable frequency range has been widen
significantly so to detect all the relaxation times of the material from the shortest to the largest ones.

1. Introduction

The process technologies of semi-crystalline polymers require a deep understanding of crystallization kinetics
that determine performances and quality of the final products. Depending on the processing techniques (e.g.,
fiber spinning, injection moulding, film blowing, automated tape lay-up of thermoplastic based composites)
semi-crystalline polymers are subjected to complex thermo-mechanical histories to obtain products where the
crystalline content may vary from zero (a truly amorphous polymer) up to the maximum value of the used
polymer (typically about 50-70%). The crystallization degree regulates not only the mechanical response of
the material, but also the transport properties like the resistance to aggressive solvents and water sorption. In
addition, crystallization significantly affects the process and, at the same time, processing conditions influence
the crystallization kinetics (Haidin and Boyer, 2017). The knowledge of the mechanical response of the
material during crystallization is therefore of seminal importance for process control and modelling. Attention
was paid in the literature on this topic focusing on the isothermal crystallization of homopolymers, like,
Pogodina and Winter (1998) and Coppola et al. (2006) who studied the polybutadiene (PB), or Lamberti et al.
(2007) who focused on i-polypropilene (iPP). Coppola et al. (2006) argued that the strength of the solidified
polymer is dictated by some intrinsic feature of the system, rather than by the chosen, specific physical
crystallization conditions, such as temperature or polymer molecular weight. On the same line, Lamberti et al.
(2007) proved a sort of crsytallinity-rheological simplicity showing that for iPP the same amount of crystallinity
induces the same rheological hardening, regardless the crystallization was due to the formation of few large
crystallites or many small ones. The crystallinity-rheological simplicity can be stated assuming that a generic
relaxation time, 7, scales with the degree of crystallinity, £, as follows
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where ¢, is a reference degree of crystallization and a; is a horizontal shift factor accounting for the degree of
crystallization. The crystallinity-rheological simplicity resembles very much to the well known thermo-
rheological one (Ferry, 1980). More recently, Pantani et al. (2015) slightly modified the time-crystallinity
superposition principle, Eq(1), as they also applied vertical shifts to the storage and loss moduli, interpolated
with a six modes Maxwell model (Ferry, 1980), by independently vertically shifting each mode.

In this work, we show some preliminary results on a more general Time-Temperature-Crystallinity-
Superposition (TTCS) for a polyethylene-vinyl-acetate copolymer. It states that the effects of temperature and
crystallinity superimpose in such a way that a generic relaxation time scales with the temperature and
crystallinity obeying the following rule

(T, §) = ar(To, $0, T) ag(To, €0, §) T(To, §o) (2)

where Ty is a reference temperature and a; is a horizontal thermal shift factor. The postulated time-
temperature-crystallinity-superposition, Eq.(2), is very promising and its general validity needs to be assessed.
Polymer crystallization is typically investigated with DSC measurements (Martone et al., 2012) and in the
literature (e.g., Pogodina and Winter, 1998), it is affirmed that the characteristic crystallization time estimated
with DSC may be significantly different from that rheologically estimated, though a clear explanation for this is
still lacking.

We here focus on the study of the crystallization of a copolymer, Ethylene Vinyl Acetate (EVA) in non-
isothermal conditions, which resemble the real processing conditions. We use an experimental procedure
where the crystallization process is followed rheologically (Coppola et al., 2006). We extend the “use” and
“advantage” of TTS to the case of a non-constant degree of crystallinity. To this end, we measured the
frequency spectra of the EVA sample, in linear regime, at different temperatures, varying from 100 to 40°C,
i.e. during the crystallization process. Coupling the crystallization kinetics and the viscoelastic spectra at
different temperatures, i.e. at different degree of crystallinity, we here determine two independent shift factors,
one for the time-crystallinity shift, the other for the time-temperature shift, that confirm the validity of the new
time-temperature-crystallinity-superposition expressed by Eq.(2).

2. Materials and Experimental Procedure

Ethylene vinyl acetate (EVA) is a copolymer of ethylene and varying amounts of vinyl acetate (VA). The similar
reactivity ratios of ethylene and vinyl-acetate allow the monomers to polymerize over a wide range of
compositions and, typically, the VA content varies between 1 wt.% and 42 wt.% (Behbahani et al., 2011). In
addition, due to the similar reactivity, the obtained EVA can be considered to be statistically random
copolymers whose composition is equal to the monomer feed composition (Arsac et al., 1999). Crystallinity,
melting point, stiffness and polarity of the EVA is determined predominantly by the VA content and vary from
crystallinity of about 50 - 60% and melting temperature range of 110-120 °C, at zero VA content, to a
completely amorphous material with a broader melting point of approximately 40-60 °C, at 40 wt.% of VA
(Zhang et al., 2002). The glass transition temperature occurs between -35 to -25 °C and it is essentially
independent of the vinyl acetate content (Arsac et al., 2000).

The copolymer EVA used in this work has a nominal VA content of 28wt.%. According to the manufacturer,
the melting flow index (ISO 1133) is equal to 800 g/10min.

Rheological tests are used to follow the crystallization kinetics of the copolymer, as rheology proved to be a
very sensitive tool to investigate the evolution of the fluid microstructure, both in static (e.g., Carotenuto et al.,
2015a, Minale et al.,, 2018) and dynamic conditions (e.g., Merola et al., 2016). All rheological tests are
conducted with the rotational rheometer AR2000 (TA Instruments) equipped with a 25 mm diameter stainless
steel plate/plate geometry and an electrical oven that controls the temperature with a precision of 0.1 °C. The
crystallization is followed in oscillatory mode in the linear viscoelastic regime checking that no thermal
degradation (Rosa et al. 2016), no flow instabilities (Carotenuto et al., 2012) and no wall slip occur
(Carotenuto et al. 2015b, Minale 2016a,b).

Three types of tests are run: a) cooling and heating ramps; b) frequency sweeps; c) time sweeps. The
cooling/heating ramp are run at +2.5°C/min and an imposed oscillation frequency of 5 rad/s. The frequency
sweeps tests, from 100 rad/s to 0.4 rad/s, are run to monitor the microstructure at different stages of the
crystallization process. To erase all previous crystallization memories the sample is always first heated up to
100°C, it is then cooled down to the set temperature at -2.5°C/min and finally the frequency sweep test, lasting
about 3 min, is immediately run. The time sweep tests are run similarly to the frequency sweep ones by
heating the sample to 100 °C and the cooling it till the set temperature at -2.5°C/min where the microstructure
evolution is followed at 5 rad/s for 1 h.
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3. Results

In Figure 1, the storage (G’) and loss (G”) moduli are plotted vs. the temperature as measured during the
cooling and heating ramps. A hysteresis is clearly observable, reflecting the difference between the fusion and
crystallization process. It can be seen that the phase transition occurs between ~45 and ~85 °C where the
moduli measured during the cooling and heating ramps overlap.

In Figure 2, the moduli measured during the frequency sweep tests are plotted vs. the frequency at different
temperatures. The moduli evolution clearly shows the transition from a liquid-like to a solid-like behaviour. At
high temperature, G” is larger than G’ at each frequency, with slopes at small frequency approaching the
values of -1 and -2, typical of the linear viscoelastic behaviour of melts. At 60 °C, G’ and G” are almost
parallel, thus suggesting the occurrence of a gelation (Carotenuto and Grizzuti, 2006). At higher temperatures,
G’ is larger than G”, suggesting a solid-like behaviour, and data at small frequencies tend to a horizontal
plateau, typical of a three-dimensional polymer network (Grassia and D’Amore, 2005). Notice that G’ and G”
at 60 °C shows an unusual non-monotonic trend, with a minimum around 0.8 rad/s. This is due to the progress
of crystallization during the tests.
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Figure 1: Storage (G’) and loss (G”) moduli vs temperature during cooling/heating ramps at +2.5°C/min.
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Figure 2: Storage (G’) and loss (G”) moduli vs frequency during frequency sweeps at different temperatures.

In Figure 3, the evolution of the sole storage modulus (G’), which is more sensitive to the microstructure
evolution, is plotted vs. time as measured during the time sweep experiments. Let us underline that the
copolymer, at each temperature, starts at the beginning of the time sweep test from a finite degree of
crystallinity gained during the cooling ramp. The fastest crystallization is recorded at 60°C, in agreement with
the non—monotonic trend of the moduli observed in Figure 2
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Figure 3: Evolution of G’ at different temperatures during the crystallization process in time sweep tests.

4. Degree of Crystallinity Calculation

In agreement with Coppola et al. (2006), we define:

_ G'-Gry
) =g (3)
where ¢ is the relative crystallinity and G’o and G’ are the storage moduli of the polymer totally molten and
that at the end of crystallization at a certain temperature, respectively. G’o(T) and G’«(T) are estimated from
the cooling and heating ramp by fitting an Arrhenius equation, Eq.(4), through the branches where the either
the crystallization or the melting is not started yet, respectively.

G'o(T) = koExp (}f—;); G'o(T) = ke Exp (%0) )

The fittings of the Arrhenius equation Eq.(4) are plotted in Figure 4a and the estimated parameters are:
ko =3.98x1075Pa, k, =158x10"1Pa, E,/R=1.02x10*°K and E,/R =557 x10%°K. The relative
crystallinity ¢(T) calaculated with Eq.(3) during the cooling and heating ramps is shown in Figure 4b.
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Figure 4: Cooling and heating ramps: a) G’, symbols are data of Figure 1, lines are eq. 4; b) relative
crystallinity estimated with eq. 3

Similarly to what done to estimate the degree of crystallization during the heating and cooling ramps, the
degree of crystallization can be calculated for each point of Figures 2 and 3.
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Figure 5: Thermal shift vs. temperature (symbols) and WLF equation (eq. 5) predictions (solid line).

5. Time-Temperature-Crystallinity-Superposition

In agreement with Eq.(2) the temperature and crystallinity shift factors are considered independent and the
overall shift factor is calculated as the product of the two. The determination of the temperature and relative
crystallinity shift factors can be thus performed with a two steps procedure. In the first step, the temperature
shift factors, a;, can be calculated from data at a constant relative crystallinity; in the second step the relative
crystallinity is taken into account to obtain the overall superposition and az is evaluated. The computation of
the shift factors is performed using only G’ data and then the same shift factors are utilized to construct the
master curves in terms of G” and complex viscosity, n*. The thermal shift factors determined in the first step
are reported in Figure 5 and are fitted with Williams-Landel-Ferry (WLF) equation:

—¢1(T—Trefr) )

C2+(T_Tref)

logio(ar) =

where T, is arbitrarily set to 40 °C. The parameters of the WLF equation, c;=5.0 and ¢, =48 °K, are
evaluated using a best fit procedure. The crystallinity shift factors successively determined are interpolated
with Eq.(6), as suggested by Lamberti et al. (2007), obtaining bs = 6.3 and b, = 0.68. The resulting master
curves of the moduli and of the complex viscosity are shown in Figure 6.

— b.
10910(‘1{) = b, & (6)
108 : T
a) b)
108}
105 L
10l 1000}
©
a ©
2~ 1000 <
o 1 Iy
bl s 1o}
V] o |
° |
3 ® ocf590°C a cfs60°C B c-s70°C 4
100 ® ¢ ° — ° — ° NG
¢ " f580°C v cfs50°C o o-ts60°C e 90°C 4 ofs60°C 0 oot TOC T
1 _ o, _{ o . o, N
» ® c-fs70°C O c-fs40°C A c-ts 50°C 0.100 + i 80°C v o-fe 50°C ots B0°C X\’,;
LN | c-fs 70°C c-fs 40°C A c-ts 50°C oY
1oF | e
° | iS
I >
[} | \\
Y I
I
e ‘ L ‘ ‘ ‘ 0.001 L ‘ ‘ ‘ ‘ ‘
0.001 0.100 10 1000 105 107 0.001 0.100 10 1000 10° 107
warag/rads™ warag/rads™

Figure 6: (a) G’ and G” and (b) n* master curves vs. reduced frequency. Reference conditions: T,s = 40 °C
and & = 0. (a) Vertical dashed line corresponds to the crossover at 3 rad/s. (b) dashed line with slope -0.86.
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6. Conclusions

The superposition procedure works well apart from some scatter of data for G”. The Time-Temperature-
Crystallinity-Superposition validity confirms the hypothesized crystallinity-temperature simplicity. TTCS allows
having a model applicable in process conditions during the phases of crystallization and melting that can be
used to deduce a constitutive equation applicable in all the phases of the process.
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