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Non‑isothermal crystallization kinetics and its effect 
on the mechanical properties of homopolymer isotactic 
polypropylene

S. Nouira1,2  · T. Hassine2 · J. Fitoussi1 · M. Shirinbayan1 · F. Gamaoun3 · A. Tcharkhtchi1

Abstract
The non-isothermal crystallization of the isotactic Polypropylene (iPP) was studied using differential scanning calorimetry 
and polarizing optical microscopy. Jeziorny’s model and Ozawa’s theoretical approaches were applied to study the non- 
isothermal kinetics of the iPP. Jeziorny’s approach proved to be the most relevant model to the present material. Simultaneously,  
the activation energy was calculated with Kissinger’s method and Vyazovkin’s iso-conversional approach. Indeed, the latter 
provides an activation energy varying between 100 and 176 kJ/mol. Furthermore, the WAXD scans indicated the presence 
of a single crystalline form in the used material. To study the effect of the microstructure on the mechanical properties of 
the iPP, multiscale tensile tests were carried out for different film microstructures. At macroscopic scale, the increase in the 
diameter of spherulites, inevitably accompanied by a rise in the crystallinity rate, induces the growth of rigidity, brittleness, 
and elastic limit. Moreover, the results of the in-situ micro-tensile tests present the evolution of spherulites during loading.

Keywords Polypropylene · Crystallization · Mechanical characteristics

Introduction

Over the past years, plastic implementation has been used in 
multiple applications. The replacement of metal parts with 
polymeric ones in new technological devices and machines 
has become increasingly significant [1]. Many researchers 
have found thermoplastics attractive thanks to their mechani-
cal and physical properties as well as their potential to be 
recycled. In particular, polypropylene with different tacticity 
has been used due to the high variability in their stereo-
regularity. We can find syndiotactic, atactic and isotactic 
polypropylene.

The most commercial one is the isotactic Polypropyl-
ene (iPP), thanks to its good regularity and high tendency 
towards crystallization. Its usage has to expand in the auto-
motive and mechanical fields [2]. It is a semicrystalline 
polymer, it has a relatively low density and a low price, 
excellent moisture, ease of processability, high toughness 
and chemical resistance [3]. Its favorable mechanical and 
physico-chemical properties contribute to its high rate of 
use and enhance the control of its properties by varying the 
processing parameters [4].

In the iPP, the pendent groups are on the same side of 
the carbon, which results in helicoidal determination, 
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folded to form thin and ordered structures. Depending on 
the mechanical and thermal conditions, the material states 
range from practical amorphism when melted to high crys-
tallinity (ordered structure with different crystalline forms). 
We can find four forms in an iPP: monoclinic (α), hexago-
nal (β), triclinic (γ), and mesophase. The latter has been 
reported under critical conditions [5]. It is well known that 
parameters like the cooling rate influence the microstructure 
of semi-crystalline polymers, so that the control of crystal-
lization during the solidification process of a thermoplastic 
material is of major importance to achieve optimal proper-
ties of a cured polymer [6, 7].

In general, crystallization studies have been limited to 
idealized conditions, hence neglecting in the external factors 
like the cooling rate and the thermal gradient [8]; but in real 
situations, industrial processes take place in continuously 
changing conditions, thus making the study of a polymer 
microstructure more complex [9, 10].

In fact, in order to properly describe the usual processing 
conditions and the solidification phase during manufactur-
ing, efforts have been focused on understanding the non-
isothermal crystallization – by changing the cooling rates 
– to describe the behavior of semicrystalline polymers for
various temperatures [11, 12]. Consequently, it is important 
to study the kinetics and melting behavior after solidification 
to generate microstructural knowledge that can be investi-
gated to operate industrial manufacturing processes to have 
final products with improved properties.

Most global crystallization models, whether under 
isothermal or non-isothermal conditions, have been 
based on work carried out between 1930 and 1940s by 
Kolmogorov, Avrami and Evans. These models have 
determined the relative transformation rate (Χ) which 
corresponds to the fraction of a considered volume, which 
will be transformed into a crystalline volume as a function 
of time or temperature. Avrami’s model has been used 
universally to describe polymer crystallization kinetics due 
to its simple application. In many cases, isothermal models 
are experimentally available only on a narrow temperature 
range, which does not correspond to industrial conditions 
[13]. Therefore, non-isothermal modeling is primordial to 
understand the behavior crystallization of semi-crystalline 
polymers. Different modifications of Avrami’s equation 
have been made to study the non-isothermal crystallization 
kinetics of semi-crystalline polymers. We can use Jeziorny’s 
model, Nakamura’s model, Ozawa’s model and Mo’s model 
to describe this phenomenon [14].

A lot of studies have investigated the crystallization 
kinetics of the iPP. Mubarak et al. [15] investigated the non-
isothermal crystallization studies of the iPP by comparing 
Nakamura’s model and Ozawa’s model. They suggested that 
for a wide range of cooling rates Nakamura’s model is not 
successful in describing the non-isothermal crystallization 

kinetics of the iPP and they concluded that Ozawa’s model 
could best describe it. Layachi et al. [16] studied also the 
non-isothermal crystallization kinetics of the iPP by compar-
ing Avrami’s model modified by Jeziorny, Ozawa’s model 
and Mo’s model. They suggested that Jeziorny and Ozawa’s 
approaches could clearly describe the kinetics of the iPP.

As mentioned before, the mechanical properties of ther-
moplastic polymers significantly depend on the micro-
structure parameters, such as the type of spherulites and 
the degree of crystallinity. Like any transformation phase, 
crystallization abides by the laws of thermodynamics [17, 
18]. The size of crystals depends on the control of ther-
mal heat processing. Several researchers confirmed that a 
slow-cooled rate released for a fully developed crystalline 
structure would reveal better mechanical properties [19–23]. 
In order to better predict the mechanical properties of semi-
crystalline thermoplastics, it seems important to quantify 
and understand the effect of structural parameters such as the 
degree of crystallinity and the crystal size on the mechanical 
properties [24], including resilience, toughness and Young’s 
modulus. Mahmood et al. [25] and Dietz [26] studied the 
effect of the internal structure of an injection-molded sam-
ple on the mechanical properties of the iPP. They showed 
an interrelation between the degree of crystallinity and the 
local cooling rates, and so the effect on the toughness and 
storage modulus of the polymer. In order to better analyze 
the microstructure under tensile tests, the tensile deforma-
tion mechanisms of the polypropylene were imaged by an 
optical microscope with an original micro-tensile machine.

In this work, the non-isothermal crystallization kinetics 
of the iPP have been studied. Then, different methodologies 
were employed to evaluate the non-isothermal crystalliza-
tion behavior, such as Differential Scanning Calorimetry 
(DSC) and polarized optical microscopy. Specific theoretical 
approaches were also employed to model the non-isothermal 
kinetics of the iPP. Generally, the obtained results of vari-
ous methods are controversial, especially when theoretical 
approximations and experimental conditions are not clear. 
Finally, the mechanical characteristics such as resilience and 
Young’s modulus were analyzed for polymer films with dif-
ferent microstructures.

Experimental procedure

Materials

In the present study, a commercial iPP homopolymer, pro-
vided by Chemieuro with the commercial name PPH 4060, 
was used. It exhibited a flow index of 3 g 10  min−1 and a 
melting density of 0.905 gr  cm−3. The percentage of isotac-
ticity of the used polymer was estimated at 98% utilizing 
a Perkin Elmer FTIR Frontier spectrometer from 4000 to 



400  cm−3 in ATR (Attenuated Total Reflectance), equipped 
with a diamond/ ZnSe crystal.

Preparation of polypropylene films

For crystallization studies, polymer films with different 
thicknesses were prepared. A process of molding and heat-
ing in a thermocompression was performed. For each desired 
thickness, a wedge was placed between two sheets of Kap-
ton. After that, a pressure of 200 bars was applied at a tem-
perature of 210 °C for 5 min.

Differential scanning calorimetry

Calorimetric data of non-isothermal crystallization were 
obtained using a DSC machine (Q1000 V9.0 Build 275 TA 
instruments). Before testing, indium was used to calibrate 
the temperature scale and the melting enthalpies. Nitrogen 
gas was purged into the DSC cell with a constant flow rate 
of 50 ml  min−1, to avoid material oxidation. The sample 
weight was 6 ± 0.5 mg using a balance Mettler Toledo with 
0.01 mg sensitivity.

Specimens were crimped in non-hermetic aluminum 
pans, while sealed and heated at a rate of 20 °C  min−1 to 
210 °C for 3 min. This procedure was used to delete the 
thermal history of the polymer. For non-isothermal crys-
tallization studies, previously heated samples were cooled 
down at various cool

Evaluation of tensile properties

Macroscopic tensile tests

The mechanical characteristics such as resilience 
and Young’s modulus were analyzed for different 

microstructures of the semi-crystalline polymer. The ten-
sile properties were measured with 1BB specimens using 
Instron 5966 with loading capacity of 10 KN and a loading 
rate of 10 mm  min−1.

In‑situ tensile tests

The machine of micro-traction, presented in Fig.  1, 
was used to follow the evolution of the morphology 
at the same zone during the tensile deformation by 
pulling from two sides to establish a chronology of the 
deformation mechanisms. The images were captured 
during testing at every second to present the change in 
the microstructure.

Experimental results and discussions

Non‑isothermal crystallization analysis

From non-isothermal crystallization experiments, and 
at each cooling rate, dynamic DSC data for the crystal-
lization exotherms as a function of temperature can be 
obtained, as reported in Fig. 2.

As expected, when the cooling rate increases, the crys-
tallization exotherm becomes broader and the peak of crys-
tallization temperature,  T0, shifts progressively to lower 
temperatures. Some characteristic parameters are repre-
sented in Table 1 for each cooling rate ɸ. As expected, all 
the characteristic temperature values decrease with the ris-
ing cooling rate: The starting crystallization process will 
be completed first.

Fig. 1  Procedure of in-situ 
tensile tests



Based on the assumption that the evolution of crystallinity is 
linearly proportional to the evolution of heat release during 
crystallization, the transformation ratio of the material from 
the melting state to the crystal one, namely relative crystal-
linity, can be determined using DSC data [27] as a function 
of time or temperature for the different cooling rates and 
according to the following expression:

where  Tonset denotes the beginning of the crystallization 
phenomena,  T∞ holds for the final temperature of the 
crystallization exotherm, ΔHc represents the enthalpy of the 
crystallization released with an infinitesimal dT temperature, T 
represents the crystallization temperature at time t,  Tonset and T∞  
correspond to the overall enthalpy of crystallization during the 
transformation phase. Relative crystallinity can be represented 
as a function of time using the following relation:

(1)X(t) =
∫ T

Tonset

ΔHc (t)

dt
dt

∫ T∞
Tonset

ΔHc (tot)

dt
dt

(2)t =
Tonset − T

ϕ

where ɸ is the cooling rate. This relationship is valid when 
the sample probably has the same thermal history as the 
DSC furnace [28].

Figure 3 represents the variation in the relative degree of 
crystallinity of the iPP, where X(T) can be converted to X(t) 
using Eq. (2) at different cooling rates. The obtained curves 
reveal a similar sigmoidal shape: the three regimes during 
crystallization phenomena [17, 29, 30]. The beginning of the 
transformation at a low slope for high-temperature values 
corresponds to the nucleation and the formation of a sufficient 
number of crystallites. During this period, the relative 
crystallinity does not change. The second stage corresponds 
to the phase of the growth of spherulites. The rate of their 
growth is directly related to the rate of cooling. This period 
is more important for the greatest cooling rate. The third step 
corresponds to the final phase of the process [31]. During this 
stage, the spherulites interact with each other to form solid 
polygons at the end of crystallization.

The quantity of non-transformed material is reduced, and the 
appearance of new nuclei drops, hence the growth of spherulites. 
We can see that the overall crystallization temperature range 
decreases with the increase in the cooling rate.

Jeziorny’s analysis of non‑isothermal crystallization

To quantitatively describe the evolution of crystallinity 
and polymer behavior during non-isothermal crystalliza-
tion, we can apply different kinetic models, for instance 
Avrami’s, Ozawa’s and Mo’s. Avrami’s microkinetic 
approach is one of the most used theories in the field and 
can be employed to analyze the isothermal crystallization 
behavior of the polymer based on the following equation:

(3)1 − X(t) = exp (−Z tn)

Fig. 2  Non-isothermal crystallization exotherms of neat iPP

Table 1  T0 crystallization temperature, and  Tonset and  T∞ tempera-
tures.of neat iPP at various ɸ cooling rates

Cooling rates (°C 
 min−1)

Tc (°C) Tonset(°C) T∞

30 108.47 115.10 88
20 111.1 117.85 97
10 115.28 120.33 107
5 119.5 125.76 111 Fig. 3  Avrami’s plots: Evolution of relative crystallinity as a function 

temperature



where X(t) represents the degree of relative crystallinity 
at time t, Z is the crystallization rate constant depending 
on growth rate, and n is Avrami’s crystallization exponent 
representing the morphology of crystals and the nature 
of nucleation (homogeneous or heterogenous nucleation) 
[32–34]. Parameters Z and n are estimated by taking 
the logarithmic of Eq. (3) so as to have a linear fitting 
transformation, as shown in Eq. (4):

Therefore, ln (−ln (1 − X(t))) plotted versus ln (t) yields 
Avrami’s parameters n and Z via the slope and intercept of 
the linear plots, respectively. To account for the non-
isothermal crystallization conditions, Avrami’s approach 
was modified by Jeziorny, introducing the cooling rate ɸ 
as lnZJ =

ln Z

�
 [35, 36].

To avoid the secondary crystallization and the impingement 
of spherulites; Jeziorny-Avrami’s modified approach was used 
for X(t) ϵ [0.1;0.8]. Avrami’s analysis results are presented in 
Fig. 4. A high correlation  (R2 > 0.99) can be seen indicating 
the efficiency of Avrami’s approach modified by Jeziorny for 
the description of the non-isothermal crystallization kinetics of 
the polymer. Table 2 summarizes the main kinetic parameters 
deduced from Avrami and Jeziorny’s analysis.

The n values are in the vicinity of 2.2–2.5, similar to 
most literature reports [37–39], and they are interpreted as 
two-dimensional spherulitic growth with heterogeneous 
nucleation. Moreover, the increase in Avami’s exponent 
while decreasing the cooling rate is indicative of the 
sporadic nucleation phenomenon. However,  ZJ, which is 
the crystallization rate, goes up with the rising cooling 
rate, indicating the increase in the transformation rate.

(4)ln (−ln (1 − X(t))) = ln (Z) + n ln (t)

Alternatives to Avrami’s approach for non‑isothermal 
crystallization

The non-isothermal crystallization results were also com-
pared with Ozawa’s approach [40]. In fact, it is a modifica-
tion of Avrami’s theory which directly considers the cooling 
rate of crystallization. The approach mentions that a non-
isothermal process is a succession of infinitesimal steps of 
isothermal crystallization. Ozawa’s equation can be obtained 
by applying a derivation of Evans’ approach [41] to Avra-
mi’s equation:

where R(T) denotes the cooling rate function that depends 
on the temperature during the thermal analysis, and m rep-
resents Ozawa’s exponent.

At a fixed temperature and for different cooling rates, 
Ozawa’s parameters are determined from the plot of ln(-
ln(1-X(T)) versus ln(ɸ), as reported in Fig. 5. The limit of 
Ozawa’s method is that the linearity regression is observed 
for a very restricted range of cooling rates. Hence, the analy-
sis using Ozawa’s model depends on the variation between 

(5)1 − X(T) = exp(−R(T)∕�m)

Fig. 4  Jeziorny’s approach for iPP

Table 2  Non-isothermal crystallization kinetics parameters for iPP 
using DSC results

Cooling rate (°C  min−1) ZJ n R2

30 1.1 2.24 0.999
20 1.09 2.25 0.999
10 1.08 2.37 0.999
5 0.84 2.38 0.998

Fig. 5  Plots of ln(-ln(1-X)) versus log(ɸ) for iPP at different crystal-
lization temperatures



the primary and secondary crystallization processes. Most 
of the high crystallization temperatures vary linearly over a 
wide range of cooling rates as it is difficult for the polymer 
to enter the secondary crystallization phase. Table 3 summa-
rizes the different Ozawa’s parameters, by which the evolu-
tion of Ozawa’s exponent m, obtained from the slopes of the 
different straight segments, does not show a clear tendency, 
thus a morphological interpretation would-be uncertain [42].

Activation energy: Kissinger’s approach 
and iso‑conversional method

The activation energy represents the minimal amount of energy 
required to activate the molecules of the material to accomplish 
a chemical transformation. Kissinger’s approach [43] estimates 
the activation energy at several non-isothermal steps at a 
constant cooling rate, presented as follows:

where ɸ is the crystallization rate,  Tp is the peak of the exo-
therm of DSC data, ∆E presents the activation energy of the 
non-isothermal crystallization, and R = 8.31 J  K−1  mol−1 is 
the gas constant.

According to this equation, a plot of ln
(

�
/

TP
2
)

 versus
1∕TP should lead to a straight line with -∆E/R as a slope. 
The value of the activation energy of the iPP in non-
isothermal crystallization is 200 J  K−1  mol−1. The sign of 
energy shows the increase in the crystallization rates with 
the decrease in the crystallization temperature. Kissinger’s 
approach is widely used to determine the activation 
energy of polymers, but it can counter several problems, 
as it considers the macroscopic crystallization rate, ɸ, 
which includes the nucleation rate and the nucleation 
growth, hence having different activation energy. The use 
of multiple cooling rates, such as the iso-conversional 
method, is recommended. This method can be applied to 
non-isothermal crystallization to evaluate the dependence 
of the effective activation energy on the temperature and 
the conversion. The iso-conversional methods, frequently 
used to determine the effective energy, are the differential 
iso-conversional methods of Friedman and the advanced 
Iso-conversional method of Vyazovkin et al. In this study, 
effective activation energy was calculated using Vyazovkin 
and Sbirrazzuoli approach [44, 45]. Indeed, the latter 
considers that the energy barrier of crystallization can vary 
during the non-isothermal crystallization from melting [12] 
using Eq. (7).

(6)
d

[

ln
(

�

TP
2

)]

d

(

1

TP

) = −
ΔE

R

Table 3  Ozawa’s parameters fitted for non-isothermal crystallization 
kinetics of iPP

T/°C Log ( R(T)) m R2

113 2.08 2.04 0.9398
115 2.19 2.44 0.9850
116 2.23 2.64 0.9942
118 2.58 3.50 0.9975
120 2.13 3.57 0.9738

Fig. 6  Plots of ln(dX/dt) versus 1/T at constant cooling rates and dif-
ferent degrees of crystallinity (yellow, grey, orange, blue and green 
correspond to 0.8, 0.7, 0.6, 0.5 and 0.4 values, respectively)

Fig. 7  Evolution of diameter of different spherulites in the same film 
with 150 μm thickness



where dX
dt

 is the instantaneous crystallization rate, as a func-
tion of time at a given degree of relative X crystallinity, and 
∆EX is the activation energy related to a given conversion at 
different cooling rates and for a narrow temperature range.

According to this relation, the slopes deduced from the 
obtained linear plots of ��(dX∕dt) versus 1/T (Fig. 6) give 
∆EX. The deduced values of the activation energy vary 
between -100 kJ  mol−1 and -176.35 kJ  mol−1, which covers 
a wide range of activation energy. Other studies concern-
ing the iPP have revealed a similar variation with a range 
from -61.3 kJ  mol−1 to -210 kJ  mol−1 [46, 47]. The iso-
conversional methods take into account the variation in the 
activation energy with crystallization phases.

Microscopic analysis of non‑isothermal 
crystallization

The non-isothermal crystallization analysis of the polymer 
(from the melting point) must be performed carefully in order to 

(7)ln
(

dX

dt

)

X,i
= A −

ΔEX

RTX,i

adequately control the sample temperature. Thermal gradients 
in between the cooling furnace and the polymer can result in 
an inaccurate control of the material temperature. In addition, 

Fig. 8  Time–temperature- 
diameter diagram of spherulite in 
a sample with 100-μm thickness

Fig. 9  Growth rate of iPP using polarizing optical microscopy



Fig. 10  Optical micrographs 
taken at the end of exothermal 
peaks of iPP performed at 
cooling rates of 1 °C  min−1 (a), 
5 °C  min−1 (b) and 30 °C  min−1 
(c)

Fig. 11  Results of exothermal peaks at cooling rate of 0.5 °C  min−1 Fig. 12  Melting curves of iPP



solidification is an exothermic process, and the heat can 
develop thermal gradients in the sample during the phase. As 
a result, the thicker the sample, the more critical this problem 
is. Notably, the influence of the thickness of the sample and 
the cooling rate on the occurrence of thermal gradients during 
non-isothermal crystallization is still a missing spot.

Monasse and Haudin [48] estimated that for polypropylene 
samples, with 200-300 μm thickness, the variation in the 
thermal gradient between the sample and the hot stage was 
negligible. Moreover, Di Lorenzo and Silvestre [17] used 
films with 200 μm thickness and confirmed the existence of a 
thermal gradient in the samples. In our work, studied samples 
were about 80 μm and 150 μm. A cooling rate of 1 °C  min−1 
was used to cover a large range of experimental data.

Figure 7 represents the evolution of the spherulites radius 
with temperature for variously spaced spherulites in the 
same film with 150 μm thickness. The obtained plots show 
a significant difference between the evolution of the differ-
ent spherulite radii. This variation is caused by the gradient 
between the platinum hot stage and the sample during solidi-
fication. To minimize the thermal gradient, thinner films are 
used with 100 μm of thickness.

The diameter of the iPP spherulite can be up to 40-90 μm, 
so the crystals find their free 3D space to grow radially. In 

this situation, insignificant gradients are expected in the 
same sample and between the furnace and the sample even 
during solidification, because the heat released during crys-
tallization is very low due to the small mass of the used 
film. Therefore, it can be safely assumed that the effective 
temperature of the sample corresponds to that recorded by 
the hot stage. Generally, spherulite growth rates, G, are 
measured under isothermal conditions, where the growing 
spherulite radius R depends on the crystallization time t. In 
this study, G is estimated by the following equation for a 
constant cooling rate:

The time–temperature-diameter evolution diagram of the 
spherulite in a sample with 100-μm thickness is presented in 
Fig. 8. This diagram can be useful to study the evolution between 
of the spherulite diameter as a function of time and temperature. 
This figure shows the growth of the spherulites radius of the iPP 
with a cooling rate of 1 °C  min−1. The range of the crystallization 
temperature found by optical microscopy is higher than the one 
defined by DSC data. Hence, the development of the spherulite 
radius versus temperature gives a plot that will be later fitted 
to a polynomial equation showing a correlation coefficient of 
 R2 > 0.9988. Actually, it is a third-order equation (R = 0.0466T3 
– 56.305T2 + 22686 T—3E + 04). Applying Eq. 8, the growth
rate is then calculated as illustrated in Fig. 9.

Morphology and melting behavior 
after non‑isothermal crystallization

The cooling rate obviously affects the final morphology, the 
spherulite size and even the crystallization of the iPP despite 

(8)G =
dR

dt
=

dR

dT

dT

dt
.

Table 4  Crystallization fraction 
of iPP for different cooling rates

Cooling rate (°C
 min−1)

Xc(%)

5 55.7
10 52.5
20 44.2
30 38.7

Fig. 13  WAXS intensity profiles of neat iPP for different cooling 
rates

Fig. 14  Stress–strain curves of different films with various cooling 
rates



its rapid crystallization. Thus, a neat iPP was subjected to heat-
ing after non-isothermal crystallization with different cooling 
rates to study the polymer morphology. The results of obtained 
endothermal peaks are presented in Figs. 10 and 11. Accord-
ing to these figures, it can be seen that the crystallization peak 
temperatures decrease with an increase in the cooling rates, and 
therefore the primary nucleation rises, which leads to a reduction 
in the spherulite size. Furthermore, the morphology depends 
also on the lamellar thickness.

According to the accompanying graphs in Fig. 12 and 
the data collected in Table 4, only the presence of the mon-
oclinic crystalline structure α-phase can be affirmed. It is 
the most thermodynamically stable rather than the other 

three crystalline phases of the iPP, namely β, γ and smectic 
phases. The WAXS intensity profiles for different cooling 
rates are depicted in Fig. 13 while confirming the presence 
of the α-phase. In addition, the obtained profiles reveal the 
absence of a preferred orientation of the chains for different 
cooling rates (16, 49). Table 4 gives the global crystallinity 
rate (%) using the following equation:

where ΔHf exp
 is the experimental crystallization enthalpy, 

and ΔHf
0 is the bulk enthalpy of polypropylene whose value 

is 177 J  g−1.

Mechanical properties after non‑isothermal 
crystallization

At macroscopic scale

Tests were performed to evaluate the effect of the cooling 
rate and crystallinity on the mechanical properties of iPP 
polymer films. Specimens were fabricated at three differ-
ent cooling rates in the hot stage under the same pressure: 
60 °C  min−1 (fast), 10 °C  min−1 (medium), and 1 °C  min−1 
(slow). To have a uniform thickness for the different sam-
ples, a wedge was placed between two lamellar sheets. The 
crystallinity of each plate was determined using DSC.

The tensile properties were measured with 1BB speci-
mens. Data were taken at a crosshead speed of 10 mm  min−1. 
In order to identify structure–property relations, the mechan-
ical properties of thin films showing the structural state 
under different cooling rates were investigated. Uniaxial 

(9)Xc =
ΔHf exp

ΔHf
0

Fig. 15  Tensile modulus of iPP as a function of crystallinity degree at different cooling rates

Fig. 16  Resilience (K) for different semi-crystalline states of iPP 
depending on the cooling rate



tensile tests were performed on 100 μm thick films prepared 
with linkam THM600. Young’s modulus E and resilience K 
calculated from the stress–strain curves of these films will 
be discussed. The engineering stress–strain curves of dif-
ferent samples under a monotonic tensile test are presented 
in Fig. 14.

Figure 15a presents Young’s modulus of the iPP as a 
function of the crystallinity degree at different cooling rates. 
Each point in Fig. 15b is the average of five data. As it can 
be seen, the tensile properties do not significantly vary over 
the range of evaluated crystallinity. Despite the insignifi-
cant variation in mechanical properties, the low cooling rates 
show good stability in the plastic part.

A pronounced augmentation in the resilience K 
(Fig. 16). Thus, the changes in K reveal that this property 
is very sensitive to structural differences depending on the 
cooling rate. It is worth noting that K(ɸ) depends on the 
ductile behavior with a significantly higher strain in the 
elastic phase for the slow cooling rate, while a rather brit-
tle behavior is observed for the fast cooling rate.

It can be suggested that the mechanical quantities 
determined at small stresses and at small deformations 
such as Young’s modulus E and resilience K are 
inf luenced differently by the microstructure of the 
semi-crystalline polymer. This difference underlines 
the variety and the complexity of factors affecting the 
mechanical properties of the semi-crystalline polymer. 
The dependence of the cooling rate on the crystallinity 
degree measured by DSC leads to a correlation between 
the observed values of E and the crystallinity degree. It 
can also be noted that even a significant difference in 
crystallization kinetics, spherulite size, microstructure 
and degree of crystallinity between thin films obtained 
using different cooling rates does not definitely represent 
the only parameters determining the tensile modulus of 
the polymer. Expectedly, other features like the crystal 
orientation, the heterogeneity in the microstructure and 
the pressure during manufacturing highly affect the 
strength of the semi-crystalline iPP at the elastic phase 
with small deformations.

Fig. 17  Aggregate scale MOP 
under micromechanical tensile 
test

Fig. 18  Schematic of chronol-
ogy of microstructure change



Another type of correlation is noticed. Basically, the 
resilience and the strain at rupture are influenced by the 
degree of crystallinity and the crystalline structure. It can 
be denoted that the improvement of resilience corresponds 
to the fine structures combined with bigger spherulites. 
However, rapid cooling and small spherulites demonstrate 
a homogenous plastic deformation at the macroscopic 
scale and an improvement of the strain at break.

In‑situ tensile behavior: evolution of spherulites

Figure 17 shows the evolution of spherulites during micro 
tensile tests. Up to an elongation of 3%, the deformation 
seems to be homogeneous in the linear part, which corre-
sponds to the elastic zone.

After that, local deformation appears at the scale of the 
spherulites which propagate in perpendicular and diagonal 
directions.

The schematic of this phenomenon is presented in Fig. 18, 
which shows the ellipsoidal form of the spherulites during or 
after loading. After striction, microcracks appear and spread 
in the same stress direction. This part also highlights the 
fibrillary structure at the level of the spherulites.

Actually, the growth of the strain at rupture may be 
related to the strength of the spherulite which itself can 
depend on an intra/inter rupture on the spherulite, and it is 
in progress to be investigated in our future work by studying 
different morphologies related to various process conditions.

Conclusion

The non-isothermal crystallization of the iPP was ana-
lyzed in this study using calorimetric data, which permit-
ted the prediction of crystallization parameters by employ-
ing theoretical methods via Avrami and Ozawa’s models. 
The obtained parameters of Avrami’s model estimated the 
variation in the crystallization rate with the crystallization 
temperature at different cooling rates. In addition, the iso-
conversional analysis gave information about the activation 
energy and allowed the estimation of the temperature cor-
responding to the maximal crystallization rate. Microscopic 
observation confirmed that the crystallization peak tempera-
tures decreased with an increase in cooling rates, and con-
sequently primary nucleation rose, leading to a reduction in 
the spherulite size. Furthermore, the morphology depended 
also on the lamellar thickness. Moreover, the multi-scale 
mechanical results showed that the mechanical quantities 
determined at small amplitudes and at small deformations, 
like the E moduli, the resilience and the strain at rupture, 
were influenced differently by the microstructure of the 
semi-crystalline polymer, which could be related to an inter/
intra spherulitic rupture.
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