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ABSTRACT

Polypropylene (PP) is a strong, tough, crystalline thermoplastic material with high performance. Because of its
diverse thermo-physical and mechanical properties, it is utilized in a wide variety of disciplines. In this study, 

the impact of free quenching on the thermo-physical characteristics of PP/calcium carbonate (CaCO3) composites 
was examined. Three distinct heating procedures were used. First, composites were cooled from their melting 
phase temperature to ambient temperature. Second, composites were cooled from 130°C to a pre-determined and 
controlled temperature (T: 0°, 20°, 30°, 40°, 50°, 60°, 70°, 80°C). Third, composites were temperature-tested using 
annealing. The findings suggest that the elongation-at-break and impact strength may be improved following an 
initial quenching process from the melting phase to ambient temperature. On the other hand, a second quenching 
process at 0°C produces superior results, and a correlation between mechanical and thermal characteristics is noted; 
however, while these qualities are increased, others, such as flexibility, density, Vicat softening temperature (VST), 
and heat distortion temperature (HDT) are negatively impacted. Polyolefins J (2024) 11: 11-19
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INTRODUCTION

Materials comprising PP, known for their excellent 
mechanical qualities, great corrosion resistance, and 
relatively inexpensive cost are utilized extensively 
in the automotive sector, packaging industry, and 
production of household goods [1-3]. As a result of 
the dispersion of fillers in the matrix, incorporating 
inorganic particles such as CaCO3 can enhance the 
strength, electrical characteristics, thermal stability, and 
radiation resistance of composites and reduce their cost 
[4,5]. The effects of inorganic fillers on the strength and 

microstructure of PP composites are highly dependent 
on the particle shape and size distribution, agglomerate 
size, surface features, filler fraction and degree of 
dispersion [6].

Several researchers [7-9] confirmed the use of 
thermoplastic polymers grafted to maleic anhydride 
(MAH) as a compatibilizer to promote the compatibility 
of polymer blends and composites. As a result, the 
quality and performance of the PP composite was 
weakened. PP grafted with MAH is successful because 
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it provides polarity and charge to the PP composite. 
At the same time, it helps the organic PP polymers to 
adhere to the inorganic materials [10].

Fuad et al. [11] used PP-g-MA as a compatibilizing 
agent. The MAH group on PP-g-MA interacts 
strongly with calcium carbonate, resulting in effective 
dispersion of CaCO3 during the PP melting process.

One way to understand the link between the 
microscopic structure and macro characteristics of 
polymers is to explore the impact of residual stress 
(RS) induced by free quenching on the mechanical and 
structural properties of partially crystalline plastics 
[12], allowing for a better understanding of their 
relationship. Since the level of crystallinity attained by 
these polymers depends on their thermal properties, and 
the level of crystallinity determines their mechanical 
characteristics, such as rigidity, strength and resistance 
to force, the impact of thermal properties on polymers 
should be extensively investigated [2,13]. A fourth 
state may be formed following the rapid quenching of 
the iPP from the melt state and the widely recognized 
α, β, and γ crystallization changes [14,15].

Merabet et al. [16] studied the effect of cooling from 
a molten state on the strength and structure of iPP 
and concluded that cooling from the molten state to 
various temperatures decreased Izod impact strength 
values at every temperature studied. However, 
the degree of crystallinity attained by the polymer 
decreases at a temperature of 20°C. X-ray diffraction 
examination revealed that the α-structure dominates 
the main morphology of iPP. Recently, the impact of 
RS resulting from the free quenching approach on 
the thermophysical characteristics of polycarbonate 
(PC) and pure poly (methyl methacrylate) (PMMA) 
was examined by Barka et al. [17], who determined 
that quenching at temperatures greater than glass 
transition temperature (Tg) did not affect the heat 
transfer capacity or diffusivity of PC and PMMA. 
In contrast, heat transfer capacity and diffusivity 
decreased at temperatures lower than Tg (130°C).  For 
example, consider the thermal conductivity of PC after 
annealing at 130°C, which shows that quenching can 
increase the insulating capacity of PC. These findings 
are consistent with those published in previous 
research studies on pigmented polycarbonate (PC/
TiO2) samples quenched under different temperatures 
[18]. Two ways to establish RS in polymers are 
available in the laboratory: irregular cooling (thermal 
quenching) and non-uniform plastic deformation 
(cold working). The term RS in this research context 
refers to those created using transitory heat gradients. 

Several efforts have evaluated residual stress' impact 
on the characteristics of molded polymers. Almost 
all polymer production procedures create residual 
tensions during processing. For example, variations 
in injection molding conditions may result in 
molecular orientation changes. Several researchers 
have employed free-quenching studies on materials 
[19,20], including semi-crystalline and amorphous 
polymers [21, 22] , to eliminate the influence of flow-
driven orientation. 

The goal of this research study is to examine the 
impact of quenching temperature and the CaCO3 
loading rate on the thermal and physical characteristics 
of PP/CaCO3 composites, as well as enhance these 
characteristics. 

EXPERIMENTAL 

Raw materials
In this experiment, we utilized a commercial PP 
sourced from the Italian Company Himont, with a 
density of around 0.90 g/ml. Melting occurs at 165°C, 
with a melt index of 1.55 g/10 minutes at 230°C. 
Hermacarb 2FT is a treated micronized filler of 
extreme purity and cleanliness produced from CaCO3 
supplied by the Tunisian Society of Industrial Calcium 
Carbonate (STICC).

The dicumyl peroxide (DCP) (99% purity and 
molar mass 270 g/mol) and MAH (general formula 
C4H2O3, molar mass 98g/mol, melting point 52.8°C, 
evaporation point 202°C) were supplied by Bayer (M) 
Ltd. of Cologne, Germany, MAH was used to produce 
the PP-g-MAH.

Preparation of PP-g-MAH
In an excess of acetone (100 ml), we dispersed the 
DCP (10 g) and the MAH (30 g); once the solution 
became homogeneous, the PP granules (80g) were 
impregnated while stirring (4 hours). The acetone was 
then evaporated at 70°C in an oven for 24 hours.

The grafting was carried out in the molten state in 
an internal mixer at 175°C and a screw speed of 40 
rpm. The obtained product was subjected to grinding 
to be used.

First Quenching Process and Sample Preparation
Before being used, PP and CaCO3 were dried for 
24 hours in an oven at a temperature of 90°C. Melt 
mixing in a Brabender plastic order at a rotor speed 
of 60 rpm and 180°C was used to produce samples 
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with differing weight compositions, including PP/PP-
g-MAH100/4 (this formulation is described as C) and 
inorganic filler CaCO3 at 4, 8, and 12 phr, accordingly. 

First Quenching Process 
A granulator was used to produce pellets out of the 
C/CaCO3 composite. Then, at a molding temperature 
of 180°C, the pellets were placed in a mold and 
compressed under 25 bars of pressure for 8 minutes. 
After being removed from the molds, the samples 
were subjected to a "first quench," in which they were 
cooled rapidly from molding temperature to room 
temperature over duration of 15 minutes. 

Second Quenching Process
The samples molded at 180°C conducted a second 
round of free quenching in the air at the initial quenching 
temperature. These samples were heated for 2 hours at 
130°C and cooled in water in the temperatures range 
of 0, 20, 30, 40, 50, 60, 70, and 80°C before being 
exposed to ambient conditions for 15 minutes. The 
term "second quench" describes this action. Samples 
used in this analysis are designated as C4, C8, and 
C12 (T denotes the quenching temperature).

Annealing Process
Finally, annealing is conducted so that a sample may 
be used as a standard. The air-quenched samples were 
used to produce annealed specimens. The samples 
were heated for 2 hours at 130°C before being cooled 
to room temperature at a rate of approximately 10°C 

every 30 minutes. The term "annealed samples" was 
named for these tests.

Characterization
Thermal characterizations
Differential scanning calorimetry (DSC)
Under an inert N2 environment, a PE NELSON 
Differential Scanning Calorimeter model 1022 was 
used to examine the thermal behavior of composites 
(C4.T), (C8.T), and (C12.T). Using a heating rate 
of 10°C/min, we heated 4-7 mg samples from 40°C 
to 300°C. The enthalpy of melting ( 0

mHD ) and cold 
crystallization ( cfHD ) were determined based on the 
heating curves to determine the crystallinity fraction 
χc, using Equation (1), where Hm

0 corresponds to 209 
J/g and refers to the enthalpy of 100% crystalline PP 
[23].

0( ) /c m cf mH H Hχ = D − D D    (1)

Heat deflection temperature (HDT)
According to ASTM D648, the heat distortion 
temperature (HDT) was determined by heating a 
3×13×127 mm3 specimen in an oil bath at a rate of 
2°C/min until the specimen distorted by 0.25 mm 
under 1.8 MPa. The data plot was created using the 
average of at least five separate tests performed on 
different samples.

Vicat softening temperature
To find out what temperature the material softens 
at, Vicat softening temperature tests (VST) were 
employed. A Zwick Vicat softening temperature tester 
set to 50 N force and 5°C/min heating rate was used 
to determine the temperature at which the indentor 
penetrates a depth of 1 mm into the sample. The data 
plot was created using the average of at least five 
separate tests performed on different samples.

Mechanical characterizations
Tensile test
Dumbbell-shaped specimens of 115 mm in length, 13 
mm in width, and 20 mm in gauge length were used 
to determine the tensile characteristics. A universal 
testing machine with a crosshead speed of 10 mm/min 
was used to conduct the tests. All tests were conducted 
in conformity with ASTM D638-72. The tensile 
characteristics (modulus of elasticity and elongation-
at-break) of the quenched specimens were calculated 
from their stress-strain curves. The average results from 
testing five samples were used to generate the graph.

Table 1. List of samples abbreviation and crystallinity 
(DSC).

samples T (°C) abbreviation XC

100 PP/4 PP-g-MAH/4 CaCO3

100 PP/4 PP-g-MAH/4 CaCO3

100 PP/4 PP-g-MAH/4 CaCO3

100 PP/4 PP-g-MAH/4 CaCO3

100 PP/4 PP-g-MAH/4 CaCO3

100 PP/4 PP-g-MAH/4 CaCO3

100 PP/4 PP-g-MAH/8 CaCO3

100 PP/4 PP-g-MAH/8 CaCO3

100 PP/4 PP-g-MAH/8 CaCO3

100 PP/4 PP-g-MAH/8 CaCO3

100 PP/4 PP-g-MAH/8 CaCO3

100 PP/4 PP-g-MAH/8 CaCO3

100 PP/4 PP-g-MAH/12 CaCO3

100 PP/4 PP-g-MAH/12 CaCO3

100 PP/4 PP-g-MAH/12 CaCO3

100 PP/4 PP-g-MAH/12 CaCO3

100 PP/4 PP-g-MAH/12 CaCO3

100 PP/4 PP-g-MAH/12 CaCO3

Reference
0
40
80
air

annealing
Reference

0
40
80
air

annealing
Reference

0
40
80
air

annealing

C4
C4.0
C4.40
C4.80
C4.air

C4.ann
C8

C8.0
C8.40
C8.80
C8.air

C8.ann
C12

C12.0
C12.40
C12.80
C12.air

C12.ann

43.50
42.04
45.14
47.90
47.04
51.62
45.70
43.12
46.28
52.43
52.05
54.64
46.74
44.13
47.22
54.96
53.80
56.93
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Notched Izod impact strength
The flexural shock resistance of a specimen is measured 
by the energy required to break a standard specimen 
when impacted by a standardized pendulum hammer 
installed in a standard machine. At room temperature, 
ASTM D256-73 in accordance impact strength 
parameters of Izod were evaluated using a CEAST 
6546/000 machine equipped with a 15 J pendulum 
and 3×12.7×63 mm3 specimens. Some of the molds 
used had notches with a radius of 0.5 mm. Others have 
a notch drilled into them with a 0.5 mm radius. The 
notch's apex is inside the residual compressive zone 
owing of the carefully selected radius. The data plot 
was created using an average of at least five separate 
tests performed on different samples.

Microhardness measurements
At room temperature, a Leitz (Wetzlar, Germany) 
micro indentation with a diamond indenter on a square 
base was used to determine the microhardness (H). 
Penetration redirected the value of (H) away from the 
remaining area. Each sample's surface was indented 
eight times, and the mean of those readings was 
plotted.

Physical characterization
Density measurement
Filling the pycnometer to the mark on its neck or 
to the top edge of a capillary tube, according to the 
pycnometer's nominal volume, and then weighing 
the material allows one to calculate its density. 
Measurement of density using pycnometer is preferred 
because of its extreme precision (to 10-5 g/cm3). The 
data plot was drawn using the mean value from at least 
five samples.
m1: mass of the pycnometer full of liquid
m2: mass of the sample alone
m3: mass of the pycnometer full of liquid with the 
sample immersed in it
Where the mass of the liquid is expressed by:
mliquid = rliquid Vsample = rliquid (msample /rsample) = rliquid (m2 /
rsample)
From the combination of these equations we derive 
the final density of the sample:

2

1 2 3

( ) ( )sample liquid
mt t

m m m
r r= ×

+ −
		     (2)
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2

1 2 3 0
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liquidt
t
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r
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RESULTS AND DISCUSSION

Elongation-at-fracture and Impact strength
The notched and unnotched Izod impact strength (ak) 
and (an) as a function of cooling down temperature for 
C/CaCO3 samples (first cooled in air) is depicted in 
Figures 1 and 2, respectively. The measured values of 
Izod impact strength reach their highest at 0°C for the 
cooling temperature. Alternatively, one can observe 
that the Izod impact strength (ak) and (an) values 
decrease as the cooling temperature increases. As an 
example, the Izod impact strength (ak) of unnotched 
specimens decreases from (29.375; 28.175 and 
27.275 kJ/m2) to (21.300; 20.000 and 19.000 kJ/m2) at 
quenching temperatures varying from 0°C to 80°C for 
a molding temperature of 180°C. The differences are 
more pronounced for annealed samples (18.72; 18.02 
and 17.43 kJ/m2 for C4, C8, and C12, respectively).
The crystalline state that develops during thermal 
treatment influences the impact resistance of semi-
crystalline polymers filled with CaCO3. As the impact 
resistance decreases, the crystallinity of the material 
increases, the elongation-at-fracture as a function of 
the cooling temperature is depicted in Figure 3. At a 
temperature of 0°C, the maximal elongation-at-break 
is obtained, which is again associated with satisfactory 
flexibility under these conditions. The elongation-
at-break values decrease considerably as the cooling 
temperature increases.

The drop in impact resistance and strain-at-
break depicted in Figures 1,2 and 3, respectively, 
are associated with a ductile-brittle variation in the 
behavior of PP/CaCO3, our results correlate with the 
works of Piekarska et al. [24].
An increase in free volume was confirmed using 

Figure 1. Impact strength of unnotched Izod C4, C8, and 
C12 as a function of second cooling temperature.
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density measurements. The results are displayed in the 
following section. Since the impact strength depends 
on the capacity of polymer chains to conduct segmental 
mobility and dissipate the energy that causes fracture 
propagation, an increase in free volume may also be 
causing the increase in impact strength.

Density, microhardness, and Young’s modulus
Figures 4, 5, and 6 depict the variations in density, 
microhardness and Young’s modulus as a function of 
the second cooling temperature. Density measurements 
provide an indication of the composite samples' coarse 
molecular adjustments. When the density of a crystalline 
material decreases, so does its crystallinity and vice 
versa. As the second cooling temperature increases, the 
density, microhardness and Young’s modulus increase 
notably. In the case of rapid cooling, corresponding 
to a second cooling temperature of 0°C, there is less 
time for the reorganization of macromolecules. As a 
consequence, the density, microhardness, and modulus 
of elasticity all drop as the free volume rises. It has also 
been noted that the rate of temperature change and the 

stress induced by heat govern the free volume (and 
hence the density) [12, 25].

As stated by Van Krevelen, density (r) is correlated 
with Young's modulus (E): i.e., samples with a lower 
density also have a lower Young's modulus [26]. 
Annealing increases the density, microhardness 
and crystallinity of a material. Notably, the samples 
cooled for a second time at 0°C typically have a lower 
density, microhardness, modulus of elasticity, and 
crystallinity than those cooled in air for the second 
time. Alternatively, annealing exhibits a substantial 
increase in the modulus of C4, C8 and C12 (2550-
2390 MPa) compared with the cooled material (2260 
MPa to 1480 MPa), which is caused by the dramatic 
improvement in crystallinity brought on by the 
heating process. However, thermal residual stresses 
are mostly removed during annealing, suggesting that 
the higher modulus values seen after annealing are 
due to a reduction in structural stresses [27]. 

Samples cooled at high temperatures are usually 
stronger than rapidly cooled samples. This is especially 
true because structural stresses boost crystallinity.

Figure 2. Impact strength of notched Izod C4, C8 and C12 
as a function of the second cooling temperature.

Figure 3. Elongation-at-break of C4, C8 and C12 as a 
function of the second cooling temperature.

Figure 4. C4, C8 and C12 density as a function of the 
second cooling temperature.

Figure 5. Microhardness of C4, C8 and C12 as a function of 
the second cooling temperature.
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VST, HDT and DSC
The Vicat softening point decreases in response to 
an increase in compressive stresses. Additionally, it 
remains sensitive to free volume, which facilitates the 
physical gliding of segmented molecules. Figure 7 
depicts the variations in VST as a function of the second 
cooling temperature for C4, C8 and C12 samples. A 
low second cooling temperature is observed to reduce 
the VST. This is because the compressive stresses and 
free volume are greater at this cooling temperature.

As observed for Young's modulus, Vicat softening 
point, and density, the HDT decreases as the second 
cooling temperature decreases (Figure 8). Since tensile 
stresses increase, the total tensile tension applied to 
the HDT specimen decreases when tensile stresses 
are present in the specimen. Consequently, the HDT 
evolves similarly to the Vicat softening point.

Parambil et al. [28] did not measure the variation in 
free volume and suggested that the increase in HDT 
correlated to a decrease in free volume due to the 
relaxation of thermal stresses and molecular direction. 
As HDT and density vary in the same manner, the 

evolution of HDT may also be partly attributable to 
the evolution of free volume due to the various thermal 
treatments.

The thermograms of the C4, C8 and C12 composites 
as a function of the second cooling temperature are 
depicted in Figures 9 through 11. Thermal experiments 
can produce vastly different results depending on the 
variation in the second cooling temperature and of the 
filler CaCO3 weight fraction.

When modifying the second cooling temperature or 
quantity of CaCO3, Tg, Tm, Hm, the degree of crystallinity 
(χc) also changes. In all cooled composites, an increase 
in crystallization and a significant increase in the melt 
temperature, Tm, was observed as a function of the 
second cooling temperature.

The thermograms in Figures 9-11 demonstrate that 
the highest degree of crystallinity is obtained with 
annealed composites and specimens cooled for a 
second time at 80°C and is consequently greater than 
the other degrees of crystallinity of specimens cooled 
at various temperatures.

Figure 6. Elastic modulus of C4, C8 and C12 as a function 
of the second cooling temperature.

Figure 7. VSTs for C4, C8 and C12 as a function of the 
second quenching temperature.

Figure 8. Temperature of thermal distortion for C4, C8 and 
C12 as a function of the second cooling temperature.

Figure 9. Thermograms of C4 as a function of the second 
cooling temperature.
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Effect of CaCO3 
Figures 1, 2, and 3 show that the greatest values of 
impact strength and elongation-at-break of PP/CaCO3 
composites are observed for the C4 formulation, 
corresponding to a rate of 4 wt.% of CaCO3 and rapid 
cooling (0°C). We note that by keeping the same 
quenching temperature (0°C) and by increasing the 
CaCO3 loading for the C8 and C12 formulations, 
the impact resistance and elongation-at-break of 
these composites decrease. Figures 4-8 indicate that 
the density, microhardness, elastic modulus, TFC, 
and HDT of the PP/CaCO3 composites reach their 
lowest values at rapid cooling (0°C) and for the C4 
formulation containing 4 wt.% of CaCO3. At the 
same quenching temperature (0°C), by increasing 
the charge rate for the C8 and C12 formulations, an 
increase in these properties is envisaged. This can be 
explained by an increase in the crystallinity rate of the 
composites studied (see figures 9-11), given that the 
CaCO3 particles have the role of nucleation agents. 
Effect of cooling down from 130°C to the controlled 
temperature [29].

CONCLUSION

Using mechanical, physical, and thermal 
measurements, the impact of quenching on the 
thermophysical behaviours of PP/CaCO3 was studied. 
When CaCO3 is added to PP, the modulus of elasticity, 
density, microhardness, VST, and HDT decreases 
while the Izod impact strength and elongation-at-break 
decrease. The fillers function as a material's default, 
starting the breaking process in mechanical tests. It 
has been demonstrated that greater ductility can be 
obtained by quenching samples from 130°C to 0°C. 
This quenching provides greater residual strain as well 
as free volume, which raises the Izod impact strength 
value and elongation-at-fracture while reducing the 
modulus of elasticity. The minimal density reached 
after cooling from 130°C to 0°C was associated with 
a larger quantity of free volume, leading to increased 
molecular mobility.

The material's thermal history significantly impacts 
the evolution of residual stresses, which in turn alter 
material properties. To enhance their mechanical 
characteristics, composites may be subjected to 
a simple and efficient procedure known as heat 
quenching.
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