
Polyolefins Journal, Vol. 11, No. 4 (2024)
IPPI DOI: 10.22063/POJ.2024.35569.1330

Influence of mold temperature and annealing on the 
micros tructure and mechanical properties of ESO-

plas ticized PP/CL composites

Buncha Suksut1,*, Pathamanat Poonkasem1, Sirirat Prasittinawa1, Patcharapon Somdee2

1Faculty of Engineering and Technology, King Mongkuk’s University of Technology North Bangkok, 
Rayong, Thailand

2Department of Materials and Medical Technology Engineering, Rajamangala University of Technology Isan, 
Nakhon Ratchasima, Thailand

Received: 9 October 2024, Accepted: 13 November 2024

ABS TRACT

Composites of polypropylene (PP) and calcium lactate (CL) with a cons tant weight percentage of 60% and 
40%, respectively, were compounded with 3, 5 and 7 phr of epoxidized soybean oil (ESO) plas ticizer using an 

internal mixer. The tes ting samples were prepared using an injection molding technique. The effects of the mold 
temperature and annealing treatment on the morphological and mechanical properties of PP-based composites 
using polarized optical microscopy (POM), differential scanning calorimetry (DSC), universal tes ting machines 
(UTM), and impact tes ter were performed. The results showed a remarkable increase in the elongation-at-break 
and impact s trength, but a noticeable decrease in tensile s trength and s tiffness with increasing ESO contents. The 
experimental results also indicated that the higher mold temperature significantly improved the tensile s trength and 
s tiffness of samples due to an increase in spherulite size for neat PP, PP/CL composite and PP/CL composite with 3 
phr of ESO. Additionally, annealing treatment enhanced the tensile and impact s trengths of both neat PP and PP/CL 
composite, which was attributed to the increase in the crys tal perfection and degree of crys tallinity. These findings 
sugges ted that mechanical improvements using high mold temperature and annealing treatment were confined to 
the incorporation of an ESO plas ticizer. The resulting performance of the plas ticized PP composites after thermal 
treatment was described by two possibilities: the loss in the adhesion between the components and the migration of 
plas ticizer. Polyolefins J (2024) 11: 265-275
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INTRODUCTION

Polymer composites are one of the mos t important 
engineering materials. The application of polymer 
composites has been widely used in various fields, 
such as automotives, food packaging, electronics, and 
aerospace [1]. Because of the growing environmental 
awareness, the use of synthetic filler-based composites 
is now critically considered. Due to its biodegradability, 
renewable filler-reinforced materials are becoming 
attractive. Hence, many researchers pay attention to 
the use of petroleum-based thermoplas tic filled with 

fillers extracted from natural and renewable resources. 
In general, the mechanical and thermal properties of 
commodity polymers, such as polypropylene (PP), 
polyethylene (PE), and polys tyrene (PS), can be 
improved by incorporation of natural fillers. Diverse 
natural-based fillers have been integrated with 
petroleum-based thermoplas tic, including biochar [2], 
sawdus t [3], spent coffee grounds [1], coir fiber [4], 
microfibrous cellulose [5], hemp fiber [6], etc. Usually, 
when filler is added to a polymer matrix to enhance 
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the s tiffness and s trength, the decrease in flexibility is 
unavoidable. To balance both mechanical properties, 
the addition of plas ticizer is one of the mos t useful 
techniques. Due to its biodegradability, plas ticizer 
deriving from renewable plants is employed as 
a beneficial choice, such as clove essential oil 
(CEO), linseed oil (LO), tung oil anhydride (TOA), 
epoxidized palm oil (EPO), epoxidized soybean oil 
(ESO). Among them, ESO is widely used due to its 
good compatibility with bioplas tics like polylactic 
acid (PLA). The incorporation of ESO has been 
reported to improve the mechanical properties of the 
PLA composites, especially the flexibility [7-13]. The 
mechanical improvement by ESO is also possible in 
the petroleum-based thermoplas tic matrix [14-15]. 
The use of combined ESO and TOA led to an increase 
in the impact resis tance and revealed a rough fractured 
surface, implying the plas ticization effect of the ESO 
and TOA [14]. Besides, EOS grafted with poly(12-
hydroxys terate) (PHS) improved the compatibility 
between microcrys talline cellulose and PP, thus 
enhancing the mechanical properties [16].

Numerous s tudies have highlighted that the 
morphological s tructure, controlled by crys tallization 
during processing, significantly influences the 
properties of polymers. The crys tallization is 
determined by thermal conditions during injection 
molding [17,18]. The adjus tment of the processing 
variables and their effects on the properties of polymer 
composites has been well-reported [19,20,21]. One 
key finding is that mechanical properties can be 
enhanced by optimizing mold temperature. The effect 
of mold temperature has been extensively explored by 
researchers, with s tudies showing a s trong correlation 
between morphological s tructure and mechanical 
properties. These results consis tently indicate that 
increased mechanical performance is associated with 
a higher degree of crys tallinity and larger spherulite 
size [17,20,22-24,25,26]. Moreover, the mold 
temperature also influenced the form of spherulitic 
s tructure. At low mold temperatures, where cooling 
rates are rapid, the formation of a mesophase in 
PP can be observed [27]. On the other hand, the a 
form of PP appears at high mold temperature (slow 
cooling rate). In mos t cases, the mesophase provides 
a noticeable increase in ductility and flexibility while 
the a form contributes a dis tinct increment in s tiffness 
and rigidity [27]. Furthermore, annealing is one of the 
mos t important methods to improve the performance 
of polymer after molding. This pos t-processing 
method is performed at the elevated temperature 

between glass transition temperature (Tg) and melting 
temperature (Tm). Therefore, it has been reported that 
the annealing method can promote molecular chain 
relaxation and induce a change in morphological and 
mechanical properties of polymers [21,28-30,31,32, 
33,34]. In previous work, the addition of calcium 
lactate (CL) produced by a fermentation of lactic 
acid in the production of PLA was shown to increase 
both tensile and flexural s tiffnesses of PP. However, 
the reinforcement effect of CL is accompanied by a 
reduction in the flexibility of PP [35]. 

In this s tudy, to balance the performance of material, 
plas ticized PP/CL composites were prepared with the 
inclusion of the ESO. The synergis tic effect of mold 
temperature and annealing treatment on the properties 
of plas ticized PP/CL composites was elucidated. The 
mechanical properties of the plas ticized composites 
were performed, and their thermal transition and 
morphology properties were also examined. The 
discussion focused on the interplay between the 
variant factors. 

EXPERIMENTAL 

Materials 
Polypropylene (PP) with a melt flow index of 
22 g/10 min (Moplen HP553R) was supplied by 
HMC polymers Co., Ltd. Calcium lactate (CL) was 
purchased by PURAC. Epoxidized soybean oil (ESO) 
was supported by Srithepthai Chemical Co. Ltd. 
Preparation of composites

From our earlier work [35], PP/CL composites 
showed an optimum mechanical property with the 
addition of 40 wt.% of CL and were chosen to use in 
this work. ESO was added at different phrs (3, 5, and 
7 phr) to the PP/CL composites. The PP/CL weight 
proportion was maintained at 60/40 for all plas ticizer 
contents. The number following the notation PP/
CL/ESO indicates the percentage of ESO relative 
to the PP/CL content. The mixture was initially 
processed using an internal mixer (MX500, Chareon 
Tut, Thailand), with rotor speeds set to 60 rpm and a 
chamber temperature of 190°C for 25 min. Then, the 
compound was pelletized by a co-rotating twin screw 
extruder (CTED22L32, Chareon Tut, Thailand) at 
a rotating speed of 60 rpm. The temperature profile 
of the extruder was set at 180, 190, 200, and 210°C 
from the hopper to the die. Subsequently, the extruded 
materials were shaped into tes ting part by injection 
molding (60SE, JONWAI, Taiwan). The temperature 
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from the feed to the nozzle was set as 160, 170, 180, 
and 190°C. In the selected case, an annealing treatment 
was conducted at 120°C for 6 h in an oven (UF110, 
Memmert, Germany). The condition of the annealing 
treatment was chosen according to the literature [30]

Fourier transform infrared spectroscopy (FTIR)
The chemical compositions of the PP, CL, and ESO 
and interaction between them were inves tigated by 
FTIR (Frontier, Perkin-Elmer, USA). All spectra were 
recorded within a wavenumber in the range of 4000- 
500 cm-1.

Melt flow index (MFI)
The melt flow index of all samples was accomplished 
according to AS TM s tandard D1238 using a melt flow 
indexer (MP1200, Tinius Olsen, USA). The tes ting 
weight of 2.16 kg was used and the temperature of 
210°C was set.  

Differential scanning calorimetry (DSC)
A thermal transition tes t was performed using 
differential scanning calorimetry (DCS25, TA 
Ins truments, USA). A sample in the range of 5 to 10 
mg was weighted and put in the aluminum pan. Two 
heating-cooling cycles from 0°C to 200°C with a 
heating and cooling rate of 10°C /min were operated 
under a nitrogen atmosphere. In order to get rid of the 
processing his tory, the sample was held at 200°C for 
5 min. The degree of crys tallinity (Xc) was calculated 
according to the following equation: 
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mH D  is the melting enthalpy for theoretically 

100% crys talline PP, DHc is the enthalpy of the 
crys tallization process, DHm is the enthalpy of the 
melting process, and wpp is the weight fraction of PP. 
In the work, a value of 209 J/g was taken as the o

mH D  
[5].

Polarized Optical Microscope (POM)
A polarized optical microscope (DM2700M, Leica) 
was used to visualize the spherulite s tructure of the 
samples. Thin sections of 10 micrometers were sliced 
from the middle of the samples by using a rotary 
microtome (RM2235, Leica, Germany).

Mechanical properties tes t
Universal tes ting machine (Model 25S T, Tinius 

Olsen, USA) was used to perform the tensile tes ting 
in accordance with AS TM D638 using a 5 kN load 
cell and a crosshead speed of 50 mm/min. The tensile 
s trength, Young's modulus, and elongation-at-break 
were measured and recorded. An impact tes ting 
machine (IT504, Tinius Olsen, USA) with a pendulum 
energy of 5.64 Jules was used to carry out the notched 
Izod impact tes ting according to AS TM D256. At leas t 
five specimens were tes ted for each measurement. 

RESULTS AND DISCUSSION 

The FTIR spectra of all samples are presented in 
Figure 1. The spectrum of neat PP can be observed 
at outs tanding peaks, including 840 cm-1, 1375 cm-1, 
2952 cm-1, describing the s tretching vibration mode of 
the C-CH3 bond, symmetric bending vibration of the 
-CH3 group, and asymmetric s tretching vibration of 
the -CH3 group), respectively, Furthermore, absorption 
peaks of 972, 997 and 1165 cm-1 which reveals 
the rocking vibration mode of the -CH3 group are 
detected. All the preceding quoted absorption peaks 
are associated with the methyl group in the neat PP 
[36]. In addition, the symmetric bending, symmetric 
s tretching, and asymmetric s tretching of the -CH2- 
group of neat PP are detected at the spectrum peaks, 
including 1455, 2838, and 2917 cm-1, respectively 
[36]. In the case of PP/CL, the vibration of various 
C-O bonds is found at the absorption peaks near 1127, 
1097, and 1046 cm-1, and the carboxylate (COO-) 
groups are revealed at 1571 cm-1 [37-38]. For PP/CL/
ESO, the prominent peaks at 1738 cm-1, representing 
the C=O s tretching of the es ter group and the C-O-C 
asymmetric s tretching vibration of the epoxy group 
have been discovered. Both characteris tic peaks of the 

Figure 1. FTIR spectra of neat PP, PP/CL and PP/CL/ESO 
composites.



Influence of mold temperature and annealing on the micros tructure and mechanical properties of ESO-plas ticized PP/CL composites 

268 Polyolefins Journal, Vol. 11, No. 4 (2024)

IPPI

es ter and epoxy groups are the main functional groups 
of ESO [10,14-16]. Notably, with increasing content of 
ESO in the composite, the intensity of the absorption 
band assigned to ESO is gradually increased. The 
results indicate the addition of CL and ESO causes no 
additional significant absorption peaks, implying the 
absence of any s trong chemical interactions in the PP/
CL/ESO composite [12, 37]. 

Figure 2 shows the melt flow index of the samples, 
which implies the resis tance of molten polymer 
flow. The addition of CL to PP clearly reduces the 
MFI as compared to neat PP. The decrease in the 
MFI corresponds to an increase in the viscosity of 
the PP/CL composite, which is due to the res triction 
of molecular chain mobility imposed by the CL 
particles. In contras t, the presence of ESO increases 
the MFI of PP/CL composites, indicating that the 
resis tance of molecular chain mobility is reduced by 
the ESO segments. Additionally, the incorporation 
of higher ESO content increases the molecular chain 
mobility, leading to a reduction in flow resis tance and, 
consequently, a decrease in viscosity. This is attributed 
of the plas ticization effect of ESO, which reduces the 
number of loose attachments between the polymer 
chains such as van der Waals forces or crys talline 
s tructures. The plas ticizer acts by lubricating the 
movement of the molecules and separating the polymer 
chain. This theory reduces internal resis tance between 
the molecules and allows the polymer molecules to 
move freely, thus enhancing molecular mobility [39]. 

Figure 3 presents the DCS thermograms of the neat PP, 
PP/CL, and PP/CL/ESO composites. All the samples 
exhibit a similar endothermic peak around 164°C. As 
indicated in Table 1, the melting temperature remains 
unaffected by the amount of ESO added. According to 
Figure 3 and Table 1, the mold temperature appears 

to have an insignificant effect on both the melting 
temperature and the crys tallinity. After annealing, the 
crys tallinity of all samples increased, while the melting 
temperature remained unchanged. As shown in the 
table, annealing temperature at 120°C increased the 
crys tallinity from 42.5 to 47.2%, 37.7 to 42.8%, and 
37.0 to 41.5% for neat PP, PP/CL, and PP/CL/ESO, 
respectively. The increase in the crys tallinity with 
annealing treatment was mentioned by several authors 
[31,33,34]. Annealing treatment provides an increase 
in the mobility of the polymer chains in the interface 
of the crys talline-amorphous regions and amorphous 
regions. Additionally, the segments of loose tie 
molecular chains may be induced to crys tallize, which 
results in an increase in the lamellae thickness and the 
overall degree of crys tallinity [31].     

The polarized optical microscopy (POM) 
micrographs of neat PP, PP/CL, and PP/CL/ESO 
composites are demons trated in Figure 4. The neat 
PP forms a well-defined Maltese cross pattern of 
spherulitic s tructure with a diameter ranging between 
10 and 20 mm. Obviously, it can be observed that 
the presence of CL causes a huge decrement in the 
spherulite size of PP. This observation hints that 
CL agglomerates serve as nucleating sites for PP 
crys tallization [35]. However, the spherulite size 
becomes larger with the incorporation of ESO as 
compared to PP/CL composite. This implies that the 
ESO hinders the crys tallization of PP, which is in 
accordance with the DSC results.   

The influence of mold temperature on the spherulitic 
s tructure is shown in Figure 5. For injection molding, Figure 2. Melt flow index of neat PP and its composites.

Table 1. Melting and crys tallinity values of the PP/CL/ESO 
composites.

Samples Mold Temperature 
(°C)

Tm 
(°C)

Xc 
(%)

Neat PP
40
60
80

164.5
164.5
164.7

42.6
42.6
42.5

Neat PP, annealing 
at 120°C for 6 h 80 164.7 47.2

PP/CL
40
60
80

165.0
164.7
164.5

39.1
42.4
37.7

PP/CL, annealing at 
120°C for 6 h 80 164.7 42.8

PP/CL/ESO3
40
60
80

164.2
164.1
164.1

39.4
38.2
37.0

PP/CL/ESO3, 
annealing at 120°C 
for 6 h

80 164.1 41.5
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the processing of the samples at a low mold 
temperature gives higher cooling rates then higher 
shear rates due to increased viscosity during the 
solidification [17-18]. For neat PP, by increasing the 
mold temperature, the spherulite size of PP increases. 
This is because the nuclei formation relies upon the 
degree of supercooling. At low degree of supercooling 
(high crys tallization temperature), a small number 
of nuclei is formed and a large size of spherulite is 
observed [17, 21]. However, in the case of PP/CL and 
PP/CL/ESO composites, the formation of spherulite is 
more complicated. The effect of mold temperature on 
the spherulitic s tructure was difficult to observe. This 

emphasizes the competitive effect of the presence of 
CL and ESO and having a high mold temperature. 

The effect of the annealing treatment on the 
spherulitic s tructure is presented in Figure 6. When a 
sufficient annealing temperature and annealing duration 
are provided, there are multiple adjus tment processes 
of micros tructure, such as the perfection of crys tals 
and the thickening of primary lamellae [29]. However, 
the annealing treatment has no effect on the spherulite 
size and no notable change in the spherulitic diameter, 
which is detectable after annealing in this work.   

The tensile results of neat PP, PP/CL and PP/
CL/ESO composites are presented in Figure 7. To 

Figure 3. DSC thermograms of PP/CL/ESO composites: (a) at different mold temperatures and (b) annealing. 

Figure 4. POM micrographs of neat PP and its composites.

         (a)              (b)
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elucidate the effect of ESO content on the mechanical 
properties of PP, the mold temperature of 40°C was 
focused. The neat PP exhibited a tensile s trength of 
29 MPa and a Young's modulus of 411 MPa. When 

40 wt.% of CL was incorporated into the PP matrix, 
the tensile s trength and modulus of the PP/CL were 
found to be 17 MPa and 756 MPa, respectively. The 
tensile s trength of PP significantly decreased while the 

Figure 5. POM micrographs of neat PP and its composites at various mold temperature.

Figure 6. POM micrographs of neat PP and its composites.
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Young’s modulus increased subs tantially, indicating 
that CL acts as a reinforcing agent. However, the 
elongation-at-break of PP was greatly decreased by the 
addition of CL. Furthermore, the increased flexibility 
of the PP/CL/ESO composites was accompanied by 
a decrease in s trength and s tiffness, and the tensile 
s trength and modulus usually decrease with increasing 
plas ticizer content [39]. The tensile s trength and 
Young’s modulus declined with the addition of ESO 
plas ticizer. The lowes t tensile and modulus values 
were observed at 14 MPa and 415 MPa, respectively, 
with 7 phr of ESO loading. On the other hand, the 
addition of ESO was expected to improve elongation-
at-break and impact s trength of the PP/CL composite 
as observed in Figure 7. The incorporation of ESO 
into PP/CL provided a great increase in elongation-
at-break, which shifted to 27.2%, 38.7%, and 44.8%, 
for PP/CL/ESO3, PP/CL/ESO5, and PP/CL/ESO7, 
respectively, as compared to the PP/CL, 12.5%. These 
results deduced that ESO serves as a plas ticizer for 

the PP chains. The presence of ESO facilitates the 
sliding of PP molecular chains, thereby reducing 
the secondary bonding forces between the polymer 
chains, resulting in a softer, more easily deformable 
mass [31]. This brings about a more flexible polymer, 
but it causes a loss of s trength and s tiffness.              

The effect of mold temperature on the mechanical 
properties of PP/CL/ESO is also revealed in Figure 
7. The tensile s trength, tensile modulus, elongation-
at-break and impact s trength of samples are shown in 
dependence of the mold temperature. Specifically, as 
the mold temperature increased, the tensile s trength 
of neat PP increased, while the elongation-at-
break decreased. These changes are consis tent with 
morphological s tructures governed by crys tallization 
during processing [17, 26]. However, the results 
showed that mold temperature has less profound 
impact on the mechanical properties of PP/CL/ESO. 
Nevertheless, the use of mold temperature of 80°C 
improved the s tiffness and impact s trength of PP/CL/

Figure 7. Effect of ESO on (a) tensile s trength, (b) Young’s modulus, (c) elongation-at-break and (d) impact s trength of neat PP 
and PP/CL composites with various mold temperatures.

         (a)              (b)

         (c)              (d)
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ESO, especially at 3 phr of ESO concentration. At ESO 
content above 3 phr, the effects of mold temperature 
seem to be hindered by the presence of ESO.

It has been reported that the spherulite size and degree 
of crys tallinity influenced the mechanical properties 
of semicrys talline polymers [17,21,40-44]. Generally, 
an increase in the degree of crys tallinity is usually 
accompanied by an increased spherulite size in the 
absence of a foreign subs tance. The tensile yield tends 
to increase linearly with both higher crys tallinity and 
the larger spherulite size. This is because crys talline 
phases are s tronger and less deformable compared to 
amorphous phases. Consequently, the larger spherulite 
size and the higher degree of crys tallinity, the higher 
tensile s trength [17,25,33,43-44]. In this work, for 
neat PP, the spherulite size increased with rising mold 
temperature, while the degree of crys tallinity remained 
unaffected by mold temperature. These results are 
consis tent with the concept that the spherulite size plays 
an important role in determining tensile s trength. An 
increase in the spherulite size results in an increase in 
the tensile s trength. Similar results also were reported 
in the literature [17,25]. However, for semicrys talline 
polymer composites, tensile s trength is influenced 
not only by filler/matrix interfacial adhesion and 
filler loading but also by key morphological s tructure 
such as degree of crys tallinity, spherulite size, and 
spherulite morphology. The interplay between these 
factors is complicated and cannot always be separated.

As shown in Figure 8, annealing treatment affects 
the mechanical properties of all samples in different 
ways. Compared to the unannealed samples, the 
tensile s trength of the annealed neat PP and PP/
CL composites increases (see Figure 8 (a)). This 
enhancement is attributed to the increased degree of 
crys tallinity, as discussed earlier. Annealing inducing 

the improvement of the s trength has been widely 
reported elsewhere [28-30,45]. This improvement is 
generally due to enhanced crys tal perfection, increased 
lamella thickness, and a higher degree of crys tallinity 
[28]. The impact s trength of unannealed and annealed 
samples is also shown in Figure 8 (b). Annealing 
improves the impact s trength for both neat PP and PP/
CL, with a more pronounced increase observed for 
PP/CL. For neat PP, annealing provides more crys tal 
perfection without the excessive reduction of the tie 
molecules number [28]. Nonetheless, for annealed PP/
CL, the enhancement in impact s trength is caused by 
the combination of annealing and the addition of CL. 
However, the improvement of tensile s trength and 
impact s trength of the annealed PP/CL/ESO composite 
cannot be observed. This finding agrees with results 
obtained from other literatures [10,46]. The resulting 
performance of the annealed PP/CL/ESO composites 
could be explained by two possibilities. Firs tly, the 
adhesion between the components was damaged 
due to crack formation between their interphases 
after the annealing treatment [10]. Secondly, the 
annealing treatment caused the plas ticizer migration 
out of the interlamellar amorphous region, generating 
voids and cracks [46]. The obtained results sugges t 
that the annealing treatment could not help improve 
the mechanical properties of PP composite with the 
presence of ESO plas ticizer.    

CONCLUSION  

In this s tudy, the ESO plas ticizer, mold temperature, 
and annealing process were found to influence the 
morphological and mechanical properties of PP/CL 
composites in different ways. It was observed that the 

Figure 8. Effect of annealing on (a) tensile s trength, and (b) impact s trength of neat PP and PP/CL composites.
         (a)              (b)
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degree of crys tallinity was significantly unchanged 
while the spherulite size became larger when ESO 
was added. Due to the plas ticizing effect of ESO, 
elongation-at-break and impact s trength improved, 
while the tensile s trength and modulus decreased. 
The effect of mold temperature on the properties 
of injection molded PP-based composites showed 
an increase in both the tensile s trength and Young’s 
modulus due to the increase in the spherulite size of 
a PP. Furthermore, the morphological and mechanical 
properties of PP-based composites were shown to 
depend on annealing treatment. Annealing treatment 
led to an increase in both crys tallinity and crys tal 
perfection, which enhanced tensile s trength and 
impact s trength. However, the beneficial effects of 
annealing were diminished by the presence of ESO. 

ACKNOWLEDGEMENTS

The authors would like to thank the Faculty of 
Engineering and Technology, King Mongkut’s 
University of Technology North Bangkok, Thailand, 
for experimental support of this work.

CONFLICTS OF INTERES T

The authors declare that they have no conflict of 
interes t.

REFERENCES

1. Essabir H, Raji M, Laaziz SA, Rodrique 
D, Bouhfid R, Qaiss AEK (2018) Thermo-
mechanical performances of polypropylene 
biocomposites based on untreated, treated and 
compatibilized spent coffee grounds. Compos B 
Eng 149: 1-11 

2. Das O, Bhattacharyya D, Hui D, Lau KT (2016) 
Mechanical and flammability characterisations of 
biochar/polypropylene biocomposites. Compos 
B Eng 106: 120-128 

3. Oliver-Ortega H, Chamorro-Trenado MÀ, Soler 
J, Mutjé P, Vilaseca F, Espinach FX (2018) Macro 
and micromechanical preliminary assessment 
of the tensile s trength of particulate rapeseed 
sawdus t reinforced polypropylene copolymer 
biocomposites for its use as building material. 
Cons tr Build Mater 168: 422-430 

4. Mir SS, Nafsin N, Hasan M, Hasan N, Hassan 
A (2013) Improvement of physico-mechanical 
properties of coir-polypropylene biocomposites 
by fiber chemical treatment. Mater Des 52: 251-
257 

5. Nakatani H, Motokucho S, Miyazaki K (2015) 
Preparation of novel polypropylene oligomer 
compatibilizer for polypropylene/microfibrous 
cellulose composite and its addition effect. 
Polym Bull 72: 2633-2647 

6. Mazian B, Bergeret A, Benezet JC, Malhautier 
L (2020) Impact of field retting and accelerated 
retting performed in a lab-scale pilot unit on 
the properties of hemp fibres/polypropylene 
biocomposites. Ind Crops Prod 143: 111912 

7. Al-Mulla EAJ, Suhail AH, Aowda SA (2011) 
New biopolymer nanocomposites based on 
epoxidized soybean oil plas ticized poly(lactic 
acid)/fatty nitrogen compounds modified clay: 
preparation and characterization. Ind Crops Prod 
33: 23-29 

8. Dai X, Xiong Z, Na H, Zhu J (2014) How does 
epoxidized soybean oil improve the toughness of 
microcrys talline cellulose filled polylactide acid 
composites? Compos Sci Technol 90: 9-15 

9. Balart JF, Fombuena V, Fenollar O, Boronat 
T, Sánchez-Nacher L (2016) Processing and 
characterization of high environmental efficiency 
composites based on PLA and hazelnut shell 
flour (HSF) with biobased plas ticizers derived 
from epoxidized linseed oil (ELO). Compos B 
Eng 86: 168-177 

10. Orue A, Eceiza A, Arbelaiz A (2018) The effect of 
sisal fiber surface treatments, plas ticizer addition 
and annealing process on the crys tallization and 
the thermo-mechanical properties of poly(lactic 
acid) composites. Ind Crops Prod 118: 321-333 

11. Quiles-Carrillo L, Duart S, Montanes N, Torres-
Giner S, Balart R (2018) Enhancement of the 
mechanical and thermal properties of injection-
molded polylactide parts by the addition of 
acrylated epoxidized soybean oil. Mater Des 
140: 54-63 

12. Meng X, Bocharova V, Tekinalp H, Cheng S, 
Kisliuk A, Sokolov AP, Kunc V, Peter WH, 
Ozcan S (2018) Toughening of nanocellulose/
PLA composites via bio-epoxy interaction: 
mechanis tic s tudy. Mater Des 139: 188-197 

13. Paul UC, Fragouli D, Bayer IS, Zych A, 
Athanassiou A (2021) Effect of green plas ticizer 



Influence of mold temperature and annealing on the micros tructure and mechanical properties of ESO-plas ticized PP/CL composites 

274 Polyolefins Journal, Vol. 11, No. 4 (2024)

IPPI

on the performance of microcrys talline cellulose/
polylactic acid biocomposites. ACS Appl Polym 
Mater 3: 3071-3081 

14. He Y, Zhou Y, Wu H, Bai Z, Chen C, Chen X, 
Qin S, Guo J (2020) Functionalized soybean/
tung oils for combined plas ticization of jute 
fiber-reinforced polypropylene. Mater Chem 
Phys 252: 123247 

15. Zhou H, Ye L, Li S, Li Z, Wei Z, Huang Z, Lu 
S, Chen D, Zhang Z, Li Y (2022) A bio-based 
compatibilizer (ESO-g-S-HPG) to improve 
the compatibility and mechanical properties of 
CaCO3/HDPE composites. Compos Sci Technol 
219: 109251 

16. Yang J, Lu S, Pan L, Luo Q, Song L, Wu L, Yu J 
(2017) Effect of epoxidized soybean oil grafted 
poly(12-hydroxy s tearate) on mechanical and 
thermal properties of microcrys talline cellulose 
fibers/polypropylene composites. Polym Bull 74: 
911-930 

17. Fischer C, Jungmeier A, Peters G, Drummer 
D (2018) Influence of a locally variable mold 
temperature on injection molded thin-wall 
components. J Polym Eng 38: 475-481 

18. Muñoz-Pascual S, Lopez-Gonzalez E, Saiz-
Arroyo C, Rodriguez-Perez MA (2019) Effect 
of mold temperature on the impact behavior and 
morphology of injection molded foams based on 
polypropylene polyethylene-octene copolymer 
blends. Polymers 11: 894 

19. Damiani RA, Duarte GW, Silva LL, Muneron 
de Mello JM, Batis ton ER, Riella HG, Fiori MA 
(2017) Influence of mold temperature associated 
with glass fiber on the mechanical and thermal 
properties of a (PA6/GF/MMT) nanocomposite. 
Rev Mater 22 

20. Fredi G, Broggio L, Valentini M, Bortolotti 
M, Rigotti D, Dorigato A, Pegoretti A (2024) 
Decoding the interplay of mold temperature and 
catalys ts concentration on the crys tallinity and 
mechanical properties of anionic polyamide 6: a 
combined experimental and s tatis tical approach. 
Polymer 311: 127562 

21. Liparoti S, Salomone R, Speranza V, Pantani 
R (2024) Morphology Dis tribution in Injection 
Molded Parts. Polymers 16: 337 

22. Leyva-Porras C, Esneider-Alcala MA, Toxqui-
Teran A, Marquez-Lucero A, Aguilar-Martinez 
JA (2013) Effect of molding parameters on 
Young's modulus of an injection molded low-

density polyethylene (LDPE). Ind Eng Chem 
Res 52: 5666-5671 

23. Nagarajan V, Zhang K, Misra M, Mohanty AK 
(2015) Overcoming the fundamental challenges 
in improving the impact s trength and crys tallinity 
of PLA biocomposites: influence of nucleating 
agent and mold temperature. ACS Appl Mater 
Interfaces 7: 11203-11214 

24. Gu X, Hong R, Leng J, Hu M, Fu Q, Zhang J 
(2020) Evolution of iPP/HDPE morphology 
under different mold temperatures via multiflow 
vibration injection molding: thermal field 
simulation and oriented s tructure. Ind Eng Chem 
Res 59: 6741-6750 

25. Jiang J, Wang S, Sun B, Ma S, Zhang J, Li Q, 
Hu GH (2015) Effect of mold temperature on the 
s tructures and mechanical properties of micro-
injection molded polypropylene. Mater Des 88: 
245–251 

26. Karagöz İ (2021) An effect of mold surface 
temperature on final product properties in the 
injection molding of high-density polyethylene 
materials. Polym Bull 78: 2627–2644 

27. Zhao X, Liao T, Lu Y, Jiang Z, Men Y (2021) 
Formation and dis tribution of the mesophase 
in ultrasonic micro-injection-molded isotactic 
polypropylene. Macromoleculs 54: 5167-5177 

28. Bai H, Wang Y, Zhang Z, Han L, Li Y, Liu L, 
Zhou Z, Men Y (2009) Influence of annealing 
on micros tructure and mechanical properties of 
isotactic polypropylene with a-phase nucleating 
agent. Macromolecules 42: 6647-6655 

29. Wang W, Zhao G, Wu X, Zhai Z (2015) The 
effect of high temperature annealing process 
on crys tallization process of polypropylene, 
mechanical properties, and surface quality of 
plas tic parts. J Appl Polym Sci 132: 42773 

30. Ma Y, Wang X, Liu W, Gong W, He L (2018) 
Effects of annealing process on crys tallization 
and low temperature resis tance properties of 
PP-R composites. J Wuhan Univ Technol Mater 
Sci Ed 33: 855-862 

31. Liu ZY, Wu ZT, Yan J, Yang W, Yang MB 
(2019) Effect of annealing temperature on PP 
microporous membranes obtained by a melt-
extrusion-s tretching method. Int Polym Process 
34: 467-474 

32. Yu W, Wang X, Yin X, Ferraris E, Zhang J 
(2023) The effects of thermal annealing on the 
performance of material extrusion 3D printed 



275

Suksut B. et al.

Polyolefins Journal, Vol. 11, No. 4 (2024)

IPPI

polymer parts. Mater Des 226: 111687 
33. Zennaki A, Zair L, Arabeche K, Benkraled 

L, Maschke U, Berrayah A (2022) Effect of 
annealing on thermal and dynamic mechanical 
properties of poly(lactic acid). J Appl Polym Sci 
139: e53095 

34. Hortós M, Anakabe J, Arrillaga A, Espino S, 
Bou JJ (2019) Effect of the annealing procedure 
and the molecular weight on the crys talline 
phase morphology and thermal properties of 
polylactide. Polym Int 68: 1767-1775 

35. Suksut B, Khamsiang P, Sinsawat C, Kesorn 
N (2021) Calcium lactate as renewable filler 
of polypropylene: thermal, morphological and 
mechanical properties. Suan Sunandha Sci Tech 
J 8: 1-8 

36. Gopnna A, Mandapati RN, Thomas SP, Rajan 
K, Chavali M (2019) Fourier transform infrared 
spectroscopy (FTIR), Raman spectroscopy 
and wide-angle X-ray scattering (WAXS) of 
polypropylene (PP)/cyclic olefin copolymer 
(COC) blends for qualitative and quantitative 
analysis. Polym Bull 76: 4259-4274 

37. Sedlarik V, Galya T, Emri I, Saha P (2009) 
S tructure and conditioning effect on mechanical 
behavior of poly(vinyl alcohol)/calcium lactate 
biocomposites. Polym Compos 30: 1158-1165 

38. Liao N, Joshi MK, Tiwari AP, Park CH, Kim 
CS (2016) Fabrication, characterization and 
biomedical application of two-nozzle electrospun 
polycaprolactone/zein-calcium lactate composite 
nonwoven mat. J Mech Behav Biomed Mater 60: 
312-323 

39. Wypych G (2017) Handbook of Plas ticizers, 
ChemTech Publishing 

40. Howard W, S tarkweather Jr, Brooks RE (1959) 
Effect of spherulites on the mechanical properties 
of nylon 66. J Appl Polym Sc 1: 236-239 

41. Maiti SN, Mahapatro PK (1989) Crys tallization 
of PP in PP/Ni composites and its correlation 
with tensile properties. J Appl Polym Sci 37: 
1889-1899 

42. Way JL, Atkinson JR, Nutting J (1974) The effect 
of spherulite size on the fracture morphology of 
polypropylene. J Mater Sci 9: 293-299 

43. Chan CM, Wu J, Li JX, Cheung YK 
(2002) Polypropylene/calcium carbonate 
nanocomposites. Polymer 43: 2981-2992 

44. Popli R, Mandelkern L (1987) Influence of 
S tructural and Morphological Factors on the 

Mechanical Properties of the Polyethylenes. J 
Polym Sci Pol Phys 25: 441-483 

45. Yu B, Geng C, Zhou M, Bai H, Fu Q, He B 
(2016) Impact toughness of polypropylene/glass 
fiber composites: Interplay between intrinsic 
toughening and extrinsic toughening. Compos B 
Eng 92: 413-419 

46. Kurusua RS, Siliki CA, David É, Demarquette 
NR, Gauthier C, Chenal JM (2015) 
Incorporation of plas ticizers in sugarcane-based 
poly(3-hydroxybutyrate)(PHB): Changes in 
micros tructure and properties through ageing 
and annealing. Ind Crops Prod 72: 166-174


