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Abstract. The mechanical properties of recycled High-Density Polyethylene 

(rHDPE) are inferior compared to non-recycled HDPE. To overcome this prob-

lem, Calcium Carbonate (CaCO3) is added to improve the material’s mechanical 

properties. The temperature and injection pressure changes can affect the mate-

rial’s mechanical properties. This research uses a factorial design methodology 

with two replications to investigate the interaction effect of the CaCO3 composi-

tion, injection temperature, and injection pressure on recycled HDPE's tensile 

strength and hardness. The results showed that the interaction between the CaCO3 

composition and temperature, the CaCO3 composition and pressure, and temper-

ature and injection pressure increase the value of tensile strength. The interaction 

among the three independent variables at a high level has the most influence on 

tensile strength. The hardness value is influenced by the interaction between the 

CaCO3 composition and temperature, the CaCO3 composition and pressure, and 

temperature and injection pressure at all levels. The presence of CaCO3 has the 

most significant effect on the specimen’s hardness. However, the interaction with 

temperature and pressure reduces the effect of CaCO3 in increasing the hardness 

value. 
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High-Density Polyethylene (HDPE) is a thermoplastic polymer made from petroleum. 
It is the largest constituent of plastic waste and is required to be recycled. The mechan-
ical properties of recycled HDPE (rHDPE) are not the same as those of non-recycled 
HDPE. According to Tesfaw et al., the tensile strength of rHDPE is inferior to that of 
non-recycled HDPE [1]. The use of rHDPE as a mixture of non-recycled HDPE leads 
to an increase in manufacturing efficiency and reduces the extraction of non-recycled 
material. Manas et al. stated that the higher the percentage of rHDPE mixed with non-
recycled HDPE, the lower the hardness value of the mixture [2]. To overcome the de-
crease in tensile stress of a mixture of non-recycled HDPE and rHDPE, calcium car-
bonate (CaCO3) can be added to the mixture. CaCO3 is one of the calcium salts that can 
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be found in natural stone and limestone. The CaCO3 has been added to fill thermoplas-
tics for different applications in automotive, packaging, and construction [3, 4].  
Previous research has been conducted to investigate the influence of CaCO3 composi-
tion on HDPE. The tensile strength and ductility of the compound decrease as the per-
centage of CaCO3 increases in the range of 5 to 20 percent [5]. And according to Kherici 
et al., the stiffness of the HDPE decreases with the addition of CaCO3 from 10 to 35 
percent [6]. In contrast, the research by Awan et al. showed that the addition of CaCO3 
in the range of 5 to 10 percent shows a significant improvement in mechanical results 
and results in an increase in tensile strength, toughness, impact strength, and hardness 
[7]. Alshammari et al. also reported that the tensile, flexural, and Izod impact strengths 
are improved as a function of CaCO3 and fumed silica fillers loading in the HDPE ma-
trix [8]. This research investigates the influence of CaCO3 in the range of 5 to 25 percent 
In addition, the increase in the percentage of nanoscale CaCO3 from 5 to 20 percent 
increases the impact strength but does not decrease the yield strength of HDPE [9]. 
Some researchers investigated the influence of the injection molding process parame-
ters on the mechanical properties of the HDPE. Parameters of the injection molding 
process that can be varied are temperature, injection pressure, injection time, holding, 
and cooling time. The effect of the injection temperature and pressure on the mechani-
cal properties of the HDPE is significant. Meanwhile, the injection time, the holding 
time, and the cooling time affect the production time. Zhu et al. stated that higher tem-
perature and injection pressure increases tensile strength value [10]. Karagöz and Tuna 
found that a higher melting temperature decreases the strength of tensile and bending 
[11].  
Other research has been conducted to investigate the influence of CaCO3 on recycled 
HDPE. Atikler et al. found that the tensile strengths of CaCO3-filled compounds show 
a decreasing trend as the filler loading increases in the range of 10 to 40 percent [12]. 
The research by Ngothai et al. shows that the tensile strength of the mixture of non-
recycled HDPE and rHDPE is slightly affected by the particle size of CaCO3, where 
the smaller the size, the greater the tensile strength [13]. In addition, the tensile strength 
of the composites tends to increase with the increase of CaCO3 in the range of 10 to 40 
percent.  
According to the literature, the mechanical properties of HDPE and rHDPE are influ-
enced by the composition of CaCO3 and various process parameters of injection mold-
ing. The results of previous studies indicate that there are different conclusions about 
the effect of CaCO3 on the mechanical properties of HDPE and rHDPE. In addition, it 
is important to understand the influence of the CaCO3 composition and injection mold-
ing process parameters interaction to improve the mechanical properties of the rHDPE, 
as the interaction among them may bring different effects compared to the influence of 
each of them. This research aims to investigate the interaction effect of CaCO3 com-
position, injection temperature, and injection pressure on the tensile strength and hard-
ness of recycled HDPE.  
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2 Materials and Methods 

The rHDPE used in this research is made of pure HDPE HD5218EA plastic pellets that 
had been processed by using an injection molding machine, as shown in Figure 1. The 
pure HDPE plastic pellet has a melt flow index of 18 g/10 min and a 950 kg/m2 nominal 
density. The pure HDPE material is heated until it is softened, injected into a mold in 
the shape of the desired final object, and then cooled until it solidifies again. The injec-
tion temperature used to produce the rHDPE is 160 °C and the injection pressure is 150 
bar. The final object of the injection molding process is a tensile test specimen accord-
ing to ASTM D638, as shown in Figure 2 [14]. After that, the tensile test specimen 
made of HDPE is cut into small pieces by using a crusher machine to produce the re-
cycled HDPE material. The crusher has a 7.5 mm mesh to ensure that the rHDPE size 
becomes smaller than 7.5 mm. 

 
Fig. 1. Injection molding machine. 

Fig. 2. Tensile test specimen. 
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The type of CaCO3 used in this research is Precipitated Calcium Carbonate. Before the 
experiment began, CaCO3 was crushed into powder form. The weight of CaCO3 and 
rHDPE is measured by using a digital scale according to the investigated composition 
of CaCO3 and rHDPE. Then, the CaCO3 is mixed with the small piece of rHDPE using 
a mixer until they are mixed evenly. The investigated values of the CaCO3 composition 
are 10%, 20%, and 30%. This value is determined based on the preliminary experiment 
result. The preliminary experiment showed that the composition of CaCO3 up to 30 % 
increases the tensile strength and hardness of the rHDPE. However, the CaCO3 com-
position above 30 % reduces the tensile strength and increases the hardness of the 
rHDPE. 
The injection temperature values investigated in this research are 140 °C, 150 °C, and 
160 °C. This lowest value is determined based on the melting temperature of HDPE, 
which is 130 °C. The highest temperature used is 160 °C to ensure that the injection 
molding process uses the lowest energy for heating. The injection pressure parameter 
values used in the research are 115 bar, 130 bar, and 145 bar. Based on the preliminary 
experiments, the use of a pressure of 100 bar resulted in poor specimens because the 
melted rHDPE had not fully filled the cavity and instead blocked the runner. The use 
of an injection pressure value of 160 bar for injection temperatures ranging from 150 
°C to 170 °C produces flashing because the clamping force cannot hold the pressurized 
melted rHDPE inside the cavity. 
This research uses factorial design methodology with two replications to find the effect 
of the interaction of CaCO3 composition, injection temperature, and injection pressure 
on the tensile strength and hardness of rHDPE. The response variables of this research 
are tensile strength and hardness. The independent variables are CaCO3 composition, 
injection temperature, and injection pressure. The values of each independent variable 
are divided into three levels. The values for each level are shown in Table 1. The re-
search conducts 33 x 2 equal to 54 experiments to print 54 tensile test specimens ac-
cording to ASTM D638, as shown in Figure 2. 

Table 1. Value of each independent variable. 

Parameters Levels 
Low Middle High 

CaCO3 percentage (%) 10 20 30 
Injection temperature (°C) 140 150 160 

Injection pressure (bar) 115 130 145 

The tensile strength value of each specimen is measured using a Universal Testing Ma-
chine GT 7001-L30 universal testing machine manufactured by GOTECH Testing Ma-
chines Inc. The hardness value of each specimen is measured using the Shore D du-
rometer according to the ASTM D2240 standard for the hardness test [14]. The durom-
eter has a range between 0 and 100 HD with 0.5 HD resolution. 
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3 Results and Discussion 

The average tensile strength value of the specimens that are injected using various val-
ues of CaCO3 composition, injection temperature, and injection pressure are shown in 
Table 2. The data is analyzed using Analysis of Variance (ANOVA) to determine the 
effect at each independent variable value. Then, the result of the experiment is followed 
up by an experiment geometry analysis to determine the quantitative effect of the inter-
action of the parameters. The experiment geometry is carried out to calculate the mag-
nitude of the effect on the response variable influenced by the value change of the in-
teraction between or among the independent variables. 

Table 2. Average tensile strength value. 

Temperature Pressure 10% CaCO3 20% CaCO3 30% CaCO3 
140 °C 115 Bar 11.44 11.02 11.23 
140 °C 130 Bar 10.82 11.29 10.96 
140 °C 145 Bar 10.90 11.21 10.79 
150 °C 115 Bar 11.66 11.94 10.60 
150 °C 130 Bar 11.65 11.26 12.49 
150 °C 145 Bar 11.50 12.14 13.29 
160 °C 115 Bar 11.77 11.07 11.81 
160 °C 130 Bar 11.89 11.31 12.82 
160 °C 145 Bar 10.95 11.83 14.47 

 
Based on the results of the ANOVA analysis in terms of the tensile strength response, 
the interaction of the CaCO3 composition - temperature, CaCO3 composition - injection 
pressure, and the interaction of the CaCO3 composition – temperature – injection pres-
sure has a significant influence on the tensile strength of the specimen. However, the 
interaction of temperature with injection pressure has a less significant effect. 
The results of the experiment geometry calculation for tensile strength are shown in 
Figure 3. The interaction value shows that the increase or the decrease in tensile strength 
value is caused by the interaction of two or three independent variables for each level.  
The figure indicates a result similar to that of the result of ANOVA analysis. The inter-
action between the CaCO3 composition and temperature, the interaction between the 
CaCO3 composition and pressure, and the interaction between temperature and injec-
tion pressure increase the tensile strength value. In each interaction, the CaCO3 com-
position only increases the tensile strength value at medium to high levels. The highest 
increase in tensile strength is influenced by the interaction between the three independ-
ent variables at a high level. The interaction between the three independent variables at 
a high level increases the value of tensile strength by 1.55. 
The increase in the percentage of CaCO3 increases the value of tensile strength because 
the presence of CaCO3 increases the degree of crystallinity degree and the entropy of 
crystallization of rHDPE [16]. As a result, it increases the strength of the molecular 
bonds of the rHDPE. The presence of CaCO3 also increases the density and increases 
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the interaction between materials [17]. Consequently, the tensile strength increases. 
However, the interaction between CaCO3 and other process parameters at a low level 
decreases the tensile strength value. At a low level of temperature, the crystalline ratio 
decreases and the molecular bonds of the rHDPE with CaCO3 are weakened [11]. At a 
low injection pressure level, the molecular structure between CaCO3 and rHDPE is less 
dense than that at high-level pressure [18].  
 

Fig. 3. Interaction value of the tensile strength. 
 
Table 3 shows the average hardness value of the specimens that are injected using var-
ious values of the composition of CaCO3, the injection temperature, and the injection 
pressure. The result of ANOVA shows that only the interaction of the CaCO3 compo-
sition with temperature significantly influences the hardness of the specimen. The in-
teraction of the CaCO3 composition with temperature increases the hardness of the 
specimen by 2.16. Meanwhile, the other interactions have a less significant effect. 

Table 3. Average hardness value. 

Temperature Pressure 10% CaCO3 20% CaCO3 30% CaCO3 
140 °C 115 Bar 45.75  49.75  50.92  
140 °C 130 Bar 46.42  48.50  49.08  
140 °C 145 Bar 46.50  49.42  50.33  
150 °C 115 Bar 47.17  49.33  51.00  
150 °C 130 Bar 47.25  49.83  50.97  
150 °C 145 Bar 46.67  49.17  50.92  
160 °C 115 Bar 46.33  48.23  48.92  
160 °C 130 Bar 46.08  47.51  51.25  
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160 °C 145 Bar 46.92  49.83  52.50  

 
Figure 4 shows the results of the experiment geometry calculation for the specimen’s 
hardness. The interaction value indicates the influence of the interaction of two or three 
independent variables for each level on the hardness value. The figure shows that the 
interaction between the CaCO3 composition and temperature, the interaction between 
the CaCO3 composition and pressure, and the interaction between temperature and in-
jection pressure at all levels increase the hardness value. The increase of the hardness 
is influenced by the interaction among the three independent variables only at medium 
and high levels. 
The presence of CaCO3 has the most significant effect on the specimen’s hardness. 
CaCO3 has a higher density compared to HDPE material. Therefore, CaCO3 as a filler 
increases the density of the rHDPE specimen and the interaction between the materials. 
As a result, the increase of CaCO3 percentage increases the hardness value. However, 
the interaction with temperature and pressure reduces the effect of CaCO3, as the crys-
talline ratio, the molecular bonding between CaCO3 and rHDPE, and the molecular 
structure of CaCO3 and rHDPE mixture may significantly reduce the effect of CaCO3 
in increasing the hardness value. The interaction with temperature influences the hard-
ness value, as the temperature influences the crystalline ratio and the molecular bonds 
of the rHDPE. In addition, the interaction with injection pressure influences the hard-
ness value because the pressure affects the molecular structure of the CaCO3 and 
rHDPE mixture. 
 

Fig. 4. Interaction value of the hardness. 

4 Conclusions 

This research investigates the interaction effect of the CaCO3 composition, injection 
temperature, and injection pressure on recycled HDPE's tensile strength and hardness. 
The result shows that the interaction between the CaCO3 composition and temperature, 
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CaCO3 composition and pressure, and temperature and injection pressure increase the 
value of tensile strength. The percentage of CaCO3 influences the value of tensile 
strength because the presence of CaCO3 influences the degree of crystallinity degree, 
the entropy of crystallization of rHDPE, the density, and the interaction between mate-
rials. The increase in the percentage of CaCO3 increases the value of tensile strength. 
The temperature affects the crystalline ratio and the molecular bonds of the rHDPE with 
CaCO3. The increase in crystalline ratio and the molecular bonds increases the tensile 
strength. The injection pressure influences the molecular structure between CaCO3 and 
rHDPE. The denser the molecular structure between CaCO3 and rHDPE increases the 
tensile strength. Therefore, the interaction among the three independent variables at a 
high level has the greatest influence on tensile strength. The interaction between the 
three independent variables at a high level increases the value of tensile strength by 
1.55. In addition, the hardness value is influenced by the interaction between the CaCO3 
composition and temperature, CaCO3 composition and pressure, and temperature and 
injection pressure at all levels. The interaction of the CaCO3 composition with temper-
ature increases the hardness of the specimen by 2.16. The presence of CaCO3 has the 
most significant effect on the specimen’s hardness. CaCO3 increases the density of the 
rHDPE specimen and the interaction between the materials. As a result, the presence of 
CaCO3 increases the hardness of the specimen. The temperature affects the crystalline 
ratio of the rHDPE with CaCO3. The decrease in crystalline ratio decreases the hard-
ness. The injection pressure influences the molecular size of CaCO3 and rHDPE. The 
coarser the molecule of the specimen, the less the hardness value of the specimen. 
Therefore, the interaction with temperature and pressure reduces the effect of CaCO3, 
as the crystalline ratio and the molecular bonding between CaCO3 and rHDPE reduce 
the effect of CaCO3 in increasing the hardness value. 
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