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Abstract: Plastic waste is a well-known hazard to the ecosystem due to which many countries are exploring ways 
to mitigate this polymer from the environment. Various plastic wastes are generated after end use in the form of 
plastic bottles, plastic bags, bottle caps, straw, plastic cups, etc. These are generally made up of HDPE, LPDE, 
PP, PET, PS, etc. Therefore, this study focusses to utilise this wastage to make some value-added products. In 
this context, waste plastic bottles and containers made up of polypropylene and high-density polyethylene were 
targeted and shredded into small pieces ranging from 1.4 to 2 mm and mixed with additives in the extruder and 
hydraulic press to make circular sheets that can be used for electrical purposes. During the study, the effect of 
various process parameters on fabricated circular sheet properties such as tensile strength, melt flow index (MFI), 
and thermal conductivity were investigated. The developed non-linear theoretical models were found to be in good 
agreement with the experimental data. The gradient descent method is applied in BBD for estimating the optimum 
condition for fabricating a circular sheet. Under optimum conditions, the tensile strength and thermal conductivity 
were found to be 1535 MPa and 0.0312 W/mK, respectively, for the HDPE circular sheet using extrusion. The 
tensile strength, MFI, and thermal conductivity were determined using a Universal testing machine, melt flow 
tester (ASTM D1238), and Thermal constant analyser based on ASTM D1350.

 Key words: Polypropylene, HDPE, marble slurry, HPMC, melt flow index, thermal conductivity.

Introduction

Several countries are in a developing phase and are 
facing natural resource shortages. Many sustainable 
options are being developed to enhance the growth of 
a country without putting stress on natural resources. 
Recycling of plastic waste is one of the many solutions 
where scientists and researchers are making efforts. 
The plastic waste is being non-biodegradable nature 
is suggested to be a perfect choice as a raw material 
for recycling. Major sources of plastic material are 
packaging films, wrapping materials, shopping and 

garbage bags, fluid containers, etc. It has been noticed 
that plastic waste generation has grown to 400 million 
tonnes in 2019 (Devasahayam et al., 2019). Plastic 
packaging has been reported as an essential consumable 
entity used across the globe (Achilias et al., 2009).

The synergism of the polymers and additives was 
studied at various parameters including processing 
temperature, polymer structure, and mixing ratios 
(Liu et al., 2015; Rao et al., 2019; Şimşek and 
Uygunoǧlu, 2016; Singh et al., 2017, 2016; Sutar et 
al., 2018; Turku et al., 2017). Ugur (2017) reported 
that recycled polypropylene granules undergoing the 
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compounding extrusion process get converted into 
useful reinforcement polymer composite with better 
mechanical and thermal properties (Soy et al., 2017). 
It has been found that 40% mixing of polymer in fibre 
results in better product quality in terms of strength and 
thermal stability (Saba et al., 2015). 

In this study, wastes of HDPE and PP were taken as 
raw materials for the development of electrical circuit 
breaker plates using sustainable approaches by extrusion 
and hydraulic press method. The effect of various 
process parameters of both techniques was understood 
using a Box-Behnken design with a target of high 
tensile strength and melt flow index with low thermal 
conductivity of the prepared electrical circuit breaker. 

Materials and Experimental Methods

Materials
The chemicals such as HPMC (Sigma-Aldrich and LR 
grade) and calcium carbonate (Avarice and LR grade) 
were purchased from ASES Chemical Works Jodhpur, 
India and Sita Chemical Pvt Ltd, India.

Experimental Procedure for Extrusion for Sheet 
Fabrication 
The waste plastic bottles of PP and HDPE were washed 
and shredded to different grain sizes. Thereafter, these 

shreds were mixed under different compositions with 
HPMC and calcium carbonate as additives. The mixed 
material is fed into the extruder via a hopper comprising 
heaters along the barrel. The feed mixture is allowed to 
move forward by rotating the screw speed (rpm ranges 
from 65 to 85 m-1 and L/D ratio of 20:1). The breaker 
plate is attached at the exit of extrudate in order to 
convert the helical motion of the extrudate into the 
linear profile. The extrudate emerging from the die (ϕd 
= 2 mm) is directly sent into the hydraulically attached 
mould system of the circular plate (ϕp = 9.8 cm) and 
gets filled in 2 minutes. The filled mould is allowed to 
cool at room temperature for 5 second. The in-house 
fabricated extrusion setup is shown in Figure 1. The 
range of process parameters under which the extrusion 
is conducted is shown in Table 1.

Sheet Casting Using Hydraulic Ram
The recycled HDPE and PP after converting into scraps 
(grain size: 1.4 to 2.0 mm) were placed in the die with 
additives and filler. The die was allowed to heat to a 
temperature range of 100-200°C for 15 minutes. Once 
the scraps were softened by the action of heating, the 
die was hydraulically pressed under the pressure ranges 
from 120 to 170 psi. The dimension of the die is taken 
for sheet fabrication as thickness (δ) and diameter (fp) 
as 2 mm, and 9.8 cm, respectively. After 15 minutes 

Figure 1: Extrusion process line diagram.
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Table 1: Process parameters range of both process for extrusion and sheet casting 

Extrusion process Sheet casting process
S. No Process parameter for extrusion Value/Range Process parameter for sheet casting Value/Range
1. Temperature (°C) 100 – 120 Temperature (°C) 100 – 200
2. RPM 65-85 min-1 Additives concentration (by weight 

%)
0%-20% 

3. Additives concentration (by 
weight %)

0%-20% Pressure (psi) 170-120 

4. BSS Grain Size 12-8 
or

(2.0 mm-1.40 mm)

BSS Grain Size 12-8
or

(2.0 mm-1.40 mm)

of hydraulic pressing and heating, the sample is taken 
out from the machine and placed immediately into the 
water bath for solidification and dimensional stability. 
Finally, the fabricated circular sheet characteristics 
such as tensile strength, melt flow index, and thermal 
conductivity were estimated using standard methods.

Design of Experiment
In this work, the DOE array was created using the 
Box-Behnken design and the variables were coded 
as ±1 (–1 for lowest and +1 for highest), and zero 
(0) for centre points. Response surface methodology 
comprising 4 factors, 3 responses and 2 blocks were 
taken for 29 experimental runs. The experiments were 
conducted as per the developed design. The responses 
in terms of tensile strength, melt flow index and thermal 
conductivity of recycled HDPE/PP were measured for 
all 29 runs as shown in Tables 2 and 3 for extrusion 
and hydraulic press method.

Results and Discussion

Non Linear Regression and ANOVA
The non-linear regression model for tensile strength, 
melt flow index and thermal conductivity were fitted 
from DOE data using BBD design (Tables 2 and 3). The 
fitting is done using nonlinear regression technique by 
minimisation of the sum of square errors. The model 
was fitted as per Equation 1. 

Y = b0 + b1× A + b2 × B + b3 × C + b4 × D + b11 × A2+ 
b22 × B2 + b33 × C2 + b44 × D2+ b12 × AB + b13 × AC 
+ b14 × AD + b23 × BC + b24 * BD + b34 * CD		
			  (1)

The operating variables such as temperature, 
screw speed, grain size and additive concentration 
are represented by A, B, C, and D, respectively for 
the extrusion process whereas the operating variable 

namely press temperature, hydraulic pressure, grain 
size, and additive concentration are illustrated by α, β, 
γ, and ϕ, respectively, for sheet casting press process. 
The regression equations of responses as a function 
of independent experimental variables are shown by 
Equations 2 to 13 for coded units as follows: 

Extrusion Process for HDPE

Tensile strength (TS) = 1731.80 + 136.17A – 7.75B + 
136.83C – 129.08D – 33.77A2 – 104.65B2 – 45.78C2 – 
494.65D2 + 10.25AB + 70.75AC + 37.50AD + 78.50BC 
– 30.50BD + 8.75CD	 (2)
Melt flow index (MFI) = 3.55 + 0.434 – 0.23 B + 0.39 
C – 0.86 D – 0.35a2 – 0.12B2 – 0.39 C2 – 0.073 D2 + 
0.25 AB – 0.029AC + 0.12 A D – 0.068 BC + 0.19BD 
– 0.25CD		 	 (3)

Thermal Conductivity (TC) = 0.51 + 0.254 – 0.032B 
– 0.013 C – 0.057 D – 0.23 A2 + 4.112E – 003 B2 + 
0.019 C2 + 0.026 D2 – 8.255E – 003AB + 0.0164C – 
0.0434B + 0.036BC – 0.042BD + 0.019CB	 (4)

Extrusion Process for PP

Tensile strength (TS) = 1311.60 + 134.75A – 18.08B 
+ 70.75C – 91.08D + 5.12 A2 – 19.38B2 – 24.63C2 
- 425.88D2 + 73.00AB - 4.75AC + 23.75BC -0.50BD 
+16.75CD			  (5)

Melt flow index (MFI) = 4.15 + 0.354 – 0.19B + 0.36C – 
0.99D – 0.38A2 – 0.14B2 – 0.38C2 – 0.13D2 + 0.32AB 
+ 0.0154C – 0.0974 D + 0.049BC + 2.300E – 003BD 
– 0.29CD			  (6)

Thermal Conductivity (TC) = 0.35 + 0.164 – 0.016 B – 
5.539E – 003 C – 0.061 D – 0.15 A2 – 6.939E – 003 B2 
– 0.013 C2 – 0.044 D2 – 0.0124 B + 0.010 AC – 0.054 
A D– 0.027 BC – 0.041 BD + 3.650E – 003CD        (7)
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Sheet Casting Process for HDPE
Tensile strength (TS) = 862.00 + 353.71a + 44.58b + 
23.96g + 206.25f – 201.83α2 + 50.61b2 + 43.16g2 + 
203.60f2 + 32.00ab + 9.88ag + 164.25af + 1.75bg + 
55.00bf + 37.00gf		 (8)

Melt flow index (MFI) = 1.31 + 1.04a + 0.087b – 0.25g 
+ 1.00f – 0.22a2 + 0.63b2 + 0.53g2 + 0.78f2 + 0.11ab 
– 0.14ag + 0.91af + 0.61bg - 0.054bf + 0.50gf	 (9)

Thermal conductivity (TC) = 0.38 + 0.23a + 0.016b 
+ 0.013g + 0.022f – 0.14a2 + 0.027b2 + 0.033g2 + 
0.032f2 – 9.500E – 004ab – 0.013ag + 0.011af + 
6.875E – 003bg – 0.025bf + 0.054gf	 (10)

Sheet Casting Process for PP
Tensile Strenth(TS) = + 715.00 + 259.96a + 39.33b + 
45.63g + 179.42f – 181.17a2 + 85.15b2 + 59.21g2 + 
183.602f2 - 12.75ab + 52.87ag + 118.57af – 9.50bg 
+ 10.25bf + 75.0gf	 (11)

Melt flow index (MFI) = + 2.32 + 1.38a + 0.25b – 0.15g 
+ 0.97f – 0.67a2 + 0.51b2 + 0.81g2 + 0.54f2 + 0.19ab + 
8.600E – 003ag + 0.67af + 0.45bg – 0.11bf – 1.550E 
– 003gf			  (12)

Thermal conductivity (TC) = + 0.28 + 0.18a + 0.020b – 
3.909E – 003g + 0.040f – 0.11a2 + 0.055b2 + 0.032g2 + 
0.040f2 + 0.024ab + 1.952E – 003ag – 3.240E – 003af 
+ 5.275E – 0030bg – 0.033bf + 0.034gf	 (13)

The developed theoretical model of each response 
for both processes is found in well agreement with the 
experimental data as shown in Figures 2 to 7 since the 
R2 value ranges between 0.920 and 0.984. 

ANOVA is applied to determine the significant 
parameters for responses. It is found that barrel 
average temperature and grain size affect synergistic 
significantly on the tensile strength of fabricated 
circular disk made from recycled HDPE and PP by 
extrusion process. However, additive concentration 
affects significantly in an antagonistic manner. The 
barrel temperature is high enough to melt recycled 
polymer scrap of different grain sizes which in turn is 
uniformly mixed with additives. Moreover, the screw 
to barrel diameter ratio is approximately one which 
creates extreme stress and aids the mixing phenomena 
as a result tensile strength increases. 

The ANOVA analysis for MFI and thermal conductivity 
were conducted and it was observed that average barrel 
temperature (A), and additive concentration (D) have 

Figure 2: Predicted tensile strength (MPa) versus actual tensile strength (MPa) for (a) HDPE, and (b) PP using extrusion.
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Figure 3: Predicted MFI (g/10 minute) versus actual MFI (g/10 minute) for (a) HDPE, and (b) PP using extrusion.

Figure 4:  Predicted thermal conductivity (W/m. K) versus actual thermal conductivity (W/m. K)  for  
(a) HDPE and (b) PP using extrusion.
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Figure 5: Predicted tensile strength (MPa) versus actual tensile strength (MPa) for (a) HDPE, and (b) PP using 
hydraulic press.

Figure 6: Predicted MFI (g/10 minute) versus actual MFI (g/10 minute) for (a) HDPE, and (b) PP using casting process.
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significant effect on MFI and thermal conductivity. 
The former is synergistic whereas the latter contributes 
antagonistically to the responses. It was also evident 
from the ANOVA study that grain size (C) affects MFI 
significantly however it has insignificant behaviour 
on thermal conductivity. Thermal conductivity is the 
intrinsic property that is independent of the dimensions/
mass/etc of the body. Therefore, grain size (C) does 
not contribute to the thermal conductivity. Similarly, 
ANOVA was applied during the fabrication of circular 
disk using recycled HDPE as well as PP by hydraulic 
press sheet casting process. It was found that moulding 
press temperature (α), hydraulic gage pressure (β), and 
additive concentration (ϕ) had significant synergistic 
effects on the tensile strength of fabricated circular disk. 

The significant contributory factor for MFI was found 
to be moulding press temperature (α) and, additive 
concentration (ϕ). These factors resembled a synergistic 
effect on MFI however, another contributory factor grain 
size (γ) had an antagonistic effect on MFI. The probable 
reason is that on increasing the moulding temperature, 
the viscosity of the polymer melt decreases as per the 
Arrhenius equation depicted in Equation 14:

		 � � k e
E
RT

1

0 	 (14)

where η is the viscosity of the polymer melt, k1 is the 
constant, E0 stands for activation energy, R is the gas 
constant and T is the moulding temperature. As a result, 
the MFI gets increased under fixed load conditions 
which can be understood by the relation as follows: 

		  MFI � �4 98 10
4

.  L�
�

 	 (15)

The ANOVA was also conducted for thermal 
conductivity and it was found that the significant 
contributory parameter was α among all the individual 
parameters whereas for binary interaction the major 
contributory parameters were found to be α2, γ2, and ϕ2. 

The percentage contribution of all the significant 
parameters is shown in Figures 8-11 for Tensile strength, 
MFI, and thermal conductivity for sheets fabricated 
using an extrusion process. Whereas, for the hydraulic 
press process, it is depicted in Figures 12 to 15. The 
SEM image of fabricated HDPE circular sheet using 
extrusion and hydraulic press are shown in Figures 10 
and 14, respectively.

The percentage contribution of all the significant 
parameters such as tensile strength, MFI and thermal 
conductivity for fabricated circular sheets using the 
extrusion process are discussed thoroughly in this 
study. It is observed from Figure 8 that the positive 

Figure 7:  Predicted thermal conductivity (W/m. K) versus actual thermal conductivity (W/m. K) for (a) HDPE and 
(b) PP using casting process.
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Figure 8: Percentage contribution on tensile strength for extrusion process (a) HDPE and (b) PP.

Figure 9: Percentage contribution on melt flow index for extrusion process (a) HDPE and (b) PP.
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contribution of average barrel temperature (A) on the 
tensile strength of sheets fabricated from HDPE and 
PP was found to be 5.7% and 8.2%, respectively, 
whereas the maximum contribution on tensile strength 
was observed by the binary interaction D2 of value 

81.9% for PP sheet. On the other hand, the antagonistic 
behaviour of the additive concentration (D) may be 
attributed 3.7% on tensile strength. The probable reason 
for the antagonistic relation with tensile strength may be 
understood as loading of CaCO3 may generate residual 

Figure 10: SEM image of HDPE circular sheet fabricated using extrusion.

Figure 11: Percentage contribution on thermal conductivity for extrusion process (a) HDPE and (b) PP.
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Figure 12: Percentage contribution on tensile strength for casting process (a) HDPE and (b) PP.

Figure 13: Percentage contribution on Melt flow index for casting process (a) HDPE and (b) PP.
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Figure 14: SEM image of HDPE circular sheet fabricated using hydraulic press.

Figure 15: Percentage contribution on thermal conductivity for casting process (a) HDPE and (b) PP.



62	 Ritu Chaudhary et al.

stresses during the interfacial de-bonding mechanism 
which reduces the energy absorption capability of the 
matrix polymer casted sheet (Peng et al., 2021).   

From Figure 9, it is found that the percentage 
contribution on MFI of the casted HDPE sheet using 
extrusion is 11.8% synergistically by the design variable 
average Barrel temperature. It is also observed that out 
of all four process variables, the additive concentration 
(D) contributes a maximum of 46.1% antagonistically 
on MFI for casted sheets fabricated from HDPE. This 
negative behaviour on MFI may be understood as on 
increasing the content of additive (calcium carbonate+ 
HPMC) the composite viscosity increased due to 
the formation of agglomerates in the matrix which 
ultimately reduces the melt flow index (MFI) of the 
composite sheet (Chaudhary et al., 2021). The same 
reason can be attributed from the captured SEM images 
as depicted in Figure 10. 

From the study, it was found that the thermal 
conductivity of fabricated circular was affected 
positively by the average barrel temperature (A) of 
the extrusion machine and contributed a maximum 
of 49.0% as compared to other process variables on 
thermal conductivity for HDPE sheet. However, an 
interesting finding observed that its square interaction 
(A2) has an antagonistic effect on thermal conductivity. 
The reason for the antagonistic effect of the square of 
barrel temperature (A2) is due to non linear relation of 
thermal conductivity and temperature. However, this 
opposite relation still needs more research for better 
understanding. 

Process Optimisation 
The optimum condition was determined using optimiser 
tool in BBD and the obtained results are shown in 
Table 4. It is found that the theoretically estimated 
characteristics of a circular sheet made from waste 
HDPE and PP by using extrusion and hydraulic methods 
are in good agreement with the experimental values. 

  Conclusion

In this study, the wastes HDPE and PP were successfully 
utilised for the fabrication of circular sheets using 
extrusion and hydraulic press methods. The Box-
Behnken design is adopted in order to determine the 
effect of process parameters on the desired properties 
such as tensile strength, MFI and thermal conductivity of 
circular disk applicable for electric circuit breaker plate. 
The developed non-linear second-order mathematical 
models are within the close approach to the experimental 
data. From the study, it was found that average barrel 
temperature affects synergistically on tensile strength 
for HDPE and PP sheets. It was also found that this 
factor also influences the MFI to 11.8% and 6.8% 
for HDPE and PP circular sheets. It was observed 
that on increasing the barrel temperature, the thermal 
conductivity gets affected synergistically. A similar 
finding was observed for circular disk fabricated by 
the hydraulic press method. The sheet fabricated using 
the extrusion process is found to be more competent 
as compared to the hydraulic press method since 
under optimum conditions the estimated properties of 

Table 4: Optimised conditions of the extrusion process and hydraulic press process parameters 

Extrusion operating parameters Extrusion responses

HDPE & PP TS(HDPE), MPa MFI (HDPE), g/10 min  T C(HDPE), W/mK

Temperature (°C) 100 Optimised Experimental Optimised Experimental Optimised Experimental 

RPM (m/s) 83 1505.71 1535.49 2.172 2.5689 0.028 0.0312 

Size (mm) 1.40  TS(PP)  T C (PP)  MFI (PP)

Composition (%) 12.55 1097.63 1068.74 2.60 2.45 0.021 0.0286 

Hydraulic press operating 
parameters

Hydraulic Press responses

HDPE & PP TS(PP), MPa MFI (PP), g/10 min T C(PP), W/mK

Temperature (°C) 145 Optimised Experimental Optimised Experimental Optimised Experimental 

Pressure (psi)  132 827 836 0.842 0.819 0.3201 0.2972 

Size (mm) 1.70  TS(PP)  T C (PP)  MFI (PP)

Composition (%) 15 669.38 645.75 1.8217 1.6980 0.2669 0.2234 
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the circular sheet are under the desired range by the 
extrusion method. Moreover, the thermal conductivity 
of sheets ranges from 0.028 to 0.031 W/mK for PP 
and HDPE respectively using extrusion whereas it 
ranges from 0.223 to 0.297 W/mK for PP and HDPE 
respectively using the hydraulic press method. Overall, 
both methods were found to be effective and have great 
potential in managing polymeric waste for developing 
value-added products and finally reducing the burden 
on the environment. 
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