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Abstract 
 
   The present study analyzes the important characteristics of plastic injection molding machining process. The polypropylene 
(PP) material has used as a specimen and effect of melt temperature, packing pressure and injection pressure has been 
investigated on the tensile modulus and elongation. Total 20 experiments have been performed to analyses the results. Response 
surface methodology (RSM) was adopted for optimization of injection molding process parameters. The experiments were 
conducted by using central composite design. The analysis of variance (ANOVA) techniques was used for selection of 
significant and non-significant parameters. The experimental results show that the RSM influence elongation by 87.04%, 
11.52%, 1.43% and tensile modulus by 85.35%, 11.4%, 3.25%.  
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1. Introduction 
 
   Injection molding process is widely used manufacturing process for high capacity making of plastic products at low 
manufacturing cost. The injection molding process, a high-pressure raw material has added into the mold. Subsequently, under 
high pressure, the fluid solidifies while cooling.  Changyu et al. (2007) have presented an artificial neural network and genetic 
algorithm approach for optimization of process parameters to produce plastic parts by using an injection molding process. The 
developed hybrid algorithm model has showed the improvement in the volumetric shrinkage and optimum machining condition. 
Kumar et al. (2013) and Tidke et al. (2014) performed the experiments to improve the output by controlling the input parameters. 
The design of experiment methodology was adopted to find the optimum value of input parameters. Stanek et al. (2011) 
investigated the injection molding process parameters to reduce the defect. The parameters used were input velocity, displacement, 
pressure, fill time, packing pressure, cooling time and total time. It was found that the developed system was a very effective 
method to optimize help in eliminating defects. Dang et al. (2014) have reviewed the different controlling parameter and 
optimization approaches for plastic injection molding process to obtain the maximum output during the production of plastic parts. 
   Kramar et al. (2010) have proposed a fuzzy expert methodology for determine the mechanical properties of parts, fabricated by 
the injection molding process. The fuzzy approach was optimized using particle-swarm optimization to predict the mechanical 
properties of molded parts. Masato et al. (2017) focused on the influence of injection molding processing parameters on the 
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dimensional accuracy of the polymer composite. A reduction in shrinkage was taken into reflection by studying process parameters 
on dimensional accuracy. Oliaei et al. (2016) performed experiments to analysis the shrinkage and warpage of the hip liner’s 
UHMWPE, reinforced with nano-hydroxyapatite fabricated by the injection molding process.  Kavade et al. (2012) and Lin et al. 
(2008) applied Taguchi’s methodology to optimize the input parameters for injection molding process for polypropylene as the 
molding material. The methodology could serve in minimizing the cost to the customer by enhancing quality and production 
aspects. Park et al. (2014) presented the relations among process parameters and response variables, including clamping force and 
warpage. The parameter was optimized by the response surface methodology (RSM) approach. Through optimal-solution 
derivation, it can be observed that energy consumption and product quality can be simultaneously optimized. Sorgato et al. (2017) 
have analyzed the effects of ejection force on the machined cavity texture. For the same two cavity surfaces were machined by 
micro milling and micro EDM process and effects of ejection forces were investigated.  
   Rajendra et al. (2018) developed L16 orthogonal array to perform the experiments. The effect of injection molding machining 
parameters investigated on dark spot and short shots (defect). It was found that the response surface methodology has a significant 
tool to find the significant parameters. Azdast et al. (2019) has attempted to optimize the defects during the injection molding 
machining process. The response surface methodology has been adopted to analyses the volumetric shrinkage. The regression 
model and the interaction plots between the parameters have also been shown in the present work.  Goyal et al. (2020) has used 
RSM approach to identify the significant and non-significant parameters for advance machining process. Manufacturing of precise 
components by effective utilization of the machining process is a challenging task. The objective of present work is to analyse the 
effect of melt temperature, packing pressure and injection pressure on the tensile modulus and elongation during the injection 
molding process by response surface methodology approach. The present work is focused on establishing an effective optimal 
procedure for approaching the optimal process conditions by using the quadratic model of response surface methodology. The 
significant parameters were identified by the analysis of variance methodology (ANOVA).  
 
2.  Materials and methodology 
 
   Injection molding process is a recurring process for producing identical components from a master mold and most widely used 
for production of plastic parts. Polypropylene (PP) material is used for present experimental work and a dumble shaped standard 
specimen is used for the same. The CAD drawing of the specimen is shown in Figure 1. The polypropylene material has property 
of high tensile strength, good water absorption, chemical resistance and low density. It is low cost materials that uses for 
fabrication of plastic and fiber products in automotive manufacturing and aerospace sector. The effects of injection molding 
parameters such as melt temperature, packing pressure and injection pressure have been analyzed. The tensile modulus and 
elongation were determined using a universal testing machine (UTM). The specimens were measured/tested by the universal 
testing machine (Tinius Olsen make and model no-SL series has used).  This machine is available at the CIPET itself.  The 
measured values were continuously recorded by software. The slow loading rate of 0.5 mm/s has applied and high loading rates of 
900 mm/s at room temperature (25°C) has been used. The measured value of tensile modulus and % elongation was scrutinized by 
using MiniTab 17 software. The selected process parameters and their levels are presented in Table 1.  
    

 
 

 

Figure 1. CAD model of a specimen 
 
   The working process of injection molding machine is shown in shown in Figure 2.  RSM is a collection of statistical and 
mathematical methods that is useful for modeling and analyzing engineering process. The main objective of RSM is to optimize 
the response surface that influenced by various process parameters. RSM also quantifies the relationship between the controllable 
input parameters and the obtained response surfaces. The rotatable RSM approach is a rotatable design that provides response 
information of the same precision at all points equidistant from the design origin. It is eminently sensible to gather information that 
is equally good in all directions at the same distance from the centre of the design. An effective alternative to factorial design is 
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central composite rotatable design (CCRD). It gives almost as much information as a three-level factorial, which requires many 
fewer tests than the full factorial design and has been shown to be enough to describe most steady-state process responses. Hence 
in this study, it was decided to use CCRD to design the experiments. The same approach has been used for the present 
experimental work. The rotatable design has been obtained for melt temperature, packing pressure and injection pressure to 
analysis the elongation and tensile modulus. 
 

Table 1. Range and level of process parameters 
Levels Parameters 

-1 0 1 
Melt Temp (°C) 190 220 250 
Packing Pressure (psi) 50 90 130 
Injection Pressure (psi) 80 120 160 

 
 

 
Figure 2. Injection molding machine set up 

 
3. Results and Discussion  
3.1 Analysis of elongation  
The orthogonal array of experimental run and measured values for responses i.e. tensile modulus and elongation has presented in 
Table 2. Figure 3 shows the surface plot of elongation vs packing pressure and injection pressure. In the present work, packing 
pressure (X-axis) and injection pressure (Y-axis) are the independent variables, and the effect of these parameters investigated on 
Elongation. It is observed that elongation decreases linearly as the packing pressure is increased and as in case of injection 
pressure, elongation achieves a high point before decreasing again as keep on increasing the injection pressure. However, it is 
known that high injection pressure (185 psi) and packing pressures (155 psi) causes overflowing and flash. 

 
Table 2. Design of experimental matrix and experimental results 

S. no Melt temp. 
(0C) 

Packing  
Pressure (psi) 

Injection  
Pressure (psi) 

Elongation  
(cm) 

Tensile  
modulus (MPa) 

1 -1 -1 -1 28.79 41.88 
2 1 1 -1 8.80 10.61 
3 1 -1 1 15.74 16.34 
4 -1 1 1 18.44 25.87 
5 0 0 0 24.33 35.31 
6 0 0 0 19.11 22.55 
7 1 -1 -1 9.82 11.90 
8 -1 1 -1 22.37 27.67 
9 -1 -1 1 17.89 22.81 
10 1 1 1 8.23 6.90 
11 0 0 0 20.07 25.10 
12 0 0 0 19.04 23.88 
13 -1.63 0 0 16.88 17.27 
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Table 2 (cont’d). Design of experimental matrix and experimental results 
S. no Melt temp. 

(0C) 
Packing  
Pressure (psi) 

Injection  
Pressure (psi) 

Elongation  
(cm) 

Tensile  
modulus (MPa) 

14 1.63 0 0 6.93 3.25 
15 0 -1.63 0 19.58 24.76 
16 0 1.63 0 14.78 16.82 
17 0 0 -1.63 10.80 16.44 
18 0 0 1.63 11.82 17.38 
19 0 0 0 17.66 21.88 
20 0 0 0 15.99 18.29 

 
   Hence, consider a value that experimentally produces an optimized elongation with no defects to the sample part, i.e., packing 
pressure at 130 psi and injection pressure at 160 psi, giving us an elongation of 33.7%. Figure 4 represents the surface plot of 
elongation vs melt temp. & injection pressure. It is noticed that the relation between melt temperature & elongation and with 
higher melt temperatures, the elongation tends to decrease. The optimal injection pressure value would be after the peak when the 
elongation starts falling. In addition, the melt temperature can cue braking of flow and ripples in the product. Hence, the most 
optimum will be with not the highest melt temperature (269°C) but the second highest value, i.e., 250°C and the value for injection 
pressure is 160 psi. 
  

 
 

Figure 3. Surface plot of elongation vs packing pressure and injection pressure 
 
   Figure 5 represents the surface plot for elongation vs melt temperature & packing pressure. As observed earlier, the increase in 
packing pressure causes a linear decrease in the elongation and the relationship between melt temperatures, elongation is linear for 
very little time, and then elongation begins to fall as the melt temperature increases (Ali et al., 2018). Based on the experimental 
values, the optimum values of melt temperature and packing pressure for least elongation is 250 °C and 130 psi respectively.   
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Figure 4. Surface plot of elongation vs melt temp. & injection pressure 
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Figure 5. Surface plot for elongation vs melt temperature & packing pressure 

 
3.2 Analysis of tensile modulus 
   The response i.e., the dependent variable is plotted on the Z-axis while the independent variables are plotted in Figure 6 on the x 
and y-axis. In the present case, the tensile modulus is the response to be, measured and packing pressure (X-axis) and injection 
pressure (Y-axis) are the independent variables, the effect of that is observing on the tensile modulus. For an optimum setting, it 
requires a sample that does not undergo deformation quickly. Hence, the value of the tensile modulus should be high. Here, it is 
observed that the packing pressure varies linearly with the tensile modulus and tensile modulus decreases with an increase in the 
packing pressure. Figure 7 shows the surface plot of tensile modulus vs. packing pressure & melt temperature. The response, i.e., 
the dependent variable is plotted on the Z-axis while the independent variables are plotted on X and Y-axis. It seen that the tensile 
modulus is decreasing with growth in the melt temperature and with an increase in packing pressure, the tensile modulus is 
decreasing linearly. The tensile modulus is optimum at 40.51 MPa with a melt temperature of 190°C and 50 psi of packing 
pressure. 

 
 

 
 
 
 
 
 
 

 
 
 

Figure 6. Surface plot of tensile modulus vs packing pressure & injection pressure 
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Figure 7. Surface plot of tensile modulus vs injection pressure & melt temp. 
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   In the given Figure 8, the melt temperature (X-axis) and injection pressure (Y-axis) have been considered as independent 
variables and tensile modulus as the dependent variable (Z-axis). It is observed that tensile modulus remains constant with rise in 
melt temperature for the initial period before declining tremendously with increasing melt temperature. While in the case of 
packing pressure, it increases with a steady curve with increasing injection pressure. 
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Figure 8. Surface plot of tensile modulus vs packing pressure & melt temperature 

   Figure 9 shows the interaction effects of the contour plots showing the interaction effects of the (a) melt temperature and packing 
pressure for the elongation response and (b) melt temperature and packing pressure for the tensile modulus response, while the 
remaining parameters are at their respective centre values  These plots are graphic representation of the relationships among three 
numeric variables in two dimensions which correspond to elongation and tensile modulus as a function of two independent 
variables. 

 
Figure 9. Contour plots showing the interaction effects of the (a) melt temperature and packing pressure for the elongation 
response and (b) melt temperature and packing pressure for the tensile modulus response, while the remaining parameters are at 
their respective centre values.  
 
   The optimum values of various parameters are plotted in ramp function graph and shown in Figure 10. There is a dot mark in the 
ramp function graph that indicates the optimal level of process parameter. The highest desirability value is close to the unity and 
all values lies between 0 and 1. The graph of actual versus predicted DI values was plotted and shown in Figure 11. It is clearly 
visible in the graph that most of the values of DI fall proximity to the centre line indicate the better fitness of model. 
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Figure 10. Ramp function graph of desirability 

 
Figure 11. Predicted vs. actual DI values for elongation and tensile modulus 

3.3 ANOVA analysis of elongation and tensile modulus 
   Table 3 reveals the ANOVA analysis for the elongation response. In order to analyse the results of the experimental designs, 
analysis of variance (ANOVA) has adopted. The ANOVA is used to investigate the relationship between a response variable and 
one or more independent variables. It can be determined if the difference between the average of the levels is greater than what 
could reasonably be expected from the variation that occurs within the level. As for a model P value, if the model P value is very 
small (less than 0.05) then the terms in the model have a significant effect on the response. It is a test that compares a term 
variance with a residual variance. If the variances are close to the same, the ratio will be close to one and it is less likely that the 
term has a significant effect on the response.  In present work as results shown in Table 3, a model F value of 9.08 with a model P 
value of less than 0.0002 suggested that the selected model is significant. A P value for the model term A (the melting 
temperature) also is less than 0.0001, indicating that the model term A is significant. Similarly, the model terms packing pressure 
(B) is also significant. In summary, the terms A and B are significant and C is the nonsignificant parameters. The Table 4 shows 
the ANOVA analysis for tensile modulus. It is seen that the only melt temperature has found the significant (p less than 0.05) 
parameter and packing pressure and injection pressure has found the non-significant parameters.  
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Table 3. Analysis of variance for elongation 
Source DF Adj SS Adj MS F- Value p-Value Significance 
Model 11 565.8 51.436 9.08 0.002 Significant 
Blocks 2 82.346 41.173 7.27 0.016 Significant 
Linear 3 322.161 107.387 18.95 0.001 Significant 
Melt temp.(A) 1 280.417 280.417 49.49 0 Significant 
Packing pressure(B) 1 37.138 37.138 6.55 0.034 Significant 
Injection pressure(C) 1 4.606 4.606 0.81 0.394 Insignificant 
Square 3 109.474 36.491 6.44 0.016 Significant 
A*A 1 51.915 51.915 9.16 0.016 Significant 
B*B 1 0 0 0 0.994 Insignificant 
C*C 1 64.257 64.257 11.34 0.01 Significant 
2 -way interaction 3 51.818 17.273 3.05 0.092 Insignificant 
A*B 1 0.88 0.88 0.16 0.704 Insignificant 
A*C 1 50.909 50.909 8.98 0.017 Significant 
B*C 1 0.029 0.029 0.01 0.945 Insignificant 
Error 8 45.329 5.666    
Lack of fit 5 29.815 5.963 1.15 0.484 Insignificant 
Pure error 3 15.514 5.171    
Total 19 611.129     

R² = 92.58%, R²(adj) = 82.38% 
 

Table 4. Analysis of variance for tensile modulus 
Source DF Adj SS Adj MS F- 

Value 
p-
Value 

Significance 

Model 11 1353.39 123.035 5.14 0.014 Significant 
Blocks 2 246.22 123.112 5.14 0.037 Significant 
Linear 3 799.02 266.34 11.13 0.003 Significant 
Melt temp. (A) 1 681.98 681.979 28.5 0.001 Significant 
Packing 
pressure (B) 

1 91.06 91.057 3.8 0.087 Insignificant 

Injection 
pressure (C) 

1 25.98 25.985 1.09 0.328 Insignificant 

Square 3 239.36 79.787 3.33 0.077 Insignificant 
A*A 1 216.98 216.977 9.07 0.017 Significant 
B*B 1 0.15 0.146 0.01 0.94 Insignificant 
C*C 1 32.13 32.131 1.34 0.28 Insignificant 
2 -way 
interaction 

3 68.78 22.926 0.96 0.458 Insignificant 

A*B 1 0.02 0.022 0 0.977 Insignificant 
A*C 1 58.34 58.339 2.44 0.157 Insignificant 
B*C 1 10.42 10.418 0.44 0.528 Insignificant 
Error 8 191.46 23.932    
Lack of fit 5 102.82 20.563 0.7 0.663 Insignificant 
Pure error 3 88.64 29.546    
Total 19 1544.84     

R² =  87.61%,   R²(adj) = 70.57% 
 
   Finally, confirmation experiments have been performed using predicted optimal process parameters of injection molding to 
confirm the feasibility of the predicted process conditions. The outcomes of the confirmation experiment for optimal packing 
pressure, melt temperature and injection pressure values have been depicted in Table 5. The optimum values of predicted injection 
molding parameters show an improvement in elongation and tensile modulus by 7.92% and 3. 22% respectively. 
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Table 5. Confirmation experiments 
Process 
Parameters 

Melt 
temp. 
(0C) 

Packing 
pressure 
(psi) 

Injection 
pressure 
(psi) 

Elongation 
(cm) 

Tensile 
modulus 
(MPa) 

RSM 130 250 160 7.28  
 50 190 160   
 50 190 80  30.55 
Experimental 130 250 160 8.92  
 50 190 160   
 50 190 80  29.57 

 
4. Conclusion 
 
   In the present work, optimal process parameters were determined for minimum elongation and maximum tensile modulus using 
rotatable response surface methodology approach. The melting temperature, packing pressure and injection pressure were selected 
as input parameters to analyses the elongation and tensile modulus during injection molding process.  

The following points are drawn as conclusions: 
1. Response surface methodology is an efficient optimization methodology in minimizing elongation, maximizing tensile 

modulus of plastic part manufactured by injection molding process.  
2. RSM indicates that melt temperature, packing pressure and injection pressure, influence elongation by 87.04%, 11.52%, 

1.43% and tensile modulus by 85.35%, 11.4%, 3.25% respectively.  
3. Similarly, the most optimum values of the injection molding process parameters were chosen based on values predicted by 

RSM and it was concluded that, the most optimum process parameters for elongation is packing pressure at 130 psi, melt 
temperature at 250 °C and injection pressure at 160 psi to achieve an improvement in elongation of 7.92 %. Similarly, the 
percentage improvement in maximum values of tensile modulus is 3.22% for the corresponding values of optimum process 
parameters 50 psi, 190 °C and 80 psi for packing pressure, melt temperature and injection pressure. 

4. The melt temp and packing pressure has found the significant parameters for the elongation response and for tensile modulus 
only melt temperature is found the significant parameter. 

5. Further study can be performed on the other grade of plastic material to analyses the mechanical properties by other advance 
optimization techniques such as artificial neural network, fuzzy approach, ANFIS etc.  
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