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Abstract 

Present article aims to investigate the effect of nano-clay content, foaming temperature and 

foaming time on the density and cell size of the PVC matrix foam. The cell size would affect 

the insulating and mechanical properties. The foaming temperature is set in three levels of 70, 

80 and 90 °C, foaming time is set in three levels of 10, 20, and 30 seconds; and nano-clay is in 

content of 1, 3, and 5 wt.%. Outputs consist the density and cell size, which affect impact the 

thermal conductivity, mechanical properties and the weight of the polymer foam. In addition 

the Least Absolute Shrinkage and Selection Operator (LASSO) regression method is employed 

in order to improve both the precision and generalization of the estimated foam density and 

cell size as functions of the MMT content, the foaming temperature and the foaming time. 

LASSO is found a suitable approach to predict the sample properties. 
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1. Introduction 

The thermal conductivity is an important characteristic of polymer foam that is very interesting 

in insulation applications in various industries. The thermal conductivity is affected by the cell 

size and the density of the polymer foam. By decreasing the cell size to the micron size (under 

100 μm), the thermal conductivity decreases dramatically [1,2], and leads to manufacture the 

microcellular foam as an efficient insulation material [3]. Sriharsha et al. investigated the effect 

of cell size on thermal conductivity by molecular dynamics and finite element, and concluded 

that thermal conductivity depends on cell size strongly [4].  

There is various method to produce polymer foam, but the mass method one of the most 

effective way to fabricate polymer microcellular foam [5,6]. In this method, the inert gas 

(nitrogen or carbon dioxide) is used as the foaming agent [7-9]. In the microcellular foam, 

when the cell size is lower than critical cracks, the density can be decreased without losing 

significant mechanical properties. The mass method consists generally of three steps: 1- gas 

adsorption, 2- nucleation, and 3- cell growth. In the first step, the sample is suspended in high 

pressure gas vessel to penetrate the gas molecules into the sample to saturate the sample. Then, 

the sample is immerged in hot glycerin with a specific temperature (foaming temperature) at a 

specified time (foaming time) to growth the cells. Finally, the sample is floated in cold water 

to prevent excessive cell growth.        

The insulating properties which affected by cell size and weight (density) two important factors 

in polymer foams, hence manufacturing the foams possesses low cell size and density is 

necessary. nano-fillers are effective materials that are used in polymer foams to affect the 

density and cell size [10,11]. The nano-fillers causes to increase the density by increasing the 

nucleation sites, to decrease the cell size by preventing the excessive cell growth [12,13], and 

to produce homogenous cell size [14,15].  An interesting nano-filler which is used by many 

researchers in polymer foam to produce the foam with suitable cell size and density is nano 

clay [16-18]. Based on previous researches the weight percentage of the nano-clay is an 

effective parameter for the cell size and the density [19-33]. 

Considering the importance of the thermal conductivity, mechanical properties and weight of 

polymer foam, it is necessary to find the relationship between input parameters of the foaming 

process, and the cell size and density. In mass method, the foaming time and foaming 

temperature are effective on cell size and density.       



The Least Absolute Shrinkage and Selection Operator (LASSO) regression method is 

employed in order to improve both the precision and generalization of the estimated foam 

density and cell size as functions of the MMT content, the foaming temperature and the 

foaming time. 

 

2. Problem statement 

The purpose of this research is to study the effect of nano-clay content, foaming temperature 

and foaming time on the density and cell size of the PVC matrix foam. The cell size affects 

insulating and mechanical properties. The foaming temperature was set in three levels of 70, 

80 and 90 °C, foaming time was set in three levels of 10, 20, and 30 seconds; and nano-clay 

was in content of 1, 3, and 5 wt.%. Outputs consist the density and cell size, which affect impact 

the thermal conductivity, mechanical properties and the weight of the polymer foam.  

 

3. Experimental 

3.1. Material 

The PVC with commercial grade of S6558 as the matrix of polymer foam was purchased from 

PGP company. Commercial grades of AIM, and AZ-355, were used as stabilizer and impact 

modifier respectively. The calcium stearate and stearic acid were used as the lubricants. Table 

1 presents the PVC ingredient. The Montmorillonite modified with a quaternary ammonium 

salt purchased from Southeren Clay Products (USA). 

Table 1- The ingredient of PVC. 

Material Amount (phr) 

The powder of PVC 100 

Impact modifier 5 

Stearic acid 0.5 

Stabilizer 5 

Calcium stearate 1 

  



3.2. Sample preparation  

All oaf materials (polymer matrix and filler) were dried in an oven at temperature of 80 °C for 

24 h. The samples were prepared by internal mixer at the temperature of 160 160 °C time of 6 

min, and screw revolution of 60 rpm. The nano-clay was added into PVC matrix in content of 

1, 3, and 5 wt.%. The output of the internal mixer was converted into granules. The 

nanocomposite granules were converted into the sheets with 1mm thickness by hot press 

technique at pressure of 50 MPa, temperature of 175 °C for 50 min. Finally, the sheets were 

cut in 2 mm width.       

   

3.3. Foaming the sample  

Foaming the solid nanocomposites samples were done by mass method. The sample suspended 

in the CO2 vessel at high pressure of 4.5 MPa, temperature of 50 °C for 45 h to penetrate the 

CO2 molecules into solid sample, and the sample is saturated with gas. Then the sample was 

floated at hot glycerin at specific temperature (60-80 °C), and specific time (2040 s) to create 

the air cells. The samples immediately were immersed in water containing the ice to prevent 

excess cell growth and gas escape.          

 

3.4. Design variables (Input parameters)  

The effective parameters which affect the foaming conditions of the nanocomposite samples 

are foaming temperature (T), foaming time (t), and nano-clay content (φ). These three 

parameter were considered as the input parameter. The table 2 present the parameter levels.  

 

Table 2- Levels of variables. 

Variable, code Level 1 Level 2 Level 3 

MMT content, Φ (wt. %)  1 3 5 

Foaming temperature, T 

(°C) 
60 70 80 

Foaming time, t (s) 20 30 40 



 

3.5. Response (Output parameters) 

The foam density (ρ) and cell size (A) have important features in the selection and use of 

polymer foams. In this study, the density and cell size were selected as the responses (output 

parameters). The density of the samples was measured by Archimedes method. To determine 

the cell size, at first, the samples were broken in liquid nitrogen, and the SEM (Scanning 

electron microscopy) images were taken from the fracture surface of the samples. Then, the 

cell size of the samples was determine by image processing software MIP4. Figure 1 shows the 

cell size measurement by MIP4 software.  

  

(a) (b) 

Fig. 1. Cell size measurement by image processing process a) SEM image before image 

processing, b) SEM image after image processing. 

 

4. Numerical studies 

The Least Absolute Shrinkage and Selection Operator (LASSO) is a linear regression method 

for regularized least-squared fits. In order to improve both the precision and generalization of 

regression models, the LASSO is employed for the variable selection and the regularization. 

The main objective of the LASSO method is to reduce the number of the model parameters by 

recognizing the important regressors and removing the redundant and insignificant ones. To 

that end, a penalty function is defined that prevents the sum of the absolute value of the 

regressors from increasing. This may eliminate several regressors from the model. Removing 

unwanted, confounding variables can also protect models against overfittings. Finally, the 

LASSO enhances the interpretability of the fitted models. The LASSO has advantages of both 

https://en.wikipedia.org/wiki/Variable_selection
https://en.wikipedia.org/wiki/Regularization_(mathematics)


the stepwise selection and the ridge regression. Hence, the LASSO may result in not only more 

generalized and parsimonious models, but also more precise models. 

Consider a dataset with N  input-output pairs  ii y,x  . The input has p  covariates as follows: 

 p
T xxx 21=x          (1) 

For the LASSO regression, the following cost function should be minimized: 
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in which  p 21=β . 

Also, the following constraints should be considered: 
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where t  controls the regularization. Therefore, the LASSO regression can be defined as 

follows: 
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where   is the regularization parameter. The higher the regularization parameter, the lower 

the number of nonzero components. 

 

5. Results and discussions 

In this paper, the foam density ρ and cell size A of PVM matrix foam are measured for 

dissimilar values of the MMT content Φ, the foaming temperature T and the foaming time t. 

Therefore, there are two dependent and three independent variables. The experimental results 

of the foam density ρ and cell size A are illustrated in Figs. 2 and 3. 



 

Fig. 2. The experimental results of the foam density ρ at dissimilar values of the MMT 

content Φ, the foaming temperature T and the foaming time t. 



 

Fig. 3. The experimental results of the cell size A at dissimilar values of the MMT content Φ, 

the foaming temperature T and the foaming time t. 

 

Now, the LASSO regression is implemented into the experimental data. To that end, a cross-

validated sequence of models with the LASSO should be obtained. The trace plots of 

coefficients fit by the LASSO based on the L1 norm and the regularization parameter for the 

foam density ρ and the cell size A are illustrated in Figs. 4 and 5, respectively. The plot shows 

the significant coefficients in the LASSO regression for various values of  . The lower the 

value of  , the less the regularization. The vertical lines represent   corresponding to 

minimal mean squared error. Also, the degrees of freedom (df) namely the number of nonzero 



coefficients in the regression are illustrated as a function of  . It can be observed that there 

are three significant coefficients. The LASSO fits are performed by 10-fold cross validation. 

Cross-validated mean squared error of the LASSO fits for the foam density ρ and the cell size 

A are illustrated in Fig. 6. 

 

  
(a) (b) 

Fig. 4. Trace plot of coefficients fit for the foam density ρ by the LASSO based on (a) the L1 

norm and (b) the regularization parameter 

 

  
(a) (b) 

Fig. 5. Trace plot of coefficients fit for the cell size A by the LASSO based on (a) the L1 

norm and (b) the regularization parameter 

 



  
(a) (b) 

Fig. 6. Cross-Validated mean squared error of the LASSO fit for (a) the foam density and (b) 

the cell size. 

Errors of the LASSO fit at the training dataset are depicted in Figs. 7 and 8 for the foam density 

and the cell size, respectively. It can be seen that the error percentages are smaller than 1.5% 

in all cases. Therefore, the fitted model by the LASSO regression has acceptable precision.  



 

Fig. 7. Errors of the LASSO fit at the training dataset for the foam density. 



 

Fig. 8. Errors of the LASSO fit at the training dataset for the cell size. 

Finally, the obtained LASSO models are employed in order to estimate the foam density and 

the cell size for all values of the MMT content, the foaming temperature and the foaming time 

in the examined domains. The results are illustrated in Figs. 9 and 10. Based on the results, the 

model has acceptable precision, continuity and smoothness. Hence, the LASSO may be an 

appropriate method for estimation of the sample characteristics. 



  
(a) (b) 

  

(c) (d) 



  

(e) (f) 

Fig. 9. The estimated foam density for all values of the foaming temperature and the foaming 

time in the examined domains for (a) %0= , (b) %1= , (c) %2= , (d) %3= , (e) 

%4=  and (f) . %5=  

  

(a) (b) 



  

(c) (d) 

  

(e) (f) 

Fig. 10. The estimated the cell size for all values of the foaming temperature and the foaming 

time in the examined domains for (a) %0= , (b) %1= , (c) %2= , (d) %3= , (e) %4=  

and (f) %5= . 

 

 

 

 



Conclusion 

The effect of nano-clay content, foaming temperature and foaming time on the density and cell 

size of the PVC matrix foam were studied. The cell size affected insulating and mechanical 

properties. Outputs consisted the density and cell size, which affected the impact of thermal 

conductivity, mechanical properties and the weight of the polymer foam.  

Moreover the Least Absolute Shrinkage and Selection Operator (LASSO) regression method 

was employed in order to improve both the precision and generalization of the estimated foam 

density and cell size as functions of the MMT content, the foaming temperature and the 

foaming time.  
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