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Abstract 

The influence of solid loading, monomer content and ratio of monomer to cross linking agent on the flexural strength and the 
porosity Si3N4 ceramic sintered body were investigated. The high strength porous Silicon Nitride (Si3N4) ceramics were prepared 
using gelcasting by increasing the monomer content in the slurry and flexural strength of the ceramic composite increases as the 
solid loading increases and flexural strength decreases as the monomer content increases. The porosity of the ceramic composite 
decreases as the solid loading increases and porosity increases as the monomer content increases. Flexural strength and porosity 
were determined as objective functions and a mathematical model is generated using Multi Gene Genetic Programming (MGGP). 
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1. Introduction 

1.1 Gelcasting 

Silicon nitride (Si3N4) ceramics are considered as the acceptable material for their beneficial mechanical, 
chemical and physical properties at room and elevated temperatures [1, 2]. Different types of manufacturing methods 
are available to prepare Si3N4 ceramic composites. Among all gelcasting process is considered to be efficient. 
Gelcasting is an innovative approach to prepare the porous ceramic composites used in manufacturing of high 
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quality and complex shaped ceramic parts for numerous industries. The ideas are borrowed from the traditional 
ceramic processing [1]. During the gelcasting process, the binder forms a strong, continuous gel network, which 
permanently fixes the ceramic particles in their positions, hindering the formation of in-homogeneities during 
subsequent drying and sintering [3-7]. 

 
1.2 Multi Gene Genetic Programming (MGGP) 

 
An increasingly popular technique is the multi gene genetic programming (MGGP). In a standard genetic 

program, the representation used is a variable-sized tree of functions and values. Each leaf in the tree is a label from 
an available set of value labels. Each internal node in the tree is label from an available set of function labels. The 
entire tree corresponds to a single function that may be evaluated. Typically, the tree is evaluated in a leftmost depth 
first manner. A leaf is evaluated as the corresponding value. A function is evaluated using an argument that is the 
result of the evaluation of its children. Genetic algorithms (GA) and genetic programming are similar in most other 
respects, except that the reproduction operators are tailored to a tree representation [8, 9]. A multigene individual 
consists of one or more genes, each of which is a traditional GP tree. Genes acquired incrementally by individuals in 
order to improve fitness (e.g. to reduce a model’s sum of squared errors on a data set). The overall model is a 
weighted linear combination of each gene. Optimal weights for the genes are automatically obtained (using ordinary 
least squares to regress the genes against the output data). The resulting pseudo-linear model can capture nonlinear 
behavior [10]. 

2. Experimental Details 

2.1Preparation of gelcasting Si3N4 ceramics 
 
Fig. 1 shows the detailed flowchart of the gelcasting process. 
 

 
 

Fig. 1. Flow chart of gelcasting process 
 

During the gelcasting preparation of porous Si3N4 ceramics, in the first step, dispersant (Dolapix A88, 1 
wt%, based on silicon nitride) and monomers (MAM-methacrylamide and MBAM- N, N1-methylenebisacrylamide) 
were completely dissolved in distilled water by magnetic stirring, and the premix solution was served as a dispersing 
media for the ceramic powders. The next step was to add silicon nitride powder and suitable sintering additives (2 
wt%, Al2O3; 1 wt%, Y2O3) into the premix solution, and the slurry was degassed for 15–20 min. After that APS 
(Ammonium persulfate) and TEMED (Tetramethylethylenediamine) are added to the premix slurry which acts as 



1902 Gurabvaiah Punugupati et al/ Materials Today: Proceedings 4 (2017) 1900–1909 

initiator and the catalyst. The slurry was cast into a nonporous rectangular glass mold. The mold was left for 15–20 
minutes to polymerize to form gelled body after casting and then the gelled part was removed from the mold and 
dried to remove the solvent system. In order to avoid the occurrence of crack and warpage caused by rapid drying, 
the samples were dried in a commercial dryer at controlled humidity conditions. Finally, sintering was performed at 
a heating rate of 2 OC/min at 550 OC for binder burn out and heating rate 10 OC/min and 1 hour holding time at 1700 
OC under nitrogen atmosphere, and then porous Si3N4 ceramics were achieved. 

Design of experiments comprises of set of experiments which are to be carried out in a sequential manner 
for evaluating the response measurements [11]. 27 runs full factorial method is chosen since the method provides a 
wider covering region of parameter space and good consideration of variables interaction in the model. The ranges 
of manufacturing parameters used are given in table 1. 
 
Table 1.factors and levels 

S. No Factors Levels 
1 Solid loading (vol %) 30 40 50 
2 Ratio of monomer to cross linking agent 

(MAM:MBAM) 
3:1 6:1 9:1 

3 Monomers content (Wt %) 5 10 15 

 

The measured values of flexural strength and porosity for 27 experiments conducted as per full factorial for 
training dataset. The 27 ceramic samples are shown in the Fig. 2. The dispersant, TEMED and APS are kept 
constant. 

 
  

Fig. 2. Ceramic composite samples 

 
The materials and compositions are shown in table 2. 
 
 Table 2. Materials kept constant 

S.No Material Quantity 
1 Al2O3(Aluminum Oxide) 2 wt% of solid loading 
2 Y2O3(Yttrium Oxide) 1 wt% of solid loading 
3 Dispersant 1 wt% of solid loading 
4 APS 0.8 wt% of monomers 
5 TEMED 0.5 wt% of monomers 

3. Material characterizations 

3.1 Three point bending test 
Flexural strength is the ability of the material to withstand bending forces applied perpendicular to its 

longitudinal axis [12].The room-temperature flexural strength of sintered body was determined by three-point 
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bending test. The specimens were machined into test bars, and flexural strength was measured on specimen bars of 
dimensions length x width x length are 45x4x3 mm3 respectively. For a 3-point bend test of a rectangular bar,the 
stress at fracture using the bend test is known as the flexural Strength or modulus of rupture and is given by ߪ௙ = ଷ௣௟ଶ௕௛మ        (1) 

Where 
σf =Flexural strength (Mpa), p= Fracture load (N), l= Length between outer supports (mm) 
b= Specimen width (mm), h= Specimen height (mm) 
 
3.2 Porosity measurement 
 

The porosity of sintered body was measured by the Archimedes’ displacement method with distilled water. 
The bulk density (ρ0) and the true density (ρ) of the sintered bodies were determined by Archimedes’ principle water 
as the medium. 
The porosity (P) was calculated as follow: ܲ = (1 − ஡஡బ)      (2)     

The bulk density (ρ0) of sintered bodies is determined by using following formula. Bulk density = D(୵ଵି୵ଶ)    (3) 

Where D= dry weight, w1= Soaked weight, w2= suspended weight 

4. Results and discussion 

4.1 Effect of manufacturing parameters on the flexural strength 
 
Table 3. Experimental data set 

S. No Solid loading (vol 
%)(x1) 

Ratio of monomer to cross 
linking agent (MAM:MBAM) 

(x2) 

Monomers content 
(wt%)(x3) 

Flexural strength 
(MPa) 

Porosity (%) 

1 30 3:1 5 116.93 43.01 
2 30 3:1 10 110.07 44.03 
3 30 3:1 15 102.03 46.5 
4 30 6:1 5 110.69 45.7 
5 30 6:1 10 98.69 48.1 
6 30 6:1 15 85.03 51.76 
7 30 9:1 5 108.98 46.0 
8 30 9:1 10 88.229 51.01 
9 30 9:1 15 68.64 53.0 
10 40 3:1 5 190.76 33.36 
11 40 3:1 10 182.21 35.08 
12 40 3:1 15 173.32 38.04 
13 40 6:1 5 180.46 36.1 
14 40 6:1 10 180.9 36.7 
15 40 6:1 15 149.81 39.2 
16 40 9:1 5 175.32 37.4 
17 40 9:1 10 157.88 40.7 
18 40 9:1 15 120.73 42.23 
19 50 3:1 5 290.50 25.01 
20 50 3:1 10 285.52 26.5 
21 50 3:1 15 273.05 27.0 
22 50 6:1 5 270.9 27.3 
23 50 6:1 10 260.3 28.0 
24 50 6:1 15 250.26 29.7 
25 50 9:1 5 250.51 30.5 
26 50 9:1 10 248.23 31.1 
27 50 9:1 15 229.07 32.5 
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Effect of ratio of monomer to cross linking agent at different solid loadings and constant monomer content on 
flexural strength are shown in Fig.3 (a), (b), (c). 

 

                                                       (a)                                                                             (b) 

 

(c) 

Fig. 3. Variation of flexural strength as the function of ratio of monomer s (a) Monomer content 5 wt%, 
(b) Monomer content 10 wt%, (c) Monomer content 15 wt% 

 
Effect of monomer content at different solid loadings and constant ratio of monomer to cross linking agent 

on flexural strength are shown in Fig. 4 (a), (b), (c). 
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                                                       (a)                                                                             (b) 

 
(c) 

Fig. 4. Variation of flexural strength as a function of monomer content, (a) at monomers ratio 3:1, (b) at monomers ratio 6:1, (c) at monomers 

ratio 9:1 

 
From Fig.3 (a), (b), (c) the flexural strength of ceramic composites increases as the solid loading increases and 

Flexural strength decreases as the ratio of monomer to cross linking agent increases at constant monomer content 
and solid loading respectively. 
From Fig. 4 (a), (b), (c) the flexural strength of ceramic composites increases as the solid loading increases and 
Flexural strength decreases as the monomer content increases at constant ratio of monomer to cross linking agent 
and solid loading respectively. 
Solid loading has great influences on the flexural strength of porous Si3N4 ceramics, and the reasons are as follows:  

 The spaces between Si3N4 particles in slurry are affected by the solid loading. 
 Solid loading has a great influence on the shrinkage during drying and sintering.  
 Solid loading also affects the density of the sintered body. 
 

4. 2 Effect of manufacturing parameters on the porosity 
Effect of ratio of monomer to cross linking agent at different solid loadings and constant monomer content 

on porosity are shown in Fig. 5 (a), (b), (c). 
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                                                    (a)                                                                                        (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 
Fig. 5. Variation of porosityas the function of ratio of monomers (a) Monomer content 5 wt%, (b) Monomer content 10 wt%, (c) Monomer 

content 15 wt% 

 

 

Effect of monomer content at different solid loadings and constant ratio of monomer to cross linking agent 
on porosity are shown in fig.6 (a), (b), (c). 

 
From Fig. 5 (a), (b), (c) the porosity of  ceramic composites decreases as the solid loading increases and porosity 
increases as the ratio of monomer to cross linking agent increases at constant monomer content and solid loading 
respectively. 
From Fig. 6 (a), (b), (c) the porosity of ceramic composites decreases as the solid loading increases and porosity 
increases as the monomer content increases at constant ratio of monomer to cross linking agent and solid loading 
respectively. 
Porosity of sintering body increases with the increase of monomer content. In the experiment, the porous ceramics is 
prepared by only increasing monomer content in the slurry without other organic additives during gel casting. Here, 
monomer and crosslinking agent not only can form macromolecular network to hold the ceramic particles together, 
but also can play the leading role in the formation of pores during the preparation of porous Si3N4 ceramics. 
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The increase of crosslinking agent makes the crosslink density of cross-linked polymer gels in green body increase, 
the distribution of ceramicsparticles is more uniform, the drying shrinkage is smaller, and thus the porosity of 
sintering body increases. 
 
 

 
(a)                                                                                   (b) 

 
(c) 

Fig. 6. Variation of porosityas a function of monomer content, (a) at monomers ratio 3:1, (b) at monomers ratio 6:1, (c) at monomers ratio 9:1 

 
4.3 Implementation of MGGP 
 

The training data set for implementation of MGGP constitutes table 3. MGGP, being a stochastic search 
technique, makes no prior assumptions about the actual model form. The structure and complexity of the model 
evolve automatically. The populations of models of initial tree generation for flexural strength and porosity are first 
initialized. The terminal set T and the function set F were defined as: T= {x1, x2, x3} and F= {+, -, *, /}. Based on 
these experiments, the final parameters used to generate the models are given in Table 4.  
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Table4. MGGP Control Parameters 

Terminal set {x1, x2, x3} 
Functional set {+, -, *, /} 
Population size 100 
Number of generations 100 
Crossover probability (%) 85 
Mutation Probability (%) 10 
Elitism Probability (%) 05 
Selection method Tournament selection 

 

The following expressions for flexural strength and porosity were found to have the best fitness value. 
 Overall MGGP model for flexural strength (MPa) 
.ܨ  ܵ = ଶݔ0.06213 − ଵݔ0.06221 ൅ ଷݔ0.5736 − ଶݔଵݔ0.06221 ൅ ଼.ସ௫మ௫యଵ଴ఱ ൅ ଷݔ)0.007062  − ଵݔ ൅ ଷଶݔ)3.286 ൅ ଵݔ2 ((ଶݔ− − ଼.ସ௫భ൫௫భା(௫భା௫మ)(௫మି௫య)൯ଵ଴ఱ ൅ ଷݔ ଷ(3ݔ0.0147 − 5.621) ൅ ଵଶݔ0.1244 ൅ ଶݔ)ଵଶݔ0.0039 − (ଷݔ ൅ ଵݔ)ଷݔ0.02601 (ଷݔଶݔ− ൅ 23.69                  (4)  

 
Fig.7. Predicted vs Actual values of flexural strength 

 

Overall MGGP model for porosity (%) 
 ܲ = ସ.ଷ଴ସ௫భయଵ଴ఱ ൅ ቀଵ.ଶ଻௫మమିଵ.ଶ଻௫మଵ଴ఱ ቁ ଵଶݔ ൅ ଶଶݔ0.0002738−) − ଶݔ0.006391 − ଷݔ0.01717 − ଵݔ(0.9792 ൅ ଷݔ 0.9793 ൅0.01717 ݔଶݔଷ − ଶଶݔ 0.01278 ൅ 65.99 (5) 
 

 

 
 

Fig. 8. Predicted vs Actual values of porosity 

A comparison of the predicted models and the experimental values for the validation datasets of flexural strength 
and porosity are shown in Fig. 7 and Fig. 8 respectively. MGGP predicts the responses with high accuracy. Very 
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high values of correlation coefficient (R2) for flexural strength and porosity of validation sets are obtained and found 
to be 0.9937 and 0.9751 respectively. These indicate that the developed models satisfactorily represent the outputs. 
 
Conclusions 
 
The following conclusions were drawn based on the present investigations. 
1. Si3N4 ceramic samples were prepared by Gelcasting method with varying solid loading, ratio of monomer to cross 
linking agent and monomer content at 3 levels using full factorial experimentation. Flexural strength and porosity of 
gelcast ceramic composite were measured. It found that 

 Flexural strength increases as solid loading increases and decreases as ratio of monomer to cross linking 
agent and monomer content increases. 

 Porosity decreases as solid loading increases and increases as ratio of monomer to cross linking agent and 
monomer content increases. 

2. Experimental data based on full factorial experiments were used to develop empirical models for flexural strength 
and porosity in terms of manufacturing parameters solid loading, ratio of monomer to cross linking agent and 
monomer content, with an efficient evolutionary algorithm namely, Multi Gene Genetic Programming. 
3. Multi Gene Genetic Programming is a domain independent methodology which does not assume any prior 
functional form of the solution and hence it can accurately model the complex relationships of the process. 
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