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Abstract 

 Function Graded materials (FGM)that are made from centrifugal castings require proper 

control over the process parameters to meet the set standards, the deviation of these parameters 

remains a challenge that needs to be addressed. The strength of the material that is governed by 

the tensile properties of the FGM is a vital requirement of the industry. A flexible approach is 

required to optimize the tensile strength and hardness parameters while casting the FGM. This 

work provides an optimization technique based on the Taguchi approach combining the grey 

relational analysis of Al-SiC during centrifugal casting. The optimized parameters obtained 

during the centrifugal casting of Al-SiC FGM are noted to be, rotational speed (1300 RPM), 

mould preheating temperature (100°C), Pouring temperature (725°C) and revolution time (90 s). 

The parameters when used, exhibited enhanced results, where the tensile strength was found to be 

179.63 MPa and hardness was 89.5HV indicating a 21.5% and 15% enhancement of the FGM 

respectively.  
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1. Introduction 

 FGMs are advanced materials that have adaptable properties for various functionalities. Functionally 

Graded Materials (FGM) posses’ characteristics that make them very flexible for usage in various fields 

such as aerospace, automobile, defense, biomedical and electronics(1). The addition of composite materials 

to functionally graded material tends to enhance their properties, metals and ceramics are one such 

constituents in functionally graded metal matrix composite (FGMMC). The utilization of these alloys is 

preferred because of  their resistance to wear and corrosion, excellent manufacturability, and superior 

properties. Intricate castings that are based on complex functionalities example; liquid-cooled manifolds 

and jackets, Marine 'Propeller blade' castings, etc., use Al-Si based FGM’s commonly. Defense, aerospace, 

automotive and auto ancillary industries are benefitted widely by using these FGM’s(2,3). 

 The mechanical and physical properties of these FGM’s are determined by their poly-phase 

microstructure. The use of these FGM’s is heavily dependent on their physical and mechanical properties. 

The mechanical properties of these alloys can be altered based on cast technology that is chosen or by using 

grain-refining elements as additives. Each of these methods alter the microstructure and consequently the 

mechanical properties(4). 

 The centrifugal casting process utilizes the centrifugal force that is obtained by a rotational motion to bind 

the cast material. The centrifugal casting employs two types of different casting processes based on the 

component, Vertical and horizontal castings. Vertical centrifugal castings use the vertical axis as the axis of 

rotation and the horizontal centrifugal castings use the horizontal axis as the axis of rotation. The forces 

generated from the rotation would force the molten metals along the mould walls to frame the ideal shape. 

The method of centrifugal casting is mainly used for parts with axis symmetry and hence cylindrical parts 

are mostly preferred for this type of casting(5). The process parameters such as rotational speed, pouring 
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temperature and mould pre-heating have an enormous impact on the quality of the tubular parts obtained 

during centrifugal casting and other processing parameters(6).  

 Hybrid Taguchi-Grey can be used to optimize the multiple responses of a Functionally graded metal 

matrix composite (FGMMC). This work focuses on modeling and optimizing the centrifugally cast 

aluminium 6061 alloy reinforced with SiC particles using hybrid Taguchi-Grey techniques. The signal to 

noise ratio (S/N ratio) obtained from the Taguchi technique is used to determine the response values to 

optimize the composite of the functionally graded metal matrix. The Design of the experiment is done using 

an L9 orthogonal array and the grey relational grades are arrived by the weighing component of individual 

response. These parameters are optimized by theTaguchi method on the grey relational grades to establish 

the required process parameters. The effect of the process parameters corresponding to the grey relational 

grades are established by ANOVA application and the hybrid optimization methodology is validated by 

experimental procedures(7).   

 

2. Taguchi-Grey Hybrid (TGH)optimization method 

 The use of the Taguchi method is to provide optimized process parameters utilizing a statistical 

approach, to help improve the quality of the production. The response of the output parameters based on the 

inputs can be investigated based on the Taguchi model adaption. In the Taguchi model of implementation, 

only a single response variable under the effect of multiple parameters can be optimized (8). Problems with 

multiple parameters employ Taguchi method owing to its special design of orthogonal arrays  which 

provides reduced variance for the experiment combined with practicality and robustness (9,10). Taguchi’s 

optimization method can provide optimized process parameters with minimal experimental trails making it 

ideal for obtaining process parameters for many manufacturing processes (11). In the grey relational 

analysis (GRA)method, the weight for all response variables is assumed to be equal and hence we get the 

outcome in the form of a single GRG. Many researchers have incorporated this consideration in their 

models, but the approach of assigning equal weights hold good only for the production of AMMCs for 

various applications. The consideration that the weight is equal for all response variables is impractical and 

hence weightage varies with the response variables in the optimization approach (12). A combination of 

grey relational analysis (GRA) with Taguchi’s optimization method can optimize multi-, process 

parameters for multiple response variables providing us a flexible solution to many problems and 

minimizing experimental iterations. The Hybrid approach not only reduces the number of trails but also 

eliminates the non-essential parameters required for the tests and performs the analysis with fewer process 

parameters (13).In practical scenarios, the weightage of each response needs to be individually assigned 

based on the process and needs to be carefully evaluated (14). Works with varied weightage in multi-

objective optimization problem for the machining process are few. Some works such as process parameters 

optimization for CNC turning using multi-criteria response (15) and Taguchi method to optimize WEDM 

(wire electrical discharge machining machine) process (16) using Technique for Order of Preference by 

Similarity to Ideal Solution (TOPSIS),  provide a hybrid analytics to obtain the weights for the response 

parameters.  

 This work is one of the fewer attempts to combine Taguchi technique with Grey relation analysis, 

specifically for a centrifugal casting of Functionally graded metal matrix composite (FGMMC). In this 

hybrid approach (TGH) the process parameters that need to be optimized are Rotational speed, Rotation 

time, molten material temperature and mould preheat temperature. This approach can predict the ideal 

process parameters as inputs to obtain the desired output response. The optimized value of multiple-process 

parameters is obtained after these results are integrated with the Taguchi-Grey method. The resulting 

FGMMC displays enhanced mechanical properties and the conceptual design is illustrated in Figure 1 and 

explained in the subsequent sections.  

3.  Experimental Work 

3.1 Materials 

 The alloy chosen for this work was Al 6061 alloy due to its ease of casting and higher strength. The 

matrix composite chosen was green SiC with an average particle size of 23μ. The reinforcement used for 

the development of FGMMC has lower density and enhanced strength, varying compositions were 

considered to obtain the optimal combination.   
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Table 1 shows the elemental composition of Al6061 

Element Si Fe Mn Mg Cu Zn Ti Cr V Sn Al 

Composition(%) 0.59 0.18 0.08 0.99 0.3 0.005 0.008 0.12 0.003 0.001 97.723 

Table  2 shows the elemental composition of  SiC 

Element Si Sio2 Fe Al Co SiC 

Composition 

(%) 
0.3 0.5 0.08 0.1 0.3 98.5 

 

3.2 Selection of Process Parameter 

 After careful examination of all the variables associated with the process, the experiment is done with 

varying parameters. The parameters are set in three levels with all the factors varied for each level. The 

experimental factors are chosen considering the appropriate degrees of freedom (DOF) that are satisfied by the 

L9 (17). Table 3 shows the levels for various process parameters and Table 4 shows the L9 orthogonal array 

using which the experiments are conducted.  

Table 3 Process Parameters and their Levels 

Factors Parameters Units Levels 

L1 L2 L3 

A Mould Rotational Speed  RPM 1300 1500 1700 

B Revolution Time SEC 45 60 90 

C Pre Heat Temperature of Mould  0C 100 150 200 

D Pouring Temperature  0C 725 750 775 

 

3.3 Description of Experimental Work 

 There are two types of centrifugal casting, namely, horizontal and vertical Castings. The horizontal 

casting technique is chosen here where the axis of rotation is the horizontal axis. The aluminum alloy which 

was fed into the graphite crucible was melted at varying temperatures between 7250C to 7750C. The stirrer 

was set at 700 Rpm before which the Silicon carbide of constant 5wt% was pre-heated and fed into the melt 

at 7000C. The preheating of the additive was accompanied by adding a little amount of magnesium to 

improve the wettability of the reinforcement. 

 The molten Aluminum liquid is poured into the casting mould.   The Inner diameter and outer 

diameters of the mould were 120 and 140 mm respectively, making the cast component have a wall 

thickness of 20mm, with its length being 220mm. The mould is set to different preheat temperatures for 

different samples ranging from 100 0C to 2000C. The rotational speed is also varied from 1300rpm to 1700rpm 

for different trails and the revolution time is also varied between 45sec to 60sec for different trails. Figure 1 

shows the layout schematics of the experimental setup. 
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Fig. 1 Schematic representation of horizontal centrifugal casting machine. 

The centrifugally cast specimens of FGMMC samples that are cut as per ASTM standards are shown in Figure 2 

,3 and 4 shows the  hardness and tensile tested sample of the trails  

 

Fig. 2 Casted cylindrical FGMMC sample  

 

                Figure 3: Hardness tested specimen         Figure 4: Tensile tested specimen 
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Table 4: Experiment design by use of L9 Orthogonal array 

Sr.No 
A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

3.4 Taguchi Method 

 The effects of the four casting parameters were obtained by applying the Taguchi’s technique to 

evaluate the mechanical properties of aluminum alloys that were obtained. The Taguchi method can be 

used to optimize the process parameters (18)The variations are isolated from the noises (Unrelated minor 

deviations) using a generic signal-to-noise (S/N) ratio in analysis in Taguchi method (19). The variations 

can have a specific or combined effect of the changing parameters which can be identified and quantified to 

obtain concrete results from minimal experimental trails. The Taguchi optimization uses the S/N ratio and 

the variance analysis to rate the process parameters in influential order with respect to the output (20). The 

S/N ratio analysis has different types such as “lower is better “(LB) generally used in to wear optimization 

(21), “nominal is best” (NB), and “higher is better” (HB), with this work focusing on HB characteristics of 

the S/N ratio due to its hybrid approach . The S/N ratio is given in the equations below.  

 

(a) Nominal is the best characteristic 

   

𝑆𝑁𝑖 = 10𝑙𝑜𝑔
𝑦𝑖

2

𝑠𝑖
2                                                                                                                                      (1) 

(b) Smaller is better 

 

𝑆𝑁𝑖 = −10𝑙𝑜𝑔 [∑
𝑦𝑢

2

𝑁𝑖

𝑁𝑖
𝑢=1 ]                                                                                                             (2) 

 

(c) The Larger the better characteristics 

𝑆𝑁𝑖 = −10𝑙𝑜𝑔 [
1

𝑁𝑖
∑

1

𝑦𝑢
2

𝑁𝑖
𝑢=1 ]                                                                                                                  (3) 

Where 

𝑦�̅� =
1

𝑁𝑖

∑ 𝑦𝑖,𝑢

𝑁𝑖

𝑢=1
 

𝑠𝑖
2 =

1

𝑁𝑖 − 1
∑ (𝑦𝑖,𝑢 − 𝑦�̅�)

𝑁𝑖

𝑢=1
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i = Experiment number 

u = Trial number 

Ni = Number of trials for experiment i. 

[ 

3.5  Grey Relational Analysis 

 Professor J. Deng first proposed the Grey relational analysis (GRA) theory in 1989. GRA is analyses 

multifactor with the help of a minimal amount of data and their correlation. In GRA the correlation degree 

between the factors is measured, where the data is pre-processed based on the criterion that has been 

identified as important.  

 The optimization of the parameters is done by the following steps.  

Step 1: Normalization 

 The input data must be processed into an acceptable form before it can be considered for further 

analytics. This processing is very critical, and it is essential to eliminate false values. The process of 

refining the inputs is known as normalization, here Larger the better stipulations are used for normalization 

as shown below: 

(a) Larger the better 

𝑥𝑖
∗(𝑘) =

max  𝑥𝑖(𝑘)− 𝑥𝑖(𝑘)

max  𝑥𝑖(𝑘)−𝑚𝑖𝑛 𝑥𝑖(𝑘)
                                                                                      (4) 

(b) Smaller the better 

𝑥𝑖
∗(𝑘) =

 𝑥𝑖(𝑘)−𝑚𝑖𝑛 𝑥𝑖(𝑘)

max  𝑥𝑖(𝑘)−𝑚𝑖𝑛 𝑥𝑖(𝑘)
                                                                      (5) 

(c) Nominal the better 

  

𝑥𝑖
∗(𝑘) = 1 −

| 𝑥𝑖(𝑘)− 𝑥𝑖|

max  𝑥𝑖(𝑘)− 𝑥𝑖
                                                                                               (6) 

Where     𝑥𝑖
∗(𝑘) is the normalized value, max  𝑥𝑖(𝑘) is the highest value of xi(k), min  𝑥𝑖(𝑘)is the lowest 

value of xi(k) and xi is the target value. 

1. Derive the grey relational co-efficient 

 Tensile strength and micro hardness values are normalized and are used to derive grey relational 
coefficient as shown below: 

      

𝜉(𝑘) =
Δmin+𝜉Δmax

Δ0i (𝑘)+𝜉Δmax
                                                                                                  (7) 

 

 The grey relational coefficient is given by,  
i = 1,2,3,4,5. . . . , n&k = 1, 2,3,4,5,m;nand mare the number of times the trials and their respective 
responses were gathered. 

Δ0i is the deviation sequence, 

Δ0i (𝑘) = ‖𝑥0
∗(𝑘) − 𝑥𝑖

∗(𝑘)‖                                                                                           (8) 

 

Δmin = min
∀𝑗∈𝑖1

min
∀𝑘

‖𝑥0
∗(𝑘) − 𝑥𝑖

∗(𝑘)‖                                                                                  (9)                  
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Δmax = max
∀𝑗∈𝑖1

max
∀𝑘

‖𝑥0
∗(𝑘) − 𝑥𝑖

∗(𝑘)‖                                                (10)          

 

Where 𝑥0
∗(𝑘)mplies the reference sequence and  𝑥𝑖

∗(𝑘) is termed as comparability sequence, ζ represents 
the identification coefficient, where ζ€ [0, 1] 

3. Generate the grey relational grade 

Eq. (11) is used to find the GRG values that are is given below where is 𝛾𝑖the grey relational grade value of 

the subsequent trial. 

 𝛾𝑖 =
1

𝑛 
∑ 𝜉𝑖(𝑘)𝑛

𝑘=1                                                             (11) 

 In practical cases, the response of the Individual factors differs and hence the weights are varied to 

obtain the grey grades. The GRG can be obtained from the equations below.  

𝛾𝑖 =
1

𝑛 
∑ 𝑤𝑘𝜉𝑖(𝑘)𝑛

𝑘=1                                                       (12)                                                                                                    

wk is the value of the weights where, wk=1always. 

Table 5:Response variables obtained based on Taguchi’s experimental plan. 

Sr.No A B C D Tensile strength 

(MPa) 

Micro hardness 

(HV) 

1 1300 45 100 725 128.78 58.6 

2 1300 60 150 750 131.88 61.5 

3 1300 90 200 775 133.47 63.2 

4 1500 45 150 775 174.55 77.5 

5 1500 60 200 725 137.45 71.3 

6 1500 90 100 750 144.46 74.1 

7 1700 45 200 750 141.49 73.6 

8 1700 60 100 775 147.73 83.7 

9 1700 90 150 725 135.63 66.8 

 

4. Results and Discussion 

 Here a hybrid technology that combines the Grey method with Taguchi optimization is used to analyze 
the quality characteristics using the following procedures.   

 

 S/N ratio calculation.  

 Input Normalization 

 Grey relational coefficients calculation 

 Parameter Weights assignment. 

 Calculation of grey relational grades 

 GRG analysis using Taguchi method 

 Identify the effect of process parameter using ANOVA 

 Experimental verification of the obtained results.  

 The experiments were conducted in the order with the trails being repeated based on the L9 orthogonal 
array. The table 6 tabulated below shows the experimental results alongside the S/N ratio.  
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Table 6. Experimental Results of Tensile Strength and Microhardness 

Sr.No Average values S/N ratio (dB) 

Tensile strength 

(MPa) 

Micro hardness 

(HV) 

Tensile strength Micro hardness 

 

1 128.78 58.6 42.1970 35.3580 

2 131.88 61.5 42.4036 35.7775 

3 133.47 63.2 42.5077 36.0143 

4 174.55 77.5 44.8384 37.7860 

5 137.45 71.3 42.7629 37.0618 

6 144.46 74.1 43.1950 37.3964 

7 141.49 73.6 43.0145 37.3376 

8 147.73 83.7 43.3894 38.4545 

9 135.63 66.8 42.6471 36.4955 
 

 The normalization of the data is done and tabulated in Table 7, once the S/N ratios of individual 
responses are determined  

Table 7. Normalized Values of Quality Characteristics 

Sr.No Normalized values 

Tensile strength Micro hardness 

1 0.000 0.000 

2 0.068 0.116 

3 0.102 0.183 

4 1.000 0.753 

5 0.189 0.506 

6 0.343 0.618 

7 0.278 0.598 

8 0.414 1.000 

9 0.150 0.327 

 

 The individual weights are assigned to the quality characteristics as it is an essential part of determining 

the grey relational grades, these are tabulated in Table 8. These weights can be arrived using the grey 

relational method(22), substituting the obtained weights in Eq. (12) helps us deduce the grey relational 

grades. 

 The deviation sequence (Δ0i) of the individual quality characteristics was obtained from which the grey 

relational coefficients were deduced. The identification coefficient denoted by ζ was considered to be 0.5 to 

qualify both the considered characteristics equally. The GRG, grey relational coefficients and the deviation 

sequence (Δ0i) are tabulated below in Table 8. The rank is assigned to the sequence based on the effective 

outcomes.  
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TABLE 8: The Calculated GRG And Grey Relational Coefficient Tabulated In 
Sequence. 

Run Evaluation of Δ0i Grey relational 

coefficient 

Grey relational 

Grade 

Rank 

 T.SH T.S H GRG  

Ideal sequence 1 1 1 1   

1 1.000 1.000 0.333 0.333 0.333 9 

2 0.932 0.884 0.349 0.361 0.345 8 

3 0.898 0.817 0.358 0.380 0.359 7 

4 0.000 0.247 1.000 0.669 0.835 1 

5 0.811 0.494 0.382 0.503 0.432 5 

6 0.657 0.382 0.432 0.567 0.489 3 

7 0.722 0.402 0.409 0.554 0.472 4 

8 0.586 0.000 0.460 1.000 0.720 2 

9 0.850 0.673 0.370 0.426 0.388 6 
 

 Taguchi methods employing higher the better criterion were used to analyze the multi-response 

problem before arriving at an optimized solution with the help of a grey relational grade index. The grey 

relational grades shown in Table 9 processes the parameters at their respective levels to obtain the mean 

values. 

 

 

 

 

 

 

 

 

 

Figure 5.Ranking of Experiments Based on The GRG Value. 

 

 

 

 

 

 

 

 

 

Figure 6. Effect of process parameters on the GRG 
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 The experimental trial number 4 in which, the casting was done at a rotational speed of 1500 rpm 

preheat maintained at 150 °C with a pouring temperature of 775°C for a time duration of 45 s, provided the 

optimal outcome. The representation of this trail was A2-B1-C2-D3 as shown in Figure 5. along with its 

corresponding rank in the L9 Orthogonal array.  

 

Table 9. Response table for grey relational grade. 

Response L1 L2 L3 Best  
Optimal       

Condition Max-
Min    

Rank 

Mould 
Rotational 
Speed(A) 

0.3523     0.5920    0.5367     0.5920 A2 0.2397 2 

 

Revolution 
Time(B) 

0.5500     0.5090    0.4220        0.5500 B1  0.1280 3 

Pre Heat 
Temperature Of 

Mould(C)     

0.5207     0.5293    0.4310     0.5293 C2  0.0983 4 

Pouring 
Temperature(D) 

0.3910     0.4453    0.6447     0.6447              D3  0.2537 1 

 

 In the Figure 6.the grey grade values that are depicted by the effect of individual process parameters are 

shown. The setting parameters (A2-B1-C2-D3) that yielded the optimal output results in the GRG values to 

be the highest. The ranks from 1 to 4 show the greatest impact these parameters have on the GRG with 

Rank 1 being the most. It can be observed that the pouring temperature has the highest impact followed by 

the rotational speed of the mould, followed by the time of revolution and Mould Preheat temperature.  

 

Multiple linear order regression models have been implemented at a confidence level of 95% to obtain the 

correlation between the machining parameters (Mould Rotational Speed, Revolution Time, Pre Heat 

Temperature of Mould, Pouring Temperature) and the measured Tensile and hardness parameters.  

The influence of casting parameters and their interaction effects on the mechanical strength can be analyzed 

by using 3D surface plots. Fig. 7 and Fig.8 show the 3D surface plots for GRG and run chart of GRG 

respectively. For all output parameters, it is apparent that they seriously increase when the mould rotational 

speed increases and pouring temperature increases, whilst the depth has a rather negligible influence for an 

increase of tensile strength.  

 

Figure 7: 3D surface plots of tensile Vs hardness, GRG. 

Tierärztliche Praxis

ISSN: 0303-6286

Vol 40, 2020

92



987654321

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Observation

G
R

G

Number of runs about median: 5

Expected number of runs: 5.4

Longest run about median: 3

Approx P-Value for Clustering: 0.374

Approx P-Value for Mixtures: 0.626

Number of runs up or down: 6

Expected number of runs: 5.7

Longest run up or down: 3

Approx P-Value for Trends: 0.616

Approx P-Value for Oscillation: 0.384

Run Chart of GRG

 

Figure 8: Run Chart of GRG. 
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Figure 9: Contour Plots of Tensile Vs Hardness, GRG 
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Figure 10: Residual Plots of Surface Roughness 

Fig. 9 show the contour plots of the interactions of (AXB), (B×C) and (D×A) for GRG 

respectively. These plots can help to predict the values for roughness at any point. These plots also show 

the same results as the 3D surface plots in Fig.7 respectively. For us to know whether the model is 

statistically valid or not, we carried out an inspection of some plots. The residuals could be said to follow a 

straight line in a normal plot of residuals implying that the errors were distributed normally, shown in Fig. 

10 for tensile and hardness parameters GRG  respectively. From the figure, it can be concluded that all the 

values are within the confidence interval level of 95%. Hence, these values yield better results in future 

predictions. Fig. 9 indicated there is no obvious pattern and unusual structure present in the data which 

implies that the residual analysis does not indicate any model inadequacy 

5. Confirmation Experiment 

 The obtained results need to be confirmed by means of experimental analysis and hence the obtained 

samples are subjected to tests that can validate the obtained outcomes. The GRG is initially predicted and 

compared with the actual test and are shown in Table 10. It can be noticed that the percentage improvement 

in the GRG value is significant at around 16.5%. 

Table 10.Confirmation experiment. 

Setting 
Initial setting 

A2-B1-C1-D3 

Prediction 

A2-B1-C2-D3 

Experimental 

A2-B1-C2-D3 

Tensile strength 

Micro hardness 

Grey relational grade 

Percentage Improvement in GRG 

174.55 

77.5 

0.835 

 

 

 

0.858 

 

179.63 

89.5 

1.000 

16.5% 
 

𝛿𝑝𝑟𝑒 = 𝛿𝑡𝑜𝑡 + ∑ (𝛿𝑜𝑝𝑡−𝛿𝑡𝑜𝑡)𝑛
𝑖=1                                                                  (13) 

 The above equations are used to predict the GRG values with the optimal GRG value being denoted as 

and 𝛿𝑜𝑝𝑡the total mean GRG denoted as 𝛿𝑡𝑜𝑡 .the predicted GRG is based on Equation 4 and is shown in 

Table 10. The improvement suggested in the experimental analysis is 1.000 and is a significant 

improvement over the predicted value of 0.858 and the initial setting value of 0.835. The TGH optimized 

method yielded the highest GRG value this is due to the weights that have been identified and applied 

across various parametric levels. The weights have a strong impact on the GRG values such that the 

parametric ranks may vary in using the models that are application-specific in the casting of the FGM. 

Therefore it can be said that the weights may vary with respect to the application of the FGM and it can be 

optimized based on a compromise between the manufacturing constraints and the application.  
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 It is essential to analyze the microscopic structure to ensure that it confirms with the findings. The 

microstructure that is obtained while the conformation experiments were performed is studied with the help 

of an optical microscope as shown in Figure 11 It can be noted that the pores are less in number where the 

black regions are the micropores and the white region is the Al matrix structure. The optimal porosity is a 

result of correct pouring temperature (23)and rotational speed as all the gases can be optimally exhaled 

during substrate solidification. The Figures 12. shows that the minimum porosity obtained for the 

experiment correlates with the microstructure that seems to be the least among all the experimental 

findings. The SEM at higher magnification confirms the lesser porosity in the optimized sample.   The 

boundaries of the grain are displayed as grey particles at maximum magnification and it can be noted that 

the grain boundaries are a resultant of the mixture of reinforcement and silicon particles. A non-dendrite 

shape is exhibited by the microstructure due to the pouring temperature due to reduced dendrite arm 

distance. The experimental conditions show the ultimate tensile strength and hardness of 174.78MPa and 

77.5 HV for the optimal sample. When classified for automobile and aerospace application the ultimate 

tensile strength is the most significantly ranked parameter. The FGMMC sample with enhanced 

performance is most suited for marine applications due to its porosity observed under the microscopic 

image. The lesser the porosity, the better the material is suited for multiple applications as, the hardness and 

strength of the material tends to improve apart from giving the workpiece structure a finer finish.  

 

 

 

 

 

 

 

 

Figure 11.Microstructure obtained through an optical microscope for the confirmation test. 

 

 

 

 

 

 

Figure 12.SEM and elemental mapping obtained for the confirmation test sample. 

 The distribution of the reinforcements is even and is evidently shown in the elemental mapping image 

for oxygen. Owing to pouring temperature of 7750C while producing the FGMMC the aluminium matrix 

can be seen with reinforcement particles dispersed around it. When compared to the aluminium matrix the 

particles of alumina have relatively less heat diffusion and thermal conductivity, hence during 

solidification, the matrix cools down quicker than the reinforcement particles. Where the hotter particles 

reduce the solidification by keeping the mixture in a molten state, resulting in the nucleation of the matrix 

at the liquid phase. This accelerates the formation of dendrite regions resulting in finer particles being 

obtained. The composites in the microstructure are primarily constituted of eutectic silicon and Al dendrites 

(24). The strength of the Aluminum material matrix and the Hardness are directly influenced by the particle 

size and %Wt of the reinforcements . 

6.  Conclusions 

 The centrifugal casting process adopted in the formation of the FGM uses a Hybrid approach principle. 

This approach has been successfully implemented to optimize the process parameters to enhance the output 

based on the requirement and the takeaways of this work are given below.  
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 The multi-response system has been successfully optimized using a hybrid integration of the Taguchi 

method and the grey relational grade method. This implementation in the manufacturing of FGMMCs 

using a horizontal centrifugal casting to optimize the process parameters has been done.  

 In this hybrid approach, only the minimal numbers of experiments are required to determine the ideal 

process parameters. Also, the unwanted or less significant process parameters are eliminated thus 

increasing the speed at which the trails can be conducted.  Since horizontal centrifugal castings are time 

consuming and have heavy costs associated with it the minimizing the number of trails and control 

parameters is important  

 The obtained results reveal the optimal conditions to be in the A2-B1-C2-D3 trail with the following 

values : 

 pouring temperature = 7750C 

 mould preheat temperature = 150°C 

 mould rotational speed = 1500 RPM 

 revolution time = 45 s 

 The validation of the experimental results shows a significant 16 % improvement in the GRG value. 

This was obtained for the A2-B1-C2-D3 trail which was considered the optimal processing parameters 

obtained form the L9 orthogonal array.  

 The most prominent factor was determined to be the mould rotational speed as it determined the 

gradient value and the variation in the hardness and strength of the 20 mm cylindrical wall of the 

samples.  

 The factors like preheating temperature, revolution time and pouring temperature are also significant 

parameters followed by the rotational speed in influencing the composite in its area of application.  

 Porosity is identified as the most detrimental defect that can influence the performance of the FGMMC. 

Reduction in porosity can establish control over the casting and minimize other possible casting 

defects.  

 The porosity is inversely proportional to the hardness and strength of the FGMMC the obtained 

strength of the optimized sample saw a hardness value of 89.5 HV and tensile strength of around 180 

MPa. This is much suited for applications in the automobile industry.  

 The Optical microscopy analysis suggests the obtained sample to be less porous attributing it to 

enhanced strength and hardness. 

 The SEM imaging shows the composite to have fine-sized particles that are evenly distributed 

throughout for the optimized sample.  

 The weights assigned to the parameters are obtained from the TGH analysis and have a great impact on 

enhancing the GRG values that optimize the process parameters. On choosing the application-specific 

factors the response to the input parameters will remain optimal and the functionality of the FGMMC 

will be versatile based on the manufacturing methods. The process parameters are optimized for 

horizontal centrifugal casting in this work but may vary for other types of manufacturing procedures 

and applications.  

 The required properties of the FGM can be met and a flexible approach has been deduced by varying 

the weights based on the functionality of the variables according to its uses. 
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