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Abstract- An effective technique, Taguchi Grey Relational Analysis (TGRA) has been applied for optimization of quality 
characteristics in abrasive flow finishing (AFF) of multiple holes in zinc components with simultaneous consideration of 
multiple output responses.  The technique combines Taguchi’s orthogonal array DOE with the grey relational analysis to 
identify the optimal setting of AFF process parameters which yields enhanced overall quality characteristics, higher values of 
material removal and change in surface roughness, in finish-machining of multiple holes in zinc components. The parameter 
settings, within the studied range, having highest values of grey relational grade yield enhanced quality characteristics, in terms 
of material removal and change in surface roughness values, and depict the optimal setting of AFF parameters. The algorithm 
greatly simplifies multi-objective optimization of quality in abrasive flow finishing of multiple holes in zinc components and 
experimental results confirm significant improvement in quality. 
 
Keywords- Abrasive Flow Machining; Quality Characteristics; Material Removal (mg) ; Change in Surface Roughness (µ); 
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I. INTRODUCTION 
 
Smart engineering materials viz. composites, 
ceramics, polymers and super-alloys find exhaustive 
use in modern manufacturing industries, especially, in 
aircraft, automobiles, cutting tools, die and mold 
making industries. Higher costs associated with the 
machining of these materials besides stringent design 
and precision requirements have led to the 
development of newer non-traditional machining 
processes. Abrasive flow machining (AFM) is a novel 
technique having potential to provide high precision 
and economical means of finishing inaccessible areas 
and complex internal passages on otherwise difficult 
to machine material and components.  AFM has been 
likened to a semi-solid flowing file; and perhaps its 
greatest advantage lies in its ability to finish, deburr, 
polish, radius and removing the recasted layers from 
complex internal passages or areas that are 
inaccessible to more traditional methods such as 
mechanical honing.   
 
In AFM, a semisolid media consisting of a polymer 
based carrier and abrasives in specific proportion is 
extruded under pressure through or across the surface 
to be machined. The media acts as a flexible cutting 
tool whenever it is subjected to any restriction. 
 
Machining parameters of AFM and the rheological 
properties of the abrasive medium are two key factors 
that will affect the efficiency in the polished process. 
The surface precision can be controlled  by changing 
the AFM parameters (such as number of  cycles, 
concentration of the abrasive, abrasive mesh size  and 
medium flow speed) when the complex hole is  
polished. Jain and Adsul reported that initial surface 
roughness and hardness of the work-piece affects 

material removal during AFM process. Material 
removal and reduction in surface roughness value are 
reported higher for the case of softer work-piece 
material as compared to harder material. Rajeshwar et 
al conducted the simulation tests concerning the flow 
of a non-Newtonian fluid around an edge, which were 
confirmed experimentally, and reported a conclusion 
that a linear relationship exists between the pressure in 
the working chamber and velocity of the abrasive 
medium flow. 
 
Material removal is high in the first few cycles due to 
higher initial coarseness of work-piece surface, and 
thereafter, it starts slightly decreasing in every cycle. 
Percentage of abrasives in the medium, grain size and 
viscosity of base medium are important parameters 
that influence stock removal and medium velocity. 
Depth of penetration of abrasive particle depends on 
extrusion pressure, abrasive medium viscosity, and 
grain size. Due to the combined effect of radial force 
and axial force, the material is removed in the form of 
microchip.  Williams and Rajurkar showed that media 
viscosity and extrusion pressure significantly 
determine both surface roughness and the material 
removal rate. 
 
Simulation research using non-Newtonian fluid 
showed that for forcing paste through the hole of 29 
mm in diameter there is linear relationship between 
applied pressure and speed of flow. Uhlmann and 
Szulczynski showed that there is non-linear 
relationship between number of flow cycles, pressure 
and productivity.  
 
The simultaneous increase in material removal (MR) 
and change in surface roughness (∆Ra) indicates the 
unique behaviour of AFM when compared with other 
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machining processes and these results support the 
findings reported by Williams and Rajurkar.  Loveless 
et al pointed out the results of an investigation of the 
effects of AFM on surfaces produced by turning, 
milling, grinding, and wire-EDM. In particular, all of 
the wire-EDM surfaces were improved greatly using 
AFM. Haan et al studied the effect of AFM on surface 
finishing. Their work indicated that AFM exhibited a 
wide variation of MRR as various levels of the 
machining parameter were set to various levels. Petri 
et al examined the machining characteristics of AFM. 
They attempted to develop a process modeling system 
for AFM to predict surface finishing and dimensional 
modification. Jain et al reported the improvement of 
the surface resulting from machining and the removal 
of the material based on the parameters: machining 
time, extrusion pressure, concentration, abrasive 
grains, and decreasing rate. 
 
Mali et al reviewed the current status of AFM and 
observed that Extrusion pressure, flow volume, grit 
size, number of cycles, media, and workpiece 
configuration are the principal machining parameters 
that control the surface finish characteristics. Recently 
there has been a trend to create hybrid processes by 
merging the AFF process with other non-conventional 
processes. To enhance the performance of AFF, 
magnetic field has been applied to the AFM process. 
Researchers rotated the medium by using different 
shaped rods to improve finishing ability, to increase 
number of dynamic active grains and to achieve better 
circularity of a finished cylindrical part. Some 
researchers planted spiral-fluted screw in the medium 
flowing path to improve surface quality. 
 
Adsul et al also showed that the surface roughness 
improvement and the material removal rate have a 
direct rational relation by using AFM method. Jain and 
Jain established the model and selected the optimum 
parameters by using a neural network process on the 
AFM. Moreover, the specific energy and tangential 
force according to machining parameters of AFM 
were also drawn. Jain et al elucidated that, in AFM, 
abrasive medium can remove the material and 
promote the surface smoothness respectively, with 
variety of viscosity, concentration, and working 
temperature. Singh et al determined the effect of 
magneto abrasive flow machining on the surface 
roughness and the removal of the material. However, 
each of these studies considered a subset of the process 
parameters and ignored other critical parameters. 
 
In spite of its varied and versatile practical 
applications, AFM is no different in sharing the 
common limitation of most non- traditional machining 
processes. In pursuit of overcoming this limitation and 
improving the efficiency of the process, it is 
imperative to thoroughly study the parameters and 
their complex nature which may be contributing to the 
output performance of the process.   

Extensive experimental work is therefore needed to 
analyze and optimize the process parameters affecting 
the product quality and process efficiency. Taguchi’s 
approach of robust experimental design facilitates in 
carrying out the analysis of experiments with the least 
effort without compromising on the value and 
reliability of the findings. The present research 
initiative is an attempt for multi-objective 
optimization of the complete process for improving 
the overall quality of the products by the application of 
Taguchi Grey Relational Analysis (TGRA) technique 
which combines Taguchi’s orthogonal array design of 
experiment with the grey relational analysis to predict 
the optimal setting of process parameters producing 
enhanced overall quality characteristics in abrasive 
flow finishing of multiple holes in zinc components. 
 
II. PROCESS PARAMETERS OF ABRASIVE 

FLOW MACHINING  
 
The literature review suggested the possible process 
parameters that may be influencing the capability and 
efficiency of the process and the subsequent quality of 
components finish-machined by AFM. The 
parameters can be classified on the basis of three 
major elements of the process, as mentioned below, 
 
1. Machine Parameters: Extrusion pressure, media 
flow rate, media flow volume, number of cycles. 
2. Medium Parameters: Abrasive Size, Abrasive Type, 
Abrasive Concentration, Additives/Oil Concentration, 
Temperature and Viscosity of the medium. 
3.  Work-piece Parameters: Work-piece Material, 
Passage Geometry, Length to Diameter ratio, 
Reduction ratio, Initial surface roughness. 
 
The following five independent parameters were 
chosen for the present study, because of two reasons, 
firstly to limit the volume of work involved in the 
experimental investigation, and secondly taking into 
account the straight path approach which suggested 
that of the four machine-based parameters, Media 
Flow Rate was also an indicator of Extrusion Pressure 
for a given work-piece and similarly the media flow 
volume was better represented and described by 
number of cycles for a given machine setup. In 
medium-based parameters, all the experiments were 
conducted in the same period wherein temperature 
ranged from 32-35°C; while viscosity, for a given 
medium composition was dependent upon percentage 
Oil Concentration and so three Medium Parameters 
have been selected for the present study. Pin-cylinder 
lock bodies bearing multiple holes, as shown in Fig. 1, 
and made up of zinc had been selected as specimen 
work-pieces. Silicon Carbide abrasives were used 
because of its availability and less cost. 
 
To sum up the following five parameters, TABLE I, 
were chosen for this study, 
1) Extrusion Pressure, A; 
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2) Percentage Abrasive Concentration, B; 
3) Abrasive Mesh Size, C; 
4) Number of Cycles, D; 
5) Percentage Oil Concentration, E; 
 
The range of these parameters were selected on the 
basis of the results obtained from the pilot experiments 
conducted by varying one parameter at a time 
approach and the limitations imposed by the 
experimental setup.  
 
Table 1 gives the levels of various parameters and 
their designation. Material removal (MR) and change 
in surface roughness (ΔRa) have been taken as the 
output response indicating quality characteristics and 
is defined as the difference between the initial 
weight/surface roughness of the work-piece and the 
final weight/surface roughness of the work-piece after 
finish-machining with AFM. 
 

Table 1  Process Parameters And Their Levels 

 
 
III. QUALITY CHARACTERISTICS OF 

ABRASIVE FLOW MACHINING   
 
The outcome or performance of any process can be 
adjudged by the quality of its final product. The 
quality of abrasive flow finished products is a 
combination of many features and characteristics viz. 
surface texture, mechanical properties and 
dimensional accuracy. The following characteristics 
have been selected to evaluate the performance of 
abrasive flow finishing of multiple holes in zinc 
components: 
 
1. Material Removal, MR; 
2. Change in Surface Roughness, ∆Ra; 
Both the selected performance characteristics viz. 
material removal and change in surface roughness are 
‘higher the better’ type of characteristics. Thus the 
requirements of the selected process or product, is to 
have higher or maximum values of material removal 
and change in surface roughness. It is required to 
optimize the performance characteristics of the 
product as a whole. A simplified multi-criterion 
methodology based on Taguchi Grey Relational 
Analysis, detailed as under, is employed to accomplish 
the objective of this study. 
 
IV. GREY RELATIONAL ANALYSIS 
 
It requires a consideration of diverse quality 
characteristics for evaluating any product or service in 

order so as to be able to make a rational choice. These 
evaluations of diverse quality characteristics should be 
combined to arrive at a composite index which may 
suitably represent the overall quality of a product or 
service. Optimization of multiple response 
characteristics is more complex compared to 
optimization of single performance characteristics. In 
recent years, the theories of grey relational analysis 
have attracted the interest of researchers. Deng 
proposed application of the principles of grey 
relational analysis as a method of measuring degree of 
approximation among sequences according to the grey 
relational grade. In the grey relational analysis, the 
measured values of the experimental results are first 
normalized in the range between zero and one, which 
is also called grey relational generation. Thereafter, 
the grey relational coefficients are calculated from the 
normalized experimental results to express the 
relationship between the desired and the actual 
experimental results. The next step involves 
assignment of weighting factors to each quality 
characteristic. Then, the grey relational grades are 
computed by averaging the grey relational coefficient 
corresponding to each performance characteristic. The 
overall equation of the multi-performance 
characteristic is based on the grey relational grade. As 
a result, optimization of the complicated 
multi-performance characteristics can be converted 
into optimization of a single grey relational grade. The 
optimal level of the process parameters is the level 
with the highest grey relational grade. 
Based on the above discussion, the use of the grey 
relational analysis with Taguchi design of experiment 
to optimize the process parameters considering 
multiple output responses includes the following 
steps: 
 
4.1 Data Pre-Processing 
Data pre-processing is normally required since the 
range and unit in one data sequence may differ from 
the others. Data pre-processing is also necessary when 
the sequence scatter range is too large, or when the 
direction of the target in the sequence are different. 
Data pre-processing is a means of transferring the 
original sequence to a comparable sequence. 
Depending on the characteristics of a data sequence, 
there are various methodologies of Data 
pre-processing available for the grey relational 
analysis.  
 
If the target value of original sequence is infinite, then 
it has a characteristic of the “higher is better” and the 
original sequence can be normalized by using equation 
1. 

      (1) 
 
When the characteristic is of the “lower the better” 
type, then the original sequence could be normalized 
using equation 2. 
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      (2) 
However, if there is a definite target value of the 
characteristic to be achieved, then the original 
sequence may be normalized using equation 3. 

                 (3) 
Or, the original sequence can simply be normalized by 
the most basic methodology, i.e. let the value of 
original sequence be divided by the first value of the 
sequence using equation 4. 

                                         (4) 
where i = 1… m; k = 1… n. m is the number of 
experimental data items and n is the number of 
parameters. xi

o
(k) denotes the original sequence, xi*(k) 

the sequence after the data pre-processing, max xi
o(k) 

the largest value of xi 
o(k), min xi

o (k) the smallest 
value of xi

o(k) and xo
  is the desired value. 

 
4.2 Grey Relational Coefficient and Grey 
Relational Grade 
In grey relational analysis, the measure of the 
relevancy between two systems or two sequences is 
defined as the grey relational grade. When only one 
sequence, xo (k), is available as the reference 
sequence, and all other sequence serves as comparison 
sequence, it is called a local grey relation 
measurement. After data pre-processing is carried out, 
the grey relation coefficient ξi(k) for the kth 
performance characteristics in the ith experiment can 
be expressed as equation (5), 

           (5) 
where, Δoi is the deviation sequence of the reference 
sequence and the comparability sequence; x0

*(k) 
denotes the reference sequence and xi

*(k) denotes the 
comparability sequence. ξ is distinguishing or 
identification coefficient which is defined in the range 
0 ≤ ξ ≤ 1.  
 
A weighting method is used to integrate the grey 
relational coefficients of each experimental run into 
the grey relational grade, which is a weighting sum of 
the grey relational coefficients and we have presumed 
equal weightage for both the performance 
characteristics. Deng reported that it is usual to take 
the average value of the grey relational coefficients as 
the grey relational grade. The grey relational grade 
was calculated using equation (6). The overall 
evaluation of the multiple-performance characteristics 
is based on the grey relational grade. 

 γi = 


n

kn 1

1
i(k)                       (6) 

 
However, in a real engineering system, the importance 
of various factors to the system varies.  In the real 

condition of unequal weight being carried by the 
various factors, the grey relational grade in Equation 
(6) was extended and defined as given by equation (7).  

          γi =  


n

k
kw

n 1

1 ξi (k)                               (7) 

 
where, wk denotes the normalized weight of factor k 
for the performance characteristic and n is the number 
of performance characteristics. The grey relational 
grade γi represents the level of correlation between the 
reference sequence and the comparability sequence.  If 
the two sequences are identical, then the value of grey 
relational grade is equal to 1. The grey relational grade 
also indicates the degree of influence that the 
comparability sequence could exert over the reference 
sequence, and then the grey relational grade for that 
comparability sequence and reference sequence will 
be higher than other grey relational grades.  
 
4.3 Algorithm for multi-objective optimization 
using Taguchi Grey Relational Analysis 
1. Normalize the experimental results by data 
pre-processing which is basically a means of 
transferring the original sequence to a comparable 
sequence. 
2. Perform the grey relational generating and calculate 
the corresponding grey relational coefficient. 
3. Assignment or Calculation of weighting factors to 
each quality characteristic. 
4. Calculate the grey relational grade by averaging the 
grey relational coefficient. 
5. Plot the average responses at each level of 
parameter. 
6. Select the optimal levels of process parameters. 
7. Conduct confirmation experiments. 
 
V. SELECTION OF AN ORTHOGONAL 

ARRAY 
 
Taguchi’s parameter design approach is used for the 
experimental study. The selection of an appropriate 
orthogonal array (OA) is a critical step in Taguchi’s 
experimental design. For the selection of a particular 
OA, the number of parameters, the number of levels, 
and their possible interactions must be taken into 
consideration. Three levels of the parameters were 
selected, as the nonlinear behavior among the 
parameters, if any, can only be studied if more than 
two levels are used. 
 
Since each three-level parameter has two degrees of 
freedom (Number of levels-1), the total degrees of 
freedom (DOF) required for five parameters, each at 
three levels, is 10 (5x(3-1)). The DOF for a second 
order interaction is four (2x2). Therefore, the total 
DOF required, with five independent parameters, each 
at three levels and three second-order interactions, is 
22. Taguchi’s OAs are selected on the basis of the 
condition that the total DOF  of the selected OA must 
be greater than or equal to the total DOF required for 
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the experiment. Hence an L₂₇ OA (a standard 
three-level OA) having 26 (27-1) DOF was selected 
for the present analysis. The layout of the L₂₇(3¹³) OA 
to represent the design space is given in Table 2. The 
observed values of quality characteristics viz. MR, 
ΔRa are given in Table 3.  
 

Figure 1 Experimental Setup for AFM 

 
Figure 2 Schematic drawing of work piece 

 
VI. TAGUCHI GREY RELATIONAL 

ANALYSIS (TGRA) 
 
The multi-objective optimization of process 
parameters viz. extrusion pressure, abrasive 
concentration, abrasive mesh size, number of cycles 
and oil concentration in abrasive flow finishing of 
multiple holes in zinc components using  Taguchi grey 
relational grades analysis as performance index is 
reported. The first step is to normalize the 
experimental results of material removal and change 
in surface roughness by data pre-processing which is 
basically a means of transferring the original sequence 
to a comparable sequence. Considering that our 
selected performance characteristics viz. MR and ∆Ra 
in AFM process are “higher the better” type, we 
normalize our experimental data considering that the 
range and units in one data sequence are different from 
the other by using equation 1, reproduced as under,  
 

            (1) 
 
where i = 1… m; k = 1… n. m is the number of 
experimental data items and n is the number of 
parameters. xi

o
(k) denotes the original sequence, xi*(k) 

the sequence after the data pre-processing, max xi
o(k) 

the largest value of xi 
o(k), min xi

o (k) the smallest 
value of xi

o(k) and xo
  is the desired value. The 

obtained normalized data is given in Table 4. 
 

Table 2 L27 (313) Orthogonal Array With Parameters And 
Interactions Assigned 

 

Table 3  Observed Values And Sn Ratios Of Quality 
Characteristics In Zinc 

 
 

Table 4 Data preprocessing of each performance characteristic 
in finish-machining of zinc components 

 
 
The next step is to obtain the deviation sequence,  Δoi , 
of the reference sequence and the comparability 
sequence. Table 5 shows the deviation sequence for 
both the quality characteristics. 
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Table 5 Deviation Sequences for each characteristics 

 
 
Having obtained the normalized data and the deviation 
sequence, we calculate the grey relational coefficient, 
ξi(k), for the kth performance characteristics in the ith 
experimental run of the Taguchi design using equation 
(5), reproduced as under, 

                 (5)  
 
where, Δoi is the deviation sequence of the reference 
sequence and the comparability sequence; x0

*(k) 
denotes the reference sequence and xi

*(k) denotes the 
comparability sequence. ξ is the distinguishing or 
identification coefficient which is defined in the range 
0 ≤ ξ ≤ 1 and its value has been taken as 0.5 for the 
purpose of present analysis. The computed values of 
grey relational coefficients are presented in Table 6.    
 

Table 6 The calculated Grey relational coefficient in Zinc 

 

6.1 Assignment of Weights  
A weighting method is used to integrate the grey 
relational coefficients of each experimental run into 
the grey relational grade, which is a weighting sum of 
the grey relational coefficients. The requirements and 
priorities must be taken into consideration while 
deciding the weights of the quality characteristics. We 
have assigned equal weightage to both the quality 
characteristics viz. material removal and surface 
roughness considering that both the quality 
characteristics behaved likewise and produced almost 
similar trend of variation under all machining 
conditions. The grey relational grade was calculated 
using equation (6), reproduced as under, and is 
presented in Table 7. The overall evaluation of the 
multiple-performance characteristics is based on the 
grey relational grade. 

   γi = 


n

kn 1

1
i(k)                               (6)   

 
The grey relational grade γi represents the level of 
correlation between the reference sequence and the 
comparability sequence.  If the two sequences are 
identical, as can be observed from Table 7 in our 
study, then the value of grey relational grade is equal 
to 1. The grey relational grade also indicates the 
degree of influence that the comparability sequence 
could exert over the reference sequence, and then the 
grey relational grade for that comparability sequence 
and reference sequence will be higher than other grey 
relational grades. The grey relational grades for each 
experimental run have been plotted in Figure 2.  
 
Table 7 Grey Relational Grade in finishing of Zinc components 

 
 
According to the performed experimental design, it is 
clearly observed from Table 7 and Fig.2 that the 
process parameters setting of run 26 has the highest 
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grey relational grade. Therefore run 26 depicts the 
optimal finish-machining parameters setting for 
enhanced quality characteristics which represents the 
best multi-performance characteristics amongst the 27 
experimental run conditions. In addition, the mean 
response which refers to the average value of the grey 
relational grades on each parameter at different levels 
are calculated from Table 7 and have been shown in 
Table 8. These values have been plotted in Fig. 3 for 
zinc components. 
 

 
Figure-2 Grey relational grades for the multi-performance 

characteristic in abrasive flow finishing of multiple holes in zinc 
components 

 
Table 8  Response table for grey relational grades in 

finish-machining of zinc components 

 
* shows the optimum parameters 
 
The grey relational grade represents the level of 
correlation between the reference sequence and the 
comparability sequence, the greater value of the grey 
relational grade means that the comparability 
sequence has a stronger correlation to the reference 
sequence, Fung. In other words, regardless of category 
of the performance characteristics, a higher grey 
relational grade value corresponds to better 
performance, Tosun. Therefore, the optimal level of 
finish-machining parameters is the level with the 
greatest grey relational grade value. An asterisk (*) 
indicates that the level value represents a better 
performance. Based on the grey relational grade 
values given in Table 7, the optimal finish-machining 
performance for enhanced quality characteristics was 
obtained for third level of extrusion pressure, A3; 
abrasive concentration, B3; number of cycles, D3; and 
second level of abrasive mesh size, C2; and oil 
concentration, E2; in the medium in abrasive flow 
finishing of multiple holes in Zinc components. 
 
The optimal abrasive flow machining parameter levels 
can shortly be given as A3B3C2 D3 and E2. Figure 3 
shows the effect of abrasive flow finishing parameters 
on the multi-performance characteristics and the 

response graph of each level of the process parameters 
for the performance. The greater values in Fig. 3 give 
the better multi-performance characteristic. 
 

 
Figure 3 Grey relational grade graph for micro-machining Zinc 
 
6.2 Confirmation Experiments 
Confirmation experiments were conducted and the 
observed values of quality characteristics viz. material 
removal and change in surface roughness obtained at 
the optimal setting of the process parameters were 
compared with the characteristic values obtained at the 
initial setting of the process parameters, in abrasive 
flow finishing of multiple holes in zinc components. It 
has been clearly established, as can be observed from 
Table 9, that there is significant improvement in all 
the performance characteristics and the overall quality 
of Zinc components finish-machined at the specified 
optimal levels of AFF process parameters obtained by 
application of Taguchi grey relational analysis 
(TGRA).  
 
Table-9  Results of abrasive flow finishing performance using 

the initial and optimal parameters 

 
 
CONCLUSIONS 
 
We have thus successfully optimized the quality 
characteristics in abrasive flow finishing of Zinc 
components bearing multiple holes and have obtained 
the optimal levels of process parameters for overall 
improved quality of the products. The following 
conclusions have been drawn from the present study 
and these results are valid for the range of process 
parameters specified in Table 1.  
 
1) Extrusion Pressure, Number of Cycles, Abrasive 
Concentration and Oil Concentration in the medium 
significantly affect the quality characteristics viz. 
material removal, MR, and change in surface 
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roughness, ΔRa values in AFM. 
2) Extrusion Pressure and Number of Cycles are the 
most influential parameters causing abrasion and 
affecting both the quality characteristics, MR and ΔRa 
followed by Abrasive Concentration in the medium, 
while Oil Concentration in the medium also somehow 
affects quality characteristics in Zinc components. 
3) The optimum levels of various process parameters 
obtained in the present study are as under: 

Extrusion Pressure = 30 bar; 
Abrasive Concentration = 60%; 
Abrasive Mesh Size = 200 
Number of Cycles = 40; 
Oil Concentration = 10%; 

4)  The algorithm greatly simplifies multi-objective 
optimization of quality in abrasive flow finishing of 
multiple holes in Zinc components. 
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