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Abstract- Abrasive flow finishing (AFF) is a novel non-traditional finish-machining process developed as a method to 
debur, polish, and radius surfaces and edges by flowing an abrasive laden media over otherwise difficult to machine areas 
and surfaces. The technique is particularly useful on internal surfaces because abrasion action occurs where ever the media 
flow is restricted, appropriate tooling is employed to direct the media to the target areas to be finished. The article 
identifies the parameters of abrasive flow finishing (AFF) that significantly affect the quality characteristics, material 
removal (MR) and change in surface roughness (ΔRa), on brass components bearing multiple holes. Taguchi’s parameter 
design approach has been applied to investigate the effect of process parameters and for optimization of the process 
parameters for enhanced quality characteristics. The beauty of the Taguchi technique lies in its ability to directly indicate 
an optimal setting of process parameters for any particular quality characteristic, although this particular optimal parameter 
setting may not produce the desired results for all the quality characteristics, which represent the overall/total quality of the 
product. This calls for a need for multi-characteristic optimization of the complete process for improving the overall quality 
of the products.  This objective is achieved by the application of Utility concept to identify the optimal setting of process 
parameters which yields enhanced overall quality characteristics in finish-machining of multiple holes in brass 
components. 
 
Keywords- Abrasive Flow Finishing, Quality Characteristics, Material Removal, Change in Surface Roughness, Taguchi, 
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I. INTRODUCTION 
 
FINISHING operations constitute the most crucial 
aspect involved in the manufacturing domain and is 
usually labor intensive, time consuming and least 
controllable element of a manufacturing process. The 
manufacture of precision parts emphasizes final 
finish-machining operations, which may account for 
as much as 15% of the total manufacturing costs. 
Advanced finish-machining techniques have been 
developed to overcome the various limitations of the 
traditional machining processes. Di Ilio et al 
suggested the application of AFM in order to meet 
the manufacturing demands of finishing new 
generation composites viz. Al alloy/SiC MMC 
produced through almost in their final shape, to 
lower values of tolerances. AFM is an advanced 
machining process that is used to debur, radius, 
polish, remove recast layer, and to produce 
compressive residual stresses. The process can debur 
holes as small as 0.2mm and radius edges from 
0.025 to 1.5 mm. Tolerances can be held to ±5µm. 
   
Gorana et al. reported a linear relationship between 
percentage reduction in surface roughness and 
extrusion pressure.  Williams and Rajurkar and 
Kohut have also reported that material removal and 
surface roughness of AFM are significantly affected 
by the medium viscosity and extrusion pressure.  Jain 
and Jainand Jain et al have reported that the 

extrusion pressure and normal stresses increase 
linearly with increase in piston velocity and material 
removal increases with increase in extrusion 
pressure.  Jain and Adsul reported material removal 
and reduction in surface roughness increases when 
percentage concentration of abrasive in the medium 
increases.  Gorana et al. concluded that active grain 
density during the AFM process increases with an 
increase in extrusion pressure and percent abrasive 
concentration in the medium which results in an 
increase in percent reduction in Ra value.  
 
Wang & Weng  also observed high abrasive 
concentration producing fine polishing result and 
reported that the surface roughness decreases from 
1.8 to 0.28 µm Ra after five machining cycles (with 
abrasive concentration 60% (wt.%)). Williams and 
Rajurkar[7, 14] reported that thmajor improvement 
in surface finish takes place within the first few 
cycles. They also reported that the most pronounced 
change in the bore diameter and surface roughness 
occurred on the first cycle. Fang et al. reported that 
increasing number of cycles extensively decrease 
materials removal and surface roughness decreasing 
efficiency.  
 
Jayswal et all reported with the increase in 
processing oil content in the medium, the percentage 
improvement in surface finish decreases.  However, 
it has been observed that each of these studies 
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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-characteristic optimization of the complete 
process for improving the overall quality of the 
products by the application of Taguchi’s Utility 
concept which indicates the optimal setting of 
process parameters producing enhanced overall/total 
quality characteristics in finish-machining of 
multiple holes in brass components. 
 
II. PROCESS PARAMETERS OF ABRASIVE 

FLOW MACHINING 
 
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 and 
made up of brass had been selected as specimen 
work-pieces. Silicon Carbide abrasives were used 
because of its availability and less cost. Table 1 gives 
the five parameters chosen for the present study, 
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 I 
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 AFMed 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 Brass 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’s approach 
and utility concept, detailed as under, is used to 
achieve the objective of this study. 
 
IV. THE UTILITY CONCEPT 
 
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 utility of a 
product or service. The overall utility of a product 
measures the usefulness of that product from the 
evaluators perspective.  
 
Whereas, the utility of a product based on a 
particular characteristic measures the usefulness of 
that particular characteristic only. The utility concept 
proposes that the overall utility of a product is the 
sum of utilities of each of the quality characteristics. 
 
Kumar et al. suggested that in accordance to the 
utility theory, if Xi is the measure of effectiveness of 
an attribute (quality characteristics) i and there are n 
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attributes evaluating the outcome space, then the 
overall utility function is given by: 
U (X1, X2, X3…, Xn) = f (U1 (X1), U2 (X2)… Un (Xn))          

                (1) 
where, Ui (Xi) is the utility of the ith attribute. 
The overall utility function is the sum of individual 
utilities if the attributes are independent, and is given 
by: 

                    (2) 
where, Ui(Xi) is the utility of the ith attribute.  The 
attributes may be assigned weights depending upon 
the relative importance or priorities of the 
characteristics. The overall utility function after 
assigning weights to the attributes can be written as: 

                      (3) 
where Wi, is the weight assigned to attribute i and the 
sum of the weights for all attributes is equal to 1. 
 
To determine the utility value for a number of quality 
characteristics, a preference scale for each quality 
characteristic is constructed and later these scales are 
weighted to obtain a composite number (overall 
utility). The Preference Scale may be linear, 
exponential or logarithmic. The minimum acceptable 
quality level for each quality characteristic is set at a 
preference number of 0 and the best available quality 
is assigned a preference number of 9 ( the preference 
numbers for minimum or best values of 
characteristics is optimal). Gupta and Murthy 
suggested that if a log scale is chosen, the preference 
number, Pi, is given as eqn.4. 
 

Pi  =  A log                           (4) 
 
where Xi is the value of the quality characteristic or 
attribute i, Xi” is the minimum acceptable value of 
the quality characteristic or attribute i and A is a 
constant.  
 
Arbitrarily, we may choose A such that Pi  = 9 at Xi 
= X*, where X* is the optimum value of Xi 
assuming that such a number exists. 
 
The next step is to assign weights or relative 
importance to the quality characteristic. Bosser 
suggested a number of methods for the assignment of 
weights (AHP, Conjoint Analysis, etc). The weights 
should be assigned such that the following condition 
holds: 

                        (5) 
The overall utility can be calculated as: 

                   (6) 

V. OPTIMIZATION OF INDIVIDUAL 
QUALITY CHARACTERISTICS 

 
Taguchi’s parameter design approach is used for 
identification of the optimum levels of process 
parameters for each quality characteristic 
individually. For the selection of a particular 
orthogonal array (OA), the number of parameters, 
the number of levels, and their possible interactions 
must be taken into consideration. On the basis of 
literature reviewed [19] it was decided to investigate 
the following interactions in the present study: 

 
1) Extrusion Pressure and Abrasive Percentage 

Concentration 
2) Abrasive Mesh Size and Abrasive Percentage 

Concentration 
3) Extrusion Pressure and Abrasive Mesh Size 

 
L₂₇ OA (a standard three-level OA) having 26 (27-1) 
DOF was selected for the present analysis. The 
observed values of quality characteristics viz. MR, 
ΔRa and the corresponding SN ratios are given in 
Table II. 
   
First phase requires optimization of individual 
quality characteristics and prediction of optimal 
values of each characteristic required for the 
construction of preference scale.  

 
VI. TAGUCHI ANALYSIS AND OPTIMAL 

VALUES 
 
The optimal settings for quality characteristics viz. 
material removal and change in surface roughness 
were determined separately and the optimal values of 
each quality characteristic were predicted using 
Taguchi’s analysis and analysis of variance 
(ANOVA).  
 
The average values of quality characteristics, MR 
and ΔRa (Raw Data) and those of SN ratios for each 
parameter at levels 1, 2 and 3 are calculated from 
Table II and are given in  
 

Tables III & IV respectively. 
Table III Average Values of Quality Characteristics at different 

levels – Raw Data in Brass 
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Table IV Average Values of Quality Characteristics at different 
levels – SN Ratio Data in Brass 

 
 

To identify the factors having significant effect on 
the performance measures, analysis of variance for 
SN ratios of quality characteristics was performed. 
Table V shows ANOVA results for SN ratios of 
material removal in Brass components and P-test 
indicates that the factors A, B, D and E significantly 
affects the  material removal values in finish-
machining of multiple holes in brass components by 
abrasive flow machining process.  From main effects 
as well as from ANOVA results it seems that the 
level 3 of parameters A, B, C and D while level 1 of 
parameter E (A3 B3 C3 D3E1) may provide optimum 
MR from brass work-pieces when multiple holes are 
finish-machined by AFM.  

Table II Observed Values and SN Ratios of Quality Characteristics 

 
 
Table V Analysis of Variance for SN ratios – Material Removal 

Brass 

 
 
Table VI shows ANOVA results for SN ratios of 
change in surface roughness, ∆Ra, in Brass 
components and P-test indicates that the factors A, B 
and D significantly affects the change in surface 
roughness, ∆Ra values in finish-machining of 
multiple holes in brass components by abrasive flow 
machining process.  From main effects as well as 

from ANOVA results it seems that the level 3 of 
parameters A, B, C and D while level 1 of parameter 
E (A3 B3 C3 D3E1) may provide optimum MR from 
brass work-pieces when multiple holes are finish-
machined by AFM.  
  
Table VI Analysis of Variance for SN ratios – Change in Surface 

Roughness Brass 
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VII. ESTIMATION OF OPTIMAL VALUES 
OF PERFORMANCE 
CHARACTERISTICS 

 
The optimum values of MR and ∆Ra are predicted at 
the selected levels of significant parameters. The 
estimated mean of the response characteristics can be 
computed, using expressions given as under[23], 
MR = 3 + 3 + 3 + 1 - 3                    (7) 

ΔRa = 3 + 3 + 3 - 2                           (8) 

Where  is the overall mean of Quality 

Characteristics, 3 is the average value of MR/∆Ra 

at the third level of Extrusion Pressure, 3 is the 
average value of MR/∆Ra at the third level of 

Abrasive Concentration, 3 is the average value of 
MR/∆Ra at the third level of Number of Cycles, and 

1 is the average value of MR at the first level of Oil 
Concentration. 
 
Substituting the values of various terms in equation 7 
& 8 from Table III, we obtain the predicted optimal 
values of material removal, MR, and change in 
surface roughness, ΔRa in abrasive flow finishing of 
multiple holes in brass components.  
 
 MR = 0.1702 + 0.1191 + 0.1677 + 0.1299 – (3 x 
0.0974)   = 0.2947 
∆Ra = 0.2176 + 0.1524 + 0.2138 – (2 x 0.1280)    = 
0.3278 
 

Table VII Optimal Levels of Process Parameter and Optimal 
Values of Individual Quality Characteristics for Brass 

 
 
We now proceed for multi-characteristic 
optimization by constructing preference scale using 
optimal values obtained for each quality 
characteristic.  
 
VIII. PREFERENCE SCALE 

CONSTRUCTION 
 
The preference number, Pi, as explained in section 
IV and given by eqn. 4 is constructed for each quality 
characteristic, Arbitrarily, we choose A such that Pi 

= 9 at Xi = X*, where X* is the optimum value of Xi 
assuming that such a number exists. 

1. Material Removal, MR 
X* = Optimal Value of Material Removal 
      = 0.2947 gm (from table VIII) 
X’ = minimum acceptable value of material removal 
      = 0.0001 gm (assumed as the observed values of 
material removal are greater than 0.0001 gm) 
 
Using these values in Equation (4), the preference 
scale for material removal was constructed as 
PMR = 2.5941 log                            (9) 

 
2. Change in Surface Roughness, ∆Ra 

 X* = Optimal Value of Change in Surface 
Roughness 
       = 0.3278 µ (from table VIII) 
X’ = minimum acceptable value of change in surface 
roughness 
 
      = 0.003 µ (assumed as the observed values of 
change in surface roughness are greater than 0.003 
µ) 
 
Using these values in Equation (4), the preference 
scale for change in surface roughness was 
constructed as 
P∆Ra = 4.4150 log                            (10) 

 
IX. ASSIGNMENT OF WEIGHTS 
 
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.    
 
WMR = Weight assigned to material removal, MR 
          =   0.50 
W∆Ra = Weight assigned to change in surface 
roughness, ∆Ra 
            =   0.50 
 
X. UTILITY VALUE CALCULATION 
 
The following relation, as given by equation 11, for 
overall utility function has been used to calculate the 
utility values of abrasive flow finishing of multiple 
holes in brass against each trial condition and for 
each repetition:  U(n, R) = Pmr(n, R) x Wmr + 
P∆ra(n, R) x W∆ra       (11)      
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where n is the trial number, n = 1, 2, 3, ....,27 and R 
is the repetition number, R =1, 2, 3. The calculated 
utility values for each trial and its repetitions are 
given in Table VIII. 

Table VIII. Utility data based on quality characteristics (MR, 
∆Ra) in Brass 

 
 
XI. ANALYSIS AND DETERMINATION OF 

THE OPTIMAL SETTING OF THE 
PROCESS PARAMETERS 

 
The mean response and main effects in terms of 
utility values which refers to the average utility value 
of the performance characteristic on each parameter 
at different levels are calculated from Table VIII and 
presented in Table IX. These average utility values 
for Brass components bearing multiple holes have 
been plotted in Figure 1.  
 
Table IX Average Values of Quality Characteristics at different 
levels and Main Effects –  Average UTILITY Values  in BRASS 

 

 
Figure 1. Effect of Process Parameters on Mean Utility Value 

(MR, ∆Ra) 

It is clear from figure 1 that the third level of 
Extrusion Pressure, A; Abrasive Concentration, B; 
Abrasive Mesh Size, C; Number of Cycles, D; and 
Oil Concentration, E; yields maximum value of the 
overall utility function of the process and hence 
A3B3C3D3E3 represents the optimal setting of process 
parameters. The Analysis of variance for the SN 
ratio indicates that A, B, D and E are the significant 
process parameters at 95 % confidence level. 
 
XII. ESTIMATION OF OPTIMAL VALUES 

OF QUALITY CHARACTERISTICS 
 
The optimum value of MR/∆Ra is predicted at the 
selected levels of significant parameters. The 
estimated mean of the response characteristics can be 
computed as follows: 

µMR = 3 + 3 + 3 + 3 - 3 MR                   (12) 

µΔRa = 3 + 3 + 3 + 3 - 3 ΔRa                  (13) 

where  is the overall mean of Quality 

Characteristic, 3 is the average value of MR/∆Ra at 
the third level of Extrusion Pressure, 3 is the 
average value of MR/∆Ra at the third level of 

Abrasive Concentration, 3 is the average value of 
MR/∆Ra at the third level of Number of Cycles, and 

3 is the average value of MR/ΔRa at the third level 
of Oil Concentration. 
Substituting the values of various terms in equation 
(12) & (13) from Table IV, 
 µMR = 0.1702 + 0.1191 + 0.1677 + 0.0678 – (3 x 
0.0974)     = 0.2326  
µ∆Ra = 0.2176 + 0.1524 + 0.2138 + 0.0884 – (3 x 
0.1280)     = 0.2882   
 
XIII. DETERMINATION OF CONFIDENCE 

INTERVAL 
 
The following values have been used for 
determination of 95% Confidence Interval of 
confirmation experiments (CICE) and of population 
(CIPOP) for MR in brass components bearing multiple 
holes by using using equations given by Ross[24] and 
Roy[25]: 
fe = 72 and the error variance νe = 0.000207;  N 
(number of experiments) = 81; R (number of 
repetitions) = 3; neff = 9 (calculated); and 
F₀∙₀₅(1,72) = 3.98 (tabulated f-value). 
So, CICE = ± 0.0191 and CIPOP = ± 0.0095.  
The predicted optimal range of material removal, 
µMR, in brass for confirmation experiments is: 
Mean MR – CICE < µMR < Mean MR + CICE 
Or   0.2135 < µMR < 0.2517 
 

The predicted optimal range of material removal, 
µMR, in brass for population is: 
Mean MR – CIPOP < µMR < Mean MR + CIPOP 
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Or   0.2231 < µMR < 0.2421 
 
The 95% Confidence Interval of confirmation 
experiments (CICE) and of population (CIPOP) for ∆Ra 
in brass components bearing multiple holes was 
calculated by using the following values in equations 
given by Ross[31] and Roy[32]: 
fe = 72 and the error variance νe = 0.000241; N 
(number of experiments) = 81; R (number of 
repetitions) = 3; neff = 9 (calculated); and 
F₀∙₀₅(1,72) = 3.98 (tabulated f-value). 
So, CICE = ± 0.0206 and CIPOP = ± 0.0103.  
The predicted optimal range of change in surface 
roughness, µ∆Ra, in brass for confirmation 
experiments is: 
Mean ∆Ra – CICE < µ∆Ra < Mean ∆Ra + CICE 
Or   0.2676 < µ∆Ra < 0.3088 
The predicted optimal range of change in surface 
roughness, µ∆Ra, in brass for population is: 
Mean ∆Ra – CIPOP < µ∆Ra < Mean ∆Ra + CIPOP 
Or   0.2779 < µ∆Ra < 0.2985 
 
XIV. CONFIRMATION EXPERIMENTS 
 
Three confirmation experiments were conducted at 
the optimal setting of the process parameters. The 
average as well as individual characteristic values 
were found to be well within the 95 % confidence 
interval of the optimal range. We have thus 
successfully optimized the quality characteristics in 
abrasive flow finishing of brass components bearing 
multiple holes and have obtained the optimal levels 
of process parameters for overall enhanced quality 
characteristics. 
The summary results and comparison of single 
characteristic optimization with multi-characteristic 
optimization are given in Table X.  
 

Table X Summary and Comparison Results 

 
 
CONCLUSIONS 
 
The following conclusions have been drawn from the 
present study and these results are valid for the range 
of process parameters specified in Table I.  
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 
roughness, ΔRa values in AFM. 
2) Extrusion Pressure and Number of Cycles are the 
most influential parameters causing abrasion and 
affecting 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 brass 
components. 
3) The optimum levels of various process parameters 
obtained in the present study are as under: 

 Extrusion Pressure = 30 bar; 
 Abrasive Concentration = 60%; 
 Number of Cycles = 40; 
 Oil Concentration = 15%; 

4) The predicted optimal range for the 
confirmation experiments is given for material 
removal, MR, as 0.2135 < µMR < 0.2517 and for 
change in surface roughness it is 0.2676 < µ∆Ra 
< 0.3088. 

5) The predicted optimal range of material 
removal, µMR, in brass for population is 0.2231 < 
µMR < 0.2421 and for change in surface 
roughness, µ∆Ra, in brass for population is 
0.2779 < µ∆Ra < 0.2985. 

6) The algorithm greatly simplifies multi-
characteristic optimization of quality in abrasive 
flow finishing of multiple holes in brass 
components. 
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