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 Highly automated CNC end milling machines in manufacturing industry requires reliable model 
for prediction of tool flank wear. This model later can be used to predict the tool flank wear 
(VBmax) according to the process parameters. In this investigation an attempt was made to 
develop an empirical relationship to predict the tool flank wear (VBmax) of carbide tools while 
machining LM25 Al/SiCp incorporating the process parameters such as spindle speed (N), feed 
rate (f), depth of cut (d) and various % wt. of silicon carbide (S). Response surface  
methodology  (RSM)  was  applied  to  optimizing  the  end milling   process  parameters  to  
attain  the  minimum tool flank wear. Predicted values obtained from the developed model and 
experimental results are compared, and error <5 percent is observed. In addition, it is concluded 
that the flank wear increases with the increase of SiCp percentage weight in the MMC. 
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1. Introduction 

To realize full automation in machining, computer numerically controlled (CNC) machine tools have been 
implemented during the past decades. CNC machine tools require less operator input, provide greater 
improvements in productivity, and increase the quality of the machined part. End milling is the most common 
metal removal operation encountered. It is widely used to mate with other part in die, aerospace, automotive, 
and machinery design as well as in manufacturing industries. 

The machining of MMCs is very difficult due to the highly abrasive and intermittent nature of the 
reinforcements. Metal matrix composites (MMC) are a relatively new class of materials characterized by 
lighter weight and greater strength and wear resistance than those of conventional materials. Due to their 
superior strength and stiffness, MMCs have good potential for application in the automotive and aerospace 
industries (Kenned et al. (1997), Ravikiran et al. (1997),  Allision et al. (1993). 

To study the difficulties in machining of MMCs, previous investigations on the machinability of MMCs have 
covered the effects of machining parameters and the properties of MMCs on the tool wear and the mechanism 
of the tool wear. Channakesavarao et al. (2000) experimented with different cutting tools. They reported that 
the crater wear was not appreciable in K10 tools, and it had superior wear resistance and produced continuous 
chips. Yuan and Dong (1993) investigated the effect of reinforcement volume percentage, cutting angle, feed 
rate, and speed on the surface integrity in ultra precision diamond turning of MMCs. Davim (2003) examined 
the influence of cutting speed, feed rate, and cutting time on turning MMCs (A356/20SiCp-T6) using 
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polycrystalline diamond (PCD) cutting tools based on the techniques of Taguchi. Palanikumar and 
Karthikeyan (2007) investigated the factors influencing the surface roughness on the machining of Al/SiC 
particulate composites using tungsten carbide tool inserts (K10). Dabade et al. (2007) studied the surface 
integrity as a function of process parameters and tool geometry by analyzing cutting forces, surface finish, and 
microstructures of the machined surfaces on Al/SiC/10p and Al/SiC/30p composites using cubic boron nitride 
(CBN) inserts. Palanikumar and Davim (2009) made an attempt to assess the factors influencing tool wear on 
the machining of glass fibre-reinforced plastics composites by coated cement carbide tools using the analysis 
of variance (ANOVA). Most of the above studies showed that the wear characteristics of various tool materials 
based on cutting parameters and surface finish during the machining of aluminium based composites 
reinforced with SiC particles were investigated. Estimation of tool wear during CNC milling using neural 
network-based sensor fusion was implemented by Ghosh et.al (2007). Cho and Ko (1993) estimated tool wear 
length in finish milling using a fuzzy inference algorithm. Ning and Veldhuis(2006) analyzed mechanistic 
modeling of ball end milling including tool wear. Prediction of flank wear by using back propagation neural 
network modeling when cutting hardened H-13 steel with chamfered and honed CBN tools is used by Ozel and 
Nadgir (2002) 

From the literature it is found that the end milling of Al-MMC is an important area of research. Hence, the 
main objective of the present work is to investigate the tool flank wear of carbide tools in the machining of the 
various %wt. of SiCp particle-reinforced LM25 aluminum alloy composites which were produced by a stir 
casting method and to develop a mathematical model for tool flank wear using the selected process parameters. 
The experimental results were given with a comparison between experimental values and model predicted 
values and also given the percentage of error. In addition the  tool  flank wear  in  end milling of  LM25 
Al/SiCp metal  matrix  composite  with  different  contents of SiCp particles  (5,10, 15, 20 and 25 wt%)  is  
investigated. 

2. Experimental work 

In the present experimental study, the material to be machined was LM25 Al alloy reinforced with SiCp 
particles, at a composition of 5%wt., 10%wt., 15%wt., 20%wt. and 25%wt. and of 25 µm particle size. The 
dimensions of the specimens were of 100 mm  × 50 mm × 40 mm. The composition of the LM25 Al alloy 
specimen is presented in Table 1.  Computer numerically controlled (CNC) vertical milling machine was used 
to machine LM25 Al/SiCp. A carbide tools (12mm diameter; 4 flutes) were chosen for the experiment. The 
important factors influencing the tool flank wear (VBmax) and their levels are presented in Table 2.  

Table 1  
Chemical composition of LM25 aluminum alloy 
Material Si Mg Mn Fe Cu Ni Ti 
LM25 Al alloy 7 0.33 0.3 0.5 0.1 0.1 0.2 
 

Table 2  
Experimental parameters and their levels 

No Factor Unit Notation Levels 
(-2) (-1) 0 (+1) (+2) 

1 Spindle speed RPM N 2000 2500 3000 3500 4000 
2 Feed rate mm/rev f 0.02 0.03 0.04 0.05 0.06 
3 Depth of cut mm d 0.5 1 1.5 2 2.5 
4 Silicon Carbide %wt S 5 10 15 20 25 
 

As the range of individual factor was wide, a central composite rotatable four-factor, five-level factorial design 
matrix was selected. The experimental design matrix (Table 3), consisting of 31 sets of coded conditions and 
comprising a full replication four-factor factorial design of 16 points, 8 star points, and 7 center points, was 
used. The upper and lower limits of the parameters were coded as +2 and −2, respectively. The coded values 
for intermediate levels can be calculated by  
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Xi=2[2X− (Xmax+Xmin)] / (Xmax−Xmin) (1)

where Xi is the required coded value of a variable X and X is any value of the variable from Xmin to Xmax. As 
prescribed by the design matrix, machining has been carried out for fixed time interval. The flank wear 
(VBmax) was measured by using Metzer tool maker’s microscope.  

Table 3 
Experimental design matrix and results 
Ex. No. 

Coded values Tool Flank wear VBmax ( mm) 
% Error 

N f d S Experimental Predicted 
1.  -1 -1 -1 -1 0.224 0.219 2.28 
2.  1 -1 -1 -1 0.284 0.281 1.06 
3.  -1 1 -1 -1 0.258 0.255 1.17 
4.  1 1 -1 -1 0.291 0.292 -0.34 
5.  -1 -1 1 -1 0.235 0.238 -1.26 
6.  1 -1 1 -1 0.294 0.293 0.34 
7.  -1 1 1 -1 0.270 0.268 0.74 
8.  1 1 1 -1 0.297 0.297 0.00 
9.  -1 -1 -1 1 0.338 0.335 0.89 
10.  1 -1 -1 1 0.407 0.4041 0.71 
11.  -1 1 -1 1 0.377 0.373 1.07 
12.  1 1 -1 1 0.422 0.416 1.44 
13.  -1 -1 1 1 0.358 0.352 1.70 
14.  1 -1 1 1 0.413 0.413 0.00 
15.  -1 1 1 1 0.384 0.384 0.00 
16.  1 1 1 1 0.419 0.419 0.00 
17.  -2 0 0 0 0.262 0.266 -1.50 
18.  2 0 0 0 0.361 0.363 -0.55 
19.  0 -2 0 0 0.314 0.317 -0.94 
20.  0 2 0 0 0.357 0.359 -0.55 
21.  0 0 -2 0 0.309 0.317 -2.52 
22.  0 0 2 0 0.341 0.339 0.58 
23.  0 0 0 -2 0.211 0.211 0.00 
24.  0 0 0 2 0.443 0.449 -1.33 
25.  0 0 0 0 0.322 0.324 -0.61 
26.  0 0 0 0 0.328 0.324 1.23 
27.  0 0 0 0 0.319 0.324 -1.54 
28.  0 0 0 0 0.326 0.324 0.61 
29.  0 0 0 0 0.323 0.324 -0.30 
30.  0 0 0 0 0.327 0.324 0.92 
31.  0 0 0 0 0.329 0.324 1.54 

 

3. Response surface methodology 

Response surface methodology is a mathematical method used investigating problems in which several 
independent variables affect a dependent variable or response and the aim is to optimize the response (Ozel & 
Nadgir, 2002). In many experimental conditions, it is possible to represent independent factors in quantitative 
form as given in Eq. (2). Then these factors can be regarded as having a functional relationship or response as 
follows: 

Y=Ф(x1,x2……xk)±er              (2)

Between the response Y and x1,x2……xk of k quantitative factors, the function Ф is called the response surface 
or response function. The residual er measures the experimental errors. For a given set of independent 
variables, a characteristic surface is responded. When the mathematical form of Ф is not known, it can be 
approximated satisfactorily within the experimental region by a polynomial. In the present investigation, RSM 
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has been applied for developing the mathematical model in the form of multiple regression equations for the 
quality characteristic of the end milling of LM25 aluminum alloy composites. In applying the RSM, the 
independent variable was viewed as a surface to which a mathematical model is fitted. Representing the tool 
flank wear (VBmax), the response is a function of spindle speed (N), feed rate (f), depth of cut (d) and %wt. of 
silicon carbide (S); it can be expressed as 

VBmax =f {N, f, d, S}.   (3) 

The second-order polynomial (regression) equation used to represent the response surface VBmax is given by 

VBmax =b0+ΣbiXi+ΣbiiXi
2+ΣbijXiXj, (4)

and for four factors, the selected polynomial could be expressed as: 

VBmax=b0+b1N+b2f+b3d+b4S+b12Nf+b13Nd+b14NS+b23fd+b24fS+b34dS+b11N2+b22f2+b33d2+b44S2 (5) 

where b0 is the average of the responses, and b1, b2, b3, …, b44 are regression coefficients (Murti, 1986) that 
depend on the respective linear, interaction, and squared terms of factors.  

4. Mathematical modeling of tool flank wear (VBmax) 

Based on Eq. (5), the effects of the above mentioned process parameters on the magnitude of the tool flank 
wear (VBmax) have been evaluated by computing the values of the coefficient of Eq. (5) was calculated using 
Minitab Software. The significance of each coefficient was determined by Student’s t test and p values, which 
are listed in Table 4. The values of p less than 0.05 (i.e., p=0.05 or 95% confidence), which indicates that the 
model is considered statistically significant. In this case, N, f, S, N2, f2 and N*f are significant model terms and 
d has less influence on tool flank wear. The values greater than 0.10 indicate that the model terms are not 
significant. The final empirical relationship was constructed using only these coefficients, and the developed 
final empirical relationship is given below: 

VBmax = –0.2551 + (0.0002 N) + (2.4923 f) + (0.0404 d)+ (0.0084 S) + (34.4196 f2) + (0.0033 d2) + 
(0.0001 S2) – (0.0013 Nf) – (0.3125 fd) + (0.0088 fS) – (0.0002 dS) 

(6) 

The experimental values were compared with the predicted values and the error percentage was calculated, and 
it is presented in Table 3. Analysis of variance (ANOVA) technique was used to check the adequacy of the 
developed empirical relationship in Table 5.  

Table 4 
Estimated Regression Coefficients for Tool Flank wear (VBmax) 
Term Coefficient T-value p-value 
Constant -0.2551 -4.124 <0.001 
N 0.0002 6.411 <0.000 
f 2.4923 2.205 <0.042 
d 0.0404 1.880 0.078 
S 0.0084 3.927 <0.001 
N2 -0.0000 -2.878 <0.011 
f2 34.4196 3.873 <0.001 
d2 0.0033 0.919 0.372 
S2 0.0001 1.482 0.158 
N*f -0.0013 -5.418 <0.000 
N*d -0.0000 -1.631 0.123 
N*S 0.0000 1.315 0.207 
f*d -0.3125 -1.315 0.207 
f*S 0.0088 0.368 0.718 
d*S -0.0002 -0.473 0.642 
PRESS = 0.00173501     R-Sq(pred) = 98.34%    
R-Sq = 99.65%               R-Sq(adj) = 99.35% 
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Table 5 
Test result of ANOVA 
Source of variation Degree of freedom Sum of squares Mean sum of squares F-value p- value 
Regression 14 0.103963 0.007426 328.73 0.000 
Linear 4 0.102512 0.000268 11.88 0.000 
Square 4 0.000642 0.000160 7.10 0.002 
Interaction 6 0.000809 0.000135 5.97 0.002 
Residual Error 16 0.000361 0.000023   
Lack of fit 10 0.000283 0.000028 2.15  
Pure Error 6 0.000079 0.000013   
Total 30 0.104325    
 

In this investigation, the desired level of confidence was considered to be 95%. The relationship may be 
considered to be adequate, which provides that the calculated F value of the model developed should not 
exceed the standard tabulated F value. The standard tabulated F value for 95% confidence limit is 4.06. Seeing 
that shown in Table 5, the calculated F value of the model is 2.15 for lack-of-fit is smaller than the standard 
value of 95% confidence limit. Thus, it is found that the above model is adequate.  

Fig. 1. Normal probability plot of residuals for flank 
wear data 

Fig. 2. Plot of residuals vs the fitted values for flank 
wear 

The plot of normal probability of the residual, the plots of the residuals versus the fitted values for tool flank 
wear is shown in Fig. 1 and 2 respectively. From the normal probability plot of residuals (i.e error = predicted 
value from model – actual value) in Fig. 1, it is evident that the residuals lie reasonably close to a straight line 
implying that errors are distributed normally (Kumar et al. 2007). This gives support that terms mentioned in 
the model are significant. In addition, Fig. 2 revealed that there is no noticeable pattern or unusual structure 
present in the data. Hence, the RSM model developed is significant & adequate.  

5. Optimizing end milling process parameters 

The response surface methodology (RSM) was used to optimize the process parameters in this study. RSM is a 
collection of mathematical and statistical techniques that are useful for designing a set of experiments, 
developing a mathematical model, analyzing the optimum combination of input parameters, and expressing the 
values graphically (Khuri et al. 1996). To obtain the influencing nature and optimized condition of the process 
parameters on tool flank wear, contour plots are the indications of possible independence of factors were 
developed for the proposed empirical relation by considering two parameters in the middle level and two 
parameters in the X and Y-axis as shown in Fig 3. These response contours can help to predict the response 
(VBmax) for any zone of the experimental domain (Tien et al. 2006). Contour plot plays a very important role in 
the study of a response surface. It is clear from Fig. 3 that the tool flank wear decreases with the decrease of 
spindle speed, %wt. of SiCp and feed rate.  
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By analyzing the contour plots (Fig. 5), the minimum tool flank wear value is found to be 0.211 mm. The 
corresponding process parameters that yielded this minimum value are spindle speed of 3000 RPM, feed rate 
of 0.04 mm/rev, depth of cut of 1.5 mm, and %wt. of silicon carbide of 5%. 

  

Fig. 3. contour plots 
 

Fig. 4 shows the flank wear contours in spindle speed-feed rate planes at constant depth of cut of 1.5 mm and 
different %wt. of SiCp.  
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Fig. 4. Flank wear contours in spindle speed-feed rate planes at constant depth of cut of 1.5 mm and SiCp 
(a) 5%wt.  (b) 10%wt. (c) 15%wt. (d) 20% wt. and (e) 25% wt. 

 

It is evident from contour figures increasing  the  percentage  of  the  SiC  particles  also  increases  the  tool  
wear  because  of increasing  the  surface  contact  between  the  SiC  particles  and  the  cutting  tool  edge  in  
higher percentage of the SiC particles. From the p values (Table 4), it can be concluded that spindle speed and 
%wt. of SiCp contributes more to tool flank wear followed by feed rate in the considered range in this 
investigation. Depth of cut has minimum influence on the tool flank wear.   

6. Conclusions 

1. An   empirical   relationship   was   developed   to predict the tool flank wear of end milling of  LM 25 
Al/SiCp, incorporating process parameters. The developed relationship can be effectively used to predict the 
tool flank wear of carbide tool at a confidence level of 95%.  

2. A minimum tool flank wear of 0.211 mm could be attained under the process parameters: 3000 RPM of 
spindle speed, 0.04 mm/rev of feed rate, 1.5 mm of depth of cut, and 5% of silicon carbide. 

3. Spindle speed and %wt. of SiCp were found to have greater influence on tool flank wear in end milling of 
LM25 Al/SiCp MMC, followed by feed rate. Depth of cut has minimum influence on the tool flank wear. 

4. The experimental values were compared with the predicted values and error less than 5 percent is observed.  
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5.  Increasing  the  percentage weight of  the  SiCp also  increases  the  tool  wear  because  of increasing  the  
surface  contact  between  the  SiCp and  the  cutting  tool  edge  in  higher percentage weight of the SiCp. 
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