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Abstract: In this study, the machinability characteristics of Al/B4C-Gr hybrid composite were 

investigated using wire electrical discharge machining (WEDM). In the experiments, the machining 

parameters of wire speed, pulse-on time and pulse-off time were varied in order to explaiın their effects 

on machining performance, including the width of slit (kerf) and surface roughness values (Rz and Rt). 

According to the Taguchi quality design concept, a L18 (21×32) orthogonal array was used to determine 

the S/N ratio, and analysis of variance (ANOVA) and the F-test were used to indicate the significant 

machining parameters affecting the machining performance. From the ANOVA and F-test results, the 

significant factors were determined for each of the machining performance criteria of kerf, Rz and Rt. 

The variations of kerf, Rz and Rt with the machining parameters were statistically modeled via the 

regression analysis method. The optimum levels of the control factors for kerf, Rz and Rt were specified 

as A1B1C1, A1B1C2 and A1B1C2, respectively. The correlation coefficients of the predictive equations 

developed for kerf, Rz and Rt were calculated as 0.98, 0.828 and 0.855, respectively. 

 

Keywords: Wire EDM, kerf, surface roughness, hybrid composite, Taguchi method 

 

Karma Kompozitin Tel Elektro Erozyon Tezgâhında İşlenmesinde: Kesim Genişliği ve Yüzey 

Pürüzlülüğünün Değerlendirilmesi 

 
Öz: Bu çalışmada, Al/B4C-Gr karma kompozitin tel elektro erozyon tezgâhında işlenebilirlik 

karakteristikleri araştırılmıştır. Deneylerde; kesim genişliği (kerf) ve yüzey pürüzlülük değerlerini (Rz ve 

Rt) içeren işleme performansı etkilerinin incelenmesinde tel hızı, vurum süresi ve vurum ara süresi işleme 

parametreleri olarak seçilmiştir. Taguchi kalite tasarım konseptine göre, S/N oranını tanımlamak için bir 

L18 (21×37) ortogonal dizi ve işleme performansını etkileyen anlamlı işleme parametrelerini belirlemek 

için varyans analizi (ANOVA) ve F-testi kullanılmıştır. ANOVA ve F-testi sonuçlarından,  işleme 

performansı kriterleri kerf, Rz ve Rt'nin her biri için anlamlı faktörler belirlendi. İşleme parametreleri ile 

kerf, Rz ve Rt'nin değişimleri regresyon analizi metodu yardımıyla istatistiksel olarak modellenmiştir. 

Kerf, Rz ve Rt için kontrol faktörlerinin optimum seviyeleri sırasıyla A1B1C1, A1B1C2 ve A1B1C2 
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olarak belirlendi. Kerf, Rz ve Rt için geliştirilen tahminsel denklemlerin korelasyon katsayıları sırasıyla 

0.98, 0.828 ve 0.855 olarak hesaplanmıştır. 

 

Anahtar kelimeler: Tel elektro erozyon, kesim genişliği, yüzey pürüzlülüğü, karma kompozit, 

Taguchi metot 
 

1.    INTRODUCTION 

 

Metal matrix composites (MMCs) are widely preferred in today’s engineering applications 

due to their characteristics of high strength, lightness, wear resistance and thermal stability 

(Krishnamurthy et al., 2007, Ravikiran et al., 1197 and Lin et al., 2009). However, because of 

the highly abrasive characteristics of their reinforcement elements, such as Al2O3, SiC and B4C, 

using conventional methods in the machining of MMCs is relatively difficult (Kevin et al., 

2005, Iwai et al., 2000, Hu et al., 2001 and Çifçi et al., 2004). In order to overcome this 

problem, non-conventional machining processes such as electrical discharge machining (EDM), 

laser beam machining (LBM), abrasive water jet (AWJ) machining and wire electrical discharge 

machining (WEDM) offer effective alternatives (Puhan et al., 2013). However, LBM and AWJ 

are not desirable applications because of the high cost and poor quality of the resulting 

workpiece surface (Lau et al., 1995). At this stage, EDM and WEDM become promising 

options, and WEDM is seen as an economical and effective application for unproblematic 

machining of MMCs with complex geometries (Garg et al., 2010). Wire EDM is a thermo-

electrical process used to remove material from the workpiece by means of a series of sparks 

created between the workpiece and an electrode immersed in a liquid dielectrical medium 

(Singh and Garg, 2011). There is no contact between the electrode and the workpiece and, while 

electrical conductivity is important for the materials to be machined, the hardness of the 

workpiece is not a limiting factor (Lahane et al., 2012). The most important performance 

measurements in WEDM are the material removal rate (MRR), or cutting speed, workpiece 

surface finish and kerf (cutting width or width of slit). Kerf specifies the dimensional accuracy 

of the machined part (Saha et al., 2013). Discharge current, discharge capacitance, pulse 

duration, pulse frequency, wire speed, wire tension, average working voltage and dielectric 

flushing conditions are known to be the machining parameters, which affect the performance 

measurements (Tosun et al., 2004). In other studies, researchers have investigated the effects of 

machining parameters on WEDM performance. For example, Lauwers et al. examined the 

effects of electrical conductive phase type and particle size of ZrO2 ceramic composites on 

WEDM performance (Lauwers et al., 2008). Fard et al. evaluated the machining of Al-SiC 

composites in dry WEDM via intelligent modeling and multi-characteristics optimization (Fard 

et al., 2013). Shandilya et al. using response surface methodology (RSM) and an artificial neural 

network (ANN) evaluated the average cutting speed of SiCp/6061 Al MMCs in WEDM 

(Shandilya et al., 2013). Praskash et al. investigated the machinability of (A413)/Flyash/B4C 

hybrid composites (produced by the stir casting method) in WEDM via the Taguchi method 

(TM) (Praskash et al., 2013). Muthuraman and Ramakrishna studied the machinability of WC-

Co composites by multi-parametric optimization (Muthuraman and Ramakrishna, 2012). The 

machinability of Al/SiC MMCs in the CNC wire cut EDM was examined by Manna and 

Bhattacharyya by using the TM and Gauss elimination method (Manna and Bhattacharyya, 

2006). Rozenek et al. carried out studies on the effect of machining parameters (discharge 

current, pulse-on time, pulse-off time, voltage) on machining feed rate and surface roughness in 

the WEDM of AlSi7Mg/SiC and AlSi7Mg/Al2O3 MMCs (Rozenek et al., 2001). Saha et al., 

used soft computing models for the estimation of the surface roughness and cutting speed of 

tungsten carbide cobalt composites in WEDM (Saha et al., 2008). The effects of the machining 

parameters and Al2O3 reinforcement ratio of Al2O3p/6061Al composites on the cutting speed 

(MMR), surface roughness and width of slit in WEDM were investigated by Yan et al., 2005. 



Uludağ University Journal of The Faculty of Engineering, Vol. 21, No. 1, 2016                            

 

245 
 

Patil and Brahmankar,
 
used dimensional analysis in the evaluation of the MMR of Al/SiCp 

composites in WEDM depending on the SiC reinforcement ratio (Patil and Brahmankar,
 
 

2010a). Satishkumar et al., studied the effects of the pulse-on time, pulse-off time, gap voltage, 

wire speed and wire feed parameters of Al6063/SiC on MRR and surface roughness (Ra) in 

WEDM (Satishkumar et al., 2011). In another study by Patil and Brahmankar, the TM was used 

to evaluate the effects of reinforcement, current, pulse-on time, pulse-off time, servo reference 

voltage and the maximum feed speed, wire speed, flushing pressure and wire tension of 

Al/Al2O3 composites on the cutting speed, surface finish, and kerf width in WEDM (Patil and 

Brahmankar, 2010b).  

The present study used the Taguchi method to investigate the effects of the control factors 

of wire speed (WS), pulse-on time (Ton) and pulse-off time (Toff) on kerf (K) and surface 

roughness (Rz and Rt) in the cutting of Al/B4C-Gr MMCs with WEDM. As a result, the effects 

of control factors in the use of WEDM for the machining of B4C-Gr hybrid composites in 

particular were determined, thus compensating for the lack of coverage in the literature. 

 

2.    MATERIALS AND METHODS 

 

In the production of Al/B4C-Gr hybrid composites, 200 µm submicron Alumix 123 alloy 

was used as the matrix element, and an average of 27 µm B4C and -150 µm Gr particles were 

used as the reinforcement elements. The hybrid composites were produced by cold pressing less 

than 100 MPa pressure and then by hot pressing at 590 °C for 15 min under 40 MPa pressure. 

The samples thus produced were solution treated at 540 °C for 4 h, immersed in warm water (25 

°C), and then subjected toT6 heat treatment by holding them in the furnace at 160 °C for 12 h. 

The tests were made with a Sodick AQ750LH CNC Wire EDM machine. A copper electrode of 

0.25 mm in diameter was employed as the cutting tool and 20 °C deionized water was used as 

the dielectric liquid. For the surface roughness measurements, depending on the specified 

control factors, 6 mm-long cuttings were made with respect to the test conditions in Table 2. For 

the kerf (K) measurements, in addition to the surface roughness cuttings, 3 mm-long cuttings 

were made and at the end, the wire was broken off in order to prevent the workpiece from being 

cut in two. The Time TR 200 portable surface roughness instrument, seen in Fig. 1, was used for 

the surface roughness measurements, which were made perpendicular to the wire feed direction 

at a cut-off length of 4 mm. The arithmetic mean of the measurements taken from five different 

areas of the cut surface was used. Kerf measurements were made by a Dino Capture 2.0 optical 

microscope and the arithmetic mean of measurements taken from five different points was used 

(Fig. 2). 
 

 

 

  

Figure 1: 

 Portable surface roughness measurement device used at the measurements. 
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a) b)  
  

Figure 2: 

Definition of the kerf and its measurement on the workpiece after cutting in the WEDM 

 

Arithmetical mean roughness (Ra) does not give any information about the surface 

roughness wavelength and is not sensitive to the small variations in the profile. Therefore, in 

this study, both the Rz (ten-point mean roughness) and the Rt (maximum roughness height) 

measurement results were taken into consideration. The Rz is more sensitive than the Ra because 

it can better express high peaks and deep valleys. The International Organization for 

Standardization (ISO) system defines this parameter (Rz) as the height difference of the average 

of the highest five peaks and lowest five valleys throughout the profile evaluation. The Rt is 

defined as the vertical distance between the highest peak and the lowest valley throughout the 

cut-off length. The Rt is very sensitive as it expresses the high peaks or deep valleys. 

The kerf (K, mm) and surface roughnesses (Rz, Rt, µm) of AlB4C-Gr hybrid composites in 

WEDM were investigated. Wire speed (WS), pulse-on time (Ton) and pulse-off time (Toff) were 

selected as the machining parameters (control factors). These control factors and their levels are 

given in Table 1. 

Table 1. Control factors and their levels. 

Symbol Control Factors Unit 
Level 

1 2 3 

A Wire speed (m/min) - 50 70 

B Pulse-on time (µs) 5 7 10 

C Pulse-off time (µs) 7 10 14 

 

 

3. EXPERIMENTAL DESIGN VIA THE TAGUCHI METHOD 

 

Taguchi experimental design uses orthogonal arrays extensively and is an efficient tool for 

improving process/product quality with a relatively fewer number of experimental runs (Puhan 

et al., 2013). Taguchi experimental design is used to provide information such as control, main 

and interaction factor effects by carrying out a minimum number of tests.  

The purpose of the Taguchi method (TM) is to find the best combination of design parameters 

with minimum variation (Rubio et al., 2013). Test results are then converted to a signal to noise 

(S/N) ratio. The S/N ratio is used to identify and measure the deviation of the quality 

characteristics from the required values (Vankanti and Ganta, 2014). The S/N ratios are 

calculated with respect to “smaller the better” (SB), “nominal the best” (NB) and “higher the 

better” (HB) approaches (Ross, 1996). In the determination of K, Rz and Rt, the SB approach 

(Eq. 1) was used. 
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In this study, for the determination of the effects of the control factors on K, Rz and Rt, the 

Taguchi L18 (2
1
×3

2
) orthogonal array (OA) was used. Eighteen test combinations were made 

depending on the selected OA and the S/N ratios of the control factors on K, Rz and Rt (Table 2). 

 

Table 2. L18 (2
1
×3

2
) orthogonal array, experimental results and their S/N ratios 

 

 

 

4.    RESULTS AND DISCUSSION 

 

The results of the average measurements of K, Rz and R obtained in the cutting of Al/B4C-

Gr hybrid composites with CNC WEDM were analyzed using the Minitab 16.1 software 

program. 

 

4.1. Analysis and optimization of the performance characteristics 

 

The averages of test measurement results and S/N ratios are shown in Table 3. The highest 

S/N ratio in the factor levels represents the best performance (minimum K, Rz and Rt). The 

Exp. 

no 
Designation 

Control factors  Observed values  S/N ratio (dB) 

A B C  K [mm] Rz [µm] Rt [µm]  K Rz Rt 

1 A1B1C1 50 5 7  0.398 18.45 23.44  8.00 -25.32 -27.40 

2 A1B1C2 50 5 10  0.406 16.45 24.05  7.83 -24.32 -27.62 

3 A1B1C3 50 5 14  0.409 16.88 21.87  7.77 -24.55 -26.80 

4 A1B2C1 50 7 7  0.413 21.59 28.07  7.68 -26.69 -28.96 

5 A1B2C2 50 7 10  0.417 20.17 28.12  7.60 -26.09 -28.98 

6 A1B2C3 50 7 14  0.424 19.45 25.02  7.45 -25.78 -27.97 

7 A1B3C1 50 10 7  0.419 18.82 24.28  7.56 -25.49 -27.70 

8 A1B3C2 50 10 10  0.424 18.21 21.00  7.45 -25.21 -26.44 

9 A1B3C3 50 10 14  0.434 19.32 24.13  7.25 -25.72 -27.65 

10 A2B1C1 70 5 7  0.399 17.74 21.57  7.98 -24.98 -26.68 

11 A2B1C2 70 5 10  0.406 17.78 20.60  7.83 -25.00 -26.28 

12 A2B1C3 70 5 14  0.409 19.90 23.12  7.77 -25.98 -27.28 

13 A2B2C1 70 7 7  0.425 20.54 24.31  7.43 -26.25 -27.72 

14 A2B2C2 70 7 10  0.426 18.70 24.50  7.41 -25.44 -27.78 

15 A2B2C3 70 7 14  0.434 21.74 29.73  7.25 -26.75 -29.46 

16 A2B3C1 70 10 7  0.438 20.68 27.02  7.17 -26.31 -28.63 

17 A2B3C2 70 10 10  0.438 22.40 28.50  7.17 -27.00 -29.10 

18 A2B3C3 70 10 14  0.441 22.78 31.86  7.11 -27.15 -30.06 
 

TK, (Kerf total mean value) = 0.420 mm. TK-S/N, (Kerf S/N ratio total mean value) =7.54 dB. 

TRZ, (Rz surface roughness total mean value) = 19.534 µm. TRZ-S/N,, (Rz surface roughness S/N ratio total mean value) = -25.78 dB. 
TRT, (Rt surface roughness total mean value) = 25.066 µm. TRT-S/N,, (Rt surface roughness S/N ratio total mean value) = -27.92 dB. 

Standard deviation of kerf=0.0137, Standard deviation of Rz surface roughness=1.843, Standard deviation of  Rz surface roughness=3.168 
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average S/N ratios for K, Rz and Rt were calculated as 7.54 dB, −25.78 dB and −27.92dB, 

respectively. Higher and lower differences between the highest and the lowest S/N ratios 

calculated at different levels of each of the control factors were used for the determination of 

effective factors on K, Rz and Rt (31.Durairaja et al., 2013). As seen from Table 3, the effective 

factors on K were pulse-on time (B), pulse-off time (C) and wire speed (A). The effective 

factors on Rz and Rt were pulse-on time (B), wire speed (A) and pulse-off time (C). The 

optimum S/N ratios of the control factors are given in Table 4. Here, the optimum levels of the 

control factors K, Rz and Rt were (A1B1C1), (A1B1C2) and (A1B1C2), respectively. It was 

observed that the most effective parameter on the performance characteristics was pulse-on time 

(B). 
 

Table 3. Response table for means of K, Rz and Rt 

 

Level 
K [mm]  Rz [µm]  Rt [µm] 

A B C A B C A B C 

1 0.4160* 0.4045* 0.4153*  18.82 17.87* 19.64  24.44 22.44* 24.78 

2 0.4240 0.4232 0.4195  20.25 20.36 18.95*  25.69 26.62 24.46* 

3 - 0.4323 0.4252  - 20.37 20.01  - 26.13 25.96 

∆ 0.0080 0.0278 0.0098  1.44 2.50 1.06  1.25 4.18 1.49 

Rank 3 1 2  2 1 3  3 1 2 

*Optimum level, ∆= difference between maximum and minimum. 

 

Table 4. S/N response table for K, Rz and Rt 

 

Level 
K [mm]  Rz [µm]  Rt [µm] 

A B C A B C A B C 

1 7.621 7.862 7.637  -25.46 -25.02 -25.84  -27.73 -27.01 -27.85 

2 7.458 7.471 7.549  -26.10 -26.17 -25.51  -28.11 -28.48 -27.70 

3 - 7.285 7.433  - -26.15 -25.99  - -28.27 -28.20 

∆ 0.163 0.577 0.204  0.63 1.14 0.48  0.38 1.47 0.50 

Rank 3 1 2  2 1 3  3 1 2 

∆= difference between maximum and minimum. 

 

4.2. The effects of control factors on the performance characteristics 

 

The performance characteristics of the control factors of Al/B4C-Gr hybrid composites, i.e., 

wire speed (Ws), pulse-on time (Ton) and pulse-off time (Toff), in cutting by WEDM and their 

main effects on the K, Rz and Rt were demonstrated (Fig. 3) by using  a graphical representation 

of the factor effects and then evaluated (Montgomery, 1991). The main effect graphics of the 

control factors for K are given in Fig. 3a, where K increased depending on the increasing values 

of the control factors. From the same graphic, it can be seen that the most effective control 

factor on K was pulse-on time (B) and the optimum levels (A1B1C1) of the control factors were 

A1 (Ws = 50 m/min), B1 (Ton = 5 µs) and C1 (Toff  = 7 µs). In Fig. 3b and 3c, when the effects of 

the control factors on Rz and Rt were examined, an increase in Rz and Rt was observed, 

depending on the increase of wire speed. With the increase of Ton from 5 µs to 7 µs, the surface 

roughness of the workpiece deteriorated, but with a further increase of the Ton value (Ton = 10 

µs), the roughness of the cut surface decreased (Fig. 3c). In order to obtain minimum Rz and Rt 

surface roughness, the optimum levels of the control factors were A1 (Ws = 50 m/min), B1 (Ton = 

5 µs) and C2 (Toff = 10 µs). The most effective parameter on Rz and Rt was again Ton (Fig. 3b and 

3c). 
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Figure 4: 

 Contour plots of kerf vs control factors a)Ws*Ton (AxB), b)Ws*Toff (AxC), c)Ton*Toff (BxC) 
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Figure5: 

 Contour plots of Rz surface roughness vs control factors a)Ws*Ton (AxB), b)Ws*Toff (AxC), 

c)Ton*Toff (BxC)  

 

a) b) 

c) 

a) b) 

c) 
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Figure 6: 

Contour plots of Rt surface roughness vs control factors a)Ws*Ton (AxB), b)Ws*Toff (AxC), 

c)Ton*Toff (BxC) 

 
In the contour graphics (Fig. 4 and Fig. 6), variations of K, Rz and Rt are seen, depending 

on interactions of the control factors of wire speed, pulse-on time and pulse-off time. Fig. 4a 

shows that at Ton  5 µs, a lower value of K was obtained and the increase of wire speed did not 

increase K, and at Ton  7-10 µs and Ws  58-70 m/min, the maximum K was obtained. This was 

explained by Yan et al., with the coefficient of thermal conductivity of the composite and can be 

attributed to the amount of material melting per time unit (Yan et al., 2005). When the effect of 

the interaction of wire speed and pulse-off time on K is examined,  it can be observed that K 

decreased with lower wire speed and pulse-off time and increased depending on wire speed and 

pulse-off time (Fig. 4b). From the color changes of the two-dimensional surfaces (Fig. 4c) it is 

seen that pulse-on time was more effective on K than pulse-off time and K increased depending 

on the increase of pulse-on time; the minimum K values were obtained at Ton  5-10 µs. The 

effects of wire speed*pulse-on time, wire speed*pulse-off time and pulse-on time*pulse-off 

time interactions on Rz are given in Figures 5a-c. The effect of wire speed*pulse-on time 

interaction on Rz was similar to that on K. The Rz increased depending on the increase of wire 

speed and pulse-on-time (Fig. 5a). When the wire speed*pulse-off time interaction was 

-14 µs (Fig. 5b). Fig. 

5c shows that pulse-off time had no significant effect on Rz; the lowest Rz was obtained at the 

lowest pulse-on time (Ton  5 µs) and at Toff   7-13 µs. In Figures 6a and 6c it can be seen that 

the effects of wire speed*pulse-on time and pulse-on time*pulse-off time interactions on Rt 

were similar to those on Rz. When the contour plot showing the effect of wire speed*pulse-off 

time interaction on Rt is examined, it is seen that Rt also increased depending on the increasing 

wire speed and that the pulse-off time was different from that of Rz (Fig. 6b). 

 

 

 

a) b) 

c) 
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4.3. Analysis of variance (ANOVA) 

 

Analysis of variance (ANOVA) is a statistical-based, objective decision-making tool used 

for determining any difference in the average performance of a group of items tested (Durairaja 

et al., 2013). In a case where the F value of a process parameter is greater than the tabulated F 

ratio, it shows that that the control factor has a significant effect on the performance 

characteristic. The variance analysis results expressing the effects of each process parameter on 

K, Rz and Rt, depending on the F value and percentage contribution, are given in Tables 5-7. The 

most effective process parameter on the performance characteristic K is pulse-on time (B, Ton ) 

with a 75.13% percentage contribution (Table 5). Wire speed (A, Ws), pulse-off time (C, Toff) 

and wire speed*pulse-on time (A×B, Ws*Ton) also have significant effects on kerf width. The 

effects of wire speed and pulse-off time on kerf width are quite close. No significant effect of 

other process parameters on kerf width was observed. When the F values and percentage 

contributions in Table 6 are taken into consideration, for K, the most effective parameters on Rz 

surface roughness were again the pulse-on time (B, Ton) and wire speed (A, Ws), with 43.29% 

and 16.06% percentage contributions, respectively. The most effective process parameters on Rt 

surface roughness were pulse-on time (B, Ton, 36.76%) and wire speed*pulse-on time (A×B, 

Ws*Ton, 29.75%). Other process parameters did not have a significant effect on Rt (Table 7). 

Table 5. ANOVA results for K 
Sources of variance DoF SS MS F Value Percentage contribution 

A  1 0.000288 0.000288 57.60 9.00 

B  2 0.002414 0.001207 241.43 75.63 

C  2 0.000292 0.000146 29.23 9.15 

AxB 2 0.000139 0.000070 13.90 4.35 

AxC 2 0.000019 0.000010 1.90 0.60 

BxC 4 0.000019 0.000005 0.97 0.60 

Residual Error 4 0.000020 0.000005  0.63 

Total 17 0.003192   100.00 

R2 = 99.3%   

*Significant at %95 confidence level. Tabulated F-ratio at %95 confidence level: F0.05;1;4=7.71 

 

Table 6. ANOVA results for Rz 
Sources of variance DoF SS MS F Value Percentage contribution 

A  1 9.274 9.2737 12.91 16.06 

B  2 25.000 12.5000 17.40 43.29 

C  2 3.467 1.7334 2.41 6.00 

AxB 2 8.017 4.0084 5.58 13.88 

AxC 2 6.281 3.1403 4.37 10.88 

BxC 4 2.833 0.7082 0.99 4.90 

Residual Error 4 2.873 0.7183  4.98 

Total 17 57.744   100 

R2 = 71.6%   

*Significant at %95 confidence level. Tabulated F-ratio at %95 confidence level: F0.05;1;4=7.71 

 

Table 7. ANOVA results for Rt 
Sources of variance DoF SS MS F Value Percentage contribution 

A  1 7.006 7.006 2.43 4.10 

B  2 62.720 31.360 10.88 36.76 

C  2 7.418 3.709 1.29 4.35 

AxB 2 50.763 25.381 8.81 29.75 

AxC 2 25.653 12.826 4.45 15.03 

BxC 4 5.551 1.388 0.48 3.25 

Residual Error 4 11.528 2.882  6.76 

Total 17 170.638   100 

R2 = 83.0%  
*Significant at %95 confidence level. Tabulated F-ratio at %95 confidence level: F0.05;1;4=7.71 
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4.4. Predictive equations 

 

Many researchers (Saha et al., 2013, Manna A Bhattacharyya, 2006 and Sharma et al., 

2013) have used first and second order predictive equations developed by using the regression 

technique. The second order predictive equations consisting of the effect of interactions of 

control factors on K, Rz and Rt and quadratic effects are given in Equations 2-4. In these 

equations, Ws
2
 and Toff

2
 were neglected. The predictive equations are given below: 

 

2
00126.0000004.0

000035.0000124.000343.0017.0000144.0308.0

onoffon

offonoffon

TTT

WsTWsTTTWsK




                   (2) 

 
2

250.00705.00206.00223.066.291.2304.08.27 onoffonoffonoffon TTTWsTWsTTTWsRz           (3) 

 
2

451.00686.00403.0.0767.069.390.2917.05.56 onoffonoffonoffon TTTWsTWsTTTWsRt            (4) 

 

In Equation 2, the factors Ws, WsToff and Ton2 have a negative effect on K, while Ton, 

Toff, WsTon and TonToff have an additive impact on K. The predicted R2 (correlation 

coefficient) value (98.0%) and the adjusted R2 value (96.7%) matched with the experimental 

results. The adjusted R2 determines the amount of deviation about the mean, which is described 

by the model. In Equations 3 and 4, the factors Ws, Toff and Ton2 have a negative effect on Rz, 

while Ton, WsTon, WsToff and TonToff have an additive effect on Rz and Rt. The predicted 

R2 values (82.8% for Rz and 85.5% for Rt) and the adjusted R2 values (70.7% for Rz and 

75.4% for Rt) were found to be in good agreement. The regression models were successfully 

adopted for estimating K, Rz and Rt. The validation of the regression models developed for K, 

Rz and Rt is given in Figures 7a-c. In Fig. 7a, the K values increased from Trials 1 to 9; the 

same increase can be observed again from Trials 9 to 18. In Trials 1 to 9, the Ws of 50 m/min 

remained constant, while the Ton increased from 5 to 10 µs (Tables 1-2). This significant effect 

of Ton on K was also reflected in the predictive equation developed for K. As seen in Fig. 7b 

and 7c, especially in Trials 10-18, Ton had a similar effect on Rz and Rt. The Rz and Rt values 

increased with the increase of Ton from 5 to 10 µs (Ws= 70 m/min constant). 

 

  
 
 

 
b) a) 
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Figure 7: 

Comparison of observed (experimentally measured) and predicted values for a) K, b) Rz and c) 

Rt. 

 
4.5. Verification of experiments 

 

For the determination of the validity of the optimum control factors in the TM, it was 

necessary to make verification tests. In the verification of optimum K, Rz and Rt values, 

Equations 5-7 below were used. 

 

KKKKopt TTCTBTAK  )()()( 111
          (5) 

RzKKKopt TTCTBTARz  )()()( 211                          
                   (6) 

 

RtKKKopt TTCTBTARt  )()()( 211                             
                 (7) 

 

In the above equations, (A1, B1, C1), (A1, B1, C2) and (A1, B1, C2,) are the respective 

optimum levels of K, Rz and Rt (Table 2). The arithmetic means of the K, Rz and Rt values 

obtained from the experimental study were TK, TRz and TRt, respectively. After calculation, it was 

determined that Kopt = 0.397 mm, Rzopt = 16.572 m and Rtopt = 21.208 m. At this stage, 

verification of the optimized values had to be performed. Accepting the confidence level as 

95%, Equation 8 was used in the calculation of the confidence interval (CI) for Kopt, Rzopt and 

Rtopt. 

 














R
VFCI

eff

efRtRzRaK e

11
,1,,,,




                 (8) 

 

Here, α is the necessary F ratio for the confidence interval, fe is the error of degree of 

freedom (DoF), Ve is error of variance, eff is the effective number of replications and R is the 

number of replications for confirmation experiments. The eff was calculated by the aid of 

Equation 9. 

dof

eff
T

N




1
                       (9) 

c) 
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Here, N is the total number of tests and Tdof is the total degrees of freedom related to the 

average optimum; F0.05,1,4  = 7.71 (from F test Table); VeK  = 0.000005, VeRz = 0.7183 and VeRt = 

2.882 (Table 5); R = 5; N = 18, Tdof  = 13 and eff  = 1.286 (Eq.9). The confidence intervals CIK = 

0.0061, CIRz = 2.326 and CIRt = 4.66 were calculated by using Eqs. 8 and 9. At the 95% 

confidence level, the estimated average optimal K was calculated for Rz and Rt respectively as 

given below: 

 
        4031.0397.03909.00061.0397.0397.00061.0397.0  KoptoptKopt CIKKCIK

 
 
        898.18572.16246.14326.2572.16572.16326.2572.16  RzoptoptRzopt CIRzRzCIRz

 
        868.28208.21548.1666.4208.21208.2166.4208.21  RtoptoptRtopt CIRtRtCIRt

 
 

Therefore, the system optimization for K, Rz and Rt was obtained by using the TM at the 

significance level of 0.05. Verification tests of the control factors were made for the TM (at the 

optimum and random levels) and for the developed regression equations. Table 8 gives the 

comparison of estimated values obtained by using the TM and linear regression equations 

(Eqs.2-4) and the test results and shows that the estimated values and test results were very 

close. The error values were lower than 10%, thus reflecting the reliability of the statistical 

analyses. The results of the verification tests also illustrate the success of the optimization 

process. 

 

Table 8. Predicted values and confirmation test results for K, Rz and Rt 

 

Level 
For Taguchi method For linear regression equations 

Exp. Pred. Error (%) Exp. Pred. Error (%) 

K (mm) 

A1, B1, C1 (Optimum) 0.398 0.397 0.25 0.398 0.397 0.25 

A1, B2, C3 (Random) 0.424 0.425 0.24 0.424 0.425 0.24 

Rz (µm) 

A1, B1, C2 (Optimum) 16.45 16.551 0.61 16.45 13.700 16.72 

A2, B3, C1 (Random) 20.68 20.634 0.22 20.68 22.639 9.47 

Rt (µm) 

A1, B1, C2 (Optimum) 24.05 23.556 2.05 24.05 19.730 17.96 

A2, B1, C2 (Random) 20.60 21.094 2.40 20.60 17.120 16.90 

 

5. CONCLUSION 

 

In the cutting of Al/B4C-Gr composites by WEDM, the effects of the control factors on kerf 

and on Rz and Rt surface roughness were investigated. The following conclusions were obtained 

at the end of the study: 

 

 According to ANOVA results, the most effective parameter on kerf, and on Rz and Rt surface 

roughness was pulse-on time, with contribution ratios of 75.63%, 43.29% and 36.76%, 

respectively. Other effective parameters for kerf were pulse-off time and wire speed, with 

respective contribution ratios of 9.15% and 9%. 

 The effective parameters for Rz surface roughness were wire speed and pulse-off time, with 

contribution factors of 16.06% and 6%, respectively. 

 The effective parameters for Rt surface roughness were wire speed and pulse-off time, with 

contribution ratios of 4.1% and 4.35%. However, significant effects of wire speed/pulse-on 
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time and wire speed/pulse-off time factor interactions were determined with respective 

contributions of 29.75% and 15.03%. 

 While the Rz and Rt surface roughness increased depending on the wire speed increase, the 

same tendency was not observed for pulse-on time and pulse-off time. 

 The optimum levels of the control factors were: A1 (Ws = 50m/min), B1 (Ton = 5µs) and C1 

(Toff = 7µs) for kerf (A1B1C1) and A1 (Ws = 50m/min), B1 (Ton = 5µs) and C2 (Toff = 10µs) for 

Rz and Rt (A1B1C2). Kerf values increased depending on the increase of the overall control 

factors. 

 The correlation coefficient (R
2
) of the predictive equations developed for the estimation of 

minimum kerf, and Rz and Rt surface roughness by linear regression analysis was calculated 

as 0.98, 0.828 and 0.855, respectively. The high correlation coefficients reflect the reliability 

of the developed equations.  

 The error ratios of the estimated results obtained by the Taguchi method and predictive 

equations were less than 10% and indicated the reliability of the statistical analyses. 
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