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wide range of engineering fields. This has the benefit of 
optimizing a number of experiments and essential vari-
ables. In this view, one of the most effective methods is 
the Taguchi method. The Taguchi technique is a power-
ful tool for acquiring the data in a controlled way and 
in analyzing the influence of process variable over some 
specific variable, which is an unknown function of these 
process variables [1, 2]. It is an easy and less time-con-
suming tool to evaluate variables in different engineer-
ing fields. Taguchi design of experiment method (DOE) 
is a statical technique for efficient collection of data for 
any type of applications. The Taguchi technique can be 
summarized by using either static or dynamic route. In 
static route, the optimization is reached by using one of 
these three signal-to-noise (S/N) ratios (smaller the bet-
ter, larger the better, nominal the best). S/N ratio is delin-
eated as the desired signal ratio for the undesired random 
noise value and presents the quality characteristics of the 
experimental data. In dynamic route, the optimization is 
achieved by using two S/N ratios (slope and linearity). In 
this method, the orthogonal arrays provide an alternative 
to standard factorial designs and the factors and the inter-
actions are assigned to the array columns through linear 
curves. The Taguchi method has been applied in differ-
ent fields. One of its application fields is in analyzing 
materials behavior. Some researchers [3–13] applied the 
Taguchi method to optimize and predict the tribological 
behavior of nylon composites. Campus et  al. [3] inves-
tigated the drilling process of unreinforced polyamide 6 
and 30 % glass-fiber-reinforced polyamide 6. They con-
cluded that the quality of the holes can be improved by 
proper selection of cutting parameters. Kuram et  al. [4] 
studied the effect of the number of recycles and injection 
parameters on the mechanical properties of glass-fiber-
reinforced nylon 6 using Taguchi method. They used the 
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1  Introduction

In recent years, analytical methods are extensively 
employed for optimization and prediction of data for a 
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analysis of variance (ANOVA) to determine the effects of 
the control parameters on tensile strength, yield strength, 
impact strength and impact energy. They concluded that 
the number of recycles is the most effective factor on 
mechanical properties of glass-fiber-reinforced polyam-
ide 6. Jahromi et  al. [5] investigated and used Taguchi 
method to study the effects of process parameters on the 
mechanical properties of polyamide 6/acrylonitrile-buta-
diene rubber/nanoclay nanocomposite. They predicted 
the best mechanical properties and the optimum process-
ing conditions. Sahojaei and Fereydoon [6] investigated 
Taguchi analysis of extrusion variables and composition 
effects on the morphology and mechanical properties of 
ethylene-propylene-rubber toughened polyamide 6 and 
glass-fiber-reinforced polyamide 6 composites. They 
realized that the most important processing parameter 
factors are the mixing temperature and the composition 
of the compound. Other researchers applied the Taguchi 
method to optimize the cell development, microstructure 
and crystallography in microcellular injection molded 
polyamide 6 nanocomposite and neat resin [14, 15]. 
Shokoohi et al. [16] applied the Taguchi method to opti-
mize twin-screw extruder-processing parameters on the 
mechanical properties of compatibilized polypropylene/
ethylene-propylene-dien-monomer/polyamide 6 ternary 
blends.

In this study, experimental data from our previous 
published work Unal and Mimaroglu [17], are evalu-
ated, predicted, optimized and correlated using Taguchi 
technique. The results show that the type of the material, 
applied load, and sliding speed exert effects on the spe-
cific wear weight, at 85.06, 2.17, and 3.26  %. The esti-
mated S/N ratio using the optimum testing parameters for 
specific wear rate were calculated and a good agreement 
was observed between the predicted and experimentally 
determined specific wear rate for a confidence level 
above 90 %.

2 � Experimental data

2.1 � Materials and test conditions

Experimental data are from our previous published work 
ref [17]. In this work the wear rate of nylon graphite and 
wax filled composite were obtained experimentally using 
pin-on-disc arrangement. For materials, test conditions and 
wear data, see Table 1.

2.2 � Plan of experiments

For this study, the wear experiments were conducted 
in accordance with the standard orthogonal array. The 

selection of the orthogonal array is based on the condition 
that the degrees of freedom for the orthogonal array should 
be greater than or equal to the sum of those test parame-
ters [18–20]. A standard L27 orthogonal array was chosen, 
which has 27 rows and 13 columns as shown in Table 2. 
The experiment consists of 27 tests (each row in the L27 
orthogonal array) and the columns were assigned to the 
parameters. The first column was designed to material type 
(A), second column was designed to applied load (B), and 
third column was designed to the sliding speed (C) and the 
remaining columns were designed to their interactions. 
See, Table 3, for the control factors and their levels.

In the Taguchi method, the experimental results are trans-
formed into a S/N ratio, which has been used to measure 
the quality characteristics deviating from the desired values. 
There are three categories of quality characteristic in the anal-
ysis of the S/N ratio. In this work, “smaller the better” is used.

The S/N ratio of wear rate is calculated according to the 
equations:

Smaller is better characterized:

where ‘n’ is the number of tests and ‘yi’ is the value of 
experimental result of the ith test. Furthermore, a statistical 
analysis of variance (ANOVA) is performed to identify the 
process parameters that are statistically significant. With 
the S/N and ANOVA analyses, the optimal combination of 
the process parameters can be predicted to a useful level of 
accuracy. Finally, a confirmation experiment is conducted 
to verify the optimal process parameters obtained from the 
parameter design.

3 � Results and discussion

3.1 � Effect of the factors

In this study, the analysis was carried out using MINITAB 
16. Before any attempt is made to use this simple model 
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)

Table 1   Materials and test conditions [17]

Materials PA 6 PA 6 + 15 %graph-
ite

PA 6 + 15 %graph-
ite +4 %wax

Applied loads (N) 50, 75, 100

Sliding speed (m/s) 0.4, 0.8, 1.6

Sliding distance (m) 4000

Humidity (%) 50 ± 7

Test temperature 
(°C)

21 ± 2
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as a predictor for the measure of performance, the possi-
ble interactions between the control factors must be con-
sidered. Table 4 shows the experimental array and results 
with calculated S/N ratios for wear rate of PA6 (Nylon 6) 
composite materials.

Analysis of the influence of each control factor on the 
specific wear rate was carried out with the S/N response 
table. The control factors were classified in relation to the 
different values. The response for wear rate of the PA 6 
composite materials are also presented in Table 5. It could 
be seen that the strongest influence was obtained as factor 
material type in this table.

The main and interaction effect plots for S/N ratios are 
shown in Figs. 1 and 2 for wear rate of PA 6 composites. 
In Fig.  2, for material type (A) number 1, 2 and 3 pre-
sent PA 6, PA6 + 15 %graphite and PA6 + 15 %graph-
ite +  4  %wax, respectively. For applied load values (B) 
number 1, 2 and 3 present 50, 75 and 100 N, respectively. 
For sliding speed values (C) number 1, 2 and 3 present 
0.4, 0.8 and 1.6  m/s, respectively. Generally, this figure 
shows S/N ratio values variation with material type, slid-
ing speed and load values. Optimal process conditions of 
these control factors could be easily decided from these 
graphs.

Table 2   L27 standard 
orthogonal array

L27 (3
13) test 1 2 3 4 5 6 7 8 9 10 11 12 13

1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 2 2 2 2 2 2 2 2 2 2

3 1 1 1 3 3 3 3 3 3 3 3 3 3

4 1 2 2 2 1 1 1 2 2 2 3 3 3

5 1 2 2 2 2 2 2 3 3 3 1 1 1

6 1 2 2 2 3 3 3 1 1 1 2 2 2

7 1 3 3 3 1 1 1 3 3 3 2 2 2

8 1 3 3 3 2 2 2 1 1 1 3 3 3

9 1 3 3 3 3 3 3 2 2 2 1 1 1

10 2 1 2 3 1 2 3 1 2 3 1 2 3

11 2 1 2 3 2 3 1 2 3 1 2 3 1

12 2 1 2 3 3 1 2 3 1 2 3 1 2

13 2 2 3 1 1 2 3 2 3 1 3 1 2

14 2 2 3 1 2 3 1 3 1 2 1 2 3

15 2 2 3 1 3 1 2 1 2 3 2 3 1

16 2 3 1 2 1 2 3 3 1 2 2 3 1

17 2 3 1 2 2 3 1 1 2 3 3 1 2

18 2 3 1 2 3 1 2 2 3 1 1 2 3

19 3 1 3 2 1 3 2 1 3 2 1 3 2

20 3 1 3 2 2 1 3 2 1 3 2 1 3

21 3 1 3 2 3 2 1 3 2 1 3 2 1

22 3 2 1 3 1 3 2 2 1 3 3 2 1

23 3 2 1 3 2 1 3 3 2 1 1 3 2

24 3 2 1 3 3 2 1 1 3 2 2 1 3

25 3 3 2 1 1 3 2 3 2 1 2 1 3

26 3 3 2 1 2 1 3 1 3 2 3 2 1

27 3 3 2 1 3 2 1 2 1 3 1 3 2

Table 3   Control factors and 
their levels

Control factor Levels

I II III Units

A: Material type PA 6 PA 6 + 15 % graphite PA 6 + 15 % graphite + 4 % wax –

B: Applied load 50 75 100 N

C: Sliding speed 0.4 0.8 1.6 m/s



2100	 J Braz. Soc. Mech. Sci. Eng. (2016) 38:2097–2104

1 3

The response graph shows the change of the S/N ratio 
when the setting of the control factor changes from one 
level to the other. The best wear rate value was at the lower 
S/N values in the graphs. It could be seen in Fig.  1 that 
the optimization process condition for PA 6 composites 
became A3B1C1 for main control factors. That is, the opti-
mal process parameters for wear rate of PA 6 composites 
are the material type at level 3, the applied load at level 1, 
and the sliding speed at level 1.

3.2 � Analysis of variance (ANOVA)

ANOVA is a statistical design method used to separate the 
individual effects from all control factors. The percentage 
contribution of each control factor is employed to measure 
the corresponding effect on the quality characteristic. The 
increase in factor effect was measured using the S/N ratio 
of factors. The ANOVA for the different factors including 
level average, total variation, sum of square, sum of mean 
square, and contribution enabled various relative quality 
effects to be determined.

These results are calculated given by Eqs. (2)–(7) shown 
below.

(2)SDQT =

[

∑N

i=1
(S/N)i2

]

−
T2

N

(3)SDQA =

[

∑KA

i=1

(

Ai2

nAi

)]

−
T2

N

Table 4   Experimental results and S/N ratios

Material type (A) Applied load (B) (N) Sliding speed (C) (m/s) Specific wear rate (m2/N) × 10−14 S/N ratios (dB)

PA 6 50 0.4 1.846 −5.325

PA 6 50 0.8 1.991 −5.981

PA 6 50 1.6 2.235 −6.986

PA 6 75 0.4 1.622 −4.201

PA 6 75 0.8 1.71 −4.66

PA 6 75 1.6 1.828 −5.24

PA 6 100 0.4 1.526 −3.671

PA 6 100 0.8 1.676 −4.486

PA 6 100 1.6 2.023 −6.12

PA 6 + 15 %graphite 50 0.4 1.162 −1.304

PA 6 + 15 %graphite 50 0.8 1.302 −2.292

PA 6 + 15 %graphite 50 1.6 1.442 −3.179

PA 6 + 15 %graphite 75 0.4 1.201 −1.591

PA 6 + 15 %graphite 75 0.8 1.411 −2.991

PA 6 + 15 %graphite 75 1.6 1.602 −4.093

PA 6 + 15 %graphite 100 0.4 1.041 −0.349

PA 6 + 15 %graphite 100 0.8 1.302 −2.292

PA 6 + 15 %graphite 100 1.6 16.53 −24.366

PA 6 + 15 %graphite + 4 %wax 50 0.4 10.5 −38.656

PA 6 + 15 %graphite + 4 %wax 50 0.8 12.26 −20.424

PA 6 + 15 %graphite + 4 %wax 50 1.6 85.66 −21.77

PA 6 + 15 %graphite + 4 %wax 75 0.4 71.35 −37.068

PA 6 + 15 %graphite + 4 %wax 75 0.8 87.83 −39.127

PA 6 + 15 %graphite + 4 %wax 75 1.6 90.44 −38.873

PA 6 + 15 %graphite + 4 %wax 100 0.4 67.2 −36.547

PA 6 + 15 %graphite + 4 %wax 100 0.8 72.19 −37.17

PA 6 + 15 %graphite + 4 %wax 100 1.6 85.05 −38.594

Table 5   S/N response table for specific wear rate

Level Material types Applied load Sliding speed

1 −34.248 −11.768 −12.276

2 −5.185 −15.316 −13.39

3 −4.717 −17.066 −18.484

Delta 29.53 5.297 6.209

Rank 1 2 3
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(4)DOFtotal = N − 1

(5)Vfactor =
SSfactor

DOFfactor

(6)Ffactor =
Vfactor

Verror

(7)
Pfactor =

SDQfactor

SDQtotal

Fig. 1   Main effect plots for 
specific wear rate of pure PA 6 
composites
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where, SST is the sum of squares of total variation is the 
total number of experiments, SSA represents the sum 
squares of factor A, KA is the number of levels of factor A. 
Ai represents the sum of the total ith level of the factor A, 
nAi is the number of specimens for ith level of factor A. T 
is the sum of total (S/N) ratio of the experiments, DOF is 
the degrees of freedom, Vfactor is the variance of the factor, 
SSfactor stands for the sum of squares of the factor and Ffactor 
is the F ratio of the factor.

The last column of the ANOVA table shows the percent-
age of contribution (P %) of each factor on the total varia-
tion, indicating the degree of influence on the result. When 
‘FTest’ is less than the ‘5 %’ column value and error value 
is greater than the contribution percentage (P %) of each 
factor, the assigned factor is statistically and physically 
insignificant.

It is clear from the ANOVA analysis (Table 6) that the (i) 
material types (ii) applied load (iii) sliding speed have the 
influence on specific wear rates of the composite materials. 
The last column of Table 6 indicates the percentage contribu-
tion (P) of each factor on the total variation indicating their 
degree of influence on the result. The interaction between the 
above factors does not have significant influence on the spe-
cific wear rate of PA 6 composite materials. Table 5 shows 
that the material types (P  =  85.06  %), the applied load 
(P = 2.17 %), the sliding speed (P = 3.26 %) have an influ-
ence on the wear rate. The interactions material types/applied 
load, material types/sliding speed, applied load/sliding speed 
were P = 3.25 %, P = 0.97 %, P = 1.04 %, respectively. 
These interactions (material types/sliding speed, applied 
load/sliding speed) are very minimum and can be neglected.

3.3 � Correlation

The correlations between the factors (material types, 
applied load and sliding speed) and the measured 

parameters (specific wear rate of PA 6 composites) were 
obtained by multiple linear regressions.

The equation obtained was as follows:

3.4 � Confirmation tests

The final step of the Taguchi method is to perform a con-
firmatory experiment for examining the quality character-
istic. The confirmation test was performed with a new set 
of factors A3B1C1 to predict the specific wear rate of PA 6 
composites. The estimated S/N ratio for specific wear rate 
can be calculated with the help of the following equation:

where η̂ is the predicted average, T the overall experimental 
average, and A3, B1, and C2 is the mean response for the 
factors.

The new combination of factor levels, A3, B1, C2 was 
used to predict specific wear rate of PA6 composite mate-
rials through prediction equation. An experiment was con-
ducted under the new combination of factor levels, A3, B1, 

WPA6Composites = −32.7405+ 14.765×Material type (A)

− 2.64873× Applied load (B)

− 3.10442× Sliding speed (C)

R = 0.95

η̂ = T + ( A3 − T ) + ( B1 − T ) + ( C1 − T)

Table 6   The ANOVA for 
the wear rate of composite 
materials

SDQ sum of squares, DF degrees of freedom, P percentage of contribution
a  Percentage of contribution
b  90 % confidence level
c  99.5 % confidence level

Source DF SDQ Variance Ftest Ftable Pa(%)

Material types 2 5150.55 2575.275 79.70 8.65b 85.06

Applied load 2 131.13 65.56 2.03 2.17

Sliding speed 2 197.22 98.61 3.05 2.92c 3.26

Material types × applied load 4 196.76 49.19 1.52 3.25

Material types × sliding speed 4 58.6 14.65 0.45 0.97

Applied load × sliding speed 4 62.76 15.69 0.49 1.04

Error 8 258.48 32.31 4.27

Total 26 6055.5

Table 7   Results of the confirmation experiments for PA 6 compos-
ites

Optimal control  
parameters

Prediction Experimental

Level A3B1C1 A3B1C1

S/N ratio for PA6 composite wear rate (dB) 42.15 38.66



2103J Braz. Soc. Mech. Sci. Eng. (2016) 38:2097–2104	

1 3

C2 and the result was compared with that obtained from the 
predictive equation as shown in Table 7.

A confidence interval for the predicted mean of the 
confirmation run can be calculated using the following 
equation:

where F (1, n2) = The F value from the FTable at a required 
confidence level at DOF 1 and error DOF n2, Ve is the vari-
ance of error term (from ANOVA), Ne is the effective num-
ber of replications

CI =

[

F(1, n2)xVe

Ne

]0.5

	 2.	 Basavarajappa S, Arun KV, Paulo Davim J (2009) Effect of 
filler materials on dry sliding wear behaviour of polymer matrix 
composites—a Taguchi approach. J Miner Mater Character Eng 
8:379–391

	 3.	 Campos R, DaSilva JC, Leandro Jose L, Wanderson OD (2013) 
Investigations on the drilling process of unreinforced and rein-
forced polyamides using Taguchi method. Compos Part B 
55:338–344

	 4.	 Kuram E, Tasci E, Altan AI (2013) Investigating the effects of 
recycling number and injection parameters on the mechani-
cal properties of glass-fibre reinforced nylon 6 using Taguchi 
method. Mater Des 49:139–150

	 5.	 Jahromi AE, Arefazar A, Jazani OM, Sari MG, Saeb MR, Salahi 
M (2013) Taguchi-based analysis of polyamide 6/acrylonitrile–
butadiene rubber/nanoclay nanocomposites: The role of process-
ing variables. J Appl Polym Sci 130(2):820–828

Ne =

Total number of results
(

or number of S
N
ratios

)

DOF of mean (= 1 always)+ DOF of all factors included in the estimated of the mean

The calculated confidence level is: CI = ±5.37 dB

4 � Conclusions

(1)	 Taguchi’s robust orthogonal array design method is 
suitable to analyze the wear sliding behavior problems.

(2)	 It is found that the parameter design of the Taguchi 
method provides a simple, systematic, and efficient meth-
odology for the optimization of the wear test parameters.

(3)	 The specific wear rate of the PA 6 and its composites 
decreases with the increase in load and increases with 
the increment of sliding speed.

(4)	 Type of the material (85.06 %), applied load (2.17 %) 
and sliding speed (3.26 %) exert effects on the specific 
wear rate.

(5)	 The interaction of A × B (3.25 %) had a higher signifi-
cant effect while interactions of A × C (0.97 %) and 
B × C (1.04) had a much lower significant effect.

(6)	 The estimated S/N ratio using the optimum testing 
parameters for specific wear rate could be calculated, 
and a good agreement between the predicted and actual 
specific wear rate was observed for a confidence level 
of 90 %.

(7)	 The Taguchi analysis helps to choose the right nylon 
or nylon composite material for the right job from the 
point of view of wear performance.
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