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Abstract  The commercially pure (CP) titanium cylindrical flat pins were subjected to wear on a standard pin-on-disc 
machine against a SiC abrasive disc for a dry sliding condition in the atmospheric air. The design of experiments (DOE) 
approach using Taguchi method was employed to predict the wear behavior against variable parameters such as load, speed 
and sliding duration. Also signal-to-noise ratio and analysis of variance (ANOVA) were used to study the influence of 
these parameters on the wear loss. It was observed that load has a significant effect on wear followed by speed and duration. 
A multiple linear regression equation has been developed and the error associated with confirmation test is 1.52% to 
10.96%.   
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1. Introduction 
Pure Titanium (Grade 2) is light weight and highly 

corrosion resistant, offering an excellent balance of strength 
and ductility but it has much lower strength than alpha-beta 
or beta titanium alloys. But it suffers poor resistance to 
wear and is prone to galling [1].  

There has been extensive research work carried out to 
enhance its wear resistance and a considerable enhancement 
is only achievable by any established surface treatments that 
involve changes in surface chemistry. However, certain 
applications requiring the use of titanium in its purest from 
for example, in case of medical implants for bones and joints, 
requires it to be designed considering the influence of the 
various process parameters acting as per the service 
condition [1, 2]. Thus, to understand the wear behaviour of 
titanium and predict the wear against the service conditions, 
a statistical method can be employed involving design of 
experiments by Taguchi method [3-5]. 

In the present work, a statistical approach based on 
Taguchi and ANOVA techniques was adopted to determine 
the degree of importance of each process parameter on the 
variance of wear loss of the commercially pure titanium. 
Mathematical models have been developed between the 
process variables and its wear behaviour. 
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2. Taguchi Method 
Taguchi method is employed to design the experiment for 

abrasive wear study in order to obtain optimum results with 
minimum number of experiments. The experimental design 
proposed by Genichi Taguchi involves the use of orthogonal 
arrays to organize the factors affecting the process and also 
the levels these factors need to be varied systematically in 
order to complete the experiment with minimum trials in 
order to save the time, money and resources instead of 
performing all possible combinations [5, 6]. 

2.1. Plan of Experiments 

An orthogonal array was constructed up on identifying the 
control factors, their levels and responses as shown in  
Table 1. This experiment has 3 variables at 3 different levels. 
A full factorial experiment would require (3^3) = 27 
experiments. We conducted a Taguchi experiment with a L9 
(3^3) orthogonal array (9 tests, 3 variables, 3 levels). 

The orthogonal array for the present work is as shown in 
Table 2. Here different parameters of load, speed and 
duration are considered for analysis. 

Table 1.  Parameters and their levels for wear test 

Levels Load, kg Speed, RPM Duration, min 

1 1 100 05 

2 2 200 10 

3 3 300 15 
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Table 2.  Taguchi L9 Orthogonal array 

Test run Load (A) Speed (B) Duration (C) 

1 1 100 05 

2 1 200 10 

3 1 300 15 

4 2 100 10 

5 2 200 15 

6 2 300 05 

7 3 100 15 

8 3 200 5 

9 3 300 10 

3. Experiment Details 
3.1. Material 

The material chosen for the present work is commercially 
pure grade 2 titanium. The cylindrical specimen of 6mm 
diameter and 25mm long were prepared for wear test with 
smoothly polished ends. The surface was polished using 
water proof silicon carbide emery paper with a grit size of 
P200, P320, P1000 and P2000; thereafter, thoroughly 
cleaned with acetone before the wear test. 

3.2. Pin-on-Disc Wear Test 

The DUCOM pin-on-disc tester as shown in Figure 1 is 
used to study the abrasive wear of titanium under dry sliding 
condition at normal temperature in atmospheric air.  

 

Figure 1.  Pin-on-disc setup 

The specimen is clamped and held against a P220 grit size 
SiC abrasive disc during testing; the load is applied on the 
specimen through the cantilever mechanism with a track 
radius of 100mm. The weight loss is measured during the test 
for the variable parameters of load, speed and duration. 

Table 3.  Specifications for wear testing 

Sl No. Process Parameters Specifications 

1. Wear Disc Diameter 165 mm 

2. Disc Rotation speed 100-300 RPM 

3. Temperature Ambient 

4. Wear Track Diameter 100 mm 

5. Load 1-3 kg 

6. Time 5-15 min 

7. Specimen Diameter 06 mm 

4. Results and Discussion  
A statistical analysis of wear loss was carried out using the 

software MINITAB14 specifically used for the design of 
experiment applications. Test conditions with output results 
using L9 orthogonal array are presented in Table 4.  

Table 4.  L9 orthogonal array with mean wear loss and S/N ratio 

Load Speed Duration Mean Wear 
Loss (mg) S/N Ratio 

1 100 5 0.1397 17.0961 

1 200 10 0.2028 13.8586 

1 300 15 0.3279 9.6852 

2 100 10 0.2335 12.6343 

2 200 15 0.3296 9.6403 

2 300 5 0.2992 10.4808 

3 100 15 0.3393 9.3883 

3 200 5 0.2699 11.3759 

3 300 10 0.3980 8.0023 

4.1. S/N Ratio Analysis 

Considering the different factors the S/N ratio was 
computed for the wear loss of the material as the response. 
The S/N ratio was calculated using the equation 1 for smaller 
is better quality characteristic. 

S/N=-10 log10 (1/n) Σ(yi
2)         (1) 

Where,  
n is the number of observation, and  
y is the observed data 
The S/N ratios and the response were plotted for each 

factor against each of its levels with a smaller-the-better 
condition for wear loss and are as shown in Figure 2. 

Analysis of the results leads to the conclusion that the 
factors in consideration show an increase in mean wear loss 
of the material due to abrasion with increasing levels of the 
factors. The wear loss increases almost linearly with 
increasing load (A), speed (B) and duration (C). As for 
minimization of wear is concerned, factors A, B and C has 
significant effect; a combination of A1, B1 and C1 gives 
minimum wear. In order to justify/conform the factors and its 
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significance a further statistical analysis is necessary i.e. 
analysis of variance. 

Table 5.  Response table for S/N Ratio (Smaller is better) 

Level Load Speed Duration 

1 13.547 13.040 12.984 

2 10.918 11.625 11.498 

3 9.589 9.389 9.571 

Delta 3.958 3.650 3.413 

Rank 1 2 3 

Table 6.  Response table for means 

Level Load Speed Duration 

1 0.2235 0.2375 0.2363 

2 0.2874 0.2674 0.2781 

3 0.3357 0.3417 0.3323 

Delta 0.1123 0.1042 0.0960 

Rank 1 2 3 

 

 

 

 

 

Figure 2.  Main effects plot for means and S/N ratios 
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Table 7.  Analysis of Variance for S/N Ratio, using Adjusted SS for Tests 

Source DF Seq SS Adj SS Adj MS F test p value P% (Contribution) 

Load 2 24.339 24.339 12.170 103.74 0.010 38.96 

Speed 2 20.322 20.322 10.161 86.62 0.011 32.53 

Duration 2 17.570 17.570 8.785 74.89 0.013 28.13 

Error 2 0.235 0.235 0.117   0.376 

Total 8 62.466     100 

S = 0.342498   R-Sq = 99.62%   R-Sq(adj) = 98.50% 
DOF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted sum of squares; Adj MS: adjusted mean squares 

Table 8.  Analysis of Variance for Mean, using Adjusted SS for Tests 

Source DF Seq SS Adj SS Adj MS F test p value P% (Contribution) 

Load 2 0.0190284 0.0190284 0.0095142 82.65 0.012 37.73 

Speed 2 0.0172692 0.0172692 0.0086346 75.01 0.013 34.24 

Duration 2 0.0139001 0.0139001 0.0069500 60.38 0.016 27.56 

Error 2 0.0002302 0.0002302 0.0001151   0.456 

Total 8 0.0504279     100 

S = 0.0107290   R-Sq = 99.54%   R-Sq(adj) = 98.17% 
DOF: degrees of freedom; Seq SS: sequential sum of squares; Adj SS: adjusted sum of squares; Adj MS: adjusted mean squares 

 

4.2. Analysis of Variance 

A statistical analysis of variance (ANOVA) is conducted 
along with the Taguchi technique to find the contribution of 
each of the process parameters for the wear loss. The 
percentage contribution of various process parameters to the 
selected performance characteristic can be estimated by 
ANOVA [6, 7].  

The table 7 and 8 shows the results of the ANOVA where 
the analysis is carried out for a confidence level of 95%. 
Sources with a p-value less than 0.05 were considered to 
have a statistically significant contribution to the 
performance measures. The last column in Table 7 and 8 
shows the percentage contribution of each parameter and it 
can be observed that the load has the highest influence of 
38.96% on wear loss followed by speed and duration 
considering the S/N ratios; the speed and duration have an 
influence of 32.53% and 28.13% respectively. Hence load is 
an important parameter to be considered during abrasive 
wear of CP titanium followed by speed and duration.  

4.3. Multiple Linear Regression Model Analysis 

In order to establish the correlation between the wear 
parameters load, speed, duration with the wear loss multiple 
linear regression model was used.  

Wear Loss = - 0.0303 + 0.0561× Load+ 0.000521 
×Speed + 0.00960×Duration           (1) 

S = 0.0168031   R-Sq = 97.2%   R-Sq(adj) = 95.5% 
The confirmation test was performed by selecting the set 

of parameters as shown in Table 9. The Table 10 shows the 

results obtained, where comparison was carried out between 
the foreseen values from the model developed in the present 
work (Equation 1), with the values obtained experimentally. 
From the analysis of the referred table we can observe that 
the calculated error varies from 1.52% to 10.96% for wear 
loss. Therefore, the multiple regression equation derived 
above correlate the evaluation of the wear of the CP titanium 
with the reasonable degree of approximation. 

Table 9.  Parameter used in the Confirmation test 

Test Load Speed Duration 

1 1 100 05 

2 2 100 10 

3 3 300 10 

Table 10.  Comparison of confirmation test with regression model 

Test 
Experimental 

Value 
Regression model 

(Eq.(1)) 
% error 

1 0.1397 0.1259 10.96 

2 0.2335 0.23 1.52 

3 0.3980 0.3903 1.97 

4.4. Taguchi Confirmation Experiment 

Also Taguchi confirmation test is performed to validate 
the experimental results and to evaluate the accuracy of the 
analysis. The comparison of the estimated value and the 
actual value is shown in Table 11. The improvement of S/N 
ratio from mean to optimum process parameters is 5.5dB. 
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Table 11.  Comparison of confirmation experiment 

Level 
Mean Process 

Parameters 
(A2B2C2) 

Optimum Process 
Parameters (A1B1C1) 

Predicted Experimental 

Weight Loss (mg) 0.268544 0.132811 0.1397 

S/N Ratio (dB) 11.3392 16.8678 17.0961 

5. Conclusions 
Taguchi’s design method can be used to analyze the dry 

sliding abrasive wear behaviour of the CP titanium as 
described in the paper. The following are general 
conclusions which can be drawn from the work. 
•  Load (38.96%) is the factor which is having highest 

physical as well as statistical influence on the abrasive 
wear followed by speed (32.53%) and duration 
(28.13%). 

•  Multiple linear regression equation has been developed 
with R-Sq value 97.2%. Confirmation experiment 
shows that the error associated with the wear loss of the 
specimen varies from 1.52% to 10.96%. 

•  The Taguchi confirmation experiment has shown that 
an improvement of 5.5dB can be achieved by 
implementing the optimum process parameters as per 
Taguchi design with an error of less than 2-3% between 
the experimental and predicted values. 
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