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ABSTRACT

Brass alloy, is a copper alloy is generally utilized in extended structure components that includes, pumps, heat 
exchanger tube, bolts, nuts, rivets, marine hardware’s and fasteners for its better corrosion and erosion 
resistant service. In marine environment Sand particles entrained in the sea water greatly reduce the design life 
of metal components within such systems. Slurry erosion problems are important due to the increase in the 
number of solid particles impacting over the surfaces. Brass alloy is considered to be a candidate material for 
corrosion-resistant however Erosion loss will inevitably occur over time leading to the replacement of 
components. Therefore, the primary objective develops a model that can be used to predict the erosion 
behavior of extended brass alloys in vitro, while capturing the effect of slurry erosion. In this paper the 
investigation of the influence of slurry erosion testing parameters on slurry erosion wear behavior at different 
impact angle, rotation sped, time and slurry composition. Then, response surface methodology (RSM) was 
applied to calibrate the erosion rate. Finally, given the good fit between RSM predictions and experimental 
data, it was concluded that the RSM framework precisely captures the effect impact angle, rotation sped, time 
and slurry composition on the mass loss in erosion.
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1.0 INTRODUCTION 

Modern industries such as marine, oil and gas production, and power generation often require seawater for 
cooling systems within generators and reactors. Sand particles entrained in the seawater greatly reduce the 
design life of metal components within such systems. Pipes, valves and pump casings and impellers are 
especially vulnerable to erosion damage. Erosion is defined as the wear caused by hard particles striking a 
surface, carried by a gas stream or entrained in a flowing liquid medium [1]. Copper and its alloys have long 
been associated with the sea on account of their excellent corrosion-resistance and ability to withstand marine 
fouling. Copper-sheathed wooden ships and gun metals for corrosion-resistant castings are part of history but 
increased mechanization of extended surfaces progressively Jed to demands for materials of higher strength 
and greater resistance to higher water speeds.[2] Materials used in such conditions have to withstand the 
destructive environments of erosion and corrosion. Copper-based alloys such as brass alloy have been widely 
used in the marine industry because of their excellent erosion-corrosion and cavitation’s resistance. Although 
brass alloy is considered to be relatively erosion and corrosion resistant, material wear will inevitably occur 
over time leading to the replacement of components [3-4]. Due to their corrosion and bio-fouling resistance in 
seawater environments, mechanical ductility, excellent electrical and thermal conductivity, copper alloys are 
used extensively as condenser and heat exchanger tubing materials in marine power plants. Copper has a good 
resistance to corrosion in most cases; however, it still undergoes corrosion such as pitting corrosion, crevice 
corrosion and stress corrosion cracking.[5]. Hence, the present work was carried out to develop an empirical 
relationship to predict the erosion rate (mass loss of brass alloy), and to develop RSM 3D model for the 
various effects like impact angle, rotation sped, time and slurry composition on erosion behaviour of brass 
alloy. The below figure shows the types of extended surfaces in fig 1.
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Fig 1. Types of extended surfaces
2.0 EXPERIMENTAL WORK

In this investigation, commercial grade copper-based brass alloy a high good corrosion resistance material 
having greater strength and rigidity was used and the chemical composition of brass alloy substrate 
conforming to specification ASTM B171. Slurry erosion mass loss of the coated and uncoated specimens was 
determined using slurry erosion tester. The test is carried-out by measuring the loss of mass of the specimen 
by weighing it before and after the process in the tester. Erodent used in the water jet erosion and slurry 
erosion tests was Quartz sand of 50 µm sizes and its Slurry erosion testing was conducted on brass alloy 
specimens of size 25.4 x 76.2 x 5 mm Brass alloy specimens were polished ultrasonically cleaned using 
acetone and weighed prior to test and post-test to find weight loss from which the erosive wear was calculated. 
The specimen to be tested is first thoroughly cleaned and weighed in using a precision weighing machine. 
These specimens having a standard size are fixed onto the disc with the help of clamps at the desired radial 
distance. The disc along with the specimen is dipped into the slurry contained in the container. The motor is 
then started and the specimens are rotated at the desired speed for a given duration. The specimen is removed, 
cleaned and weighed after the test is over. The rate of erosion is calculated at the rate of loss of mass with 
respect to various experimental parameters. The fig 2 and 3 shows the specimens of brass alloy and eroded 
brass alloy respectively.

                  Fig 2 Specimens of brass alloy                                           Fig 3 Specimens of eroded brass alloy

3.0 RESULTS AND DISCUSSION
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After considering the feasible limits of the erosion test apparatus as mentioned under the erosion 
parameters and their limits were chosen, so that erosive wear test could be conducted without any difficulty. In 
order to study the effects of the slurry erosion parameters on the erosion rate. Statistically designed experiments 
were used to reduce the time. In order to determine the optimum levels of the process variables studied and 
their relationships, RSM concept was employed. RSM is a combination of mathematical and statistical 
techniques that are generally used for DOE, development of a mathematical model, identification of optimum 
combination of input parameters, and graphical Expression of results for better understanding. The relationship 
between the variables and the response after analysis was determined using the second order polynomial 
equation.

Table 1 Design Matrix and Experimental Result
Ex. 
No.

Coded value Original value Corrosion 
rate(mm/yr)A S T F A S T F

1. -1 -1 -1 -1 75 1250 60 500 0.0580
2. 1 -1 -1 -1 60 1000 90 400 0.1543
3. -1 1 -1 -1 40 1250 120 300 0.1141
4. 1 1 -1 -1 60 1000 90 400 0.2087
5. -1 -1 1 -1 60 1000 30 400 0.1047
6. 1 -1 1 -1 75 750 120 500 0.2014
7. -1 1 1 -1 75 1250 120 300 0.1562
8. 1 1 1 -1 40 750 120 300 0.2512
9. -1 -1 -1 1 60 1000 90 400 0.0390
10. 1 -1 -1 1 40 1250 60 300 0.1381
11. -1 1 -1 1 60 1000 90 600 0.0873
12. 1 1 -1 1 90 1000 90 400 0.1847
13. -1 -1 1 1 60 1000 90 200 0.0809
14. 1 -1 1 1 60 1000 150 400 0.1804
15. -1 1 1 1 60 1000 90 400 0.1246
16. 1 1 1 1 60 1500 90 400 0.2224
17. -2 0 0 0 75 1250 60 300 0.0493
18. 2 0 0 0 40 1250 120 500 0.2434
19. 0 -2 0 0 60 1000 90 400 0.0955
20. 0 2 0 0 75 1250 120 500 0.1936
21. 0 0 -2 0 60 500 90 400 0.1041
22. 0 0 2 0 75 750 60 300 0.1885
23. 0 0 0 -2 40 750 60 500 0.1632
24. 0 0 0 2 40 750 60 300 0.1154
25. 0 0 0 0 40 750 120 500 0.1396
26. 0 0 0 0 60 1000 90 400 0.0580
27. 0 0 0 0 75 750 120 300 0.1543
28. 0 0 0 0 40 1250 60 500 0.1141
29. 0 0 0 0 75 750 60 500 0.2087
30. 0 0 0 0 30 1000 90 400 0.1047
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Where, Y is the predicted response, Xi, Xi2, and Xj are variables in coded values; β0 is the constant; βi is the 
linear effect; βii is the s quared effect and βij is the interaction effect. The analysis of results was performed 
with statistical and graphical analysis software (Design Expert, Version 7.1). The software was used for 
regression analysis of the data obtained and to estimate the coefficient of regression equation. The Analysis of 
Variance (ANOVA) technique was used to find the significant main and interaction factors. The results of 
second order response surface model. The erosion Rate of the brass alloy are functions of impact angle, 
rotation sped, time and slurry composition.
Mass loss of brass alloy = f {A, S, T, F}
The empirical relationship for mass loss in brass alloy is chosen includes the effects of the main and 
interaction effects of all factors. The construction of empirical relationship and the procedure to calculate the 
values of the regression coefficients can be referred elsewhere. In this work, the regression coefficients were 
calculated with the help of Design Expert V 7.0 statistical software. After determining the coefficients (at a 
95% confidence level), the final empirical relationship was developed using these coefficients. The final 
empirical relationship to estimate the mass loss (g) is given below:

Mass loss of uncoated brass alloy = 0.13 + 0.048* A+ 0.025* S + 0.021*T- 0.012* F - 0.0005125(AS) + 

0.0000125(AT) + 0.0006125(AF) - 0.001063(ST) - 0.00186(SF) - 0.001139(TF) + 0.004127(A2) + 

0.003677(S2) + 0.004115(T2)- 0.00236(F2) 

Table 2 ANOVA test results for Erosion Testing

Source Sum of 
Squares df Mean 

Square F-value p-value
Prob>F

Model 0.086 14 6.155X10-3 7.13 0.0003 Significant
A-Impact 
angle

0.056 1 0.056 65.28 <0.0001

B-
Rotational 
speed

0.015 1 0.015 16.80 0.0009

C-Time 0.011 1 0.011 12.44 0.0030
D-Slurry 
composition

3.394X10-3 1 3.394X10-3 3.93 0.0661

AS 4.203X10-6 1 4.203X10-6 4.866X10-3 0.9453
AT 2.50X10-9 1 2.500X10-9 2.895X10-6 0.9987
AF 6.003X10-6 1 6.003X10-6 6.951X10-3 0.9347
ST 1.806X10-5 1 1.806X10-5 0.021 0.8869

SF 5.55X10-5 1 5.550X10-5 0.064 0.8033
TF 1.980X10-5 1 1.980X10-5 0.023 0.8817
A2 4.672X10-4 1 4.672X10-4 0.54 0.4734
S2 3.709X10-4 1 3.709X10-4 0.43 0.5222
T2 4.644X10-4 1 4.644X10-4 0.54 0.4747
F2 1.53X10-4 1 1.534X10-4 0.18 0.6794
Residual 0.013

Lack of Fit 8.167X10-7 1.0000
not 
significant

Pure Error 0.013
Cor Total 0.099
Std. Dev. 0.029 R² 0.8693
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Mean 0.14
Adjusted 
R²

0.7473

C.V. % 20.79
Predicte
d R²

0.8118

PRESS 0.019
Adeq 
Precision

10.212

Checking the adequacy of the model for erosion Testing, Fitting in the form of Analysis of Variance 
(ANOVA) are given in the ‘Table 2’. The determination coefficient (r2) indicated the goodness of fit for the 
model. The Model F-value of 7.13 implies the model is Significant. There is only a 0. 03% chance that a 
“Model F Value” this large could occur due to noise. Values of “Prob > F” less than 0.0500 indicates model 
terms are significant. In this case A, S, T, F is significant model terms. Values greater than 0.1000 indicate the 
model terms are not significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve the model. The “Lack of Fit F-value” of 0.00 implies the 
Lack of Fit is not significant relative to the pure error.  There is a 100% chance that a “Lack of Fit F value” 
this large could occur due to noise. Non-significant lack of fit is good. The “Pred R-Squared” of 0.8693 is in 
reasonable agreement with the “Adj R2-Squared” of 0.7473. “Adeq Precision” measures the signal to noise 
ratio. P ratio greater than 4 is desirable. Our ratio of 10.12 indicates an adequate signal. Each of the observed 
values compared with the experimental values shown in the Fig. 4.

Fig. 4 Correlation graph for response (erosion rate) for erosion tests.

3.3 Effects of Testing Parameters.
The slurry erosion tests were carried out in a slurry erosion tester with different parametric conditions. Based 
on the empirical relationship, the main and interaction effects of the process parameters on the wear rates were 
computed and plotted in the form of 3D surface plots on coated and uncoated brass alloy, as shown in the Figs. 
5 (a to f) it is inferred that uncoated brass alloy is much sensitive for the considered rotational speed and time. 
A coating with graphs were plotted under certain processing conditions. Further, from the contour plot, it is 
possible Figure 5(b) reveals the effects of the impact angle and time. Slight variations in time increases 
erosion rate irrespective of the impact angle. Variation in slurry composition erosion tested specimens does 
not make much difference in the erosion rate and it has good agreement with the ‘F’ values in ANOVA Table. 
However, impact angle is significant for mass loss as shown in fig 5.2 (c-f). The effect of slurry erosion 
parameters on erosion rate are displayed in Figs. 5 (a- f). As described in the earlier section. Rotational speed 
and impact angle have greater influence in erosion rate. Slurry composition and time has significant in erosion 
rate. However, both impact angle and rotational speed dominating metal and coating erosion rate individually. 
The perturbation plot can be used to compare the effects of all factors at a particular point in the RSM design 
space. It is clear from Figure 5(a) and (b) that the erosion rate increases with the increase in the levels of factors 
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under consideration. The apex of the perturbation plot shows the maximum erosion rate. These plots can help 
to predict the response for any zone of the experimental domain. from the perturbation plots. It is observed 
that and rotational speed and impact angle shows variations in erosion rate. These two parameters have been 
identified as fewer sensitive parameters to the present experimental conditions.

Fig. 5 Response Graphs for Coating mass loss of brass alloy (a) Effect of S and A; (b) effect of T and A;                (c) 
effect of F and A(d) effect of T and S (e) effect of F and S (f) effect of F and T

4.0 CONCLUSION

In this work, the effects of solid particle erosion parameters, namely, angle of impingement, rotational speed, 
slurry composition and time were studied using response surface methodology (RSM) and the following 
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conclusions were derived.

1. Empirical relationship for finding the mass loss (erosion rate) rate of brass alloy was established 
incorporating with the angle of impingement, rotational speed, slurry composition and time for erosion 
rate the developed relationship can be effectively used to predict the mass loss (erosion rate) of brass 
alloy at 95% confidence level.

2. The effects of slurry erosion parameters such as impact angle, rotation sped, time and slurry 
composition on brass alloy by adopting multiple objective optimizations with RSM.

3. In brass alloy, the highest erosion rate was observed at higher rotational speed. 
4. From the F value assessment, it was found that rotational speed has the maximum influence on erosion 

rate than that of other erosion parameters. 
5. It was found that rotational speed greatly influences the corrosion behavior of brass alloy followed by 

other parameters such as time, impact angle and slurry composition.
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