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 A B S T R A C T 

Copper-Nickel-Tin (Cu-Ni-Sn) spinodally decomposable alloy of 
composition Cu-7Ni-4Sn was prepared by using sand casting process. The 
specimens required for microscopic examination, micro-hardness and wear 
tests were prepared from heat treated (homogenization, solution and 
ageing) cast rods. The microscopic examination results revealed that the 
as-cast dendrite structure was disappeared during the homogenization, 
solution and ageing processes and forms grains of various sizes with 
respect to ageing time. The hardness of the alloy was increased from 206 
HV at solution treated condition to 235 HV at four hours of ageing. By using 
pin-on-disc wear tester in dry sliding condition an adhesive wear test was 
conducted as per L9 orthogonal array by taking parameters of applied load, 
sliding speed and ageing time. An optimum level of parameter for each case 
was determined through S/N ratio investigation by considering "smaller-
the-better". From this investigation, it was found that the parameter 
ageing time was the dominant as compared to other two parameters. The 
significant parameter that affect the response was indicated by the results 
obtained from ANOVA and these results were agreed with S/N analysis. 
The developed linear regression equation was validated through 
confirmation experiments. The wear mechanism was observed on worn out 
surfaces by selecting appropriate specimens considering applied load and 
sliding speed for both normal and optimum parameter specimens using 
scanning electron microscope (SEM). 
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1. INTRODUCTION  
 
The applications ingeneral, automotive, aircrafts 
and machine tools industries, copper and its alloys 
are largely used as a material for bearings [1]. By 
using various known techniques, the strength of 

these alloys can be improved. They are: (i) grain 
size refinement, (ii) strain hardening, (iii) solid 
solution hardening, (iv) quench hardening, (v) 
dispersion hardening and, (vi) precipitation & age 
hardening [2].  Spinodal decomposition is a 
process through which the strength of some of the 
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alloys can be improved. Spinodal decomposition 
produces a very fine modulated microstructure 
which was observed in Cu-Ni-Sn alloys [3-6]. A 
very few studies were conducted on Cu-Ni-Sn 
alloys with limited alloy compositions and ageing 
temperature to determine the effect of cold work, 
Nickel and Tin content etc. [7-10]. 
 
Therefore, the use of spinodal alloys in various 
applications requires mechanical and wear 
properties data base and their correlation to alloy 
compositions and heat treatment processes. 
Further, the effect of parameters used in wear 
test on wear behaviour of the Cu-Ni-Sn alloys was 
not analyzed by Taguchi’s design of experiments 
(DOE) statistically. The regression equation and 
confirmatory test to check the adequacy of the 
statistical model also was not done. Hence, by 
considering the above gap, in this study, casting 
of Cu-7Ni-4Sn alloy was used to analyze the 
tribological properties through DOE. 
 
 
2. FORMULATION OF WORK 

 
Following subdivisions explains the selection of 
material, Cu-Ni-Sn alloy preparation 
usingCO2sand casting process, heat treatment 
processes, microstructural examination and 
micro-hardness test.  
 
2.1 Material Selection Process 

 
Among the non-ferrous materials, Copper-
Beryllium (Cu-Be) alloys produces high strength 
through precipitation and age hardening 
process. But while processing of Cu-Be alloys, 
the fumes produced by the alloys are very 
harmful to human health. Further, the cost of 
Beryllium is very high as compared to other 
elements [8-11]. So, in order to overcome the 
above mentioned problems, Cu-Ni-Sn alloy was 
selected in the present work. This alloy can 
replace the Cu-Be alloys in terms of strength 
(nearly equal) and less cost with no harmful 
effect [8]. The alloy composition was selected in 
such a way that it can be spinodally 
decomposable based on the wt.% of Ni and Sn 
content (Ni = 2 to 20, Sn = 2 to 8) [12].  

 
2.2 Preparation of Cu-Ni-Sn alloy casting 
 
The required alloy composition of Cu-7Ni-4Sn 
(wt.%) was prepared by CO2sand mold casting 

process. Carbon dioxide molding is a sand 
casting process that employs a molding mixture 
of sand and liquid silicate binder. The molding 
mixture is then hardened by blowing carbon 
dioxide gas through it. This method offers a 
great deal of advantages over other forms of 
sand molding. Wooden patterns were used to 
make the required cast rods. The preheated 
graphite crucible was kept in the muffle type 
electric furnace along with pure elements of Cu, 
Ni and Sn in right proportions. The furnace 
temperature was kept at 1250 °C (obtained 
from ternary Cu-Ni-Sn phase diagram) and the 
molten metal was transferred into sand moulds 
to get the rods of size Ø 16 mm × 50 mm length 
(17 rods). During the melting process, Argon 
gas was used to avoid the reaction between 
molten metal and the atmospheric gases. The 
composition of the prepared alloy was tested 
by spectroscopic analysis. 
 
2.3 Heat Treatment Process 
 
The cast rods were subjected to three types of 
heat treatment processes such as 
homogenization, solution and ageing. 
Homogenization was performed for 10 hours at 
820 °C and slowly cooled in the furnace. Solution 
was carried out at the same temperature for 1 
hour and the rods were very rapidly cooled in 
water to have super saturated solid solution [1]. 
Further, these rods (14 nos.) were aged for up to 
five hours and every one hour one rod was 
withdrawn from the furnace and cooled. Ageing 
temperature was used as 350 °C. Inert Nitrogen 
atmosphere was used for above heat treatment 
processes and the test specimens were prepared 
from the above [2]. 
 
2.4 Microstructural Examination  
 
The prepared specimens were subjected to 
microscopic analysis after polishing and etched 
with 100 ml H2O, 1–2 gm Fe3Cl and 25 ml HCl 
solution [10]. The microstructure of the 
specimens was observed through Zeiss 
inverted metallurgical microscope to verify the 
phase change as shown in Figs. 1 to 6. Figure 1 
shows the microstructure of the as-cast alloy 
with dendrites. In Figs. 2 to 6, dendrites are not 
seen due to homogenization, solution and 
ageing treatments, instead grains along with 
grain boundaries are clearly seen. The only 
difference is the grain size. As the ageing time 
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increases, the grain size also increases. 
Spinodal decomposition (modulated 
microstructure structure) is not observable 
through optical microscope [8], hence, it is not 
shown in these figures. 
 

 
Fig. 1. Microstructure of as-cast specimen. 
 

 

Fig. 2. Microstructure of 1 hour aged specimen. 

 

 
Fig. 3. Microstructure of 2 hour aged specimen. 

 
Fig. 4. Microstructure of 3 hour aged specimen. 
 

 
Fig. 5.  Microstructure of 4 hour aged specimen. 

 

 

Fig. 6. Microstructure of 5 hour aged specimen. 
 

2.5 Microhardness Test 
 
The hardness of the Cu-7Ni-4Snalloy was tested 
using Mitutoyo Vicker’s microhardness tester at 
various conditions of the alloy. The specimens 
were prepared and tested as per ASTM- E384 
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standard. The hardness was taken at various 
places (10 readings) to get an average hardness 
value of the alloy. The hardness of the alloy 
measured for as-cast, homogenized and solution 
treated conditions was 191, 211, 206 HV 
respectively. During homogenization treatment 
the hardness of the alloy increases due to 
homogeneous distribution of alloying elements 
in the copper matrix and the as-cast dendrite 
structure was disappeared. It is clear from Fig. 7 
that the hardness increases from 206 HV at zero 
ageing (solution treated condition) time to 235 
HV at four hours of ageing. Further, ageing at 
five hours, reduced the hardness to 226 HV.  
 

 
Fig. 7. Hardness versus ageing time. 

 
The formation of modulated structure through 
spinodal decomposition and subsequent 
formation of ordered structure increases the 
hardness of the alloy and the decrease in 
hardness is due to the development of grain 
boundary precipitates, causing reduction in 
strength [13]. The similar behaviour was 
observed in the previous studies [3-4,7-9,14-16]. 
 
 

3. PLAN OF EXPERIMENT 
 
In the plan of experiments, the selected 
parameters were ageing time, applied load and 
sliding speed. For each parameter three levels 
were taken as shown in Table 1.  
 
Table 1. Wear parameters and their levels. 

Sl. No. 
Applied 
Load (N) 

Sliding Speed 
(rpm) 

Ageing 
Time (Hr.) 

1 10 159 1 
2 20 318 3 
3 30 477 5 

 
Orthogonal array of L9 was selected for 
conducting the experiment. The response to be 

studied was specific wear rate (SWR) of the Cu-
7Ni-4Snalloy, under the influence of parameters 
selected. The wear condition used in this 
experiment was dry sliding at room temperature. 
 
 
4. EXPERIMENTAL STUDIES ON WEAR  
 
The wear test specimens (Ø10 × 40 mm) were 
prepared from the aged (1 to 5 hours) rods by 
machining process. Pin-on-Disc wear tester was 
used to test the specimen as per ASTM G99 
standard and it is shown in Fig. 8. The wear test 
was conducted as per selected L9 orthogonal 
array under dry sliding condition. The sliding 
time was taken as 600 s. The SWR was calculated 
by measuring the initial and final weight of the 
specimens and is expressed in mm3/Nm. The 
density of the alloy was measured by water 
displacement method and its value was 8.38 
g/cm3. Table 2 shows the experimental result of 
SWR obtained when it was conducted as per L9 
orthogonal array. The values of signal-to-noise 
(S/N) ratio were obtained through MINI-TAB for 
the corresponding set of values such as applied 
load, sliding speed, ageing time and SWR. 
 

 

Fig. 8. Pin-on-Disc wear tester. 
 
Table 2. Experimental results of L9 orthogonal array. 

Exp. 
No. 

Applie
d Load 

(N) 

Sliding 
Speed 
(rpm) 

Ageing 
Time 
(Hr.) 

SWR ×10-12 

(mm3/Nm) 

S/N 
ratio 
(db) 

1 10 159 1 3.98 11.99 
2 10 318 3 1.22 1.73 
3 10 477 5 1.78 5.00 
4 20 159 3 1.38 2.79 
5 20 318 5 1.94 5.75 
6 20 477 1 3.78 11.55 
7 30 159 5 2.52 8.02 
8 30 318 1 4.70 13.44 
9 30 477 3 1.53 3.69 
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5. RESULTS AND DISCUSSION 
 
The next sections explain the influence of 
parameters on SWR of selected Cu-7Ni-4Snalloy, 
S/N ratios, ANOVA and regression analysis. 
 
5.1 Influence of wear Parameters on SWR 
 
The S/N ratio and mean plot for the SWR are 
shown graphically in Figs. 9 and 10 respectively.  
 

 
Fig. 9. Main effect plots for S/N ratio – SWR. 

 

 
Fig. 10. Main effect plots for means – SWR. 
 

Figure 9 (S/N) shows the optimum value of 
process parameters (Applied Load = 10 N; 
Sliding Speed = 477 rpm; Ageing Time = 3 hrs) 
to improve the wear resistance of Cu-7Ni-
4Snalloy and mean plot shows the trend of 
responses for the selected parameters. 
 

5.2 Influence of load on SWR 
 

From the plot (Fig. 10), it is observed that the 
SWR increased as load increases up to 30 N. As 
the load increases, the frictional heat is 
generated at the interface. Hence, the alloy 
strength decreases. During the initial metal to 
metal contact period, the contact surface gets 

smoothened and increases the contact surface. 
Further, there will be an additional increase in 
temperature due to tillage effect caused by the 
force of friction. These results increased in 
adhesion between the contact surfaces followed 
by more deformation and material loss. It is in 
agreement with previous researchers [17-18]. 
 
5.3 Influence of sliding speed on SWR 
 
From the Fig. 10, it is seen that as the sliding speed 
increases, the SWR decreases marginally. This may 
be due to the formation of oxide layer because of 
frictional heat by increasing the speed [19].  
 
5.4 Influence of ageing time on SWR 
 
From the Fig. 10, it is evident that, as the ageing 
time increases, the SWR decreases initially up to 
three hours of ageing and further ageing 
increases the SWR. The initial decrease in SWR 
is due to increase in alloy hardness (Fig. 7) up to 
four hours of ageing and then hardness started 
to decrease which causes increase of SWR [2]. 
 
5.5 S/N Ratio Analysis 
 
Table 3 shows the parameters of applied load, 
sliding speed and ageing time that significantly 
influence on response (SWR) and its order on 
parameters, identified by S/N ratio analysis. The 
parameter influence is selected from the delta (Δ) 
value as shown in Table 3.  
 
Table 3. S/N ratio- SWR response table based on 
Smaller-the-better. 

Level 
Applied 
Load (N) 

Sliding Speed 
(rpm) 

Ageing Time 
(Hr.) 

1 6.24 7.61 12.33 
2 6.70 6.98 2.74 
3 8.39 6.75 6.26 

Delta (Δ) 2.14 0.86 9.59 
Rank 2 3 1 

 
It is the difference between the maximum and 
minimum value of the parameter selected. The 
highest delta value indicates the maximum 
influence on the SWR. Hence, it is inferred from 
the Table 3, that the ageing time has the major 
influence on SWR as compared to load and speed. 
 
5.6 ANOVA for SWR  
 
Table 4 shows the ANOVA for SWR. Through 
ANOVA for each parameter, the % contribution 
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on response was estimated and the significant 
parameter that affects the response was known.  
 
Table 4. ANOVA for SWR. 

Source DF 
Seq 
SS 

Adj 
SS 

Seq 
MS 

F P % 

Applied 
Load 

2 7.648 7.648 3.824 1085 0.001 5.10 

Sliding 
Speed 

2 1.185 1.185 0.593 168 0.006 0.80 

Ageing 
time 

2 141.18 141.19 70.59 20043 0.000 94.1 

Error 2 0.007 0.007 0.003   5 
Total 8 150.03      

 
The parameters selected were applied load, 
sliding speed and ageing time on SWR 
considering the confidence and significance 
levels of 95 % and 5 % respectively. Table 4 
shows the each parameter % contribution on 
response. From this, it is concluded that the 
ageing time has the highest influence on SWR. 
 
5.7 Validation with Confirmation Test 

through Linear Regression Analysis  
 
A linear regression equation was developed 
through regression analysis for SWR to get new 
data [20].It relates the parameters of applied 
load, sliding speed and ageing time with SWR. 
These parameters affect the SWR in the ANOVA. 
The linear equation for SWR is shown in the 
equation (1), considering the confidence and 
significance levels of 95 % and 5 % respectively: 

𝑆WR = 3.77 + 0.0295L − 0.00083S − 0.518A       (1) 

where SWR, L, S, and A indicates specific wear rate, 
applied load, sliding speed and ageing time 
respectively. Further, in the above equation, the 
positive sign indicate increase in SWR and 
negative sign indicate decrease in SWR with 
parameter. To validate the regression model, the 
confirmation tests were conducted by selecting 
some parameters (Table 5) which was not selected 
in L9 orthogonal array for conducting wear test.  
 
Table 5. Confirmation experiment test levels and 
parameters. 

Sl. No. 
Applied 
Load (N) 

Sliding Speed 
(rpm) 

Ageing Time 
(Hr.) 

1 15 239 2 
2 15 398 4 
3 25 239 2 
4 25 398 4 

 

Table 6 shows the values of confirmation and the 
calculated results as well as the % error which 

varies from 0.6 to 9.5. Since the % error is less, the 
developed model is acceptable. 
 
Table 6. Confirmation and the calculated result values. 

Sl. No. 
Experimental 

SWR×10-12 

(mm3/Nm) 

Regression 
SWR×10-12 

(mm3/Nm) 

Error 
(%) 

1 2.96 2.98 0.6 
2 2.00 1.81 9.5 
3 3.32 3.27 1.5 
4 2.23 2.11 5.4 

 
 
6. SEM ANALYSIS 
 
The SEM images obtained for specimens 
subjected to various load and ageing time at 
constant speed of 318 rpm are shown in Figs. 11 
to 13 and is used to illustrate the general 
features. The worn out surface morphology of 
the Cu-7Ni-4Snalloy was characterized by 
scratches and smearing.     
 

 
Fig. 11. SEM Image of specimen subjected to (Applied 
Load=30 N; Sliding Speed=318 rpm; Ageing Time=1 hr). 

 

 
Fig. 12. SEM Image of specimen subjected to (Applied 
Load=20 N; Sliding Speed=318 rpm; Ageing Time=5 hrs). 
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Fig. 13. SEM Image of specimen subjected to (Applied 
Load=10 N; Sliding Speed=318 rpm; Ageing Time=3 hrs). 

 

 

Fig. 14. SEM Image of specimen subjected to (Applied 
Load=10 N; Sliding Speed=477 rpm; Ageing Time=3 hrs). 

 
Deep and continuous scratches were observed in 
Figs. 11 and 12. It is due to higher loads and low 
hardness values of the specimen, whereas, in Fig. 
13, the scratches are less as compared Figs. 11 
and 12. In this condition the specimen is 
subjected to lowest load and also the hardness of 
the specimen is high. Further, for the optimum 
test parameters (Applied Load = 10 N; Sliding 
Speed = 477 rpm; Ageing Time = 3 hrs), the wear 
test was conducted and also the SEM image was 
taken as shown in Fig. 14. It is concluded from 
the Fig. 14 that ageing time is the dominant 
parameter on SWR of the Cu-7Ni-4Snalloy. 
 
 
7. CONCLUSION 
 
 The cast Cu-7Ni-4Sn spinodal bronze alloy 

was successfully developed by sand casting 
process.   

 The uniformity in composition was achieved 
through homogenization treatment. 

 The hardness of the alloy was significantly 
increased through age hardening treatment. 

 The hardness of the alloy was increased due 
to the microstructural changes taken place 
during the ageing process. 

 From the ANOVA analysis, it was found that, 
ageing time has the major influence on SWR 
followed by applied load and sliding speed.  

 Further, the developed linear regression 
equation was validated through 
confirmatory results.  

 Finally, the SEM analysis revealed that the 
occurrence of minimum SWR at optimum 
conditions [Fig. 14]. 
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