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Abstract
An alloy of Cu-4Ni-6Sn was cast in the sand moulds. The cast rods were
homogenized, solution heat treated and aged for different periods of time. The
specimens were prepared from the rods to study the microstructure, microhardness and wear properties. It was found that the aging process increases the
hardness of the alloy significantly. It was due to the change in the
microstructure of the alloy. Further, spinodal decomposition and the ordering
reaction take place during the aging treatment. Specific wear rate was found to
decrease with the hardness of the alloy. Coefficient of friction remains constant
and is not affected by the aging process.
Keywords: Cu-Ni-Sn, Spinodal bronze, Aging treatment, Modulated microstructure.

1. Introduction
Copper based Bronze alloys are widely used as a bearing material. Most of the
copper based Bronze alloys are not heat treatable except Cu-Be alloys. In order to
enhance the strength of these alloys, the common method used is cold working.
But in many engineering applications, Bronze alloys are used in the as-cast
condition without cold working. In such cases, the strength of the alloy can be
improved by a technique called ‘Spinodal Decomposition’. Spinodal decomposition
leads to the formation of a modulated microstructure of solute rich and solute lean
region during the heat treatment process such as solution and aging heat treatment
[1, 2]. The addition of Sn to Cu-Ni alloy to form Cu-Ni-Sn alloy will respond to
spinodal decomposition. It has been reported that the strength of the Cu-Ni-Sn
alloy can be increased up to three times, which depends on alloy composition, aging
temperature, aging time and percentage of cold work prior to aging process [3-5].
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Nomenclatures
DO22
DO3
HV
h

Ordered structure
Grain boundary precipitates
Vickers hardness
Hour

Abbreviation
COF

Coefficient of friction

A number of studies were conducted on spinodal Bronze alloys of Cu-Ni-Sn
system. All the studies were performed on cold worked and heat treated
conditions. Since the utilization of the cast Bronze alloys without cold work is
increasing in the industrial scenario, it is required to study the mechanical and
wear properties of the cast alloy.
Therefore, in the present work, a fixed alloy composition of Cu-4Ni-6Sn was
taken and the relationship between the microstructure, hardness and wear
properties such as specific wear rate and coefficient of friction were studied.

2. Experimental Procedure
Commercial pure form of Cu, Ni and Sn elements (Cu-4Ni-6Sn) were melted in
an electric muffle type melting furnace at a temperature of 1250°C. A preheated
graphite crucible was used to hold the elements in the furnace. The molten
metal was poured into the sand moulds to prepare the specimen size of diameter
0.016 m×0.1 m length. The composition of the cast rods were tested using
spectrometer to ensure the right composition of the alloy and it was found
within the variation of ±0.2%. The cast specimens were subjected to
homogenization treatment at 825 °C for ten hours and cooled in the furnace
itself. Subsequently, it was solution heat treated at 825 °C for one hour and
rapidly quenched in water maintained at room temperature. Then the specimens
were aged at 400 °C for different periods of time. All the above heat-treatment
processes were performed under argon inert atmosphere.
The microscopic examination was performed under optical microscope
(Make: Carl-Zeiss; Model: Axiovert 25CA) and the image was captured by using
CCD camera (Make & Model: Motic Image Plus 2.0). The chemical composition
of the etchant used for the microscopic examination was 1-2×10-3kg ferric
chloride, 0.1 L of H2O and 0.025 L of HCL solution.
The hardness of the specimens was tested at various treated conditions of the
alloy using Vickers micro-hardness tester (Make: Mitutoyo; Model: HM-210A).
The wear properties were studied by using pin-on-disc wear tester (Make: Ducom
Instruments; Model: TR20). The specimens were weighted before and after the
test in order to determine the mass lost. Volume lost was determined from the
mass lost using the alloy density. To evaluate the specific wear rate (mm3/Nm),
the Archard’s law was applied [6] as shown in Eq. (1).

V / L = K × W / H = kW

(1)

where, V= Wear volume; L= Sliding distance; W= Applied load;
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H= Hardness of the specimen; K= Archard’s constant and k= Specific wear rate
The cylindrical specimens having 0.01 m diameter and 0.040 m length
machined out from the castings were used as test specimens. Hardened alloy steel
(EN31) disc of diameter 0.160 m and thickness 0.008 m was used as the counter
face material. The surface roughness of the disc was maintained between 0.03 µm
to 0.05 µm. The wear parameters used are given in Table 1.
Table 1. Wear test parameters.
Parameter
Speed
Velocity
Track radius
Sliding distance
Applied load

Unit
rpm
m/s
m
m
N

Value
636
3
0.045
1800
20

3. Results and Discussion
The microstructure of the cast Cu-4Ni-6Sn alloy is shown in Fig. 1(a). It mainly
consists of dendrite structure. Figure 1(b) shows the microstructure of
homogenized and solution treated alloy specimen, wherein the dendrite structure
completely disappeared, indicating that the alloy was fully homogenised.
Figure 1(c) shows the microstructure of the alloy aged at 4 hours. During
this aging period, clustering (spinodal decomposition/phase separation) and
ordering reactions take place [7]. Further aging causes precipitates to form
along the grain boundaries as shown in Fig. 1(d). It is consistent with previous
reports [8-10]. Prolonged aging leads to complete filling of the grains by the
precipitates [8].
Figure 2 shows the hardness (HV) variation of the alloy with aging time in
hours. At solution treated condition, the hardness of the alloy was 130 HV.
During the aging process the hardness of the alloy increases up to 202 HV and
then decreases to 175 HV. The hardness obtained in this study (Cu-4Ni-6Sn
alloy) was compared to that of Zhang et al. [8] for the alloy composition of Cu15Ni-8Sn. It was noted that Zhang et al. got hardness of 120 HV and 307 HV at
solution and aged conditions respectively. At solution treated condition, there is
no significant difference in hardness value between these two alloys. But at aged
condition, Cu-15Ni-8Sn alloy has hardness one and a half times more than Cu4Ni-6Sn alloy studied in this research. This may be due to higher content of both
nickel and tin in Cu-15Ni-8Sn. In both the cases, the increase in hardness is due to
clustering (spinodal decomposition/phase separation) and ordering reactions [78]. The decrease in the hardness is due to the formation of the grain boundary
precipitates, which reduces the strength of the alloy [7-8].
Further, the ordered structures are of DO22 phases and the grain boundary
precipitates are of equilibrium α and γ (DO3) phases [1-2, 7]. Since the modulated
microstructure is visible only through transmission electron microscope [8] which
was not done in this study, it is not shown here.
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Fig. 1. (a) As-cast microstructure, (b) Homogenized and solution treated
microstructure, (c) Microstructure at 4 hours aging and
(d) Microstructure at 5 hours aging.

Fig. 2. Variation of Vickers micro
hardness of Cu-4Ni-6Sn alloy with aging time.
Figure 3 shows the typical wear (height loss in micrometers) plot of the
specimen with sliding time in seconds during the wear test conducted under dry
sliding condition in normal atmosphere. It is to be noted from the plot that the
height loss increases linearly with sliding time. It is in agreement with the result
obtained by Singh and Bellon [11].
Figure 4 shows the specific wear rate plotted as a function of the aging time. It is
to be noted that the specific wear rate decreases initially and then increases. The
minimum wear rate corresponds to the maximum hardness of the alloy which is
obtained at four hours of aging. The result shows that the specific wear rate is
inversely proportional to the hardness [9] and satisfies the Archard’s adhesion theory
of wears [6]. The minimum wear rate obtained in this study is 1.4×10-5 mm3/Nm,
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whereas in the case of Zhang et al. [7], it is 9.5×10-8 mm3/Nm. The low wear rate
observed in Zhang et al. [8] study is due to the application of oil during wear testing.
Figure 5 shows the typical on line plot of coefficient of friction (COF) with
sliding time. Initially the COF value increases rapidly and has some fluctuations,
which are due to the improper contact between specimen and counterpart mating
surface; it is called transient period. Once the perfect contact is achieved between
the specimen and the counterpart, the COF value remains constant and is known
as steady state regime.
Figure 6 shows the variation of COF with aging time of the alloy. The COF
value observed is around 0.6. It is nearly constant and does not vary with the
aging process of the alloy. Hence, it may be concluded that the COF value does
not depend on the aging time of the alloy and is consistent with previous reports
[8-9, 11]. Further, the COF value obtained in this study is compared with that of
Zhang et al. for the alloy composition of Cu-15Ni-8Sn. Zhang et al. have reported
the COF value of 0.13 in their study. It is very low as compared to that of this study.
The reason being Zhang et al. have conducted the test in lubricated condition
whereas, in this study the experiment is conducted in dry sliding condition.

Fig. 3. Wear plot of Cu-4Ni-6Sn
alloy with time using pin-on-disc wear tester.

Fig. 4. Variation of specific wear rate of Cu-4Ni-6Sn alloy with aging time.
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COF

Fig. 5. Variation of COF of Cu-4Ni-6Sn alloy with sliding time.

y = -0.0094x + 0.6286
R² = 0.889

Aging Time (h)
Fig. 6.Variation of COF of Cu-4Ni-6Sn alloy with aging time.

4. Conclusions
The following conclusions have been arrived at based on this study.
• The tested Cu-4Ni-6Sn Bronze alloy increases the hardness of the base alloy
by one and a half times: in the as-cast condition, the hardness measured was
130 HV and after the heat treatment process proposed in this research, the
maximum hardness of 202 HV was obtained.
• Microstructural changes observed during the aging process contribute to the
increase in the hardness of the alloy.
• Specific wear rate is inversely proportional to the hardness of the alloy and
obeys the Archard’s adhesion theory of wear.
• Coefficient of friction remains constant and is independent of aging time of
the alloy.
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