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ABSTRACT
	 Semi-solid casting was introduced to improve the mechanical properties 
of sterling silver by sloped cooling plate technique. Ag alloys (93.5 wt%) were 
cast from an induction furnace at 1,000°C onto a sloped cooling plate. The 
pouring angles and distances were 30-60 degree and 200-250 mm, respectively. 
Effects of pouring angles and casting distances on hardness and microstructure 
of the sterling silver were investigated. Then, the solution was treated, followed 
by quenching and artificial aging. The specimens were checked with Vickers 
microhardness tester, light microscope, and scanning electron microscope (SEM). 
Hardness of the as-cast sample from the semi-solid process was 63-78 HV. The 
60-minute aged sample that was cast at a 30° angle and 250 mm distance obtained 
the maximum hardness of 148.5 HV. The microstructure of the as-cast sample 
consisted primarily of α-phase and eutectic structure. A spheroidal and short 
dendrite structure was formed in the as-cast sample. After aging, precipitation 
occurred substantially within the α-phase. SEM images revealed that the aged 
sample with the highest hardness contained Cu-rich and Ag-rich precipitates 
in the α-phase.
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INTRODUCTION
	 Market demand for silver jewelry has been increasing, due to its lower 
price compared to jewelry made of other precious metals. Since pure silver is 
soft, with a hardness of ~55 HV, it is usually alloyed with 7.5 wt% Cu to create 
sterling silver (Olver, 2001) with a hardness of 60-70 HV (Chanmuang et al., 
2012). Hardening strengthens the alloy. Cu (8.8 wt%) is soluble in silver at 775 °C 
(Nisaratanaporn S. and Nisaratanaporn E., 2003). The resultant alloy has a mi-
crostructure of an alpha phase (α) and a eutectic phase. Adding a third element, 
such as Zn, Si, Ge, Mn, Ir, or B, can improve their properties and cast ability. 
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	 Semi-solid casting is a promising process in the foundry industry used 
to improve the structures and properties of alloys (Yu et al., 1999; Kapranos et 
al., 2000; Mao et al., 2001; Cavaliere et al., 2004; Poolthong et al., 2003; 2004; 
Ramadan et al., 2006; Wiengmoon et al., 2007). In this process, molten alloy is 
partially solidified before shaping. This casting technology can manufacture near 
net shape parts and reduce the machining process. Semi-solid casting includes 
several techniques, such as electromagnetic stirring (Kapranos et al., 2000; Cava-
liere et al., 2004), magneto-hydrodynamic stirring (Mao et al., 2001), mechanical 
stirring (Yu et al., 1999), and pouring molten-metals onto a sloped cooling plate 
(Poolthong et al., 2003; 2004). Usually, high melting point alloys is hard to cast 
by semi-solid method. However, the sloped cooling plate method can produce a 
fine globular grain structure in both high- and low-melting point alloys (Ramadan 
et al., 2006).
	 This study investigated the microstructure and hardness of sterling silver 
cast by sloped cooling plate method. The microstructure of as-cast and aged 
samples was studied using OM and SEM. The hardness was tested by Vickers 
microhardness tester.

MATERIALS AND METHODS
Casting	
	 Silver alloy with 93.5 wt% Ag and 6.5 wt% Cu was melted in a graphite 
crucible within an induction furnace at 1,000°C. The molten alloy was then cast 
by pouring on a sloped cooling plate into a plaster mold heated at 350°C. A sche-
matic of the semi-solid casting process with the sloped cooling plate technique is 
shown in Figure 1. In the pouring step, we varied the length (200-250 nm) and 
inclination (30-60°) of the semi-circular cooling plate. The plate was also coated 
with a thin layer of gypsum plaster to prevent the solidified alloys from sticking. 
A pneumatic rod was used to press the molten alloy into the plaster mold, as 
shown in Figure 1. 

Figure 1.	Schematic diagram of the semi-solid casting equipment with cooling 
plate.
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Heat treatment
	 As-cast specimens were heated in an electrical furnace to the desired tem-
perature at a heating rate of 3°C/min. Solution treatment was performed at 750°C 
for 60 minutes, followed by quenching in water at room temperature. Furthermore, 
artificial aging was performed by heating in an electric furnace at 300°C for 30, 
60 and 120 minutes, followed by quenching in water at room temperature.

Microstructure investigation
	 To investigate the microstructure of the specimens, before using light mi-
croscopy and scanning electron microscopy (SEM), the specimens were polished 
on silicon carbide papers down to 1,000 grit and polished consecutively with 6 
and 1 µm alumina paste. Chemical etching was achieved by a mixture of 0.5 g 
chromic acid and 0.5 ml sulfuric acid in 50 ml distilled water. The microstructure 
was observed with a Zeiss Axiovert 25 optical microscope and a JEOL JSM5910LV 
scanning electron microscope operated at 15 kV with a working distance of 11 
mm.

Hardness measurement
	 The specimens prepared in the step above were also used to measure 
micro-hardness by an ESEWAY 400 series hardness tester. The hardness testing 
was performed on an etched surface of the specimens using a 200 gf load and 10 
seconds indenting time.  Mean values were calculated based on five measurements. 

RESULTS
	 The microstructure as observed by light microscopy of all as-cast samples, 
as shown in Figure 2, consisted mainly of the primary α-Ag and the eutectic struc-
ture of Ag and Cu. Spheroidal and short dendrite primary α-Ag was observed in 
the sample with a 250 mm pouring distance, while only dendrite structures were 
formed with a 200 mm pouring distance. The spheroidal size was about 20-50 
μm.
	 After aging at 300°C for 30, 60, and 120 minutes, the microstructures of 
the specimens differed from that of the as-cast condition (Figure 3). The Ag-rich 
phase appeared, while the eutectic phase disappeared. A new grain boundary was 
observed, as shown in the specimen aged for 60 minutes after casting at 45° and 
at a distance of 200 mm.
	 Backscattering electron (BSE) micrographs of some of the aged samples 
are shown in Figure 4. The eutectic structure in all aged samples disappeared, 
because all samples were homogenized after solution treatment. After aging for 
30-120 minutes, the small particles of the Cu-Ag phase precipitated (revealed 
by a dark contrast), as shown in Figures 4 (A) and (B). In Figure 5, EDS point 
analysis showed the composition of the particles and the matrix. Depending on 
semi-solid casting angles, which may cause differences in the Ag concentration, 
the silver and copper substitution altered after aging. Both Ag-rich and Cu-rich 
particles were found in the sample cast at the 60° semi-solid casting angle (Figure 5  
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Figure 2.	Microstructure of the as-cast sterling silver at various pouring angles; 
(A-C) prepared at a 200 mm pouring distance and (D-F) prepared at a 
250 mm pouring distance.

Figure 3.	Microstructure of the as-cast and aged samples at various conditions; 
(A-D) as-cast and aged samples prepared at a 200 mm pouring distance 
and (E-H) as-cast and aged samples prepared at a 250 mm pouring 
distance. All samples were cast at a 45° pouring angle.

Figure 4.	BEI-SEM images of aged samples with (A) 30 minutes and (B) 120 
minutes aging. Samples (A) and (B) were cast at a 250 mm pouring 
distance with 60° and 45° pouring angles, respectively.
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(A)), while only Cu-rich particles appeared in the 45° sample (Figure 5 (B)). The 
Ag-rich precipitate, 4-12 wt% Ag, was formed in Cu-6 wt% Al alloy (Carvalho 
et al., 2008). Moreover, oxygen was present in the area that contained Cu.

Figure 5.	BEI-SEM images with EDS analhysis of the aged samples with (A) 30 
minutes and (B) 120 minutes aging. Sample (A) and (B) were cast at a 
250 mm pouring distance with 60° and 45° pouring angles, respectively.

Areas Element (wt %)
Ag Cu O

1 100.00 - -
2 57.87 27.69 14.44
3 11.65 62.83 25.52

Areas Element (wt %)
Ag Cu O

1 100.00 - -
2 10.22 74.22 15.56
3 2.32 72.41 25.27

	 The overall micro-hardness of the samples in the as-cast and aging conditions 
are shown in Figure 6. The highest hardness of the as-cast semi-solid sample was 
78.48 HV. The highest hardness was obtained in the as-cast semi-solid sample that 
was cast at a 45° pouring angle and 200 mm distance.  Hardness depends on the 
cooling rate during solidification and microstructure formation. At a 45° pouring 
angle, the as-cast sample formed a short dendrite structure, which improved the 
mechanical properties of the sterling silver. After aging, the hardness was two 
times that of the as-cast conditions. 

DISCUSSION
	 A semi-solid casting process was used to improve the mechanical properties 
of sterling silver. Normally, with an investment casting process, Ag-rich dendrites 
form; however, with a semi-solid process, non-dendrite grains form. This mor-
phology is typical for semi-solid casting, due to the shear force exerted on the 
melt as it flows down the cooling plate. For shorter pouring distances, dendrites 
might be able to grow in the liquid phase after the melt reaches the plaster mold. 
Casting at 45° and a 200 mm distance provided the highest hardness, because of 
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the proper solidification rate in the semi-solid stage. At the equilibrium cooling 
condition, the microstructure of the sterling silver was composed of only an α 
phase (Ag-rich). Conversely, at a non-equilibrium cooling condition, an eutectic 
structure was also found, due to the high cooling rate, as was observed in the 
semi-solid casting. Moreover, the semi-solid casting offered a spheroidal grain or 
short dendrite, resulting in higher hardness (Nisaratanaporn S. and Nisaratanaporn 
E., 2003). The hardness of the as-cast semi-solid sample was at least 18% higher 
than that of the sterling silver cast in a plaster mold or metal mold, 56 veruse 66 
HV, respectively (Chanmuang et al., 2012).
	 For suitable age-hardening of sterling silver, hardness increased up to 140 
HV. One reason the aging process led to higher hardness was the substitution of 
alloying elements in the vacant areas of the matrix. Solution treatment above 745°C 
dissolved the eutectic structure into the silver matrix and the water-quenching step 
helped maintain the super-saturated solid solution. Furthermore, aging at 300°C 
lead to the formation of very fine Cu-rich precipitates, as seen in the sample aged 
for 60 minutes, for example (see Figures 4 and 5). Oxygen was found in the 
Cu-rich precipitate; this may be due to copper oxide formation. Fine precipitates 
considerably improved hardness of the sterling silver. Prolonged aging leads to 
over-aging, in which some properties of the alloys may deteriorate (Fischer, 2010). 
In some casting conditions, 120 minutes aging may be considered over-aging, 
since the hardness decreased. 

Figure 6.	Vickers hardness of the as-cast and aged samples after 30, 60, and 
120 minutes aging at 300°C as prepared at different casting conditions 
(pouring angles/pouring distances).

		  Note: 30/20 casting condition corresponds to a 30° pouring angle and 200 mm pouring 
distance. 
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CONCLUSION
	 The microstructure of the as-cast sample consisted mainly of an α-phase 
and an eutectic structure. Spheroidal and short dendrite structures were formed in 
the as-cast sample through semi-solid casting, especially at the 45° and 250 mm 
condition. After aging, precipitation occurred substantially within the α-phase, but 
it was not observable by light microscopy. An SEM image of the aged sample 
cast at 45° and 60° pouring angles with a 250 mm distance revealed Cu-Ag phase 
distribution in the α-phase; this enhanced hardness. Vickers micro-hardness of 
the as-cast samples cast by semi-solid process was about 63-78 HV. The highest 
hardness (78.48 HV) was found in the sample cast at the 45° and 200 mm con-
dition, due to the spheroidal and short dendrite structures. The aged samples had 
higher hardness than that of the as-cast samples. The sample cast at 30° and a 
250 mm pouring distance with 60 minutes aging was the hardest, at 148.55 HV.
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