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INTRODUCTION

Sterling silver is an alloy used for demi-fine jewelry, which is in high demand due to the high price of gold jewelry. It contains a minimum of 92.5% pure silver by
weight, while the remaining 7.5 wt% alloys are limited to other metals. Silver is a soft metal. Various methods are employed to improve the mechanical properties of
sterling silver, such as adjusting the proportions or adding alloying elements like copper to increase its hardness. However, excessive addition of copper may lead to the

formation of copper oxides and cause issues in industrial applications.

In this work, the commercial silver alloy at a higher quality level, such as anti-tarnish and formability, with less copper contents must be discovered due to
customers' needs for demi-fine jewelry. The researcher designed the percent of silver at various compositions, starting from sterling silver 92.5 wt%, 93.5 wt%, and
94.5 wt%. Common addition alloys like Cu, Ni, and Zn were added to investigate the properties of alloys. The heat treatment processes and results were analyzed,

aiming for high-quality and functional jewelry pieces.

Experimental
Materials

! The induction vacuum-casting machine is used
; to cast the alloys at three compositions. The
alloy's chemical composition is confirmed after
casting using X-ray Fluorescence (XRF)

Ag-Cu system (Standard Sterling Silver)
1) Alloy SA 92.5 %Ag-7.5 %Cu

Ag-Cu-Zn-Ni System
2) Alloy A 93.5%Ag-5.01%Cu-0.79%Zn-0.70%Ni
3) Alloy B 94.5%Ag-4.24%Cu-0.63%Zn-0.63%Ni

Hardness Test

The mechanical properties of metals will be tested by hardness using a Micro
Vickers Hardness Tester at 100 gram-force (HV0.1) for 10 seconds, and the
average hardness value will be calculated from 5 points per specimen.

Results and discussion

Figure 1 shows the hardness variation from 68 HV- 73 HV, a standard
range of as-cast sterling silver. It is noted that a higher silver composition of
alloy B at 94.5 wt%Ag, resulting lower hardness of alloys. After the homogenous
solid solution process, the hardness of all samples was reduced in the range of
55 HV- 62 HV, as shown in Figure 2, due to the second phase being annihilated
and homogenized into the matrix.
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Figure 1. Hardness of as-cast alloys. Figure 2. Hardness of alloys after

homogenization.

Figure 3 shows the homogeneous microstructure of AgCu and AgCuZnNi
systems, which are examples of alloy SA and alloy A, respectively. The SE
microstructure images show the second phase in Figure 3 a) and b) revealing
Cu-phase and c) and d) displaying Cu and Ni-rich second phases at different
shapes. However, it is only partially homogenized due to the setting time of 30
minutes for the commercial process. In Figure 3 a) and b), standard alloy SA
shows the disintegration of Cu showing second phases. Figures 3 c¢) and d)
show that Cu dissolved in the matrix and annihilated. Alloy A shows less in the
second phase of Cu, scattering as second phases into the matrix. It shows the
forming of a single Ag-rich phase due to the lower Cu content of alloy A than
alloy SA.
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Figure 3. SE microstructure images of alloy SA and alloy A. a) as cast of alloy SA
b) after homogenization of alloy SA c) as cast of alloy A d) after homogenization
of alloy A

Figure 4 displays the hardness graph at various aging times and alloy SA,
alloy A, and alloy B temperatures. Alloy SA has a complete precipitation cycle of
aging at all temperatures; however, alloy A and alloy B at 250 °C have not
developed full GP2 zones. For this reason, precipitation hardening of alloy SA
shows outstanding hardness as expected due to the classical binary phase
diagram of homogeneous solid solution and aging alloys. This hardness data of
aged hardening is consistent with the previous research, which is around 120-
160 HV. The maximum hardness of alloy SA is 161.4 2.4 HV at 250 °C for 60
minutes. The maximum hardness of alloy A and alloy B are 108.2 +4.2 HV at
450 °C for 30 minutes and 119.7 7.4 HV at 350 °C for 60 minutes, respectively.
It is noted that alloy B has higher hardness than alloy A at a maximum range of
precipitation hardening, even though there is a higher percentage of Ag at
94.5wt%.

Alloy SA Alloy A Alloy B
180 180 180

160 160 160

~ 140 l; : 140 140

120 g 120 2

=4

g 100 2 100 Ap

£ 80 g 80 80

e =

é 60 = =60, 60 ® = K™
=~

40
20 20 20
0 0 0
0.1 10 1000 100000 0.1 10 1000 100000 0.1 10 1000 100000
Log Time (second)
~8-250°C ~#-350°C ~+-450°C

)

(

Hardness

Log Time (second)
-2-250°C -8~350°C -+-450°C

Log Time (second)
- -@-250°C ~#~350°C ~+-450°C

Figure 4. The graph of hardness vs. aging time of alloy SA, alloy A, and alloy B
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Precipitation Hardening

The homogeneous solid solution samples were prepared by heating the
samples in a Carbolite tube furnace at a temperature of 750 °C for 30 minutes.

Then, the sample was aging at 250 °C, 350 °C, and 450 °C for 5-180
minutes. Finally, rapidly cool the sample by immersing it in water to stop the
grain growth of the microstructure.

Fuming test (H,S atmosphere)

Tarnishing was carried out by exposing the silver polishing sheet samples
to a sulfur vapor environment according to the UNE-EN-ISO 4538 standard. The
fuming test was conducted in a closed environment with a 0.4 %H,S exposure.
The samples were covered by sulfur gas for 30 minutes and then characterized
using a UV-visible Spectrophotometer for color measurements

The reaction is governed by the following equation.

K,S(s) + 2HCl(ag) —> 2KCI(s) + H,S(g) (1)

SE microstructure images also confirm the phenomena of copper
segregations, as shown in Figure 5. Alloy SA shows the Cu-rich phases
precipitating all over the samples in Figure 5a, of an SE image and Figure 5a; of
a mapping image. The higher hardness of sample SA, maximum at 161.4 +2.4
HV, is due to the dislocation barrier along the grain boundaries spread out most
areas in the samples. Alloy B shows the best maximum hardness of the
precipitation hardening process at 119.7 £7.4 HV. The higher hardness of alloy
B compared to alloy A is due to the segregation of the dislocation barrier of Cu
on the boundary of Ni, causing slightly higher hardness. As shown in Figure 5c,,
the Ni-rich second phase is wrapped with Cu precipitate along grain boundaries.
Alloy A shows the only Ni-rich segregation of the second phase in the sample,
giving the maximum hardness of 108.2 +4.2 HV.

In contrast, no Cu-wrapped Ni second phase exists in alloy A, as shown in
Figure 5b,. There is some Cu precipitation as second phases on alloy A;
however, the amount of second phases is not high enough to generate the
hardness of the sample compared to alloy SA and alloy B. Moreover, alloy A has
a higher amount of Zn, which is mostly annihilated into the matrix, and less
activation energy to precipitate out, resulting in less hardness.
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Figure 5. SE microstructure images and mapping of aging alloy. a) Alloy SA
shows the segregation of Cu second phase b) Alloy A shows Ni second phase
precipitated and cu scattering into the matrix c) Alloy B Ni second phase
precipitate and cu phase wrap

Figure 6 shows the CIELAB Color Coordinates for the Alloys before and
after the H,S atmosphere test. It was found that the brightest is alloy B, and the
darkest is alloy SA. And it was found that the reddest is alloy A. Therefore, in the
H,S atmosphere test, the alloy B was the least tarnished. The L* value, which
represents brightness, indicates that alloy B has a significant advantage due to
minimal deviation before and after L*. The standard alloy SA shows a high
deviation towards darker shades. Additionally, the images in Figure 7, sample
sheets after tarnish tests, demonstrate a higher tarnish reaction on the standard
alloy SA.
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Figure 7. Alloy SA, alloy A and alloy B
sheets before and after tarnish test.

Figure 6. Results of CIE L*a*b* test
comparison before and after tarnish
test of alloy SA, alloy A, and alloy B

Summary

In commercial applications, it is crucial to reduce the copper
proportion and increase the number of additional elements while maintaining
hardness values. In this experiment, we tested three alloy compositions and
developed suitable processes for enhancing hardness properties through
three compositions: standard alloy (92.5wt%Ag-7.5wt%Cu), alloy A
(93.5wWt%Ag-5.01wt%Cu-0.79wt%Zn-0.70wt%Ni), and alloy B (94.5wt%Ag-
4.24wt%Cu-0.63wt%Zn-0.63wt%Ni). Two composition alloys of alloy A and
alloy B fix Cu content at 77.08 wt% and vary Zn and Ni at 12.15wt%Zn-
10.77wt%Ni for alloy A and 77.09wt%Cu-11.45wt%Zn-11.45wt%Ni for alloy B.
This process of altering the alloy composition and heat treatment is key to
enhancing hardness properties.

After the heat treatment, the results demonstrated a substantial
increase in overall hardness, from 60-70 HV to 120-160 HV. This finding
underscores the importance of the alloy composition and heat treatment
process. The precipitation hardening process and composition of Alloy B
proved superior to that of Alloy A.

The SEM micrograph provides a visual representation of the unique
microstructure of Alloy B, which features a higher Ni-rich second phase
precipitated and wrapped with the Cu phase along the grain boundary. This
unique microstructure is the key to Alloy B having higher hardness than Alloy
A. With a high percentage of Ag composition at 94.5 wt% and less Cu
content, Alloy B achieved an optimum hardness of precipitation hardening at
119.7+ 7.4 HV at 350 °C at 60 minutes, along with better tarnish resistance.
Therefore, Alloy B achieved an optimum hardness of precipitation hardening
at 119.7+ 7.4 HV at 350 °C at 60 minutes, along with better tarnish
resistance.
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