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Abstract Gold welding alloys, which are used in the produc-
tion of both hollow and solid gold chains, affect the optical
and mechanical properties of various gold products because
the corrosion resistance of the individual links depends on
these properties. It is important that welding alloys with high
corrosion resistance do not degrade during or after the produc-
tion process. The mechanical properties of gold welding alloy
wires are strongly influenced by the alloy microstructure,
which has a key role in both the machinability and the quality
of the wires. In the presented work, various physical and me-
chanical properties of gold originating from different industri-
al deformation processes are evaluated. Specifically, various
plastic deformation grades caused by different annealing and
rolling steps are analyzed. The change of the temperature,
time, and velocity parameters in the annealing and lamination
processes leads to the formation of different levels of residual
stresses in the material, which can generate a variation in the
corrosion properties of the gold wires. The change in micro-
structure, due to the different annealing and rolling steps, is
analyzed by optical microscope (OM) and SEM observations.
The residual stresses are evaluated using XRD analysis, and
the variations of the mechanical properties by micro-hardness
tests. The corrosion resistance is evaluated by potentiodynam-
ic polarization tests, in which an electrolyte solution is used to
simulate human sweat. Small grain size and high homogeneity
of the microstructure are preferred for the final products. In
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this study, the samples that have been produced are shown to
have lower levels of residual stresses and feature higher cor-
rosion resistance and more favorable mechanical properties.

Keywords Gold alloy wires - Gold welding - Corrosion
resistance - Residual stress

Introduction

The consumer demand for gold has, until recently, been en-
tirely driven by the jewelry market, which represented the
most common use of this precious metal. Recently, there has
been a quick rise in the demand of gold for other uses, which
has reduced the impact of jewelry in the global gold market to
about 45 % of the total demand. Besides the demand due to
the finance and investment sector, which constitutes approxi-
mately 45 % of the market, the remaining 10 % of the demand
is due to technological and industrial applications. The phys-
ical and mechanical characteristics of gold, as well as its other
properties (such as malleability, nobility, ductility, and shine),
make it attractive as a material for use in jewelry. Two major
categories of carat gold alloy for jewelry exist: “colored gold
alloys,” which are alloys based on a gold-silver-copper or a
gold-silver copper-zinc system, and the “white gold alloys.”
Regardless of the zinc content, colored gold alloys with less
than 15 % zinc by weight can all be considered to be similar to
the gold-silver-copper ternary system, because all such alloys
demonstrate the same metallurgical characteristics [1].

The production of gold-based jewelry items starts with the
melting process of ingots or with a continuous casting of gold
alloy wires in order to create rings, chains, bracelets, and sim-
ilar items. After this primary step, the material undergoes al-
ternating mechanical deformations and recrystallization an-
nealing treatments. The progressive mechanical deformation
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Table1l Chemical compositions of the yellow welding alloys that were Table 3  Melting and annealing process parameters for two different
studied production paths for the 9-Kt gold alloy
Kt Au (%) Cu (%) Ag (%) Zn (%) Old process New process
14 58.5 18.6 17.1 5.8 Crucible temperature 930 (°C) 930 (°C)
10 41.7 23.6 17.6 17.1 Mold temperature 640 (°C) 640 (°C)
9 37.5 29.1 15.1 18.3 Melting velocity 6 (mm/s) 6 (mm/s)
Working time 1.8s 1.8s
Pause time 1.4s 14s
modifies the structure of the metal while work hardening in-  Time before quenching 60 s 0s
creases inversely to the ductility of the metal [2]. To further =~ Annealing temperature 610 (°C) 600 (°C)
facilitate working, the malleability of the semi-finished prod- ~ Annealing time 30 (min) 45 (min)
uct can be restored by an annealing process in a static or belt ~ Time before quenching 60 (s) 0(s)

furnace for an appropriate time and temperature. During this
process, the strained microstructure of the gold alloys is re-
placed by a lower potential energy and more workable
microstructure.

The thermally activated phenomenon of recrystallization is
most easily achieved through a sustained period of a constant
high temperature. However, other phenomena can concurrent-
ly take place in multi-component gold alloys with the recrys-
tallization. Some of the phenomena are beneficial, such as
homogenization of both macro and micro segregations, while
other effects, such as precipitation of secondary phase or ex-
cessive grain growth, are undesirable. Gold alloys recrystal-
lize achieving finer grains proportionally with the grades of
deformation, a behavior that is dependent on the amount of
potential energy stored within the structure. Small grain size is
preferred in order to reduce or avoid the superficial “orange
peel” effect.

An optimal choice of the parameters in the annealing pro-
cess is important in order to control the re-ordering of the
alloy’s microstructure or the precipitation of secondary phases
[3]. This can be guaranteed by using a temperature above the
ordering or immiscibility field of the alloy system and by a
rapid quenching from the annealing temperatures.

The presented work will correlate the microstructural and
mechanical characteristics of gold alloys employed for
welding wires, with the stress states generated through the
sequential steps of deformation and annealing processes.
Moreover, the influence of these residual stresses on the cor-
rosion resistance of the welding is studied, since it represents a
fundamental characteristic that guarantees suitable properties
in a gold chain’s final environment of use. The most important
phenomenon characterizing the corrosion of gold alloys is the
selective dissolution of the less noble elements [4, 5].

Table 2  Parameters used in the XRD analysis

Material ~ Lattice ~ Symmetry Diffraction Radiation Collimator
structure plane type diameter
Gold alloy FCC Fm3m 220) CuK«x 4 mm

Experimental procedure

Measurements of the melting and annealing parameters for
three different welding alloys have been performed. Their
respective compositions are shown in Table 1. Several tests
were implemented in order to optimize the continuous melting
and the annealing processes. In particular, microstructural
analyses and hardness tests were performed, in which the tem-
peratures, time of melting and quenching, and velocity of
melting and rolling are the relevant parameters.

First results obtained by optical microscope (OM) analysis
were used to modify some production parameters. The melt-
ing temperature in the crucible was increased in order to opti-
mize manual and induction mixing. The same conditions were
created in the mold with the aim of maintaining a good solu-
bility of the low-melting elements. The number of water jets,
in the continuous casting operation, was increased in order to
homogenize the system of cooling out of the furnace. As the
cooling time in air before the water quenching was sup-
pressed, the jets of water were moved to a zone closer to the
mold’s exit.

After solidification, the cross section of the rods was re-
duced from about 6.00 mm to a diameter of 1.00 mm, by
applying the sequential steps of rolling, annealing, and final
drawing. A similar investigation was performed for the an-
nealing process in the static furnace. Time, temperature, and
cooling parameters were modified in order to improve the
resistance of the wires during rolling steps and with the aim

Table 4  Micro-Vickers hardness for the final annealed wires obtained
with the two different production paths for the 9-Kt gold alloy

Micro-hardness

(HV0.025)
1.00-mm diameter Old process 20245
final annealed wire New process 175+5
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Fig. 1 Microstructure of the gold
alloy wire obtained with the new
optimized process for the final
drawn step (a) and after the last
annealing process in the static
furnace (b)

of obtaining a satisfactory recrystallization after deformation.
A statistical analysis on different annealing tests at various
temperatures (from 560 to 610 °C), times (30 and 45 min),
and air cooling (from 0 to 60 s) showed that it is possible to
reduce the hardness with suitable heat treatments. To evaluate
the mechanical properties of the final annealed products, ten-
sile and hardness tests were performed using an INSTRON
testing system and a LEITZ microdurometer with a Vickers
penetrator set with a 25-g load and with 30 s of loading time.
An OM observation was performed with a LEICA DMRE
microscope. The samples were prepared with the standard

metallographic technique of polishing and the etch was per-
formed with different solutions of cyanide.

The corrosion resistance was evaluated with potentiody-
namic polarization tests, using as electrolyte a solution that
simulates human sweat in order to replicate the environment
of final use. By mass, the solution consisted of 0.5 % NaCl,
0.1 % lactic acid, and 0.1 % urea. A solution of NaOH was
used to guarantee an acidity of pH 6.5. Anodic polarization
tests were performed with an AMEL 2549 Potentiostat, using
a saturated calomel electrode (SCE) as the reference electrode
and a platinum electrode as the counter electrode with a scan
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Fig.2 Tensile curves and the average values of strength and elongation for the final annealed wires obtained with the old process (a, b) and the new one (c)
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Table 5 Melting and annealing process parameters for two different
production paths for the 10-Kt gold alloy

Table 6 Micro-Vickers hardness for the final annealed wires obtained
with the two different production paths for the 10-Kt gold alloy

Old process New process
Crucible temperature 930 (°C) 930 (°C)
Mold temperature 640 (°C) 640 (°C)
Melting velocity 6 (mm/s) 3.5 (mm/s)
Working time 1.8s 12s
Pause time 14s 10s
Time before quenching 60 s 0s
Annealing temperature 610 (°C) 600 (°C)
Annealing time 30 (min) 45 (min)
Time before quenching 60 (s) 0(s)

rate of 8x10~* V/s. A Cambridge Stereoscan 440 scanning
electron microscope equipped with a Philips PV9800 EDS
was used, in order to study the microstructures obtained from
the variation in processing parameters. The residual stresses
were evaluated using a Siemens D500 X-ray diffractometer
using CuK« radiation. The operating parameters for the XRD
measurement are shown in Table 2.

Results and discussion

During the microstructural and mechanical analysis, several
different process parameters of the production cycle were test-
ed for different welding alloys. The aim was to identify the
relationship between the parameters of the processes, the mi-
crostructures, and the mechanical qualities of the semi-
finished products. Furthermore, the influence of these charac-
teristics on the residual stresses and the corrosion resistance
was evaluated. In this work, three different carat gold alloys
were considered, 9, 10, and 14 Kt.

9 Kt

An analysis of the lowest commercial carat gold alloy allows
the possibility to attempt to reproduce the results observed for

Fig. 3 Microstructures of the
annealed wires obtained with the
two different processes, the old
(a) and the optimized one (b),

at the end of the production
cycle
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Micro-hardness

(HVo.025)
1.00-mm diameter Old process 190+10
final annealed wire New process 175+10

the other carat gold welding alloys, by optimizing the entire
production cycle. The two different processes for the 9-Kt
gold alloys are shown in Table 3. The deformation cycles
are the same as in the 10- and 14-Kt gold weldings. An im-
mediate cooling of the wires between the melting and the
annealing furnaces allowed for the hardness of the gold alloy
to be reduced, as shown in Table 4. Immediate cooling also
allows for an increase in the malleability and the workability
during rolling, drawing, and in the chain production machines.
The microstructures of the final annealed, and previously de-
formed, samples obtained with the new production processes
are shown in Fig. 1. In Fig. 1a, the slip bands due to plastic
deformation are shown, while in Fig. 1b, it is shown how the
annealing process allows for the restoration of the fine grain
microstructure. The tensile tests indicated a considerable in-
crease in the elongation for the final annealed wires obtained
after the change in the parameters of the whole production
process, as shown in Fig. 2.

10 Kt

For low-carat gold and gold welding alloys such as the 9- and
10-Kt samples, the addition of zinc has an important effect on
the properties of the material. Zinc causes a reduction in the
volume of the immiscibility field, and this affects processes
such as annealing, solution annealing, susceptibility to soften-
ing or overageing, and temperature of precipitation hardening.
The presence of a higher fraction of less noble elements, in
comparison with the 14-Kt sample, increases the fragility and
the sensitivity to ruptures in the solidification phase during the
melting process.
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Fig.4 Tensile curves and the average values of strength and elongation for the final annealed wires obtained with the old process (a) and the new one (b)

In order to reduce stresses generated from the solidification
phase and the superficial interaction between the rod and the
graphite mold, the velocity of melting, the total time of work
and pause of the rollers downline of the crucible, and the time
before quenching were reduced, as indicated in Table 5. The
microstructures resulting from the optimization demonstrated
a greater homogeneity and a non-negligible decrease in the
hardness of the melting specimens. The immediate cooling
of the rod after the melting furnace allows one to maintain a
smaller grain size than obtained in previous production pro-
cesses. A similar procedure was followed for the microstruc-
tures of the samples at the end of the production process, as
shown in Fig. 3. Although the hardness remained approxi-
mately constant in the final annealed wire specimens during
the annealing process, as shown in Table 6, the decrease in
temperature and the increase in time of the treatment allow
one to avoid precipitation phenomena, ensuring that a single-
phase material is produced with a uniform distribution of grain

Table 7 Melting and annealing process parameters for three different
production paths for the 14-Kt gold alloy

Process 1 Process 2 Process 3
Crucible temperature 930 (°C) 930 (°C) 930 (°C)
Mold temperature 640 (°C) 640 (°C) 640 (°C)
Melting velocity 6 (mm/s) 6 (mm/s) 3.5 (mm/s)
Working time 1.8s 1.8s 12s
Pause time 145 14s 1.0s
Time before quenching 60 s 0s 0s
Rolling velocity 35 m/min 35 m/min 20 m/min
Annealing temperature 610 (°C) 560 (°C) 600 (°C)
Annealing time 30 (min) 45 (min) 30 (min)
Time before quenching 60 (s) 0(s) 0(s)

dimensions. This improvement in the uniformity of the micro-
structure leads to an improvement of the mechanical proper-
ties, as shown in Fig. 4.

14 Kt

In the case of the 14-Kt sample, three different production
processes were implemented using the parameters indicated
in Table 7. The microstructures of the final annealed wires
obtained with the first two processes and the deformed and
annealed microstructures for the samples treated with the third
optimized process (process 3) are shown in Fig. 5.

The comparison of the microstructures shows a refining of
grain size and a greater homogeneity for the specimen obtain-
ed with process 3. In particular, by employing process 3, the
grain size is shown to be very fine. To better understand the
structure in these samples, SEM analyses were performed.
Figure 6 shows the SEM microstructures analyzed with
backscattered electrons. This change in the structure of the
material causes a significant decrease in the hardness of the
specimens derived from process 3. The corresponding data
are reported in Table 8. The optimization of the annealing
steps in process 3 led to a more regular growth of the grains
and a large reduction of the grain size in the final annealed
wire. As for the other welding alloys, this was achieved by a
decrease in the temperature by about 10 °C and by the im-
mediate cooling after removal from the furnace, which avoid
undesirable grain growth.

The air cooling time is a critical variable in the process, as
the hardness of the gold wire decreases due to cooling in water
immediately after the furnace. Hardness can therefore be used
to quantify the role of air cooling, as the rearrangement of the
atoms in the crystal lattice gives the material a greater hard-
ness due to the transition from a disordered distribution to an
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Fig. 5 Microstructures of the
1.00-mm final annealed wires
obtained with process 1 (a) and
process 2 (b). Rolled and final
annealed microstructures of the
sample made through the
optimization of the production
parameters with process 3,
respectively (¢) and (d)

ordered one. In Fig. 7, the tensile tests show a degree of uni-
formity in the relationship between elongation and the tensile
stress of the specimens taken from the skeins of wire produced
by process 3. As observed in the previous process, the values
of strength and elongation in the same skein showed a signif-
icant variation, which demonstrates the presence of crystal-
lized and non-crystallized zones.

Fig. 6 SEM micrographs a.
obtained with backscattered -
electrons diffraction of the final
annealed wires for the old process
(a) and those deformed (b) and
annealed (c¢) for the last optimized
process

10N e
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As previously reported, the corrosion of gold alloys starts
with a selective dissolution of the less noble species (particu-
larly in welding alloys which are rich in such elements) and
ends with the formation of superficial oxides and their decom-
position [6]. Mass transport, defined as the volume diffusion
from the bulk to the superficial layers of the material, is an
important phenomenon as it leads to the exposure of more
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Table 8 Micro-Vickers hardness for the final annealed wires obtained
with the three different production paths for the 14-Kt gold alloy

Micro-hardness

(HVo.025)
1.00-mm diameter Process 1 210+10
final annealed wire Process 2 175+10
Process 3 155+5

dissolvable species at the surface. This flow of atoms can be
represented by an interior flux of lattice vacancies created by
the dissolution of individual atomic sites on the surface of the
alloys [7]. Generally, gold alloys, near the equiatomic compo-
sition, form a face-centered cubic (FCC) lattice rather than a
face-centered tetragonal (FCT) lattice. However, above 683 K
(410 °C), two ordered crystallographic structures (AuCul and
AuCull) exist [8]. When the AuCul ordering prevails in the
alloy, the arrangement of the atoms passes from FCC to FCT
which generates a considerable amount of strain as a result of
the distortion of crystal lattice [9]. These stresses lead to a
decrease in the corrosion resistance of the material. The tran-
sition from the compact cubic structure to the tetragonal one
allows the less noble elements to migrate across the surface
easily, which therefore increases the rate of volume diffusion.

In this study, the correlation between the residual stresses,
resulting from the specific process parameters of the produc-
tion cycles of gold wires and their corrosion resistance, was
analyzed. The correlation between the decrease of the corro-
sion resistance and the increase of the tensile state can be
found in literature for steels and other materials, but not for
gold [10, 11]. The residual stresses were calculated using X-
ray diffraction. The strain in the crystal lattice was measured
and the combined residual stresses were defined from the
elastic constants. A linear elastic distortion of the crystal lat-
tice planes was assumed. Several grains contributed to the
measurements. The number of grains in each sample
depended on the size of each grain and on the geometry of
the X-ray beam [12]. The penetration depth of the beam de-
pends on the material and on the parameters of the sample.
Effectively, the measured strain is the average from depths less
than a few microns under the surface of the specimens.
Considering a crystalline material, the planes of atoms can
cause interference diffraction patterns; this interference is de-
pendent on the spacing between the planes and the wavelength
ofthe incident beam. A free strain material is characterized by
a particular diffraction pattern dependent on a determined
inter-planar spacing. The elongation and contraction produced
during the deformation process of the gold wires generate
internal strains in the crystal lattice which change the spacing
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Fig. 7 Tensile curves and the average values of strength and elongation for the final annealed wires obtained with process 1 (a), process 2 (b), and

process 3 (¢)
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between the {hkl} lattice planes. This results in a measurable
shift and broadening of the diffraction pattern, due to a shift
from the “free strain” position. This change in the inter-planar
spacing can be evaluated in order to define the residual stress
within the material [13]. Figure 8 shows the diffraction pat-
terns of the gold alloys that have been studied. For the 9-, 10-,
and 14-Kt gold alloys, reference angles of 68.61°, 68.16°, and
67.35° were used, respectively.

The XRD analysis showed that the corrosion behavior of
the gold wires depends not only on the specific process pa-
rameters but also on the stress state of the material and, in
particular, is connected to the residual stresses. Table 9 shows
the residual stresses obtained by XRD. It should be noted that
there is a considerable difference in the value of the residual
stresses for the 9-Kt gold alloy specimens when obtained by
implementing the new process. After the final step of rolling,
the surface tension of the wire was in a tensile state. The
optimization of the annealing treatments changed this to a
compression state. The greater homogeneity of the annealed
material and the compressive strength of the wire resulted in a
better corrosion resistance, as this study will demonstrate. To

Table 9  Residual stresses of all carat gold alloy samples that were
studied

9-Kt gold alloy deformed (new process) 0=49+6 Mpa
0==227+26 Mpa
0=158+66 Mpa
o0=—51£29 Mpa
0=229+97 Mpa

0=120+29 Mpa

9-Kt gold alloy annealed (new process)
10-Kt gold alloy annealed (old process)
10-Kt gold alloy annealed (new process)
14-Kt gold alloy deformed (new process)
14-Kt gold alloy annealed (new process)

evaluate the difference between the first process and the opti-
mized one for the 10-Kt gold welding alloy, the final annealed
microstructures of the specimens obtained with the two pro-
cesses were tested. It is possible to analyze the different stress
states generated by the different optimizations in the final step
of wire production cycle. The change of the internal stress
from a tensile superficial stress, achieved with the old process,
to a compressive stress, obtained with the new process, result-
ed in an improvement of material’s properties. The consider-
ations regarding the 14-Kt gold alloy are the same as the 9-Kt
gold welding alloy. The greater homogeneity of the
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Fig. 8 X-ray diffraction patterns for the 10-Kt carat gold alloy (a), for the 9-Kt gold alloy (b), and for the 14-Kt gold alloy (c)
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Fig. 9 Potentiodynamic 1.00E-01 -
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microstructure and the crystallization phenomena allowed to
reduce the residual stresses.

In order to obtain information on the corrosion resistance of
the different samples, anodic polarization tests in the solution
that simulates human sweat were performed. Regarding the 9-
Kt samples, work-hardened and annealed samples were com-
pared and the results are reported in Fig. 9; corrosion poten-
tials and corrosion current densities (/) were also evaluated
and reported. It has been observed that the two samples have
the same corrosion potential but the corrosion current density

of the annealed sample, which is directly linked with the cor-
rosion rate by Faraday’s law, is one order of magnitude lower.
This observation can be connected to the decrease of the in-
ternal residual stresses during the annealing process, as previ-
ously discussed. For the 10-Kt alloy, samples were compared
between the old and new production processes. The results of
this comparison are presented in Fig. 10. A significant in-
crease in the corrosion resistance can be observed with the
new process, as the samples are characterized by a value of
I.orr Which is approximately one order of magnitude lower,

Fig. 10 Potentiodynamic 1.00E-01 -
polarization test on the final
annealed wires obtained with the 0.00E+00 - - P2
two different processes performed -- P
for the 10-Kt gold alloy samples ~1.00E-01 1
-2.00E-01 -
=
= -3.00E-01 -
z
£ -4.00E-01
o
-5.00E-01 -
-6.00E-01 -
~7.00E-01 -
-8.00E-01 :
1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05 1.00E-04 1.00E-03
Current Density [A/cm2]
Old Process (P1) Optimized Process (P2)
leorr [A/cm?Z] 8x107 7x10°8
Ecore [V] -0.23 -0.41
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Fig. 11 Potentiodynamic
polarization test on the final
annealed wires obtained with the
three different processes for the
14-Kt gold alloy samples
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even though the corrosion potential is 0.2 V higher in the
samples obtained with the old process. In the case of the 10-
Kt sample, the improved corrosion performances can be cor-
related with the decrease of the residual stresses in the samples
obtained with the optimized process as previously discussed.

Samples of 14-Kt gold alloy obtained with the old and the
new process were tested, and the results are reported in
Fig. 11. In the case of 14-Kt samples, the samples obtained
with the new process are characterized by a higher corrosion
resistance due to the lower residual stresses previously report-
ed, so that the corrosion current density decreases by one order
of magnitude.

For all of the analyzed alloys, the corrosion tests per-
formed on the different samples give evidence for an in-
crease in the corrosion resistance (observed with the de-
crease of the corrosion current density) that can be corre-
lated with the decrease of the internal residual stresses as
shown by XRD analysis.

Conclusion

The presented optimization of the production steps of gold
welding alloys allows one to have a consistent reproducibility
of the material properties. A greater control of time and tem-
peratures, during the melting and annealing processes, dem-
onstrated the relevance of a proper control in the process pa-
rameters in order to obtain the desired results in terms of
hardness. With an immediate cooling out of the furnace, there
is insufficient time to create an orderly distribution of atoms in
the microstructure; therefore, the annealing process generates

@ Springer

a decrease in hardness. The gold wire can be further deformed
because the recrystallization process restored the initial work-
ability. The optimization of the whole process had not only an
influence on the hardness but also produced an increase in the
ductility of the gold alloys and in the microstructural homo-
geneity. The final grain size was also reduced. The tensile
tests, performed on the final annealed wires, showed a smaller
range of variability of the tensile curve, which is indicative of
improved uniformity of properties along the skein of yarn
produced. The optimization of the melting, rolling, and an-
nealing processes for gold welding alloys wires allows for
the reduction the residual stresses on the wires at the end of
the production cycle, with improvements in mechanical
properties, machinability, corrosion resistance during the
emptying process, and a better finishing surface. The po-
tentiodynamic polarization tests performed on the samples
showed the importance of minimizing the residual stresses.
It was shown that, independently of the carat of the gold
alloys, the annealed microstructures, characterized by a
lower level of residual stresses, have a better corrosion
resistance. The corrosion current densities increased by
one order of magnitude in the deformed samples, which
implies an increase in the corrosion rate. Considering the
same annealed state on samples produced either with the
old process or with the optimized process, it is possible to
say that the grain size and the homogeneity of the micro-
structure strongly influence the corrosion susceptibility of
the gold alloys. A smaller grain size and a greater homo-
geneity, obtained with the optimized process, are preferred
because these characteristics cause an increase in the cor-
rosion resistance of the material.
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