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Abstract The age-hardening behaviour of a spinodally
decomposed low-carat gold alloy was investigated by
means of hardness test, X-ray diffraction (XRD), field
emission scanning electron microscopic (FESEM) obser-
vations, and energy dispersive spectrometer (EDS). An
apparent hardness increase occurred at the initial stage of
the aging process without incubation periods. Then, after a
plateau, the hardness increased to the maximum value, and
finally, the softening by overaging occurred. The age-
hardening of the specimen is characterized by the fast
increasing rate in hardness and the apparent delay of soft-
ening. By aging the solution-treated specimen, the fcc o
phase was transformed into the Ag-rich o, Cu-rich a5, and
Zn-Pd-rich f§ phases through the spinodal decomposition
process and the metastable phase formation. The first
hardening stage which occurred during the early stage of
spinodal decomposition without an apparent structural
change was thought to be due to the interaction of dislo-
cation with solute-rich fluctuations. The second hardening
stage after the plateau was caused by the formation of the
fine block-like structure with high coherency induced by the
spinodal decomposition, which corresponded to the phase
transformation of the metastable Ag-rich o} phase into the
stable Ag-rich «; phase. The remarkably delayed softening
was caused by the slow progress of coarsening and resultant
chaining of the Ag-rich o precipitates in the Cu-rich o,
matrix due to the uniform fine scale of the structure.
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Introduction

Dental gold alloys have been used for dental restorative
materials because they have useful characteristics such as
longevity, easy workability, biocompatibility, and maxi-
mum range of indications. Conventional dental gold alloys
are ternary alloys of gold, silver, and copper with small
amounts of other elements and should contain gold and
platinum group metals of more than 75 wt% for chemical
stability in the oral environment [1]. However, the gold price
climb demanded alternative dental alloys, and this resulted
in numerous low-carat gold alloys which have reduced gold
content but satisfy required mechanical properties being
introduced in the market. The low-carat gold alloys basically
consist of gold, silver, and copper and can be hardened by an
appropriate heat treatment. The hardening mechanisms of
the ternary Au—Ag—Cu alloys have been reported to be due
to phase transformations such as ordering, precipitation, and
spinodal decomposition depending on the alloy composition
and the aging temperature [2—10].

Although the interest of the low-carat gold alloys has been
increased, the hardening mechanisms of these alloys have not
been completely elucidated because of their complex combi-
nations of constituents. In the present study, the age-hardening
behaviour of a spinodally decomposed low-carat gold alloy
was investigated. The purpose of the present study is to clarify
the age-hardening mechanism by elucidating the hardness
changes, phase transformation and changes in the micro-
structure and element distribution during the aging process.

Materials and methods

The alloy used in the present study was a commercial
dental gold alloy of nominal composition 55.0 wt%
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Au-19.9 wt% Ag-17.0 wt% Cu—-4.0 wt% Zn-3.0 wt%
Pd-1.0 wt% Pt-0.1 wt% Ir as listed in Table 1 (Goldenian
C-55, Shinhung, Korea). This specimen alloy of a plate-
like shape is supplied in a rolled and annealed state.

Before hardness test, the above-mentioned plate-like
specimens were solution-treated at 750 °C for 10 min
under an argon atmosphere and then rapidly quenched into
ice brine to prevent transformation. After that, they were
isothermally aged at 350, 400, and 450 °C for various
periods of time in a molten salt bath (25% KNO; + 30%
KNO, + 25% NaNO5; + 20% NaNQO,) which was used for
the temperature range of 150-550 °C, then quenched into
ice brine for hardness test.

Hardness measurements were made using a Vickers
micro-hardness tester (MVK-H1, Akashi Co., Japan) with a
load of 300 gf and dwell time of 10 s. Vickers hardness
results were obtained as the average values of five
measurements.

For the XRD study, powder specimens which passed
through a 330-mesh screen were obtained by filing the
plate-like samples. After being vacuum-sealed in a silica
tube and solution-treated at 750 °C for 10 min, they were
isothermally aged at 350, 400, and 450 °C for various
periods of time in a molten salt bath and then quenched
into ice brine. The XRD profiles were recorded by an X-ray
diffractometer which was operated at 30 kV and 40 mA,
and Nickel-filtered Cu Ko radiation was used as the
incident beam.

For the FESEM observations, plate-like samples were
subjected to the required heat treatment, and then they were
prepared by utilizing a standard metallographic technique.
A freshly prepared aqueous solution of 10% potassium
cyanide and 10% ammonium persulfate was utilized for the
final etching of the samples. The specimens were examined
at 15 kV using a field emission scanning electron micro-
scope (JSM-6700F, JEOL, Japan)

EDS was done to observe the distributional changes of
each element in the specimen alloy during the aging pro-
cess. An energy dispersive X-Ray spectrometer (INCA
x-sight, Oxford Instruments Ltd., UK) of field emission
scanning electron microscope (JSM-6700F, JEOL, Japan)
was used at 15 kV to examine the plate-like specimens
which were used for the FESEM observations.

Table 1 Chemical composition of the alloy used

Composition  Au Ag Cu Zn Pd Pt Ir

wt% 550 199 170 40 3.0 1.0 0.1
at% 338 223 324 74 34 063 0.07
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Results and discussion
Hardness changes

To investigate the age-hardening behaviour of the speci-
men alloy, the isothermal age-hardening curves were
obtained at 350, 400, and 450 °C. Figure 1 shows the age-
hardening curves of the specimen alloy aged isothermally
at 350, 400, and 450 °C. The age-hardening behaviour of
the specimen alloy aged in these temperature ranges
showed a similar tendency. An apparent hardness increase
occurred at an initial stage of the aging process without
incubation periods. Then, after showing a plateau, the
hardness increased again to the maximum value. Finally,
the decrease in hardness by overaging occurred.

In Fig. 1, the maximum hardness value was lower and
was obtained within shorter aging time at higher aging
temperature due to the faster diffusion. The age-hardening
of this alloy is characterized by the fast increasing rate in
hardness and the apparent delay of softening. From the
similarity in the age-hardening behaviours at 350, 400, and
450 °C, the age-hardening at these temperature ranges was
supposed to undergo the same mechanism.

Phase transformation

Variations of XRD pattern during the isothermal aging
were examined to clarify the age-hardening mechanism of
the specimen alloy. Figure 2 shows XRD changes during
the isothermal aging at 400 °C with aging time. The XRD
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Fig. 1 Isothermal age-hardening curves of the specimen aged at 350,
400, and 450 °C
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Fig. 2 Variations of XRD pattern during the isothermal aging at
400 °C with aging time

pattern of the solution-treated specimen at 750 °C for
10 min shows a single phase, o, of a face-centered cubic
(fce) structure with a lattice parameter of a,gg = 3.915 A.
By aging the solution-treated specimen at 400 °C for
20,000 min, the o phase was transformed into the fcc o
and o, phases of strong peak intensity and the f phase of
very weak peak intensity. The lattice parameter of the o,
and o, phases was ayyy = 4.054 A and dsgo = 3.846 A,
respectively. The main components, Au, Ag, and Cu in the
specimen alloy have a fcc structure with a lattice parameter
of a = 4.0786 A, a=4.0863 A and a=3.6148 A,
respectively [11]. Considering the fact that Au is soluble
with Ag and Cu at any atomic ratio, but Ag and Cu has
solubility limit for each other [12], it was thought that the
single o phase was separated into the Au-containing two
phases of Ag-rich (o) and Cu-rich (o). As both the Ag-
rich oy and Cu-rich o, phases contained Au and small

amounts of other ingredients, their lattice parameter was a
little different from that of the pure Ag and Cu, respec-
tively. The lattice parameter of the f§ phase was not clear
because its diffraction peak had a very weak intensity and
overlapped with the 111 peak of the o, phase. However,
from the EDS result, the f§ phase was identified as the
Zn-Pd-rich phase, as it will be revealed in EDS analysis.
Even though a final change in the XRD pattern during the
isothermal aging at 400 °C was the formation of the stable
o1, 0, and f§ phases from the single o phase, the spinodal
decomposition of the parent o, phase and the metastable
phase formation were observed before the stable phases
formation.

To understand the relation between the hardness changes
and the phase transformation, the changes in XRD pattern
(Fig. 2) were compared with the changes in hardness at
400 °C (Fig. 1). In Fig. 1, the hardness increased appar-
ently within 12 s, and then showed the plateau stage until
the aging time between 5 min and 10 min. The XRD pattern
at the aging time of 12 s did not show an apparent change
except for an appearance of weak and wide side bands in
both sides of the 111 o peak, as can be seen by comparing
the background line for the 111 o peak at 12 s with that at
the solution-treated state (S.T.). After the aging time of
12 s, the spinodal decomposition of the parent o phase
progressed apparently. That is, the side bands became
apparent and moved closer to the 111 oy peak as the
intensity of the 111 o peak decreased with aging time, and
finally the parent ¢y phase disappeared at the aging time
between 5 min and 10 min, as can be seen from the
extinction of the 200 o, peak at 10 min. Considering that
the hardness curve showed the plateau stage during the
process of spinodal decomposition of the oy phase after
12 s, it was supposed that the significant amounts of internal
strains were introduced in the matrix only at the initial stage
of the spinodal decomposition. From the aging time of
10 min to 5,000 min, the hardness increased again to the
maximum value even though the increasing rate became
very slow from the aging time of 1,000 min. In the XRD
pattern until the aging time of about 1,000 min, the meta-
stable o] phase which was formed by the spinodal
decomposition of the parent o, phase was transformed into
the stable o, phase with the shift of the 111 a, peak to the
higher angle side. The shift of the 111 o, peak with the
phase transformation of the metastable «| phases into
the stable «; phase indicates the precipitation of the Ag-rich
solute from the Cu-rich matrix. Then, the broad 111 peaks
of oy and a, grew sharp without any change in peak position
until the aging time of 20,000 min. As the 111 peak of the
o, phase grew sharp, the adjacent weak peak of the f§ phase
became obvious, as indicated by an arrow in the XRD
pattern at 20,000 min. From the above, it was thought that
the first and the second hardening stages were related to the
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early stage of spinodal decomposition of the o phase and  peaks, that is, the decrease in FWHM (full width half
the formation of the stable «; phase from the metastable o} maximum) during the softening, some microstructural
phase, respectively. Also, from the sharpening of the XRD  changes which released the internal strains were supposed.

Fig. 3 FESEM photographs of
the specimens solution-treated
at 750 °C for 10 min (a) and
aged at 400 °C for 100 (b),
5,000 (c¢) and 20,000 min (d)

Fig. 4 FESEM photographs at
a magnification of 2,000X (a),
10,000X (b), 20,000X (c), and
50,000X (d) for the specimen

aged at 400 °C for 20,000 min
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Fig. 5 FESEM photographs at

a magnification of 500X for the
specimen aged at 400 °C for 2

(a), 5 (b), 20 (¢), 100 (d), 5,000
(e), and 20,000 min (f)

Microstructural changes

To investigate the microstructural changes which are
related to the hardness changes, FESEM observations were
done. Figure 3 shows the FESEM photographs at a mag-
nification of 500X for the specimens solution-treated at
750 °C for 10 min (a) and aged at 400 °C for 100 (b),
5,000 (c¢), and 20,000 min (d). In the solution-treated
specimen (Fig. 3a), an equiaxed structure was observed. In
the specimen of increased hardness by aging at 400 °C for
100 min (Fig. 3b), the changes in the grain interior and
boundary were not appreciable. In the specimen of maxi-
mum hardness by aging at 400 °C for 5,000 min (Fig. 3c),
the very fine precipitates in the grain boundary were
formed as small amounts. In the overaged specimen by
aging at 400 °C for 20,000 min (Fig. 3d), the very fine

precipitates in the grain boundary increased a little but did
not develop into the grain interior unlike most of the dental
alloys in overaged stage [8, 9, 13]. To appreciate the
changes in the grain interior, the overaged specimen was
magnified up to nano scale. Figure 4 shows the FESEM
photographs at a magnification of 2,000X (a), 10,000X (b),
20,000X (c), and 50,000X (d) for the specimen aged at
400 °C for 20,000 min. Besides the grain boundary pre-
cipitates, the tweed-like structure which is usually induced
by the spinodal decomposition was observed throughout
the grain interior [2-5, 14]. In Fig. 4d, the tweed-like
structure seemed to be more like a particle chain with a
cross hatched structure.

To compare the changes in the grain interior during the
aging process, the FESEM photographs at a magnification
of 50,000X were obtained for each specimen. Figure 5
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shows the FESEM photographs at a magnification of
50,000X for the specimen aged at 400 °C for 2 (a), 5 (b),
20 (c), 100 (d), 5,000 (e), and 20,000 min (f). In Fig. 5a, b
which corresponds to the spinodal decomposition period of
the parent o phase, the structure in the grain interior did
not show an apparent change. In Fig. 5c, a fine closely
interlocked block-like structure formed faintly, which
became coarse and distinct by further aging until 100 min
(Fig. 5d). The corresponding XRD pattern revealed that
such a block-like structure formation resulted from the
phase transformation of the metastable Ag-rich o) phase
into the stable Ag-rich o phase with the depletion of Ag
from the Cu-rich o, phase. In Fig. Se, the close interlock in
the block-like structure became apparently loose. Further-
more, the block-like shape was transformed into the
particle-like shape. Considering the XRD pattern of Fig. 2,
it is clear that the particle-like precipitates are composed of
the stable Ag-rich o; phase surrounded by the Cu-rich «,
matrix. In the overaged specimen of Fig. 5f, the particle-
like structure became coarse and chained. Considering the
decrease in hardness after the aging time of 5,000 min, it is
clear that such a structural change after 5,000 min released
the internal strains by reducing the interface between the
Ag-rich precipitates and the Cu-rich matrix.

From the above, the first hardening stage in the speci-
men alloy occurred during the early stage of spinodal
decomposition even though the structural change was not
detected as it was beyond the resolution of the FESEM . It
was thought that the fast hardness increase in the first
hardening stage was due to the interaction of dislocation
with solute-rich fluctuations which was induced in the early
stage of spinodal decomposition. The second hardening
stage after the plateau was caused by the formation of the
fine block-like structure with high coherency induced by
the spinodal decomposition. The softening by overaging
was caused by the progress of coarsening and resultant
chaining of the Ag-rich «; precipitates in the Cu-rich o,
matrix. The coarsening in the specimen alloy, however,
was remarkably delayed due to the uniform fine scale of the
structure resulting from the spinodal decomposition. Such
stability to coarsening is one of the desirable features for
dental alloys.

Element distribution

In order to examine the changes in the element distribution
during the aging process, EDS analysis was done for the
solution-treated and overaged specimens. Figure 6 shows
the FESEM photographs for the specimens solution-treated
at 750 °C for 10 min (A) and aged at 400 °C for
20,000 min (B). Element distribution in the area marked by
an arrow was analyzed with EDS of FESEM, and the result

@ Springer

100pm '

Fig. 6 FESEM photographs for the specimens solution-treated at
750 °C for 10 min (A) and aged at 400 °C for 20,000 min (B)

is shown in Table 2. In the grain interior of the solution-
treated specimen (Fig. 6A-a), the content of each element
did not show a remarkable change from that of the alloy
composition. In the grain interior of the overaged specimen
(Fig. 6B-a), the changes of element distribution by the two-
phase decomposition were not detected due to the finer
scale. In the grain boundary (Fig. 6B-b), the elements
distribution was apparently changed. In the EDS result
(Table 2) for the grain boundary of the overaged specimen
(Fig. 6B-b), the Zn and Pd content increased apparently,
and the Au, Ag, and Cu content decreased compared to
those in the matrix of the solution-treated specimen. This

Table 2 EDS analysis for the specimens solution-treated at 750 °C
for 30 min (A) and aged at 400 °C for 20,000 min (B) at the regions
marked in Fig. 6

Region (at%) Au Ag Cu Zn Pd Pt Ir

A-a 35.08 21.05 34.77 6.14 296 0 0
B-a 36.00 21.18 32.81 685 316 0 0
B-b 2924 15.83 2721 1847 8.67 058 O
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indicates that the grain boundary precipitates are mainly
composed of the Zn—Pd-rich f§ phase. Such grain boundary
precipitates composed of Pd and extra ingredients of low
melting temperature such as Zn and In are frequently
observed in dental gold alloys during aging process.

Conclusions

Age-hardening behaviour of a spinodally decomposed
low-carat gold alloy composed of 55.0 wt% Au-19.9 wt%
Ag-17.0 wt% Cu—4.0 wt% Zn-3.0 wt% Pd-1.0 wt% Pt—
0.1 wt% Ir was investigated, and the following results were
obtained.

1. An apparent hardness increase occurred at the initial
stage of the aging process without incubation periods.
Then, after a plateau, the hardness increased to the
maximum value, and finally, the softening by overag-
ing occurred.

2. By aging the solution-treated specimen, the parent fcc
oo phase was transformed into the Ag-rich «;, Cu-rich
oy, and Zn-Pd-rich f phases through the spinodal
decomposition process and the metastable phase
formation.

3. The first hardening stage which occurred during the
early stage of spinodal decomposition without an
apparent structural change was thought to be due to the
interaction of dislocation with solute-rich fluctuations.

4. The second hardening stage after the plateau was
caused by the formation of the fine block-like struc-
ture with high coherency induced by the spinodal

decomposition, which corresponded to the phase
transformation of the metastable Ag-rich o] phase into
the stable Ag-rich oy phase.

5. The remarkably delayed softening was caused by the
slow progress of coarsening and resultant chaining of
the Ag-rich o, precipitates in the Cu-rich o, matrix due
to the uniform fine scale of the structure.
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