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Age-Hardening Behavior and Structural Changes in a
Commercial Dental Au-Ag-Cu-Pd Alloy

Hyung Il Kim, Seok Kyu Choi

=Abstract=

The age-hardening behavior and the structural changes in a commercial dental Au-Ag-Cu-Pd alloy
were investigated by means of hardness test, optical and scanning electron microscopic observation,
energy dispersive spectroscopy and X-ray diffraction study.

The drastic reduction in hardness by prolonged aging occurred after a rapid increase in hardness at
the initial stage by the isothermal aging at 350 ‘C.This softening was due to the broad precipitates for-
mation of the lamellar structure which was composed of the f.c.t. AuCu I ordered f.c.t. phase contain-
ing Pd and the f.c.c. Ag-rich o solid solution f.c.c.phase containing Au.
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INTRODUCTION

Dental casting gold alloys are essentially ternary alloys
of gold, copper and silver with small amounts of other ele-
ments, and should contain gold and platinum-group metals
of more than 75 wt. % according to American dental as-
sociation specification No. 5. Many of the dental gold al-
loys exhibit obvious age-hardening characteristics, and
their hardening mechanisms and microstructures are well
known.

Alternative low-gold dental alloys which are available
commercially are widely used. Their gold content is below
previously accepted minimal level. Therefore, these alloys
contain palladium to preserve the tarmish and corrosion re-

sistance.

There are many studies on the age-hardening mechan- .

isms and the microstructures in commercial dental Au-Ag-
Cu-Pd alloys'™”. Nevertheless, there is no sufficient infor-
mation concerning these commercial dental gold alloys,
and the age-hardening behaviors and the structural chan-

ges in these alloys have not been completely elucidated.
Therefore, the present study attempted to elucidate the
age-hardening behavior and the structural changes in a
commercial dental Au-Ag-Cu-Pd alloy. The relationship
between the age-hardening behavior and the structural feat-
ures was investigated by means of hardness test, optical
and scanning electron microscopic observations, energy dis-

persive spectroscopy and X-ray diffraction study.
MATERIALS and METHODS

The specimen alloy used in the present study was a com-
mercial dental gold alloy (Duallor G Alloy, Degussa, Ger-
many). The nominal composition of the alloy is given in
Table 1.

Sheets supplied by manufacturer were used for hardness
measurements, optical and scanning electron microscopic
obser\}ations, energy dispersive spectroscopy. Powder spec-
imens for X-ray diffraction study were obtained by filing

the alloy. All specimens were annealed at 800C for 30 min
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Table 1. Chemical composition of the alloy used

i

wt. % 55.0 25.0 11.6 7.9 <2 =2
at. % 36.4 30.2 23.8 9.7

to acquire a single phase of solid solution and then quen-
ched into iced brine, and were subjected to heat treatment
at required temperatures for required periods in a molten
salt bath and then quenched into iced brine.

The specimens for hardness measurements were isochron-
ally aged in a 200~500C range for 10, 20, 50 min, and
were isothermally aged for various peri.ods up to 20000 min
at 350 C corresponding to the temperature of the hardness
peak in the isochronal age-hardening curves. The microh-
ardness measurements were made on the solution-treated
specimen and the aged specimens using a diamond pyra-
mid hardness indenter (Shimadzu Co., HMV-2000, Japan)
with a 300gf load and a 10sec holding time.

The specimens for optical and scanning electron micro-
scopic observations, energy dispersive spectroscopy were
aged at 350 C for required periods, and were prepared us-
ing a standard metallographic technique. A freshly pre-
pared aqueous solution of 10% potassiuin cyanide and 10
% ammonium persulfate was utilized for the final etching
of the samples. Scanning electron microscope used was
Scanning microscope (JEQL, JSM-5400, Japan) equipped
with Energy-dispersive system (NORAN, 648B-1SSS, USA)
operating at 20kV.

The powder specimen for X-ray diffraction study was
vacuum-sealed in a silica tube, and was solution-treated at
800°C for 30min and aged at 350°C for 20000 min to ob-
tain stable phase. The diffracton equipment used was
X-ray diffractometer system (Rigaku, 2013, Japan) operat-
ing at 40kV and 30 mA and Cu ke« radiation with Ni-filters.

RESULTS

Isochronal ége-hardem’ng curves of the test alloy are
shown in Fig. 1. The results of the isochronal aging in a
200~500C range for 10—50min show similar curves. The
hardness increases progressively from the value of 159
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Fig. 1. Isochronal age-hardening curves for 10, 20, 50 min.

300 '!
|
|
i

250 -

Hardness {Hv)

150

|

|

|
]
|
I
1
i
I
i
1&
[
|

i |
100-+H# T i
aT. 01 Al 10 100 1000

Aging Time (min)

10000 100000

Fig. 2. Isothermal age-hardening curve at 350 C.

VHN in the solution-treated specimen to the hardness
peak of 259~266 VHN in the specimen aged at 350 C for
10~50min, and decreases progressively with raising the
aging temperature above 350 C. This implies the tempera-
ture, 350°C is most effective for the age-hardening of this
alloy. ‘

Isothermal age-hardening curve at 350°C of the test al-
loy is shown in Fig. 2. By the isothermal aging at 350C
corresponding to the temperature of the hardness peaks in
the isochronal age-hardening curves, initially the specimen
acts with a rapid increase in hardness, and then maintains
a slower increase and a relatively higher hardness value in
the early stage of aging. A drastic decrease in hardness,
however , was found after 500 min aging. This softening,
namely overaging, occur following prolonged aging.
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Optical micrographs of the specimens are shown in Fig.
3. Fig. 3(A) is a optical micrograph obtained from the
specimen solution-treated at 800 C for 30 min to acquire a
single phase of solid solution. The microstruc¢ture of sol-
ution treated specimen was homogeneous equiaxed struc-
ture.

Fig. 3(B)~(F) are optical micrographs obtained from
the specimen aged at 350 °C for 10min, 500 min, 2000 min,
5000 min, 20000 min respectively. By the isothermal aging
at 3507, precipitates were appeared after 10min aging,
and were formed predominantly along the grain bound-
aries initially and developed into the grain interior, and
then the area of precipitates structure was broadened fol-
lowing prolonged aging. By lengthy aging, the grain in-
terior were completely covered with precipitates finally.
The dimensions of precipitates structure grew with increas-
ing aging time. ‘

The specimen aged at 350 C for 2000 min where a mar-
ked decrease in hardness was observed shows the consider-
able area of precipitates structuré. The marked decrease in
hardness, namely overaging with softening seems to co-
incide with the broadening of precipitates structure in the
OM photographs. This implies that precipitates contribute
to the softening. .

Scanning electron micrographs of the specimens are
shown in Fig. 4. A significant difference in microstructure
between the original equiaxed structure and the precipita-
tes structure has been confirmed in the SEM photographs.

SEM photographs show that precipitates are constructed
of distinct lamellar structure. Lamellar structure was for-

med predominantly along the grain boundary in the early
stage of aging. And the micrograph of the specimen aged
at 350°C for 10 min shows well-arranged lamellar structure
perpendicular to the grain boundaries alternating regularly.

A continuous growth of the lamellar structure which con-
tributed to the softening occurred following prolonged ag-
ing. This means that a single phase of solid solution is tran-
sformed into the lamellar structure by aging.

Energy dispersive spectroscopy was made to confirm the
distribution of each of four elements in the lamellar struc-
ture. Fig. 5 shows a SEM photograph of specimen aged
for 20000min and EDS profiles taken from the same area
as the SEM photograph. EDS profiles demonstrate that

Fig. 3. Optical micrographs(x400) of the specimens
solution-treated at 800 C for 30min (A), and aged at 350 for
10min (B), 500min(C), 2000min (D), 5000 min (E), 20000 min
(F). ‘ '

Fig. 4. Scanning electron micrographs of the specimens aged
at 350°C for 10min (A : x 20000), 500min (B : X 5000), 20000 min
(C: x 5000, D: x 50000).

two distinct layers of lamellar structure are silver-rich, and

copper-and palladium-rich respectively,and that gold is dis-
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Fig. 5. EDS profiles of the specimen aged at 350C for 20000
min,

tributed evenly.

X-ray diffraction study on the specimens solution-treat-
ed at 800°C for 30min and aged at 350°C for 20000 min
was performed to identify the stable phase of the alloy.
The single phase of « solid solution at 800°C, and the
co-existence of the AuCu I ordered phase and the silver-ric-
h a phase at 350°C were confirmed by X-ray diffraction
analysis. :

Therefore it can be thought that « single phase of the
solution-treated specimen is transformed into the co-exist-
ence of the AuCu I ordered phase, with a f.c.t. structure
and the silver-rich o1 phase, with a f.c.c. structure by aging

at 350C.

DISCUSSION

The isothermal age-hardening curve of the present alloy
demonstrated the drastic reduction in hardness by pro-
longed aging after showing a rapid increase in hardness at
the initial stage of aging as seen in Figure 2. This initial in-
crease in hardness was observed before structural change
was produced. Accordingly, some changes in the grain in-
terior are assumed. Yasuda et al®, reported that the initial
hardening in the alloy(39.8 at. % Au-27.4 at. % Ag-25.3
at. % Cu-7.6 at. % Pd), which had a composition similar
to that employed in the present study, was due to the in-
troduction of coherency strain at the interface between the
metastable AuCu I” ordered phase and the matrix, and the
grain boundary precipitates did not contribute to the
age-hardening. And the age-hardening in the alloy(16.4 at.
% Au-29.0 at. % Ag-30.6 at. % Cu-22.3 at. % Pd-1.7 at.
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Fig. 6. X-ray diffraction patterns or e specimen

solution-treated at 800 C for 30min and aged at 350 C for 20000
min.

% Zn) was considered to be generated by the coherency
strain developed between the AuCu I’ structure and the
matrix, which was reported by Hisatsune et al®.

The marked decrease in hardness (Fig. 2) coincides with
the broadening of precipitates.structure in the OM. phot-
ographs (Fig. 3). Namely, the overaging with softening was
attributed to the formation and continuous growth of the
precipitates by the aging of the supersaturated solid sol-
ution in the present alloy. And precipitates were composed
of a lamellar structuré (Fig. 4). It was suggested that the
nodule formation at the grain boundary by the aging of
the alloy(11.2 at. % Au-45.8 at. % Ag-17.1 at. % Cu-26.0
at. % Pd) corresponded to overaging”. Hisatsune et al”
reported that on prolonged aging in the alloy which they
used the formation of a nodular structure at the grain
boundaries produced softening, and it was inferred that
the formation of the stable phase nodule produces stress
relaxation at the grain boundaries. According to Udoh et
al”, the mechanism of the overaging in ‘the alloy(39.8 at.
% Au-27.4 at. % Ag-25.3 at. % Cu-7.6 at. % Pd) was
interpreted as the loss of coherency at the interfaces of the
adjacent lamellae which consists of the equilibrium AuCu I
ordered Iphase and the silver-rich solid solution phase.

The microstructural changes in the present alloy at 300
C are analogous to those in the alloy(16.4 at. % Au-29.0 .
at. % Ag-30.6 at. % Cu-22.3 at. % Pd-1.7 at. % Zn) at
300°C which were reported by Hisatsune et al* ¥, except
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for the difference of the phases formed. In the present al-
loy, two distinguishable phases, the AuCu I ordered phase
and the silver-rich a1 phase which were formed by prol-
onging the aging time were identified by means of X-ray
diffraction study. This result coincides with reports by Yas-
uda et al¥ and Udoh et al®, although the composition of
the alloy used in this study is slightly different from the al-
loys that they used. They reported that prolonging the ag-
ing time caused the formation of a lamellar structure whic-
h consisted of the equilibrium AuCu I ordered phase and
the silver-rich solid solution phase.

Fig. 7 presents the suggested isothermal sections of
Au-Cu-Ag ternary phase diagram at 300°C and 350C%.
The hatched triangles indicate the compositional boundary
of the present alloy. The compositional boundary exists
mainly in the co-existence region of the silver-rich o1 phase
and the AuCu II ordered phase at 300 *C, and exists in the
co-existence region of o phase and «: phase, or the
silver-rich e phase and the AuCu II ordered phase at 350
.

There is general agreement between the suggested iso-
thermal section of Au-Cu-Ag ternary phase diagram and
the EDS profiles of the present alloy shown in Fig. 5. As
shown in Fig. 7, the tie lines are nearly parallel to the
Ag-Cu binary edge within the compositional range of the
present alloy, therefore the 2-phase separation with the
even distribution of gold could occur. EDS profiles dem-
onstrated that two alternating layers of the lamellar struc-
ture were Ag-Au rich and Au-Cu-Pd rich respectively,
although the exact phase of lamellar structure could not be
determined from the EDS profiles unfortunately.

The result of the X-ray diffraction study on the present
alloy does not agree with the 350°C isothermal section of
Au-Cu-Ag ternary phase diagram. The stable phase of the
present alloy at 350°C was the co-existence of the AuCu I
ordered phase and the Ag-rich a1 phase as shown in Fig. 6.

From the results of EDS profiles and X-ray diffraction
patterns, it could be thought that the stable phase of the
present alloy at 3507 is the co-existence of the AuCu
ordered phase containing palladium and the Ag-rich o
phase containing gold, and that the transition temperature
of AuCu ordered structure is raised with the addition of

palladium® '”, Thus, it was concluded that the lamellar
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Fig. 7. Suggested isothermal sections of Au-Cu-Ag ternary
phase diagram at 300 C and 350 C. The hatched triangles show
the compositional boundary of this alloy.

structure consists of the AuCu I ordered phase containing
palladium and the Ag-rich a1 solid solution phase contain-

ing gold.

CONCLUSION

The age-hardening behavior and the structural changes
in a commercial dental Au-Ag-Cu-Pd alloy were investig-
ated by means of hardness test, optical and scanning elec-
tron inicroscopic observation, energy dispersive spec-
troscopy and X-ray diffraction study. The following results
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were obtained.
1. The drastic reduction in hardness by prolonged aging
occurred after a rapid increase in hardness at the initial

stage by the isothermal aging at 350TC.

2. The precipitates constructed of alternating lamellae were 3.

formed at the grain boundaries initially and developed
into the grain interior by aging.

3. The softening occurred following prolonged aging was
attributed to the broad precipitates formation of the la-

mellar structure which was composed of the f.c.t. AuCu 5.

I ordered f.c.t. phasé containing palladium and the f.c.c.

Ag-rich o solid solution f.c.c. phase containing gold. 6
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