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Abstract Age-hardening behavior during continuous heat-
ing in commercial dental casting gold alloys was investigated
by means of electrical resistivity measurements, hardness
tests and X-ray diffraction. Two distinguishable behaviors
were detected. It is considered that the difference was at-
tributed to the amount of platinum, and the atomic ratio of
gold and copper in each alloy. The phase transformations
during continuous heating progressed into two steps (stages
I and II). Increase of the platinum addition in gold-based al-
loys retards the rate of the reaction and decreases remarkably
the amount of stage I.

1 Introduction

It is well known that dental gold alloys have a complex com-
bination of constituents with five or more elements. The roles
of the additional elements in the alloys have been understood
imperfectly. In Japan, the addition of platinum in gold-based
alloys was met with a favorable reception. Platinum is con-
tributory to the persisting ductility of the alloys after heat
treatment. Although Wise et al. [1, 2] have reported the role
of platinum metals in gold alloys, there has been no exper-
imental evidence of this fact. However, it is very important
for us to understand the effect of platinum addition on deter-
mining the most acceptable content of dental gold alloys.

Gold alloys with different amount of platinum are uti-
lized in dental clinical treatment. For strengthening, some
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phase transformation, namely age-hardening is required.
The age-hardening mechanisms have already been investi-
gated in some commercial alloys [3–6]. During a study of
other gold alloys, we recognized a distinguishable change of
phase transformation on the resistivity measurements. Aim
of the present study is to clarify the effects of platinum
metals addition on classification in commercial dental gold
alloys.

2 Materials and methods

Four kinds of commercial dental gold alloys (No. 1: Platinum
gold alloy, GC Corp., Tokyo, Japan; No. 2: Super gold Type
IV, Shofu Inc., Kyoto, Japan; No. 3: GP Ace 305, Tokuriki,
Tokyo, Japan; No. 4: PC-2, Nihonbashi Tokuriki, Tokyo,
Japan) were used. The nominal compositions are shown in
Table 1. The variations of content of copper or platinum are
of interest.

The alloys were firstly solution-treated at 700 ◦C for 60
min and quenched into iced brine. Thereafter, they had
a continuous heating from room temperature to 700 ◦C
at a rate of 0.1◦C/min, namely an anisothermal anneal-
ing. The aging behavior during the anisothermal anneal-
ing was observed by means of electrical resistivity mea-
surements, hardness tests and X-ray diffraction (XRD). The
electrical resistivity measurements [7] were made by a four-
terminal DC potentiometric method with a constant cur-
rent of 0.1A at each temperature of about 5 ◦C intervals
in vacuum. The hardness tests were made using a diamond
pyramid hardness indenter with a 300 g load. Each hard-
ness value quoted is the average of five indentations. The
XRD study was carried out on the filed and appropriately
heat-treated powder specimens by using nickel-filtered CuKα

radiation.
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Table 1 Nominal compositions
of the dental gold alloys used Composition, wt% (at%)

Alloy Au Cu Ag Pt Pd Zn Atomic ratio (Cu/Au)

Group A
No. 1 68 16 7 5 3 1 0.73

(47.2) (34.3) (8.8) (3.5) (3.8) (2.0)
No. 2 70 14 10 1 4 1 0.62

(48.9) (30.3) (12.7) (0.7) (5.2) (2.1)
Group B

No. 3 75 11.5 5.5 7 0 1 0.47
(57.3) (27.3) (7.7) (5.4) (0) (2.3)

No. 4 65 10 16 7 2 0 0.47
(47.8) (22.8) (21.5) (5.2) (2.7) (0)

Fig. 1 Resistivity changes with temperature in the dental gold alloys
during an anisothermal annealing at 0.1 ◦C/min

3 Results

3.1 Electrical resistivity changes

Figure 1 shows anisothermal annealing curves of electrical
resistivity at a heating rate of 0.1 ◦C/min in the specimens
of Nos. 1–4 after the solution treatment and then quenching.
Normalized resistivity (ρT /ρ700) is a ratio of the resistivity
at each measured temperature (T ◦C) and that at a solution-
treated temperature (700 ◦C). It is noted that decrease of the
resistivity (stages I and II) due to some phase transformations
occur in the temperature region between 80 ◦C and 450 ◦C
depending on the composition of the alloys. After attaining
a minimum value, the resistivities increase and a change of
the slope is seen at each critical temperature.

Judging from the decrease behaviors in the lower tem-
perature region (80–450 ◦C), the specimens in the present
study are classified in two groups A and B as seen in Table 1.
Group A (Nos. 1 and 2) represents two steps change (stages
I and II), while group B (Nos. 3 and 4) does one step change
(stage II) as seen in Fig. 1. A lack of stage I seems to be

recognized in the latter. The decreases of the group A sam-
ples tend to be smaller than those of the group B. It is con-
sidered that from the similar resistivity studies [8–12], the
increase behaviors (stage III) follow the equilibria and the
disordering occurs. Each critical temperature of the order-to-
disorder transformation is estimated to be 572, 603, 676 and
635 ◦C for No. 1, No. 2, No. 3 and No. 4 specimens, respec-
tively. It is noted that the critical temperatures in the group
A are lower than those in the group B. This is considered
to depend on the amount of platinum with higher melting
point, as El Araby et al. [13] reported that platinum addi-
tion in CuAu alloy raised considerably the critical tempera-
ture.

3.2 Hardening behaviors

Figure 2 shows variations of hardness with temperature for
the specimens Nos. 1 and 3 during an anisothermal annealing
at a rate of 0.1 ◦C/min. The hardness of the specimen No. 3
in group B slowly increases from about 200 ◦C with a rise
in temperature, and reach a peak at about 375 ◦C and then
softening begins. On the other hand, the specimen No. 1 in

Fig. 2 Variations of hardness with temperature in the dental gold alloys
during an anisothermal annealing at 0.1 ◦C/min
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group A already starts to harden at 100 ◦C. After obtaining
an arrest like hardness peak, the hardness further increases
and attains an obvious peak at 375 ◦C followed by soften-
ing. The difference of the hardening behavior between the
specimens in groups A and B is in good agreement with that
of the resistivity. Namely, the former produces two harden-
ing stages (I and II) the latter apparently produces one stage
(II). Stage III at higher temperature region corresponds to the
softening.

3.3 Crystal structural changes

XRD experiments were performed for Nos. 1 and 3 speci-
mens, because the behaviors of Nos. 2 and 4 were similar
to those of Nos. 1 and 3, respectively, on electrical resistiv-
ity measurements and hardness tests. Figures 3 and 4 show
variations of XRD line profiles at the vicinity of fundamental
reflection lines 111 and 200 for the specimens No. 1 and No.
3 respectively during an anisothermal annealing at a rate of
0.1 ◦C/min. Both specimens solution-treated at 700 ◦C had a
single phase (α0) with face-centered cubic (fcc) lattice.

No.1 specimen at 150 ◦C produced a metastable phase
with ordered face-centered tetragonal (fct) lattice though
not be shown in Fig. 3, which corresponds to stage I. This
metastable phase is referred to as L10

′ to distinguish from
stable L10 structure which was detected at higher temper-
ature. We could not distinguish the fundamental reflections
(111 and 200) of the ordered phase from those of the matrix
fcc phase (α0) at 200 ◦C as seen in Fig. 3. However, each
reflection line becomes broad as expected from the hardness
behaviors. The fundamental lines for the α0 phase do not
change until that at 300 ◦C. It is noticed that the 200 line for
the L10

′ phase is detected at lower angle side of that for the
α0. This reaction corresponds to stage II. The appearance of

Fig. 3 Variations of XRD line profiles of the specimen No. 1 with
temperature during an anisothermal annealing at 0.1 ◦C/min

Fig. 4 Variations of XRD line profiles of the specimen No. 3 with
temperature during an anisothermal annealing at 0.1 ◦C/min

200 line from the L10
′ phase depends on the volume fraction

and the lattice parameter. There is no additional line in the
vicinity of 111 line. At 400 ◦C, the α0 phase disappears and
the L10

′ phase is observed at both 111 and 200 lines. At the
same time, the α2 (fcc) and the L10 (fct) as the stable phases
can be obviously seen on 111 line. The existence of 200 line
from the L10 phase is not clear because of small amount of
the volume fraction. On the way to the stable phases, two
kinds of L10phases were confirmed. As same as Hisatsune et
al. [5, 14] have reported in a dental gold alloy, it is considered
that a metastable phase L10

′ in the grain interior and a stable
phase L10 at the grain boudaries coexist. Then the metastable
phase disappears and only the stable phases remain at 500 ◦C.

On the other hand, at first glance, the XRD line profiles
of the specimen No. 3 as can be seen in Fig. 4 seem to be
remarkably different from that of the specimen No. 1 in Fig. 3.
At 150 ◦C the L10

′ phase was detected the same as in No.
1 specimen. At 200 ◦C and 300 ◦C, both 111 and 200 lines
move to the lower angle side. Although the coexistent phases
at 400 ◦C are α2 (fcc), L10 (ordered fct) the same as those
in No. 1 specimen, each position of the diffraction angle
from the three phases is remarkably different. In the case of
111 lines, the L10

′ phase in No. 1 specimen locates between
L10(ordered fct) α2 and L10, while that in No. 3 specimen
locates at the lowest angle position. This behavior must be
due to a difference of lattice parameters for the L10

′ phase.
At 500 ◦C and 600 ◦C, the α2 and L10 remain as the stable
phases.

Figure 5 shows variations of the half width from the 331
and 420 fundamental reflection lines with temperature in
specimens Nos. 1 and 3. The change in No. 1 specimen occurs
faster than that in No. 3 specimen, which is in good agreement
with the hardness behaviors as can be seen in Fig. 2.

In any way, the specimens Nos. 1 and 3 does not produce
substantially any different crystal structural changes except
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Fig. 5 Variations of the diffraction angle 2θ001 from the L10 phase
with temperature in the specimens Nos.1 and 3 during an anisothermal
annealing at 0.1 ◦C/min

the lattice parameters, degree of the line broadening and vol-
ume fraction of reaction products. It is considered that both
specimens in groups A and B progressed in the same phase
transformation process, although each has different reaction
rate. The reaction for each stage is identified by the following;
stages I and II stage III

α0(fcc) ⇒ L1′
0(ordered fct) + α0(fcc)

⇒ L10(ordered fct) + α2(fcc)

The fct phase with an L10 structure must base on CuAu I
from the composition of the alloys.

4 Discussion

During anisothermal annealing, the dental casting gold alloys
in the present study apparently produced one- or two-stages
phase transformation depending on the composition, and can
be classified into two groups. The alloys with two-stage re-
action (group A) tend to harden more easily and have a fast
reaction in the lower temperature region. According to the
manufacturer’s data, it is noted that the elongation of the
specimen group B is considerably big even after the harden-
ing heat treatment. This must be a reason why a gold alloy
with more platinum is favorable in Japan.

It is very important for us to understand the existence
of two different types of age-hardening. There is no differ-
ence on the reactions themselves from the XRD data during
anisothermal annealing. From the intensity and the diffrac-
tion angle of each phase, it is considered that the differences
are due to volume fractions and the lattice parameters of each
reaction product. It has already been reported by Hirabayashi
and Weissmann [15] in binary CuAu alloy, and by Hisatsune
et al. [5, 14] and Tani et al. [6] in dental gold alloys that the

hardening at the early stage is due to the coherency strain
between a matrix phase with fcc structure and an ordered
CuAu I phase with fct structure. The coherency strain in the
present alloys may be more effective in the specimen No. 1
than in specimen No. 3, because of much difference in lattice
parameter between the matrix and the L10

′ phase in the spec-
imen No. 1. As reported by Hisatsune et al. [5, 14] in dental
gold alloys, the stages I and II must correspond to the order-
ing by the migration of quenched-in excess vacancies and of
equilibrium vacancies, respectively, followed by a reaction
to the equilibrium phases.

As seen in Table 1, the specimens Nos. 1–4 have re-
markable variations of composition. One of the big differ-
ences is the content of platinum contained in the specimens.
Amount of platinum in the group A is smaller than that in
the group B. El Araby[16] reported the effect of platinum
addition on the ordering in equiatomic alloy CuAu. Accord-
ing to his results of resistivity during anisothermal anneal-
ing, the ordering completed in two stages (stages I and II),
and stage I decreased and the stage II increased remarkably
with increasing the platinum content. The resistivity curve
in a CuAu-6.92at%Pt alloy obtained by El Araby [16], re-
sembles that of the specimen No. 1 in Fig. 1. On the other
hand, according to Hernandez et al. [17] who studied the
effect of palladium addition in CuAu alloy by similar resis-
tivity measurements, the decrease of the stage I was not so
remarkable as that of platinum. A CuAu-0.96 at%Pt alloy
by El Araby[16] and a CuAu-5at%Pd alloy by Hernandez et
al. [17] seem to be comparable in the resistivity curve. The
group B contains considerable platinum more than 5 atomic
percentage, while the group A contains small amount of plat-
inum. In the case of the present alloys, palladium may not be
effective on the retardation of the ordering judging from the
results of Hernandez et al. [17]. Furthermore, recently Ohta
et al.[18–20] reported that the hardening rate in CuAu-X (X
= Ga, Al, Zn, Pd) alloys related closely with the melting
temperature. Their results reveal that the hardening rate was
greatly accelerated with the addition of Ga, Al or Zn, and
was retarded with the addition of Pd. This tendency can be
expected that the addition of Pt reduces the stage I in dental
gold alloys as reported in CuAu-xPt alloys by El Araby [16].

It is noted that there is one more very important differ-
ence between the groups A and B. It is the atomic ratio of
copper and gold, Cu/Au, which is shown in Table 1. The
group A, which produces two steps ordering, has nearer
equiatomic composition than the group B. Ouchida et al. [20]
has reported that deviation from stoichiometry produced the
retardation of ordering in CuAu alloy. It is considered that
the decrease of the atomic ratio Cu/Au yields the retarda-
tion of the ordering or the decrease of the stage I as can be
seen in Figs. 1 and 2. This modification may be favorable for
controlling the mechanical properties in dental casting gold
alloys.
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It is interesting that the phase transformation behavior in
resistivity was simplified by additional elements. The phase
transformation in dental gold alloy is based on the formation
of CuAu ordered phase. The ordering of binary CuAu alloy
progresses in three stages [21]. As mentioned above [16],
the ordering progressed in two stages by platinum addition.
Addition of silver may also be considered in the phase trans-
formation behaviors. Sakurana [22] has reported the phase
transformation in CuAu-14at%Ag-(0–7.5)at%Pt alloys. The
resistivity curve in a CuAu-14 at%Ag-6 at%Pt alloy resem-
bles that of the specimen No. 3 in Fig. 1.

5 Conclusions

Age-hardening characteristics during continuous heating in
commercial dental gold alloys were investigated by means
of electrical resistivity measurements, hardness tests, and X-
ray diffraction. Depending on the platinum contents and the
atomic ratio of gold and copper in each alloy, two distin-
guishable behaviors were detected. The phase transforma-
tion progresses in two steps (stages I and II). Increase of the
platinum addition in gold alloys tends to retard the rate of the
reaction and decreases remarkably the amount of stage I.
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