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Phase transformation behaviour of a low carat
gold alloy for porcelain bonding during

continuous heating
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Department of Dental Materials Science, Nagasaki University School of Dentistry,

Nagasaki 852, Japan

The phase transformation associated with hardening in a low carat gold alloy for porcelain.
bonding during continuous heating was studied by resistivity measurements, hardness tests,
X-ray diffraction and scanning and transmission electron microscopies. A short-range order
structure, based on Au-Pd, was produced at a lower temperature. At an elevated temperature,
two types of precipitation were observed. One is a nodular reaction consisting of an L1,
ordered structure based on Pd;Sn and a disordered FCC structure at grain boundary. The
other is a formation of spherical L1, ordered precipitates based on Pd;Sn within the grain
followed by Ostwald ripening. A fine dispersed precipitate of the latter contributed to the

remarkable hardening.

1. Introduction

In the past decade, many kinds of alloys for porcelain
bonding have been developed. It is well known that
most of these alloys demonstrate age-hardening be-
cause of small additions such as In, Sn or Fe [1-12].
However, the hardening reactions themselves have
been elucidated imperfectly. As these alloys do not
contain any copper, because of producing a greenish
colour in the porcelain, the formation of CuAul can-
not be expected for the hardening. In the gold-base
alloys, Smith et al. [6] and Fuys et al. [7] speculated a
precipitation of an ordered face-centred cubic (FCC)
structure FePt,. Recently, German [10] detected an
ordered face-centred tetragonal (FCT) structure phase
PtFe, ¢ Co, 5 as a hardening reaction product. On the
other hand, only the existence of an FCT structure
based on Pd;In in the palladium-base alloy [12] and
of age-hardening in the low carat gold alloys [9, 11]
have been reported. The phase transformation behavi-
our in these alloys has been unclear.

The aim of the present study was to clarify the phase
transformation behaviour in a low carat gold alloy for
porcelain bonding during continuous heating by using
electrical resistivity measurements, hardness tests,
X-ray diffraction (XRD), scanning and transmission
electron microscopies (SEM and TEM).

2. Material and methods

The alloy used in the present study was a low carat
gold alloy for porcelain bonding with composition
45 wt % Au-32 wt % Pd-19 wt % X (Neydium, The
J. M. Ney Co., USA). The symbol X denotes the
constituents not given by the manufacturer. It was
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revealed by an energy dispersive X-ray analysis in the
present study that they were Ag and Sn.

Sheets of 0.5 or 0.1 mm thickness were prepared by
alternate rolling and annealing for hardness tests and
other experiments, respectively. These specimens were
solution-treated at 1000°C for 30min and then
quenched into ice brine. Anisothermal annealing was
subsequently carried out at a heating rate of 0.25, 0.5,
1, or 10°Cmin~?! from room temperature to 1000 °C
in vacuo. The hardness tests were made by using a
diamond pyramid hardness indenter with a 200 g
load. Each hardness value quoted is the average of five
indentations. The electrical resistivity measurements
were made by using a potentiometric method. The
structural changes were examined with XRD, SEM
and TEM. Specimens for the SEM observations were
prepared by using a standard metallographic tech-
nique, with final etching achieved with a freshly pre-
pared aqueous solution of 10% potassium cyanide
and 10% ammonium persulphate. For the TEM
study, discs of 3 mm diameter were punched out and
subjected to appropriate annealing. They were elec-
trothinned by a double-jet technique in a solution of
35 g of CrO;, 200ml of CH,COOH and 10ml of
H,O. The electron microscopes used were operated at
20 and 200 kV, respectively. The XRD study was
carried out on the filed and appropriately heat-treated
powder specimens by using nickel-filtered CuK,
radiation.

3. Results and discussion
3.1. Electrical resistivity changes
Fig. 1a shows an anisothermal annealing curve of
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Figure 1 Variation of electrical resistivity and its temperature derivatives during continuous heating with temperature.

electrical resistivity (p) at a heating rate of 1°C min ™"

Normalized resistivity (pr/pioao) 18 & ratio of the
resistivity at each measured temperature (7°C) and
that at a solution-treated temperature (1000 °C).
Fig. 1b shows the temperature derivative curves, It is
noted that the variation of them clearly indicates the
heating rate dependence. These changes seem to be
attributed to some phase transformations. As can be
seen in Fig. 1b, four kinds of phase transformations
are implied. Stages I and II indicate increases of
resistivity, while stage IIT indicates a decrease. The
change of stage I'V was very small and not clear in the
figure. It is thought that this stage corresponds to a
reaction to an equilibrium single phase. Our pre-
liminary work revealed that the quenching after solu-
tion treatments at 950 °C and 1000 °C had produced
two phases and a single phase, respectively. Therefore,
it is expected that a phase transformation temperature
exists between 950 and 1000 °C.

If the amount of reaction rate can be proportional
to the change of resistivity, the reaction rate may
correspond to the dp/dT value. As can be seen in
Fig. 1b, the reaction rate of each stage depends strong-
ly on the heating rate. It is well known that there is a
relationship, as shown below by the Kissinger’s equa-
tion [13], between the activation energy and the rate
dependence,

d(ln®7,.%)/dT;* = — E/R

where ® is the heating rate, 7, the temperature at
which the reaction rate attained a maximum value, E
the activation energy and R the gas constant, Apply-
ing Kissinger’s equation to this rate dependence,
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Figure 2 Application of Kissinger’s equation for each stage.

straight lines were obtained, as shown in Fig. 2. The
activation energies are then calculated from the slope
of each straight line. The apparent activation energies
for stages I, II and III were 20.6, 347 and
75.4 kcal mol ™!, respectively.

3.2. Age-hardening behaviour

Fig. 3 shows variation of hardness with temperature
during continuous heating at a rate of 1 °Cmin~*. The
hardness begins to increase from about 400°C and
attains a peak at about 700°C. Thereafter, softening
occurs with elevating the temperature. The temper-
ature region that produced remarkable hardening cor-
responds to that of stage III. Comparing Fig. 3 with
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Fig. 1 at this temperature, it is thought that the hard-
ening is proportional to the output of the resistivity
change in stage 111

3.3. Ageing reactions

Fig. 4 shows variation of the 422 reflection of the
specimen during continuous heating at a rate of
1°Cmin~* The XRD examinations could not detect
any new phase at stages I and II up to S00°C, as
shown in Fig. 4a—c. As can be seen in Fig. 1, stage |
was accompanied by a small increase of resistivity,
which implies a formation of short-range order (SRO)
or clustering. Fig. 5 shows a selected-area electron
diffraction (SAED) pattern with [00 1] incidence of a
specimen heated up to 200°C at a rate of 1 °Cmin~".
The diffuse scattering due to SRO as exemplified by
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Figure 3 Variation of hardness with temperature during a continu-
ous heating at a rate of 1°Cmin™".

1. 1 1 i

Ohshima et al. [14] in Cu-Pd alloys was observed at
the superlattice spot positions. An SRO based on
Au-Pd system is anticipated from the constitutional
elements, as Logie et al. [15] and Copeland et al. [16]
have reported the evidence in binary Au-Pd alloys.

The specimen solution-treated at 1000°C was a
single phase (1), having an FCC structure with a
lattice constant of a,,, = 4.004 A. Note that there is a
broad and weak peak in both Fig. 4d and e, as shown
by the arrows. This reaction corresponds to that of
stage 111 from the temperature region. Furthermore,
the intensity increased with temperature, while o,
decreased and disappeared at 850 °C, as can be seen in
Fig. 4f. However, another peak appeared near 142.5 of
diffraction angle. After all, two phases (o + ) were
detected at 850°C. These were identified as an FCC
structure (o) with a,,, = 4.006 A and an ordered FCC
structure (B) with a,,, = 3.984 A, It is thought
that stages II and III correspond to a reaction of
oy — o + B.

Fig. 6 shows SEM images of the specimen heated
up to 570°C (a) and 720°C (b,¢) at a rate of
1°C min ~* and quenched. The former indicated fine
dispersed precipitates within grains and nodules from
grain boundaries. With increasing temperature, both
microstructures tended to grow, as seen in Fig. 6b. An
increase of nodular spacing was observed as if the
grain boundary products were consumed by the grain
interior reaction. Fig. 6¢ is a higher magnification of
the grain interior in Fig. 6b. The precipitates seem to
grow up as a specific shape.

Fig. 7 shows the results of the TEM observations in
stages Il and IIL Fig. 7a, b and d show SAED pat-
terns with [00 17 incidence of specimens heated up to
500°C, 600°C and 700°C, respectively. The SAED
patterns indicate that a new phase with an ordered
FCC structure (L1, } is produced in grain interior. The
new phase may correspond to the § phase, which was
detected by the XRD study mentioned above. From
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Figure 4 Variation of the 422 reflection of the specimen during continuous heating at a rate of 1 °Cmin™*,
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Figure 5 SAED pattern of a specimen heated up to 200°C at a rate
of 1°Cmin~1,

Figure 6 SEM images of the specimen heated up to (a) 570°C and
{(b,¢) 720°C at a rate of 1 °Cmin" " and quenched.

Figure 7 SAED patterns with [001] incidence and the 100 DF
images of the specimen heated up to (a) 500°C, (b, ¢) 600°C and
(d, €) 700°C at a rate of 1 °Cmin~* and quenched.

the constitutional elements, we can speculate a forma-
tion of the ordered FCC phase based on Pd;Sn [17].
The intensity of the superlattice spots increased with
temperature. The 100 DF images shown in Fig, 7c and

Figure 8 The 100 DF images of the specimen heated up to (a)

700°C at a rate of 1°Cmin~" and then annealed at 700°C for
7 days.

Figure 9 The 100 DF image of a specimen heated up to 500°Cat a
rate of 1°Cmin™ "' and quenched.

e, revealed the growth of the L1, ordered phase.
Fig. 8a shows the 100 DF image of a specimen heated
up to 700 °C. The precipitates looked like spheres of
about 14 nm in diameter. From the SAED pattern in
Fig. 74, it is anticipated that the precipitates have a
coherency with the matrix. Therefore, this coherency
strain should be produced in the specimen. We ob-
tained a hardness peak at this condition as seen in
Fig. 3, At temperatures higher than 700 °C, the hard-
ness decreased. Fig. 8b shows the 100 DF image of a
specimen aged at 700°C for 7 days. Cuboidal pre-
cipitates 170 nm long were observed. It is obvious
that the precipitates occurred with rapid growth, sug-
gesting Ostwald ripening. The precipitates have a
clear boundary on the (100) plane with the matrix.
The introduction of the boundary between the pre-
cipitate and the matrix in the grain interior may
produce an annihilation of the coherency strain and
result in the softening. In practice, we obtained a
hardness value of Hy = 204 in the specimen aged at
700°C for 7 days. This reaction (stage I1I'), which
sould be distinguished from stage III, could not be
detected in the resistivity in Fig, 1.

Fig. 9 shows a 100 DF image near a grain boundary
of a specimen heated up to 500 °C and quenched. The
image revealed that the nodule involves the same L1,
phase as detected within the grain above. The corres-
ponding SAED pattern failed to confirm the existence
of the o phase, because the difference of the lattice
constant between the B and the « phases is very small.
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As mentioned, in the present alloy, the hardening
due to the precipitation of an ordered FCC with a
structure similar to the matrix must be as favourable

porcelain bonding during continuous heating was
studied by resistivity measurements, hardness tests,
XRD, SEM and TEM. The precipitation reactions are
summarized as follows:

stages stage
stage 1 I + 111 nr
o, (FCC) SRO oFCC) + B(Ll))————> o+ B
T nucleation Ostwald
and growth ripening
stage IV

for porcelain metal as for the gold-base alloys [6, 7].
The softening due to Ostwald ripening may be pro-
duced during firing cycles.

3.4. Elementary process for each stage

From the rate dependence in Fig. 2, an activation
energy of 20.6 kcal mol ~* was obtained for stage 1. An
SRO associated with Au-Pd system was speculated.
The energy is close to the migration energy of vacan-
cies in pure gold, which has been estimated by Schiile
et al. [18] and Takamura [19]. The migration of gold
by means of vacancies may result in a formation of the
SRO. It is very well known that excess vacancies
introduced by quenching play an important role in
phase transformation. Hisatsune [20] has reported a
contribution of excess vacancies on the ordering in a
CuPt alloy during continuous heating. Cheng et al.
[21] and Kinoshita et al. [22] have shown by a
method of statistical thermodynamics that the devel-
opment of SRO reduces the vacancy concentration. It
is thought that the excess vacancies contribute to the
formation of the SRO in the present alloy.

In stage 11, the resistivity attained a peak and the
TEM results revealed spherical precipitates with an
L1, structure. Mott [23] proposed that the peak value
of the resistivity occurs when the precipitated particles
attain the size for which the scattering of electrons is a
maximum. On this basis, the increase and the peak in
resistivity observed in stage II suggest a process to the
critical size of the precipitates. As mentioned above,
we speculated an L1, ordered phase based on Pd;Sn
as precipitates. Thus the migration of Pd atoms is
needed for stage II. An activation energy of 34.7 kcal
mol ™! was obtained for this stage. This value is close
to a half of that for the self-diffusion of Pd [24].

Stage 111 may not be distinguished from stage 1I
because of the same reaction. However, it is obvious
that this stage resulted in remarkable hardening. For
this stage, an activation energy of 75.4 kcal mol ~* was
obtained. This value is close to that for the self-
diffusion of Pd [24]. If it can be assumed that excess
vacancies introduced by quenching are annihilated
until stage II during heating, only the thermal vacan-
cies should be effective for stage 111,

4. Conclusion
Phase transformation of a low carat gold alloy for
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The activation energies for stages I, I and III were
20.6, 34.7, 754 kcalmol™%, respectively. Stages (IT
+ III) contributed to the remarkable hardening and
stage HI" produced the remarkable softening.
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