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Abstract

Age-hardening characteristics and associated phase transformations were studied by
electrical resistivity, hardness tests, X-ray and electron diffraction, transmission electron
microscopy and scanning electron microscopy observations in an AuCu-14at.%Ag pseu-
dobinary alloy. The critical temperature of ordering was determined to be 650 K and
the spinodal temperature was estimated to be 640 K. Age hardening at 623 K was
attributed to nucleation and growth processes of the AuCu II' metastable ordered phase
even though the aging temperature was just below the spinodal temperature. While
hardening in the lower temperature range took place at two stages, the former was due
to spinodal decomposition and the latter was brought about by ordering of AuCu I' and/
or AuCu II' metastable phases depending on aging temperature. Overaging was induced
by grain boundary precipitation of AuCu I and/or AuCu II ordered and silver-rich a,
stable phases.

1. Introduction

In recent years phase transformation in commercial dental gold alloys
has been studied considerably to elucidate the age-hardening mechanism
[1-6]. However, explication of the mechanisms of age hardening in commercial
dental gold alloys is very difficult, because the alloys have an extremely
complex combination of constituents, frequently containing five or more
constituents. Therefore, it is necessary to study age-hardening characteristics
and the associated phase transformation in Au—~Cu—Ag ternary alloys, since
commercial dental gold alloys are composed of gold, copper and silver as
essential constituents.

It has been known that the Au-Cu-—-Ag ternary system exhibits three
distinguishable phase changes in certain composition regions, i.e. ordering
based on AuCu or CuzAu, precipitation induced by a nucleation and growth
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Fig. 1. Isothermal section of a plausible phase diagram of the Au—Cu-Ag ternary system at
573 K.

mechanism and spinodal decomposition. It is also well known that these
phase changes bring about a significant age hardening in the alloys depending
on their composition, especially on the atomic ratio of gold and copper,
with appropriate heat treatment.

Figure 1 shows an isothermal section at 573 K of the plausible Au~Cu—-Ag
ternary phase diagram which was constructed by superimposing the theoretical
phase diagram calculated using the cluster variation method by Yamauchi
et al. [7] on experimental data [8—14]. In the phase diagram, the dots show
the composition of the experimental alloys which were examined mainly
using transmission electron microscopy (TEM) and selected area electron
diffraction (SAED) as well as X-ray diffraction (XRD) techniques. The double
circle exhibits the composition of the alloy used in the present study. The
full lines correspond to the miscibility gap of two-phase decomposition and
the three-phase triangles. The spinodal locus of #*G/3C*=0 (G, free energy;
C, composition of solute) is supposed to be located at the position shown
as a broken line. The shaded area indicates the composition region corre-
sponding to commercial dental gold alloys; therefore, it is thought that the
present alloy is one of a representative composition of commercial dental
gold alloys.

Thus, the present study is carried out to elucidate the age hardening
mechanism and characteristics in the AuCu—14at.%Ag alloy as a representative
composition for commercial dental gold alloys.

2. Experimental details

The alloying constituents used in the present study had a purity of better
than 99.99%. An alloy of composition Au—43at.%Cu—14at.%Ag was prepared
by melting in a high frequency induction furnace. Test pieces for hardness
measurements and scanning electron microscopy (SEM) examination were
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cold rolled to sheets. Foils of 0.1 mm thickness were used for electrical
resistivity measurements and TEM observations. Discs of 3 mm diameter
were punched out from the sheet for TEM study. All test pieces were well
annealed at 973 K for 1.8 ks to obtain a single-phase solid solution and
then quenched into ice-brine.

Electrical resistivity was measured by a potentiometric method on a
quenched thin foil specimen during continuous heating and cooling at a
constant rate of 1.7x107% K s~ ! from room temperature to the solution
treatment temperature. Test pieces for hardness measurement were iso-
thermally aged at 393, 473, 573, 623 and 673 K for various periods after
solution treatment. SEM observations were made on specimens which were
etched in an aqueous solution of 10% potassium cyanide and 10% ammonium
persulphate after polishing by standard metallographic techniques. The discs
which were aged at different temperatures for various periods of time to
produce phase transformations were electrothinned to transparency by a
double-jet technique in a solution of 35 g chromium trioxide in 200 ml
acetic acid and 10 ml distilled water. A 200 kV electron microscope equipped
with a specimen-tilting device was employed. The XRD study was carried
on the powder aged specimens with nickel-filtered Cu Kea radiation.

3. Results

3.1. Electrical resistivity

An anisothermal heating and cooling excursion on a solution-treated and
quenched specimen was carried out to identify temperature regions having
significant changes. In Fig. 2, curve a shows resistivity changes represented
by the ratio of the resistivity at a given temperature and that at the solution
treatment temperature (373 K). Curve b isthe associated temperature derivative
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Fig. 2. Changes in electrical resistivity during continuous heating at a constant rate of 1.7x 10732
K s7! (curve a) and its temperature derivative (curve b) plotted against temperature.
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curve, dp/dT, of curve a. Here, p and T are electrical resistivity and temperature
respectively. The heating curve of resistivity as shown in Fig. 2 yields three
significant inflection points (curve a). These inflection points suggest phase
transformation at 790 K, 650 K and 593 K in the alloy present. In curve
b, two sharp double peaks at 580 K and 640 K and an appreciable peak at
around 780 K show up. The double and neighbouring peaks are thought to
be characteristics of order—disorder phase transformation and a two-phase
decomposition respectively.

As seen in Fig. 2, these resistivity changes can be attributed to AuCu
I (5698 K), AuCu II (650 K) ordering and a two-phase decomposition (790
K) of the alloy investigated.

3.2. Age-hardening characteristics

Figure 3 shows changes in hardness during isothermal aging at various
temperatures. It is obvious that predominant age hardening occurs below
623 K which is lower than the critical temperature 7, =650 K for ordering.
In the range 623—673 K the hardening curve exhibits an S shape which
implies the occurrence of nucleation and growth processes by aging. On the
contrary, the hardening curves caused by aging below 573 K represent a
two-stage hardening after exhibiting a rapid increase in hardness at an early
stage of aging. Thus, it is assumed that two different phase transformation
processes occur in aging, associated with hardening at a temperature between
623 K and 573 K. A marked decrease in hardness, however, is found after
a lengthy aging period by heterogeneous processes at the grain boundaries
as will be shown later.

3.3. X-ray diffraction study

An XRD study was carried out to elucidate the sequence of phase changes
associated with age hardening. Figure 4 represents changes in diffraction
profiles of the 331 and 420 fundamental diffraction reflections during aging
at 673 K for various periods. The solution-treated {(ST) specimen, designated
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Fig. 3. Changes in hardness of the alloy during isothermal aging.
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Fig. 4. Changes in X-ray diffraction profiles of the 331 and 420 fundamental reflections during
aging at 673 K for various periods.
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Fig. 5. Changes in X-ray diffraction profiles of superlattice reflections and fundamental reflections
during aging at 623 K for various periods.

ay, gives an f.c.c. diffraction pattern with a lattice parameter a =0.3907 nm.
Two sets of diffraction peaks of the 331 and 420 reflections, designated as
a; and o phases, show up in diffraction profiles during aging. Superlattice
reflections and the side-bands were not observed at positions expected in
the XRD pattern. The lattice parameters of the «;, and «a, phases were
a(a;)=0.3897 nm and a(a.) =0.4056 nm respectively. Thus, it is suggested
that a two-phase decomposition takes place during aging at 673 K.
Figure 5 shows changes in the 111 and 200 fundamental and the 001
and 110 superlattice reflections during aging at 623 K for various periods.
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Superlattices formed in this temperature range are identified as metastable
AuCu II' and stable AuCu II with orthorhombic long-period superstructures.
The Miller indices used here for AuCu II' and AuCu II ordered phases are
expressed as domain size M =15 according to Johansson and Linde [15].
Although the two-phase decomposition takes place at a relatively early stage
of aging, the metastable AuCu II' ordered phase disappears with lengthy
aging. Finally, a stable AuCu Il ordered phase is observed together with
stable @; and a, phases. No shifts in peaks are found in the diffraction
profiles for all phases generated by aging at 623 K.

Different changes in X-ray diffraction profiles show up after aging at
573 K, as seen in Fig. 6. Shifts in superlattice reflections are visible in
diffraction profiles of metastable AuCu I’ with f.c.t. structure and AuCu II’
with long-period-ordered phases. This will be caused by variations in the
composition of AuCu I' and/or in the antiphase domain size of AuCu II’
phases during aging at 573 K. Furthermore, this provides evidence for the
homogeneous process of phase changes in this temperature range. In Fig.
6, a heterogeneous process is also revealed in the later stage of aging. This
is a sign that metastable AuCu I' and AuCu II' ordered phases coexist with
stable AuCu I and AuCu II as well as with the a, phase after aging at 573
K for 6 Ms.

The metastable AuCu I' phase was only found as an ordered phase
together with «, phase after aging at 523 K for 300 ks. However, one must
assume that the gy phase will change into ¢, and a, phases by further aging
even if in this temperature range.
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Fig. 6. Changes in X-ray diffraction profiles of superlattice reflections and fundamental reflections
during aging at 573 K for various periods.



3.4. Transmission electron microscopy and selected area electron
diffraction examinations

Figures 7(a) and 7(b) represent the dark field images produced by using
the 200,, and 220,, reflections respectively, taken from a specimen aged at
673 K for 180 ks. An SAED pattern corresponding to the central area of
Figs. 7(a) and 7(b) is shown in Fig. 7(c). The SAED pattern shows the
coexistence of the a,’ phase and disordered solid solution of the a, phase,
both f.c.c. in structure. No superlattice reflections are observed in the SAED
pattern. From dark field images, it is obvious that the «,' phase is formed
on the {100} planes of the matrix «, phase as a plate-like precipitate by a
nucleation and growth mechanism. This is because not only the characteristic
satellite or side-bands in SAED patterns but also the modulated structure
in TEM images were not observed at an early stage of aging.

Figure 8 shows TEM micrographs and SAED pattern taken from a
specimen aged at 623 K for 100 ks. The SAED pattern shown in Fig. 8(d)
indicates the formation of a metastable AuCu I’ and AuCu II' ordered phases
which are arranged with their ¢ axes as three orientational variants X, Y
and Z; for example, the Z variant means its ¢ axis is paralle]l to the Z
direction, i.e. the incident electron beam. This configuration is observed

Fig. 7. TEM images and an SAED pattern taken for the specimen aged at 673 K for 180 ks;
(a) the dark field image formed by using the 220,, spot; (b) the dark field image formed by
using the 220, spot; (¢) SAED pattern corresponding to (a) and (b).



Fig. 8. TEM images and an SAED pattern taken for the specimen aged at 623 K for 100 ks:
(a) the dark field image formed by using the 110 superlattice spot; (b) the dark field image
formed by using the 0014 superlattice spot; (c) the dark field image formed by using the 001y
superlattice spot; (d) SAED pattern taken from the central area of the images.

clearly in the dark field images shown in Figs. 8(a), 8(b) and 8(c). It is also
clear that the ordered phases consist of thin platelets and block-like regions.
The AuCu I’ ordered phase disappeared in further aging. It was therefore
not a metastable ordered phase in this temperature range.

As a result of lengthy aging at 623 K, the metastable AuCu II’ ordered
phase increased in size. Figure 9 exhibits TEM micrographs and an SAED
pattern taken from a specimen aged at 623 K for 1 Ms. In the SAED pattern
it is obvious that a metastable AuCu II' ordered phase with three orientational
variants of its c-axis is formed. Reflections from the metastable «,’ phase
are also distinguishable. Because dark field images are produced from the
same area, it is possible to distinguish these phases in the microstructure
from each other. As seen in Figs. 9(a) and 9(b), block-like disordered a;’
fills the space between AuCu II' ordered phase regions. In addition, thin
platelets of AuCu II' are found inside the block-like a,’. Thus it is postulated
that the block-like a,' phase may be covered by the thin platelets of the
AuCu I’ ordered phase (Fig. 9(c)). This microstructure and atomic config-
uration were analysed by high resolution electron microscopy, and the results
will be published elsewhere [16].



Fig. 9. TEM images and an SAED pattern taken for the specimen aged at 623 K for 1 Ms:
(a) the dark field image formed by using the 220,, spot; (b) the dark field image formed by
using the 220(AuCu H'yy) fundamental spot; (c) the dark field image formed by using the
110(AuCu II';) superlattice spot; (d) SAED pattern taken from the central area of the images.

Figure 10 shows TEM micrographs and an SAED pattern produced from
a specimen aged at 573 K for 18 ks. The SAED pattern reveals the formation
of the AuCu I' and AuCu II' ordered phases. Dark field TEM images (Figs.
10(a), 10(b) and 10(c)) suggest that these ordered phases are formed as
platelets on {100} planes. Although the diffraction spots arising from the o'
phase are indistinguishable in the SAED pattern, it can be deduced that the
200, 020, 220 and equivalent fundamental spots for the ordered phases
coincide almost with the equivalent spots from the a.’ phase. As a result
of further aging at 573 K, the diffraction spots from the «," phase became
visible in SAED patterns.

3.5. Scanning electron microscopy observations

To clarify changes in microstructure corresponding to phase transfor-
mations, especially in a grain interior and at the grain boundary, SEM
observations were made on specimens aged at 673, 623 and 573 K for
various periods. For specimens aged at 673 K, a characteristic plate-like
precipitate was observed in the interior of the grain after prolonged aging.
A lamellar structure was aiso found primarily along grain boundaries, which
later extruded into the interior of the grain.



Fig. 10. TEM images and an SAED pattern taken for the specimen aged at 573 K for 1.8 ks:
(2) the dark field image formed by using the 110 superlattice spot; (b), (¢) dark field images
formed by using the 001y and 001y supperlattice spots respectively; (d) SAED pattern taken
from the central area of the images.

The SEM micrographs of Fig. 11 demonstrate a growth of the lamellae
by consumption of the interior of the grain caused by aging at 623 K. A
Widmanstatten-like structure which suggests formation of networks of parallel
platelets on certain lattice planes is observed in grains (Figs. 11(a) and
11(b)). After prolonged aging, the Widmanstatten structure changes into a
different microstructure as seen in Fig. 11(¢) or Fig. 11(d), which is an
enlargement part of Fig. 11(c). It can be seen that the microstructure is
composed of particles of cuboidal shape which are similar to etch pits.
Therefore, it is suggested that these cuboidal particles correspond to the
block-like a,’ region as indicated in the TEM micrographs and SAED pattern
of Fig. 9.

Changes in the SEM microstructure after aging at 573 K are represented
in Figs. 12(a), 12(b) and 12(c). The occurrence of twinning is observed at
an early stage of aging, while the twin structure disappears and alternates
to a stair—step arrangement of cuboidal blocks as seen in Fig. 12(d) which
is an enlargement of part of Fig. 12(c) at a later stage of aging. From the
XRD and TEM studies, it is expected that this stair—step structure consists



279

Fig. 11. Changes in SEM images caused by aging at 623 K for various periods: (a), (b), (¢)
aging periods of 60 ks, 1.8 Ms and 6 Ms respectively; (d) enlargement of part of (¢).

of cuboidal block-like «," phases surrounding the matrix AuCu I’ and AuCu
I’ ordered phases. Lamellar precipitates are also found at the grain boundary.

4. Discussion

Table 1 summarizes the results obtained in the present study. Notwith-
standing that discrepancies in sensitivity to heat treatment actually exist
because of time lags due to differences in the sizes of the specimens among
the experimental methods, the results exhibit good agreement for critical
temperatures, coexisting phases in each temperature range, and microstruc-
tures. TEM and SAED studies make it possible to detect phase transformations
occurring in the interior of grains depending on microstructure and crystal
structure. SEM observations reveal grain boundary precipitation by a het-
erogeneous mechanism. On the contrary, XRD studies reveal a whole process
of phase transformations occurring in the alloy, if the experiments are carried
out by careful isothermal aging.

Thus, sequences of phase transformations in the present alloys at various
temperatures are as follows.
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Fig. 12. Changes in SEM images caused by aging at 573 K for various periods: (a), (b), (c)
aging periods of 60 ks, 600 ks and 18 Ms respectively; (d) enlargement of part of (c).

(1) At 673 K,

homogeneous L. . .
oy (f.c.c)——— a, (f.c.c)+ay,’ (f.c.c.) (within interior of the
heterogeneous

grain) ——————— qa; (f.c.c.)+ap (f.c.c.) (at grain boundaries)
(2) At 623 K,

homogeneous
: AuCu II' (LPAPB ordered)+a,” (within interior of the

heterogeneous

grain) > AuCu ll’ + AuCull + ¢; (f.c.c.) + ay' + @y ————— AuCull+a; +
(at grain boundaries) where LPAPB denotes long period antiphase boundary.
(3) At 573 K,

homogeneous . . .
a, AuCu ' (fct)+AuCu II'+a,’ (within interior of the
heterogeneous

grain) » AuCu I' + AuCu I+AuCu II'+AuCu II+a' +a, — > AuCu
I+AuCu II+«, (at grain boundaries)
(4) At 523 K,

homogeneous
ap ———— AuCu I’ + a,” (within interior of the grain) — AuCu I’ + AuCu
heterogeneous

I+ ap’ + g ———— AuCu 1+ ¢, (at grain boundaries)

Phases designated with a prime, e.g. AuCu II', a,’, indicate metastable
phases formed in the interior of grains; phases without a prime are equilibrium
phases formed at grain boundaries. Age hardening in the alloy occurs depending
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Summary of the results obtained by various experimental methods
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on the sequence of these phase transformations which itself depends on
temperature.

In Fig. 2, there were two distinct hardening modes, i.e. a sigmoidal
hardening curve obtained by aging at 623 K and a two-stage hardening curve
obtained by aging below 573 K. It is thought that sigmoidal hardening is
caused by a nucleation and growth process of phase transformations, i.e.
formation of the AuCu II' metastable LPAPB ordered phase. Although char-
acteristic side-bands or satellite reflections arising from spinodal decom-
position are not observed in XRD or SAED patterns during the early stage
of aging at 623 K, it is expected that the spinodal locus is located at around
640 K, because TEM and SAED studies revealed that the growth rate of the
AuCu II' phase was considerably lower for aging at 643 K than at 633 K.
Thus it is thought that ordering at 643 K is brought about by a nucleation
and growth mechanism while ordering at 633 K is accelerated by the spinodal
decomposition. Nevertheless, aging at 623 K exists just below the spinodal
locus; a rapid increase in hardness is not observed (Fig. 2).

Miyazaki et al. [17] dealt with a theoretical analysis of two-phase
decomposition derived from the Fourier expression of the non-linear diffusion
equation on the basis of the Cahn—Hilliard flux equation. They presented
composition profiles of a solute with continuing aging for various alloys
which had a composition between the centre of the miscibility gap and just
on the spinodal locus. Aging proceeded by a tendency to a nucleation and
growth process during aging as was indicated by rectangularly shaped
composition profiles. According to Miyazakiet al., it was thought that hardening
at 623 K was brought about by a nucleation and growth process of a two-
phase decomposition accompanied by AuCu I’ ordering of the copper-rich
metastable phase.

When aging was carried out below 573 K, the first hardening stage was
induced by spinodal decomposition as was indicated by a rapid increase in
hardness during the initial stage. The second hardening stage was attributed
to strain induced by ordering of the metastable AuCu I’ and/or AuCu II'
phases depending on aging temperature. The drastic decrease in hardness
at a later stage of aging coincides with the occurrence of grain boundary
precipitates composed of AuCu I and/or AuCu II and the a, stable phases
as was observed in SEM micrographs.
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