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Ordering process and age-hardening mechanism of CuPd-AuCu pseudo-binary alloys were examined.
In alloys with electron-atom ratios (¢/a)<<0.87, short range ordering was observed in the early stage of
aging, thereafter, long range ordering occurred from grain boundaries by heterogeneous ordering mecha-
nism. Age-hardening of these alloys was attained by the increase in volume fractions of CuPd and/or
AuCul phases. On the other hand, in alloys with e¢/a>0.87, fine domains of AuCul type superlattice
were formed very rapidly in the grain interior. The elastic strain field generated by this reaction caused
age-hardening.
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I. INTRODUCTION

Several studies on the age-hardening mechanisms of dental precious metal alloys have
been carried out on commercial alloys and primary ternary alloys such as the Au-Cu-Ag,
Ag-Pd-Cu and Au-Pd-Cu systems. Results of those studies revealed that ordering and
phase separation played a very important role in age-hardening. Especially, formation
of AuCu and CuPd superlattices was found to contribute greatly to the age-hardening
of the dental precious metal alloys.

Much attention should be paid to Au-Pd-Cu ternary system, because both AuCu and
CuPd superlattices are formed in this system. A few studies have been performed on
the age-hardening behavior of Au-Pd-Cu ternary alloys. Kumazawa et al.»? studied
the ordering process and mechanical properties of CuPd-Au pseudo-binary alloys. Order-
ing rate of the CuPd phase was found to decrease with the increase in gold content. Met-
ahi® studied the age-hardening process of AuCu-Pd pseudo-binary alloys. His study
revealed that a maximum hardness was attained in a AuCu-12.0at% Pd alloy and that
the ordering process of alloys containing less than 12.0at% Pd was analogous to that of
an equiatomic AuCu alloy.

Nevertheless, the ordering processes and age-hardening mechanisms of alloys whose
compositions are in (CuPd+AuCu) two phase coexistent region and in AuCu single phase
region containing a great deal of palladium have not yet been elucidated.

According to the phase diagram of Au-Pd-Cu ternary system®, (CuPd-+AuCu) two
phase coexistent region exists in the central part of CuPd-AuCu pseudo-binary system,
and ordering region of AuCu widely spreads toward CuPd (Cu-40at%Pd). Consequently,
the problems described above can be solved by studying the ordering processs and the age-
hardening behavior of the alloys in the CuPd-AuCu pseudo-binary system.
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In this work, ordering process and age-hardening behavior of several alloys in the
CuPd-AuCu pseudo-binary system were investigated by means of electrical resistivity
measurement, X-ray diffraction, transmission electron microscopy and hardness test. The
ordering process and the age-hardening mechanism of alloys whose compositions were
in (CuPd+AuCu) two phase coexistent region and of AuCu single phase alloy with high
palladium content were examined.

II. MATERIALS AND METHODS

Au-Pd-Cu ternary alloys whose compositions were in the CuPd-AuCu pseudo-binary
system were prepared by melting 99.999,Au, Pd and Cu in vacuo. By alternate swaging
and annealing of the ingots, wires of 1.0 mm in diameter were prepared. Chemical com-
positions of alloys are listed in Table 1. The CuPd-AuCu pseudo-binary phase diagram”
is illustrated in Fig. 1 together with symbols of alloys. At lower temperatures, composi-
tions of alloys A and B exist in CuPd single phase region, those of alloys F and G in AuCu
single phase region, while those of alloys C, D and E in (CuPd+AuCu) two phase co-
existent region.

Specimens were solution treated at 973K for 1.8 ks in high purity argon gas stream
and quenched into ice brine. After this solution treatment, specimens were aged at 573K
for various periods in a salt bath and quenched into ice brine. Electrical resistivity of
the specimen was measured at liquid nitrogen temperature by using the four-terminal po-
tentiometric method with a direct current of 500 mA.

Powder specimens (fine enough to pass through 200 mesh sieve) were prepared by
filing the wire using a diamond disk. They were sealed in an evacuated silica tube and
subjected to the heat treatment. X-ray diffraction was performed by a diffractometer

Table 1 Chemical compositions of alloys.

Alloy Cu Pd Au
A at% 57.69 42.31 0
(mass%) (44.88) (55.12) 0)
5 at% 58.37 34.99 6.64
(mass%) (42.44) (42.60) (14.96)
c at% 57.31 30.93 11.76
(mass%) (39.37) (35.58) (25.05)
b at% 56.93 28.59 14.48
(mass%) (38.03) (31.98) (29.99)
. at% 55.59 26.92 17.49
7 (tass%) (35.89) (29.10) (35.01)
. at% 54.80 21.34 23.86
(mass%) (33.32) (21.72) (44.96)
G at% 494 0 50.6
(mass%) (24.0) ) (76.0)
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Figure 1 Phase diagram of the CuPd-AuCu pseudo-binary system.

Disks of three mm in diameter were punched out of the heat treated sheet specimens.

They were electrolytically thinned by the jet polishing technique.

The electrolyte used

was a solution of 35 g of CrO,, 200 cm® of CH,COOH and 10 cm?® of H,0O. The trans-

mission electron microscope used was a JEM-1000 (HVEM Lab., Kyushu University)
operating at 1 MV.

Hardness test was carried out on the appropriately heat treated specimens with a load

of 2.94 N using a micro-Vickers hardness tester.

from five indentations.

1.

Ordering Rate

III. EXPERIMENTAL RESULTS

The average hardness value was obtained

Figures 2 (a) and 2 (b) show change in electrical resistivity of alloys A~G aged at
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Figure 2 Change in electrical resistivity of alloys A, B, C (a) and D, E, F, G (b) aged at 573K. Symbols
0o and p, represent electrical resistivity of the alloy as solution treated and at the aging time of ¢

seconds, respectively.
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573K. The falling rate of resistivity of alloy B containing 6.64at% Au was lower than
that of alloy A. Hence, gold addition decrease the ordering rate of CuPd, as demon-
strated by Kumazawa®”. On the other hand, the time at which resistivity began to de-
crease shifted toward longer aging time side with Pd content in AuCu, as shown in Fig.
2 (b). This suggests that Pd addition decreases the ordering rate of AuCu.

2. Short Range Ordering

As shown in Figs. 2 (a) and 2 (b), electrical resistivity slightly increased in the early
stage of aging in alloys A~D. This increase is thought to be due to the short range order-
ing in @ phase®.

Figure 3 is an electron diffraction pattern taken from a phase of alloy D aged at 573K
for 180s. By this heat treatment, electrical resistivity increased as much as 4.69,. The
incident electron beam is parallel to [00I],. Fourfold and twofold splittings of the diffuse
scattering are visible at 110, 100 and their equivalent positions, respectively. These diffuse
scatterings were interpreted to be due to the short range ordering in @ phase®. Accord-
ingly, it was revealed that a slight increase in electrical resistivity observed in the early
stage of aging in alloys A~ D originated from the shoit range ordering.

Figure 4 is a time temperature transformation diagram of alloy F confirmed by trans-
mission electron microscopy. The symbol X denotes the short range ordering in @ phase.
It is obvious that the short range ordering proceeds over a wide range of temperatures
in the early stage of aging in this alloy. The short range ordering is not considered to
proceed in AuCu single phase alloys containing less than 12.0at% Pd®. Therefore, order-
ing process of alloy F containing 21.34at%,Pd was found to be quite different from that
of AuCu single phase alloys which contained low concentrations of palladium.

It has been clarified that the short range ordering occurred in the early stage of aging

AEEwl

Figure 3 Electron diffraction pattern of alloy D aged at 573K for 180s.
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Figure 4 Time temperature transformation diagram of alloy
F. The symbol X denotes short range ordering in
the grain interior. Symbols @ and [ ] denote the
formation of long range order in the grain interior
and at the grain boundary, respectively.
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Figure 5 Change in X-ray diffraction pattern of alloy D aged at 573K
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in all the alloys examined in this work, except for the equiatomic AuCu binary alloy.

3. Long Range Ordering
(1) X-ray diffraction

Figure 5 shows change in X-ray diffraction pattern of alloy D aged at 573K. A weak
110 fundamental line of the ordered CuPd phase ( | ) and the 200 fundamental line of the
ordered AuCul phase ( § ) appeared at the aging time of 600 s and 12 ks, respectively. Their
intensity increased with aging time. However, the intensity of a phase peaks gradually
decreased and completely disappeared at 120 ks. On the other hand, diffraction angles
of each phase were unchanged during the ordering reaction. Therefore, it can be con-
cluded that the ordering in alloy D proceeds by the heterogeneous ordering mechanism.
As seen in Fig. 5, the ordered CuPd phase was formed prior to the ordered AuCul phase.
The ordering process of alloy D is, accordingly, described as follows:

a — a+CuPd — ¢+ CuPd-- AuCul — CuPd-}-AuCul .

Change in X-ray diffraction pattern of alloy F suggested that the ordering behavior
of alloy F was the same as that of alloy D, except that the equilibrium phase at 573K is
AuCul single phase.

(2) Transmission electron microscopy

Figure 6 (a) is a bright-field image of alloy D aged at 573K for 180 ks, showing a fully
ordered structure. Grain boundaries are clearly seen, but no contrast is visible in the
grain interior except for thickness extinction contours. Figure 6 (b) shows a selected
area diffraction pattern taken from the region in the circle of Fig. 6 (a). This diffraction
pattern corresponds to a 001 reciprocal lattice plane of a single variant AuCul phase.
Therefore, the ordered AuCul phase was found to exist as coarse grains in equilibrium
state.

Figure 7 (a) is an electron diffraction pattern taken from alloy F aged at 573K for
60s. Incident beam was parallel to [001],. Fundamental and weak superlattice spots
of AuCul type superlattice, which are arranged in three variants, are visible as well as nor-
mal spots of @ phase. Figure 7 (b) is a dark-field image taken by using 001 superlattice
spot. Fine domains of AuCul type superlattice can be seen to be oriented in two direc-

Figure 6 Bright-field image (a) and selected area diffraction pattern taken from the region in the circle
(b) of alloy D aged at 573K for 180ks.
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Figure 7 Electron diffraction pattern of alloy F aged at 573K for 60s (a) and dark-field image taken by
using 001 superlattice spot (b).

Figure 8 Bright-field image (a) and selected area diffraction pattern taken from the region in the circle
(b) of alloy F aged at 573K for 600s.

tions, i.e., [110] and [110] directions. These observations lead to the conclusion that fine
domains of AuCul type superlattice are formed in the grain interior and that their a- and
c-axes are parallel to cube edge directions of matrix fcc. Formation of fine AuCul ordered
domains was also observed at 623K, as shown in Fig. 4 (@).

Figure 8 (a) is a bright-field image of alloy F aged at 573K for 600 s, showing a newly
produced phase at the grain boundary. Figure 8 (b) shows a selected area diffraction
pattern taken from the region in the circle of Fig. 8 (a). These image and pattern are anal-
ogous to those of alloy D shown in Figs. 6 (a) and 6 (b). Consequently, it is concluded
that the long range ordering in alloy F is also attained by the heterogeneous ordering mech-
anism.

4. Age-hardening Behavior

Figure 9 shows age-hardening curves of alloys D~G aged at 573K. Hardness of
alloy D did not vary up to the aging time of 600 s, but it gradually increased thereafter
and was followed by a marked increase to attain its maximum value in 120 ks.

Age-hardening of alloy F occurred simultaneously with aging. Hardness of this
alloy attained its maximum value in 600 s and was followed by the constant value. Hard-
ness of alloy G (equiatomic AuCu alloy) increased very rapidly to attain its maximum
value in 60 s, then decreased gradually.
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Figure 9 Age-hardening curves of alloys D, E, F and G aged at 573K.

IV. DISCUSSION

1. Relation between Ordering Process and Electron-Atom Ratio
Figure 10 represents a schematic illustration of the electron diffraction pattern shown
in Fig. 3. As already mentioned, this electron diffraction pattern was obtained from the

short range ordered @ phase.

The separation m of intensity maxima of diffuse scatterings

at 110 position was measured in terms of the distance between 000 and 200 spots for alloys
A, D and F. Figure 11 shows relation between m value and electron-atom ratio, e/a.

000

200
Figure 10 Schematic illustration
of diffuse scatterings
in Figure 3.
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Figure 11 Measured values of separation m vs.

electron-atom ratio, e/a.
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Figure 12 Relation between ordering reaction in the grain interior

and electron-atom ratio in the CuPd-AuCu pseudo-binary

system. Symbols X and OO denote short range ordering

(X : by transmission electron microscopy, (: by electrical

resistivity measurement). The symbol @ denotes the

formation of long range ordered AuCul type superlattice
(*: after Metahi®),

The e/a value of each alloy was calculated from the composition, assuming that the number
of conduction electrons was one for Cu, Au and zero for Pd®. As clearly seen in Fig. 11,
m value increased linearly with the increase in e/a value. The e/a value at m=0 was found
to be 0.86 which coincided well with the value (0.87) for Cu-Pd and Cu-Pt systems obtained
by Ohshima and Watanabe®.

Figure 12 shows the relation between ordering reaction observed in the grain interior
and electron-atom ratio (e/a). The results obtained by Metahi® (AuCu-6.0at%Pd and
AuCu-12.0at%Pd) are also represented. This figure shows that the ordering reaction
in the grain interior strongly depends on the electron-atom ratio. That is, in the alloys
with e/a<<0.87, short range ordering occurred in the grain interior. On the other hand,
in the alloys with e/a>0.87, fine domains of long range ordered AuCul type superlattice
were formed in the grain interior simultaneously with the beginning of aging. This sug-
gests that the short range ordered structure becomes stable with decreasing electron-atom
ratios. Therefore, in such alloys that e/a values are smaller than 0.87, long range ordered
phases such as CuPd and/or AuCul have to be produced at the grain boundaries and grow
into the grain interior with successive aging.

2. Age-hardening Mechanism

As already described, equilibrium phases of alloy D, i.e., CuPd and AuCul, were
produced at the grain boundaries and grew into the grain interior with aging time. To
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Figure 13 Age-hardening curve of alloy D aged at 573K.

investigate the age-hardening mechanism of alloy D, change in hardness in the grain inte-
rior was examined. As shown in Fig. 13, hardness in the grain interior did not vary, while
the average hardness markedly increased after the aging time of about 18 ks. This finding
means that hardening does not occur in the grain interior and that age-hardening of alloy
D is due to the increase in volume fractions of ordered CuPd and AuCul phases. Com-
paring X-ray diffraction pattern with age-hardening curve, it is apparent that the formation
of AuCul phase corresponds to the marked increase in hardness. Consequently, the AuCul
phase is considered to play a more significant role in the age-hardening than the CuPd
phase.

Age-hardening of alloy F occurs simultaneously with aging at 573K. As previously
described, fine domains of AuCul type superlattice were formed in the grain interior in
the early stage of aging. Both diffraction pattern and dark-field image obtained from
the grain interior of age-hardened alloy F (Figs. 7 (2) and 7 (b)) resemble very closely those
of age-hardened equiatomic AuCu alloy in feature. Therefore, age-hardening mechanism
of alloy F in the early stage of aging at 573K is considered to be the same as that of equi-
atomic AuCu alloy. That is to say, elastic strain field generated by the formation of fine
domains of AuCul type superlattice that are coherent with the matrix leads to the age-
hardening of alloy F. But the age-hardening mechanism changes at the aging time of
about 1 ks into that of alloy D, indicating that hardening is due to the increase in volume
fraction of grain boundary products (large size AuCul).

Formation of AuCul type superlattice in the grain interior of alloy F was also ob-
served at the aging temperature of 623K. However this reaction is unstable. Figure 14
shows the reproducibility of age-hardening curve of alloy F aged at 573K. The scatter
of the hardness values was very large up to attaining the maximum hardness value. More-
over, this feature was found to be well reproducible. The age-hardening of alloy F aged
at 573K originated from the elastic strain field in the grain interior generated by the for-
mation of fine domains of AuCul type superlattice. Therefore, the large scatter of hard-
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Figure 14 Reproducibility of age-hardening curve of alloy F aged at 573K.

ness values observed in the age-hardening process implies that the magnitude of
development of AuCul type superlattice markedly varies with the position of the specimen.
In fact, transmission electron microscopy confirmed the validity of this interpretation.
Consequently, formation of AuCul type superlattice in the grain interior of alloy F is un-
stable.

V. CONCLUSION

Ordering process and age-hardening behavior of several alloys in the CuPd-AuCu
pseudo-binary system were investigated by means of electrical resistivity measurement,
X-ray diffraction, transmission electron microscopy and hardness test.

Ordering process of alloys in the CuPd-AuCu pseudo-binary system strongly depended
on electron-atom ratio, e/a. In the alloys with e/a<<0.87, short range ordering proceeded
in the early stage of aging. In these alloys, long range ordering occurred from the grain
boundaries by the heterogeneous ordering mechanism. On the other hand, in the alloys
with e/a>0.87, fine domains of long range ordered AuCul type superlattice were formed
very rapidly in the grain interior.

In the alloys with e/a<<0.87, age-hardening was attained by the increase in volume
fractions of long range ordered phases such as CuPd and/or AuCul which were formed at
the grain boundaries. On the other hand, in the alloys with e/a>0.87, age-hardening
was attributed to the elastic strain field in the grain interior generated by the formation
of fine domains of AuCul type superlattice. But in alloy F (e/a=0.787), fine domains
of AuCul type superlattice were exceptionally formed in the grain interior when the alloy
was aged at 573K or 623K. This reaction contributed to the age-hardening.
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