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The objective of this research was to investigate the effect of constitutional phases on the unique hard-
ening behavior of as-solutionized dental Ag-Pd-Au-Cu alloy fabricated by cold rolling. The commercial
dental Ag-Pd-Au-Cu alloy fabricated by cold rolling consists of Cu-rich oy, Ag-rich o, and 3 phases. On
the other hand, the Ag-Pd-Au-Cu alloy fabricated by the liquid rapid solidification (LRS) method con-
sists of single o phase. They were subjected to various heat treatments, respectively. The microstructures
were observed by scanning electron microscope, transmission electron microscope and X-ray diffraction.
The hardness was evaluated by a Vickers micro-hardness tester. In the Ag-Pd-Au-Cu alloy fabricated by
cold rolling, the fine L1o-type-ordered (3’ phase is precipitated and the coarse [3 phase is remained after
solution treatment at 1123 K. The hardness increases drastically. On the other hand, in the Ag-Pd-Au-Cu
alloy fabricated by LRS method, the single o phase was decomposed into the «; phase and the a; phase
after solution treatment at 1023 K and its hardness change was small. However, after aging treatment
at 673K, the fine 3 phase is precipitated in the o phase and the hardness increases greatly even in the
Ag-Pd-Au-Cu alloy fabricated by LRS method. It is considered that the precipitation of the fine L1,-
type-ordered (3’ phase may contribute strongly to the unique hardening in the as-solutionized dental

Ag-Pd-Au-Cu alloy fabricated by cold rolling.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ag-Pd-Au-Cu alloys have been widely used in dental
applications because they are relatively cheaper and possess
higher mechanical strength than gold alloys. It is well known
that the Ag-Pd-Au-Cu alloy exhibits age-hardening behavior
[1,2]. However, it has been reported that the hardness of
Ag-20Pd-12Au-14.5Cu (mass%) alloys subjected to solution treat-
ment (ST) at a temperature over 1073K followed by water
quenching (WQ) is drastically enhanced [3]. This unique harden-
ing behavior has been explained as being due to two hardening
mechanisms: one is the solid-solution hardening mechanism, in
which alloying elements are dissolved in the matrix (o phase)
by ST [3], and the other is the precipitation hardening mecha-
nism, in which L1¢-type-ordered 3’ phases are precipitated during
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the quenching process after ST [4]. However, the unique hard-
ening mechanism is still unclear. It is difficult to investigate the
contribution of the constitutional phase to the unique hardening
behavior because of the multi-phase microstructure (o, a5, 3) of
Ag-20Pd-12Au-14.5Cu alloy. Recently, it has been reported that
Ag-20Pd-12Au-14.5Cu alloy can be fabricated with the o, a1, and
o, phases by the liquid rapid solidification (LRS) method and that
the hardness of the alloy after ST changes slightly [5]. It has been
reported that Ag-20Pd-14.5Cu-12Au alloys with o, oy, and 3
phases, and Ag-20Pd-14.5Cu-12Au alloys with o, a1, and a; phase
show different hardening behaviors although both of them have the
same chemical compositions and are subjected to the same con-
dition of solution treatment [5]. One significant microstructural
difference is the existence of a coarse Cu-Pd intermetallic com-
pound (3 phase), which is considered to contribute to the unique
hardening behavior to some degree.

The microstructures and Vickers hardness of
Ag-20Pd-14.5Cu-12Au alloys with single o phase fabricated
by LRS subjected to various heat treatments were investigated
in order to understand the effect of constitutional phases on the
unique hardening behavior of as-solutionized Ag—Pd-Au-Cu alloy
fabricated by cold rolling.
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Fig. 1. Schematic drawings of specimens for (a) CR and (b) LRS in mm.

Table 1
Chemical composition of dental Ag—20Pd-12Au-14.5Cu alloy.
Ag Pd Au Cu Others
Mass% 51.0 20.0 12.0 14.5 2.5
2. Materials and methods
2.1. Materials and heat treatment process
The materials wused in this study were commercial dental

Ag-20Pd-12Au-14.5Cu alloys (Ishifuku Kinpara S12, Ishifuku Metal Industry
Co., Ltd, Tokyo, Japan) fabricated by cold rolling (hereafter referred to as CR)
and their chemical compositions are listed in Table 1. The shape and size of
Ag-20Pd-12Au-14.5Cu alloy is shown in Fig. 1(a). CR was subjected to ST at 1123 K
for 3.6 ks in vacuum and then was quenched into cold water (CR-ST) as schemat-
ically shown in Fig. 2. For comparison purposes, the Ag-20Pd-12Au-14.5Cu alloy
was also fabricated by LRS method (hereafter referred to as LRS) using a melting
machine as schematically shown in Fig. 3 [5]. The shape and size of LRS is shown
in Fig. 1(b). All LRS were subjected to ST at 1173K for 3.6ks in vacuum for a
single o phase (1173WQugs/3.6 ks). 1023 K is over the critical temperature for the
order-disorder transformation in the Cu-Pd binary phase diagram and 1023K is
the temperature for the Cu-rich phase (o) and Ag-rich phase () to decompose in
the Ag-Cu binary phase diagram. 1173WQgs/3.6 ks was subjected to ST at 1023 K
for t (1023WQyks/t, t: 1.8-28.8 ks) in vacuum as schematically shown in Fig. 4. 673 K
is the temperature generally used for aging treatment (AT) in Ag-Pd-Au-Cu alloys.
1173WQugs/3.6 ks was subjected to AT at 673 K for t (673WQgs/t, t: 1.8-28.8ks) in
vacuum as schematically shown in Fig. 5. According to the literature [3], the unique
hardening behavior was observed after ST over 1073 K. 673WQrs/1.8 ks was again
subjected to ST at 1173 K for 3.6 ks in vacuum after aging treatment (AT) to confirm
the existence of the unique hardening behavior in a LRS alloy with the 3 phase
(673WQqgs/1.8 ks-ST) as schematically shown in Fig. 6.

2.2. Microstructural observation

After all specimens were wet-polished using emery papers of up to 4000 grit,
and then mirror-polished using alumina suspension, their surfaces were observed
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Fig. 2. Schematic drawing of solution treatment for Ag-Pd-Cu-Au alloy fabricated
by cold rolling.

using a scanning electron microscope (SEM) with a backscattered electron (BSE)
detector. The chemical compositions were investigated using an energy-dispersive
X-ray spectroscopy (EDX) installed in the SEM. In addition, discs with a diameter of
3 mm and a thickness of 1 mm were cut from some specimens using wire electrical
discharge machining for the transmission electron microscopic observation. These
discs were ground to 50 wm thick using emery papers and alumina suspension,
and were thinned by dimple grinding and ion milling. The specimens were exam-
ined using a transmission electron microscope (TEM) with an accelerating voltage
of 200kV and a high-resolution transmission electron microscope (HRTEM) with
an accelerating voltage of 200kV. X-ray diffraction (XRD) analyses of all samples
were carried out using a diffractometer operating at 40 kV and 40 mA to identify the
constitutional phases.

2.3. Hardness test

Hardness measurement was performed on each mirror-polished sample after
SEM observation and XRD analysis using a Vickers micro-hardness tester with a

Ar gas pressure

LRS

Plate-type
casting

Fig. 3. Schematic drawing of liquid rapid solidification (LRS) method.
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Fig. 5. Schematic drawing of aging treatment for Ag—Pd-Cu-Au alloy fabricated by LRS method.

load of 49N and a holding time of 15s. After 10 times measurements on each
sample, Vickers micro-hardness (HV) was calculated to the mean value of 8 times
measurements after omitting maximum and minimum values.

3. Results
3.1. Microstructure

3.1.1. Effect of solution treatment on microstructures of CR

Fig. 7 shows the XRD profiles of CR and CR-ST. a1, az and 3
phases are identified in CR, and «, a5, and 3 phases are identified
in CR-ST. Fig. 8 shows the microstructure of CR-ST by BSE image
and the result of the EDX analysis. CR is composed of a1, oz, and
3 phases. After ST, the Cu-rich oy phase of CR was dissolved into
the Ag-rich a; phase and the Cu-Pd intermetallic compound (3) is
remained. CR-ST is composed of a, a5, and 3 phases. The results
of XRD analysis correspond well with the results of the BSE image
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and XRD analysis. Fig. 9 shows a bright field image and selected
diffraction pattern of CR-ST obtained from TEM observation. The
bright field image shows not only a round-shaped 8 phase but also
a lath-shaped fine precipitate. The lath-shaped fine precipitate is
confirmed to be the L1y-type-ordered phase ([3’) by a selected area
diffraction pattern. This result agrees with those of the previous
studies [4,5].

3.1.2. Effect of solution treatment on microstructures of LRS

Fig. 10 shows the XRD profiles of 1173WQgs/3.6ks and
1023WQgs/1.8-28.8ks. The single o phase is identified
in 1173WQ;gs/3.6ks. The «, a1, and o phases are identified in
1023WQygs/1.8-28.8 ks while the [3 phase is not identified
in 1023WQ,gs/1.8-28.8 ks.

Fig. 11 shows the microstructures of 1173WQ;gs/3.6ks and
1023WQgs/1.8-28.8 ks by BSE images. The microstructure of
1173WQqgs/3.6 ks is composed of the single o phase (Fig. 11a). The
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Fig. 6. Schematic drawing of solution treatment for aging-treated Ag-Pd-Cu-Au alloy by LRS method.
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o microstructures of 1023WQrs/1.8-28.8 ks are decomposed into

200) o, two (black, white) areas corresponding to a; and o, phases from

a1 (110) ai 00, the part of single o phase with increasing time during ST at 1023 K
S w J up (Fig. 11b-f). BSE image and EDX analysis shows that the microstruc-

ture of 1023WQ;rs/28.8 ks is composed of a Cu-rich a; phase, an
Ag-rich a; phase, and o phase (Fig. 12). The single o phase decom-
poses into the Cu-rich oy phase and the Ag-rich a, phase, but the
[3 phase is not precipitated by ST at 1023 K.

3.1.3. Effect of aging treatment on microstructures of LRS

Fig. 13 shows the XRD profiles of 1173WQgs/3.6ks and
673WQqgs/1.8 ks-28.8ks. The single o phase is identified in
1173WQqgs/3.6 ks (Fig. 13a). The o, a1, and oy phases are changed
to a; and [3 phases during AT at 673 K (Fig. 13b-f).

Fig. 14 shows the microstructures of 1173WQgs/3.6ks and
673WQ;rs/1.8-28.8 ks obtained by BSE images. The microstructure
of 1173WQ_rs/3.6 ks is a single o phase. The weak contrast in the
BSE images of 673WQrs/1.8-14.4ks (Fig. 14(b-e)) appears after
aging treatment. This is considered to the result from the chemical
composition difference; the area where the 3 phase precipitates
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Fig. 8. BSE image and results of EDX analysis on specimen surface of CR-ST.
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Fig. 9. Results of TEM observation of CR-ST: (a) bright field image, (b) selected area diffraction pattern and (c) key diagram. Beam direction is parallel to [100]. In this key
diagram, three variants of the L1,-type-ordered phase are superimposed: one with the c-axis parallel to the electron beam (P), and two with their c-axes normal to the

electron beam (Ny, N3) [1].
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Fig. 10. XRD profiles of (a) 1173WQugs/3.6 ks, (b) 1023WQugs/1.8 ks, (c) 1023WQugs/3.6 ks, (d) 1023WQgs/7.2 ks, () 1023WQygs/14.4 ks and (f) 1023WQigs/28.8 k.

and the area where the 3 phase does not precipitate exist after phase. The 3 phase less than 100 nm long is precipitated in the
aging treatment. matrix.

Fig. 15 shows a bright field image, a dark field image, a XRD profiles show that the peaks of a, a; and B phases of
selected area diffraction, and a key diagram of 673WQgs/1.8 ks. 673WQirs/1.8 ks with the 3 phase subjected to ST at 1173K for
The selected area diffraction pattern shows the existence of the 3.6ks are changed to the peak of the single o phase (Fig. 16)
o phase and the (3 phase. The dark field image is obtained and the contrast in BSE image of 673WQrs/1.8ks is disap-
using a (010) superlattice reflection from the B2-type ordered 3 peared (Fig. 17) by ST at 1173K for 3.6 ks. These imply that the

(2) 1173WQ, g¢/3.6ks (b) 1023WQ, g /1.8ks (¢) 1023WQ, s /3.6ks

() 1023WQ rs/14.4ks () 1023WQ, ¢/28.8ks

Fig. 11. BSE images of (a) 1173WQugs/3.6 ks, (b) 1023WQygs/1.8 ks, (¢) 1023WQigs/3.6 ks, (d) 1023WQyrs/7.2 ks, (€) 1023WQys/14.4 ks and (f) 1023WQigs/28.8 ks.
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Fig. 12. BSE image and results of EDX analysis on specimen surface of 1023WQ;gs/28.8 ks.

3 phase precipitated in 673WQgs/1.8ks is dissolved by ST at
1173K.

3.2. Hardness

3.2.1. Effect of solution treatment on hardness of CR
Fig. 18 shows the change in Vickers hardness of CR and CR-ST.
The hardness of CR-ST, where the fine L1y-type ordered 3’ phase is

densely precipitated, increases drastically. This result well agrees
with the previous studies [4,5], which found that the precipitation
of the 8’ phase in the matrix contributes to the unique hardening
behavior of CR-ST.

3.2.2. Effect of solution treatment on hardness of LRS
Fig. 19 shows the change in Vickers hardness of
1173WQygs/3.6ks and 1023WQgs/1.8-28.8ks. The change in
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Fig. 13. XRD profiles of (a) 1173WQugs/3.6 ks, (b) 1023WQyrs/1.8 ks, (c) 1023WQqrs/3.6 ks, (d) 1023WQugs/7.2 ks, (e) 1023WQyrs/14.4 ks and (f) 1023WQyrs/28.8 ks.
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(a) 1173WQ, zo/3.6ks (b) 673WQ, ps/1.8ks (c) 673WQ, g /3.6ks
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Fig. 14. BSE images of (a) 1173WQugs/3.6 ks, (b) 673WQizs/1.8 ks, () 673WQygs/3.6 ks, (d) 673WQurs/7.2 ks, (€) 673WQigs/14.4 ks and (f) 673WQys/28.8 ks.

hardness is small among them even though the oy and a; phases 3.2.3. Effect of aging treatment on hardness of LRS

are decomposed from 1173WQ_s/3.6 ks with the single « phase Fig. 20 shows Vickers hardness in 1173WQgs/3.6ks and
by ST at 1023 K. Therefore, it seems that the effect of decompo- 673WQyrs/1.8-28.8ks. The hardness of 673WQgs/1.8 ks with
sition of a7y and a, phases on the unique hardening behavior is the precipitated 3 phase increases greatly compared with that
small. of 1173WQqgs/3.6 ks with the single o phase. The hardness of

O : a phase (fcc)
® : § phase (B2)

Fig. 15. Results of TEM observation of 673WQqrs/1.8 ks: (a) bright field image, (b) dark field image by using a 01 0 superlattice reflection, (c) selected area diffraction pattern
and (d) key diagram. Beam direction is parallel to [100].
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673WQqgs/7.2ks is the highest and then the hardness tends to
decrease.

Fig. 21 shows the change of Vickers hardness on
673WQqrs/1.8ks and 673WQgs/1.8 ks-ST. The hardness of

/
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2250 o
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Vickers hardness / HV

50

CR CR-ST

Fig. 18. Vickers hardness of CR and CR-ST.

(b) 673WQ, z¢/1.8ks-ST

Fig. 17. BSE images of (a) 673WQgs/1.8 ks and (b) 673WQgs/1.8 ks-ST.

673WQirs/1.8 ks decreases with the dissolution of the (3 phase by
ST.

According to these results, the L1j-type ordered 3’ phase pre-
cipitated in the matrix by ST may strongly contribute to the
hardening in the case of Ag-20Pd-14.5Cu-12Au alloy fabricated
by cold rolling. However, the (3 phase precipitated in the matrix
by AT may strongly contribute to the hardening in the case of
Ag-20Pd-14.5Cu-12Au alloy fabricated by LRS.

4. Discussion

The decomposition of a1 and a; phases weakly contributes to
the hardening in Ag-20Pd-14.5Cu-12Au alloy. The precipitation of
the 3’ or 3 phase in the matrix seems to contribute to the hardening
strongly in Ag-20Pd-14.5Cu-12Aualloy. In the case of CR, the hard-
ness increases drastically by ST. The diameter of 3 phase remaining
after ST is several pm (Fig. 8) and the size of lath-shaped 8’ phase
precipitated after ST is several nm width and about 100 nm length
(Fig. 9). In the case of LRS, the hardness increases by AT. While the
[’ phase is not precipitated by AT, the diameter of 3 phase precipi-
tated by AT in the 673WQrs/1.8 ks is several 10 nm length (Fig. 15).
The crystal structure of 3 phase remained in the CR-ST and the 3
phase precipitated in the 673WQ;gs/1.8 ks are identified as being
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Fig. 19. Vickers hardness of 1173WQqgs/3.6 ks, 1023WQurs/1.8 ks, 1023WQgs/3.6 ks, 1023WQygs/7.2 ks, 1023WQigs/14.4 ks and 1023WQygs/28.8 ks.

the same B2-type ordered structure by XRD analysis. However, it
has been found that their size and shape are different. Furthermore,
it was found by XRD profiles that the fine 3 phase precipitated in
673WQqgs/1.8 ks is dissolved by ST while the 3 phase existed in CR
isnotdissolved by ST. Generally, the phase that strongly contributes
to the hardening is the fine precipitates, which cause strain in the
matrix. In CR-ST, there are two precipitates ([3/, 3). It is supposed
that the precipitation of 3 phase may contribute to the hardness
increase of CR-ST from the result of 673WQ;rs/1.8 ks. However, the

400

3 phase remaining in CR-ST is coarse. The 3’ phase in CR-ST is fine
and is densely precipitated. Therefore, it could be concluded that
effect of the precipitation of the fine B’ phase on the hardening
behavior is strong. Although the macro chemical compositions of
CR and LRS are the same, the micro chemical composition of the
matrix (o phase) is thought to be different due to the existence of
the coarse Cu-Pd 3 phase, which is not dissolved by ST. That is, the
matrix (o phase) of CR with the coarse Cu-Pd 3 phase, which is not
dissolved by ST, has a higher Ag concentration than the matrix (o

-
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Fig. 20. Vickers hardness of 1173WQygs/3.6 ks, 673WQirs/1.8 ks, 673WQyrs/3.6 ks, 673WQygs/7.2 ks, 673WQgs/14.4 ks and 673WQ;gs/28.8 ks.
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Fig. 21. Vickers hardness of 673WQgs/1.8 ks and 673WQgs/1.8 ks-ST.

phase) of LRS. It is considered that the 3’ phase is precipitated in
the Ag-rich matrix, which has a high Ag concentration due to the
existence of a coarse Cu-Pd {3 phase.

5. Conclusions

The microstructural change and hardness change in
Ag-20Pd-12Au-14.5Cu alloy fabricated by cold rolling and
Ag-20Pd-12Au-14.5Cu alloy fabricated by the liquid rapid solidi-
fication method through various heat treatments were examined
to investigate the effect of constitutional phases on the unique
hardening behaviors of as-solutionized Ag-20Pd-12Au-14.5Cu
alloy. The obtained results are as follows:

(1) The hardness of Ag-20Pd-12Au-14.5Cu alloy fabricated by cold
rolling increases and the fine L1y-type ordered 3’ phase is pre-
cipitated densely while the coarse B2-type ordered 3 phase is
remained in the matrix after solution treatment. These findings
agree with those of previous studies.

(2) The single o phase of Ag-20Pd-14.5Cu-12Au alloy fabricated
by LRS method decomposes into «; and ay by solution treat-
ment at 1023 K and the hardness changes slightly.

(3) The single o phase of Ag-20Pd-14.5Cu-12Au alloy fabricated
by LRS changes into a; and o phase and the 3 phase is precip-
itated by aging treatment at 673 K, and the hardness increases
greatly. The precipitated (3 phase is dissolved and the hardness
decreases by solution treatment at 1173 K for 3.6 ks.

Therefore, it is considered that the precipitation of fine L1g-
type ordered 3’ phase contributes strongly to the unique hardening
behavior in as-solutionized dental Ag-20Pd-12Au-14.5Cu alloy
while the coarse B2-type ordered 3 phase remaining after solu-
tion treatment and the decomposition of Cu rich phase and Ag rich
phase contribute weakly to the hardness increase.
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