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Ageing of a Pd-35 at% Ag-25 at% Cu solid
solution alloy”

MAURICE M. KARNOWSKY
Sandia Laboratories, Albuquerqgue, New Mexico 87115, USA

A palladium—35 at % silver—25 at % copper alloy has been prepared to simulate a succesful,
commercial alloy. The commercial alloy is widely used because of its good corrosion resis-
tance and formability and the fact that it develops good wear resistance and low electrical

resistivity after ageing. However, little is known about the transformations which result
from heat treatment of this alloy. Thus, the laboratory prepared material was used for
determination of ageing transformations by means of resistance measurements, metallo-
graphy, transmission microscopy, and X-ray diffraction. The following sequence of reac-

tion was found to occur:

Supersaturated Spinodal

solid solution

decomposition

Ordering and discontinuous
precipitation

The transformations are quite similar to those occurring in several other solid solution
systems whose initial spinodal decompositions are followed by discontinuous transforma-

tions with one or more ordered phases.

1. Introduction

A series of alloys based on ~40at% palladium—
35at% silver—25at% copper finds successful
application as light-duty electrical contacts’. After
a high-temperature solution treatment and water
quench, these alloys are formable and can be aged
to produce good wear properties and low electrical
resistance.

The phase diagrams of binary pairs of the
system are shown in Fig. 1 [1]. The palladium—
silver system shows complete solubility, and the
silver—copper system has a simple eutectic trans-
formation at 40at% Cu and 1052 K. The Cu—Pd
binary exhibits complete solid solubility at tem-
peratures above 873 K. With decreasing temperature,
three ordered phases form at approximately 15,
25, and 40at% Pd. The transformation in the
region 30 to 50 at % Pd results in a change in crystal
structure from disordered fcc to an ordered CsCl
(B2) type. Ordering at lower Pd concentrations

involves the formation of complex tetragonal
structures whose exact descriptions remain uncon-
firmed [1].

The available literature on mechanical properties
of Pd—Ag—Cu alloys concerns the more complex
Paliney alloys. The manufacturer has made heat
treatment suggestions, and Nordstrom [2, 3] has
examined stress-relaxation and micro-deformation
behaviour. However, to the author’s knowledge,
no studies have been made of the polymorphic
transformations occurring during ageing. Since
components of these alloys must be highly reliable
and useable for long times it is important to know
if the manufacturer’s recommended heat treatment
results in a stable material. Preliminary work on
the commercial alloy indicated that the recom-
mended solution treatment temperature was
suitable, but that the solution time did not
homogenize the sample and that the ageing time
for a completely homogeneous sample may result

*This work was sponsored by the United States Department of Energy.

TThe given composition with minor additions of gold, platinum, zinc and nickel are marketed as Paliney alloys, a
registered trade name of the J. M. Ney Company, Bloomfield, Ct, USA.
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Figure 1 Component binary phase dia-
grams of the palladium—silver—copper

\| system.
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in an unstable microstructure. Thus, non-repeatable
mechanical behaviour may be anticipated. Clari-
fication of phase stability and ageing response of
the Pd—Ag—Cu alloys is in order. The objective of
the present investigation was, therefore, to eluci-
date the phase transformations and mechanisms
occurring in a typical Pd—Ag—Cu alloy (40at%
Pd—35at% Ag—25 at % Cu) during ageing.

2. Experimental procedure

2.1. Material

The chemical composition of the alloy used in the
present investigation is given in Table I. Ingots
10cmx 25cmx 1.5¢cm  were prepared from
99.9 +% purity Pd and Ag and 99.9 % pure Cu by
arc melting a 41.7at% Cu—58.3at% Ag master
alloy with appropriate additions of Pd.

The analysis of the finished alloy is given in
Table L.

The ingots were cold rolled 17 % and homogen-
ized for 96h at 1133 K in a flowing argon atmos-
phere. Final samples were then prepared by cold
rolling to a thickness of 0.3 cm (for metallographic
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samples), 0.1cm (for resistance samples) or
0.004cm (for X-ray and transmission electron
microscopy samples) and solution-treated again.

Based upon metallographic evidence of suitable
homogenization, the solution treatment was
standardized to 1133K for 1h followed by water
quenching.

TABLE I Chemical composition of the Pd—Ag—Cu alloy

Element wt% at% p.p.m.*
(by weight)

Ag 38.3 34.0

Cu 17.0 25.7

Pd (by difference) 44.7 40.3

Fe 700

Mn 30

Mg 30

Si 150

Pt 200

Ti 100

Ca 90

Ni 2000

*Results from emission spectroscopy.



2.2. Electrical resistance measurements
The technique of monitoring changes in electrical
resistance was used to determine temperature
regimes where significant microstructural alter-
ations may be occurring. Resistance measurements
were made using a 4-terminal reversing-polarity
apparatus with a constant current of 0.1 A flowing
through the sample. The specimens were 0.1 cm X
0.1 cm x 10 cm length with Pt current and voltage
measurement leads welded at each end. The voltage
leads were located approximately four wire diam-
eters inside each of the current leads.
Measurements of the per cent change in resist-
ance were made either during thermal cycling
between 298K and 1133K or after water-
quenching and during isothermal ageing at selected
temperatures. The percent change in resistance,
A, was determined using the equation given below
for every point:

—R
4Ty 100

4=
Ro =Rr

The value R; is the instantaneous resistance at any
time, R, is the resistance at the beginning of
ageing and R is the resistance at 1133 K just prior
to quenching. This method of normalization
eliminated dimensional effects. Since these results
only served to delineate those temperature and
time regimes to be investigated more fully with
microscopy and X-ray diffraction techniques, no
attempt was made to obtain absolute resistivity
values.

2.3. Metallography

Optical metallography and microhardness samples
were prepared using standard techniques. Final
etching of samples for metallography utilized a
freshly prepared aqueous solution of 10 wt % KCN
and 10wt% (NH4),S,0,. The Knoop hardness
results are the averages of at least five indentations
at 100 g loads.

Transmission electron microscopy samples were
prepared using the window technique, and thinning
was accomplished with an electrolyte of 6vol%
HCIO, in methanol at 16 to 20V and a bath
temperature of 213 to 223 K. Careful washing in
methanol followed initial foil perforation after
which a segment was cut to fit the 3mm grid
sample holder.

Two electron microscopes were used during this
investigation, a JEM 200A and a JEM 100C
operated at 200 and 100kV, respectively. Both
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Figure 2 Summary of Pd—-Ag—Cu resistance survey.

microscopes were equipped with double tilt stages
and cold fingers to reduce contamination.

2.4. X-ray diffraction

The lattice parameters of the various phases, which
resulted from ageing the Pd—Ag—Cu alloy, were
determined using Ni-filtered CuKe radiation. The
samples, having been previously thinned for elec-
tron microscopy, were mounted in a 114.6cm
diameter Debye—Scherrer camera, and treated as
powder aggregates.

3. Results
3.1. Results of a heating and cooling survey
An initial series of slow heating and cooling excur-

T T T T

=]
=400 4
vy
2
e 403 K
=z
= 3.0}
3
=
<
I
(&)
5 2.0 4
= 375K
&

1.0 T -

351 K
0.0 I 1 ! 1
0 20 40 60 80 100
TIME (h)

Figure 3 Isothermal ageing behaviour of Pd—Ag—Cu alloy
in Region L. Aged at indicated temperatures after solution
treatment at 1133 K for 1 h and water quenched.

2341



200 -

KNOOP VALUE

Ageing Temperature: 403 K

100 gram load

[0} SN TR A TS TN SR SRS Y SR S S S

0 2 4 6 8 10 12 14 16 18 20 22 24 26 30
TIME (h)

Figure 4 Influence of ageing time in Region I on the
hardness of Pd—Ag-—Cu alloy.

sions on solution-treated and quenched samples
was performed to identify temperature regimes
having significant changes. Examination of such a
survey shown in Fig. 2 indicated that there were
three regions of differing resistance behaviour:

Region I — Room temperature up to 493K
where a rapid resistance increase with temperature
was observed.

Region IT — From ~493 to 803K where the
resistance change with the temperature was
observed to be anomalously low.

Region III — Above ~803 K where the resist-
ance increased linearly with temperature as
expected from a metal.

Isothermal resistance monitoring, hardness,
optical and transmission microscopy, and X-ray
analysis were used to characterize the transfor-
mations in Regions I and II. Since the resistance
behaviour above 803 K was normal, this region
presented no special further interest.

3.2. Changes in Region |
In Fig. 3 are shown resistance versus time plots for
a series of isothermal anneals. The resistance in this
region increased with time and did so at an
accelerating rate at higher temperatures. The influ-
ence of ageing time in Region I on the micro-
hardness of the alloy is illustrated in Fig. 4. No
increase in hardness was detected after the heat
treatment even though there is a consistent small
increase in resistance. The hardness test is appar-
ently not sufficiently sensitive to delineate small
changes in microstructure that are presumably
evidenced in the isothermal resistance data.
Optical microscopy indicated that the alloy,
solution-treated at 1133K and water-quenched,
is a single-phase, solid solution. However, transmis-
sion microscopy showed that the solution-treated
condition really consisted of an extremely fine
modulated structure, Fig. 5a. Selected area diffrac-
tion patterns of the [100] zone taken from
regions similar to Fig. 5a indicate that the matrix
reflections are accompanied by satellite reflections.
These satellites become more apparent as the order
of the matrix reflections increases as shown in

Figure 5 electron micrograph of

(a) Transmission
Pd—Ag—Cu alloy showing modulated structure. Solution-
treated 1h at 1133 K and water-quenched. (b) Selected
area diffraction pattern of structure of Fig. 5a showing
satellites. [1 0 0] zone axis.
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Figure 6 lsothermal ageing behaviour of Pd—Ag-—-Cu in
Region il. Aged at indicated temperatures after solution
treatment at 1133 K for 1 h and water-quenched.

Fig. 5b. Ageing within Region I for extended times
did not result in any noticeable change in the
microstructure from that observed in the quenched
specimens.

3.3. Changes in Region 11

Fig. 6 is a plot of the changes in resistance upon
isothermal annealing at a series of temperatures in
Region II. The plots show that the resistance falls
with time and at an accelerated rate at higher
temperatures. At high ageing temperatures in this
range, the resistance tends to approach an asymp-
totic value. The hardness results representative of
samples aged in Region II are given in Fig. 7. In
Region II it appears that the hardness may go

400 T T T T

KNOOP VALUE

200 1
Ageing Temperature; 673 K

o 100 gram load 1

100 1 L ' s
0 20 40 60 30 100

TIME (h)

Figure 7 Influence of ageing time in Region II on the
hardness of Pd—Ag—Cu alloy.
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Figure 8 Transmission electron micrograph of Pd—Ag—Cu
alloy showing modulated structure. Water-quenched and
aged for [hat 673K. {11 0] zone axis.

through a maximum. This maximum value of
Knoop 345 occurred after 4 h ageing at 673 K, and
levelled at approximately 321 for the duration of
the ageing (100h) at that temperature.

Optical metallography on samples aged for 1
and 2h showed only a single phase, but transmis-
sion microscopy showed that the modulated
structure developed upon quenching gradually
coarsened, as shown in Figs. 8 and 9.

In Region II, smali amounts of the discontinu-
ous structure were visible in transmission micro-
scopy at grain boundaries even at short ageing
times. After 4 h, the volume fraction of the discon-
tinuous structure was significant and easily detected
in optical metallography and the amount increased
with further ageing. Fig. 10 shows an island of the
discontinuous structure produced after ageing for
8h at 673 K. Typically, precipitation has initiated
at a grain boundary triple point with subsequent
growth tending to be restricted to only one of the
three adjacent grains. Increases in ageing time
resulted in an increase in the volume fraction of
the discontinuous transformation until it had
consumed the entire matrix (Fig. 12).

The transmission micrograph, Fig. 11, shows, at
high magnification, the very fine interconnected
nature of the discontinuous structure, after 12h at

2343



—

01 pm

_ L ) Figure 10 Transmission micrograph of an island of the
Figure 9 Transmission electron micrograph of Pd—Ag—Cu  gjscontinous structure after solution treatment and ageing

alloy showing modulated structure. Solution-treated at r,: 81 a2t 673K,
1133K for 1h, waterquenched and aged 2h at 673K.
[110] zone axis.

673K, which did not change appreciably after
continued ageing to 64 h.

Table Il summarizes the results of X-ray
TABLE II d-spacings obtained from powder pattern of  diffraction measurements of a sample solution
Pd—Ag—Cu sample solution treated at 1133K, water-  {raated at 1133 K, water-quenched, and aged 64h

quenched, and aged 64 h at 673K at 673K. More lines are present than are allowed
d for Intensity d observed Intensity by an fcc structure.
pafladium (A) (%) for alloy (A) estimate

A solid solution of palladium—silver—copper
2.98 w should have an fcc lattice and such a structure

2.246 100 2.30% S with a9 = 3.96 A was calculated from the pattern
2.18 VW
2.12 M
1.945 42 1.98 M
1.72 VW
149 W
1.41 VW
1.376 25 1.33 w
1.22 w
1.1730 8 1.053 w
1.152 w
1.1232 8 1.053 vw
0.996 \'A\
0.9723 3 0.966 A
0.913 W
0.8924 13 0.892 w
0.8697 i1 0.863 VW
0.817 w Figure 11 Transmission electron mic; h showing the
0796 W U Tograp! owing

interconnected structure after solution treatment and
*Italicized d-spacings judged to be related to the matrix. ageing for 12h at 673 K.
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Figure 12 Transmission electron micrograph of Pd—Ag—-Cu
alloy solution treated at 1133K, waterquenched and
aged 24 h at 673 K showing the discontinuous structure.

using the d-spacings italicized in Table II. These
values are just slightly larger than those for Pd. The
residual lines were subjected to fitting on a Bunn
chart, and ratios of c/a of 1.03, 0.70, and 0.99
were found to be solutions. The 1.03 to 0.99
values suggest slight tetragonality and the 0.7 value
is also such a derivative, provided that the & + k +
I = 2n rule is obeyed for a body-centred rearrange-
ment of a face-centred cell.

4. Discussion

A mode of transformation is postulated in view of
the above experimental evidence which coordinates
observations in both Regions I and II. The trans-
formations in this system may be divided into
three stages as follows:

Stage 1 — A spinodal reaction begins during the
quench. In Region I this stage, with extended
ageing, is the only transformation proceeding. A
spinodal reaction is postulated for several reasons:
(1) The thermal energy is quite small at the low
temperatures of Regions I and the spinodal reac-
tion requires no activation energy [4]. (2) The
structural modulations occur along the [100]
planes, typically the preferred, soft directions for
fcc materials. (3) The striations maintain an
essentially constant spacing with ageing. The

nearly-constant spacing and an accompanying
increase in intensity or amplitude at a given tem-
perature are characteristics of the spinodal
reaction [4]. (4) The presence of satellite spots
about the matrix spots in the electron diffracition
pattern (a result of the slightly different lattice
parameters of the two new phases developing from
the matrix). (5) The absence of grain boundary
denudation expected to accompany compound
formation, (6) The absence of overageing (at least
within the observed time periods >100h) as
as would accompany GP zone formation. (7) The
slight increase in resistance indicative of slight
departure from the solid solution structure. All
of these features together point to spinodal
decomposition.

Stage 2 — In Region II later stages of spinodal
decomposition occur concurrently with two other
processes; ordering and discontinuous preci-
pitation. Both ordering and discontinuous trans-
formation are believed to be responsible for the
large drop in resistance observed experimentally.
The ordering process observed is considered com-
parable to ordering in the Pd—Cu binary system.
Growth of discontinuous reaction regions increased
from the beginning of Region II.

The evidence for ordering lies in two aspects;.
(1) the X-ray data which indicate the development
of another phase of very similar structure and
(2) the large decline in resistance. Westbrook [5]
indicates that “a well-ordered alloy usually exhibits
very low electrical resistivity compared to that
same alloy in the disordered state due to the near
ideality of the periodicity of the atomic lattice. . .
so very characteristic is this behaviour that surveys
of electrical resistance have been used to search for
the existence of order—disorder transformations. .”

Ceresara [6] has recognized that “‘clustering”
and ordering can proceed simultaneously as pre-
dicted by the theory of Richards and Cahn [7].
Moreen et al. [8] consider that a continuous order-
ing process can proceed as described by Cook er
al. |9] in which a wave of interatomic wavelength
causes long range order and a wave of longer wave-
length develops the domains. Ceresara suggested in
the case of the Al-Li alloy that the resistivity
decrease arising from ordering dominated an
increase due to small grain size or the formation of
nearly equal amounts of two slightly different
phases.

Discontinous transformation occurs concur-
rently with and independently of spinodal decom-
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position as in the Al—Zn [10] and Au—Pt [11, 12]
systems.

Stage 3 — In Region II this stage is correlated
with the hardness maximum and is associated with
with the formation of the discontinuous structure
which was observed after ageing of 8h at 673 K.
No new transformations occur in this stage only
the culmination of the changes from Stage 2. This
structure is made up of two phases; one, a silver-
enriched palladium—silver—copper f ¢ ¢ matrix and
the other, a copper-enriched palladium-silver—

copper ordered structure, f c c orb ¢ t withac/a

ratio very close to 1.

Several other systems demonstrate similar
behaviour. One of these systems, even more com-
plex than the palladium—silver—copper system, is
the Cu—Ti system, as described by Cornie et al
[13]. That system shows the following transitions:

Supersaturated ~ Modulation Formation of
solid solution of the mat- 8', a coherent
rix by perio- or semi-
dic redistri- coherent
bution of tetragonal
solute along phase
[100] 4
Equilibrium
Cu;Ti (cellu-
lar precipi-
tation)

This behaviour was confirmed by Dutkiewicz [14].
He indicated that either spinodal decomposition or
nucleation and growth mechanisms may operate
depending upon the composition and the ageing
temperature.

5. Summary

The ageing behaviour of a Pd—Ag—Cu alloy has
been studied by resistometric, X-ray and metallo-
graphic techniques. The transformation process in
this solid solution alloy as derived from the experi-
mental observations may be described as follows:

Spinodal decomposition
modulation of the matrix
by periodic redistribution
along [1 00] directions

Supersaturated
solid solution

Simultaneous formation
of ordered phase and
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growth of discontinuous
structure '

Final equilibrium of very
fine discontinuous struc-
ture

In Region I, only the spinodal reaction has been
observed. The final equilibrium structure after

-ageing in Region IT is characterized by lower elec-

trical resistance and higher hardness than in the
quenched matrix. This tranformation mode is con-
sistent with the observations and is analogous to
transformation in several other systems.

Acknowledgements

It is the author’s pleasure to acknowledge the
assistance of Dr E. Graeber, F. Greulich, C. R.
Hills, and J. Duran. Further thanks are due to
Dr J. Hickerson, who offered many valuable sugges-
tions,and Dr R. Gronsky, of the Lawrence Berkeley
Laboratory, who previewed the electron micro-
graphs.

References
1. M. HANSEN and K. ANDERKO, “Constitution of
Binary Alloys” (McGraw—Hill, New York, 1958).
2. T. V. NORDSTROM, IEE Transactions Parts,
Hybrids and Packaging, PHP-11 (1975).
3. Idem, SLA 75-0365, Sandia Laboratories, Albuquer-
que, NM (1976).
4. J.W.CAHN, Trans. Met. Soc. AIME 242 (1968) 166.
5. I.H. WESTBROOK, Proceedings of the International
Symposium on Order—Disorder Transformations in
Alloys, edited by H. Warlimont (Springer—Verlag,
Berlin, 1974).
6. S. CERESARA, A. GIARDA and A. SANCHEZ,
Phil. Mag. 35 (1977) 97.
7. M. J. RICHARDS and J. W. CAHN, Acta Met. 19
(1971) 1263.
8. H. A.MOREEN,R. TAGGART and D. H. POLONIS,
Scripta Met. 9 (1975) 1331.
9. H. E. COOK, D. de FONTAINE and J. E. HIL-
LIARD, Acta Met. 17 (1969) 765.
10. D.L. DOUGLASS and T. W, BARBEE, J. Mater. Sci.
4 (1969) 121.
11. T.J. TIEDEMA, J. BOWMAN and W. G. BURGERS,
Acta Met. 5 (1957) 310.
12. R.W.CARPENTER, ibid. 15 (1967) 1297.
13. J. A. CORNIE, A. DATTA, and W. A. SOFFA, Met.
Trans. 4 (1973) 727.
14. 1. DUTKIEWICZ, Met. Trans. A 8A (1977) 751.

Received 22 December 1977 and accepted 10 March 1978.



