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Effects of Heat Treatment on the Microstructures of
AuCuPtPdNiRh Alloys
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Abstract: The microstructures of Au-based alloy were investigated for the as-casted state, solution heat
treated at 750°C for 1 h, 850°C for 4 h, and 950°C for 1 h, and uniform heat treated at 950°Cfor 4 h by
metallurgical structure examination, differential thermal analysis (DSC), X-ray diffraction (XRD),
scanning electron micrograph (SEM) and energy spectrum analysis (EDS). This Au-based alloy is
composed of Au(Cu, Pd), Pt(Rh, Ni), and the mixture of both. With the heat treated temperature elevated,
Pd solute segregated from the mixtures. AuCu3 phase with L1, structure formed as heat treated at 700°C,
850°C, and 950°C.
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The pure gold is extremely malleable, ductile and
has good electrical conductivity and biocompatible
properties' . However, it is always soft and wears
easily which limit its applications in the industrial
fields. Therefore, alloying elements are usually used to
tailor both mechanical and functional properties of

Au-based alloys in order to meet the requirements of
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practical applications!" '

. Aiming to different pur-
poses of applications, a number of elements, such as
Cu, Ag, Pd, Pt, Ni, Co, Fe, Mn, Cr, V etc. are
commonly adopted to improve the performances of
the Au-based alloys!" """,

effects of these alloying elements on the properties of

Concerning the different

Au-based alloys, these elements can normally be
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divided into two main groups, hardening elements (Cu,
Ag, Pd, Pt, Ni, Co) owing to ordering hardening or
solution strengthening, and electrical resistivity
sensitive elements (Fe, Mn, Cr, V and so on) . On the
other hand, alkali metals, alkaline earth, rare metals
and transition elements with high melting point (such
as Zr, Rh, Ir and so on) are also used as micro-alloying

> 11 \which may as well

elements in Au-based alloys!
play a vital role in the properties of Au-based alloys,
such as precipitation hardening and refining of grain
sizes. In all, by alloying these different elements, a
series of structural and functional Au-based alloys can
be developed which have been widely used as dental

alloys, ornamental materials and electrical materials!'™*
17-23]

As a material for electrical contacts operating
with light pressures and controlling small currents,
gold has the advantages that it is free from
high-resistance oxide and sulphide films P % 24231,
However, the disadvantages of gold are its tendency to

(22231 Au-based alloys

weld on closure and its softness
are commonly used as electric brush materials in
precise potentiometer and as elastic contact material

. . . 21-22
for microrelays to overcoming the disadvantages>' >

301 Those Au-based alloys must possess elastomeric
property, abradability, corrosion resistance and lower
with the further
development of aerospace industry, the electric contact
high
Therefore, A lot of efforts have been made to increase

contact resistance. Moreover,

material presents reliability requirements.
the hardness of Au-based alloys. One of examples is
that Prof. Ning Yuantao in Kunming Institute of
Precious Metals has introduced a novel Au-based
electrical contact material in order to reach the new
requirements by micro-alloying method”". This
Au-based alloy contains Cu, Pt, Pd, Ni and Rh as
micro-alloying elements and is comprised of two
phases, a gold-rich solid solution as the matrix and a
solid

. In order to optimizing the combination

platinum-rich solution as a

[31]

strengthening
phase
properties of electrical resistivity, hardness, tensile

strength and so on, this material was reinvestigated by

[1,5,18

microstructure controlling 1. In present paper, the

microstructure  evolutions during various heat

treatments were investigated by optical and SEM
microstructures.

1 Experimental procedures

The nominal composition of the Au-based alloy
studied in this work is shown in Tab.1. The alloy ingot
was produced by melting the pieces of Cu (99.9%,
mass fraction), Pt (99.95%), Pd (99.95%), Ni (99.9%),
Rh (99.95%), and Au (99.95%) in a high vacuum
induction furnace. The ingot was re-melted for at least
three times in order to avoid microsegregation. After
melting, the alloy melt was casted into a water cooling
copper mould under Ar atmosphere. In the end, a
cylinder ingot with a diameter of 15 mm was obtained.

Tab.1 Nominal composition of the Au-based alloy studied in

this work
xR1 EEEEMNL RS
Element Cu Pt Pd Ni Rh Au

Mass fraction/% 10~15 10~15 10~15 1~5 1~5 Balance

The experiment specimens were cut from the
ingots, sealed in the quartz capsule filled with argon
gas and then heat treated at 700°C for 1 h, 850°C for
4 h, 950°C for 1 h (quenched into ice water) and
homogenous treated at 950°C for 4 h (cooling in the
furnace) in a resistance furnace.

Thermogravimetric analysis of the casted Au-
based sample was carried out in Netzsch STA 409
PG/PC under the flowing Ar atmosphere. The sample
was heated from 25°C to 1300°C with a heating rate
of 10°C/min.

The microstructures of the alloys were observed
in optical microscopy (HXS-1000 A). In order to
reveal the micrograph of the alloy, the sample was
polished and etched in an etchant of 50 mL HCI+1.5 g
Cr,03 at room temperature.

SEM and EDS analyses were performed in Phlips
XL30ESEM scanning electron microscopy equipped
with EDAX-Phoenix energy dispersive analyzer.
X-ray diffraction measurements were conducted in a
Rigaku D/max-RC diffractometer operated at 40 kV
and 100 mA with Cu-K,, radiation.
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2 Results and discussion

2.1 Thermogravimetric analysis

A typical DTA curve of the as-casted alloy is
shown in Fig.1, where an exothermic peak and three
endothermic peaks can be observed at 581, 869.3,
1103.8 and 1143.6°C, respectively. The exothermic
peak might be ascribed to the ordering of the dis-
ordered intermetallic compounds, which normally
occurs during heating and leads to the release of heat,
while the endothermic peaks may be attributed to the
dissolution of the precipitates. Accordingly, there are
at least three different precipitates existing in the as-
casted alloy. According to their binary phase diagram

[32'34], the dissolution of

and ternary phase diagram
AuCu-based phase is expected to take place at a lower
temperature, while that of PtRh-based phase may

happen at a higher temperature.
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Fig.1 Differential thermal analysis curve

of the as-cast Au based alloy
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According to the elements properties, shown in
Tab.2 and phase diagrams, it can be deduced that the
exothermic peak is owing to phase transformation
such as ordering to disordering and the endothermic
peaks are resulting from the solutionizing of the
second phase or solute. Accordingly, there are at least
two kinds of second phases. The low solution
temperature one is AuCu-based phase while the high

temperature one is PtRh-based phase. Moreover, there
is no solid solubility in Au-Rh system but others
system. It is to be noted that Rh element is hard to

solute in Au-based alloys at low temperature.

Tab.2 Properties of comprising elements of Au-based alloy

®2 RGP EHABTRIOWENR

Elements Melting  Cell Parameter Atomic Radius

Point/C /pm /pm

Au 1046.18 407.82 144

Cu 1084.62 361.49 128

Pt 1768.3 392.42 138.5

Pd 1554.9 389.07 137

Ni 1455 3524 124

Rh 1964 380.34 134

2.2 Microstructures

Fig.2 shows the microstructures of the as-casted
Au-based alloy and the Au-based alloy heated treated
under different conditions. In the as-casted state, the
microstructure apparently consists of three different
phases, i.e. the matrix phase, the dark phase, and the
bright phase, see Fig.2 (a). After heat treatment at 700
C for 1 h, the morphology of the bright phase does
not change, while the border of the dark phase
becomes obscure, see Fig.2 (b). As the samples heat
treated at 700°C and 850°C, the luminance one keeps
the same condition as in casted samples while the
shade one has an obscure profile. Moreover, the
volume fraction of the dark phase increases compared
to the casted sample and keeps at the same levels as
treated at 700°C and 850°C. As treated at 950°C, the
amount of the shade one severely decreases while the
luminance one keeps no change. Moreover, the grains
of matrix show growth up tendency. It can be confirm
that the solution temperature of the shade second
phase is near 850°C and that of the luminance phase
is more than 950°C. As the samples homogenous heat
treated at 950°C for 4 h and then cooling in the
furnace, the luminance phase locate in the matrix grain
boundaries and the shade phase almost dissolve into

matrix.



52 s

35 %

Fig.2 Metallurgical structure of the Au matrix alloy

[(a). as cast; (b). solution treated at 700°C for 1 h; (c). solution treated at 850°C for 4 h; (d). solution treated at 950°C for 1 h;

(e). uniform heat treated at 950°C for 4 h]
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2.3 Scanning electron microscopy

Fig.3 (a)~(e) shows the SEM images of the Au-
based alloy samples. The results are as the same as the
metallurgical structure. The microstructures of the Au-
based alloy are consist of matrix phase, granule phase
(shade phase as in Fig.2) and block phase (luminance

n  Det WD 0 ym
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phase as in Fig.2). As shown in Fig.3 (a)~(d), the
block phase almost have no changes during those heat
treatments. Fig.3 (e) shows both the granule and block
second phases display composition re-distribution
owing to the limit solid solubility near the equilibrium
conditions.

Fig.3 ESM images of the Au based alloy

[(a). as cast; (b). solution treated at 700°C for 1 h; (c). solution treated at 850°C for 4 h; (d). solution treated at 950°C for 1 h;

(e). uniform heat treated at 950°C for 4 h]

B3 SEASHEMRGEEE
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2.4 Composition distribution

Fig.4 shows the composition regions of tested
Au-based alloy samples. The EDS results are shown in
Tab.2 to Tab.7. As casted state, the main composition
of the matrix is Au and Cu, and that of the block phase
is Pt, Rh, Ni. The granule second phase consists of Au,
Cu, Pt, Ni, Rh, Pd. As solution treated at 700C for 1
h, the main composition of the matrix is Au, Cu, Pd.
Both the granule and block phases show no change.
However, the Pd content in the granule second phase
indicated that the Pd

decreases. This element

redistribute between matrix and granule phase. As heat
treated at 850°C for 4 h, the Pd element has almost
resolved into matrix. As treated at 950°C for 1 h, the
main composition of the block phase is Pt, Ph, Ni, Cu,
and that of the granule phase is also Pt, Rh, Ni, Cu.
This demonstrates that the Cu element redistribution
between granule and block phase. In summary, as heat
treated at low temperature, the Pd element migrates
from granule phase to matrix while at high
temperature, the Cu element resolves in block phase.

Fig.4 EDS analysis regions of Au based alloy with different heat treatment

[(a). as cast; (b). solution treated at 700°C for 1 h; (c.) solution treated at 850°C for 4 h; (d). solution treated at 950°C for 1 h;

(e). uniform heat treated at 950°C for 4 h]
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Tab.3 EDS analysis data of Au-based alloy as-casted 1%
x3 HEEESESHNREEI T
Element Rh Pd Ni Cu Pt Au

1 25.08  7.05 202 12.04 28.69  6.95
0.25 7.75 6.75 29.16 635 49.75
31.68

2
3 7.9 729  13.01 2451 15.62
4 13.14 9.14 1413 20.86 1822 2451

Tab.4 EDS analysis data of Au-based alloy solution treated
at 700C 1%
&4 T00CEBECEE NSRS SHIREE DT

Element Rh Pd Ni Cu Pt Au

1 27.69  4.68 2406 8.67 3242 248
2 1.98 10.03 802 29.15 739 4343
3 1744 431 224 1672 208  18.32
4 2537 195 3052 937 2965 3.3
5 1791 423 2556 138 2543 13.07
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Tab.5 EDS analysis data of Au-based alloy solution treated

at 850°C 1%
x5 SS0CHBFLEEHERESEMRRIE ST
Element Rh Pd Ni Cu Pt Au

1 27.98 4.76
2 0.68

22.98 8.12 32 4.16

10.14 5.83 30.39 7.44 4552

3 1591 4.21 22.91 1541  24.03 17.53

Tab.6 EDS analysis data of Au-based alloy solution treated

at 950°C 1%
6 950CHEELEEHEESESHREE ST
Element Rh Pd Ni Cu Pt Au
1 2.52 9.76 8.06 2947 734 4285
2 2714 482 2238 1098 30.17 4.52
3 2652 3.68 2645 108 2683 573
4 2473 3,18 2653 1094 2832 6.3

Tab.7 EDS analysis data of Au-based alloy uniform treated

at 950°C 1%
R 950°CR—RHEEHEESEHIREE T
Element Rh Pd Ni Cu Pt Au
1 2536 431 2372 12.09 2854 597
2 2399 389 2519 1057 276 8.75
3 227 10,63 7.82 28.14 832 4281
4 025 10.13  7.07 2977 793 4485
5 25.67 475 2586 1043 2331  9.99
6 20.53  4.09 24 1349 2343 1446

2.5 XRD results

The XRD results of the samples are shown in
Fig.5. There are two phases in the XRD patterns,
namely FCC phase (noted as 1) and the ordered phase
with L1, structure (noted as 2). Based on the
crystalline structure analysis, the main phase is
corresponding to Pd element diffraction data. However,
according to the above analysis, it can be concluded
that this FCC diffraction peak patterns must be belong
to both Au-based matrix and Pt-based second phase.

According to Bragg diffraction equation®:

2dsinf=1 1)

Where d is spacing of the atomic layers of crystals, 8
is diffraction angle and 1 is wavelength. As 1 is a
constant, d value increases or decreases with @
decreasing or increasing. In cubic crystalline structure,

lattice parameter a is in direct proportion to d value.
From Tab.1, it can be get as follows:

aa> ap> Ape> ARy dey™ AN 2)
According to the binary diagrams®*?* *®1 every
element can be solute with each other except Au and
Rh system. Moreover, their atomic radius ratio is less
than 16%. In another word, as Au or Pt element
formed substitution solid solution with other elements
(their lattice parameter is less than Pd’s), the new
crystalline structure lattice parameter is less than pure
Au or Pt. Accordingly, the 1 diffraction pattern is
corresponding to Au-based alloy, Pt-based alloy, or
complex solute consisted of both Au-based and
Pt-based solute.

as cast

2 lz solution-treated at 700°C for 1 h
A A A
1 solution-treated at 850°C for4 h
- A N
]L solution-treated at 950°C for 1 h
| A A

uniform-treated at 950°C for 4 h

WL__A; A ™

1 1 L
40 60 80 100
20/ (%)

Fig.5 XRD patterns of Au-based alloys

(1. undetermined main phase; 2. AuCu3 second-phase)

5 &EAEK XRD EiE

3 Conclusions

(1) The new Au-based alloy is consist of matrix
Au (Cu, Pd), block phase Pt (Rh, Ni) and granule
phase.

(2) As7007C,850°C solution treated and 950°C
homogenous treated, there is a AuCu3 type with L1,
ordering structure in Au-based alloy.

(3) As heat treated at low temperature, the Pd
element migrates from granule phase to matrix while
at high temperature, the Cu element resolves in block
phase.
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