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Abstract: The microstructures of Au-based alloy were investigated for the as-casted state, solution heat 

treated at 750℃ for 1 h, 850℃ for 4 h, and 950℃ for 1 h, and uniform heat treated at 950℃for 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 L12 structure formed as heat treated at 700℃, 

850℃, and 950℃. 
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摘  要：运用金相组织分析、差热分析(DSC)、X 射线衍射(XRD)、扫描电镜(SEM)和能谱(EDS)对

铸态、固溶态(750℃、1 h，850℃、4 h，950℃、1 h)和热处理 950℃、4 h后的金基合金的显微组织

进行了研究。该金基合金由 Au(Cu，Pd)固溶体和 Pt(Rh，Ni)固溶体以及它们的混合物构成。随着热

处理温度的提高，Pd 溶质由混合物中偏析出来。在 700℃、850℃和 950℃进行热处理时，形成了

L12结构的 AuCu3相。 
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The pure gold is extremely malleable, ductile and 

has good electrical conductivity and biocompatible 

properties
[1-4]

. 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 

practical applications
[1, 5-10]

. 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
[1, 11-14]

. Concerning the different 

effects of these alloying elements on the properties of 

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 

elements in Au-based alloys
[5, 15]

, which may as well 

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
[1-6, 

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 
[5-6, 18, 24-25]

. 

However, the disadvantages of gold are its tendency to 

weld on closure and its softness
[22-23]

. Au-based alloys 

are commonly used as electric brush materials in 

precise potentiometer and as elastic contact material 

for microrelays to overcoming the disadvantages
[21-22, 

28-30]
. Those Au-based alloys must possess elastomeric 

property, abradability, corrosion resistance and lower 

contact resistance. Moreover, with the further 

development of aerospace industry, the electric contact 

material presents high reliability requirements. 

Therefore, A lot of efforts have been made to increase 

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
[31]

. 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 

platinum-rich solid solution as a strengthening 

phase
[31]

. In order to optimizing the combination 

properties of electrical resistivity, hardness, tensile 

strength and so on, this material was reinvestigated by 

microstructure controlling
[1, 5, 18]

. 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 

表表表表 1 金基合金的名义成分金基合金的名义成分金基合金的名义成分金基合金的名义成分 

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℃ for 1 h, 850℃ for 

4 h, 950℃ for 1 h (quenched into ice water) and 

homogenous treated at 950℃ 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℃ to 1300℃ with a heating rate 

of 10℃/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 HCl+1.5 g 

Cr2O3 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-Kα 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℃, 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 

and ternary phase diagram
[32-34]

, the dissolution of 

AuCu-based phase is expected to take place at a lower 

temperature, while that of PtRh-based phase may 

happen at a higher temperature. 

 

 

Fig.1 Differential thermal analysis curve  

of the as-cast Au based alloy 

图图图图 1 铸态合金的热分析图谱铸态合金的热分析图谱铸态合金的热分析图谱铸态合金的热分析图谱 

 

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 

表表表表 2 金基合金中各组成元素的物理性质金基合金中各组成元素的物理性质金基合金中各组成元素的物理性质金基合金中各组成元素的物理性质 

Elements 
Melting  

Point/℃ 

Cell Parameter 

/pm 

Atomic Radius 

/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 352.4 124 

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

℃ 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℃ and 850℃, 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℃ and 850℃. As treated at 950℃, 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℃ and that of the luminance phase 

is more than 950℃. As the samples homogenous heat 

treated at 950℃ 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. 
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Fig.2 Metallurgical structure of the Au matrix alloy 

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

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

图图图图 2 金基合金的金相图谱金基合金的金相图谱金基合金的金相图谱金基合金的金相图谱 

 

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 

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℃ for 1 h; (c). solution treated at 850℃ for 4 h; (d). solution treated at 950℃ for 1 h;  

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

图图图图 3 金基合金的扫描电镜图谱金基合金的扫描电镜图谱金基合金的扫描电镜图谱金基合金的扫描电镜图谱 
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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 700℃ 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 

decreases. This indicated that the Pd element 

redistribute between matrix and granule phase. As heat 

treated at 850℃ for 4 h, the Pd element has almost 

resolved into matrix. As treated at 950℃ 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℃ for 1 h; (c.) solution treated at 850℃ for 4 h; (d). solution treated at 950℃ for 1 h;  

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

图图图图 4 不同热处理状态的金基合金的能谱分析不同热处理状态的金基合金的能谱分析不同热处理状态的金基合金的能谱分析不同热处理状态的金基合金的能谱分析 

 

Tab.3 EDS analysis data of Au-based alloy as-casted    /% 

表表表表 3  铸态金基合金的能谱分析铸态金基合金的能谱分析铸态金基合金的能谱分析铸态金基合金的能谱分析 

Element Rh Pd Ni Cu Pt Au 

1 25.08 7.05 20.2 12.04 28.69 6.95 

2 0.25 7.75 6.75 29.16 6.35 49.75 

3 7.9 7.29 13.01 24.51 15.62 31.68 

4 13.14 9.14 14.13 20.86 18.22 24.51 

 

 

 

 

 

 

 

Tab.4 EDS analysis data of Au-based alloy solution treated 

at 700℃℃℃℃                                    /% 

表表表表 4  700℃℃℃℃固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析 

Element Rh Pd Ni Cu Pt Au 

1 27.69 4.68 24.06 8.67 32.42 2.48 

2 1.98 10.03 8.02 29.15 7.39 43.43 

3 17.44 4.31 22.4 16.72 20.8 18.32 

4 25.37 1.95 30.52 9.37 29.65 3.13 

5 17.91 4.23 25.56 13.8 25.43 13.07 
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Tab.5 EDS analysis data of Au-based alloy solution treated 

at 850℃℃℃℃                                    /% 

表表表表 5  850℃℃℃℃固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析 

Element Rh Pd Ni Cu Pt Au 

1 27.98 4.76 22.98 8.12 32 4.16 

2 0.68 10.14 5.83 30.39 7.44 45.52 

3 15.91 4.21 22.91 15.41 24.03 17.53 

 

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

at 950℃℃℃℃                                    /% 

表表表表 6  950℃℃℃℃固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析固溶处理后的金基合金的能谱分析 

Element Rh Pd Ni Cu Pt Au 

1 2.52 9.76 8.06 29.47 7.34 42.85 

2 27.14 4.82 22.38 10.98 30.17 4.52 

3 26.52 3.68 26.45 10.8 26.83 5.73 

4 24.73 3.18 26.53 10.94 28.32 6.3 

 

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

at 950℃℃℃℃                                    /% 

表表表表 7  950℃℃℃℃单一处理后的金基合金的能谱分析单一处理后的金基合金的能谱分析单一处理后的金基合金的能谱分析单一处理后的金基合金的能谱分析 

Element Rh Pd Ni Cu Pt Au 

1 25.36 4.31 23.72 12.09 28.54 5.97 

2 23.99 3.89 25.19 10.57 27.6 8.75 

3 2.27 10.63 7.82 28.14 8.32 42.81 

4 0.25 10.13 7.07 29.77 7.93 44.85 

5 25.67 4.75 25.86 10.43 23.31 9.99 

6 20.53 4.09 24 13.49 23.43 14.46 

 

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 L12 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
[35]

: 

2dsinθ=λ                  (1) 

Where d is spacing of the atomic layers of crystals, θ 

is diffraction angle and λ is wavelength. As λ is a 

constant, d value increases or decreases with θ 

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: 

aAu> aPt> aPd> aRh> aCu> aNi>       (2) 

According to the binary diagrams
[32-33, 36]

, 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.  

 

 
Fig.5 XRD patterns of Au-based alloys 

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

图图图图 5 金基合金的金基合金的金基合金的金基合金的 XRD 图谱图谱图谱图谱 

 

3 Conclusions 

 

(1) The new Au-based alloy is consist of matrix 

Au (Cu, Pd), block phase Pt (Rh, Ni) and granule 

phase. 

(2) As 700℃, 850℃ solution treated and 950℃ 

homogenous treated, there is a AuCu3 type with L12 

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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