2018 年 8 月
第 39 卷第 3 期

贵 金 属
Precious Metals

Aug. 2018
Vol.39, No.3

Fabrication and Arc Erosion Behavior of
Ag-GNPs as New Electrical Contact Materials
WANG Song, XIE Ming, CHEN Jialin, ZHANG Jiming*, LI Aikun, HU Jieqiong, WANG Saibei
(State Key Laboratory of Advanced Technologies for Comprehensive Utilization of Platinum Metals,
Kunming Institute of Precious Metals, Kunming 650106, China)

Abstract: In order to clarify the arc erosion behavior of Ag-GNPs as new electrical contact materials,
Ag-GNPs with a different content of graphene nanoplate from 0.5% to 2.0% were prepared by powder
metallurgy. The microstructure, density, and electrical conductivity were investigated in detail. The weight
loss and surface morphologies of Ag-GNPs after arc erosion were characterized, and the arc erosion
mechanism was discussed. The experimental results showed that high GNPs content lowered the densities
and electrical conductivity of Ag-GNPs but significantly enhanced their mechanical performance. The
density and content of GNPs played important role in the element redistribution on the molten pool of the
Ag-GNPs. When GNPs content was high, they would gather on the surface and lead to a decline in the
electrical contact performance of Ag-GNPs, and a serious decline was observed for Ag-GNPs with a GNPs
content of more than 1.5%. However such Ag-GNPs presented the best anti-arc erosion performance, as
evidenced by the lowest weight loss and shallowest arc erosion pits after arc erosion under DC 25V/15A.
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Ag-GNPs 新型电接触材料的制备及其电接触行为
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摘 要：为阐明 Ag-GNPs 新型电接触材料的电弧侵蚀行为，采用粉末冶金技术制备了石墨烯纳米
片质量分数为 0.5%~2.0%的 Ag-GNPs 新型电接触材料，研究了 Ag-GNPs 材料的微观结构、密度、
电导率，分析了材料电弧侵蚀后的质量损耗、表面形貌，探讨了材料的电弧侵蚀机制。实验结果表
明，高含量的 GNPs 降低 Ag-GNPs 材料的密度和导电率，但可显著增加其力学性能。GNPs 的密度
与含量对熔池表面元素再分布有重要影响。高含量的 GNPs 更容易团聚和降低 Ag-GNPs 材料的电接
触性能，特别是当 Ag-GNPs 材料中 GNPs 含量超过 1.5%。GNPs 含量为 1.5%的 Ag-GNPs 电接触材
料具有最佳的抗电弧侵蚀性能，DC 25/15A 条件下电弧侵蚀后其质量损耗最低、侵蚀坑最浅。
关键词：石墨烯纳米片；Ag-GNPs；电接触材料；电弧侵蚀；屈服强度
Silver-based
electrical
contact
materials,
including Ag-Ni, Ag-graphite, Ag-CdO, Ag-SnO2,
Ag-ZnO and Ag-REO, are widely used in low voltage

apparatus due to their high electrical conductivity, low
contact resistance and good arc erosion resistance[1-6].
In conventional Ag-graphite electrical contact material,
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with the increase of graphite content, its resistance to
welding is improved, but electrical conductivity,
strength and processing ability decline, which
motivated further research into similar materials, such
as Ag-CNTs, Ag-G-CNTs and Ag-graphene[7-10].
Graphene, which has a two-dimensional layered
structure of carbon atoms, has extraordinary
mechanical, thermal and electrical properties [11-12].
Graphene nanoplates (GNPs) with few graphene
layers possess similar properties but are easier to
produce in large quantities[13-14]. Therefore, GNPs
instead of single layer graphene has been widely used
as reinforcement for metal-based composites, in
particular, for silver-based electrical contact
composites[15-18]. For example, Yang et al. fabricated
graphene nanoplates (GNPs) reinforced pure Al
(GNPs/Al) composites prepared by the pressure
infiltration method. They reported that the reaction
between pure Al matrix and graphene could be
inhibited by using graphene with fewer defects and the
mechanical properties of the composites could be
significantly improved by the addition of GNPs[19].
Gao et al. studied the effect of graphene contents on
the mechanical properties and thermal conductivity of
the graphene/copper composite. With increasing the
graphene contents, the ultimate tensile strength and
thermal conductivity of the composites initially
increase and later decrease. However, the elongation
to fracture of the composite gradually decreases[20].
However, little information is available on the arc
erosion behaviors of GNPs reinforced metal-based
composites in literature.
In this investigation, a new Ag-GNPs electrical
contact materials were fabricated by powder
(a)
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metallurgy method. The effect of GNPs content on the
microstructure and properties of Ag-GNPs electrical
contact materials was investigated, and the mechanism
of arc erosion was discussed.

1

Experiment

1.1 Preparation
Atomized commercial purity silver powders with
99.95% in purity and an average aspect ratio of 300
were bought from Sino-platinum Metals Co. Ltd.,
which presented a spherical shape, as seen in Fig.1(a).
Graphene nanoplates with 99% in purity and an
average thickness of 60~120 nm were supplied by
Chengdu Organic Chemistry Co. Ltd., which showed a
flake shape with wrinkles, as seen in Fig.1(b). The
Ag-GNPs electrical contact composites were prepared
by powder metallurgy method. A schematic diagram
of the fabrication process in present study is given in
Fig.2. Compositions with 0.5%, 1.0%, 1.5% and 2.0%
GNPs and copper powder were accurately weighed
and ball milled for 8 h at a milling speed of 200 r/min
and ball-to-powder weight ratio of 5:1 to ensure
uniform mixing. The mixed powders were cold
compacted using a closed cylindrical die in a hydraulic
press machine with a uniaxial pressure of 400 MPa.
The green compacts were sintered at 900℃ for 0.5 h
under argon atmosphere in a tubular furnace with a
heating rate of 10℃/min. The sintered compacts were
made to wires of 8 mm in diameter by hot extrusion
press at 800℃ under 100 MPa, which were further
cold drawn to wires of 1.36 mm in diameter. For
electrical contact experiment, a part of the sample
wires were made into the shape of a rivet shape.
(b)

Fig.1 Morphologies of Ag powders (a) and graphene (b)

图 1 Ag 粉末(a)和石墨烯(b)的形貌
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Fig.2 Schematic of fabrication process of Ag-GNPs electrical contact materials
图 2 Ag-GNPs 电接触材料的制备流程示意图

1.2 Characterization method
The density of the Ag-GNPs electrical contact
materials was measured by Archimedes’ method. The
theoretical density of compacts was calculated from
the simple rule of mixtures taking the fully dense
values for silver (10.53 g/cm3) and graphene
nanoplates (2.2 g/cm3). The electrical conductivity
was determined by measuring the alloy samples using
FD101 metal conductivity tester, and every sample
was tested for three times. The mechanical
performances were tested with the crosshead rate of 1
mm/min on a tensile testing machine of AG-IC-10 kN
at room temperature. Microstructure and arc erosion
surface morphology were investigated using a
scanning electron microscope of Hitachi S-3400N
equipped with an energy dispersion spectrometer. The
electrical contact experiment was held by the JF04C
contact tester. The arc erosion experimental

parameters are shown in Tab.1.
Tab.1 Parameters of arc erosion tests
表 1 电弧侵蚀实验参数
Parameter

Value

Circuit condition

DC 25 V/15 A

Load condition
Contact frequency /min

Resistive load
-1

Surrounding gas

2

60
Air

Results and discussion

2.1 Microstructure of Ag-GNPs electrical contact
materials analysis
SEM images of the Ag-GNPs electrical contact
materials show homogeneously distributed GNPs
within the silver matrix for all the GNPs content in
present study, as seen in Fig.3.

(a)

(b)

(c)

(d)

(a). 0.5%; (b). 1.0%; (c). 1.5%; (d). 2.0%

Fig.3 SEM images of Ag-GNPs electrical contact materials

图 3 Ag-GNPs 电接触材料的扫描电镜照片
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Silver matrix and GNPs could be clearly
distinguished from the micrographs. The dark areas
indicate the uniformly distributed GNPs and the grey
areas indicate the silver matrix. The Ag-GNPs
electrical contact materials with a lower GNPs content
(0.5, 1.0 and 1.5%) exhibited a significantly lower
agglomeration content while the Ag-GNPs electrical
contact materials with a higher GNPs content (2.0%)
showed a higher agglomeration content. This indicates
that the powder metallurgy method may not be
suitable for Ag-GNPs composite reinforcing with a
higher weight percentage of GNPs. Presence of any
interfacial products was not observed from the
microstructure which confirmed that no reaction took
place between silver and GNPs during the sintering
process. Due to the low solubility of carbon in silver
there was only mechanical bonding between two
phases.
2.2 Density and yield strength of the Ag-GNPs
electrical contact materials
The change of density with the increasing of
GNPs of the Ag-GNPs electrical contact materials is
given in Fig.4.

Fig.4 Density of Ag-GNPs electrical contact materials with
different GNPs content
图 4 不同 GNPs 含量 Ag-GNPs 电接触材料的密度

As seen in Fig.4, a decrease of theoretical density
of Ag-GNPs electrical contact materials was observed
with increasing weight percentage of GNPs. This was
because the density of GNPs was lower than that of
pure silver. It was observed that the highest density
values were 9.32 g/cm3 and 10.11 g/cm3 for green and
sintered Ag-0.5% GNPs material, respectively while
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the lowest density values were 8.16 g/cm3 and 8.93
g/cm3 for green and sintered Ag-2.0% GNPs material,
respectively. As seen in Fig.4, the sintered densities of
the Ag-GNPs materials were higher than the green
density of the Ag-GNPs materials for all GNPs
contents. The sintering process, which involved a high
temperature and a long time, provided an easier
diffusion of atoms. This improved the ability of the
specimens to sinter and resulted in better physical
properties, such as increased density and decreased
porosity. This also can be attributed to GNPs
rearrangement and an increase of the contact regions
between the silver particles.
When GNPs were added to the silver matrix, the
distance between silver powders increased, and, thus,
the sintering ability was reduced. Owing to the
melting point of GNPs higher than that of silver,
sintered density mostly depends on the distance
between silver matrix powders in the Ag-GNPs
materials. The agglomeration of GNPs reduced the
sintered density of the Ag-GNPs materials because the
agglomeration regions acted as a resistant barrier to
silver particle boundary diffusion during the sintering
process.
The strengthening mechanism of graphene
reinforcement was thought to be related to the
excellent mechanical properties and the unique
structured characteristics of graphene, and good
bonding interfaces between graphene and silver matrix.
Previous researches had shown that GNPs could
effectively transfer load from metal matrix to GNPs
reinforced phase by interface shear stress[21]. The yield
strength of the Ag-GNPs materials could be analyzed
by the modified shear lag model as follows:
V f ( s + 4 )

σc = σm ⋅ 


4


+ (1-V f ) 


(1)

where σc was the yield strength of Ag-GNPs
electrical contact material, σm was the yield strength of
silver matrix, s was the aspect ratio of GNPs, and Vf
was the volume fraction of GNPs. According to the
equation, the significantly enhanced strength of
Ag-GNPs materials was mainly resulted from the
large aspect ratio characteristic of GNPs. The value of
s and σm was about 300 and 34.2 MPa in present study,
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respectively. Tab.2 presents the actually measured and
calculated value of the yield strength of Ag-GNPs
materials. It could be seen that GNPs showed
excellent reinforced effect on mechanical strength of
the composite. With introducing 0.5% and 2.0% GNPs,
the yield strength of the Ag-GNPs electrical contact
materials increased from 92.6 MPa to 237.8 MPa. The
comparison of the actually measured value and the
calculated value showed that the modified shear lag
model was feasible, which’s error was less than 10%
for all tested Ag-GNPs materials.
Tab.2 Actually measured and calculated value of the yield
strength of Ag-GNPs materials
表 2 银-石墨烯材料屈服强度的实测值和计算值
GNPs content/%

Yield strength/MPa
Error/%

Mass
fraction
0

Volume
fraction
0

Actually
measured
34.2

—

—

0.5

2.35

92.6

94.4

1.91

1.0

4.61

142.1

152.5

6.82

1.5

6.79

193.3

208.5

7.29

2.0

8.90

237.8

262.5

9.41

Calculated

2.3 Electrical conductivity of the Ag-GNPs
electrical contact materials
The effect of the GNPs content on the electrical
conductivity of the green and sintered Ag-GNPs
electrical contact materials is given in Fig.5. The
electrical conductivity of green Ag-GNPs materials
decreased with the addition of GNPs to the Ag matrix.

63

The electrical conductivity of the green Ag-0.5%GNPs
material was 78.2%IACS while that of the green
Ag-2.5% GNPs material was 44.2%IACS. The
decreasing trend of electrical conductivity with GNPs
content in the green Ag-GNPs materials can be
attributed to an increase in the amount of porosity.
After sintering, the electrical conductivity of all
Ag-GNPs materials increased significantly with the
sintering process. The electrical conductivity of the
sintered Ag-0.5%GNPs material was 84.8%IACS,
which may be attributed to microstructural change and
consistency. The reduction rate of the electrical
conductivity of the sintered Ag-GNPs materials with
increasing GNPs content is smaller than that of the
green Ag-GNPs materials. This can be attributed to the
significantly increased porosity and agglomeration
amount in the green Ag-GNPs materials. The
agglomeration amount increased with increasing the
GNPs content, and the agglomeration regions caused
electron scattering within the particle boundaries.
2.4 Arc erosion behavior analysis
The change of weight loss over 30000 times
operations under DC 25 V/15 A with GNPs content of
Ag-GNPs electrical contact materials is given in Fig.6.

Fig.6 Weight loss with different operation times of
Ag-GNPs electrical contact materials
图 6 不同操作次数后 Ag-GNPs 电接触材料的质量损耗

Fig.5 Electrical conductivity of Ag-GNPs electrical contact
materials with different GNPs content
图 5 不同 GNPs 含量 Ag-GNPs 电接触材料的导电率

There was a part of the weight loss to the
environment after arc erosion. During arcing, the
molten silver flowed on the surface at the action of the
arc and the liquid bridges break off at the moment of
breaking operation. The splashes of molten silver
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caused a large amount of material loss. The weight loss
to environment of Ag-1.5%GNPs material contacts was
only 21 mg after 30000 times operation, which was
lower than that of other Ag-GNPs contacts. The result
indicated that the Ag-1.5%GNPs electrical contact
material had the best ability of anti-arc erosion for all
Ag-GNPs materials. It was indicated that the
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appropriate content of GNPs in the silver matrix could
reduce the splatter erosion of liquid silver and prevent
the weight loss.
Fig.7 shows the surface morphologies of the
Ag-GNPs electrical contact materials after 30000 times
operations under DC 25V/15A.

(a)

(b)

(c)

(d)

(a). 0.5%; (b). 1.0%; (c). 1.5%; (d). 2.0%

Fig.7 Surface SEM images of Ag-GNPs electrical contact materials after arc erosion
图 7 电弧侵蚀后 Ag-GNPs 电接触材料表面的扫描电镜照片

From Fig.7, it can be seen that a number of large
and deep erosion pits formed on the surface of
Ag-GNPs electrical contact material, which can be
attributed to the concentrates of arc erosion. The
erosion pit exhibited a paste-like morphology. This was
because the non-wetting between silver and GNPs,
which resulted in the splashing and solidification of
molten silver during arc erosion[22]. However, the
erosion pits on the surface of Ag-1.5%GNPs materials
became very shallower and relatively flat, which can be
seen in Fig.7(c). Furthermore, with the increase of
GNPs in the Ag-GNPs materials, as shown in Fig.7(d),
the erosion pits become more rough and uneven in
surface. Importantly, the splash and solidification of
molten silver were not effectively suppressed, although
the content of GNPs was increased. From the SEM

results, it can be deduced that the suitable content and
well-dispersed GNPs in Ag-GNPs electrical contact
material were favorable for the decrease of arc erosion
and splash of molten silver.
Fig.8 shows the EDS mapping images of
Ag-1.5%GNPs electrical contact materials after arc
erosion of 30000 times operations. From Fig.8, it can be
seen that the C element is uniformly distributed on the
surface of the contact. The distribution of the C element
indicated that the GNPs near the surface were gathered
together again by the action of arc. The EDS mapping
results further confirmed that the arc led to the
redistribution of Ag and GNPs components in the
electrical contact area, which would significantly affect
the arc erosion behavior of the Ag-GNPs materials.
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(c)

(a). BSE image (背散射电子图像); (b). Distribution of Ag element (Ag的分布); (c). Distribution of C element(碳的分布)

Fig.8 EDS mapping images of Ag-1.5%GNPs electrical contact materials after arc erosion
图 8 电弧侵蚀后 Ag-1.5%GNPs 电接触材料的 EDS 面扫描照片

Fig.9 shows the schematic diagram of molten pool
formation of Ag-GNPs electrical contact materials
during arc erosion. Under arc energy action,
temperature on the surface of the contact material
increases, silver melts when temperature reaches the
melting point of silver (961.93℃), while GNPs are still
in solid state due to its higher melted point. A silver
molten pool containing GNPs is formed due to the
melting of silver. Under the action of buoyancy, GNPs
in molten pool will move from interior to surface
because the density of GNPs (2.2 g/cm3) is smaller than

that of silver (10.5 g/cm3). GNPs mainly distribute
above silver layer when the melted silver rapidly cools.
As a result, GNPs are mainly distributed on the surface
of molten pool. The density and content of the GNPs
have an important influence for the element distribution
on the molten pool of the Ag-GNPs electrical contact
materials. With the increase in the amount of GNPs, the
GNPs on the surface are easier to gather and decrease in
electrical contact performances for the Ag-GNPs
materials, in particular, for the Ag-GNPs materials with
GNPs content more than 1.5%.

Fig.9 Schematic diagram of molten pool formation of Ag-GNPs contact during arc erosion
图 9 电弧侵蚀后 Ag-GNPs 触头液态熔池形成的示意图

3

Conclusions

In the present study, the Ag-GNPs electrical
contact materials were successfully fabricated by
powder metallurgy method. High GNPs content is
easy to give rise to graphene agglomeration in the
silver matrix and decrease the densities and electrical
conductivity of the Ag-GNPs materials, while
significantly enhance the mechanical performance.
The Ag-GNPs electrical contact material with

1.5%GNPs presents the best anti-arc erosion
performance, which has the lowest weight loss and
shallowest arc erosion pits after 30000 times
operations under DC 25V/15A. During arc erosion,
GNPs in molten pool will move from down to up and
gather together. The density and content of the GNPs
have an important influence for the element
redistribution on the molten pool of the Ag-GNPs
electrical contact materials. High GNPs content is
easier to gather on the surface and decrease in
electrical contact performances for the Ag-GNPs
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materials, in particular, for the Ag-GNPs materials
with GNPs content more than 1.5%. These results
demonstrate that Ag-1.5%GNPs composite have huge
potential applications as ideal silver-based electrical
contact material in low-voltage apparatus.
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