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Abstract: To explore the stability, electrical, and mechanical characteristics of undoped AgNi along-
side AgNi doped with elemental Ge, V, and Ta, we performed calculations on their electronic
structures using density functional theory from first-principles. We also prepared AgNi(17) and
AgNi-x(Ge, V, Ta) electrical contact materials using the powder metallurgy technique, and they were
subsequently assessed experimentally. The electrical properties of these materials were evaluated
under a 24 V/15 A DC-resistive load using the JF04D contact material testing system. A three-
dimensional morphology scanner was employed to examine the contact surface and investigate the
erosion patterns of the materials. Our findings indicate that doping with metal elements significantly
enhanced the mechanical properties of electrical contacts, including conductivity and hardness, and
optimizes arc parameters while improving resistance to arc erosion. Notably, AgNi-Ge demonstrated
superior conductivity and arc erosion resistance, showing significant improvements over the un-
doped AgNi contacts. This research provides a theoretical foundation for selecting doping elements
aimed at enhancing the performance of AgNi electrical contact materials.

Keywords: AgNi electrical contact materials; first-principles calculations; electrical contact properties;
morphological analysis

1. Introduction

Contacts are essential components in switching appliances, and their performance
directly affects the reliable operation and service life of switching appliances. In the se-
lection of low-voltage electrical contact materials, it is necessary to consider a variety of
characteristics including physical properties, mechanical properties, electrical contact prop-
erties, thermal properties, chemical properties, processing and manufacturing properties,
and so on [1,2]. Ag-based electrical contacts are employed in a multitude of light- and
heavy-load electrical appliances due to their resistance to electrical abrasion, resistance to
fusion welding, high electrical conductivity with very low contact resistance, and chemical
stability [3-5]. Ag-metal oxide is the most widely used electrical contact material; however,
there are production problems due to the fact that the AgCdO material produces poisonous
Cd vapors, and the AgSnO, has defects such as high hardness and an inability to withstand
the stresses placed upon it by the wires [6-8]. AgNi contact material is a promising environ-
mentally friendly alternative to traditional electrical contacts. It exhibits excellent electrical
and thermal conductivity, low and stable contact resistance, a simple production process,
and low cost. However, its resistance to fusion welding and abrasion under high-current
conditions is poor, necessitating improvement of its various properties [9-12].

The majority of research on AgNi electrical contact materials has focused on improving
the preparation process; however, relatively few studies have been conducted to improve
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the properties of AgNi contact materials through additive doping. The physicochemical
properties of additives can improve the electrical conductivity, wear resistance, and arc
erosion resistance of electrical contact materials. This can significantly improve the mechan-
ical properties and organization of AgNi alloys [13-15]. Some scholars have investigated
that elemental doping can improve the electrical conductivity, arc erosion resistance, and
other properties of AgNi electrical contact materials. For example, Wang et al. doped AgNi
electrical contact materials with Re, In, and Nb elements, which led to an improvement
in the micro-morphology of the contact surfaces and arc performance of the AgNi contact
materials [16]. Lin et al. demonstrated that the addition of rare-earth elements to the contact
materials could result in the formation of rare-earth oxides, which could be suspended
in the molten silver pool at high temperatures [17]. This process was found to increase
the viscosity, reduce material transfer, and improve the electrical properties of the contact
materials. Wang et al. demonstrated that the addition of moderate quantities of CuO and
Bi,O; to silver-based contact materials resulted in enhanced particle size and improved
physical and electrical contact properties [18].

In this study, three elements, Ge, V, and Ta, were selected for the doping modification
of the AgNi electrical contact materials. The physical properties, electrical properties, and
arc erosion properties of the doped AgNi electrical contacts were investigated using a
combination of first-principles calculations and specific experimental analyses. Firstly, the
electronic structure and energy of the dopant-containing AgNi interface were calculated
using the first-principles approach based on the density functional theory. Subsequently,
the doped AgNi contact samples were prepared experimentally in order to obtain the
hardness, conductivity, wettability, and other properties of the materials. X-ray diffraction
experiments were conducted in order to verify the match between the prepared samples
and the simulation model. Finally, the contact materials were analyzed for various electrical
contact properties following electrical contact experiments. Following the completion of
the electrical contact experiments, the electrical properties of the contact materials were
analyzed. Additionally, the surface morphology of the electrical contacts was scanned
and analyzed using a three-dimensional morphology scanner. The results demonstrated
that Ge, V, and Ta doping had a positive impact on the properties of the AgNi electrical
contact materials, with Ge-doped AgNi electrical contact materials exhibiting the most
favorable performance. This outcome validated the consistency of the experimental re-
sults and the theoretical calculations derived from the simulation. This provides a novel
concept and a more efficacious approach to enhancing the functionality of AgNi electrical
contact materials.

2. Models and Calculation Method

Firstly, the geometry of the Ag and Ni cells was optimized in order to obtain sta-
ble structures with the lowest total energy. Based on the existing studies, among the
binding forms at the AgNi interface, Ag(110)/Ni(211) has the highest interfacial binding
energy [19]. In light of the interfacial mismatch inherent to the interfacial model, this
study presented the establishment of an AgNi interfacial model with a 17% Ni content,
based on Ag(110)/Ni(211) crystal surfaces. This model employed a superlattice model
on the Ag(110) surface and a superlattice model on the Ni(211) surface, with each model
comprising 4.5 and 2.5 layers, respectively. The surface of the Ag(110) was found to have
4.5 layers, while the Ni(211) surface exhibited 2.5 layers. The AgNi interfacial model with
dopants is depicted in Figure 1, which also includes a 15 A vacuum layer.

In this study, the calculations were performed with the CASTEP module of the Mate-
rials Studio software (https://www.3ds.com/), which was based on the first-principles
approach of density functional theory, the calculations were performed in the inverse easy
space, and the simulations were widely used in the calculation of ceramics, semiconductors,
and metals that had periodic structure materials [20]. The ultrasoft pseudopotential was
chosen to describe the interactions between valence electrons and ions for the performance
simulation calculations of the AgNi(17) interface model, and the exchange-correlation


https://www.3ds.com/

Coatings 2024, 14, 629

3o0f17

energies were treated using the PBE generalization under the generalized gradient approx-
imation [21]. The BFGS algorithm was used to simulate the Ge, V, and Ta-doped AgNi
interfacial model, taking the plane wave truncation energy as 517 eV, with the K-points
in the Brillouin source region set to 2 x 9 x 1, the total energy of SCF self-consistently
convergence less than 1.0 x 105 eV/atom, the average atomic stress less than 0.5 eV/nm,
the tolerance shift less than 0.02 nm, and the maximum stress deviation as 0.1 GPa. The
valence electron configurations considered in the calculations are Ag: 4d'%5s!, Ni: 3d®4s?,
Ge: 4524p2, V: 3d%4s?, and Ta: 5d36s2.
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Figure 1. Interface model: (a) AgNi(17), (b) Ge-doped AgNi, (c¢) V-doped AgNi, and (d) Ta-
doped AgNi.

3. Simulation Analysis

After geometry optimization for the doped AgNi interfacial model, energy calculations
were performed on the interfacial model to analyze the interfacial bond strength, interfacial
stability, and electronic structure.

3.1. Interface Bond Strength

Two parameters, interfacial work of separation and interfacial energy, are introduced to
analyze the stability and interfacial bond strength of Ge-, V-, and Ta-doped AgNi interfacial
bonding [22].

The work of interfacial separation (Wsp) is the energy required to separate a unit area
of an interface into separate interfaces, calculated by the formula:
Ei{?’ + Eil,?b — Einter (relax)

AgNi
Wsep =
sep A

)

where Efigb and Eﬁ\l]‘;b are the total energies of the Ag/Ni free surface model, respectively;

E%é%i( relax) is the total energy of the relaxed AgNi interface model; and A is the area of the
interface model.

The interfacial energy (7;,;) is the value of the energy change of an interface within
a unit area due to atomic distortion, changes in metallic bonding, and structural strain,
calculated as:

Yint = Tag + ONi — Wsep (2)

where TAg and oy; are the surface energies of Ag and Ni free surfaces, and ngp is the
separation work at the AgNi interface.

Table 1 shows the calculation results of interfacial separating work and interfacial
energy for Ge-, V-, and Ta-doped AgNi. From the data in the table, it can be found that the
interfacial separation work and interfacial energy of AgNi(17) and Ge-, V-, and Ta-doped
AgNi interfacial models are all positive values, indicating that these interfacial models can
be stabilized.
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Table 1. Separation work and interfacial energy.

Model Wiep (€V/A2) Oag (€V/A2) oni (eV/A2) Yint (€V/A2)
AgNi(17) 0.0210 0.0436 0.1476 0.1702
AgNi-Ge 0.0491 0.0436 0.1355 0.1300
AgNi-V 0.0361 0.0436 0.1428 0.1503
AgNi-Ta 0.0329 0.0436 0.1533 0.1640

The interfacial work of separation and interfacial energy of the undoped AgNi(17)
interface model are 0.0210 eV /A? and 0.1702 eV /A?, respectively, and the interfacial work
of separation of the Ge-, V-, and Ta-doped interface are increased compared with that of
the pre-doped interface, which indicates that the interfacial atoms are more capable of
bonding to each other and that the interfacial bonding is stronger, of which the Ge-doped
interface has the highest interfacial bonding strength. The interfacial energy of the AgNi
interface decreases after doping, indicating that the incorporation of Ge, V, and Ta atoms
increases the stability of the interface, among which the Ge-doped interface is the most
stable. Since the radius and electronegativity of the dopant atoms are different from those
of the Ni atoms, the introduction of dopant atoms may make the lattice constants of the
AgNi interface distorted, thus affecting the stability of the interface.

3.2. Density of States Analysis

The density of states can be used to reflect the interaction between dopant atoms and
other atoms, as well as the formation of chemical bonds in crystals, and is an important
parameter for analyzing the electronic structure of materials [23]. The density of states
image is shown in Figure 2, where the total density of states (TDOS) indicates the state of
the energy distribution of all the electrons in the system, and the fractional-wave density of
states indicates the bonding of electrons in different orbitals.
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Figure 2. Density of states. (a) AgNi(17), (b) Ge-doped AgNi, (c) V-doped AgNi, and (d) Ta-
doped AgNi.

Figure 2a shows the density of states image of undoped AgNi(17), in which it can be
seen that the number of electrons near the Fermi energy level (energy of 0 eV) is higher,
which indicates that AgNi(17) has good electrical conductivity. The energies of AgNi(17)
are concentrated in the range of —10~20 eV, which are mainly contributed by the 5s, 4 d
orbitals of the Ag element and the 4 s, 3 d orbitals of the Ni element. At —7~—0 eV, the
wave peaks of AgNi mainly originate from the d orbitals of Ag elements, and the d orbitals
of Ni elements contribute, and at —4~—2 eV, there are obvious overlapping peaks of Ag-d
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orbitals and Ni-d orbitals. This hybridization can reflect the formation of metal bonds, and
the strength of hybridization is positively correlated with the stability of bonding.

From the density of states images of Ge-doped AgNi in Figure 2b, it can be seen that
the density of states of Ag atoms in the valence band region shifts to the low-energy region
as a whole, and the density of states of Ni atoms shifts to the Fermi energy level as a whole,
compared with the density of states of undoped AgNi, and the density of states images of
Ag atoms in the valence band region shows two peaks in the range of —8~—0 eV, which
is mainly contributed by the participation of the Ag-d orbitals, the Ni-d orbitals, and the
Ge-p orbitals. In the range of —4~—0 eV, Ag-d orbitals, Ni-d orbitals, and Ge-p orbitals are
hybridized, which implies enhanced interatomic interactions and stronger metal bonding.
The fractional density of states waveform curves of Ge are relatively flat, with no localized
spikes in the s- and p-band orbitals, and the nonlocalized nature of the Ge electrons is
strong, and compared with the un-doped AgNi system, the number of carriers of the
Ge-doped system and the electrical properties are enhanced.

Figure 2c shows the density of states images of V-doped AgN; compared with the
density of states images of undoped AgNi, the density of states of Ag atoms in the valence
band region moves to the low energy region as a whole, and the density of states of Ni atoms
moves to the Fermi energy level as a whole. The density of states peaks in the —8~3 eV
region of the density of states images are mainly contributed to by the hybridization of the
Ag-d orbitals, the Ni-d orbitals, and the V-d orbitals. V doping increases the hybridization
levels of the Ag-d orbitals and the Ni-d orbitals. The hybridization level of Ag-d and Ni-d
orbitals, the strong metal bonding ability between Ni and V, the existence of a large energy
spike in the 3d orbital of V, the strong electronic localization of its orbitals, the narrower
energy bands, and the doping of V increases the conductivity of AgNi.

Figure 2d shows the density of states image of Ta-doped, which is similar to that of
Ge- and V-doped AgNi, with the density of states of Ag atoms in the valence band region
moving to the low energy region as a whole, and the density of states of Ni atoms moving
to the Fermi energy level as a whole. The dopant atom Ta has an effect in both the valence
band and conduction band energy regions. Ag-d orbitals, Ni-d orbitals, and Ta-d orbitals
are hybridized in the range of —10~1 eV, and they produce interactions as bonding orbitals.
In the region of 1~5 eV, the main contribution comes from Ta-d orbitals.

By analyzing the density of states, it can be concluded that the doping of Ge, V, and Ta
can improve the electrical conductivity of AgNi contact materials, which provides a theoret-
ical basis for the study of doping to improve the electrical properties of contact materials.

3.3. Mulliken Population Analysis

Electronic structure characteristics determine the interfacial bonding strength and
interfacial stability and will ultimately affect the material properties. The distribution of
electrons in atomic orbitals can be determined by integrating the number of electrons from
the density of states diagram, but it is difficult to quantitatively characterize the strength of
bonding, and it is necessary to carry out the Mulliken population analysis to determine
that the strength of bonding is based on the value of the layout [24].

The charge population is used to characterize the transfer of electrons between atoms.
A positive charge population indicates that atoms are prone to lose electrons; on the
contrary, a negative charge population indicates that atoms are more likely to gain electrons.
The larger the absolute value of the population, the stronger the ability of the atom to gain
or lose electrons. Table 2 shows the average charge population obtained by simulation,
before and after doping, and the ability of each atom to gain and lose electrons changes.
The charge population of Ag atoms is negative and the charge population of Ni atoms is
positive, indicating that Ag loses electrons in electron transfer and Ni gains electrons in
electron transfer in the interface of AgNi. Also, Ge doping strengthens the electron-losing
ability of Ag and the electron-gaining ability of Ni, strengthens the interaction between
the atoms, and makes the electron transfer at the AgNi interface more obvious, which is
conducive to enhancing the stability of the interfacial bonding, whereas V and Ta doping
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weakens the electron-gaining and electron-losing abilities of Ag and Ni atoms, respectively.

Table 2. Atom population.

Atom Population(e)

Model -
Ag Ni Ge A\Y Ta
AgNi(17) —0.0041 0.0141
AgNi-Ge —0.0058 0.0172 0.2210
AgNi-V —0.0034 0.0091 0.1330
AgNi-Ta —0.0027 0.0135 0.1700

The bond population is used to characterize the nature of interatomic bonding. The
larger the absolute value of the bond population, the more the electron clouds overlap
with each other, the stronger the interatomic bonding ability, and the more stable the
chemical bond formed. Table 3 shows the average values of the bond population obtained
by simulation. The increase of bond population between Ag-Ni after Ge, V, and Ta doping
indicates that the metal bonding between Ag-Ni is enhanced, the orbital charge is increased
in different degrees, and the interaction between Ag and Ni atoms is enhanced, which
improves the bonding stability at the AgNi interface. Also, the bond overlap population
between Ni-Ni is increased after Ge and Ta doping. The increase of Ni-Ge, Ni-V, and Ni-Ta
bonding at the doped interface also enhances the bonding strength of the AgNi interface.

Table 3. Bond population.

Bond Population(e)
Material 5 . ;
Ag-Ni Ni-Ni Ni-X
AgNi(17) 0.27 0.17
AgNi-Ge 0.43 0.31 0.15
AgNi-V 0.33 0.15 0.05
AgNi-Ta 0.37 0.21 0.07

4. Experiment
4.1. Preparation of Doped-AgNi Contact Materials by Powder Metallurgy

In this study, AgNi and Ge-, V-, and Ta-doped AgNi electrical contact materials were
prepared by the powder metallurgy method. Firstly, the weighed powders were powder
mixed using a high-energy ball mill, so that the doped Ge, V, Ta powders and Ag, Ni
powders were fully mixed in the ball mill, and after powder drying, they were subjected to
primary pressing, primary firing, re-pressing, re-firing, and secondary re-pressing, and then
they were ground, polished, and wire-cut to obtain the finished product of electrical contacts
with a diameter of 3.2 mm and a height of 2.5 mm. The flow chart for the preparation of
electrical contact samples is shown in Figure 3.

Pressure

Agpowder  pgyder weighing Drying
= : .
=+ g Pressing

‘ Ball milling
Ni powder T

Pressure

@5 Jmm Wire cutting ~ H=2.5mm  Bymishing
0l ———mr — ——

Contact Plates Vacuum atmosphere

Sintering

Figure 3. Process flow diagram for the preparation of doped AgNi electrical contact materials.
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The samples of AgNi and AgNi contacts containing Ge, V, and Ta doping were
prepared in this experiment as 10 g. The atomic ratios and mass of each component are
shown in Table 4, and the purity of chemicals is shown in Table 5.

Table 4. Main raw material ratios.

Material Atomic Ratio Mass Ratio
AgNi(17) 73:27 83.23%:16.77%
AgNi-Ge 73:24.3:2.7 82.92%:15.02%:2.06%
AgNi-V 73:24.3:2.7 83.43%:15.11%:1.46%
AgNi-Ta 73:24.3:2.7 80.44%:14.57%:4.99%

Table 5. Purity of chemicals.

Name of Chemicals Purity
Ag powder >99.9%
Ni powder >99.5%
Ge powder >99.9%
V powder >99.9%
Ta powder >99.9%
Anhydrous ethanol C,HsOH >99.9%

4.2. X-ray Diffraction Experiment (XRD)

In order to confirm the match between the doped AgNi materials prepared by powder
metallurgy and the replacement doping model established by simulation, this study utilized
a SmartLab X-ray diffractometer to analyze the physical phase of the AgNi contact materials
before and after doping. The diffractometer adopted Cu-targeted Ka-ray scanning, with
a power of 3 kW, wavelength of 0.15405 nm, and a scanning angle range of 10°~90°. The
scanning speed was 6°/min. The X-ray diffraction results are shown in Figure 4, the
diffraction peaks of AgNi contact materials before and after doping are basically in the
same angular position, and the XRD peaks are slightly deviated, which may be caused
by the introduction of dopants to make the AgNi interface undergo a slight aberration.
However, there are no new peaks, which indicates that the doped AgNi contact materials do
not generate a new phase, and the crystalline structure remains unchanged, implying that
the powder metallurgy process has not changed. This means that the powder metallurgy
process has successfully doped Ge, V, and Ta into the AgNi material and realized the
replacement doping, which proves consistency between the prepared AgNi contact material
and the simulation model.

38.24 —AgNi(17)
AgNi-Ge
444 ——AgNi-V
’ 64.54 ——AgNi-Ta
PR
38.24
2 44.38 64.56
5 77.48
=y 38.28
w
S 44.4
E 6452 77.46
A M An
38.26
44.4 64.54
)L 77.46
A A
1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90
20/°

Figure 4. X-ray diffraction pattern.
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The crystal size can be estimated using the Scherrer equation from the peak spreading
of the XRD diffraction pattern (Full Width at Half Maximum (FWHM) of the peaks). The
Scherrer equation is shown below:

KA

B Bcoso

where D is crystal size, K is the Scherrer constant, A is the X-ray wavelength, § is the Peak
width after instrumental effects, and 6 is the Bragg diffraction angle.

The calculated crystal size of AgNi before and after Ge, V, and Ta doping is shown in
Table 6. The results show that the Ge, V, and Ta doping of AgNi forms a stable transition
metal phase, which leads to an increase in lattice strain and promotes grain refinement,
resulting in a smaller crystal size.

3)

Table 6. Crystal size before and after doping.

Material Crystal Size (nm)
AgNi(17) 38.66
AgNi-Ge 30.91
AgNi-V 35.86
AgNi-Ta 35.25

4.3. Wettability Analysis

Wettability can evaluate interfacial bonding strength and the wettability experiment
can verify the correctness of the simulation calculation results. In this study, the seated
droplet method was chosen to test the wettability relationship between the two phases
of intrinsic Ni or Ni containing dopants (Ge, V, Ta) as a solid substrate and Ag. Figure 5
shows the test results of the wettability angle. Figure 5a shows the spreading effect of
Ag droplets in a molten state on the Ni substrate, and the wetting angles on both sides
are 87.2° and 83.6°, which are close to 90°, respectively. From Figure 5b—d, it can be seen
that the wetting angles of the doped AgNi were all reduced, with average values of 27.6°,
76.8°, and 77.5°, respectively, which were smaller than the average value of 85.4° of the
wetting angle of the undoped AgNi(17), wherein the Ge-doped AgNi contact material had
the smallest wetting angle and the best wettability. The V- and Ta-doped AgNi material
also improved the wettability of AgNi contact materials, confirming the correctness of
the simulation calculation and analysis method of the first-principles approach based on
density functional theory.

CA[L]87.2 (a) CA[L] 26.1 (b)
CA [R] 83.6 CA [R] 29.1

CA[L] 768 (c CA[L]79.3 @
CA [R] 76.7 ) CA [R] 75.7

a B

Figure 5. Wetting angle: (a) AgNi(17), (b) Ge-doped AgNi, (c) V-doped AgNi, and (d) Ta-doped AgNi.
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In the actual use of the process, the wettability of the contact material in the arc
can make more Ni particles dissolve in the Ag melting pool, causing the formation of
a uniformly dispersed distribution of AgNi alloy to improve the AgNi interfacial bond-
ing strength to prevent spattering loss due to arc erosion and help to improve the arc
performance of the AgNi contact material.

4.4. Electrical Contact Experiment

In this study, the JF04D electrical contact material test system was used to conduct
electric contact arc erosion experiments, and the structure of the JF04D test system is shown
in Figure 6. The test system can simulate the electric contact in the actual operation of the
process, the moving contact is the anode contact, the static contact is the cathode contact,
and the device can collect the arc energy, arc duration, welding force, contact resistance,
and other experimental data. The experimental conditions of the electrical contact test
experiment are detailed in Table 7.
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Figure 6. JF04D electrical contact test system.

Table 7. Electrical contact test conditions.

Parameter Value

Power type DC

Voltage/V 24

Current/A 15
Gas environment Air

Closing pressure/cN 86

Operation times 100,000

Load type Resistance

During the electrical contact process, cyclic arc discharge, contact stress, and Joule
heat inevitably affect the surface condition of the electrical contact material, leading to
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metal melting, sputtering, vaporization, and oxidation, which ultimately reduces the
surface contact properties of the electrical contact material, leading to deterioration in
performance [25-27]. Therefore, it is of great theoretical and practical significance to study
the physical properties of electrical contact materials and to evaluate the degree of erosion
of electrical contact materials in the arc erosion process.

4.4.1. Arc Energy and Arc Duration Analysis

Arc energy and arc duration are important indicators of arc erosion resistance of elec-
trical contact materials. In order to deeply study the arc stability of doped AgNi electrical
contact materials with various elements, this study adopts the JF04D electrical contact
material testing system and selects Ge-, V-, and Ta-doped AgNi contact materials as the
anode of the asymmetric pair for the experimental study on electrical contacts. The mea-
sured data were divided into 100 data points (the average value of every 1000 operations
was taken as one data point), the mean and standard deviation (S.D.) were calculated for
each set of data, and the change curves of each parameter with the number of operations
were plotted. Figure 7 shows the graph of the change of arc energy with the number of
operations. It can be seen that the arc energy with the highest increase in the number of
operations is an upward trend, in which the undoped AgNi contact material has the largest
increase, the arc energy of the mean and standard deviation of the arc energy is the largest,
the fluctuation is more obvious, and the doping of the average value of the arc energy and
standard deviation of the AgNi contact material have been reduced to a certain degree,
indicating that the doping to improve the AgNi contact material arc energy has a certain
effect. In Figure 8, the opening arc duration with the number of operation curves can be
seen. The arc time trend and arc energy trend is similar. Before and after the doping of
the AgNi contact material, the arc duration of the average value and variance of the arc
time have changed to some extent, the doped contact material arc duration of the average
value of the arc time has been reduced, and at the same time, the standard deviation of the
arc duration in the various elements of the doped contact material have been reduced, the
change of fluctuations has decreased, and the change of the arc duration is more stable.
In summary, the arc stability of the four contact materials is ranked as follows: AgNi-Ge
> AgNi-Ta > AgNi-V > AgNi, which is consistent with the simulation results of thermal
stability. Therefore, elemental doping is suitable for improving the arc erosion resistance
and arc stability of AgNi contact materials, while Ge doping is most effective for reducing
arc energy and improving arc stability.
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Figure 7. Plot of the variation of break arc energy with the number of operations.



Coatings 2024, 14, 629

11 of 17

18
AgNi Phase  AgNi  AgNi-Ge AgNi-V AgNi-Ta
—o— AgNi-Ge £ £ & &
ANy | SP 0.95 0.60 0.63 0.60
16 O ABNEV | yverage 1201 1000 1054 10.52
—o0— AgNi-Ta
o
g
=
2
=
34
St
=
=
(2]
St
<

0 20000 40000 60000 80000 100000
Operation times

Figure 8. Plot of the variation of break arc time with the number of operations.

4.4.2. Welding Force Analysis

The value and fluctuation of a welding force can reflect the welding resistance of a
material, in which the current passes through the closed contacts, leading to the occurrence
of contact melting and contact welding. The smaller the welding force of the electrical
contact, the stronger the resistance of the contact material to welding. Figure 9 shows the
curve of the welding force with the number of operations. At 50,000 and 70,000 operations,
the welding force of the undoped AgNi contact material undergoes a large degree of
mutation; the average value of its welding force is 84.57 cN, with a standard deviation of
7.97, and the average value of the welding force of the Ge- and Ta-doped AgNi contact
material is 83.34 ¢cN and 76.04 cN respectively The standard deviation is 6.61 and 7.02,
respectively, which are smaller than the mean value and standard deviation of undoped
AgNi contacts, and the welding force curve is more gentle, indicating that the doping of
Ge and Ta makes the AgNi contact material more stable and less prone to softening or
melting and inhibits the movement of the material’s grain boundaries, which strengthens
the stability of the grain interfaces and the interfacial bonding strength of the AgNi contact
material and improves the welding force of the contact material. The V doping may make
the surface of the AgNi contact material not smooth or uniform enough, resulting in a
slight decrease in the anti-melting performance. The experimental results show that doping
can improve the anti-melting performance of AgNi contact materials to a certain extent.

140
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—o— AgNi-V

Average  84.57 83.34 85.28 76.04
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Figure 9. Plot of the variation of break welding force with the number of operations.
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4.4.3. Contact Resistance Analysis

Contact resistance usually occurs where two conductors are in contact with each
other, and this resistance is caused by incomplete contact of the contact surfaces or non-
smoothness of the contact surfaces [28]. The contact working process of the actual contact
surface is not absolutely flat and there is a slight unevenness, so the essence of the contact
is the raised peaks of the mutual contact. The current through the larger cross-section of
the conductor to the tiny contact point occurs when the violent contraction, accompanied
by this phenomenon, produces an additional resistance that is the contact resistance. In
addition, due to the processing of the residue of the dust, abrasiveness, and other conductive
substances, such as the pollution of the poorer conductive material or contact surface, a
film resistance forms [29,30]. Doped AgNi contact material contact resistance with the
number of operations changes in the curve are shown in Figure 10. As an overall view, the
AgNi contact material contact resistance values first decrease and then increase (there is an
increase in the number of operations and fluctuations in the reduction) and then tend to be
relatively stable, indicating that the arc action of the surface morphology and composition
of the contact changes each time after the closure of the contact occurs. After the raised
peaks are remelted and solidified, the actual contact area and contact location between the
contacts changes continuously, and the deposition and oxidation of Ni on the surface make
the contact resistance increase and level off. The average and standard deviation of the
contact resistance of the undoped AgNi contact materials are 5.15 mQ2 and 0.75, respectively.
After doping, the contact resistance of the contact materials is generally reduced, and the
fluctuation amplitude is also reduced, which indicates that the introduction of doping
elements improves the quality of the contact interface, which can improve the efficiency of
the current transmission, thus reducing the contact resistance.

10
—o—AgNi Phase  AgNi  AgNi-Ge AgNi-V  AgNi-Ta
—o— AgNi-Ge| ™ g 0.75 0.70 0.51 0.57
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1
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N

N
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Operation times

Figure 10. Plot of the variation of contact resistance with the number of operations.

4.4.4. Material Transfer Analysis

When the arc discharges, the surface of the electrical contact evaporates and splashes,
causing damage to the electrical contact and material loss. Material transfer and material
loss are important indicators for evaluating the life of electrical contacts. After completing
an electrical contact test experiment with 100,000 on-off operations, the mass change of the
contacts was measured using a ME235S electronic balance of the Sartorius Genius series,
and Figure 11 shows the mass change of the anode and cathode of the contact material, as
well as the total mass loss due to arc erosion. Before doping, the material transfer and total
mass loss of AgNi(17) electrical contacts were high, the total mass loss of AgNi contact
materials after doping were decreased, and the material transfer from anode to cathode
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contacts was also improved to some extent compared with that before doping, with a
significant reduction in material transfer, in which the AgNi-Ge contact material showed
the least material transfer and material loss, indicating that it has better electrical properties,
arc erosion resistance, and high thermal stability, and the possibility of degradation under
the influence of arc is smaller. The degree of mass loss of the contact material agrees well
with the simulation results of the thermal stability analysis of the doped AgNi material,
which confirms that the doping can improve the thermal stability performance of the AgNi
contact material.

Anode
Cathode
Total

Mass change(mg)
(e Do
]

T T T T T T T
AgNi(17) AgNi-Ge AgNi-V AgNi-Ta
Figure 11. Mass change of the electrical contact material after 100,000 operations.

4.4.5. Arc Erosion Morphology Analysis

By studying the arc erosion morphology of electrical contacts, the arc erosion resis-
tance of AgNi doped contact materials can also be analyzed. In this study, an Olympus
digital microscope DSX1000 was used to scan the three-dimensional morphology of the
anode contact material after completing 100,000 operations, and the scanned results were
imported into the Origin plotting software (https://www.originlab.com/) to draw the
three-dimensional macroscopic morphology of the contact, as shown in Figure 12. It can be
seen that the surface morphology of the undoped AgNi contacts changed significantly after
arc erosion, producing large pits on the surface, and the surface morphology of the Ge-,
V-, and Ta-doped anode contacts improved significantly after arc erosion, with no deeper
pits and a flatter surface. The ablation area of the Ge-doped AgNi contact material was
obviously reduced, the ablation depth was smaller, and the surface ablation morphology
of the V- and Ta-doped AgNi contact material tended to be dispersed, which made the
ablation of the contact surface more uniform. Therefore, it was initially concluded that
the doping of Ge, V, and Ta improved the arc erosion resistance of the AgNi electrical
contact material.

If the three-dimensional macroscopic morphology of the electrical contact after arc
erosion is only observed, it cannot accurately represent the ablation of the electrical contact
material, so it will be more intuitive and precise to extract the parametric features of the
contact surface morphology to analyze the contact morphology. Therefore, this study
introduces three surface roughness parameters, Sq, Sz, and Sa, to reflect the erosion of the
contact surface, and the following are the definitions and calculation formulas of the three
roughness parameters [31-33]:

Root mean square height (Sq): Represents the root mean square for Z(x, y) within the
evaluation area. The parameter generates good statistics and enables stable results since
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the parameter is not significantly influenced by scratches, contamination, and measure-
ment noise:

Sq = \/ [ 22(x yyndy @
A

3030
2930
2830

2980
(b)
2880
2780
2680 \ S Y 4 p
2580 \ o —— /
2480 a0

2730
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i 26.

B

Figure 12. Contact three-dimensional morphology: (a) AgNi(17), (b) Ge-doped AgNi, (c) V-doped
AgNi, and (d) Ta-doped AgNi.

o

Maximum height (5z): The maximum height Sz is equivalent to the sum of the maxi-
mum peak height Sp and maximum valley depth Sv:

5z = max(Z(x,)) + [min(Z(x,y))| ©)

Arithmetical mean height (Sa): Represents the arithmetic mean of the absolute ordinate
Z (x, y) within the evaluation area and is the mean of the average height difference for the
average plane:

1
Sa= £ J 120, y)|dxdy ®)

The surface morphology information matrix of the contacts was obtained by scanning,
and the surface roughness parameters corresponding to each contact material were cal-
culated by the least-squares method to construct the reference plane so as to analyze the
roughness degree of the contact surface and judge the arc erosion resistance of the doped
AgNi contact material. The surface roughness parameters of the contact material are shown
in Table 8. Sq, Sz, and Sa are 457.669 um, 792.095 um, and 447.425 um, respectively, indicat-
ing that the protrusion height and pit depth on the surface of the contact are large and the
three roughness parameters of the doped AgNi contact material are reduced, indicating
that the surface ablation of the doped AgNi contact material is relatively flat, there are no
huge protrusions and pits, and the ablation area is more homogeneous, which is consistent
with the results of the 3D macroscopic morphological analysis, indicating that the doping
of Ge, V, and Ta plays the role of grain refinement, so that the doped AgNi contact material
presents a flatter overall shape. This further confirms that the doping of Ge, V, Ta can
enhance the arc erosion morphology of AgNi contact material and improve the arc erosion
resistance of the contact material, which provides an effective idea and analytical method
for the study of doping to improve the arc erosion resistance of contact materials.
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Table 8. Surface roughness.

Material Sq (um) Sz (um) Sa (um)
AgNi(17) 457.669 792.095 447.425
AgNi-Ge 400.541 678.712 396.836
AgNi-V 391.546 781.540 385.411
AgNi-Ta 298.472 773.896 292.514

4.5. Other Physical Property Analysis

The hardness and conductivity were experimentally determined, as shown in Table 9.
Compared with the undoped AgNi contact material, the hardness and conductivity of the
Ge-, V-, and Ta-doped contact materials have been changed to a certain extent, in which
the conductivity and hardness of the Ge-doped AgNi contact material have been greatly
improved, which indicates that the doping of Ge makes the crystal structure of the material
aberrated so that the crystal structure is more compact and stable, improving the hardness
of the contact material. At the same time, the doping of Ge changes the electronic structure
of the material so that the free electron movement in the crystal structure becomes more
efficient, reducing the scattering of electrons and improving the electrical conductivity of
the AgNi contact material. V- and Ta-doped AgNi contact material conductivity has been
improved to a certain extent and the hardness is slightly decreased, which indicates that
after the doping of the dislocations are introduced or the crystal structure is changed so that
the material is easier to occur in the plastic deformation, the toughness has been improved.
The experimental results confirm the theoretical analysis.

Table 9. Hardness and conductivity.

Material Hardness (HV) Conductivity (IACS%)
AgNi(17) 88.149 37.0
AgNi-Ge 98.602 44.3
AgNi-V 86.960 38.2
AgNi-Ta 86.995 38.2

5. Conclusions

In this study, the interfacial stability and electronic structure of undoped AgNi as well
as Ge-, V-, and Ta-doped AgNi were investigated using first-principles calculations. The
arc performance and physical properties of the prepared AgNi doped electrical contact
samples were also analyzed experimentally. The findings of this study indicate:

(1) The simulation results show that the stability, electrical conductivity, and physical
properties of the doped materials are improved to some extent. Specifically, the Ge-
doped materials have the highest electrical conductivity, and their hardness is also
improved. V- and Ta-doped materials have improved electrical conductivity, but their
hardness is reduced; however, their toughness is enhanced;

(2) Itis demonstrated that the incorporation of Ge, V, and Ta elements has a significant
effect on the arc behavior of AgNi electrical contact materials. Specifically, the doping
enhances the electrical conductivity of the contact material, which is consistent with
the simulation results, and at the same time reduces the contact resistance of the
material, shortens the arc duration, reduces the arc energy, smooths the arc gradually,
and reduces the welding force. Three-dimensional morphology analysis shows that
the doping of Ge, V, and Ta elements reduces the cracks, holes, and bumps on the
material surface and significantly reduces the arc erosion. Overall, the addition of
Ge, V, and Ta elements improved the physical and electrical properties of the contact
materials and enhanced their resistance to arc erosion;

(38) The doping effect of Ge was the most significant. This doping resulted in the most
significant increase in the electrical conductivity of the contact material; moreover,
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the average arc duration and arc energy were minimized. In addition, the erosion of
the material surface was more uniform, without obvious cracks and holes, and the
material transfer and mass loss were relatively small. Therefore, the Ge element has
the best enhancement effect on the resistance of AgNi contact materials to arc erosion.

This study provides a theoretical basis for screening doping elements to improve the
performance of AgNi electrical contact materials and offers new ideas in this field.
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