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Abstract: AgNi contact materials have received widespread attention with the acceleration of the
process of replacing AgCdO contact materials. However, the practical applications of AgNi contact
materials are limited due to its disadvantage of poor resistance to melting welding. Firstly, following
the first principles of the density functional theory, we simulated and tested an interfacial model
of AgNi doped with varying amounts of Nb. Next, we fabricated AgNi electrical contact materials.
Subsequently, we conducted electrical contact tests. Finally, the impact of Nb doping on the arc
erosion behavior of AgNi electrical contact materials was analyzed. The results indicate that, with
an increase in Nb doping content, the electrical contact performance and the degree of arc erosion
exhibit a trend of initially decreasing and then increasing, which aligns with the simulation results.
The mean values of arc energy, arc duration, and welding force for the material doped with 4.55%
Nb were 181.02 m]J, 9.43 mS, and 38.45 cN, respectively. Moreover, the anode is more responsive
to changes in Nb content compared to the cathode. The introduction of Nb enhances the viscosity
of the molten pool in the AgNi electrical contact. Furthermore, the mechanisms of grain boundary
strengthening and solid solution strengthening by Nb improve the weld performance resistance of
the contact.

Keywords: AgNi electrical contact material; Nb-doped; arc erosion behavior; density functional theory

1. Introduction

As one of the core components in low-voltage electrical appliances, the physical and
electrical properties of electrical contact materials directly determine the stability of low-
voltage electrical equipment [1]. A AgNi contact material has good electrical and thermal
conductivity, low and stable static contact resistance, fast arc movement, good ductility,
and excellent processing performance. Therefore, in recent years, AgNi has become one
of the most extensively researched and vigorously developed cadmium-free silver-based
contact materials. At present, the Ni content in AgNi materials used in various AC and DC
low-voltage control appliances is typically between 10% and 20%. However, in practical
applications, AgNi electrical contact materials suffer from the drawback of poor resistance
to fusion welding. This limitation significantly hinders the widespread application of
AgNi contact materials [2]. With the acceleration of the process of replacing toxic AgCdO
contact materials, AgNi contact materials have received widespread attention. In order
to enhance the performance of electrical contact materials, broaden their applications,
and enhance the operational safety and reliability of switching appliances, improving
the overall performance of AgNi contact materials has become a pressing priority for the
advancement of the field of electrical contacts [3].
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Studies have shown that doping is one of the most important methods in enhancing
the properties of AgNi contact materials. Considering that the electrical or processing
performance characteristics of AgSnO, and AgNi are highly complementary, Xue Tian
combined the two into a AgNi-SnO; material. He explored the sintering process of the
material in detail, as well as the effects of particle size, morphology, and content of Ni
powder on the sintering, sintering fusion organization, and properties of the material [4].
Hu Dekao et al. established an interfacial model of graphene-doped AgNi based on the
first principles. They analyzed the mechanism of doping for AgNi contact materials and
prepared graphene-doped AgNi contact materials using an in situ synthesis method [5].
Wang et al. conducted experimental research on the properties of a Ag/Ni contact material
doped with W and WO3 [6]. Aikun Li et al. investigated the effect of various carbon-based
isomers (carbon nanotubes, graphene nanosheets, and graphite) on the microstructure and
properties of AgNi contact materials. The results indicated that all the carbon isomers
enhanced the resistance to soldering, with graphene nanosheets showing the best arc
erosion performance [7].

AgNi electrical contact materials all generate electrical arcs during the opening and
breaking processes. The contact surface undergoes a series of physical and chemical
changes, such as melting, evaporation, and spattering, under the action of the arc [8].
The structure of AgNi contact materials without additives is very simple. It consists of
two-phase composite materials composed of Ag and Ni, with Ag as the matrix phase and
Ni as the reinforcing phase. Ag and Ni have a poor compatibility; even if the temperature
exceeds the melting point of Ni (1453 °C), the two metals cannot dissolve in each other and
maintain a two-liquid-phase coexistence state. Therefore, AgNi materials are often prepared
by powder metallurgy [9]. In the arc root region, the instantaneous temperature can exceed
2000 °C. At this point, more Ni particles dissolve rapidly. When the arc extinguishes, Ni
will re-precipitate and deposit in the Ag matrix, forming secondary Ni crystalline particles.
With the increase in the number of opening and closing cycles, the original Ni particles
continue to precipitate, forming a layer of fine Ni in the contact area. The strength of its
bond with Ag significantly increases, enhancing the contact resistance and arc erosion
performance [10-13].

Under the action of a high-temperature arc, Nb can be synthesized with Ni into high-
temperature Nb-Ni alloys. The addition of Nb results in fine-crystal strengthening and
diffusion strengthening. It can also facilitate the diffuse distribution of precipitates through
precipitation induction and control of the cooling rate. This process enhances the strength
and toughness of contacts in a wide range, thereby improving material performance [14].
Therefore, this study selected Nb as the dopant to investigate the impact of Nb content on
the electrical contact properties of AgNi contact materials.

The research on doping to enhance the anti-melt welding performance of AgNi has
long been a subject of great interest. However, experimental studies on doping to improve
the performance of AgNi contact materials have been conducted using a “trial and error”
approach, leading to inefficiencies in various aspects. This method involves high invest-
ment and low efficiency, and the screening of additives that can effectively enhance the
properties of contact materials is quite arbitrary. Therefore, there is an urgent need to find
an effective theoretical method to enhance the efficiency of doping to improve the properties
of AgNi contact materials. In light of this, this thesis integrates simulation calculations and
experimental verification based on the first principles of the density functional theory. The
aim is to determine the optimal doping content by calculating and analyzing its electrical
properties. This approach aims to offer a novel research method and concept for enhancing
the performance of AgNi materials in contact applications.

2. Models and Calculation Methods
2.1. Models

Ni and Ag in AgNi alloys are almost immiscible with each other in the solid state,
and the two-phase interface of AgNi materials needs to be analyzed from a microscopic
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atomic point of view. Firstly, the Ag and Ni cell models were optimized to obtain the cell
model structure with the lowest total energy. Subsequently, the optimized cell models were
analyzed on the surface. Previous studies have indicated that, among the bonding config-
urations at the AgNi interface, Ag(110)/Ni(211) exhibits the highest interfacial bonding
energy, making it the most stable option [15]. In addition, the number of atomic layers is
too small to fully reflect the nature of the material, leading to low credibility. Conversely, an
excessive number of atomic layers will result in high computational costs. After conducting
the surface energy convergence test, it was determined that the Ag(110) surface should
consist of 6 atomic layers, while the Ni(211) surface should comprise 3 atomic layers. This
determination was made by balancing the credibility of the calculation results with the
computational cost constraints. The degree of mismatch was reduced by employing the
method of creating supercells to fulfill the criteria of less than 10% mismatch and a 15%
Ni mass fraction. The mismatch degrees in the X and Y directions were 0.81% and 4.32%,
respectively. In order to prevent interaction in the periodic direction of the interface model,
a15 A vacuum layer was included in the Ag(110)/Ni(211) interface model. Ni can dissolve
approximately 30% of Nb by mass fraction, while Ag can only dissolve 0.1%-0.5% of Nb.
Moreover, the formation of an interstitial solid solution necessitates that the ratio of solute
atoms’ diameters to solvent atoms” diameters be less than 0.59. In conclusion, the AgNi
interface is deemed the most suitable solution for the AgNi interface, and an interstitial
solid solution is not required for the AgNi interface. After replacing the freely relaxing Ni
atoms with Nb atoms in the AgNi interface, a model of the AgNi interface with different
doping ratios can be obtained, as shown in Figure 1. As shown in Figure 1a, Ag atoms
near the interface remain in a free relaxation state with Ni atoms to form an interface.
Nb is easily soluble in Ni and almost insoluble in Ag, so Nb atoms replace Ni atoms at
the interface in Figure 1a in different proportions to simulate the actual situation of the
AgNi interfacial material, as shown in Figure 1b—d. From the atomic number of each
atom in Figure 1, the atomic ratio corresponding to each model can be obtained. Based on
the atomic weight of each element, the mass share of each element in its corresponding
AgNi electrical contact material can be calculated, as shown in Table 1. In this paper, the
nomenclature for Nb-doped AgNi electrical contact materials is derived from the mass ratio
of Nb elements as presented in Table 1. For instance, if the mass of doped Nb constitutes
2.29% of the total contact mass, the material is denoted as AgNi-Nb(2.29).
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Figure 1. Modeling of the AgNi interface: (a) AgNi, (b) AgNi-Nb(2.29), (c) AgNi-Nb(4.55), and
(d) AgNi-Nb(6.77).
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Table 1. Atomic ratio, mass ratio of AgNi materials.
Material Atomic Ratio Mass Ratio
AgNi 75%:25% 84.65%:15.35%
AgNi-Nb(2.29) 75%:22.62%:2.38% 83.93%:13.78%:2.29%
AgNi-Nb(4.55) 75%:20.24%:4.76% 83.23%:12.22%:4.55%
AgNi-Nb(6.77) 75%:17.86%:7.14% 82.54%:10.69%:6.77%

2.2. Calculation Method

In this paper, the ultrasoft pseudopotential has been chosen to describe the interactions
between valence electrons and ionic realities. The exchange-correlation energy is treated
by the PBE (Perdew—-Burke-Ernzerhof) generalization under the generalized gradient
approximation, and the BFGS (Broyden-Fletcher-Goldfarb—Shanno) algorithm is used
to simulate the different contents of the Nb-doped AgNi interface models with various
levels of Nb doping [16]. The selected computational parameter settings are as follows: the
truncation energy of the inverse easy space is set to 320 eV, the total energy for SCF self-
consistent convergence is required to be less than 1.0 x 10~ eV /atom, the average atomic
stress should be below 0.5 eV /nm, the tolerance shift must be less than 0.02 nm, and the
maximum stress deviation should not exceed 0.1 GPa. The simulation calculation parameter
setting involves selecting the planar truncation energy and the K-point of the Brillouin zone.
The larger the values of the truncation energy and the K-point, the smaller the calculation
error, and the higher the credibility of the calculation’s results. However, this comes at the
cost of a significant increase in the calculation period and the computational expenses. The
smaller the values of the truncation energy and the K-point, the shorter the calculation
period and the lower the calculation cost. However, this will lead to calculation errors
and a decrease in the credibility of the results [17,18]. Therefore, convergence tests were
conducted on the interface model, integrating the economic aspects of the calculation cost
and the precision of the results to determine the parameter settings for the planar truncation
energy and the K-point of the Brillouin zone, as shown in Table 2. The valence electron
configurations considered for the calculations in this paper are Ag: 5s'4d'?, Ni: 4s23d8,
Nb: 5s'4d*.

Table 2. Simulation parameter setting.

Parameters Ag(110) Ni(211) AgNi Interface Model
Cut off energy/eV 517 400 517
Kpoint 4x3x1 4x3x2 2x9x1

3. Simulation Analysis
3.1. Interfacial Bond Strength Analysis and Wettability Prediction

The interfacial work of separation (W;,p) refers to the reversible work per unit area
required to separate a two-phase interface into two free surfaces. This measurement is used
to evaluate the interfacial bonding strength [19]. When the interfacial separation work is
positive, it indicates that the two interfaces can form a stable interface. The larger the value
of the separation work, the stronger the interfacial atomic bonding force and the higher the
interfacial bonding strength. Conversely, when the interfacial separation work is negative,
it indicates that the interface cannot exist stably.

The Weep for AgNi is expressed as:

Weep = (S0 + B — Ei2iS,) /4 (1)

where Efé”gb and ESl% represent the total energy of the Ag and Ni free surface systems,
respectively; EZ‘;{H represents the total energy of the relaxation interface system; and A

represents the interface area.
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The interfacial energy is the excess energy per unit area of the interface due to atomic
distortion, chemical bonding changes, and structural strain at the interface during the
formation of the interface in the system. It is used to evaluate the interfacial stability [20].
For interfaces composed of different solid-phase materials, the interfacial energy should be
positive. The smaller the value, the higher the interfacial stability. The interfacial energy is
calculated using the formula:

Yint = Oag + ONi — Waep 2)
where o Ag and oyj; represent the surface energy of the free surfaces of Ag and Ni.
Among them:
— (E o Nslab E 24
0 = (Estap — 5y, Evutk) / 3)
bulk

In Equation (3), Egj,p represents the total energy of the optimized surface model, Ep,x
represents the total energy of the optimized cell model, Ngj,;, represents the number of
atoms contained in the surface model, and Np,j; represents the number of atoms contained
in the cell model.

The total energy of the optimized interfacial model, the lattice constants a and b, which
are required for calculating the interfacial area, and the interfacial work of separating AgNi
before and after doping, obtained from the simulation calculations using Equation (1), are
presented in Table 3. Table 4 displays the interfacial energy of AgNi before and after doping,
calculated by substituting the results of simulation calculations into Equations (2) and (3).

Table 3. Interface separation work.

Doping Ratio E5fab(eV) Eslab(ev) Eilr@V)  A(RY)  Wigp(eVIAD)
AgNi —144,207.32 —16,423.96 —160,632.93 36.36 0.045
AgNi-Nb(2.29) —144,207.32 —16,520.62 —160,729.58 33.78 0.049
AgNi-Nb(4.55) —144,207.32 —16,734.64 —160,943.78 35.78 0.051
AgNi-Nb(6.77) —144,207.32 —16,497.87 —160,706.91 36.59 0.047

Table 4. Interface energy.

Doping Ratio Tag (eV) oni (eV) 'y,-nt(eV/Az)
AgNi 0.038 0.150 0.143
AgNi-Nb(2.29) 0.038 0.132 0.121
AgNi-Nb(4.55) 0.038 0.128 0.115
AgNi-Nb(6.77) 0.038 0.147 0.138

According to the data in Tables 3 and 4, the interfacial separation work and interfacial
energy are both positive. This suggests that the AgNi interfacial models, both before and
after doping, can form stable interfaces. The interfacial separation work after doping has
a larger value that that of the undoped AgNi, indicating that the interfacial atoms are
more strongly bound to each other, and the interfacial bonding strength is higher after
doping. The magnitude of their interfacial separation work is in the order of AgNi-Nb(4.55)
> AgNi-Nb(2.29) > AgNi-Nb(6.77) > AgNi. This indicates that the addition of Nb can
effectively enhance the interfacial bonding strength of AgNi. However, the interfacial
bonding strength of the AgNi model begins to decrease with a further increase in Nb
content. From the interfacial energy in Table 4, it can be seen that the addition of dopant
atoms increases the stability of the interface. The stability is enhanced when Nb is doped
by 4.55%. The interfacial bond strength and interfacial stability can predict the wetting
performance of the contact material and, consequently, its electrical contact performance.
The higher the interfacial bond strength, the stronger the interfacial stability, and the
better the material’s wettability. In practical applications, contact materials with better
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wettability can dissolve more Ni particles in the Ag melt pool under the arc’s influence.
This process forms a uniformly dispersed alloy, enhances the viscosity of the melt pool,
reduces spattering loss due to arc erosion, and contributes to improving the performance
of the AgNi contact material. Therefore, the simulation results predict that Nb doping can
improve the wettability and electrical contact properties of AgNi. However, as the doping
content increases, the degree of improvement exhibits a pattern of initial enhancement

followed by a decline.

3.2. Mechanistic Analysis of Interfacial Bond Strength

The density of states can reflect the interaction of individual atoms, as well as doped
atoms, with other atoms in the interface model. It allows us to obtain the distribution
pattern of electrons at different energy values [21]. The total density of states (TDOS)
indicates the energy distribution state of all the electrons in the system, while the fractional
wave density of states indicates the bonding of electrons in different orbitals. Figure 2
shows the density of states of AgNi before and after doping. Panel (a) displays the density
of states of AgNi, while panels (b), (c), and (d) show the density of states of AgNi-Nb
doped with different contents, respectively.
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Figure 2. Density of states: (a) AgNi, (b) AgNi-Nb(2.29), (c) AgNi-Nb(4.55), and (d) AgNi-Nb(6.77).
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From the density of states of AgNi in Figure 2a, it can be observed that the number
of electrons near the Fermi energy level is higher, suggesting that AgNi exhibits a good
conductivity. At —7eV~0 eV, the wave peaks of AgNi mainly originate from the d-orbitals of
Ag elements and the d-orbital contributions of Ni elements. There are obvious overlapping
peaks between the Ag-d orbitals and Ni-d orbitals in the range of —5 eV~—3 eV.

From the density of states of Nb(2.29)-doped AgNi in Figure 2b, it can be seen that
there are clearly overlapping peaks between Ag-d and Ni-d orbitals and Nb-d orbitals
at —5eV~-2¢eV, ie., two-by-two hybridization for bonding orbitals, which produces
interactions, and the Ni-d orbitals continue to hybridize with Nb-d at —2 eV~2 eV. In the
region of 0 eV~7 eV, the wave peaks mainly originate from the Nb-d orbitals.

When the Nb content is increased to 4.55%, the Ag-d orbital cusp shifts to —7 eV, the
density of states value of the Ni-d orbital increases, the orbital overlap peaks become more
pronounced, and the hybridization is more intense; as illustrated in Figure 2¢, within the
—7 eV~—3 eV, the wave peaks mainly originate from the Ag-d orbitals, Ni-d orbitals, Nb-d
orbitals, and Nb-s orbitals. In the region of —3 eV~20 eV, the wave peaks mainly originate
from the Ni-d and Nb-d orbitals.

Figure 2d illustrates the density of states of the Nb-doped(6.77) AgNi interface model.
With the further increase in Nb content, the density of states of the Ni-d orbitals de-
creases, leading to a reduction in the number of electrons at the Fermi energy level. At
—6 eV~—3 eV, the Ag-d orbitals, Ni-d orbitals, and Nb-d orbitals undergo hybrid coupling,
forming bonded orbitals. The main source of the wave peaks does not change significantly.

3.3. Interface Bonding Characterization

The density of states diagram can determine the distribution of electrons in atomic
orbitals and bonding. However, it is challenging to quantitatively describe the strength of
bonding. Therefore, it is necessary to analyze the charge population and bond population
to quantitatively determine the strength of bonding. This analysis should be combined
with the results for the density of states to carry out an analysis of the interface bonding
strength of the micro-mechanism.The Mulliken charge population is used to characterize
the electron transfer between atoms. Atoms that are prone to losing electrons have a positive
charge population, while atoms that are prone to gaining electrons have a negative charge
population [22]. The larger the absolute value of the charge population, the stronger the
ability to gain and lose electrons, and the higher the interfacial bonding strength. Table 5
displays the average charge population of the doped AgNi interfacial model obtained
through simulation.

Table 5. Mulliken charge population.

Mulliken Charge Population

Doping Ratio
Ag Ni Nb
AgNi —0.0040 0.0141
AgNi-Nb(2.29) —0.0052 0.0146 0.1100
AgNi-Nb(4.55) —0.0061 0.0218 0.1800
AgNi-Nb(6.77) —0.0044 0.0130 0.1200

Doping ratios in the table are all wt.%.

Table 5 shows that doping the AgNi interface model with varying amounts of Nb
affects the electron gain and loss capabilities of each atom. Nb atoms have a positive charge
population, suggesting that they all lose electrons during the electron transfer process.
The electron transfer phenomenon becomes more prominent after the AgNi is doped
with Nb(4.55), enhancing the ability of the Ag and Ni atoms to gain and lose electrons.
Additionally, the Nb atom demonstrates a higher charge population, indicating a stronger
ability to gain and lose electrons during the electron transfer process. Nb(2.29)-doped AgNi,
Ag, and Ni atoms experience enhanced electron capacity changes, although the effect is
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less pronounced compared to Nb(4.55) doping. With Nb(6.77) doping, Ag atoms exhibit
increased electron capacity, while Ni atoms show a decrease in electron capacity.

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, resulting in a stronger bonding ability and a more stable chemical bond being
formed [23]. Table 6 shows the range of the bond population corresponding to each valence
bond in the AgNi interfacial model before and after doping, as well as the average values
obtained through simulation. If the value of the bond population is close to 0, a bond may
be formed and it will be strongly ionic. The further the value of the bond population from
0, the more likely the valence bond is to be covalent. If the value of the bond population is
less than 0, it is considered an anti-bond.

Table 6. Bond population.

. . Bond Population
Doping Ratio
Ag-Ni Ni-Nb
AgNi 0.12~0.41/0.27
AgNi-Nb(2.29) 0.22~0.38/0.33 —0.11~0.36/0.24
AgNi-Nb(4.55) 0.24~0.43/0.38 —0.14~0.50/0.31
AgNi-Nb(6.77) 0.04~0.38/0.31 —0.26~0.46/0.15

Doping ratios in the table are all wt.%.

As can be seen from Table 6, the Ag-Ni bonds in the AgNi interfacial model all have
positive values, indicating a certain degree of covalency. At room temperature, AgNi
is a binary system where Ag and Ni are nearly immiscible. At the electronic structure
level, there may be chemical bonds with some degree of covalency between the Ag and Ni
atoms at the AgNi phase interface. At the atomic scale, the formation of Ag-Ni bonds in
specific phase interface regions of the AgNi system is feasible. After doping, a specific bond
fabric residence exists between atoms in all interfacial regions, which is consistent with the
analysis of the interfacial bond strength and the density of states. After doping, the dopant
atoms exhibited both bonding and antibonding states with Ni, influencing the overall
bonding state. The strength of the Ag-Ni bonding in the Nb(4.55)-doped AgNi interfacial
model is the highest, followed by Nb(2.29), and the lowest is Nb(6.77). Therefore, Nb
doping can effectively enhance the AgNi interfacial stability by promoting the formation of
more covalent bonds between Ni and Ag atoms. However, the AgNi interfacial stability
shows a decreasing trend with a further increase in Nb content, although it remains superior
to the undoped model.

The simulations predicted the best interfacial bond strength and the highest interfacial
stability for Nb(4.55)-doped AgNi, which corresponds to the optimal wetting and electrical
contact properties.

4. Experiment
4.1. Preparation of Ag/Ni Contact Materials

For AgNi materials, as the Ni content increases, higher temperatures and longer times
are required to dissolve the original Ni particles in the Ag matrix. During condensation, it
is easy to form a Ni-enriched area and some Ni oxide on the contact’s surface. Therefore,
an increase in Ni content will result in a significantly faster rise in the material’s contact
resistance. Even at a high temperature of 2000 °C, the solubility of Ni in Ag is only about
10%. When the nickel content in the material exceeds 10%, it becomes challenging for the
“dissolution precipitation effect” to fully encapsulate all the original Ni particles [24]. In
this case, the formation of Ni-enriched zones and the generation of oxides are inevitable,
leading to a sharp increase in contact resistance. When the Ni content exceeds 20%, the
above situation almost inevitably occurs. Therefore, the preparation of an undoped AgNi
contact material with a 15% Ni content was chosen, and Ni powder of equal quality was
used to replace the Nb powder for doping.
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In this paper, AgNi contact materials were prepared by combining the high-energy
ball milling method and powder metallurgy method. The prepared AgNi contact materials
weighed 10 g. The atomic ratio of the additives to the mass ratio is shown in Table 1. The
specific preparation process is as follows:

The powders were mixed in a high-energy ball mill by first thoroughly mixing half of
the Ag powder with the Ni powder. Then, the Nb powder was added to the mixed powder
and was homogeneously mixed with the remaining Ag powder again using high-energy
ball milling. All of the aforementioned steps necessitated adding a corresponding amount
of powder to the agate ball milling bottle, followed by the addition of agate balls, with the
ball-to-powder ratio set at 50:1. Agate balls were selected as the grinding material to prevent
impurities during the ball milling and mixing process, thereby enhancing the purity of the
samples. Then, 3 mL of ethanol was added to the ball milling jar as a grinding medium
to enhance the comminution efficiency. This addition helps refine the powder particles
and prevent oxidation of the powder. The speed was set at 200 rpm and 500 rpm, and the
ball milling time was 1 h. The ball milling jars were rotated 360° for multidimensional and
multidirectional movement.

After drying, the composite powder was poured into a 20 mm diameter die and
pressed into flakes. An initial pressure setting of 15 MPa and a holding time of 10 min
resulted in a coin-shaped flake sample. After the initial pressing, the flake sample appeared
to be solid, but the structure was still relatively loose and not dense enough when the
powder was compacted solely by mechanical force. Through the sintering process, the
internal bonding of the sample can be further enhanced, thus improving the mechanical
strength of the material, increasing densification, and reducing internal porosity. The
sintering process was carried out in a vacuum atmosphere at a temperature of 700 °C with
a holding time of 90 min. The temperature was then gradually reduced to 300 °C at a rate
of 10 °C per minute and cooled to room temperature naturally. Further re-pressing and
re-firing were required to increase the overall density of the material. The pressure was
set at 20 MPa, and the holding time was 10 min. The re-pressurized sample was burned to
reduce the particle spacing and increase the level of densification. The process was carried
out in a vacuum atmosphere at 650 °C for 90 min. The samples were then cooled to 300 °C
and allowed to naturally cool to room temperature before being removed. Finally, grinding
and polishing were carried out. Fine water-abrasive paper was moistened and suctioned
flat onto an abrasive disc. The sample embryo was held on the sandpaper, ensuring that
it was directly below the head hole. Grinding was then started. The grinding parameters
were set as follows: grinding time of 2 min, pressure of 20 N, and speed of 90 rpm. After
grinding, the surface of the sample appeared bright and flat, but minor scratches were
still visible to the naked eye. For this reason, a polishing process was used to reduce
the scratches and improve the surface finish of the sample. A tweed polishing disc was
placed flat in the polishing operation position, and the material was then placed on this
disc. The polishing operation involved spraying the polishing compound every 5 s. The
polishing parameters were set as follows: polishing time of 2.5 min, pressure of 20 N, speed
of 150 rpm.

The sheet obtained after the aforementioned steps was processed by wire cutting to
produce an AgNi electrical contact with a diameter of 3.2 mm and a length of 3.3 mm. The
preparation process flow depicted above is shown in Figure 3.
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Figure 3. Process flow for the preparation.

4.2. Preparation of Ag/Ni Contact Materials

The droplet morphology on the solid surface is shown in Figure 4. 8 denotes the wet-
ting angle between the liquid—gas interface and the solid-liquid interface. In other words,
the tangent line to the liquid—gas interface is drawn over the contact point of the solid—
liquid—gas interface, and the angle between this tangent line and the solid-liquid interface.

; gas

solid

Figure 4. Droplet morphology and wetting angle on solid surfaces.

The wetting angle 6 = 0° indicates that the liquid can completely spread on the solid
surface, forming a liquid film, showing complete wettability of the liquid on the solid
surface. A wetting angle within the range of 0° < 6 < 90° indicates that droplets on the
solid surface can partially spread, forming a relatively flat droplet, and the droplets can
partially wet the solid surface, demonstrating good interfacial stability between the two
phases. A wetting angle within the range of 90° < 8 < 180° indicates that droplets on the
solid surface almost do not spread at all, forming a highly protruding “sitting” droplet,
with weak interfacial bonding stability [25]. The wetting angle is between 90° and 180°,
indicating that the droplet almost does not spread on the solid surface, forming a highly
protruding “sitting” droplet, and the interfacial bonding stability is weak.

The detailed procedure for wetting angle measurement is as follows: Firstly, Ag, Ni,
and Nb powders were weighed quantitatively. The total mass of the substrate material was
3 g. If the undoped Ni phase was used as the substrate, 3 g of Ni powder was weighed. If
the Nb-containing Ni phase was used as the substrate, 2.7 g of Ni powder and 0.3 g of Nb
powder were weighed. Additionally, 0.3 g of Ag powder was weighed. Subsequently, the
weighed substrate powder material was placed into the planetary ball mill for mixing. Onyx
balls were used as the ball material, and anhydrous ethanol was added to the grinding
jar. After drying, the substrate material was pressed into a sheet. Since the total mass
of the powder was only 3 g, a pressure of 5 MPa was applied to prevent the substrate
from cracking, and the holding time was set to 5 min. Subsequently, the pressed Ni phase
substrate was placed in a vacuum tube furnace for sintering. The temperature was set
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to 1100 °C, and the holding time was set to 5 min. The sintering temperature was set at
1100 °C, and the holding time was set to 60 min. Afterwards, Ag powder was uniformly
placed on the Ni plate and sintered. This process caused the Ag powder to melt into molten
droplets, ensuring that it could naturally spread on the Ni phase substrate. The melting
point of Ag was 961.93 °C. To ensure complete melting, the sintering furnace temperature
was set to 1050 °C, and the holding time was set to 30 min. Afterwards, the wettability
angle was measured, and the images were captured by a computer to determine the wetting
angle of the Ag powder. A computer was used to intercept the images and measure the
wetting angle on both sides.

Figure 5a—d show the wetting angle measurements of AgNi contact materials before
and after doping, respectively. As can be seen from Figure 5, after doping, the diffusion
between Ag and the substrate is enhanced, the penetration is evident, and the wettability
is improved. The wetting angle of AgNi before and after doping is less than 90°. The
wetting angle of undoped AgNi contact material is close to 90°, indicating poor wettability
between Ag and Ni. After doping, the wetting angles are reduced. The wetting angle
of Nb(4.55)-doped AgNi contact material is the smallest, followed by the wetting angle
of Nb(2.29)-doped AgNi contact material, and finally the wetting angle of Nb(6.77). The
wettability ranking aligns with the ranking of interfacial bond strength.

CA [L] 87.0 CA[L] 55.7
CA [R] 87.0 CA [R] 55.7

CA [L] 46.1 CA[L] 66.5
CA [R] 35.0 CA [R] 66.0

(©) (d)

Figure 5. Wetting angle of Nb-doped contact materials: (a) AgNi, (b) AgNi-Nb(2.29), (c) AgNi-
Nb(4.55), and (d) AgNi-Nb(6.77).

4.3. Electrical Contact Experiments

In this paper, the JF04D electrical contact material performance test system was utilized
to conduct electrical contact simulation experiments, enabling direct measurement of the
electrical contact parameters of each contact. A schematic diagram of the JF04D electrical
contact material test system is illustrated in Figure 6. The test system’s start-up protection
voltage was set at £40 V, with a DC voltage of 24 V, an experimental current of 15 A, an
operational frequency between the contacts of 60 times per minute, and a contact pressure
set at 86 cN. Due to the experimental use of DC voltage and current, the AC arc “zero
rest” phenomenon is absent. This absence leads to more serious contact erosion. Addition-
ally, the JF04D electrical contact material test system does not have an arc-extinguishing
device. Therefore, considering these factors, the number of electrical contacts was set at
10,000 times, with an average value being taken every 100 times as one data point. The



Coatings 2024, 14, 638

12 of 22

JFO04D electric contact material testing system did not have an arc-extinguishing device
installed. Therefore, with the electric contact frequency set at 10,000 times, the average
value for each cycle was established with 100 times being one data point. Electrical contact
performance testing involves using a test stand to simulate the separation action of the
moving and static contacts multiple times to replicate the process of disconnecting and
closing actions. At the moment of separation, a high-temperature arc is generated. At this
point, the energy of the arc near the anode of the moving contact is higher than the energy
of the arc near the cathode of the static contact. The ablation effect of the arc at the anode
of the moving contact is more severe. Therefore, Nb-doped AgNi anode contact material
was mounted on the dynamic contact, and undoped AgNi cathode contact material was
mounted on the static contact to observe the impact of varying levels of Nb doping on the
arc erosion resistance of the AgNi electrical contact material.

1. Dynamic contact (anode)
2. Static contact (cathode)

: © | b
Downward

Fixed platform

Data output

|

I 1

Leftward«<—>Rightward D
Forward @ Backward

Figure 6. JEF04D electrical contact material testing system.

Arc energy, arc duration, and welding force are important parameters for assessing
the performance of contact materials [26]. During the electrical contact performance test
process, the contact material experiences a gradual decrease in dynamic and static contact
pressure upon separation. Consequently, the actual contact surface between the contacts
diminishes, leading to an increase in current density at the contact point. This increase
results in a rapid temperature rise, potentially reaching the melting point of the metal
or even the boiling point of the contacts. This can generate an arc between the contacts,
causing arc erosion, material transfer, and other physical and chemical processes in the
electrical contact material [27]. An arc is a physical phenomenon due to electrical contact
during performance experiments. The degree of arc erosion becomes more serious with
the increase in arc energy, while the arc energy increases with the lengthening of the arc
duration. During the repetitive breaking and closing process of the electric contact surface,
a high-temperature arc is generated, leading to localized melting. The severity of the
contact is determined by the stability of the welding after the melting of the contact. The
force required to separate the welding contact at its smallest breaking point is referred
to as the fusion welding force. When the breaking force is less than the fusion welding
force, the contact cannot undergo normal breaking, contact welding, or electrical function
failure, resulting in a smaller electrical contact welding force being considered better for
anti-melting welding performance with the contact material. Figures 7-9 display the



Coatings 2024, 14, 638

13 of 22

relationship curves between arc ignition energy, arc ignition time, welding force, and the

number of operations with varying Nb doping contents, respectively.
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Figure 7. Curve of arc energy versus number of operations.
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Figure 8. Curve of arc duration versus number of operations.
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As shown in Figure 7, doping with Nb effectively reduces the arc energy of AgNi
contact materials. With an increase in Nb content, the average arc energy of the electrical
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contact materials decreased by 30.53%, 38.26%, and 11.28%, respectively. This enhancement
improves stability, and the distribution of waveform curves ranges from 150 m]J to 310 m].
The arc energy does not show a significant increase with the increase in the number
of passes when doped with Nb. The degree of improvement in performance with the
increase in Nb content showed a trend of initially increasing and then decreasing. Among
them, the Nb(4.55)-doped arc energy decreased significantly, while the Nb(6.77)-doped
arc energy showed a significant difference with the undoped material after only about
5000 passes. In addition, after Nb(4.55) doping, the arc energy decreased significantly
after about 5700 cycles, indicating that with the increase in the number of operations,
the high temperature generated by the arc leads to the melting of the contact surface of
the fine burrs. The surface smoothness was slightly improved, and the arc energy then
declined. With Nb(6.77) doping, until about 7200 cycles, the arc energy did not show a
significant downward trend. By 7500 cycles, the arc energy had continued to rise. The
number continued to rise to around 7500 times. The above phenomenon demonstrates that,
with the further increase in Nb content, the decrease in the basal elements, especially Ni
content, weakened the dissolution—precipitation effect. This led to the formation of many
Nb-Ni alloys and other precipitates, further diminishing the impact of the dissolution—
precipitation effect. Simultaneously, it resulted in material inhomogeneity, intensified
arcing, and serious erosion of the surface morphology.

Arc duration is the time from the start of combustion to extinguishment, and it is
correlated with arc energy. Generally, a higher arc energy results in longer arc durations
and more pronounced erosion effects on the contact surface. Figure 8 shows that the impact
of varying Nb doping content on arc duration is similar to its effect on arc energy. However,
the changes in arc duration are more pronounced than those in arc energy. Specifically,
Nb(2.29) doping results in a slight delay in the decline and subsequent rise in arc duration
compared to other doping materials.

As can be seen from Figure 9, with the increase in Nb content, the fusion welding
force shows a tendency to decrease first and then increase, but the improvement in stability
is not significant. Under the high-temperature arc, the temperature of the arc root area
increases instantly. Ni particles are rapidly dissolved in the Ag droplets in the molten
state. As the arc extinguishes, the temperature decreases, causing the Ni dissolved in
the Ag solution to precipitate. This process easily forms an enriched area on the contact
surface, leading to a sharp rise in contact temperature. Consequently, the metal melting
pool expands, resulting in an increased actual fusion welding area, thereby enhancing the
fusion welding force [28]. During the experimental process, the material between the AgNi
contacts is transferred due to the arc’s action, leading to variations in contact pressure on
the contact surface. These variations subsequently influence the fusion welding force. Nb
can be utilized to achieve a uniform distribution of precipitates by promoting precipitation
and regulating the cooling rate. This approach can also manage the arc in specific local
areas where it initiates ignition, enhancing the resistance to melting and welding. Excessive
amounts of Nb can enhance the strengthening effect of material grain boundaries, hindering
their movement and deformation. This, in turn, increases the resistance to deformation
and thermal deformation during fusion welding, ultimately requiring a higher fusion
welding force.

In addition, by comparing similar research papers, we found that the arc energy of
undoped AgNi(10) electrical contact materials prepared by the high-energy ball milling
method decreased by 60.9% compared to the conventional mixing method [29]. The arc
energy of AgNi doped with 2.29% and 4.55% Nb decreased by 2.5% and 13.4%, respectively,
compared to the same material doped with 1.38% Cu. In contrast, the arc ignition energy of
the material doped with 6.77% Nb increased by 24.4%. The melting force of AgNi contact
materials with three different levels of Nb doping decreased by 44.4%, 47.6%, and 39.2%,
respectively, compared to 1.38% Cu doping [30]. The superiority of Nb-doped AgNi contact
material has thus been proven.
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In summary, the analysis of AgNi electrical contact materials regarding arc energy, arc
duration, and welding force indicates that Nb doping can effectively enhance the degree of
arc erosion of AgNi electrical contact materials and the degree of material transfer. As the
Nb content increases, the degree of arc erosion of the contact initially decreases and then
increases, aligning with the simulation results.

5. Contact Arc Erosion Morphology
5.1. 2D Macroscopic Arc Erosion Morphology

Dynamic and static contacts generate high-temperature arcs during multiple electrical
contacts. The contact surfaces of the contacts undergo metal melting, droplet spattering,
surface spalling, and other phenomena under the ablation of the arc, resulting in changes
in the surface morphology of the AgNi contact material.

Figure 10 shows the scanning electron microscope (SEM) surface morphology of the
anodes and cathodes of AgNi electrical contact materials with varying Nb content doping.
The undoped AgNi contact exhibits severe surface ablation on the anode, characterized by
numerous erosion pits distributed across the entire surface, while the cathode displays a
hill-like bulge. When Nb(2.29) is doped, the number of erosion pits on the anode is greatly
reduced. In some areas, there is no obvious erosion morphology, but there are a small
number of mound-like protrusions and Ag melt flow traces on the cathode. Additionally, a
small number of erosion pits appear in the center of the cathode. When Nb(4.55) is used
for doping, the number, area, and depth of erosion pits are further reduced. The area
affected by Ag melt flow only represents about two-thirds of the contact surface area. The
cathode erosion pits completely disappear, with only a slight elevation remaining. This
indicates that the degree of arc erosion of the contact material decreases as the Nb content
increases. When the Nb content increases to 6.77%, the Ag melt flow area is distributed
across almost the entire contact surface. The number and depth of erosion pits exceed
those when Nb(4.55) is used, leading to an increased degree of cathode surface bulge and
deeper material transfer. At the same doping content, the surface erosion on the anode
is more severe than that on the cathode. Moreover, as the doping content increases, the
morphological changes on the anode surface become more pronounced compared to those
on the cathode. This suggests that the arc erosion resulting from the higher Nb content has
a more significant effect on the anode.

5.2. 3D Macroscopic Arc Erosion Morphology

The 2D macroscopic morphology of the contact can effectively demonstrate the degree
of arc erosion in the X and Y directions and visually indicate the size of the eroded area.
However, SEM pictures cannot capture detailed information about the surface profile of
AgNi contact materials. In this paper, the 3D macro-arc erosion morphology of AgNi
electrical contact material surfaces under different Nb doping contents was collected and
constructed using an OLYMPUS-DSX 1000 3D microscope. The equipment was provided
by Olympus Corporation in Shenzhen, China. In order to more intuitively illustrate the
erosion of the contact surface, this paper only visualizes the surface above 1.7 mm for the
anode and 2.8 mm for the cathode, and obtains the three-dimensional morphology of the
AgNi contact surface as depicted in Figure 11.
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Figure 10. Two-dimensional morphology of AgNi contact surface with different amounts of
Nb doping: (a) AgNi anode, (b) AgNi cathode, (c¢) AgNi-Nb(2.29) anode, (d) AgNi-Nb(2.29)
cathode, (e) AgNi-Nb(4.55) anode, (f) AgNi-Nb(4.55) cathode, (g) AgNi-Nb(6.77) cathode, and
(h) AgNi-Nb(6.77) anode.
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Figure 11. Three-dimensional morphology of AgNi contact surface with different contents of
Nb doping: (a) AgNi anode, (b) AgNi cathode, (¢) AgNi-Nb(2.29) anode, (d) AgNi-Nb(2.29)
cathode, (e) AgNi-Nb(4.55) anode, (f) AgNi-Nb(4.55) cathode, (g) AgNi-Nb(6.77) cathode, and
(h) AgNi-Nb(6.77) anode.

With the increase in Nb content, the 3D morphology of the AgNi contact surface
showed varying degrees of changes. Pits appeared on the anode and peaks appeared on the
cathode. The number of pits and the height of peaks seemed to decrease and then increase
with the increase in Nb content. This suggests that the material transfer direction was from
the anode to the cathode. The Nb content initially reduced and then intensified the erosion
of the arc on the AgNi electrical contacts.

With undoped Nb, a large erosion pit with a depth of 1.6 mm appeared on the
anode contact. In contrast, the anode contact, after doping with 2.29% Nb, exhibited
several erosion pits with a smaller area and a significantly reduced depth of about 0.8 mm
compared to the undoped state. When the Nb content was increased to 4.55%, the dense
erosion pits had disappeared, and the surface of the anode contact appeared to have a
shallow depth of about 0.4 mm. When the Nb content is increased to 6.77%, the erosion pit
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becomes deeper, reaching a depth of 0.9 mm. This depth is rougher than the erosion pit
shown in Figure 11e and will lead to increased erosion of the contacts by the arc.

Under the same doping conditions, the trend of cathode surface changes is essentially
similar to that of the anode. However, the 3D macroscopic morphology changes on the
anode are more severe than those on the cathode. Combined with the two-dimensional
morphology of the anode and cathode, it can be concluded that under the same doping
conditions, the anode is more sensitive to arc erosion than the cathode. The effect of
different Nb doping content on the anode is more pronounced than on the cathode, and
the degree of arc erosion on the surface shows a decreasing and then increasing trend with
the increase in Nb content.

5.3. Characteristics of Microscopic Arc Erosion Morphology

Under different Nb content doping, the arc action resulted in various micro-erosion
features on the contact surface. As can be seen in Figure 12, the arc erosion morphology on
the surfaces of the cathode and anode’s electrical contacts varies with different Nb contents.
Additionally, the surface morphology characteristics of the cathode and anode contacts
differed even with the same Nb content doping.

Second layer

\ 3
First layer

Figure 12. Cont.
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Figure 12. Surface microscopic morphology of AgNi contacts with different contents of Nb
doping: (a) AgNi anode, (b) AgNi cathode, (c¢) AgNi-Nb(2.29) anode, (d) AgNi-Nb(2.29) cath-
ode, (e) AgNi-Nb(4.55) anode, (f) AgNi-Nb(4.55) cathode, (g) AgNi-Nb(6.77) cathode, and
(h) AgNi-Nb(6.77) anode.

On the undoped AgNi contact material anode surface, numerous holes were observed,
mostly in close-to-spherical shapes. Additionally, a clear layering of spatter erosion prod-
ucts was evident. The cathode surface exhibited wider cracks. With an Nb doping content
of 2.29%, the anode surface of the contact still showed remnants of molten silver traces. The
number and size of holes decreased, and the distribution of erosion pits around the cracks
also decreased. When the Nb doping content was 4.55%, the anode contact surface showed
a small amount of molten Ag traces, irregularly shaped spatters, and some pores, while the
cathode surface was smoother than that doped with Nb(2.29), and the pore phenomenon
almost disappeared. When the Nb doping content reached 6.77%, the molten Ag on the
anode surface basically disappeared. Instead, a dense cauliflower-like morphology with
various sizes of spherical spatter particles emerged. Some molten Ag was still present on
the cathode surface, and there was no significant alteration in the density and size of the
pore distribution. However, some coral-like structures of spatters were observed.

Due to the solubility of oxygen in liquid silver (0.3%) being 40 times higher than in
solid silver (0.008%), molten silver absorbs oxygen from the air when exposed to an arc.
When the contact is broken, a change in oxygen pressure causes some of the dissolved
oxygen in the molten silver to escape into the air, while another portion of the oxygen,
due to the rapid solidification of the molten silver, does not escape in time. This leads to
the formation of holes on the surface and inside the contact, affecting the performance of
the AgNi contact material. During the electric contact experiment, when the contact break
occurs and the arc extinguishes, the temperature drops suddenly. As a result, the surface
of the molten layer undergoes rapid cooling and solidification. This rapid solidification
causes an increase in the density of vacancies and dislocations within the molten layer’s
structure. Consequently, the strength of the grain boundaries decreases, leading to an
increased likelihood of crack formation.

Nb can induce the uniform precipitation of Ni, which enhances the densification of
the contact surface and reduces porosity, thereby facilitating arc extinguishing. When
the Nb content is further increased, at the end of the ignition arc, the melt temperature
drops rapidly, resulting in supercooling. This is dependent on the growth of the un-melted
matrix, leading to a negative temperature gradient. Additionally, a large number of Nb-Ni
precipitates form, creating a microstructure with a cauliflower-like morphology.

6. Mechanism of Nb Doping on Arc Erosion of Electrical Contact Materials

The flow in the molten pool influences the erosion pattern and material transfer of the
electrical contact material. In a molten pool, when an electric current passes through the
molten pool, a magnetic field is generated around the current. This magnetic field interacts
with the current, resulting in the Lorentz force, which affects the liquid metal in the molten
pool. As illustrated in Figure 13, the Lorentz force induces a change in the flow direction of
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the molten pool as the current passes through it. This results in the molten pool moving
downward from the center and then upward along the walls. The Lorentz force caused
by the current results in the anode melt pool flowing in the cathode direction, while the
cathode melt pool flows in the opposite direction. This phenomenon makes the spattering
of the anode more pronounced, and the erosion morphology of the cathode surface is
characterized by the flow traces of the Ag melt. The high melting point of Nb, improved
wettability after doping, and lower arc-firing energy enhanced the viscosity of the melted
Ag, reducing droplet splashing and weakening the flow in the melt pool. Consequently,
the surface of the AgNi contact became flatter.

Anode
/'z"! ’!'\‘\ [ Contact
l. N N ¢ ok
DL S [] Molten pool
060\/ \ - o®® P Thermal convection/heat
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X convection
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Figure 13. Physical modelling of AgNi contact molten pool.

In addition, Nb can form stable carbides and nitrides with Ni in the matrix. These
precipitates are generated at grain boundaries, effectively hindering the slip and diffusion
of grain boundaries. This process increases the toughness and strength of grain boundaries.
The precipitates at the grain boundaries can also create dislocation shielding effects, which
prevent the propagation of dislocations and consequently enhance the fatigue resistance
of the material. The operation of the grain boundary strengthening mechanism enables
Nb-Ni alloys to exhibit excellent thermal creep and fatigue resistance in high-temperature
environments. These alloys can withstand prolonged exposure to high temperatures
without undergoing plastic deformation or fracturing easily. By adding an appropriate
amount of Nb in the solid solution state, the matrix grains can be effectively refined, and
the formation of precipitated phases can be promoted. This grain refinement can hinder
the movement and slip of dislocations, increasing the strength and hardness of the material.
The addition of Nb can also reduce the energy of the grain boundary of the alloy, improving
the stability of the grain boundary. This further enhances the hardness and toughness of
the grain boundary region and affects the thermal creep behavior of the alloy, making it
more stable and reliable at high temperatures.

7. Conclusions

In this paper, based on the first principle, an interfacial model of AgNi doped with
varying amounts of Nb was simulated and tested to analyze the interfacial stability and
bonding strength and predict the wettability. After that, AgNi electrical contact materials
with different Nb doping levels were prepared by combining powder metallurgy and
high-energy ball milling. Subsequently, 10,000 electrical contact tests were conducted on
the materials to analyze the arc energy, arc duration, and welding force. The 2D macro-
and microscopic morphologies of the post-test contacts were analyzed using SEM, while
the 3D macro-morphology was constructed and analyzed by a 3D morphology instrument.
Additionally, a contact molten pool model was constructed to analyze the mechanism of
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Nb doping affecting the arc erosion behavior of AgNi electrical contact materials. The
following conclusions were obtained:

(1) The interfacial separation work and interfacial energy of AgNi, as well as various
Nb doping levels, are positive. They all contribute to forming a stable interface after
doping, enhancing the interfacial stability of AgNi. Ag-Ni bonds may form in the
interfacial region of the AgNi phase at the atomic scale. The simulation results suggest
that Nb(4.55)-doped AgNi contact materials exhibit the best wettability and electrical
contact properties.

(2) The Nb doping content significantly affects arc formation and interruption, con-
sequently influencing the electrical properties of AgNi electrical contact materials.
Under different doping levels, the arc energy and arc duration curves of AgNi electri-
cal contact materials exhibit a similar trend. With the increase in Nb doping content,
the average and standard deviation of the arc energy, arc duration, and welding force
show a pattern of initially decreasing and then increasing. This pattern confirms the
accuracy of the simulation results. Under the action of an electric arc, the surface
morphology of AgNi electrical contacts changes as the Nb content increases, following
a trend that is essentially consistent with the results of electric contact experiments.
Under the same conditions, the degree of ablation of the anode contact is more severe
than that of the cathode, and the anode is more sensitive to changes in Nb doping
content than the cathode.

(3) The Lorentz force acting on the liquid metal in the molten pool due to the current
results in spattering on the anode and silver melt flow traces on the cathode. The
inclusion of niobium enhances the viscosity of the molten pool and diminishes droplet
spattering. At the same time, the grain-boundary-strengthening and solid-solution-
strengthening mechanisms of niobium provide the contacts with improved high-
temperature stability, strength, and heat resistance.
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