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Abstract

:

AgW materials exhibit excellent properties and are widely used as contact materials in low- and medium-voltage switches. In this study, a pre-sintering and infiltration method was employed to pre-sinter W powder with Cu, Ni, and (Cu+Ni) additions in the low temperature range of 950–1050 °C. The low-temperature sintering behaviours of W skeletons with different additives were investigated. Subsequently, AgW (70 wt%), AgW (75 wt%), AgW (80 wt%), and AgW (85 wt%) materials were prepared through infiltration at 1050 °C. The microstructure morphology and physical properties of high-W contact materials were investigated using a metallographic microscope and scanning electron microscope. The mechanism of low-temperature sintering–infiltration of high-W contact materials was elucidated. The results indicate that pure W and 1% Cu-added W skeletons experience minimal linear shrinkage within the temperature range of 950–1050 °C. The linear shrinkage curves of W skeletons with different additives coincided under the conditions of 950–1000 °C/90 min. At 1050 °C, after sintering for 150 min, the particle boundaries in the W skeleton were fully spheroidised, with a dihedral angle of 120°. At 1050 °C and after 150 min of infiltration, cross-sectional micrographs of the AgW material revealed the presence of irregular Ni layers, where Ni spatially enveloped/encapsulated Ag. With an increase in the W content, the electrical conductivity and relative density of AgW (70–85) materials decreased, whereas the hardness of the materials increased.
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1. Introduction


Because of its high melting point of 3422 °C, W has become the preferred material in applications such as heating, electrical, and welding [1]. Pure W requires a sintering temperature as high as 2700 °C to be sintered to full density. Such high temperatures impose limitations on the fabrication/preparation of W materials that are sintered to full density. Low-temperature sintering techniques for W have been investigated extensively. German [2] investigated low-temperature sintering of W in the temperature range of 1050–1400 °C. The study demonstrated that the addition of Group VIII transition metals such as Ni, Pd, Pt, Co, and Fe can enhance the sintering kinetics of W powder, reducing its sintering temperature. Notably, Pd was found to be the most effective activated sintering additive. Boonyongmaneerat [1] utilised Ni and Fe as additives for activated sintering of W in the temperature range of 1177–1250 °C. As the Ni content increased, the activation energy decreased, and the diffusion coefficient increased, indicating that Ni-doped W exhibited superior sintering kinetics compared with Fe and (Fe+Ni) doping. Hwang [3] studied the microstructure of pure W and Ni-doped W at a sintering temperature of 1200 °C. The microstructure of pure W exhibited a polycrystalline grain boundary and multiphase surface structure, whereas the Ni-doped grains exhibited reduced polycrystalline grain boundaries and a more rounded surface. This indicates that the Ni-induced grain boundary structural transition can lead to the activated sintering of W.



The combination of W and Ag offers the advantages of W’s high melting point, arc corrosion resistance, high oxidation resistance, and high hardness, along with Ag’s high electrical and thermal conductivity, as well as its excellent ductility. AgW materials exhibit excellent comprehensive performance and can serve as substitutes for pure Ag or Ag alloy contact materials in switch applications, reducing the consumption of Ag. Consequently, AgW has become an indispensable key material in low-voltage electrical switches [4,5,6,7]. AgW materials’ ‘self-spontaneous sweating cooling’ mechanism allows their utilisation at temperatures exceeding 3000 °C, making them useful in fields such as aerospace, electronic engineering, and metallurgy. The preparation methods include the mixed-pressing sintering method [8], the infiltration method [9,10,11,12,13,14], the activated liquid-phase sintering method [15,16], mechanical alloying [17,18,19], the chemical co-precipitation–hydrogen reduction method [20,21], and the sol–gel method [22,23]. The infiltration method is one of the primary techniques used for producing AgW composite materials. Owing to the immiscibility of W and Ag, their sintering performance is relatively poor, making it challenging to sinter them to full density and form a homogeneous microstructure. Compared with conventional powder metallurgy methods, the infiltration method has advantages such as a high density, good sintering performance, and excellent electrical and thermal conductivity. However, in most studies, the infiltration temperature ranged from 1150 to 1350 °C, and the W content of the prepared AgW materials was in the range of 50–75%. There is a scarcity of literature on low-temperature sintering–infiltration below 1100 °C.



In this study, the sintering of W with the addition of Cu and Ni was investigated at temperatures ranging from 950 to 1050 °C. The optimal sintering parameters were determined through shrinkage rate, density, and morphology analyses to obtain excellent W skeletons. Subsequently, AgW (70 wt%), AgW (75 wt%), AgW (80 wt%), and AgW (85 wt%) materials were prepared through infiltration at 1050 °C, and a comprehensive analysis was conducted to investigate the physical properties, morphologies, energy spectra, and metallographic microstructures of the high-W contact materials. This study provides theoretical guidance and reduced costs for the preparation of AgW materials through low-temperature sintering–infiltration.




2. Materials and Methods


2.1. Experimental Materials


In the experiment, W-Ag materials were prepared using the infiltration method with W powder (grade: FW-1; model: FSSS:3.0; manufacturer: Zhuzhou Jincheng Hard Alloy Co., Ltd., Zhuzhou, China). The average particle size was 1.25 μm. In order to prevent large particles from mixing into entering the sintering process, a 74 μm sieve was used to screen W powder. The morphologies of the W, Cu, and Ni powders are presented in Figure 1 and Figure 2.



In Figure 1, the pure W powder particles have a gradient distribution, exhibiting a polyhedral morphology with sharp boundaries and distinct edges. In Figure 2, the Cu and Ni powders exhibit uniform particle sizes and a tendency for particle aggregation.




2.2. Experimental Methodology


Powder mixing: 5 g of W powder was mixed with 1% (relative to the W powder mass) Ni powder, Cu powder, or Ni+Cu powder (with mass ratios of Ni:Cu = 1:9 and Ni:Cu = 1:1) or a small amount of Ag powder. The mixture was ground in a grinding bowl for 30 min to form a composite powder.



Compaction: If the porosity of the W skeleton is too high, the molten Ag cannot fill the pore volume adequately, resulting in excessive residual porosity and a reduced electrical conductivity. Conversely, if the porosity is too low, the molten Ag fills the pores completely, and the excess Ag adheres to the outer surface of the product, leading to an insufficient Ag content within the product. To achieve the desired porosity, the composite powder was compacted into cylindrical preforms using a compaction machine at a pressure of 5–9 MPa.



Sintering: The compacted samples were heated in an H2 atmosphere tube furnace at a rate of 7.5 °C/min. Pre-sintering was conducted at temperatures of 900, 950, 1000, and 1050 °C for 90, 120, and 150 min, respectively, to produce the W skeleton. To remove oxides from the mixed powder, the W powder and additives were uniformly blended and compacted into preforms, which were then subjected to sintering in a tube furnace under an H2 atmosphere. The W skeletons were sintered using the tube furnace illustrated in Figure 3.



A total of 45 samples were co-sintered with different sintering temperatures, times, and additives.



Infiltration: The W skeletons obtained under the optimal conditions were placed in an H2 atmosphere tube furnace. A certain mass of Ag powder was pressed into a Ag disc with the same diameter as the W skeletons and positioned on top of them. As the temperature reached the melting point of Ag, the liquid Ag infiltrated the W skeleton. This process led to the fabrication of contact materials; specifically, the corresponding Ag amounts of AgW (70 wt%), AgW (75 wt%), AgW (80 wt%), and AgW (85 wt%) were 2.15 g, 1.67 g, 1.25 g, and 0.89 g, respectively. The infiltration apparatus is depicted in Figure 4.




2.3. Characterisation


The densities of the samples were measured using the Archimedes method, and the electrical conductivities were determined using a digital eddy current metal conductivity meter. The Brinell hardness of the samples was measured using a microhardness tester, and their diameters were measured using a micrometre screw gauge. The microstructure of the AgW material was examined using a Nikon-MA100N (manufacturer: Nikon Corporation, Tokyo, Japan) metallographic microscope, and the morphology and energy spectrum of the W skeleton and AgW material were examined using a Hitachi S-3400N (manufacturer: Hitachi, Ltd., Tokyo, Japan) scanning electron microscope.





3. Results and Analysis


3.1. Sintering Performance of W Skeletons


After the sintering, the sintering performance, including the linear shrinkage (  Δ L /  L 0   ) and densification parameters (  ρ ˜  ), was determined according to the measured mass and dimensions, as shown in Figure 5.



As shown in Figure 5a, both pure W and W powder with 1% Cu addition had minimal shrinkage within the temperature range of 950–1050 °C. The curve at 950 °C for a soaking time of 90 min overlapped the curve at 1000 °C for a soaking time of 90 min, and the maximum shrinkage rate was 0.5%. This indicated that within the temperature range of 950–1000 °C, with an increase in temperature and a constant soaking time, the linear shrinkage of W skeletons with different additive ratios did not vary significantly. However, as the temperature reached 1050 °C with a 90 min soaking time, the shrinkage sharply increased. This indicated that within the temperature range of 1000–1050 °C, with an increase in the temperature and a constant sintering time, the linear shrinkage of W skeletons with different additive ratios increased with temperature. Furthermore, the linear shrinkage increased with sintering time and Ni content. The W skeleton with a 1% Ni addition exhibited a maximum linear shrinkage of 2.194% when soaked at 1050 °C for 150 min.



The densification parameter [24] is defined as


   ρ ˜  =    ρ s  −  ρ g    1 −  ρ g     



(1)




where    ρ g    represents the relative density of the compacted sample,    ρ s    represents the relative density after sintering, and   ρ ˜   is the densification parameter.



As shown in Figure 5b, no significant differences were observed between the densification parameters for pure W and W with a 1% Cu addition. Conversely, when Ni was present in the W powder, the densification parameter increased significantly with an increase in the Ni content. The highest densification parameter was achieved at 39.5% Ni for a soaking time of 150 min at 1050 °C. Pure W sintering requires temperatures as high as 2700 °C to achieve a similar density. Shrinkage was induced by the diffusion of W at the particle boundaries. The addition of a small amount of Ni in the W powder significantly improved the densification of W. According to the results for the sintering performance, W powder with a 1% Ni addition exhibited the highest linear shrinkage rate and densification parameter when soaked at 1050 °C for 150 min.




3.2. Morphologies of Sintered W Skeletons


Under the condition of 150 min of soaking at 1050 °C, the morphologies of W skeletons with different additive ratios are presented in Figure 6.



As shown in Figure 6a–c, the particle boundaries of W were not fully rounded, and the microstructure consisted of irregular pores and W particles, indicating that the sintering process remained in its initial stage. In contrast, in Figure 6d, the particle boundaries of W are predominantly rounded, and various sizes of pores exist within the W skeleton. Among the samples examined, the W skeleton with the 1% Ni addition had the best morphology and porosity.



To increase the infiltration efficiency of Ag, a small amount of Ag powder was mixed uniformly with W powder, and the mixture was sintered under 150 min of soaking at 1050 °C. This process formed W skeletons containing Ag, as shown in Figure 7.



In Figure 7, compared with Figure 1b, the particle boundaries of W are predominantly rounded, and the sharp edges are blurred. Furthermore, the image shows sintering bonding between large particles, between small particles, and between large and small particles, as well as agglomerates of small particles bonded to large particles. The average particle size was 1.7 μm, as measured by scanning morphology, due to particle growth and bonding during sintering. In particular, Figure 7a shows noticeable sintering bonding between two W particles, which aligns with the double-sphere model. The dihedral angles between the particles shown in the figure tend to be approximately 120°. The interfacial tension and dihedral angle [25] follow the equation


   γ  S S   = 2  γ  S L   cos    ψ 2     



(2)




where    γ  S S     represents the solid-phase interfacial tension,    γ  S L     represents the liquid–solid-phase interfacial tension, and  ψ  represents the dihedral angle.



According to Equation (2), as the dihedral angle decreases, the liquid phase can more deeply infiltrate the solid-phase interface. When the dihedral angle is 0°, the liquid phase entirely encapsulates the solid phase. When the dihedral angle is 120°, the liquid phase cannot penetrate the solid-phase interface, resulting in solid-phase sintering only. Solid-phase sintering occurs at the contact surfaces between particles, allowing them to bond and form a strong skeleton. The reduction in the centre-to-centre distance between adjacent particles results in the overall densification and shrinkage of the powder. The strengthening effect of pre-sintering is attributed to the limited densification and inter-particle bonding arising from grain boundary diffusion [26].




3.3. Infiltration of AgW Materials


The results of infiltrating W skeletons with different additives at 1050 °C for 150 min are presented in Figure 8.



Figure 8a presents the infiltration with a 1% Cu addition (relative to the W powder mass). As shown, the surface contour of the W skeleton disc was clear, whereas the Ag compact on the W skeleton melted and formed liquid droplets during the infiltration process. However, the liquid Ag did not penetrate the W skeleton. Subsequently, upon cooling in the furnace, the liquid Ag solidified into spheres. This suggested that Ag did not infiltrate the W skeleton with the Cu addition. Figure 8b presents the infiltration with a 1% (Cu+Ni) addition (relative to the W powder mass). The results indicate that for the sample with Ni:Cu = 1:9, the surface Ag layer was relatively thick and convex, suggesting a relatively large wetting angle. This observation implied that during the infiltration process, Ag only partially infiltrated the W skeleton. In comparison, the sample with Ni:Cu = 1:1 had a convex surface with a smaller contact angle, indicating that Ag partially infiltrated the W skeleton, with a higher degree of infiltration compared with the Ni:Cu = 1:9 sample. Figure 8c presents the infiltration with 1% Ni addition (relative to the W powder mass). As shown, the surface of the sample was relatively flat, with no Ag on the side surface. However, both the upper and lower surfaces had solidified Ag structures. This indicated that Ag fully infiltrated the W skeleton.



In summary, as the Ni content in the W skeleton increased, the Ag infiltration exhibited the following transition: no infiltration → partial infiltration → complete infiltration.




3.4. Metallographic Microstructures of AgW Materials


In this study, a small amount of Ag was added to W powder, followed by the addition of 1% Ni (relative to the W powder mass). The mixture was thoroughly blended and then compacted to form samples. Subsequently, the samples were subjected to a pre-sintering process at 1050 °C for 150 min. According to the W content, Ag compacts were prepared, and they were infiltrated at 1050 °C for 150 min to produce AgW (70 wt%), AgW (75 wt%), and AgW (80 wt%),AgW (85 wt%) materials. Cross-sectional images of the metallographic microstructures are presented in Figure 9, and the longitudinal sections are presented in Figure 10.



As shown in Figure 9, Ag filled the pores in the W skeleton and was distributed uniformly. As the W content increased and the Ag content decreased, a noticeable Ag layer was present in the cross-sections of AgW (70 wt%) and AgW (75 wt%), whereas no Ag layer was observed in the cross-sections of AgW (80 wt%) and AgW (85 wt%).



As shown in Figure 10, a noticeable Ag layer was present in the longitudinal sections of AgW (70 wt%), AgW (75 wt%), and AgW (80 wt%), whereas no significant Ag layer was observed in the longitudinal section of AgW (85 wt%). Ag filled the pores in the W skeleton and was distributed relatively uniformly.




3.5. Morphologies and Elemental Distributions of AgW Materials


The cross-sectional and longitudinal morphologies, along with the elemental mapping of AgW (70 wt%), AgW (75 wt%), and AgW (80 wt%) were similar. However, compared with the former, AgW (85 wt%) had a different morphology. AgW (80 wt%) and AgW (85 wt%) are presented in Figure 11, Figure 12, Figure 13 and Figure 14.



Figure 11a–c present the cross-sectional morphology of AgW (80 wt%). In Figure 11a,b, a Ag layer can be observed. The elemental distribution in Figure 11c is consistent with the intended composition of the AgW (80 wt%) material. Furthermore, Ag was uniformly distributed in the interstices between the W particles.



Figure 12a,c present the longitudinal morphology of AgW (80 wt%), which was characterised by a distinct Ag layer. Figure 12b shows a uniform composition, with no noticeable defects. No noticeable Ag layer was present, and Ag was uniformly distributed in the interstices between the W particles. The overall elemental mapping in Figure 12(d4) reveals the encapsulation of Ag by Ni, which formed a Ni layer.



Figure 13a,b present the cross-sectional morphology of AgW (85 wt%), which was characterised by no significant Ag layer but noticeable voids. The elemental distribution in Figure 13c is consistent with the intended composition of the AgW (85 wt%) material, with Ag uniformly distributed in the interstices between W particles. However, the distribution of Ni exhibited aggregated regions, which appeared to be distributed in patches. In the central area of Ni, no Ag was detected.



Figure 14a–c illustrate the longitudinal morphology of AgW (85 wt%), revealing no significant Ag layer but noticeable voids. The elemental distribution in Figure 14d is consistent with the intended composition of the AgW (85 wt%) material, with Ag uniformly distributed in the interstices between W particles. However, the distribution of Ni exhibited aggregated regions, which appeared to be distributed in patches. In the central area of Ni, no Ag was detected. This is attributed to the relatively low Ag content, as Ag penetrated the W skeleton but did not completely fill the voids within the W skeleton, as shown in Figure 13 and Figure 14. In contrast, Ni has a melting point of 1453 °C; therefore, at the experimental temperature of 1050 °C, it did not form a liquid phase with sufficient fluidity. Conversely, the small amount of Ag formed a liquid state, and because of its good wettability with W, it fully penetrated the pores within the W skeleton. Therefore, the phenomenon of Ni encapsulating Ag cannot be observed in Figure 13a,b and Figure 14a–c.




3.6. Physical Properties of AgW Materials


The electrical conductivity, relative density, and Brinell hardness of the AgW (70 wt%), AgW (75 wt%), AgW (80 wt%), and AgW (85 wt%) materials are presented in Figure 15.



Figure 15 indicates that as the W content increased, the Ag content decreased. Meanwhile, the relative density and electrical conductivity of the AgW materials decreased, whereas the hardness increased. Among the samples, AgW (70 wt%) exhibited the highest Ag content and relative density. This is because the Ag fully infiltrated the pores of the W skeleton, minimising the porosity of the skeleton. As the Ag content decreased, the amount of Ag filling the W skeleton decreased. Thus, the residual porosity increased from AgW (70 wt%) to AgW (85 wt%), corresponding to a reduction in the relative density. Ag has a higher electrical conductivity than W; therefore, AgW materials with higher Ag contents exhibited higher electrical conductivity. Conversely, W has a higher hardness than Ag; thus, AgW materials with higher W contents exhibited higher hardness. Compared with the AgW (70 wt%) without Ag and Ni in the reference [10], the AgW (70 wt%) with Ag and Ni prepared in this paper had a higher density, lower resistivity, higher hardness. Compared with the AgW (70 wt%) without Ag and Ni in reference [11], the AgW (70 wt%) with Ag and Ni prepared in this paper had a higher density, lower resistivity, higher hardness.




3.7. Thermo-Kinetic Analysis of W Skeleton Sintering


The interfacial energy equation is


  Δ   γ A   = Δ γ A + γ Δ A  



(3)




where   γ A   represents the total interfacial energy of the powder compaction,  γ  represents the specific surface (interfacial) energy, and A represents the total surface (interfacial) area of the compaction.



The total interfacial energy can be divided into two components, where the variation in interfacial energy (  Δ γ  ) is caused by densification and the variation in interfacial area (  Δ A  ) is induced by grain coarsening. The reduction in the total interfacial energy leads to the sintering phenomena of densification and grain growth and serves as the thermodynamic driving force for sintering. The addition of a small amount of Ni to the W powder significantly enhanced densification. During sintering, the W skeleton particles grew in size, and the particle boundaries transitioned from sharp corners to more rounded shapes. In this process, the excess surface energy and lattice distortion energy within the W powder compact decreased; thus, the compact transitioned from a high-energy state to a low-energy state following sintering. Within the temperature range of 1100–1500 °C, grain boundary diffusion was the dominant mechanism for material transport during W sintering. The addition of Ni improves the wetting behaviour of Ag on W surfaces. The driving force of sintering is the reduction in the system’s surface energy [27]. At 1070 °C, the surface energy of the system decreased by 5% during the Ag infiltration.



Other driving forces of sintering include the differences in volume pressure, vacancy concentration, and vapour pressure, which are induced by variations in particle surface curvature [28]. The pressure difference   Δ P   is given as


  Δ P ≈    γ s   r   



(4)







The difference in vacancy concentration   Δ  C ν    is given as


  Δ  C ν  =  C  ν , ∞      V m ′    R T      γ s   r   



(5)







The vapour pressure difference   Δ P   is given as


  Δ P =  p ∞     V m    R T      γ s   r   



(6)







Here,    γ s    represents the specific surface energy of the solid (solid surface energy),    V m ′    represents the molar volume of vacancies, and    V m    represents the molar volume of the solid. r represents the curvature radius of the sintered neck, R is the gas constant (8.3 J/mol·K), and T represents the temperature. In Equations (4)–(6), the pressure difference, vacancy concentration difference, and vapour pressure difference are all inversely proportional to the curvature radius of the sintered neck. A smaller curvature radius leads to a larger sintering driving force, which facilitates material transport. Material transport is induced by the differing curvatures of the sintered neck interfaces. The flow of viscous substances/materials or atomic diffusion from grain boundaries reduces the particle spacing, leading to densification. Therefore, grain boundaries induce the densification and shrinkage of the W skeleton through material transport. The non-soluble sintering additives aggregate at the contact area between W particles, providing high diffusion pathways for W atoms, which reduces the activation energy for W transport. The acceleration of mass transport results in the rapid rounding of pores and grain growth. Gessinger et al. [29,30] attributed the activated sintering to enhanced grain boundary diffusion. Kaysser [31] found that the rate of grain boundary diffusion in Ni-doped W was 500–5000 times higher than that in undoped W. The enhanced grain boundary diffusion is the reason for the activated sintering in Ni-doped W.




3.8. Infiltration Mechanism Analysis


AgW (70 wt%)-85 materials were prepared using the infiltration method, and three stages of the infiltration process were identified through optical microscopy, scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy, as shown in Figure 16.



	
Solid-phase sintering:






Ag powder was pressed onto the W skeleton, and the sample was placed in an H2 atmosphere tube furnace for infiltration. No liquid phase was observed in the temperature range from room temperature up to 960 °C. However, under Ni activation, secondary sintering of the W skeleton occurred. According to the W-Ni phase diagram, solid-phase diffusion and mutual solubility were present between the W and Ni elements. Additionally, a small amount of Ag existed in the W skeleton. Its atomic diffusion in the W skeleton followed Equations (7) and (8), which describe the diffusion of Ni in Ag and W [32].


   D  N i → A g   = 21.9 exp     − 54.8 ×   10  3    R T      



(7)






   D  W → N i   = 2.0 exp     − 71.5   R T      



(8)







According to the magnitude of the frequency factor, it can be inferred that diffusion of Ni in Ag was the dominant mechanism during the solid-phase sintering at this stage. As the temperature increased to 960 °C, the solid-state Ag gradually softened and liquified, reducing the wetting angle.



	
Liquid-phase flow infiltration:






Within this temperature range, both the small amount of Ag in the W skeleton and the infiltrating Ag were in a liquid phase. Owing to the fluidity of Ag, the liquid Ag coalesced into a continuous structure, and the small amount of Ag in W functioned as a conductive agent, facilitating conduction. The addition of Ag during the pre-sintering process significantly enhanced the flowability of the infiltrating Ag, promoting densification [14]. The skeleton formed between W particles creates a network of capillaries. Under the capillary forces, the infiltrating Ag flows through/along the channels formed by Ag in the W skeleton, gradually filling the pores, which densifies the material. This process is classified as liquid-phase infiltration. Meanwhile, the Ni-encapsulated Ag particles in the W skeleton remain in the solid phase because the conditions are inadequate for alloy formation. The diffusion of Ni in Ag continues, and its rate increases with temperature. As the temperature increases, the wettability of Ag to W improves, reducing the wetting angle. The soaking begins at 1050 °C. Ag infiltrates the W skeleton, filling the pores. At the end of this stage, the W skeleton is densified. The combined effects of liquid-phase flow and solid-phase diffusion improve the interfacial condition between particles, increasing the bonding strength of the W skeleton.



	
Liquid-phase solidification and pore filling:






This stage is known as the furnace cooling stage. After the second stage, the Ag in the W and the infiltrating Ag liquefy and fill the pores in the W skeleton, connecting to form a continuous structure. The liquid Ag solidifies, whereas Ni improves the wettability of Ag to W throughout the infiltration process and facilitates the formation of sintered necks between W particles. Consequently, the material achieves a relative density close to 100%.





4. Conclusions


W skeletons were prepared through a pre-sintering–infiltration method within the low temperature range of 950–1050 °C, followed by AgW (70 wt%), AgW (75 wt%), AgW (80 wt%), and AgW (85 wt%)) material preparation through infiltration at 1050 °C. The physical properties, morphologies, energy spectra, and metallographic microstructures of these high-W contact materials were investigated in detail. The following conclusions can be drawn:




	(1)

	
Pure W and W powder with 1% Cu addition exhibited minimal shrinkage in the temperature range of 950–1050 °C. The linear shrinkage of the sintered skeleton with the addition of (Ni:Cu = 1:9/1:1, 1% Ni) to the W powder remained relatively constant within 90 min of sintering at 950–1000 °C.




	(2)

	
At 1050 °C and 150 min of sintering, the densification of the W skeleton was characterised by the complete globalisation of the grain boundary with a dihedral angle of 120°.




	(3)

	
The AgW materials obtained through infiltration at 1050 °C for 150 min exhibited irregular Ni layers formed by the spatial encapsulation of Ag.




	(4)

	
With an increase in the W content, the electrical conductivity and relative density of the AgW (70 wt%), AgW (75 wt%), AgW (80 wt%), and AgW (85 wt%) materials decreased, whereas the hardness of the materials increased.
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Figure 1. Morphology of pure W powder: (a) 20 μm; (b) 5 μm. 
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Figure 2. Morphologies of (a) Cu and (b) Ni powders. 
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Figure 3. Schematic of the sintering apparatus. 
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Figure 4. Schematic of the infiltration apparatus. 
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Figure 5. (a) Linear shrinkage and (b) densification parameter curves of W skeletons with different additives. 
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Figure 6. Post-sintering morphologies of W skeletons with different additive ratios: (a) 1% Cu; (b) Cu:Ni = 1:9; (c) Cu:Ni = 1:1; (d) 1% Ni. 
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Figure 7. Morphology of 1% Ni-doped AgW after sintering. (a) 3 μm; (b) 2 μm; (c) 3 μm; (d) 3 μm. 
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Figure 8. Infiltration of Ag into the W skeleton: (a) 1% Cu; (b) Ni:Cu = 1:9, Ni:Cu = 1:1; (c) 1% Ni. 
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Figure 9. Cross-section images of the metallographic microstructures of AgW materials: (a) AgW (70 wt%); (b) AgW (75 wt%); (c) AgW (80 wt%); (d) AgW (85 wt%). 
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Figure 10. Longitudinal sections of the metallographic microstructures of AgW materials: (a) AgW (70 wt%); (b) AgW (75 wt%); (c) AgW (80 wt%); (d) AgW (85 wt%). 
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Figure 11. Cross-sectional SEM images of AgW (80 wt%): (a) 10 μm; (b) 30 μm; (c) 30 μm. (d) Elemental surface scans corresponding to (c). 
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