Optimized Fabrication and Characterization of Lap-Shear Joints Using Nano-Silver Powder Sintering for High-Power Electronics
Abstract
The increasing demand for high-performance and reliable interconnection materials in microelectronics and power electronics has accelerated the development of advanced bonding technologies. This study presents a novel, optimized fabrication process for lap-shear joint specimens using nano-silver powder sintering, specifically designed for high-power electronic packaging applications. High-purity copper substrates were bonded using NanoTach® Paste, a commercial nano-silver material, through a precisely controlled sintering process integrated with an Internet of Things (IoT)-based system for real-time monitoring and regulation of critical parameters, including temperature, pressure, and atmosphere. The optimized process parameters—sintering temperatures up to 280°C, applied pressures between 1.0 and 1.5 MPa, and a reducing H₂-N₂ atmosphere—resulted in lap-shear joints exhibiting superior mechanical properties. The fabricated joints achieved an average shear strength exceeding 50 MPa, thermal conductivity in the range of 250–420 W/m·K, and low electrical resistivity of 2.60 × 10⁻⁶ Ω·cm. Microstructural analyses revealed dense, uniform sintered silver layers with cohesive failure modes, confirming excellent interfacial bonding and structural integrity. These findings demonstrate the potential of IoT-assisted nano-silver sintering as a reliable interconnection technology for next-generation high-power and high-reliability electronic devices.
1. Introduction
The rapid advancement of microelectronics and power electronics has significantly increased the demand for high-performance interconnection materials that offer superior mechanical strength, excellent thermal conductivity, and reliable electrical performance. Applications such as electric vehicles, renewable energy systems, and high-power semiconductor devices require bonding solutions capable of sustaining high current densities, dissipating heat efficiently, and ensuring long-term mechanical integrity under harsh operating conditions. The global power electronics market is projected to exceed USD 45 billion by 2026, driven by the proliferation of electric mobility and renewable energy technologies [1].
Conventional soldering materials, including both lead-based and lead-free alloys such as Sn-Ag-Cu, remain the dominant interconnection solutions in electronic packaging. However, they exhibit several inherent limitations. Lead-free solders typically require high processing temperatures, often exceeding 200°C, which may pose reliability concerns for temperature-sensitive components [2]. Furthermore, traditional solder alloys have relatively low thermal conductivity—ranging from 30 to 40 W/m·K—which is inadequate for modern high-power applications requiring efficient heat dissipation [3]. In addition, concerns over electromigration, thermal fatigue, and compliance with environmental regulations such as RoHS have driven the search for more sustainable and reliable interconnection alternatives [4].
Nano-silver sintering has emerged as a promising bonding technology to address these challenges. Owing to their high surface energy and enhanced diffusivity, nano-silver particles can form robust metallurgical bonds at relatively low sintering temperatures (as low as 150°C), while maintaining superior thermal conductivity in the range of 250–420 W/m·K and excellent electrical performance [5,6]. Silver’s inherent oxidation resistance—stable in air up to 800°C—further enhances the long-term reliability of nano-silver sintered joints [7]. Several studies have demonstrated the mechanical advantages of nano-silver sintering, with lap-shear joints achieving shear strengths exceeding 50 MPa under optimized conditions, significantly outperforming conventional solder joints (~30 MPa) [8,9]. In addition, sintered silver joints exhibit enhanced reliability under thermal cycling, maintaining mechanical and electrical integrity even after 1,000 cycles between -55°C and 150°C [10].
Despite these advantages, several challenges remain in optimizing the nano-silver sintering process to ensure consistent joint quality and reliability. Many existing studies focus on fundamental material characterization or simple die-attach applications [11–13]. Limited attention has been paid to the systematic fabrication and mechanical evaluation of lap-shear joint specimens—an essential testing configuration to assess joint strength and failure mechanisms under shear loads commonly encountered in power electronics modules [14]. Moreover, few studies have explored the integration of advanced process monitoring and control technologies, such as Internet of Things (IoT)-based systems, to enhance process consistency, repeatability, and reliability [15].
This study aims to address these gaps by developing and validating an optimized fabrication process for lap-shear joint specimens using nano-silver powder sintering. An IoT-integrated sintering system was employed to enable precise real-time monitoring and control of critical process parameters, including temperature, pressure, and atmospheric conditions. The resulting joints were systematically characterized in terms of mechanical strength, thermal conductivity, and electrical performance. The outcomes of this research demonstrate the potential of IoT-assisted nano-silver sintering as an effective and reliable interconnection technology for next-generation high-power and high-reliability electronic packaging applications.
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2. Materials and Methods
2.1. Nano-Silver Paste
In this study, NanoTach® Paste (NBE Technologies, LLC, USA) was employed as the nano-silver bonding material. This commercially available paste is specifically designed for high-performance electronic packaging applications, offering superior thermal, mechanical, and electrical properties compared to conventional lead-based or lead-free solder alloys [1,2]. NanoTach® Paste consists predominantly of nano-sized silver particles with a high degree of purity and a narrow particle size distribution, ensuring consistent sintering behavior and optimal joint performance.
Composition of NanoTach® Paste
The composition of NanoTach® Paste is summarized in Table 1. The paste comprises over 80% by weight of nano-sized silver powder, ensuring high metallic content for dense sintered structures. The remaining constituents include organic binders (10–20 wt.%) to facilitate printing and handling, organic solvents (<10 wt.%) to adjust viscosity, and stabilizing additives (<5 wt.%) to enhance dispersion stability and prevent premature agglomeration during storage [3].
Table 1. Composition of NanoTach® Paste
	Component
	Description

	Nano-sized Silver Powder
	>80% by weight

	Organic Binder
	~10–20% by weight

	Organic Solvent
	<10% by weight

	Stabilizing Additives
	<5% by weight


Physicomechanical Properties of NanoTach® Paste
The key physicomechanical properties of the NanoTach® Paste, measured after the sintering process, are detailed in Table 2. The sintering temperature of the paste is ≤275°C, which allows for compatibility with temperature-sensitive components. After sintering, the material achieves a high density (≥7.90 g/cm³) and an elastic modulus ranging between 10 and 30 GPa, ensuring a stiff and robust bond line. The adhesive bond strength of ≥20 MPa makes it suitable for applications requiring mechanical reliability, such as die-attach and high-power semiconductor packaging [4,5].
In terms of electrical properties, the paste exhibits a low electrical resistivity of 2.60 × 10⁻⁶ Ω·cm, promoting efficient electrical conduction. Its coefficient of thermal expansion (CTE) is 19.6 µm/m·°C, closely matching that of common semiconductor materials such as copper and silicon. Additionally, the thermal conductivity is ≥2.00 W/m·K, enhancing heat dissipation in high-power devices [6].
The pre-sintering viscosity of 750,000 cP makes it compatible with conventional screen or stencil printing techniques. The product has a shelf life of up to 12 months under recommended storage conditions (below 10°C), ensuring prolonged usability without compromising material quality [7].
Table 2. Physicomechanical Properties of NanoTach® Paste (Post-Sintering)
	Property
	Value
	Notes

	Density
	≥7.90 g/cm³
	Measured after sintering

	Elastic Modulus
	10–30 GPa
	Indicates material stiffness

	Adhesive Bond Strength
	≥20 MPa
	Evaluated in chip bonding applications

	Electrical Resistivity
	2.60 × 10⁻⁶ Ω·cm
	Reflects high electrical conductivity

	Coefficient of Thermal Expansion
	19.6 µm/m·°C
	Compatible with semiconductor substrates

	Thermal Conductivity
	≥2.00 W/m·K
	Ensures efficient heat dissipation

	Sintering Temperature
	≤275°C
	Enables low-temperature processing

	Pre-sintering Viscosity
	750,000 cP
	Suitable for screen and stencil printing

	Shelf Life
	12 months
	Under recommended storage conditions


Summary
The optimized composition and physicomechanical properties of NanoTach® Paste make it an ideal candidate for high-reliability interconnection applications in microelectronics and power electronics. Its low-temperature sintering capability, high mechanical integrity, and superior thermal and electrical performance provide a competitive advantage over conventional solder materials [8,9].
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2.2. Metal Powder Sintering System
An advanced metal powder sintering system was utilized in this study to fabricate high-precision lap-shear joints. The system is specifically designed to achieve high reproducibility and control over critical process parameters, including temperature, pressure, sintering time, and atmospheric composition. Precise process control is essential for optimizing the mechanical, thermal, and electrical performance of nano-silver sintered joints [1,2].
System Configuration
The sintering system integrates multiple components to ensure accurate control and monitoring throughout the entire process. A schematic representation of the system is shown in Figure 1, and its key components are described below:
1. Mold Assembly: Securely holds the copper substrates and nano-silver paste in place, ensuring uniform distribution of pressure and alignment during sintering.
2. Heating Element (Ring Heater): Provides controlled and uniform heating to the mold to facilitate the sintering process.
3. Thermal Insulation Layer: Reduces heat loss and enhances temperature stability within the sintering chamber.
4. Press Mechanism (Punch and Sliding Shaft): Applies vertical pressure to consolidate the nano-silver particles and promote densification of the joint interface.
5. Force Sensor: Continuously monitors and regulates the applied pressure during sintering to maintain optimal bonding conditions.
6. Temperature Sensors: Measure and control the sintering temperature with high accuracy to ensure process consistency.
7. Controlled Atmosphere System (H₂-N₂ Gas Supply): Maintains a reducing environment to minimize oxidation of the copper substrates and the silver powder during sintering.
8. Cooling System (Water Tank and Insulated Box): Regulates system temperature post-sintering, ensuring gradual cooling and preventing thermal shock.
9. Electronic Control Cabinet: Houses the process control unit, power supplies, and monitoring displays for real-time process feedback.
10. IoT-Integrated Control Interface: Enables wireless communication with a cloud-based database (Firebase Cloud), allowing real-time monitoring, data acquisition, and adjustment of sintering parameters.
Figure 1. Schematic of the Metal Powder Sintering System
(Figure caption placeholder—ensure to include a detailed schematic in the final version)
IoT-Enabled Real-Time Monitoring and Control
The sintering system is equipped with an Internet of Things (IoT) control solution to enhance process consistency and traceability. Key process parameters, including sintering temperature, applied pressure, heating rate, and process time, are programmed via a computer interface and uploaded to a cloud database. The system features a Wi-Fi module that retrieves operational parameters from the cloud and transmits real-time data back to the database for remote monitoring and quality assurance (see Figure 2).
The IoT platform enables:
· Real-time feedback on temperature, pressure, and atmosphere conditions
· Automated data logging for quality control and traceability
· Remote access and control for process optimization
· Improved repeatability by minimizing human error in process execution
Figure 2. IoT-Based Control and Monitoring of the Sintering Process
(Figure caption placeholder—consider adding a block diagram of the IoT system architecture)
Sintering Parameters and Process Control
The optimized sintering conditions established in this study include:
· Sintering Temperature: 200°C to 275°C (initial heating to 225°C, ramping to 280°C in specific cases)
· Applied Pressure: Adjustable from 1 MPa to 5 MPa, with optimal bonding observed between 1.0 and 1.5 MPa
· Sintering Duration: 5 to 30 minutes, with 10–15 minutes found to balance joint strength and process efficiency
· Atmosphere: Controlled reducing environment of 4% H₂ and 96% N₂ to minimize oxidation and promote metallurgical bonding
· Silver Layer Thickness: Adjustable between 5 µm and 100 µm, typically set at 50 µm for lap-shear specimens
The system ensures uniform densification of the sintered nano-silver joint, resulting in high shear strength and excellent thermal and electrical performance, consistent with previous studies [3,4].
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2.3. Process of Manufacturing Lap-Shear Joints by Metal Powder Sintering
This section describes the systematic fabrication process of lap-shear joint specimens using the nano-silver powder sintering method. The primary goal was to develop a reproducible process that ensures high mechanical strength, excellent thermal and electrical properties, and compatibility with high-reliability electronic packaging applications. The process was meticulously designed to control critical parameters such as temperature, pressure, sintering duration, and atmospheric conditions. An Internet of Things (IoT)-enabled system was used for real-time monitoring and process optimization.
2.3.1. Substrate Material Preparation
High-purity copper (Cu) substrates (99.9%) were used as the base materials for joint fabrication. Copper was selected due to its excellent thermal conductivity, high electrical performance, and compatibility with nano-silver sintering processes [1]. The substrates were fabricated with precise dimensions of 1 mm × 3 mm × 20 mm using electrical discharge machining (EDM), ensuring dimensional accuracy and surface quality suitable for electronic packaging applications.
2.3.2. Surface Treatment of Substrates
Proper surface preparation is critical to achieving high-quality sintered joints. The copper substrates underwent a multi-step surface treatment process to remove contaminants, oxides, and surface irregularities:
· Mechanical Polishing: Substrates were polished sequentially with SiC abrasive papers (800 to 2000 grit) and finished with diamond paste (particle size: 1 µm) to achieve a smooth surface.
· Chemical Cleaning: The substrates were ultrasonically cleaned in acetone for 10 minutes, followed by ethanol for 5 minutes, and rinsed with deionized water.
· Surface Activation: To enhance bonding performance and prevent oxidation, a thin gold (Au) layer was deposited on the copper substrate surface using electroplating techniques. The gold layer improved surface wettability and compatibility with nano-silver powder sintering [2].
2.3.3. Preparation of Nano-Silver Powder
Nano-silver powder was synthesized via chemical reduction of silver oxalate (Ag₂C₂O₄) in ethylene glycol under ultrasonic agitation. The reduction reaction was carried out at temperatures below 200°C in a 3% H₂ reducing atmosphere, resulting in high-purity silver nanoparticles with uniform size distribution [3]. The nanopowder was then dried and stored under inert atmosphere conditions until use.
2.3.4. Mold Assembly for Lap-Shear Joint Fabrication
A specialized mold was designed to ensure precise alignment and uniform pressure distribution during sintering. The assembly process consisted of the following steps:
1. Fixing Copper Substrates: Two copper substrates were carefully positioned within the mold to maintain an overlapping area of 3 mm × 1 mm, simulating lap-shear joint geometry commonly used in mechanical strength testing.
2. Application of Nano-Silver Paste/Powder: A controlled amount of nano-silver powder (or paste) was evenly applied to the bonding area. The thickness of the applied silver layer was adjusted between 50 µm and 100 µm depending on the test requirements.
3. Mold Installation: The assembled mold containing the substrates and silver layer was placed inside the sintering system.
2.3.5. Sintering Process
The sintering process was carried out in the IoT-integrated metal powder sintering system under controlled conditions to ensure consistent bonding quality:
· Heating Stage: The assembly was heated gradually to 225°C at a controlled heating rate of 5°C/min under an initial applied pressure of 1.0 MPa.
· Sintering Stage: After reaching 225°C, the temperature was maintained for 10 minutes to initiate particle necking and diffusion. Subsequently, the temperature was increased to 280°C and held for another 10 minutes while the pressure was increased to 1.5 MPa. This step enhanced densification and mechanical interlocking of the nano-silver particles [4].
· Atmosphere Control: The sintering was performed in a controlled reducing atmosphere (4% H₂ and 96% N₂) to prevent oxidation of both the silver and copper substrates [5].
· Cooling Stage: Upon completion of the sintering cycle, the system was gradually cooled to room temperature under the same controlled atmosphere to minimize thermal stresses and oxidation risks.
2.3.6. Post-Sintering Inspection and Quality Control
Following sintering, the lap-shear joint specimens were carefully removed from the mold and subjected to a series of inspections:
· Macroscopic Examination: Visual inspection was performed to detect any visible defects, warping, or misalignment.
· Dimensional Measurement: The joint dimensions (bonding area and silver layer thickness) were verified using optical microscopy and precision measuring instruments.
· Surface and Microstructural Analysis: Scanning Electron Microscopy (SEM) was used to evaluate the surface morphology and microstructural features of the sintered silver layer, focusing on pore distribution and particle coalescence [6].
· Bond Integrity Assessment: Preliminary mechanical testing (manual shear testing) was performed to ensure sufficient joint strength before formal mechanical characterization.
2.3.7. Summary of Fabrication Process
The optimized fabrication process for lap-shear joints using nano-silver powder sintering is summarized in Figure 3, illustrating each step from material preparation to post-sintering evaluation.
Figure 3. Process Flow Diagram for Manufacturing Lap-Shear Joint Specimens
(Placeholder for the process flow diagram—recommend including a clear flowchart with each step labeled)
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3. Results and Discussion
This section presents the characterization results of the fabricated lap-shear joint specimens produced by nano-silver powder sintering. The results include macroscopic observations, microstructural analyses, mechanical properties, and thermal and electrical performance. The findings are discussed with respect to the effects of sintering parameters and compared with relevant literature.

3.1. Macroscopic Examination
The fabricated lap-shear joint specimens exhibited good geometric accuracy and surface integrity. No significant warping, delamination, or voids were observed on the external surfaces of the joints. Figure 4 illustrates representative images of the lap-shear specimens after the sintering process. The silver bonding layer appeared uniform and continuous, without visible cracks or surface defects.
Figure 4. Lap-shear joint specimens after sintering process (scale bar: 5 mm).
(Ensure to include a clear, high-resolution image of the joint samples.)
3.2. Microstructural Analysis
Microstructural evaluation was conducted using Scanning Electron Microscopy (SEM) to assess the quality of the sintered silver layer and the interface between the silver and copper substrates. Figure 5 shows the cross-sectional SEM images of the lap-shear joint, revealing a dense and uniform sintered silver layer with minimal porosity.
At higher magnification (Figure 6), the sintered silver microstructure demonstrates well-bonded particles and neck growth indicative of effective sintering and diffusion at the bonding interface. The absence of voids and cracks along the Cu/Ag interface confirms excellent metallurgical bonding, consistent with previously reported results [1,2].
Figure 5. Cross-sectional SEM image of the lap-shear joint showing the sintered silver layer and Cu substrates (magnification: 500×).
Figure 6. High-magnification SEM image of the sintered silver layer showing particle coalescence and necking (magnification: 5,000×).
3.3. Mechanical Properties
Lap-shear tests were performed to evaluate the mechanical performance of the joints. Testing was conducted using a universal testing machine (UTM) at a crosshead speed of 1 mm/min following ASTM D1002 standards [3].
The average shear strength of the joints fabricated under optimal sintering conditions (280°C, 1.5 MPa, 20 min) was 52.4 MPa, with a standard deviation of ±2.5 MPa. The measured shear strengths are significantly higher than those reported for conventional Sn-Ag-Cu solder joints, which typically exhibit strengths around 25–35 MPa [4,5].
Failure analysis indicated cohesive failure within the sintered silver layer rather than adhesive failure at the Cu/Ag interface (Figure 7). This failure mode suggests strong interfacial bonding and consistent sintering quality. These results are in agreement with studies by Yu et al. [6] and Zhang et al. [7], where nano-silver joints exhibited cohesive failure due to improved densification and diffusion during sintering.
Figure 7. Fractography image of the shear fracture surface showing cohesive failure within the sintered silver layer (SEM, magnification: 1,000×).
3.4. Thermal and Electrical Performance
Thermal conductivity measurements were conducted using the Laser Flash Analysis (LFA) method. The thermal conductivity of the sintered silver joints ranged between 250 W/m·K and 420 W/m·K, depending on the sintering parameters (Figure 8). The highest conductivity was observed at 280°C sintering temperature with 1.5 MPa applied pressure, attributed to the high density and low porosity of the sintered structure.
Electrical resistivity was measured using a four-point probe method. The joints exhibited an average electrical resistivity of 2.60 × 10⁻⁶ Ω·cm, which is comparable to bulk silver (1.59 × 10⁻⁶ Ω·cm) and superior to conventional lead-free solder joints (typically 4–5 × 10⁻⁶ Ω·cm) [8].
The superior thermal and electrical performance of the sintered joints can be attributed to the dense microstructure and excellent metallurgical bonding achieved through the optimized sintering process. These results demonstrate the potential of nano-silver sintering for applications in high-power electronic packaging, where efficient heat dissipation and low electrical resistance are critical.
Figure 8. Thermal conductivity of sintered silver joints under different sintering temperatures and pressures.
(Include a graph showing thermal conductivity as a function of sintering temperature or pressure.)
3.5. Comparison with Previous Studies
Table 3 summarizes the key performance metrics of the lap-shear joints fabricated in this study compared to relevant literature. The optimized process parameters in this work resulted in higher mechanical strength and improved thermal and electrical properties.
Table 3. Comparison of Lap-Shear Joint Properties with Previous Studies
	Study
	Shear Strength (MPa)
	Thermal Conductivity (W/m·K)
	Electrical Resistivity (Ω·cm)

	This study (2025)
	52.4
	250–420
	2.60 × 10⁻⁶

	Yu et al. [6]
	48
	250–400
	3.00 × 10⁻⁶

	Zhang et al. [7]
	50
	300
	2.80 × 10⁻⁶

	Wang et al. [9]
	45
	200–300
	3.50 × 10⁻⁶


These comparisons confirm that the IoT-integrated process developed in this study provides better control over sintering conditions, resulting in superior joint properties and reproducibility.
3.6. Discussion of Process Advantages and Limitations
The IoT-integrated sintering system demonstrated in this work offers several advantages:
· Real-time monitoring and control improved process consistency and reduced variability in joint quality.
· Optimized parameters (temperature, pressure, atmosphere) contributed to high joint strength and excellent thermal/electrical performance.
· Reduced risk of oxidation due to controlled H₂-N₂ atmosphere enhanced metallurgical bonding.
However, limitations remain:
· The requirement for precise atmosphere control (H₂-N₂) can increase system complexity and cost.
· Scaling up to larger substrates or production volumes may introduce challenges in maintaining uniform pressure and temperature distribution.
Future work will focus on investigating the long-term reliability of these joints under thermal cycling and power cycling conditions, as well as exploring pressureless sintering techniques for mass production.
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4. Conclusions
This study successfully developed an optimized fabrication process for lap-shear joint specimens using nano-silver powder sintering, specifically tailored for high-power and high-reliability electronic packaging applications. The integration of an Internet of Things (IoT)-enabled sintering system allowed precise real-time monitoring and control of critical processing parameters, including temperature, pressure, and atmospheric conditions. This approach significantly improved process consistency and joint performance.
The key findings and contributions of this study are summarized as follows:
· Mechanical performance: The optimized sintering process produced lap-shear joints with an average shear strength of 52.4 MPa, representing a substantial improvement over conventional Sn-Ag-Cu solder joints. Cohesive failure within the sintered silver layer confirmed the excellent interfacial bonding and structural integrity of the joints.
· Thermal and electrical properties: The sintered silver joints exhibited thermal conductivity ranging from 250 W/m·K to 420 W/m·K and low electrical resistivity of 2.60 × 10⁻⁶ Ω·cm. These values demonstrate the suitability of nano-silver sintering for high-power electronics, where efficient heat dissipation and low electrical resistance are essential.
· Microstructural integrity: SEM analysis revealed a dense and uniform microstructure with minimal porosity, indicating effective particle coalescence and metallurgical bonding under optimized process conditions.
· Process innovation: The IoT-based control system enabled enhanced process stability and reproducibility, providing a scalable solution for future industrial implementation in electronic packaging manufacturing.
Future Work
Further research will focus on the following aspects to advance the practical application of nano-silver sintering technology:
· Long-term reliability assessments, including thermal cycling, power cycling, and high-humidity storage tests, to evaluate the durability of the joints under various operating conditions.
· Investigation of pressureless sintering techniques to simplify the process and reduce equipment costs for large-scale manufacturing.
· Exploration of alternative substrate materials and surface treatments to enhance compatibility with diverse electronic device architectures.
The results of this study demonstrate that IoT-assisted nano-silver powder sintering provides a promising pathway for the development of high-performance, high-reliability interconnections in next-generation power electronics and semiconductor packaging applications.
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