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Abstract


The increasing power density of modern electronic systems intensifies challenges related to heat dissipation and long-term reliability. Insulated metal substrates (IMS), particularly three-dimensional (3D), are increasingly used as integrated thermal–mechanical solutions in high-power electronics. However, their complex geometry and material interfaces introduce new reliability concerns, especially at solder joints. This study investigates the evolution of intermetallic compounds (IMCs) in solder joints formed on 3D aluminum IMSs with ENIG metallization, focusing on SAC305 and Sn42Bi57Ag1 solder alloys. Solder joints were subjected to environmental aging under high-temperature, high-humidity, and thermal-shock conditions to simulate realistic service environments. Microstructural and compositional analyses of the interfacial IMC layers were performed, together with measurements of IMC thickness evolution. The results show that aging significantly modifies the chemical composition and morphology of IMC layers in both solder systems. In SAC305 joints, progressive development of (Cu,Ni)6Sn5 phases with increasing Cu participation was observed. In Sn42Bi57Ag1 joints, Bi affected reaction kinetics but did not alter the diffusion-controlled nature of IMC growth. Thickness measurements indicate higher sensitivity of SAC305 joints to environment-assisted interfacial degradation, while Sn42Bi57Ag1 joints exhibit greater susceptibility to stress-assisted IMC growth during severe thermal cycling. These findings highlight the distinct reliability behaviors of tested solders on 3D IMSs and provide insight into their suitability for high-power electronic applications.






Keywords:


3D shape aluminum IMSs; IMC; environmental tests












1. Introduction


Heat dissipation remains one of the most critical challenges in modern electronic systems, particularly in applications requiring high power density and sustained computational performance. Although continuous scaling of semiconductor technology has led to smaller transistors and reduced current requirements at the device level, these improvements do not directly result in lower thermal loads at the system level. On the contrary, contemporary graphics processing units (GPUs) and other high-performance components often increase in overall chip size due to escalating performance demands and the widespread use of massive parallel computing architectures [1,2]. Consequently, total power consumption and localized heat generation continue to rise, making thermal management a key limiting factor for reliability, efficiency, and long-term performance [3].



Elevated operating temperatures accelerate material degradation, promote thermomechanical fatigue, and reduce the lifetime of interconnections and packaging materials [4]. To address these challenges, advanced cooling solutions such as heat pipes, vapor chambers, and other two-phase heat transfer devices are increasingly employed [1,5]. Nevertheless, efficient heat removal at the board and substrate levels remains essential, particularly in compact and high-power assemblies.



One widely adopted solution for enhanced thermal management is the use of insulated metal substrates (IMS). IMS technology typically consists of a metal core, most commonly aluminum, covered by a thin electrically insulating dielectric layer and a conductive copper layer forming the circuit traces [6,7]. The aluminum core provides an effective heat-spreading path, while the dielectric layer ensures electrical isolation. Due to these properties, IMS solutions are extensively used in applications such as high-power LED lighting and power electronics, where efficient thermal dissipation is required [4,8].



In recent years, IMS technology has evolved from conventional planar substrates toward more complex advanced substrate geometries. In such solutions, the aluminum core is extruded or die-cast into a predefined 3D shape that simultaneously fulfills mechanical, thermal, and structural functions [6,7]. The formed metal core is subsequently coated with a specialized insulating lacquer, which is cured to achieve the required dielectric and thermal properties. Laser structuring is then applied to selectively pattern the insulating layer and define circuit geometries on the 3D surface. Subsequently, copper metallization is deposited onto the prepared dielectric surface areas rather than directly onto the aluminum core, ensuring electrical insulation between the conductive layer and the aluminum substrate [7]. The metallization is typically finished with nickel and gold coatings, following established printed circuit board manufacturing practices [8]. Although the present study focuses on aluminum substrates, the described approach can be extended to other metallic materials [3].



The introduction of aluminum-based 3D IMS structures poses new challenges related to material compatibility, thermomechanical stresses, and long-term reliability. In particular, the behavior of solder joints formed on such substrates is of critical importance. Lead-free solder alloys, including tin–silver–copper (SAC) and Bi-containing (Bi-based) soldering pastes, are widely used in modern electronics due to regulatory requirements such as the RoHS and REACH directives in Europe and performance considerations. These materials differ significantly in melting characteristics, mechanical properties, and aging behavior, especially under prolonged thermal exposure and thermal cycling. Recent studies show that aging significantly alters the microstructure and mechanical properties of Bi-doped SAC solder alloys, with changes in hardness, creep resistance, and IMC distribution observed during extended thermal exposure [1].



One of the key factors affecting solder joint reliability is the formation and growth of intermetallic compounds (IMCs) at the solder–substrate interface. While the presence of an IMC layer is necessary to ensure metallurgical bonding, excessive growth can degrade joint reliability due to the IMC’s brittle nature and its thermal mismatch with both the solder and the substrate. During service, IMC layers continue to grow in a solid state, and their thickness, composition, and morphology play a decisive role in long-term performance. The use of lead-free solder alloys containing additional alloying elements may further modify IMC composition and growth kinetics, thereby influencing joint durability. A review of articles demonstrates that the formation and growth of IMC layers in lead-free solder joints are strongly dependent on alloy composition, surface finish, and aging conditions [9]. Recent work by Liang et al. [10] further showed that even at very early processing stages, IMC nucleation and Cu6Sn5 growth kinetics are highly sensitive to localized thermal input and diffusion conditions.



Previous studies have shown that alloying elements such as Bi and Ni can significantly affect the properties of SAC-based solders. The Bi content in lead-free solders influences shear strength and failure modes, especially after prolonged aging, indicating the complex role of Bi in joint reliability [11]. Bi is known to reduce the melting temperature and improve certain mechanical properties of lead-free solders [12,13]. Recent studies on Bi-based solder systems also indicate that external processing conditions can strongly influence IMC morphology, matrix refinement, and joint mechanical performance [14]. Rizvi et al. [15] reported that a small Bi addition (approximately 1 wt.%) to SAC solder reduced the melting temperature, limited IMC growth, and decreased Cu substrate consumption. Conversely, higher Bi contents (e.g., 10 wt.% Bi) have been reported to accelerate overall IMC growth, although the growth rate of specific phases such as Cu3Sn may be reduced compared to pure Sn/Cu joints [16]. These findings indicate that Bi can both enhance and modify interfacial reactions depending on its concentration. However, the use of Bi-containing solders in applications exposed to aging and thermal cycling requires careful optimization of the alloy composition and control of IMC growth [17,18]. Beyond alloy chemistry alone, recent studies have shown that external fields and nanoparticle reinforcement can also substantially modify diffusion behavior, microstructure evolution, and interfacial stability in SAC-based solders [19].



In previous work by the authors [20], SAC305 was compared with newly developed lead-free solder alloys containing Bi, Ni, and Sb, intended for extreme service environments. Technological properties such as wetting, spreading, and slump behavior were evaluated, demonstrating that the addition of these elements improves the processing characteristics of SAC-based alloys. Subsequent studies [21] investigated the simultaneous addition of Bi, Ni, and Sb to SAC alloys and its influence on IMC layer growth during isothermal aging at 105 °C. The results showed that increased concentrations of these alloying elements can reduce the IMC growth rate compared to conventional SAC305.



Despite these efforts, comparative studies addressing the aging behavior of SAC and Bi-based solder alloys on aluminum-based 3D IMSs remain limited. In particular, the combined effects of substrate material, ENIG metallization, solder composition, and complex 3D geometry under different environmental aging conditions have not been sufficiently explored.



Therefore, this study focuses on a comparative analysis of intermetallic compound formation and growth in solder joints formed with SAC305 and Sn–Bi solder alloys on ENIG-finished Cu pads integrated into 3D-shaped aluminum core substrates subjected to different environmental aging conditions. High-temperature aging, high-humidity exposure, and thermal shock testing are employed to evaluate the evolution of the IMC layer using scanning electron microscopy. The results aim to provide insight into the long-term reliability of solder joints on 3D-shaped aluminum IMS structures for advanced electronic applications.



Unlike most previous studies focused on conventional FR-4 substrates or simplified Cu/solder systems, the present work investigates IMC evolution in SAC305 and Bi-based solder joints formed on ENIG-finished 3D-shaped aluminum IMS structures under multiple environmental aging conditions. The novelty of this study lies in the combined analysis of alloy composition, ENIG interfacial reactions, and mechanically rigid aluminum substrate configuration, which together influence diffusion behavior and IMC growth during long-term aging.




2. Materials and Methods


In this study, 3D-shaped aluminum core boards served as the structural substrate platform—see Figure 1. The solder joints were formed on Cu pads with ENIG surface finish deposited on the insulated aluminum core structure, thereby creating a solder/ENIG/Cu/3D-Al system for reliability evaluation. The surface of those PCBs was covered by varnish. Solder pads were formed on the varnish surface, which were then covered with a layer of copper and an ENIG surface finish. Three types of passive SMD components with standard package sizes 0603 (0.6 × 0.3 mm), 0805 (0.8 × 0.5 mm), and 1206 (1.2 × 0.6 mm) were mounted on the prepared solder pads. The components had a conventional lead-free termination finish and did not contain Au metallization. Therefore, the Au detected within the interfacial region originated exclusively from the ENIG surface finish of the substrate. Two solder pastes were used for the assembly: one with SAC305 alloy and the other one with Sn42Bi57Ag1. The tested pastes were printed on the solder pads with stainless-steel stencil. The tested samples were soldered using vapor phase reflow soldering using adequate Galdens as heat transferring agents. The peak process temperature was adjusted according to the solder paste requirements (235 st. C for SAC305 and 189 st. C for Sn42Bi57Ag1) and maintained above the alloy liquidus temperature for approximately 30–90 s.



To determine the difference in IMC formation between the alloy and the surface during different environmental aging conditions, the samples were divided into several batches. The first batch was samples in the state “as received” prior to climatic tests. Afterwards, samples were divided for 3 climatic tests: High Temperature (HT) with the constant temperature of 85 °C, Humidity (HUM) with constant exposure to humidity and temperature 85 °C 85%RH, and later on, Thermal Shock (TS) alternating temperature ranging from 0 to 50 °C with the dwell time of 30 min. Samples were investigated after 200 and 500 cycles of TS (marked as TS200 and TS500, respectively), 500 h of the HUM test (marked as HUM500), and 500 h of HT exposure (mark HT500). The selected aging conditions were chosen to simulate typical environmental and thermo-mechanical stresses encountered in high-power electronic assemblies operating on insulated metal substrates. They were selected to enable comparative evaluation of IMC evolution under different degradation mechanisms. IMC compositional analysis was performed for all conditions. Au distribution maps were analyzed for T0, TS200, and TS500 samples in order to evaluate Au redistribution during progressive thermal shock exposure. IMC thickness measurements were compared for T0, HT500, HUM500, and TS200 conditions to evaluate the influence of different environmental aging factors on interfacial layer growth.



The investigations of IMCs were performed with the JEOL JSM-7600F field emission scanning electron microscope (JOEL Ltd., Akishima, Japan). Due to the presence of the insulating varnish layer on the substrate surface, the test samples were coated with a thin (15 nm) carbon layer prior to SEM observations in order to minimize surface charging effects during analysis. The carbon contribution originating from the conductive coating was excluded from the quantitative EDX elemental analysis. Observations of the surface topography and composition were carried out at an accelerating voltage of 15 kV. The microscope is equipped with Energy Dispersive X-ray (EDX) spectrometer using X-MaxN 150 Silicon Drift Detector (Oxford Instruments, Abingdon, UK). The quantitative analysis was carried out at an accelerating voltage of 15 kV. EDX analysis element maps and IMC thickness measurements were made using Aztec software platform v3.3. In the selected areas on the substrate–solder interface, maps of the distribution of the main components of the intermetallic compound, i.e., Sn and Cu, were prepared. The compositional contrast based on backscattered electron (BE) images was relatively weak; therefore, the X-ray maps of the Sn and Cu distribution were performed. That allowed for precise measurement of the IMC thickness, which was very clearly visible against the background of the interface between the solder and the substrate. In addition to elemental mapping, EDX point analyses were conducted at selected interfacial regions to further verify local IMC composition. For each aging condition, IMC thickness measurements and compositional analyses were performed on at least three independent samples.




3. Results and Discussion


3.1. IMC Composition and Evolution


Analysis of the IMC interphase layer for SnAgCu and SnBiAg alloys in the ENIG/Cu metallization system integrated on the 3D-shaped aluminum core substrate revealed that for both alloys, it consists of the elements Sn, Cu, Ni, and Au. The EDS maps shown in Figure 2 and Figure 3 show that Sn, Cu, and Ni are present in the IMC layer. While Au is detected throughout the analyzed alloy, P is detected at the Cu surface as a continuous layer. Ag and Bi, however, are visible in the alloy beyond the IMC layer. P from the NiP sublayer and Ag or Bi contained in the alloys do not contribute to the formation of the intermetallic layer.



To further confirm the composition of the interfacial IMC layer, additional EDX point analyses were performed at three representative locations across the IMC region (Table 1 and Table 2). The point analysis consistently confirmed the presence of Sn, Cu, and Ni as the dominant elements within the interfacial phase for both solder systems, supporting the formation of a (Cu,Ni)6Sn5-type compound. Variations in local elemental ratios were observed depending on the analyzed position, which may reflect local compositional inhomogeneity or phase morphology. These results are consistent with the elemental mapping analysis and further support the identification of the primary interfacial IMC phase.



This result is not surprising. The mechanism of IMC formation in lead-free soldering systems is well described in the reviewed literature. During reflow of SAC305 on the ENIG/Cu surface, the very thin Au layer dissolves rapidly into the molten solder and does not remain as a continuous interfacial layer. The dominant interfacial reactions occur between molten Sn-based solder and the Ni-P layer. Because SAC305 contains Cu, Cu atoms diffuse toward the interface and substitute partially for Ni in the Ni3Sn4-type structure, forming (Cu,Ni)6Sn5.The (Cu,Ni)6Sn5 intermetallic layer is created at the interface. At this stage, the interfacial IMC is relatively thin. Growth is reaction-controlled rather than diffusion-controlled, consistent with recent observations of rapid thin Cu6Sn5 film formation under short-duration laser heating conditions [10]. Morphology is scallop-type or layer-like, depending on process parameters.



When Bi is added to the alloy, the interfacial sequence during reflow remains fundamentally similar. Au first dissolves into the molten solder, followed by the reaction of Sn with the Ni surface, leading to the formation of (Cu,Ni)6Sn5 as the primary interfacial IMC. Under typical Bi concentrations, Bi does not significantly participate in the initial interfacial reaction with Ni or Cu and is therefore not a dominant factor in determining the primary IMC phase. Instead, Bi is mainly distributed within the solder matrix, with only limited solubility in β-Sn and possible segregation in Bi-rich regions during solidification. Consequently, the dominant interfacial phase remains (Cu,Ni)6Sn5. After solidification, in both SAC305 and SAC-Bi systems, IMC growth becomes diffusion-controlled, governed primarily by Sn diffusion toward the interface and Ni diffusion outward into the solder. As a result, IMC layer growth follows parabolic kinetics [11].



Differences appear during aging. In SAC305, continuous growth of (Cu,Ni)6Sn5 occurs. A P-rich layer (Ni3P-type) may form beneath the Ni layer due to Ni consumption. If the Ni layer is fully consumed, Cu from the substrate may participate, leading to Cu6Sn5 formation [11]. With the addition of Bi, modified diffusion behavior can be observed. Although Bi does not form a dominant IMC layer, it can slightly reduce Sn diffusivity. It lowers the melting temperature and modifies the fluidity. It can slightly alter interfacial reaction kinetics due to changes in Sn’s thermodynamic activity. It may slow the coarsening of interfacial IMC in some compositions. However, growth remains diffusion-controlled and parabolic [9].



Analyzing the IMC composition measurement results presented in Table 3, it can be concluded that the type of aging significantly affects the chemical composition and evolution of IMCs formed at the solder/substrate interface for both SAC305 and Sn42Bi57Ag1 solders.



For SAC305, TS aging leads to a gradual increase in Cu content within the IMC layer (from ~20 wt.% in the as-soldered state to over 22 wt.% after 500 cycles), while Ni remains relatively stable and Au systematically decreases. This trend indicates continued growth of a (Cu,Ni)6Sn5-type phase during cyclic thermal loading. The increasing Cu fraction suggests progressive participation of Cu in the interfacial reaction, most likely due to diffusion through or around the Ni layer.



According to the review by Ramli et al. [11], the primary IMC formed at the interface between Sn-based solders and Ni-finished substrates is (Cu,Ni)6Sn5. During prolonged exposure, the Ni layer may be gradually consumed. If the Ni barrier becomes locally depleted, Cu from the underlying substrate can actively participate in the reaction, promoting the formation of Cu6Sn5. The compositional shift observed in the present study during TS aging is consistent with such a mechanism. The continuous decrease in Au content suggests its initial dissolution into the solder matrix and/or incorporation into early-stage interfacial phases, followed by redistribution during further aging [22,23].



As shown, exposure of samples to thermal shocks reduced the amount of Au in the IMC layer for both tested alloys when increasing the number of thermal shock cycles. Figure 4 compares the gold EDS maps of the samples immediately after assembly and after 200 and 500 cycles of thermal shock. It can be observed that in the TS samples, Au is detected with comparable intensity throughout the entire volume of the analyzed alloy layer, indicating that it diffused into both alloys during the aging process.



HT500 aging produces a distinctly different compositional profile. A pronounced increase in Sn and Ni content, accompanied by a significant reduction in Cu, indicates a possible reorganization of the IMC layer under long-term isothermal exposure. Such behavior may be associated with enhanced Ni consumption and the formation of a Ni-rich interfacial region. In ENIG-type finishes, a P-rich layer (e.g., Ni3P) is frequently observed beneath the reacted Ni layer when Ni is depleted [10]. Although P was not quantified in the present measurements, the compositional evolution observed here is compatible with progressive Ni consumption and diffusion-controlled growth of the IMC layer.



HUM500 aging results in intermediate behavior, with relatively high Cu participation and moderate Ni content. The combined action of temperature and humidity may accelerate degradation of the protective Ni layer and facilitate diffusion processes, leading to sustained growth of (Cu,Ni)6Sn5. Overall, the growth of IMCs in SAC305 joints appears to remain diffusion-controlled, consistent with parabolic kinetics widely reported for Sn-based solder systems.



In the case of Sn42Bi57Ag1 solder, the evolution of IMC composition during aging differs quantitatively from that of SAC305, although the governing mechanism remains similar.



After 200 thermal shock cycles, a substantial increase in the Cu content is observed (from ~4 wt.% in the as-soldered condition to nearly 12 wt.%), with further fluctuations depending on the aging condition. Under HUM500, Cu participation becomes particularly pronounced. Simultaneously, the Ni content increases under TS conditions, while Au decreases significantly from the initial state.



The presence of Bi does not result in the formation of a dominant Bi-containing interfacial IMC. This is consistent with previous findings indicating that Bi does not readily form stable intermetallic phases with Ni or Cu under typical soldering conditions [9]. Instead, Bi indirectly modifies the thermodynamic and kinetic conditions of interfacial reactions. It lowers the alloy’s melting temperature, affects the fluidity of the liquid state during soldering, and alters the thermodynamic activity of Sn. As discussed by Akkara et al. [9], Bi may slightly influence interfacial reaction kinetics and, in some cases, reduce the coarsening rate of IMCs. This interpretation is consistent with recent findings for SnBi-based systems, where modified processing conditions were shown to alter the IMC morphology and interfacial stability without fundamentally changing the dominant reaction pathway [14].



The present results suggest that although Bi modifies diffusion behavior and phase evolution, the overall growth mechanism remains diffusion-controlled. The significant Cu participation observed after aging indicates that, similarly to SAC305, consumption of the Ni layer allows Cu from the substrate to contribute to IMC growth. However, compositional variations in SnBiAg joints appear more sensitive to environmental conditions, particularly humidity, which may accelerate interfacial degradation. The differences between TS, HUM, and HT aging conditions can be attributed to their distinct driving forces:



Thermal shock introduces cyclic thermal stresses, which may generate microcracks or defects within the IMC layer, enhancing effective diffusion paths and accelerating compositional evolution.



High-temperature aging promotes long-term solid-state diffusion under isothermal conditions, favoring thickening and possible phase redistribution within the IMC layer.



Combined temperature and humidity exposure may accelerate degradation of the Ni barrier layer and intensify Cu participation in interfacial reactions.



Despite these differences, in both solder systems, the evolution of IMCs during aging follows a diffusion-dominated mechanism, and the compositional changes are consistent with the parabolic growth behavior reported in the literature [9,11].




3.2. IMC Thickness Growth


Figure 5 shows the thickness of the IMCs in SAC305/ENIG/Cu/aluminum and Sn42Bi57Ag1/ENIG/Cu/aluminum after different aging.



The results obtained from IMC layer thickness measurements indicate that the growth kinetics of intermetallic compounds strongly depends not only on solder composition and environmental exposure, but also on the mechanical characteristics of the substrate system. In the present study, ENIG/Cu pads were fabricated on an aluminum substrate separated only by a thin lacquer layer. This configuration differs significantly from conventional FR-4-based systems and has a direct impact on stress development during thermal loading.



The observed differences in IMC growth between SAC305 and Sn42Bi57Ag1 are primarily related to differences in alloy chemistry and substrate configuration. The overall IMC growth trends observed in the present study are consistent with diffusion-controlled interfacial evolution commonly reported for SAC and Bi-containing solder systems subjected to thermal aging [9,10]. The measured changes in IMC thickness are also comparable with values reported in previous studies investigating Bi-modified Sn-based solder alloys under prolonged environmental exposure [13,14,15,16]. Previous studies have shown that Bi addition refines solder microstructure and alters interfacial reaction behavior, with its effect on IMC growth depending on Bi concentration, substrate type, and thermal history, rather than acting solely as a suppressive factor [12,13,14,15,16,17,18]. In Bi-containing solders, modified diffusion pathways, interfacial stability, and phase evolution can change IMC formation kinetics compared with conventional SAC systems. Accordingly, the thicker IMC layers observed in Sn42Bi57Ag1 immediately after reflowing in the present study may result from Bi-induced changes in interfacial reaction kinetics and morphology, which can locally accelerate IMC formation despite the lower processing temperature. Similar early-stage sensitivity of IMC thickness to local reaction kinetics rather than only bulk temperature was also demonstrated by Liang et al. [10], who reported significant Cu6Sn5 growth under highly localized thermal processing.



Under environmental exposure, different dominant mechanisms appear for each alloy. For SAC305, the most significant IMC growth occurred under humidity testing. This behavior may be linked to degradation or destabilization of the Ni barrier layer in ENIG finishes, which can accelerate interfacial reactions once moisture-assisted processes occur. The dissolution behavior of Au and interfacial reaction kinetics in Sn-based solders have been described by Kim and Tu [19], while rapid AuSn4 formation and its impact on interfacial stability were recently reported by Luo et al. [23]. Although Au is typically fully dissolved during reflow, the stability of the underlying Ni layer remains critical. Moisture-induced degradation may enhance Ni consumption and promote further IMC growth.



In contrast, Sn42Bi57Ag1 showed the largest increase in IMC after thermal shock testing. This can be explained by the higher stiffness and reduced ductility of Bi-containing solders [12,17]. Under cyclic thermal loading, especially on rigid aluminum-based IMS, significant thermo-mechanical stresses develop. The thermal behavior and rigidity of aluminum-based IMS have been discussed in [3,4,5,6,7,8]. Compared to conventional FR-4 systems, aluminum substrates provide limited strain accommodation. As a result, mechanically induced microcracking at the interface may increase the effective reaction area and accelerate IMC thickening. In addition, the non-planar 3D-shaped geometry of the investigated IMS substrate may contribute to locally non-uniform thermo-mechanical stress distribution during environmental aging, particularly under thermal shock conditions. Such effects can additionally influence interfacial degradation processes and IMC evolution compared to conventional flat substrate configurations. This interpretation is consistent with fatigue-related IMC evolution reported in [16]. Although direct quantitative comparison between studies remains difficult due to differences in substrate configuration, surface finish, and aging protocols, the observed relative increase in IMC thickness under thermal shock conditions follows trends reported for Bi-containing solder systems in the literature [14,15,16]. Similar sensitivity of Bi-rich solder systems to externally induced microstructural evolution has been reported under ultrasound-assisted soldering, where altered phase distribution and mechanical response were observed [14].



Therefore, IMC growth in the analyzed system should be considered as a combined effect of alloy-dependent diffusion kinetics [11,12,13,14], environmental sensitivity of the ENIG barrier layer [22,23] and mechanically induced damage amplified by the rigid aluminum IMS substrate [3,4,5,6,7,8]. This broader interpretation agrees with recent reports showing that not only composition but also externally induced microstructural modification can significantly alter solder joint evolution [19].



The results suggest that SAC305 is more sensitive to environment-assisted interfacial degradation, whereas Sn42Bi57Ag1 is more susceptible to stress-assisted IMC growth under severe thermal cycling.



The presented interpretation is based primarily on SEM/EDS characterization of interfacial evolution. Since detailed phase identification and direct mechanical reliability measurements were beyond the scope of the present work, the proposed mechanisms should be interpreted as phenomenological explanations supported by the literature data. Additional studies including mechanical testing and advanced phase characterization are planned for future work.





4. Conclusions


The formation and evolution of intermetallic compounds in SAC305 and Sn42Bi57Ag1 solder alloys during reflow at ENIG-finished Cu pads integrated into 3D-shaped aluminum core substrates in different kinds of aging are investigated in this paper.



The results of IMC composition evolution suggest that aging significantly modifies the chemical composition of the IMC layer in both SAC305 and Sn42Bi57Ag1 joints. In SAC305, a continuous development of (Cu,Ni)6Sn5-type phases is observed, with increasing Cu involvement during prolonged exposure. In SnBiAg joints, Bi alters reaction kinetics but does not fundamentally change the diffusion-controlled nature of IMC growth. These compositional changes may have direct implications for long-term joint reliability, particularly under thermal cycling and humid environments.



The obtained IMC layer’s thickness measurements indicate that the kinetics of intermetallic compound growth strongly depends not only on the solder composition and environmental exposure but also on the mechanical properties of the substrate system. They suggest that Sn42Bi57Ag1 exhibits greater sensitivity to thermal stress in systems with high substrate stiffness, and SAC305 exhibits greater susceptibility to Ni layer degradation under high humidity conditions. This observation is consistent with recent studies emphasizing that IMC evolution is governed by the combined influence of alloy composition, processing conditions, and externally modified diffusion pathways [10,14,19].



The observed IMC evolution trends remain consistent with diffusion-controlled growth behavior reported for comparable lead-free solder systems in the literature.



The obtained results should be interpreted not only in terms of solder/ENIG interfacial metallurgy, but also in relation to the broader reliability context of ENIG-finished 3D aluminum core systems.
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Figure 1. 3D shape aluminum core board used during the experiment. 






Figure 1. 3D shape aluminum core board used during the experiment.



[image: Applsci 16 05962 g001]







[image: Applsci 16 05962 g002] 





Figure 2. (a) Cross-section of as-wetted SnAgCu on ENIG/Cu substrate, (b–g) maps of elements concentration. 
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Figure 3. (a) Cross-section of as-wetted SnBiAg on ENIG/Cu substrate, (b–g) maps of elements concentration. 
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Figure 4. Comparison of Au-EDS maps (a1,a2), Backscattered Electrons Images (b1,b2) and Secondary Electron Images (c1,c2) for the sample immediately after soldering—T0 and after TS200, TS500 aging. SnAgCu alloy—a1, b1, c1 and SnBiAg alloy—a2, b2 and c2. The figures illustrate Au redistribution during thermal shock aging. 
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Figure 5. Comparison of IMC thickness for SAC305 and SnBiAg solder joints before aging—T0 and after selected environmental aging conditions—thermal stress (TS), humidity (HM) and high temperature (HT). Error bars represent standard deviation calculated from measurements performed on at least three samples for each condition. 
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Table 1. EDX point analysis of three representative locations within the IMC layer for SAC305 joints.
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Spectrum Label

	
Weight %




	
Point 1

	
Point 2

	
Point 3

	
Average

	
Standard

Deviation






	
Ni

	
12.46

	
12.85

	
13.53

	
12.95

	
0.54




	
Cu

	
20.26

	
20.85

	
18.83

	
19.98

	
1.04




	
Sn

	
63.21

	
60.80

	
60.31

	
61.44

	
1.55




	
Au

	
4.07

	
5.50

	
7.34

	
5.64

	
1.64











 





Table 2. EDX point analysis of three representative locations within the IMC layer for Sn42Bi57Ag1 joints.
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Spectrum Label

	
Weight %




	
Point 1

	
Point 2

	
Point 3

	
Average

	
Standard

Deviation






	
Ni

	
15.75

	
18.28

	
14.08

	
16.04

	
2.12




	
Cu

	
18.34

	
18.31

	
18.89

	
18.51

	
0.33




	
Sn

	
56.76

	
55.71

	
55.58

	
56.02

	
0.65




	
Au

	
9.15

	
7.70

	
11.45

	
9.43

	
1.89











 





Table 3. Results of IMC layer composition analysis for SnAgCu and SnBiAg alloys on an ENIG/Cu substrate immediately after soldering—T0 and after TS200, TS500, HUM500 and HT500 aging. Weight percentage of elements.






Table 3. Results of IMC layer composition analysis for SnAgCu and SnBiAg alloys on an ENIG/Cu substrate immediately after soldering—T0 and after TS200, TS500, HUM500 and HT500 aging. Weight percentage of elements.





	
State

	
SAC305 Solder

Weight %




	
Ni

	
Cu

	
Sn

	
Au




	
T0

	
12.95

	
19.98

	
61.44

	
5.64




	
TS200

	
13.29

	
20.84

	
61.16

	
4.71




	
TS500

	
13.37

	
22.18

	
60.82

	
3.63




	
HUM500

	
11.81

	
22.18

	
61.29

	
4.72




	
HT500

	
20.1

	
4.49

	
73.97

	
1.44




	
State

	
Sn42Bi57Ag1Solder

Weight %




	
Ni

	
Cu

	
Sn

	
Au




	
T0

	
12.54

	
3.81

	
60.72

	
22.93




	
TS200

	
15.87

	
11.81

	
65.74

	
6.58




	
TS500

	
16.79

	
8.78

	
66.96

	
7.47




	
HUM500

	
15.5

	
14.11

	
65.58

	
4.8




	
HT500

	
12.3

	
18.64

	
61.38

	
7.68
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