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Effect of Compositional Design in Ag-Cu-Based Brazing Alloys on Microstructure  
and Cu-STS Joining Characteristics

In this study, a copper-silver-phosphorus-tin brazing filler metal with reduced silver content was designed to facilitate the 
oxide removal and to enable fluxless brazing. Based on the thermodynamic phase diagram analysis, the silver and tin contents were 
fixed, and the influence of phosphorus content on microstructures and the joint strength was investigated. Increased phosphorus 
content resulted in a higher fraction of copper-phosphorus intermetallic phases. The filler metal containing 65 wt.% copper, 10 wt.% 
silver, 5 wt.% phosphorus, and 20 wt.% tin exhibited excellent wettability and a stable interfacial microstructure at 900°C. In ad-
dition, it achieved superior joint strength compared with a commercial copper-phosphorus filler metal and showed performance 
comparable to that of a conventional silver-based filler metal. These results demonstrate the potential of the developed filler metal 
as a cost-effective solution for the copper-stainless steel cooling pipe applications.
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1. Introduction

The increasing power density in electronic systems driven 
by artificial intelligence and high-performance computing 
has increased the demand for reliable copper-stainless steel 
dissimilar metal joining in liquid-cooled servers [1]. For such 
practical need, brazing is widely adopted because it provides 
hermetic sealing and metallurgical bonding at relatively low 
temperatures with minimal damage to the base materials [2,3]. 
However, the conventional silver-based brazing filler metals 
involve high material cost and typically require flux to remove 
chromium oxide layers on stainless steel surfaces, raising con-
cerns related to corrosion and process complexity [4-6]. There-
fore, in this study, a low-silver Cu–Ag–Sn–P quaternary brazing 
filler metal was designed by reducing the silver content and in-
troducing tin and phosphorus. In particular, P was incorporated 
to promote oxide reduction and improve wettability, thereby 
enabling flux-free copper-stainless steel brazing [7,8]. The 
performance of the developed filler metal was evaluated to as-
sess its potential as an alternative to conventional Ag–Cu-based  
brazing alloys.

2. Experimental 

In this study, a low-silver brazing filler metal for fluxless 
brazing applications was designed based on thermodynamic 
calculations using FactSage, as shown in Fig. 1. Copper was 
selected as the base composition, and the tin content was fixed at 
20 wt.% to suppress excessive softening of the copper substrate 
and limit the formation of tin-rich intermetallic compounds, 
while the silver content was set to 10 wt.% to ensure economic 
feasibility and facilitate liquid formation. The phosphorus con-
tent was determined with reference to the eutectic composition 
of the copper-phosphorus binary system (8.3 wt.% phosphorus). 
Based on this criterion, two filler metal compositions containing 
5 wt.% phosphorus (hypoeutectic) and 10 wt.% phosphorus 
(hypereutectic) were selected. The finalized copper-silver-
tin-phosphorus filler metal compositions are summarized in 
TABLE 1 together with those of commercial filler metals for 
comparison. The microstructures and phase constituents of the 
developed filler metals were analyzed by scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). Brazing was 
conducted at 900°C with a holding time of 30 min using copper 
and stainless steel plates (15 mm × 25 mm × 1 mm) in a lap-joint 
configuration with a joint clearance of 0.1 mm. After brazing, 
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the joint microstructures and the strengths were evaluated to 
correlate the microstructural characteristics with the mechanical 
performance and to compare the developed filler metals with 
a commercial brazing alloy.

3. Results and discussion

Based on the designed brazing filler metal compositions 
with different phosphorus contents, the microstructural evolu-
tion of the alloys was investigated by SEM, as summarized in 
Fig. 2. For both compositions, the microstructures mainly con-
sisted of Ag-Sn, Cu-Sn, and Cu-P phases, with the fraction of 
Cu-P phases strongly dependent on phosphorus content. In the 
alloy containing 5 wt.% P, the microstructure was dominated 
by Cu-Sn phases, while Cu-P phases were sparsely distributed. 
EDS analysis revealed that the Cu–Sn phase had an atomic Cu:Sn 
ratio of approximately 3:1, corresponding to Cu₃Sn. This behav-
ior is attributed to the relatively low Sn content and the higher 
thermodynamic stability of Cu₃Sn compared with Cu₆Sn₅, as 
reflected by its lower formation enthalpy (–7.81 kJ/mol vs. –3.2 
to –4 kJ/mol), leading to its preferential formation under the 
present composition conditions [9,10]. The Cu-P phase was 
mainly identified as Cu3P, which is thermodynamically stable 
even at low temperatures [11]. Owing to the limited phosphorus 
content, the overall fraction of Cu-P phases remained low, re-
sulting in a relatively homogeneous microstructure. In contrast, 
increasing the phosphorus content to 10 wt.% shifted the alloy 
composition into the P-rich hypereutectic region of the Cu-P 
binary system, where solidification occurred in the liquid + Cu-P 

two-phase region. Consequently, the fraction of the Cu-P phases 
increased significantly, and the Cu-P intermetallic compounds 
such as Cu₃P and CuP2 formed at an early stage and were coarsely 
distributed in the final microstructure. 

XRD analysis was conducted to investigate changes in 
alloying behavior and phase formation as a function of phos-
phorus content, and the results are summarized in Fig. 3. The 
diffraction patterns were collected over a 2θ range of 20-60°. 
Overall, a clear change in phase constitution was observed with 
increasing phosphorus content. At 5 wt.% P, diffraction peaks 
of the Cu matrix were dominant, while Cu-P-related peaks were 
weak, indicating suppressed Cu-P compound formation and 
the development of a continuous Cu or Cu-Sn-based matrix. 
In contrast, the alloy containing 10 wt.% P exhibited reduced 
Cu matrix diffraction intensity with enhanced Cu3P peaks, indi-
cating a Cu3P-dominated phase constitution. Distinct CuP2 and 
Cu6Sn5 peaks were observed only at this phosphorus content. 
The formation of CuP2 indicates a transition toward P-rich Cu-P 
intermetallic compounds, which are brittle and can degrade 
joint reliability under thermal stress [12]. In addition, prefer-
ential Cu consumption by Cu-P phases reduces Cu availability 
for reaction with Sn, leading to localized Sn-rich regions where 
brittle η-Cu6Sn5 forms [13]. Fig. 4 presents the SEM analysis 
and joint strength results of Cu-stainless steel joints brazed with 
the developed filler metals. SEM observations show that the A1 
alloy forms a uniform and continuous joint interface without 
observable defects. Phosphorus distribution toward the stainless 
steel interface indicates effective oxide removal and improved 
wettability. In addition, the filler metal diffuses into the stain-
less steel region containing Fe and Cr, implying sufficient melt 

TABLE 1
Composition of designed and commercial filler metals

Filler metal name
Composition (wt.%)

Cu Ag P Sn Zn Ni
A1 65 10 5 20 — —
A2 60 10 10 20 — —

BCuP-5 80 15 5 — — —
BAg-4 30 40 — — 28 2

Fig. 1. Composition design of low-Ag Cu–Ag–Sn–P filler metals based on FactSage calculations and the Cu–P phase diagram
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Fig. 2. SEM micrographs showing the microstructural evolution of Cu–Ag–Sn–P filler metals with different phosphorus contents

Fig. 3. XRD patterns of Cu–Ag–Sn–P filler metals with different phosphorus contents

fluidity and active interfacial reactions. In contrast, the A2 
alloy exhibited a discontinuous and irregular interface, along 
with generally limited diffusion of the filler metal, which can 
be attributed to suppressed interfacial reactions due to reduced 

melt fluidity. These interfacial characteristics are consistent 
with the joint strength results, where the A1 alloy showed 
the highest strength, while the A2 alloy exhibited relatively  
lower strength.
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4. Conclusions

In this study, the effects of the phosphorus content on the 
microstructure and joint strength of Cu–Ag–Sn–P filler metals 
for fluxless brazing were investigated. At 5 wt.% P, a uniform 
joint interface and improved wettability were achieved through 
effective reduction of the chromium oxide layer on the stainless 
steel. In addition, the relatively low phosphorus content sup-
pressed excessive formation of Cu–P intermetallic compounds, 
allowing the formation of a continuous Cu or Cu–Sn-based 
matrix, which contributed to stable melt flow and homogeneous 
joint formation. In contrast, increasing the P content to 10 wt.% 
caused an excessive formation of P-rich brittle phases such as 
CuP2 and Cu6Sn5, resulting in degraded melt fluidity and joint 
reliability. Consequently, the A1 alloy containing 5 wt.% P ex-
hibited a superior joint strength compared with the commercial 
BCuP-5 and a performance comparable to the BAg-4, despite its 
lower Ag content, demonstrating its potential as an alternative 
filler metal for high-reliability fluxless brazing applications.
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Fig. 4. Joint strength and SEM microstructures of Cu-stainless steel brazed joints. Yellow line: line scan; white boxes: analysis regions
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