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Abstract: 

Si3N4-based copper-clad laminates (CCLs) possess outstanding insulation, thermal 

conductivity and thermal shock resistance, with wide applications in electronic devices. 

Nevertheless, Si3N4/Cu joints suffer from large residual stress and high fabrication cost, 

and heat accumulation easily induces module failure under high chip power density. 

Herein, low-cost CuSnTi filler was adopted to braze Si3N4 ceramic and Cu, and the 

influence of brazing temperature on interfacial microstructure and mechanical 

performance was investigated. The CuSnTi filler exhibits good wettability on Si3N4, 
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and the joint interfacial structure is Si3N4/TiN+Ti5Si3+Cu(s, s)+CuTi+CuTi2+Sn3Ti5/Cu. 

With temperature rising from 850 °C to 1000 °C, joint peel strength increases steadily 

and peaks at 32.1 N/mm at 1000 °C, owing to the thickened TiN layer and residual 

stress relaxation of Ti5Si3. To lower the brazing temperature, 10 wt.% In was added into 

CuSnTi to fabricate composite filler. The optimized temperature drops to 850 °C while 

peel strength remains 20.58 N/mm. In dissolves in Cu matrix to reduce melting point 

and improve filler fluidity, and the interfacial microstructure is well maintained. This 

work provides a low-cost, low-temperature and silver-free brazing route for Si3N4-

based CCLs with promising engineering application value. 

Keywords: CuSnTi, Interface structure, TiN, Ti5Si3, Peel strength  

1. Introduction 

Si3N4 ceramic is regarded as the core material for ceramic copper-clad laminates 

(CCLs) used in power electronic devices, owing to its high thermal conductivity, 

excellent electrical insulation, remarkable thermal shock resistance and chemical 

stability [1-3]. Si3N4-based CCLs fabricated by combining Si3N4 ceramic with high-

conductivity Cu foil can effectively solve the heat dissipation and insulation bottlenecks 

of high-power chips, which is essential for the miniaturization and high integration of 

electronic devices [4-7]. As a key technology for dissimilar material joining, brazing 

presents obvious advantages over diffusion bonding, such as simple sample preparation, 

convenient operation and high production efficiency, making it the most widely used 

technique for the industrial fabrication of Si3N4/Cu joints [8,9]. 
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However, two critical problems still restrict the practical application of Si3N4/Cu 

brazed joints. On the one hand, the chemically inert surface of Si3N4 ceramic leads to 

poor wettability of most conventional brazing fillers, whereas satisfactory wettability 

is a prerequisite for reliable metallurgical bonding. On the other hand, the large 

mismatch in coefficients of thermal expansion (CTE) between Si3N4 (3.2×10⁻⁶ K⁻¹) and 

Cu (17.0×10⁻⁶ K⁻¹) inevitably generates high residual stress in the joint during cooling, 

which degrades the joint reliability and even causes substrate cracking in severe cases 

[10-12]. 

Ag-based brazing fillers including AgCuTi and AgCuInTi have been widely 

applied in industrial production owing to their superior wettability on ceramics and 

favorable bonding strength with metals [13-15]. Tang et al. [16] used Ag-Cu-TiH2 

brazing filler metal to realize the active brazing connection of Si3N4 ceramic and 

oxygen-free copper foil at 875 °C for 0.5 h. Ti reacts with Si3N4 in the brazing filler 

metal to form TiN+Ti5Si3 interface reaction layer. When the content of TiH2 is 5 wt.%, 

the peel strength of the joint is the best, reaching 25.1 N/mm. The evolution of the 

interface microstructure directly determines the fracture mechanism and mechanical 

properties of the joint. Nevertheless, the high cost of noble metal Ag and the Ag 

electromigration effect, which induces the long-term reliability degradation of CCLs, 

have motivated researchers to develop low-cost silver-free or low-silver brazing fillers. 

Cu-based active brazing fillers have attracted extensive attention as promising 

candidates for ceramic brazing, due to their low cost, high interfacial reactivity and 
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excellent thermal conductivity, which match the thermal management requirements of 

electronic device substrates [17-19]. 

Previous studies have verified the feasibility of Cu-based active fillers for Si3N4 

brazing. Naka et al. [20] studied the wetting angle evolution of Cu-Ti and Cu-Zr alloys 

on Si3N4 ceramic with temperature and time via high-speed photography, and found 

that Cu-30Ti (at.%) alloy formed a TiN reaction layer thicker than 10 μm on Si3N4 at 

1100 °C for 30 min, achieving a low wetting angle of only 8°. Wang et al. [21] 

investigated the wettability of CuZrTi fillers with different Ti contents on Si3N4 ceramic 

using the sessile drop method, and confirmed that the active Ti element dramatically 

reduced the wetting angle from 149° for pure Cu to 4° for Cu-8.6Zr-20Ti (at.%), which 

was ascribed to the formation of Ti-containing reaction products and the adsorption of 

Ti atoms at the interface. Although Cu-Ti binary fillers have been used for Si3N4 brazing, 

their excessively high brazing temperature (above 1100 °C) limits their industrial 

application [22]. The addition of Sn can effectively decrease the melting point of CuTi-

based fillers, and CuSnTi fillers have been widely used in the joining of diamond and 

other materials owing to their cost effectiveness and moderate brazing temperature 

(around 900 °C) [23-25]. However, systematic research on the vacuum brazing of 

Si3N4/Cu joints using CuSnTi filler is still insufficient. In particular, the relationship 

among brazing temperature, interfacial microstructure evolution and mechanical 

properties of the joints has not been clearly revealed. In addition, the introduction of 

low-melting-point elements is an effective strategy to further lower the brazing 

temperature of Cu-based fillers. Indium (In), with a melting point of 156.6 °C, has been 
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adopted to modify Ag-based and Cu-based fillers to improve their fluidity and reduce 

the brazing temperature [26,27]. However, the mechanism by which In addition 

influences the melting point, fluidity and interfacial reaction behavior during brazing 

remains unclear, and the effect of In on the mechanical properties of Si3N4/Cu joints 

needs to be further explored. 

Therefore, in this work, CuSnTi active brazing filler was employed to prepare 

Si3N4/Cu joints in vacuum. The wettability of CuSnTi filler on Si3N4 ceramic, the 

interfacial microstructure evolution of Si3N4/Cu joints, and the effect of brazing 

temperature (850-1000 °C) on the peel strength were systematically studied. 

Furthermore, 10 wt.% In was added into CuSnTi filler to prepare a novel CuInSnTi 

composite filler, and the influences of In addition on the brazing behavior, interfacial 

microstructure and mechanical properties of Si3N4/Cu joints were investigated, aiming 

to develop a low-temperature and silver-free brazing route. 

2. Experimental procedure 

The ceramic substrate employed in this work was hot-pressed Si3N4 ceramic 

supplied by Fuzhou Kunpeng Optoelectronic Technology Co. Ltd., with a thermal 

conductivity of 80 W·m⁻¹·K⁻¹. The Si3N4 ceramics were prepared into two dimensions: 

20 mm×20 mm×0.5 mm and 10 mm×30 mm×2 mm. Oxygen-free copper (OFC) plates 

with a purity higher than 99.9% were provided by Dongguan Tongda Metal Materials 

Co., Ltd., with thicknesses of 0.5 mm and 0.3 mm, respectively. The copper plates were 

cut into dimensions of 10 mm×10 mm×0.3 mm (for microstructure characterization) 

and 6 mm×100 mm×0.5 mm (for mechanical property tests) using a wire electrical 
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discharge machine (WEDM), as illustrated in Fig.1a. All substrates were first ground 

with 2000# SiC abrasive paper, and then further polished with a wool polishing wheel 

mounted on a hand-held drill. Subsequently, the polished substrates were ultrasonically 

cleaned in anhydrous ethanol for more than 15 min. The brazing filler powder was 

mixed with an organic solvent to form brazing paste, which was then coated onto the 

substrate surfaces through a 100-mesh screen, as displayed in Fig.1a. After that, the 

substrates were assembled into a sandwich structure. Fig.1b shows the schematic of the 

sample for microstructure observation, and Fig.1c presents the schematic of the sample 

for mechanical property tests. 

 

Fig.1 Diagram of Sample Preparation: (a) filler coating; (b-c) sample assembly. 

The CuSnTi brazing filler metal employed in this study was supplied by Changsha 

Tianjiu Metal Materials Co., Ltd. The powder had a particle size of 50 μm, with a 

nominal composition of 20 wt.% Sn and 10 wt.% Ti. Meanwhile, 10 wt.% commercial 

In powder with a particle size of 38 μm was added to fabricate the CuInSnTi composite 
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brazing filler. The mixed powder was blended in a V-type powder mixer at 30 rpm for 

48 h. The assembled samples were placed into a QVDF-200 vacuum brazing furnace, 

with a ultimate vacuum level of 8×10⁻⁴ Pa. During heating, the vacuum was maintained 

at (4-8)×10-3 Pa, and the temperature control accuracy was ±5 °C, satisfying the 

experimental requirements. The samples were heated to 600 °C at a rate of 15 °C/min 

and held for 10 min, then further heated to the target brazing temperature at 5 °C/min. 

A constant pressure of 0.2 MPa was applied to the samples during brazing. 

Microstructure characterization was carried out using a field emission scanning 

electron microscope (FE-SEM, JSM-7100F) equipped with an energy dispersive 

spectrometer (EDS, EDAX Genesis2000), as well as an electron probe microanalyzer 

(EPMA, JXA-8530F). Phase identification was performed on the flat fracture surfaces 

after peeling tests by an X-ray diffractometer (XRD, Bruker D8 Discover) with Cu-Kα 

radiation. To quantitatively evaluate the bonding strength between Si3N4 ceramic and 

Cu foil, 90° peel strength was measured using a universal mechanical testing machine 

(AGS-XD50kN) with the custom fixture shown in Fig.2. During the test, the Cu strip 

was peeled from the ceramic substrate at a 90° angle around a rigid shaft. The peeling 

speed was set at 50 mm/min, with a peeling angle tolerance of ±5° and a peeling length 

no less than 30 mm. The load–displacement curve was recorded automatically, and the 

average peel force was obtained from the stable plateau region of the curve. To ensure 

the reliability of results, three parallel tests were carried out for each condition, and the 

average value was adopted. The peel strength (Ps, N/mm) was calculated by Equation 
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(1), where Fp is the average peel force (N), and lc is the width of the Cu foil (mm, fixed 

at 6 mm in this work). 𝑃௦ = ௣݈௖ܨ (1) 

 

Fig.2 Fixture for Peeling strength testing. 

3. Results and Discussion 

3.1 Microstructure of Cu/CuSnTi/Si3N4 joint interface 

Although extensive studies have been conducted on the wettability and bonding 

performance of CuSnTi brazing fillers on diamond substrates, research on their 

application in Si3N4 ceramic brazing remains relatively limited. Superior wettability of 

liquid brazing alloys on ceramic surfaces is a prerequisite for achieving reliable 

metallurgical bonding. Accordingly, the wetting behavior of CuSnTi brazing filler on 

Si3N4 ceramic was first examined in this work. Fig.3 presents the variation in the 

wetting angle of the CuSnTi filler on Si3N4 ceramic at different brazing temperatures. 

The filler exhibits satisfactory wettability, and the wetting angle gradually decreases 

with increasing brazing temperature. At 900 °C, the wetting angle is reduced to below 

20°, reaching a value of 19.4°. 
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Fig.3 Change in wetting angle of CuSnTi brazing filler metal on Si3N4 ceramic surface. 

Figure 4 shows the interfacial microstructure of the Si3N4/CuSnTi/Cu joint brazed 

at 900 °C for 20 min. As presented in Fig.4a, the joint is well bonded without obvious 

defects such as voids or cracks. At elevated temperatures, interdiffusion occurs between 

the Cu substrate and the liquid brazing alloy, leading to the blurring and disappearance 

of the Cu/brazing layer interface. A higher-magnification image of the joint zone 

(Fig.4b) displays a dominant light gray matrix phase A, a small amount of white phase 

B, and dark gray blocky phase C. Further magnification of the ceramic-side reaction 

layer (Fig.4c) reveals hexagonal black blocky phase D, black dot-like phase F within 

the brazing seam, and a distinct reaction layer phase E at the ceramic interface. 

To identify the constituent phases in the joint, quantitative compositional analysis 

was performed on phases A-E using EDS, and elemental mapping was conducted via 

EPMA. The corresponding results are summarized in Table 1 and Fig.5, respectively. 

Phase A is composed of 95.80 at.% Cu, with contrast consistent with the Cu substrate, 

indicating that it is a Cu-based solid solution (Cu(s，s)). Phase B mainly consists of 
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26.78 at.% Sn, 14.70 at.% Cu, and 55.43 at.% Ti. Combined with the uniform 

distribution of Sn and Ti in Fig.5, phase B is confirmed to be Sn3Ti5. Phase C is 

primarily composed of Cu and Ti with an atomic ratio close to 1:1. As observed in 

Fig.5a, b, and d, the dark gray phases near the ceramic and the dendritic dark gray 

phases in the brazing seam are enriched in Cu and Ti. Thus, the Cu-Ti intermetallic 

compound CuTi is formed by the reaction between Ti and Cu solid solution. Phase D 

exhibits a regular hexagonal morphology and is mainly composed of Ti and Si. As 

reported in the literature [28,29], Ti and Si can react to form various titanium silicides 

including TiSi, Ti5Si3, and TiSi₂. At high temperatures, the Gibbs free energies of 

formation for all three phases are negative, while that of Ti5Si3 is the most negative, 

suggesting the highest formation priority. Moreover, the atomic ratio of Ti to Si in phase 

D is approximately 5:3, consistent with Ti5Si3 (Equation 2). Therefore, phase D is 

determined to be Ti5Si3. Phase E contains 35.98 at.% Ti and 33.96 at.% N, verifying it 

as the TiN interfacial reaction layer generated by the reaction between active Ti and 

Si3N4 ceramic (Equation 3) [30,31].The EDS results of the black phase at point F show 

23.88 at.% Ti and 73.18 at.% Cu. Due to the small size of this phase, large errors may 

exist in the EDS quantification. Accordingly, it is deduced that, in addition to a large 

amount of CuTi, other Cu-Ti intermetallic compounds such as CuTi2 may also 

precipitate in the joint. 
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Fig.4 Microstructure of Si3N4/CuSnTi/Cu joint brazed with CuSnTi filler metal at 900 ℃-20 min. 
Table 1 Analysis of points marked in Fig.4 (at.%). 

 Sn Cu Ti N Si Possible phase 

A 2.68 95.80 0.54 0.06 0.92 Cu(s,s) 

B 26.78 14.70 55.43 0.04 3.05 Sn3Ti5 

C 8.88 40.35 45.98 0.25 4.54 CuTi 

D 2.2 5.54 57.09 0.24 34.93 Ti5Si3 

E 0.46 12.65 35.98 33.96 16.95 TiN 

F 1.93 73.18 23.88 0.06 0.95 CuTi2+Cu(s,s) 5ܶ݅(݈) + (ݏ)3ܵ݅ = ܩ∆  5ܵ݅3݅ܶ ܬܭ) ⁄(݈݋݉ = −194 + 0.0167ܶ (2) 

ܵ݅3 (ݏ)4ܰ + (ݏ)3ܶ݅ = (ݏ)4ܶ݅ܰ + ܩ∆  (ݏ)3ܵ݅ ܬܭ) ⁄(݈݋݉ = −1356 + 0.199ܶ (3) 

 

Fig.5 Microstructure and element distribution of Si3N4/CuSnTi/Cu joint. 
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The fracture surface on the Cu side after peeling was characterized by XRD, and 

the corresponding pattern is displayed in Fig.6. The results confirm the existence of 

TiN, Cu, Si3N4, Ti5Si3, Sn3Ti5, and CuTi2 phases. In agreement with the above analysis, 

the Sn3Ti5 phase is identified in the fracture, whereas no other Sn-containing phases are 

observed in Fig.4. According to previous reports [32,33], the phase at point B in Table 

1 is usually identified as either CuSn3Ti5 or Sn3Ti5. Jiang et al. [32] investigated the Cu-

Sn-Ti ternary system via experiments and thermodynamic calculations, and verified 

that the CuSn3Ti5 phase is actually the binary intermetallic compound Sn3Ti5 with a 

certain solid solubility of Cu. On the basis of the above results, the typical interfacial 

microstructure of the Si3N4/Cu joint brazed with CuSnTi filler can be determined as: 

Si3N4/TiN+Ti5Si3+Cu(s，s)+CuTi+CuTi2+Sn3Ti5/Cu. 

 

Fig.6 XRD pattern of Cu side after peeling. 

3.2. Influence of brazing temperature on the microstructure and mechanical 

properties of Si3N4/CuSnTi/Cu joints 
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To investigate the effect of brazing temperature on the interfacial microstructure 

of Si3N4/Cu joints, vacuum brazing was carried out using CuSnTi filler at 850-1000 °C 

with a holding time of 20 min. The microstructure of the as-brazed joints is presented 

in Fig.7. At 850 °C, the molten filler shows insufficient fluidity, resulting in inadequate 

filling of the joint gap. Numerous voids are formed, and only a small amount of filler 

is squeezed out under low pressure, leading to a relatively wide brazing seam. The low 

element diffusion coefficient restricts the diffusion of Ti toward the Si3N4 substrate, 

leading to a thinner TiN reaction layer and less release of Si atoms. Consequently, no 

free Ti5Si3 phase is observed in the joint. Instead, most Ti atoms remain in the brazing 

seam and react with Sn to form white Sn3Ti5 particles, which are uniformly distributed 

in the joint (Fig.7a). 

With increasing brazing temperature, the fluidity of the molten filler is gradually 

improved. Sound bonding is achieved at 900-1000 °C. Meanwhile, the amount of 

overflowed liquid filler increases under low pressure, and the brazing seam width is 

gradually reduced, accompanied by a decrease in the amount of white Sn3Ti5 phase. 

The elevated temperature enhances the element activity and accelerates the diffusion 

rate of Ti, promoting the migration of more Ti atoms to the ceramic side to form a TiN 

reaction layer. As observed in the magnified images (Fig. 7b-d), the thickness of the 

TiN layer increases gradually with temperature, reaching approximately 0.5 μm at 

1000 °C. The thickened TiN layer also promotes the release of more Si atoms from 

Si3N4, which diffuse across the reaction layer and react with Ti to form free Ti5Si3 phase. 

At 900 °C, a small amount of hexagonal Ti5Si3 is formed in the joint. As the temperature 
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rises to 950 °C, the amount of black Ti5Si3 increases significantly. When the 

temperature reaches 1000 °C, coarsened Ti5Si3 grains are observed. Fine Ti5Si3 grains 

possess lower thermodynamic stability and higher surface energy. According to the 

literature [34], fine Ti5Si3 grains tend to dissolve and re-precipitate onto coarse grains 

to minimize the total surface energy. Therefore, with increasing brazing temperature, 

the number of Ti5Si3 grains decreases gradually while the grain size increases 

significantly. In addition, large blocky CuTi and a small amount of dispersed CuTi2 are 

formed at 900 °C. When the temperature is increased to 950 and 1000 °C, the blocky 

CuTi phase disappears, while the amount of dispersed CuTi2 increases. 

At 850 °C, no effective bonding is established at the interface, and the Cu foil peels 

off directly from the ceramic substrate. Fig. 8 shows the peel strength of Si3N4/Cu joints 

brazed with CuSnTi filler at 900-1000 °C. The peel strength increases continuously 

with increasing temperature and reaches the maximum value of 32.1 N/mm at 1000 °C. 
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Fig.7 Microstructure of Si3N4/CuSnTi/Cu joint at different temperature: a 850 ℃;  

b 900 ℃; c 950 ℃; d 1000 ℃. 

 

Fig.8 Peeling strength of Si3N4/CuSnTi/Cu joints at different temperatures. 

The mechanical properties of the joint are significantly dominated by the phase 

composition and distribution within the joint. The coefficients of thermal expansion 

(CTE) of typical phases in the Si3N4/Cu joint are listed in Table 2. Figure 9 shows the 
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fracture morphologies on the Cu side of Si3N4/CuSnTi/Cu joints brazed at different 

temperatures. At a brazing temperature of 900 °C, a large amount of black Si3N4 

ceramic phase and a small quantity of white brazing alloy structure can be observed on 

the fracture surface (Fig.9a, d), and the corresponding peel strength is 18.9 N/mm. At 

900 °C, the activity of Ti in the brazing filler is relatively low, leading to a thin reaction 

layer formed at the ceramic interface. More Ti atoms remain in the brazing seam to 

form blocky CuTi phase, which is unevenly distributed in the joint. Under external 

loading, cracks initiate and propagate on the ceramic surface and inside the ceramic, 

resulting in brittle fracture. When the brazing temperature is increased to 950 °C and 

1000 °C, a large number of Ti5Si3 phases are generated in the joint. The joint structure 

evolves from Si3N4/thin TiN layer/brazing alloy to Si3N4/thin TiN layer/rod-like Ti5Si3 

phase/brazing alloy. The CTE mismatch between the transitional layers is gradually 

reduced, which relieves the residual stress in the joint and thus improves the joint 

strength. As observed in Fig.9, the area fraction of white brazing alloy structure on the 

fracture surfaces increases gradually at 950 °C and 1000 °C, demonstrating that the 

residual stress within the joint has been effectively relaxed. 

Table 2 CTE of different components in the joint. 

Material CTE/（×10-6 K-1） 

Si3N4 3.2 

TiN 8.5 

Ti5Si3 7.1 

Cu 17.0 
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Fig.9 Cu side peeling fracture of Si3N4/CuSnTi/Cu joint at different brazing temperatures: 

a 900 ℃; b 950 ℃; c 1000 ℃; d-f enlarged image of the fracture. 

3.3 Effect of In Addition on the Microstructure and Mechanical Properties of 

Si3N4/CuSnTi/Cu Joints 

In the previous section, Si3N4/Cu joints were successfully brazed using CuSnTi 

filler, and the optimal brazing temperature was determined to be 1000 °C. For 

conventional CuTi brazing fillers, the typical brazing temperature is generally around 

1000 °C [35,36]. Although the addition of Sn effectively reduces the melting point of 

the filler, the brazing temperature is still relatively high for industrial applications. 

Therefore, the low-melting-point element In was introduced into the CuSnTi filler, and 

the influences of brazing temperature on the interfacial microstructure and peel strength 

of the joints were studied. 

Figure 10 shows the interfacial microstructure of the Si3N4/Cu joint brazed with 

CuInSnTi filler (CuSnTi+10 wt.% In) at 900 °C for 20 min. The joint exhibits sound 
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bonding without noticeable defects such as voids or cracks. A magnified view of the 

brazing layer (Fig.10b) reveals no obvious new phases compared with the CuSnTi 

brazed joint. The brazing seam mainly consists of a large amount of white phase A, a 

small quantity of black blocky phase B, and dark gray blocky phase C. Further 

magnification of the ceramic-side reaction layer (Fig.10c) shows a distinct reaction 

layer phase D, together with dispersed black phase E distributed in the brazing seam. 

To identify the phase constituents after In addition, quantitative compositional analysis 

was conducted on phases A–E by EDS, and the results are listed in Table 3. The In 

content in all these phases is relatively low. Combined with the previous analysis, these 

phases are identified as Sn3Ti5, Ti5Si3, CuTi, TiN, and CuTi2, respectively. 

 

 

Fig.10 Microstructure of Si3N4/Cu joint brazed with CuInSnTi brazing metal at 900 ℃-20 min: a 

whole joint; b-c partial enlarged image. 

Table 3 Analysis of points marked in Fig.10 (at.%). 

 Si Sn N Cu In Ti Possible phase 

A 3.32 25.86 0.04 16.34 0.56 53.88 Sn3Ti5 

B 33.05 1.25 3.07 2.16 0.05 60.42 Ti5Si3 

C 6.25 10.99 0.04 32.52 0.60 49.60 CuTi 

D 15.49 0.74 32.30 5.56 0.38 45.53 TiN 

E 0.95 1.73 0.06 73.17 2.21 21.88 Cu(s,s)+CuTi2 

F 1.34 2.37 0.04 88.74 6.73 0.78 Cu(s,s) 
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Phase F is mainly composed of 88.74 at.% Cu and 6.73 at.% In. Besides, the In 

content in other phases within the brazed joint is quite low. Over the past few decades, 

extensive research has been carried out on the phase diagram and thermodynamics of 

the Cu-In binary system. It has been confirmed that the maximum solid solubility of In 

in Cu is 10.85 at.%, and the solid solubility gradually decreases with the decrease of 

brazing temperature. However, studies on Cu-In alloys with low In content are 

relatively scarce. Considering the high vapor pressure of metallic In, it tends to 

volatilize during vacuum brazing. Meanwhile, existing as a solid solution can 

significantly reduce its volatilization rate. According to the Cu–In phase diagram [37], 

In exhibits higher solid solubility in the Cu matrix than other elements during brazing, 

and the holding time at high temperature is relatively short. Therefore, the volatilization 

of In is neglected in this work. In terms of atomic radius, the radius of Cu is 1.28 Å 

while that of In is 1.62 Å. The large difference in atomic radius exceeds 15%, which 

violates the Hume-Rothery rule, leading to low solid solubility at room temperature 

[38]. Elemental mapping of Cu, In, and Sn in the joint was performed by EPMA, as 

presented in Fig.11. A corresponding distribution between Cu and In can be observed. 

At a distance of 40 μm from the ceramic interface, the signal intensity of In gradually 

decreases with increasing distance from the interface. EPMA line scan was also 

conducted along the path shown in Fig. 11, and the results are displayed in Fig. 12. The 

In content exhibits a linear decreasing trend with increasing distance from the brazing 

seam. Based on the above analysis, it is inferred that after adding In into the filler, In 

dissolves into the Cu matrix at high temperatures, which lowers the melting point of 
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the brazing alloy. Meanwhile, In diffuses toward the Cu substrate driven by the 

chemical potential gradient. During the slow furnace cooling process, the solid 

solubility of In in the Cu matrix decreases continuously, resulting in the precipitation 

of a small amount of δ phase in the joint. Finally, a mixture of δ phase and Cu-based 

solid solution is formed. Therefore, the typical interfacial microstructure of the 

Si3N4/CuInSnTi/Cu brazed joint can be described as:Si3N4/TiN+Ti5Si3+Cu(s, 

s)+CuTi+CuTi2+Sn3Ti5/Cu. 

 

Fig.11 Microstructure and element distribution of Si3N4/CuInSnTi/Cu joint. 
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Fig.12 EDS line profiles of the elements of Figure 11(a). 

To investigate the influence of In addition on the melting point and brazability of 

the filler metal, Si3N4/Cu joints were brazed using CuInSnTi filler at various 

temperatures. The interfacial microstructure of the joints is presented in Fig.13. At 

relatively low brazing temperatures, the fluidity of the molten filler is insufficient, 

resulting in a large number of void defects in the joint. With increasing brazing 

temperature, the fluidity of the brazing alloy is gradually enhanced, and more liquid 

filler is extruded from the brazing layer under applied pressure, leading to a gradual 

reduction in the brazing seam width. Sound interfacial bonding is achieved at 850-

900 °C without any defects such as voids or cracks. The increase in brazing temperature 

accelerates elemental diffusion. At low temperatures, the white Sn-containing phase in 

the brazing seam is uniformly distributed as blocky particles. When the temperature 

rises to 900 °C, the white phase aggregates and coarsens. Meanwhile, the activity of Ti 

is gradually improved, and more Ti atoms diffuse toward the ceramic side to form a 

thicker reaction layer, which promotes the release of more Si atoms. At 850 °C, a small 

amount of free black Ti5Si3 phase is observed in the joint. When the brazing temperature 

is increased to 900 °C, a large number of free Ti5Si3 phases appear near the ceramic 

interface. 

 

Fig.13 Microstructure of Si3N4/CuInSnTi/Cu joint at different temperatures:  
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a 820 ℃; b 850 ℃; c 900 ℃. 

Figure 14 shows the peel strength of Si3N4/Cu joints brazed with CuInSnTi filler 

at 820-900 °C for a holding time of 20 min. The joint strength first increases and then 

decreases with increasing brazing temperature, reaching a maximum value of 20.58 

N/mm at 850 °C. 

 

Fig.14 Peeling strength of Si3N4/CuInSnTi/Cu joints at different temperatures. 

Figure 15 displays the fracture morphologies of the peeled joints obtained at 

different brazing parameters. At a brazing temperature of 820 °C, the activity of Ti in 

the brazing layer is relatively low, leading to a thin TiN reaction layer at the ceramic 

interface. Meanwhile, a large number of defects such as pores and cracks exist in the 

joint. Under external loading, fracture initiates at the defects within the ceramic surface 

layer and the brazing seam, resulting in a low peel strength of only 11.16 N/mm. With 

increasing brazing temperature, the thickness of the TiN reaction layer is increased and 

the fluidity of the brazing alloy is significantly improved, which effectively reduces the 

defects in the joint. Consequently, the peel strength is enhanced and the fracture surface 

becomes relatively flat, with failure occurring in the ceramic surface layer and inside 
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the brazing alloy. However, the residual stress in the joint also increases gradually with 

the elevation of brazing temperature. The amount of low-CTE Ti5Si3 phase formed in 

the joint is limited, leading to an insufficient effect on residual stress relaxation. When 

the brazing temperature reaches 900 °C, a small amount of large black Si3N4 ceramic 

phase is observed on the fracture surface. Under applied loading, cracks propagate 

along the defects into the deep region of the ceramic, causing the peel strength to 

decrease to 14.60 N/mm. 

A comparison between the two fillers (with and without In addition) was carried 

out at 850 °C. In the case of CuSnTi filler without In, the filler shows poor fluidity at 

this temperature, resulting in numerous voids and eventual joint failure. After the 

addition of 10 wt.% In, In dissolves into the Cu matrix at high temperatures, which 

effectively reduces the melting point and improves the fluidity of the brazing alloy. This 

contributes to sound bonding of the joint, together with enhanced elemental activity and 

increased thickness of the ceramic-side reaction layer. Under the experimental 

conditions of this work, the optimal brazing temperature for the In-added CuInSnTi 

filler is determined to be 850 °C. Although the maximum peel strength is slightly lower 

than that of the CuSnTi joint, it is still much higher than the industrial requirement of 

10 N/mm [39]. 
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Fig.15 Peel fracture of Cu/CuInSnTi/Si3N4 joint at different brazing temperatures: a 850 ℃;b 

900 ℃; c 950 ℃; d 850 ℃; e 900 ℃; f 950 ℃. 

3.4 Microstructural evolution of Si3N4/CuSnTi/Cu joint 

Based on the above analysis, the microstructural evolution mechanism of Si3N4/Cu 

joints brazed with CuSnTi and In-alloyed CuSnTi fillers is proposed. Fig.16(a-d) 

schematically illustrates the microstructural evolution of the joint brazed with CuSnTi 

filler, which can be divided into the following stages: 

(1) With the gradual increase of brazing temperature, the brazing filler melts into 

liquid, which significantly accelerates the elemental diffusion in the joint. 

(2) Driven by the chemical potential gradient, active Ti in the filler diffuses toward 

and accumulates at the Si3N4 ceramic side, while the Cu substrate starts to dissolve into 

the liquid filler. 

(3) Interfacial chemical reactions take place in the joint. With the proceeding of 

brazing, Ti reacts with Si3N4 to form a continuous TiN reaction layer, accompanied by 

the release of Si atoms. The Si atoms diffuse across the TiN layer and react with Ti to 
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form the Ti5Si3 phase. Meanwhile, Cu from the substrate further dissolves into the 

brazing seam. 

(4) The continuous interfacial reaction consumes Ti atoms, resulting in a 

reinforced chemical potential difference in the joint. This promotes the continuous 

diffusion of Ti from the filler to the ceramic interface, further thickening the TiN layer 

and releasing more Si atoms. Abundant large rod-like Ti5Si3 grains are generated and 

randomly distributed in the joint. Subsequently, with the decrease of brazing 

temperature, the solubility of elements in the liquid filler declines, leading to the 

formation and precipitation of Sn3Ti5, CuTi, CuTi2 and other compounds, which finally 

solidify into the morphology shown in Fig. 16(d). 

Fig.16(e–h) shows the microstructural evolution of Si3N4/Cu joints after In 

addition. With increasing temperature, In melts and dissolves into the Cu matrix, which 

reduces the melting point and improves the fluidity of the brazing alloy, enhances the 

activity of Ti, and thus promotes the thickening of the ceramic-side reaction layer. At 

high temperatures, In diffuses into the Cu substrate driven by the chemical potential 

gradient. During the subsequent furnace cooling, In precipitates from the Cu matrix in 

the form of Cu(In) solid solution and related compounds. 
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Fig.16 Microstructure evolution of Si3N4/Cu joint brazed with CuInSnTi filler metal: a-d CuSnTi 

brazing metal; e-h CuInSnTi brazing metal. 

4. Conclusion 

In this work, Si3N4 ceramic and Cu were successfully joined using CuSnTi active 

brazing filler. The typical interfacial microstructure of the Si3N4/Cu joint is identified 

as: Si3N4/TiN+Ti5Si3+Cu(s,s)+Sn3Ti5+CuTi+CuTi2/Cu. With increasing brazing 

temperature, the activity of Ti is significantly enhanced, and more Ti atoms diffuse 

toward the ceramic side. The thickness of the TiN reaction layer increases gradually, 

and the amount of Ti5Si3 phase increases with an obvious tendency of aggregation and 

coarsening. Owing to the low coefficient of thermal expansion (CTE), Ti5Si3 acts as a 

transitional phase distributed in the joint and effectively relieves the residual stress. 

Consequently, the peel strength of the joint increases gradually with rising temperature 

and reaches a maximum value of 32.1 N/mm at 1000 °C. After the addition of In, the 

melting point of the brazing alloy is reduced, and both the fluidity of the liquid filler 

and the elemental activity are improved. Reliable Si3N4/Cu joints are obtained at 850 °C, 

with a peel strength of 20.58 N/mm. The addition of In shows negligible influence on 
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the phase composition of the joint. In is mainly solid-dissolved in the Cu matrix and 

precipitates as a mixture of Cu-based solid solution and related compounds during 

furnace cooling. 
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