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Abstract 

The residual-stress induced failure of Ti-6Al-4V/Si3N4 joints brazed with two 

different Si3N4 ceramics possessing different intrinsic properties was elucidated 

through experimental and finite-element (FE) thermo-mechanical simulations 

incorporating the local elasto-plastic properties of the as-received Ag-Cu-Ti filler and 

the brazing zone characterized by nano-indentation. All tested joints fractured mainly 

from the ceramics due to residual stress, and their bending strengths increased when 

using Si3N4 ceramics of higher intrinsic strength. FE-analysis based on the as-received 

filler’s properties overestimated the nominal bending strengths by approximately 100 

MPa in both joints; nano-indentation revealed that the depletion of ductile Ag-Cu phase 

and growth of hard Cu-Ti intermetallic compounds reduced the plastically deformable 

thickness after being brazed, whereby they resulted in higher residual stress in the 

ceramics. Finally, the validity of FE-estimated bending strengths was enhanced when 

considering the effective plastically deformable thickness of filler (30 μm) instead of 

the as-received state (50 μm).  
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1. Introduction      

A spacecraft’s thruster is used for orbit maneuvers by exhausting hot propellant 

gas; temperature is the highest at the throat adjacent to the combustion chamber and 

decreases along the nozzle skirt. To sustain the operating temperature of 1500 K at 

the nozzle throat, a material with high heat- and oxidation-resistance is needed. 

Conventional thruster used to be made of Nb-alloy (C-103), but its relatively high 

density and the need for oxidation protection coating are not favorable. Silicon nitride 

(Si3N4) ceramics, which are considerably more corrosion- and oxidation-resistant [1], 

as well as capable of maintaining relatively high strength and toughness at elevated 

temperature [2], have been successfully applied for thrusters, as demonstrated by the 

one installed in ISAS/JAXA’s Planet-C Venus explorer (AKATSUKI) [3]. To cater 

interplanetary missions that require higher-thrust propulsion systems, a larger nozzle 

skirt is required; such modification is challenging due to the poor workability and 

brittleness of Si3N4 ceramics. To reduce the usage of brittle materials and at the same 

time to enhance the thruster’s manufacturability, ISAS/JAXA is developing a hybrid 

ceramic/metal thruster for future spacecrafts [4]. As shown in the proposed design (Fig. 

1), the combustion chamber and nozzle skirt will be made of Si3N4 ceramics and Ti-

6Al-4V alloy, respectively.  

Brazing is one of the most opted-for techniques to join ceramics to themselves or 

to metal counterparts. Since the temperature at the hybrid thruster’s joining position is 

designed to be approximately 873 K, oxidation-resistant fillers having solidus 

temperature above that are required. Suganuma et al. found that Si3N4/Si3N4 joints 

brazed with Ti-added near-eutectic Ag-Cu filler does not show signs of strength 

degradation when tested in air at 873 K [5] and thus this filler is identified to be 

promising for the current application.  
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One of the main issues when joining metal to ceramics is the mismatch in 

coefficient of thermal expansion (CTE), which results in concentration of residual 

stress mainly in the ceramics when cooled from the brazing temperature to room 

temperature (RT) [6,7]. To reduce the residual stress by minimizing CTE mismatch 

between Ti-based substrate and Si3N4, solution such as insertion of a ductile Nb 

interlayer [8] has been investigated. We have successfully applied this Nb-interlayer 

approach for the trial production of a 20-N-class Ti-6Al-4V/Si3N4  hybrid thruster [4].  

Besides CTE mismatch, the elasto-plastic properties of the filler play a major role 

in governing the magnitude of residual stress [9–11]. Although finite element analysis 

(FEA) has widely been adopted to quantitatively validate the experimental strength of 

brazed joints by computing the residual stress [9,12,13], the reliability of residual-

stress estimation is highly dependent on the inputted elasto-plastic properties of the 

filler in the as-brazed state. When brazing ceramics to Ti alloy, the filler is susceptible 

to phase changes due to the diffusion of highly reactive Ti and formation of 

intermetallic compounds (IMCs) [8,14,15]. The elasto-plastic properties of the brazing 

zone, which can therefore differ from those of the as-received filler (before brazing), 

should be incorporated for a more reliable residual-stress estimation in FEA. 

A well-bonded metal/ceramics brazed joint tends to fracture within the ceramics 

close to the joining interface due to the large tensile residual stress in the ceramics 

part, and the susceptibility of ceramics to brittle fracture under tensile loading [8,11,16]. 

Under this situation, the intrinsic property of the ceramics governs the failure in the 

dissimilar brazed joint. Since the strength of polycrystalline ceramics generally follows 

a characteristic distribution (often described with a Weibull distribution), a probabilistic 

failure analysis is necessary to characterize the limiting factors that determine the 

achievable strength after brazing. To the best of the authors’ knowledge, no study has 
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yet been performed to directly compare dissimilar joints brazed with the same type of 

ceramics having different intrinsic properties.  

The present study aims to reveal the governing mechanism of strength 

degradation in brazed Ti-6Al-4V/Si3N4 joints by considering the residual stress and 

ceramics’ intrinsic strength based on the coupling between experimental and 

simulated results. The local elasto-plastic properties of the as-received filler and the 

brazing zone were first quantitatively characterized by nano-indentation, and the 

measured material parameters were then analytically incorporated into FEA for 

estimating residual-stress relaxation. Finally, the probabilistic failure behavior of 

brazed joints subjected to thermo-mechanical loading was analyzed and discussed in 

relation to the experimentally measured bending strength of the joints. 

 

2. Experimental 

2.1. Samples preparation 

Ti-6Al-4V alloy bars and Si3N4 ceramics bars having a dimension of 3 × 4 × 25 

mm3, respectively, were used as the substrates; the side with height (h = 3 mm) and 

width (w = 4 mm) was designated as the brazing surface and polished to a roughness 

of Ra = 0.2 μm. Two commercially available Si3N4 ceramics of different intrinsic 

properties, FCT-SN (FCT Ingenieurkeramik GmbH) and SN282 (Kyocera), were 

evaluated in this study. Their mechanical properties at RT [2,17] are shown in Table 

1. SN282, sintered with Lu2O3 additive, is optimized for a high fracture toughness and 

Weibull modulus, but has lower bending strength compared to FCT-SN, which is 

sintered with Al2O3 and Y2O3. An active brazing filler with nominal composition of Ag-

35.25Cu-1.75Ti in mass% (CUSIL-ABA® by Morgan braze alloy) in a form of a 50-μm 
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thick foil was used. The solidus and liquidus temperatures of the filler are 1053 K and 

1088 K, respectively.  

Prior to brazing, the materials were ultrasonically cleaned using acetone and 

isopropyl alcohol, followed by degassing in the vacuum furnace at temperature of 773 

K. At least six brazed specimens were prepared using each Si3N4 ceramics. The 

samples were first heated at 10 K/min to 1023 K for 30 min for temperature 

homogenization, followed by brazing at 1113 K with a holding time of 10 min at a 

vacuum level better than 10-5 mbar.  

 

2.2.  Mechanical characterization and microstructure observation 

The joint strength was evaluated via four-point bending testing on a universal 

testing machine (Zwick Z005) at RT with a loading displacement of 0.8 mm/min. 

Bending spans of 20/40 mm were used in accordance with EN 843-1 standard.  

The moments involved in four-point bending of centrally-positioned dissimilar and 

similar joints are schematically illustrated in Fig. S1. The moments at the center are 

equal in both similar and dissimilar joints. Assuming that failure occurs close to the 

centrally positioned joint, the bending strength is thus given by Eq. 1: 

σ = 
3(F1+F2)(Lo Li)

2wh
2

,                                                                                                                          (1) 

where Lo (= 40 mm), Li (= 20 mm), w (= 4 mm), h (= 3 mm), and F = F1 + F2 denote 

the outer-span, inner-span, width, height, and total applied load, respectively.  

The fracture surfaces of brazed joints were investigated by optical microscope and 

scanning electron microscope (SEM) equipped with energy dispersive X-ray 

spectroscopy (EDX) (Fei Nova NanoSEM 230 equipped with Oxford X-Max Silicon 

Drift EDX detector, Hitachi S3700-N equipped with Ametek Octane Pro EDX detector). 

For interfacial microstructural analysis, cross-sections were prepared by diamond wire 
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cutting followed by ion milling (Hitachi IM4000). Besides quantitative analysis of the 

elemental composition using SEM-EDX, the phases were further verified by 

supplementary X-ray diffraction (XRD; Bruker D8 Discover, Cu-Kα-radiation). 

Nano-indentation was carried out to characterize Young’s modulus and hardness 

of the as-received filler and the brazing zone at RT, whereby indentation loads of 5 

mN and 20 mN were applied using two indenters (Bruker Hysitron TI950 TriboIndenter 

and Shimadzu DUH-201), respectively. The hardness at 573 K was evaluated with an 

indentation load of 5 mN under an inert Ar-atmosphere (Bruker Hysitron xSol800). All 

indentation tests were performed using a diamond Berkovich tip under loading- and 

unloading-rates of 250 μm/s and a holding time of 10 s. At least five indentations were 

performed on each region with a minimum distance of 10 μm between the indents. 

 

2.3. FEA of thermo-mechanical loadings on brazed joints 

A finite element (FE) software (ABAQUS version 2021) was used to estimate the 

thermo-mechanical stress distributions in the brazed joints using three-dimensional 

static-general analysis. Table 2 shows the temperature-dependent elasto-plastic 

properties of Ti-6Al-4V [18], Si3N4 ceramics [2] and CUSIL-ABA® filler [19] used in the 

analyses. A linear hardening behavior of CUSIL-ABA® filler based on the von Mises 

plasticity, as shown in Fig. S2 [19], was integrated in the FE models. For sake of 

simplicity, the physical properties of both Si3N4 ceramics were assumed to be the 

same. Three-dimensional continuum models meshed with C3D6 elements and 

boundary conditions applied in each analysis step are shown in Fig. S3. The total 

number of elements and nodes are 108800 and 63085, respectively. When two 

materials having different elastic properties are joined, a free-edge stress singularity 

develops at the interface [20,21]; the meshes were refined to minimize the invalid 
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region due to stress singularity so as to reveal the stress gradient accurately around 

the brazing zone as discussed later in Section 3.4. To reduce computational time, the 

model size was simplified by half by applying a symmetric boundary condition on the 

xy-plane.  

A two-step thermo-mechanical analysis was carried out; thermal loading was 

applied in step 1 to generate residual stress by cooling from the stress-free 

temperature (1053 K, filler’s nominal solidus temperature) to RT (293 K), followed by 

mechanical loading in step 2 to simulate the four-point bending test. 

      

3. Results 

3.1. Microstructures of Si3N4 ceramics, as-received filler and brazing zone 

No noticeable difference was observed between the interfacial microstructures of 

joints brazed with either SN282 or FCT-SN Si3N4 ceramics. Figure 2 shows the typical 

microstructures of ((a) and (b)) the as-received Si3N4 ceramics, (c) the as-received 

CUSIL-ABA® filler and (d-g) the cross-section of brazing zone in Ti-6Al-4V/SN282 

joint revealed by back-scattered electron (BSE) imaging. The phases denoted by Point 

1 to 12 in Fig. 2, inferred from EDX and XRD (cf. Fig. 5), are listed in Table 3. 

SN282 ceramics feature large columnar grains (Fig. 2(a)), whereas FCT-SN 

ceramics show a much finer microstructure (Fig. 2(b)). The as-received filler (Fig. 2(c)), 

which is denoted as Region I, consists of mainly of Ag solid solution (s.s.) (Point 1) 

and Cu s.s. (Point 2) with globular Cu4Ti IMC precipitates (Point 3). 

After brazing, several regions were developed between the substrates, and are 

denoted as follows:  

  Region II: Ti-6Al-4V substrate of α-β Ti phase close to interface  
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  Region III: Cu-alloyed Ti-6Al-4V transition zone (~10 μm) and Cu-Ti IMCs layer (~20 

μm) 

  Region IV: Ag-Cu two-phase middle layer (~30 μm) 

  Region V: Filler/Si3N4 interfacial region with Ti-based reaction compounds 

  Region VI: Si3N4 substrate 

The stoichiometry of Ti in the Cu-Ti IMCs increases in the order of Cu4Ti (Point 3), 

AlCu2Ti (Point 4), Cu3Ti2 or Cu4Ti3 (Point 5), CuTi (Point 6) and CuTi2 (Point 7) when 

approaching the Ti-6Al-4V substrate. At the immediate transition zone (Fig. 3(f)), 

which is located between the Cu-Ti IMCs layer and the Ti-6Al-4V substrate, a lamellar-

like microstructure consisting of CuTi2 (Point 7), AlTi3 (Point 8), Cu-alloyed α-Ti (Point 

9) and β-Ti (Point 10) was developed. Various Ti-rich compounds were also 

precipitated in the narrow region close to Si3N4 ceramics (Fig. 2(g)). A reaction layer 

with thickness less than 1 μm, possibly TiN or Ti2N (Point 11), was developed directly 

along original the Si3N4 ceramics surface. Finely dispersed (Ti, V)5Si3 (Point 12) 

precipitates also developed in its vicinity.  

 

3.2. Young’s modulus and hardness of as-received filler and brazing zone 

Figure 3 shows ((a) and (b)) the topographic SEM images of typical indentation 

marks created by 20 mN load at RT, as well as (c) the local Young’s modulus and (d) 

hardness of the brazing zone in the as-received filler and brazing zone of Ti-6Al-

4V/SN282 joint at RT and 573 K; standard deviations are denoted by the error bars. 

The reduced elastic modulus (Er) in each region was calculated by the indenter’s 

software based on the Oliver-Pharr method [22]. The sample’s Young’s modulus (Es) 

was then calculated by Eq. 2:  

1

Er

 = 
1i

2

Ei

 + 
1s

2

Es

,                                                                                                                            (2) 
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where Ei and i are Young’s modulus (1170 GPa) and Poison’s ratio (0.07) of the 

diamond indenter, respectively. The sample’s Poisson’s ratio s of each region is 

approximated as 0.3 for sake of simplicity. The estimated Es of the as-received filler 

and Ti-6Al-4V are comparable to their respective reference values (Table 2), indicating 

the soundness of the experiment.  

To obtain the average hardness in the region consisting of heterogenous phases, 

the indentation size should be smaller than the width of the region, but larger than that 

of the constituent phases. Indentation at RT performed using 20 mN load produced 

indentation size comparable to that of constituent phases in Regions I and IV, as well 

as that of the width in Region V.  

Indentation at RT with 20 mN load reveals that Regions II, III and V in the brazing 

zone have relatively high hardness. On the other hand, Region IV, consisting of Ag 

s.s. and Cu s.s., maintains a hardness similar to that of the as-received filler (Region 

I), and thus possesses similar deformability. It is thus inferred that Region IV promotes 

residual-stress relaxation similar to the as-received filler (Region I), whereas other 

regions in the brazing zone (Regions II, III and V) show almost negligible contribution. 

The deformability at elevated temperature was analyzed with an indentation load 

of 5 mN due to load limitation in the high-temperature indenter; the indentation 

temperature was restricted to 573 K to reduce surface oxidation. Since larger hardness 

is obtained under smaller load by the indentation-size effect [23], for the discussion of 

temperature dependence, only the values measured for the identical 5 mN load at RT 

and 573 K are taken into consideration. The hardness values of Ti-6Al-4V (Region II) 

and Ag-Cu (Region IV) at 573 K decreased by ~30% from those at RT, but that of Cu-

Ti IMCs (Region III) decreased only by approximately ~15%. This means that the Ag-
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Cu phase (Region IV) shows more pronounced relaxation ability than IMCs (Region 

III) at elevated temperatures. 

 

3.3. Bending strengths and fracture morphologies of brazed joints 

Figure 4 shows (a) the average experimental bending strengths at RT and (b-e) 

the typical fracture morphologies after bending tests of Ti-6Al-4V/FCT-SN and Ti-6Al-

4V/SN282 joints. The error bars in Fig. 4(a) denote the maximum and minimum 

bending strengths. In the fracture surfaces shown in Fig. 4(b) and (c), three 

characteristic areas can be distinguished: 

  Area 1: Si3N4 ceramics (secondary electron micrographs are shown in Fig. 4(d) and 

(e)) 

  Area 2: Ti-6Al-4V/filler interface 

  Area 3: Filler/Si3N4 interface  

Ti-6Al-4V/FCT-SN joints achieved an average bending strength of 311 MPa. They 

show a mixed fracture mode within Si3N4 (Area 1), Ti-6Al-4V/filler interface (Area 2) 

and filler/Si3N4 interface (Area 3) (Fig. 4(b)). The fracture initiated at the tensile-side 

edge of the joints with mixed contributions of Si3N4 fracture and the filler-interfaces 

fracture. As fracture proceeded, the fracture within the Si3N4 ceramics became 

dominating (Fig. 4(d)). Figure 5 shows the XRD peaks obtained from the fracture 

surfaces of Ti-6Al-4V/FCT-SN joints; they revealed that fracture along the Ti-6Al-

4V/filler interface (Area 2) propagated through the Cu-Ti IMCs layer (Region III in Fig. 

2(d)), while fracture along the filler/Si3N4 interface (Area 3) propagated closely along 

the original Si3N4 interface since diffraction peaks of (Ti, V)5Si3 and Si3N4 were 

observed on the fracture surfaces. 
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By contrast, Ti-6Al-4V/SN282 joints had a significantly lower average bending 

strength of 114 MPa; one of the joints already exhibited substantial thermal cracking 

on the Si3N4 ceramics’ surface after brazing, and hence was not tested (bending 

strength = 0 MPa). Fracture occurred mainly in the Si3N4 ceramics, both with respect 

to fracture origin and across the bonding surface (Area 1, Fig. 4(e)), with a distinct 

concave shape of the fracture surface in the Si3N4 ceramics part (Fig. 4(c)).  

  

3.4. FE-analyzed stress of brazed joints under thermal loading 

To elucidate the experimentally observed fracture behavior of the brazed 

metal/ceramics joints, first the stress distribution in the ceramics under pure thermal 

loading is presented. As evidenced by the experiments, the ceramics part is the more 

fracture-sensitive one of the brazed assembly. Two kinds of criteria have been 

proposed as the failure criteria for metal/ceramics joints; one is based on the strain 

energy [24] and the other is on the maximum principal stress [9,12,25]. Although the 

strain energy criterion has the advantages of lesser mesh-size dependence and rapid 

convergence in FEA [24], it cannot distinguish the tensile and compressive 

components, and is not suitable for ceramics due to their particular sensitivity towards 

tensile loading. In contrast, the maximum-principal-stress criterion states that a brittle 

material ruptures when an applied normal stress exceeds its ultimate tensile strength. 

The maximum principal stress (σmax), complemented by axial normal (σxx) and shear 

(σxy) stress components, were considered for failure analysis in this study. 

Figure 6 shows the contours and profiles of FE-analyzed σmax, σxx and σxy around 

the outer surface and core region of the joints modelled with a 50-μm thick filler after 

being subjected to thermal loading as applied in the brazing process. Since the peaks 

in all of the stress profiles at the corner of ceramics is located more than 2 elements 
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apart from the interface, the effect of stress singularity is negligible in the present 

model. Figures 6(e) and (f) show that residual stress induced at the corners of 

ceramics is almost in pure tension, as indicated in the distributions σmax and σxx (Path 

1), while the core region is mostly in compression (Path 2). To achieve an equilibrium 

in the internal stress, the magnitudes of tensile and compressive stresses decrease 

exponentially as departing from the interface in accordance with Saint Venant’s 

principle. Shear stress occurs mainly along the periphery of the joining interface and 

its magnitude decreases to zero when approaching the core region (Path 3 in Fig. 

6(g)).  

 

3.5. FE-analyzed stress of brazed joints under combined thermo-mechanical 

loading 

Figures 7(a) and (b) show the contours of FE-analyzed σmax of Ti-6Al-4V/Si3N4 

joints modelled with a 50-μm thick filler subjected to thermal loading and thermo-

mechanical loading at 450 MPa nominal bending stress, respectively. The distributions 

of σmax vectors in the Si3N4 ceramics part corresponding to Figs. 7(a) and (b) are given 

in Figs. 7(c) and (d), respectively. Stress profiles of σmax and σxy along the tensile-side 

corner of the Si3N4 ceramics as denoted by Path 1 in Figs. 7(a) and (b) are shown in 

Figs. 7(e) and (f), respectively. In Fig. 7(e), the result for a fictitious pure mechanical 

loading of 450 MPa nominal bending stress on a non-thermally stressed joint is given 

for comparison.  

When subjected to pure mechanical loading (Fig. 7(e)), a higher stress along the 

bottom surface of Si3N4 ceramics is generated compared to Ti-6Al-4V in accordance 

with the moment distribution as shown in Fig. S1. In the case of thermo-mechanical 

loading (Fig. 7(e)), the overall tensile stress intensifies due to the overlap of the 
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residual and mechanical stresses. The largest stress vectors located at the tensile-

side corner of Si3N4 ceramics under both thermal and thermo-mechanical loadings are 

in pure tensile state and perpendicular to the joining interface. Due to the difference in 

the Young’s moduli of the materials, the unequal moment along the Si3N4 ceramics 

(Fig. S1) results in a relatively small increment of σxy during bending.   

      

4. Discussion 

4.1. Microstructural analysis of brazed interface  

As illustrated in Fig. 2, the brazing of Si3N4 ceramics to Ti-6Al-4V with Ag-Cu-Ti 

filler leads to formation of a complex multiphase microstructure. From the ternary 

phase diagram of Ag-Cu-Ti [26], the as-received filler possesses only three phases 

below the solidus temperature, namely Ag s.s. (Point 1), Cu s.s. (Point 2) and Cu4Ti 

IMC (Point 3). Upon brazing, Ti in the molten filler diffuses and reacts with Si3N4 

ceramics to form a reaction layer consisting of mainly TiN, Ti2N and Ti5Si3, whereby 

the compounds are responsible for promoting ceramics’ surface wettability and 

interfacial bonding [8,27–29]. Surplus Ti in the liquid filler, not only pre-existing Ti but 

also that dissolved from the Ti substrate, leads to the formation of Cu-Ti IMCs, both 

upon brazing at 1113 K isothermally and upon solidification during cooling. Depending 

on the concentration gradient of Ti, the stoichiometry of Ti in Cu-Ti IMCs increases 

with an increase in activity of Ti [30] (Point 3 to 7 in Fig. 2(e)). While Cu-Ti IMCs are 

found both along the Ti-6Al-4V substrate (Point 3 to 7) and Si3N4 interface (Point 6), 

they preferentially precipitate along the Ti-6Al-4V interface due to the higher Ti 

concentration near the Ti-6Al-4V substrate.  

In contrast to the formation of Cu-Ti IMCs, the ternary phase diagram of Ag-Cu-Ti 

at 1123 K shows that the formation of Ag-Ti IMCs is not thermodynamically favorable. 



 16 

Moreover, based on the ternary phase diagram of Al-Cu-Ti [31], AlCu2Ti (Point 4) can 

be formed due to the low solubility of Al in the binary Cu-Ti phases. Dissolution of Ti-

6Al-4V substrate into the liquid filler alloy allows V, another reactive metal, to diffuse 

and incorporate itself into Ti5Si3 to form (Ti, V)5Si3 (Point 12) [32]. 

At the same time, the large concentration gradient across the Ti-6Al-4V/filler 

interface drives the Cu from the molten filler into the Ti-6Al-4V substrate due to its 

partial solubility in Ti. Cu, which is also β-stabilizer, promotes the growth of β-Ti [33]. 

During cooling, the β-Ti then presumably decomposes into a lamellar eutectoid 

structure of CuTi2 (Point 7), AlTi3 (Point 8) and α-Ti (Point 9) in the transition zone (Fig. 

2(f)). 

Due to the preferential reaction of Cu with Ti, the composition of the remaining 

liquid filler in the central region of the brazing zone is shifted further away from the 

initial near-eutectic composition of Ag-Cu. Hence, upon cooling, unreacted molten Ag 

and Cu decompose into an intertwined Ag-Cu two-phase structure without pronounced 

lamella formation (Region IV in Fig. 2(d)). Notwithstanding, the presence of both 

phases indicates that solidification of the remaining liquid phase upon cooling took 

place around the eutectic temperature of Ag-Cu (1053 K). This temperature was used 

in the FE-simulations as the stress-free state. 

 

4.2. Residual stress and fracture mechanics of brazed joints 

Concave fracture morphology on the ceramics surface, as particularly observed 

for the Ti-6Al-4V/SN282 joints (Fig. 4(c)), is commonly found for thermally-stressed 

dissimilar metal/ceramics joints after subjected to four-point bending at RT 

[8,11,14,16]. Due to the high tensile residual stress (σmax) induced at the corners of 

Si3N4 ceramics adjacent to the joining interface (Figs. 7(b, d and e)), crack initiation 
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according to mode I occurs once the stress intensity factor KI exceeds the fracture 

toughness KIC of Si3N4 ceramics [6]. In addition to large tensile stress, a non-zero 

shear component σxy exists at the corner of joint as shown in Fig. 7(f). The fracture 

trajectory in homogenous brittle materials deflects from its original crack plane when 

the mode II stress intensity factor KII increases. The deflect angle depends on the 

phase angle of loading (Ψ) defined by Eq. 3 [34,35].  

Ψ  = tan
-1

(
KII

KI

)                                                                                                           (3) 

Therefore, the initiated crack immediately deflects away from its original plane parallel 

to the joining interface at a certain angle [7,36]. It should be noted that for the Ti-6Al-

4V/FCT-SN joints, which showed a mixed fracture initiation (Fig. 4(b)), the concave 

fracture is less pronounced. 

 

4.3. Influence of brazing zone’s elasto-plastic properties on residual stress  

Plastic deformation [9–11,24] as well as creep deformation [19,37] are known to 

promote residual-stress relaxation in dissimilar brazed joints. Since Ti-6Al-4V does not 

deform plastically under the given conditions as verified by FEA, yielding of the brazing 

zone has a significant contribution on residual-stress relaxation in the present system. 

Figure 8 shows the largest superimposed thermo-mechanical σmax at the corner 

of tensile surface of Si3N4 ceramics (in the bottom abscissa) as a function of nominal 

applied bending stress (in the left ordinate) obtained by FEA. The experimental 

bending strengths of two kinds of as-received Si3N4 ceramics are plotted in the top 

abscissa, whereas the experimental bending strengths of the respective brazed joints 

are plotted in the right ordinate; standard deviations are denoted by the error bars. 

Assuming that the joint fractures when the largest thermo-mechanical σmax becomes 

equal to the bending strength of the as-received Si3N4 ceramics, the nominal applied 
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bending stress at this condition represents the FE-estimated bending strength of the 

joint. 

Two different thicknesses of the filler were adapted in FEA: 50 μm and 30 μm 

corresponding to the initial thickness of the as-received Ag-Cu based filler (region I in 

Fig. 3(a)) and to the thickness of the Ag-Cu-phase in the middle region of the brazing 

zone (region IV in Fig. 3(b)), respectively. In comparison to the experimental bending 

strengths, the FE-estimated bending strengths based on a filler of 50 μm thickness 

are clearly overestimated for both joints brazed to different Si3N4 ceramics.  

Plastic deformability of a material is known to correlate with its hardness [38]. 

Based on the hardness obtained by nano-indentation (Fig. 3), only the Ag-Cu phase 

(Region IV) in the brazing zone contributes to residual-stress relaxation but Cu-Ti 

IMCs (Region III) do not. Thus, with the aim to mirror the experimental findings (i.e., 

the material characteristics after brazing), the contribution of Cu-Ti IMCs on residual 

stress was re-modelled in FEA as a non-deformable layer based on the model with a 

30-μm thick filler layer having the as-received elasto-plastic properties. While 

incorporating the CTE of Cu-Ti IMCs might improve the reliability of FEA, it remains 

as further work since the data is yet to be reported.    

The results of this FE-analysis demonstrate that residual stress increases as the 

thickness of plastically deformable region reduces to 30 μm; the simulated bending 

strengths become lower and fit much better to the experimental bending strengths of 

both joints. It should be noted that factors such as filler outflow and CTEs of interfacial 

compounds can lead to deviations in estimated and experimental bending strengths. 

Nevertheless, the present work shows a relatively reliable prediction of the bending 

strength of brazed joints based on the filler’s as-received elasto-plastic properties 

considering only on its effective deformable thickness within the joint. 
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4.4. Failure probabilities of brazed joints with different Si3N4 ceramics  

The two Si3N4 ceramics (FCT-SN and SN282) used in the present study showed 

a pronounced difference in bending strength after brazing (Fig. 8). While the bending 

strength of the as-received FCT-SN ceramics is only 1.3 times larger than that of 

SN282 ceramics, the average bending strength of the joints brazed with FCT-SN 

ceramics is 2.7 times larger than that of SN282 ceramics. To elucidate this difference, 

the result of the thermo-mechanical FEA is correlated with the failure statistics of Si3N4 

ceramics. Figure 9 shows the cumulative failure probabilities of the as-received SN282 

and FCT-SN ceramics calculated from their respective bending strengths and Weibull 

moduli (Table 1).  

To perform a qualitative assessment of the failure probability for the brazed joints, 

the largest values of the σmax-profiles in the ceramics part for thermal loading and 

thermo-mechanical loading calculated by FEA (Fig. 7(e)) are compared to the failure 

probability of the as-received ceramics (Fig. 9). Due to the complexity of the internal 

residual stress distribution, the values were not re-normalized to account for the 

effective volume of the brazed ceramics.   

Notably, the resulting cumulative failure probabilities due to thermal residual stress 

(maximum of thermal σmax in Fig. 7(e)) are relatively low for both Si3N4 ceramics. 

Nevertheless, due to the lower intrinsic strength of SN282 ceramics, the thermal stress 

alone is occasionally sufficient to cause failure, i.e., thermal cracking, within the SN282 

ceramics after brazing. Upon mechanical testing, with an increase in effective bending 

stress, the cumulative failure probability of Ti-6Al-4V/SN282 joint increases much 

more than that of Ti-6Al-4V/FCT-SN joint. Hence, it elucidates the much lower 

experimental bending strength of Ti-6Al-4V/SN282 joint.  
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While the Ti-6Al-4V/SN282 joint shows a complete fracture within the ceramics 

(Fig. 4(c)), the Ti-6Al-4V/FCT-SN joint shows a mixed fracture path through the 

ceramics as well as at the two brazing interfaces (Ti-6Al-4V/filler and filler/FCT-SN) 

(Fig. 4(b)). Further increase in the joint strength can be achieved by using Si3N4 

ceramics of higher intrinsic strength, but at the same time it is required to increase the 

interfacial strength through minimizing the brittle IMCs by adapting the brazing system 

and brazing conditions.  

 

5. Conclusions 

The effects of residual stress on the failure behavior of Ti-6Al-4V/Si3N4 joints for 

two different types of Si3N4 ceramics brazed with Ag-Cu-Ti (CUSIL-ABA®) active filler 

were experimentally investigated as well as computationally estimated by FEA under 

consideration of the local elasto-plastic properties of the formed brazing zone. The 

main findings are summarized as follows: 

1. SEM and nano-indentation revealed that the thickness of the ductile Ag s.s. and 

Cu s.s. two-phase region in the brazing zone, with characteristics 

corresponding to those of the as-received filler (FE-input parameters), was 

considerably lower (~30 μm) than the thickness of the applied filler prior to 

brazing (50 μm). The filler reacted mainly with the Ti-6Al-4V substrate, leading 

to the formation of hard Cu-Ti IMCs interfacial layers of significant thickness 

(~20 μm) after being brazed at 1113 K for 10 min, which did not contribute to 

the residual-stress relaxation.  

2. FEA based on the as-received filler’s elasto-plastic properties and thickness 

(50 μm) underestimated the residual stress, whereby the bending strengths of 

both joints were overestimated by approximately 100 MPa. On the other hand, 
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the FEA based on the effective plastically deformable filler’s thickness (30 μm) 

estimated a higher residual stress and showed significantly better agreement 

of the simulated bending strengths with the experimental ones.  

3. The achievable strength of Ti-6Al-4V/Si3N4 joints brazed with Ag-Cu-Ti filler 

was mainly determined by computing the difference between the intrinsic 

strength of the as-received ceramics and the FE-estimated largest residual 

stress induced in the ceramics after the relaxation by the brazing zone. 

4. The ceramics’ intrinsic properties had a significant effect on the joint strength 

and failure probability. The use of ceramics with higher intrinsic strength 

enabled joints to achieve considerably higher average bending strength. 
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Tables 

Table 1 Mechanical properties of as-received Si3N4 ceramics with 3 × 4 mm2 geometry 

measured by four-point bending with 20/40 mm spans at RT; the numbers in 

parentheses denote the standard deviations. 

Si3N4 Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Bending 

strength  

(MPa) 

Weibull 

modulus  

 Fracture 

toughness 

(MPa∙m1/2) 

FCT-SN 

[17] 

303 0.24 790 (± 122) 6.7 4.26 (± 0.09) 

SN282 

[2] 

304 0.28 595 (± 64) 11 5.5 (± 0.2) 
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Table 2 Temperature-dependent elasto-plastic properties of materials used in FEA. 

Materials Temperature 

(K) 

Young’s 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

CTE 

(×10-6/K) 

Poisson’s 

ratio 

Linear 

hardening 

coefficient 

(MPa) 

Ti-6Al-4V 

[18] 

293 125 1000 8.8 0.31 — 

 533 110 630 9.8 ↑ — 

 589 100 630 10.0 ↑ — 

 700 100 525 19.7 ↑ — 

 755 80 500 11.1 ↑ — 

 811 74 446 11.2 ↑ — 

 923 55 300 11.7 ↑ — 

 1073 27 45 12.2 ↑ — 

Si3N4 [2] 293 304 — 2.9 0.28 — 

 373 303 — 2.9 ↑ — 

 673 299 — 3.0 ↑ — 

 1053 295 — 4.0 ↑ — 

CUSIL-

ABA® 

[19] 

293 93.6 330 18.5 0.36 1050 

 523 83.9 290 ↑ 0.37 900 

 623 81.0 250 ↑ 0.37 500 

 723 77.8 200 ↑ 0.38 0 

 823 73.5 75 ↑ 0.38 0 

 923 64.7 22.8 ↑ 0.39 0 

 1021 59.1 10 ↑ 0.4 0 
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Table 3 Average compositions of the regions denoted by Point 1 to 12 in Fig. 2 as 

measured by EDX and the corresponding probable phases. The probable phase of 

Point 12 was estimated referring to the XRD data in Fig. 5. Trace elements with 

concentrations below 2 at. % were omitted. Note that due to the fineness of the 

microstructure (i.e., micro- to nanoscaled boundary phases and precipitates), as well 

as overlapping phase layers, the compositions measured with SEM-EDX can deviate 

from the actual phase composition.  

 Atomic percent (at. %)  

Point Ti Al V Ag Cu Si N Probable phase 

1 - - - 86 14 - - Ag s.s.  

2 2     2 96     Cu s.s. 

3 22 - - 2 76 - - Cu4Ti 

4 26 6 - - 68 - - AlCu2Ti 

5 42 - - - 58 - - Cu3Ti2 or Cu4Ti3 

6 49 - - 2 49 - - CuTi 

7 63 5 - - 32 - - CuTi2 

8 78 17 3 - 2 - - AlTi3 

9 88 9 3 - - - - α-Ti 

10 74 9 13 - 4 - - β-Ti 

11 44 - - - 9 17 30 TiN or Ti2N 

12 45 - 4 5 29 17 - (Ti, V)5Si3 
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Figures 

 
Fig. 1 Schematic of a Ti-6Al-4V/Si3N4 hybrid thruster as proposed for next-generation 

propulsion systems. 
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Fig. 2 BSE images of microstructures in (a) SN282 Si3N4, (b) FCT-SN Si3N4, (c) as-

received CUSIL-ABA® filler and (d-g) in cross-sections of the Ti-6Al-4V/SN282 

brazing zone. Magnified views of dashed areas indicated in (d) are shown in (e-g), 

respectively. The phases (Point 1 to 12) as inferred from EDS and XRD (cf. Fig. 5) are 

listed in Table 3. (c) The as-received filler is denoted as Region I, whereas (d) the 

brazing zone is divided into five regions and are denoted as follows:       

  Region II: Ti-6Al-4V substrate of α-β Ti phase close to interface 

  Region III: Cu-alloyed Ti-6Al-4V transition zone (~10 μm) and Cu-Ti IMCs layer (~20 

μm) 

  Region IV: Ag-Cu two-phase middle layer (~30 μm) 

  Region V: Filler/Si3N4 interfacial region with Ti-based reaction compounds 

  Region VI: Si3N4 substrate 
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Fig. 3 SEM topographic images of indentation marks obtained by 20 mN load at RT 

on (a) the as-received filler (Region I) and on (b) the brazing zone (Region II to V). 

Young’s modulus (RT) and hardness (RT and 573 K) obtained by two different loads 

(5 mN and 20 mN) are shown in (c) and (d), respectively. Standard deviations are 

denoted by the error bars and the constituent phases in each region are labelled next 

to the Young’s modulus data. 
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Fig. 4 (a) Average experimental bending strengths of Ti-6Al-4V/FCT-SN and Ti-6Al-

4V/SN282 joints at RT; the maximum and minimum bending strengths are denoted by 

the error bars. Typical fracture surfaces of joints brazed with (b) FCT-SN and with (c) 

SN282 ceramics after bending test are classified into Area 1 (Si3N4 ceramics), Area 2 

(Ti-6Al-4V/filler interface) and Area 3 (filler/Si3N4 interface). Secondary electron 

micrographs of fracture surfaces in Area 1 of joints brazed with (d) FCT-SN and with 

(e) SN282 ceramics.  
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Fig. 5 XRD peaks obtained from Area 2 and 3 of the fracture surfaces of joints brazed 

with FCT-SN ceramics (only major reflections indicated). Unique identification of the 

various different phases is hindered by overlapping reflections (especially of Cu-Ti 

phases) and non-ideal measurement conditions (fracture surfaces and small amounts 

of phases). 
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Fig. 6 (a) Schematic of the FEA setup, and contours of FE-analyzed (b) σmax, (c) σxx 

and (d) σxy around the external surface and core region of brazed joint after thermal 

loading (filler thickness: 50 μm); they are corresponding to the inner span (displayed 

sections) in (a). (e-g) The corresponding stress profiles obtained along the corner 

(Path 1) and core (Paths 2 and 3) of Si3N4 ceramics from the filler/Si3N4 interface as 

denoted by the arrows in (b-d) are shown in (e-g). 
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Fig. 7 Contours of FE-analyzed σmax within the inner span (cf. Fig. 6(a)) after (a) 

thermal loading and (b) thermo-mechanical loading of 450 MPa nominal bending 

stress (filler thickness: 50 μm). Vectors of σmax in the ceramics section from the 

filler/Si3N4 interface corresponding to (a) and (b) are shown in (c) and (d), respectively. 

Stress profiles of σmax and σxy along the tensile-side corner of the Si3N4 ceramics from 

the filler/Si3N4 interface as denoted by Path 1 in (a) and (b) are shown in (e) and (f), 

respectively. In (e), the values after a fictitious pure mechanical loading of 450 MPa 

nominal bending stress on a non-thermally stressed joint are also plotted.  
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Fig. 8 FE-analyzed largest superimposed thermo-mechanical σmax at the corner of 

tensile-surface of Si3N4 ceramics (in the bottom abscissa) as a function of nominal 

applied bending stress (in the left ordinate) for two different filler thicknesses, 50 μm 

and 30 μm, corresponding to the initial thickness of the as-received filler and to the 

thickness of the Ag-Cu-phase in the middle region of brazing zone (Region IV in Fig. 

3), respectively. The experimental bending strengths of the two different kinds of as-

received Si3N4 ceramics are plotted in the top abscissa, whereas the experimental and 

FE-estimated bending strengths of brazed joints are plotted in the right ordinate; 

standard deviations are denoted by the error bars.  
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Fig. 9 Failure probability density and cumulative failure probability of as-received 

SN282 [2] and FCT-SN [17] ceramics calculated from their respective Weibull 

parameters. Vertical arrows indicate the average bending strengths of as-received 

Si3N4 ceramics and their corresponding failure probabilities. 
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Supplementary materials 

 

Fig. S1 Schematic of bending moments and forces involved in four-point bending of 

dissimilar Ti-6Al-4V/Si3N4 joint and fictitious similar joint. The applied load, outer- and 

inner-span are denoted by F, Lo and Li, respectively.  

 

 

 



 41 

 

Fig. S2 Stress-strain curves of as-received CUSIL-ABA® filler based on von Mises 

plasticity at different temperatures  [19].  

 

 

Fig. S3 FE-model symmetrical to the xy-plane created to simulate (a) thermal residual 

stress in Step 1 followed by (b) four-point bending with a 20/40 mm span in Step 2.  

 


