
 

 

 

 Chapter 5 
 

Joining of C/SiC composites 

 

A novel brazing formulation with carbon nanotube (CNTs) incorporated in the Ni-30Si alloy 

is designed to enhance the bonding of C/SiC composites. The LSS value and Rockwell hardness 

of the joint strongly depend on the amount of CNTs added. The joint with a 10 vol% CNTs 

content performs the best, with an average LSS value of 21 MPa, which is 147% higher than 

the joint prepared without the addition of CNTs. The enhancement in the joint strength is 

ascribed to the excellent wettability of filler, formation of new high-temperature resistant 

phases (e.g. Ni2Si, Ni3Si2, and β-SiC) and a significant reduction in the CTE values causing 

lower thermal residual stresses while cooling. On the other hand, under excessive CNTs 

loading (>10 vol%), the joint strength is significantly diminished as a result of agglomeration, 

void formation, and poor wettability. The fracture surface analysis exhibited substantial CNTs 

rod pull-out, a phenomenon highly desirable for enhanced bond strength and non-catastrophic 

failure of the joint. 

 

5.1 Introduction 
 Ceramic matrix composites (CMCs) attracted a great deal of attention due to their 

unmatched performance under severe operating conditions (Schmidt et al. 2004). CMCs, 

particularly carbon fibre-reinforced silicon carbide (C/SiC), have gained significance owing to 

their extraordinary thermal, mechanical, and thermo-mechanical properties (Bae et al. 2013). 

Therefore, C/SiC composites are lately preferred candidate materials in various applications 

such as aerospace (Buffenoir et al. 2016), nuclear (Salvo et al. 1996), automotive (Heinrich et 

al. 2001), and optical (Harnisch et al. 1998). Due to the inherent brittleness of ceramic 

materials, it is difficult to manufacture SiC components with large dimensions and intricate 
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shapes, which limits the range of applications for SiC ceramics (Dai et al. 2016). Several 

conventional and advanced techniques are available for joining CMCs with other metals and 

compounds (Li et al. 2009, Wan et al. 2019). Among these, brazing is a simple, efficient, and 

affordable joining technique. 

 The selection of an appropriate filler is crucial for maintaining the mechanical 

properties of the base material (Chen et al. 2015, Yang et al. 2018). Conventionally, 

commercially available Ag-Cu-Ti and Au-based fillers are employed in ceramics brazing due 

to their excellent wettability to SiC ceramic (Iwamoto et al. 1998, Dezellus et al. 2010). The 

reactivity of Ti could change the surface chemistry of the SiC ceramic by forming 

Ti3SiC2+Ti5Si3 layers and increasing the wettability of the molten filler on the SiC surface 

(Tillmanna et al. 2015). However, a considerable amount of brittle intermetallic compounds 

including Ti3SiC2, TiSi2, and TiC are formed at the brazed joints due to the significant negative 

mixing enthalpies between the filler elements and Ti metals which seriously degrade the quality 

of the joints. Additionally, Ag-Cu-Ti fillers are expensive and susceptible to oxidation. As a 

result, their uses are constrained by weak joining strength at high temperatures and poor 

corrosion resistance (Patel et al. 2018). Sometimes, reactive metals (e.g. Ti, Mo, and Zr) are 

added to the fillers to facilitate the solid-state layer bonding of SiC-based composites 

(Morozumi et al. 1985, Singh et al. 2012). Notably, adding low CTE materials (particles or 

fibres) to the brazing filler metals may considerably decrease the thermal residual stress (TRS) 

of the joints (He et al. 2010). Consequently, the formation of high-temperature stable phases in 

the joint is desirable for high performance at high temperatures. Nonmetal fillers, including 

MAX ceramic, have recently received much attention due to their high-temperature 

performance, wear resistance, thermal shock resistance, and good plastic strain capacity. 

Ti3SiC2 is considered to be a potential choice among the several MAX phase ceramics for the 

joining of C/SiC composites (Zhang et al. 2009). Dong et al. reported the bonding of C/SiC 

composites utilising Ti3SiC2 filler at 1200–1600ºC and a pressure of 40 MPa (Dong et al. 2011). 

The maximum flexural strength of 110.4 MPa was obtained for the joint prepared at 1600ºC. 

Tatarko et al. investigated the CVD-SiC coating and without coating joining of C/SiC 

composites with a pre-sintered Ti3SiC2 foil employing the spark plasma sintering (SPS) 

technique at 1300ºC and a pressure of 50 MPa (Tatarko et al. 2016). The C/SiC composites 

coated with SiC exhibited maximum shear strength of 31.1 MPa, in comparison without the 

SiC coating (19.1 MPa). Although MAX ceramics offer excellent properties at high 

temperatures, their commercial applications have been constrained by the complexity of the 

synthesis process and the unavailability of highly pure commercial powders (Gonzalez-Julian 
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et al. 2021). Therefore, it is crucial to develop a novel filler for reliable pressure-less joining of 

the C/SiC CMCs for high-temperature applications. 

 Ni-based alloys have gained considerable interest due to their high thermal stability and 

excellent corrosion resistance. Numerous Ni-based corrosion-resistant alloys such as Ni-Mo 

(Hastelloy B), Ni-Cr-Mo (Hastelloy C), Ni-Cr-Fe (Inconel 600), and Ni-Cu (Monel 400) have 

been developed to date (Long et al. 2018). However, there haven’t been many reports of brazing 

SiC ceramics with Ni-based anti-corrosion alloys. Shi et al. brazed GH3044 with SiC nanowire-

toughened SiC coated C/C composites using Ni71CrSi brazing filler and reported the formation 

of Cr7C3+Ni3Si phases, resulting in significant affinity between composite and Ni-based 

superalloys (Shi et al. 2017). To join sintered SiC ceramics, Wang et al. demonstrated that the 

Ni-Mo filler alloy exhibits remarkable wettability on SiC ceramics (Wang et al. 2021). The 

highest flexural strength of 174 MPa was realised at room temperature as a result of the 

formation of highly stable phases including Ni3Mo3C and Ni2Si during brazing at 1300ºC for 

40 min. Liu et al. investigated the wetting and adhesion behaviour of Ni-Si alloy on different 

substrates at high temperatures (Liu et al. 2010). They found that Si converts into thermally 

stable nickel silicide phases (e.g. Ni2Si, Ni3Si2) and exhibits excellent wettability with the 

substrate. However, it has been observed that the production of brittle silicides and mismatch 

of CTE between Ni-Si-based intermetallics (>9 ×10−6/ºC) and C/SiC composites (3 ×10−6/ºC) 

often cause thermo-mechanical stresses. As a result, the joint is fundamentally weaker than the 

base materials, and fracture develops at the interface (Wen et al. 2018). 

 Carbon nanotubes (CNTs) have received a lot of interest recently due to their 

exceptional mechanical, electrical, and thermal properties. In particular, the CTE value of 

CNTs (1.9×10−6/ºC) is closer to C/SiC composites (3–5×10−6/ºC); therefore, it can be a 

potential candidate in a reactive brazing filler formulation (Maniwa et al. 2001). Also, the 

crystalline ordered rod-like structure of CNTs, concerning the amorphous carbon fibre, ensures 

excellent stability at high temperatures. It has been shown that incorporating CNTs as a reactive 

filler in brazing materials enhances the joint strength and toughness, provides additional 

reinforcement due to the nanotube structure and resists the propagation of cracks by reducing 

the residual stresses at the interface (Zhou et al. 2017, Guo et al. 2019). During the joining of 

C/C composites, C reacts only with the braze material or the counterpart substrate; however, 

the brazing process is deemed even more complex in the case of C/SiC, as it involves diffusion 

and reaction of both C and SiC species (Yang et al. 2013, Tatarko et al. 2016]. 

 The careful literature survey revealed that no report on the joining of C/SiC 

composites utilising CNTs-incorporated Ni-Si-based reactive braze material has been reported 
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yet. The majority of the work on joining C/SiC composites mentioned above was carried out 

either via SPS or diffusion bonding methods. However, these techniques are non-scalable to 

large-size components due to high temperature (>1500ºC), high pressure (>30 MPa), and 

complex brazing formulations. Therefore, the development of a simple, low-cost joining filler 

for bonding C/SiC composites to itself, which can render strong bonds under pressure-less 

brazing conditions is crucial. To this end, a low-cost reactive brazing formulation with CNTs 

incorporated in the Ni-30Si alloy is designed and employed for the joining of C/SiC composites 

at pressure-less conditions. CNTs content in Ni-30Si varied from 0 to 15 vol% in the brazing 

formulation. It has been found that the addition of CNTs to Ni-30Si alloy enhances the 

wettability with C/SiC while also lowering the CTE of the interlayer, which is advantageous 

for reducing the residual stress in the joints. The effect of CNTs content in Ni-Si braze on the 

strength of C/SiC-C/SiC bonds is investigated by evaluating lap shear strength (LSS). The 

microstructure of the joint interface and fracture surface is also studied through various 

characterisation techniques. 

 

5.2 Experimental 
 An isothermal CVI-fabricated 2.5D C/SiC composite with a carbon fibre content of ~37 

vol% and a density of 2.0 g/cc was utilised for joining studies. The carbon fabric preform was 

initially coated with pyrolytic carbon (PyC) interphase (~1 μm thick) followed by SiC 

infiltration using an 8 vol% methyltrichlorosilane-hydrogen mixture. The C/ SiC composite 

has an open porosity of 8–10 vol%, flexural strength of 350–370 MPa and inter-laminar shear 

strength of 22–24 MPa. Specimens were machined from C/SiC laminate using a diamond-

coated cutting wheel. 

Nickel (purity > 98%, =2.1 μm), silicon (purity > 98%, =5.3 μm) and multiwall 

carbon nanotubes (MWCNTs) (OD:30–80 nm and length: 10–50 μm) were procured from the 

commercially available sources. The filler composition was formulated by mixing the 

appropriate quantity of Ni, Si, and MWCNTs. It has been reported that Ni-Si alloys exhibit a 

non-reactive wetting behaviour over SiC surfaces if the percentage of Si is higher than 37 at.% 

(Rado et al. 1999). The Ni-Si phase diagram also reveals that at higher temperatures, Ni-rich 

phases (Ni2Si, Ni3Si2, and Ni5Si2) are more stable than Si-rich phases (e.g. NiSi, NiSi2) formed 

by high Si content (>30%) (Nash et al. 1987). Therefore, for this work, a Ni-Si alloy with a 

maximum of 30% silicon content was chosen as the brazing material to minimise the formation 

of low-temperature phases. The amount of MWCNTs varied from 0 to 15 vol%, and the 

pd pd
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formulations prepared were designated as CNT-0, CNT-5, CNT-10, and CNT-15. The number 

in the nomenclature indicates the volume percentage of CNTs added to the formulation. The 

respective MWCNTs content, by weight, is also calculated and presented in Table 5.1. 

MWCNTs will henceforth be referred to as CNTs for the sake of brevity. The filler composition 

was prepared as well by substituting 10% of the CNTs in the Ni-Si alloy with graphite, and the 

resulting joint was designated as a Ni-Si-G joint to evaluate the effect of the morphology of the 

CNTs. The required amount of constituents was uniformly mixed using isopropyl alcohol in 

an agate jar, and the blending was performed in a planetary ball mill for up to 4 h, and 

subsequently dried at 80ºC under an inert atmosphere. A graphical illustration of the 

preparation of brazing alloy formulation and the joint is depicted in Fig. 5.1. The filler 

compositions along with thermal and wettability results are also presented in Table 5.1. 

Table 5.1: Details of the brazing filler formulations 

Filler 

Name 

CNTs 

 (vol.%) 

Avg. particle size 

(µm) 

CTE 

(× 10-6 ºC) 

Contact angle on 

C/SiC 

CNT-0 0 (0)* 2.8 13.6±0.5 130º 

CNT-5 5 (1.6) 2.7 11.9±0.3 11º 

CNT-10 10 (3.3) 2.2 8.3±0.3 17º 

CNT-15 15 (5.2) 1.9 7.4±0.4 64º 

Ni-Si-G 10 (3.3) 2.9 8.9±0.3 11º 

*The bracketed quantity in the second column represents the corresponding weight basis. 

 Fig. 5.1: Schematic for the processing of braze joints. 
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 The bonding surfaces of C/SiC composites were polished with 320 SiC grit paper before 

being cleaned with an ultrasonic cleaner for 15 min in ethanol and dried in an oven at 150ºC. 

All four formulations (CNT- 0 to CNT-15) were mixed with acetone to make a paste. The paste 

was then applied using a brush in several layers to the connecting surfaces of the C/SiC 

composite to achieve the required coating thickness of ~200 μm. The coating was allowed to 

dry for 30 min at ambient conditions. The C/SiC composites were eventually placed into a 

vacuum brazing furnace that was maintained at 1350ºC with a 5ºC/min heating/cooling rate. 

To ensure good contact between joining surfaces, the brazing experiment was carried out at a 

dwell time of 30 min, a vacuum level of 10−5 mbar, and a dead load of 1 kg/cm2. The bonded 

C/SiC specimens were designated J-CNT-0, J-CNT-5, J-CNT-10, and J-CNT-15, respectively. 

 The density of the brazing alloy powder was estimated using a specific gravity bottle 

as per ASTM D70–09. The average particle size ( ) of samples was measured using a 

subsieve auto sizer following ASTM B330. The DSC study was performed in an Ar 

environment at a 10ºC/min heating rate. The Ni-Si phase diagram, generated using Thermo-

calc® software, was utilised to predict the theoretical melting point of each brazing formulation. 

To measure CTE, the brazing formulations were first heated at 1350ºC for 30 min and then 

pelletised to the dimension of 5mm×5mm×10mm in a cold press. The CTE was measured 

according to ASTM E-831, using a thermo-mechanical analyser (Make: TA Instruments, 

Model: TMA Q400) from 25 to 800ºC in an inert atmosphere.  

 A wettability study was conducted for all brazing formulations over C/SiC composite 

substrate at 1350ºC and a vacuum level of 10−5 mbar. The contact angle of droplets formed 

over the C/SiC composite substrate during the wetting experiment was characterised by an 

optical microscope (Make: Olympus).  

 The joint interfaces were tested for hardness using a Rockwell Tester, and the HRM 

scale (100 kgf load and a 1/4" ball) was used to calculate the Rockwell hardness. A coupon of 

two sizes-30 mm × 10 mm× 5 mm and 10 mm × 10 mm× 5 mm was cut to evaluate LSS and 

interfacial microstructural characterisations, respectively. The schematic for the LSS 

evaluation set-up along with testing equipment (Make: Instron, Model: UTM) is shown in Fig. 

5.1. During the LSS test, the crosshead speed was maintained at 0.5 mm/min until the specimen 

was fractured. For each bonding experiment, three samples were analysed, and the average 

value was reported. The samples were mounted in transparent epoxy upto 140°C. Hot press 

epoxy mounted samples were polished to 1 µm grit finish using Carbimet cloth, Texmet C 

cloth, micro-cloth, micro-polishing suspension, and alumina suspension for the investigation 

pd
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of the microstructure of the joint interface. The cross-section of bonded C/SiC composite was 

inspected by a scanning electron microscope (SEM) instrument (Make: Zeiss, Model: Supra 

55) with an accelerating voltage of 15 kV. Energy dispersive spectroscopy (EDS) was used to 

analyse the elemental composition of specimens (Make: Bruker, Model: X Flash 6160). Phase 

characterisation was performed using an XRD (Make: Philips) by directing an X-ray beam at 

the sample through Cu-Kα radiation (λ = 1.5418 Å). The spectra were recorded at 25ºC with a 

step size of 0.02º and a time per step of 0.5 s. 

 

5.3 Results and Discussion 
5.3.1 Brazing Formulations Analysis 

 DSC tests were conducted up to 1400ºC in an argon environment to determine the 

melting characteristics of the Ni-Si-CNTs system, as illustrated in Fig. 5.2. The DSC analysis 

reveals that reactions happen in two distinct temperature zones, 870–1020ºC and 1250–1310ºC 

with a considerable energy change in the respective temperature regime. The exothermic peaks 

in the temperature regime of 870–1020ºC observed in all four cases can be attributed to the 

relaxation of amorphous structure and concurrent grain growth (Prasad et al. 2011). The 

endothermic peaks in the temperature range of 1250–1310ºC confirm the melting of filler 

(Nash et al. 1987). The addition of CNTs into Ni-30Si alloy caused a slight shift in melting 

range towards higher temperatures. The maximum change of 15ºC was observed in the case of 

CNT-15. As CNTs react with Si atoms, a certain amount of Si is consumed, and the alloy 

composition deviates from the eutectic point towards the lower Si side, causing an increase in 

the melting point (Nash et al. 1987, Li et al. 2020).  

 The theoretical melting point for each brazing composition is also estimated and marked 

in the Ni-Si phase diagram as shown in Fig. 5.3. This is the maximum limit which is predicted 

assuming the complete reaction of CNTs with Si. Therefore, it is anticipated that the 

experimental melting range for each brazing composition will be slightly away from the 

theoretically predicted value since Si can primarily react only with the surface carbon of CNTs 

(Taguchi et al. 2005). According to the phase diagram, the melting point can raise by 32ºC 

when CNTs up to 15% are used.  

 The brazing experiments were performed, for all types of fillers, at temperatures 

slightly higher than the upper limit of two regimes i.e. 1050ºC and 1350ºC to examine the 

feasibility of bonding. No joining was noticed due to the lack of melting, poor wettability, and 
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lack of filler reactivity with C/SiC composites at 1050ºC. Therefore, all brazing experiments 

were conducted at 1350ºC to ensure sufficient melting of the filler resulting in strong bonding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2: DSC curves of brazing material formulations. 

 

  

 

 

 

 

 
 

Fig. 5.3: Ni-Si phase diagram indicating the theoretical melting points for various brazing 

filler compositions. 

  

 Droplet images formed by the wettability experiment were taken into consideration for 

the contact angle measurements of brazing formulations on C/SiC composite substrate, as 

represented in Fig. 5.4.  
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Fig. 5.4: Contact angle of (a) CNT-0, (b) CNT-5, (c) CNT-10, and (d) CNT-15 droplets on 

C/SiC substrate. 

 It can be observed that the contact angle of CNT-0 was as high as ~130º exhibiting very 

poor wettability over the C/SiC composites making it less suitable as the brazing material. After 

the addition of 5% CNTs, the contact angle of the alloy was drastically lowered to 11º. It has 

been observed that the presence of secondary wettable nanoparticles significantly alters the 

rheological characteristics of the composite solder alloys, causing a considerable reduction in 

the viscosity and surface energy of the melt (Xu et al. 2013, Zhang et al. 2014, Fathian et al. 

2017). Moreover, the high reactivity of Si to CNTs also led to the formation of SiCNTs, a novel 

phase with excellent adhesive characteristics that offer less resistance to molten filler flowing 

over the CNTs surface. Li et al. also observed similar types of behaviour while investigating 

the effects of adding CNTs into Si-24Ti alloy for SiC monolith joints (Li et al. 2020). 

Therefore, it is expected that the viscosity and surface energy of molten Ni-Si alloy are 

significantly reduced as a result of the addition of CNTs. When CNTs content was increased 

to 10% (CNT-10), the contact angle of Ni-Si alloy slightly increased to 17º, demonstrating that 

increasing CNTs loading has a detrimental effect on wettability. However, as will be discussed 

in a subsequent section, the substantial formation of β-SiC and CNTs agglomeration resulted 

in a considerable rise in contact angle (64º) when the addition of CNTs increased above 10%. 

The increased concentration of β-SiC, as exhibited in the cases of CNT-10 and CNT-15, 

increases the contact angle and prevents the molten braze from flowing smoothly (Li et al. 

2020). Therefore, the optimal addition of CNTs into Ni-30Si alloy is essential for obtaining 

good adhesive characteristics of the molten braze. As already stated, the significant thermal 

expansion mismatch between metal and composite has an immense adverse effect on the 

strength of the bonded joint and can even induce catastrophic failure. Consequently, CTEs of 

all formulations were measured from 25 to 800ºC, and the results are shown in Table 5.1. It 

appears that as the amount of CNTs in the braze increased, CTE values steadily reduced. This 

can be attributed to the low CTE of CNTs (1.9 ×10−6/ºC) and the emergence of β-SiC as a new 

phase with a CTE value (~3 ×10−6/ºC) that is comparable to that of the C/SiC composite. 
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5.3.2 Microstructure of the joint interface 

 The SEM images (not shown for brevity) of raw materials (Ni, Si, and CNTs) used for 

the brazing formulations reveal that Si particles have an uneven faceted structure, whereas Ni 

powders are aggregated, have a spherical shape, and CNTs bundles that were ruptured during 

the ball milling process have adhered to the surface of the Ni particle. Fig. 5.5 displays the 

SEM images and line scans of the C/SiC-C/SiC joints prepared by varying CNTs loading. All 

of the examples show an interface between the C/SiC substrates with a thickness of about 130–

180 μm. As shown in Fig. 5.5a, the interface of J-CNT-0, the joint created without CNTs, is 

replete of cavities and fissures.  

High- magnification SEM micrographs are also displayed in Fig. 5.6 to provide a better 

insight into the interface. The micrograph of J-CNT-0 (Fig. 5.6a) confirms the abundance of 

micro-cracks in the central zone of the interphase. Further magnification (inset of Fig. 5.6a) 

reveals that the smooth and continuous bulk phase of the central zone was separated by micro-

cracks (as marked by arrows in Fig. 5.6a). It is interesting to note that while the bulk phase of 

the filler material is uniform and continuous with the presence of micro-cracks, the interface 

of filler-C/SiC tends to have large cavities and fissures. A line scan of the J-CNT-0 sample 

(Fig. 5.5b) shows only Ni and Si elements at the central zone, whereas all three elements are 

present on either side of the central zone.  

 An XRD analysis of the interface was carried out to identify the newly formed phases, 

as shown in Fig. 5.7. According to reactions (5.1) and (5.2), the central zone mainly consists 

of the Ni2Si and Ni3Si2 phases, whereas the region on either side of it is recognised as an 

interface reaction zone (IRZ) wherein diffused Si and C from the C/SiC substrate primarily 

react with Ni and Si from the braze. At these brazing temperatures, no stable nickel carbides 

are formed; only the interactions between Ni-Si and Si-C are significant (Nam et al. 2021). It 

is anticipated that Ni and SiC react to form Ni2Si and Ni3Si2 phases, releasing C atoms as per 

reactions (5.2) and (5.3) (Bhanumurthya et al. 2001). The free carbon then reacts with certain 

amounts of the Si in the braze, forming SiC following the reaction (5.4). The formation of SiC 

is expected only at IRZ, and its thickness is minimal (~25 μm) in the case of the J-CNT-0 

sample. It is important to note that XRD confirms the formation of Ni2Si and Ni3Si2 as primary 

phases. However, no peaks due to SiC were detected, possibly due to the negligible quantity 

of SiC formed in the case of the J-CNT-0 sample. Compared to the C/SiC composite, the nickel 

silicide phases have a higher CTE (13.6×10−6/ºC for CNT-0) and lower ductility, mainly due 

to the Ni2Si phase. As a result, after cooling, there are a lot of residual thermal stresses that 
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create voids and cracks at the interface, as seen in Fig. 5.5a and 5.6a (Mehan et al. 1979, Liu 

et al. 2010, Wen et al. 2018). 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5: SEM image and line scan of (a)-(b) J-CNT-0,  (c)-(d) J-CNT-5, (e)-(f) J-CNT-10, 

and (g)-(h) J-CNT-15 joint interfaces. 
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Fig. 5.6: High magnification SEM images of (a) J-CNT-0, (b) J-CNT-5, (c) J-CNT-10, (d)-(e) 

J-CNT-15 joint interfaces. 

 

                          ΔG = -45.05 kJ/mol                                                      (5.1) 

                       ΔG = -37.53 kJ/mol                                                              (5.2) 

                              ΔG = -44.84 kJ/mol                                                              (5.3) 

                                         ΔG =  -82.58 kJ/mol                                                                 (5.4) 

22Ni Si Ni Si+ ®

22Ni SiC Ni Si C+ ® +

3 23 2Ni Si Ni Si+ ®

Si C SiC+ ®



                                                                                Joining of C/SiC composites 
 

 

139 

 
  

 

 

 

 

 

 

 

Fig. 5.7: XRD patterns of C/SiC-C/SiC joint interfaces. 

The SEM micrograph of J-CNT-5 (Fig. 5.5c), compared to J-CNT-0, shows that the 

interface was more continuous, and the voids and cracks significantly decreased. The addition 

of CNTs into the Ni-30Si considerably modified the morphology and microstructure of the 

interface, as seen in Fig. 5.6b. The CNTs are well embedded in the braze filler and formed an 

integral part of the joint, confirming good wetting of CNTs by Ni-30Si alloy in line with the 

wettability results discussed earlier. Contrary to J-CNT-0, the interface of C/SiC composites 

adheres to both sides relatively well, and the region of defects is considerably reduced, 

demonstrating the beneficial effects of CNTs addition. High- magnification image (Fig. 5.6b) 

demonstrates that the CNTs are firmly embedded in the Ni-Si-derived matrix. The addition of 

CNTs lowered the overall CTE differences between the alloy and the substrate due to their 

incredibly low CTE, which remarkably decreased the number of voids, and cracks and reduced 

thermal stress. However, the joint (J-CNT-5) displayed a few macro-voids and cracks, as 

shown by the arrows in Fig. 5.5c, suggesting insufficient loading of CNTs to guarantee an 

imperfection-free joint. 

Fig. 5.5e shows the SEM images of the cross-section of J-CNT-10. It is discovered that 

the C/SiC composites on either side are continuous and successfully integrated with the SiC 

substrate. In contrast to J-CNT-0 and J-CNT-5, the interface is utterly devoid of any 

imperfection, such as voids or cracks, demonstrating the superior quality of the C/SiC-C/SiC 

joint. Despite the increased number density of CNTs, their distribution is also relatively 

uniform for the J-CNT-10 (inset of Fig. 5.6c). Further, an increase in the CNTs concentration 
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to 15% developed a substantial amount of voids, cracks and deposits, as depicted in Fig. 5.5g 

for the J-CNT-15 joint. High-magnification SEM micrographs of J-CNT-15 (Fig. 5.6d) 

illustrate the irregular distributions of the Ni-Si-based compounds (white colour clusters) as 

confirmed by EDS. Agglomerates formed as a result of the CNTs aggregation were packed 

between the Ni-Si-based deposits (see Fig. 5.6d). This figure also confirms that the Ni-Si-based 

compounds have been embedded in the vicinity of aggregated CNTs, creating a sandwich-like 

structure at the interface. Additionally, a line scan of the interphase confirmed the formation of 

Ni-Si-based deposits and CNTs agglomerate at a few locations, as marked by arrows in Fig. 

5.5h. EDS point analysis further demonstrates the production of the Ni2Si+Ni3Si2 matrix and 

Ni2Si lumps over the CNTs agglomerates at a few locations, as indicated by the marked arrows 

in Fig. 5.6d. The morphology of the J-CNT-15 interface may therefore be broadly classified 

into four groups: i) Ni2Si+Ni3Si2 deposits, ii) CNTs agglomerates, iii) Ni2Si lumps, and iv) ‘no-

matrix’ zone. CNTs have an inherent problem of agglomeration and entanglement owing to 

their high aspect (L/D) ratio and the large Van der Waals forces (Cho et al. 2009). The 

agglomeration or entanglement phenomena are highly undesirable as they can act as the sites 

of stress concentration and crack generation, thereby hampering the envisaged beneficial 

effects. In addition, high loading of CNTs creates a shortage of the matrix material to wet the 

enormous surface area of the CNTs, which leads to lower flowability of filler metal and 

increases the propensity for the formation of voids, pores or agglomeration in the joint (Han et 

al. 2018). Consequently, high CNTs loading prevents the Ni-Si melt from wetting the entire 

CNTs surface area, leading to the development of a "no-matrix" zone and Ni2Si lumps on top 

of it. Besides, a substantial amount of the molten Ni and Si was solidified locally over the 

agglomerates forming Ni2Si+Ni3Si2-deposits around the CNTs agglomerates. The wetting 

experiments demonstrated that increasing the CNTs loading to 15% caused the contact angle 

to rise quickly to 64º and the interphase thickness to reach  180 μm. 

The element distributions across cross-sections using EDS line scanning are displayed 

in Fig. 5.5. The scan indicates the presence of Ni, Si, and C in every joint except J-CNT-0. It 

is evident that Ni diffuses rapidly compared to Si towards the C/SiC substrate, Si reacts with 

remaining Ni and CNTs in the braze, and a 130–180 μm thick interlayer is formed between the 

substrates. Additionally, the IRZ could not be identified in joints prepared using CNTs (see 

line scans in Fig. 5.5d, f, and h), showing a uniform distribution of elements at the interface. 

However, in the case of J-CNT-0, since there was no carbon available within the filler, both Ni 

and Si diffused quickly in the direction of the C/SiC composites, leading to the development 

of IRZ. The hump on the extreme left side is caused by microscopic particles that may have 
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mistakenly stuck to the surface during the polishing or SEM sample preparation process. An 

XRD study of J-CNT-0 revealed that the unique phase Ni2Si had been produced without the 

addition of CNTs. Contrarily, the CNTs-based joints suggested that novel phases of Ni3Si2 and 

β-SiC were also produced in addition to Ni2Si according to the abovementioned reactions (Li 

et al. 2020). 

 

5.3.3 Mechanical analysis 

 The LSS of C/SiC-C/SiC joints and the hardness of the respective brazed interlayer are 

presented in Fig. 5.8. The hardness value increased with the increase in CNTs loading and 

eventually approached the hardness of C/SiC composites (93.6 MPa). This could be attributed 

to the refined microstructure and the conversion of Si to β-SiC during the brazing process. The 

LSS value increased when CNTs were added to Ni- Si alloy up to 10%. It then decreases 

sharply with subsequent CNTs loading. A maximum LSS of 21 MPa was achieved for J-CNT-

10, indicating good adhesion between the substrates. It is noticed that the LSS of J-CNT-0 is 

significantly lower than J-CNT-5 and J-CNT-10 due to excessive residual stresses generated 

by poor wetting and significant CTE mismatch between braze and C/SiC. It is interesting to 

note that the decrease in joint strength is dramatic and even less than J-CNT-0. It is well known 

that CNTs inherit strong intermolecular attraction behaviour due to high Van der Waals forces. 

As a result of this, when the CNTs content was increased to 15%, the entire surface area of the 

CNTs could not be adequately wetted by the molten braze, leading to tube-to-tube interactions. 

This eventually contributes to the formation of a complex network of CNTs through an 

entanglement (Fig. 5.6e), also known as clustering or bundling effect without any matrix (Reich 

et al. 2004, Rubel et al. 2019).  

 

 

 

 

 

 

 
 

Fig. 5.8: LSS and Rockwell hardness of C/SiC-C/SiC joints. 
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The agglomeration is a more serious issue in the case of metal matrices including Ni or 

Si due to appreciable dissimilarities in density, electrostatic and Van der Waals forces in 

comparison to CNTs (Neubauer et al. 2010, Tian et al. 2018). Therefore, unlike J-CNT-0 where 

the interfaces were strongly connected despite voids, the matrix-less CNTs network in J-CNT-

15 did not impart any strength to the joint. Additionally, this network emerged as the weakest 

region for stress concentration resulting in the production of cracks on the filler itself as 

opposed to at the C/SiC-filler interface for J-CNT-0 during the LSS test, as shown in Fig. 5.9d. 

As a consequence, the strength of J-CNT-15 significantly decreased, even below J-CNT-0. In 

conclusion, the addition of 10% CNTs into the Ni-30Si alloy (J-CNT-10) is optimum and 

renders the best joint strength due to the good wettability and interaction of the brazing material 

with the substrates. 

 
Fig. 5.9: SEM images of fracture surfaces of (a) J-CNT-0, (b) J-CNT-5, (c) J-CNT-10, and 

(d) J-CNT-15. 

For the joining study, another kind of carbon, namely graphite, is also considered to 

understand the significance of the morphology of carbon sources in filler design. Since the best 

mechanical qualities were demonstrated by J-CNT-10, an equivalent amount of graphite was 

added to the Ni-30Si alloy to create the Ni-Si-G brazing formulation. The bonding of C/SiC 

composites (J-NiSi-G) was carried out using Ni-Si-G alloy by following the same procedure 

as those employed for CNTs-based ones. The wetting test of Ni-Si-G on the C/SiC composite 

revealed good wetting characteristics (contact angle:~11◦) similar to CNT-5 and CNT-10. 
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However, the LSS test of bonded C/SiC composites using Ni-Si-G demonstrated a maximum 

LSS of 10.3 MPa, much lower than the J-CNT-10 sample. Therefore, it can be argued that 

using CNTs as a carbon source in the filler is preferable to using other carbonaceous materials 

since it provide additional reinforcement to the joint because of its nanotube structure. 

 Following LSS analysis, Fig. 5.9 shows the fracture surface morphologies for various 

CNTs-reinforced Ni-30Si alloy-based joints. The random pattern on the braze and the lack of 

any visible C/SiC substrate suggest a brittle breakdown of the weakly bonded J-CNT-0 at the 

C/SiC- filler interface. The addition of CNTs substantially modified the morphology of the 

interface with the nano-rod-like structure. As indicated by the arrows in Fig. 5.9b and c, joints 

J-CNT-5 and J-CNT-10 show nano-rod pull-out. Interestingly, J-CNT-10 has a longer nano-

rod pull-out length (~3 μm) than J-CNT-5 (~0.5 μm). When a bond is reinforced using CNTs, 

several mechanisms, including debonding, bridging, and pull-out, occur simultaneously during 

LSS testing, causing the joint to consume more energy and perform better under mechanical 

tests (Sarkar et al. 2016, Hajiaboutalebi et al. 2017). Consequently, moderate reinforcement 

content (~10%) improved interfacial bonding due to the lack of voids or agglomerates, which 

helped J-CNT-10 have the highest LSS value, as evidenced by the literature reported in Table 

5.2. Due to the enormous surface area of CNTs, excessive CNTs loading inhibits the bonding 

of C/SiC by causing agglomeration, void formation, and a lack of matrix wetting. Therefore, 

the advantages of CNTs addition could not be realised, and consequently, J-CNT-15 exhibited 

a drastic reduction of up to ~78% in the LSS value. 

 

Table 5.2: Literature reported shear strength of C/SiC-C/SiC joints by brazing process 

 

5.3.4 Joining mechanism 

 The joining mechanism, namely reactive and non-reactive wetting, depends on the Si 

content of the Ni-Si-based system. McDermid et al. used solution thermodynamic theory to 

analyse the behaviour of the reaction between SiC ceramic and Ni-based alloy with varying Si 

Filler Parameters LSS (MPa) Remarks Ref. 

Si 1410°C, 0-1 min 7 Low strength Salvo 1996 

Mo-Si 1450°C, 5-30 min, Ar 0 Low strength Gianchandani 2016 

Mo-Si-Mo 1450°C, 5-30 min, Ar 7-10 Low strength Gianchandani 2016 

Ni-Si-CNTs 1350°C, 30min, Vacuum 21 High strength This work 
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contents (McDermid et al. 1991). They discovered that alloys with Si contents above 37 at.% 

result in non-reactive joining, whereas alloys with Si contents below 37 at.% produce strong 

reactions at the interface. Therefore, the joining mechanism in the present study is reactive in 

nature as the Si content in all the alloys is below < 30 at.%. The joining mechanism of SiC 

ceramics using Si-based alloys has already discussed by previous authors (Zhou et al. 2015, 

Gianchandani et al. 2017, Li et al. 2020). The current work, however, emphasises how the 

wettability, microstructure evolution, and bonding response of the joint are modified by the 

addition of CNTs (0–15%) to the Ni-30Si-alloy. 

Fig. 5.10: Interface evolution model: (a)-(c) J-CNT-0, (d)-(f) J-CNT-5, (g)-(i) J-CNT-10, and 

 (j)-(l) J-CNT-15. 
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 Fig. 5.10 illustrates the evolution of joining interlayer microstructures and the fracture 

mechanism of the bonded specimens. The filler is initially sandwiched between the C/SiC 

composites, and then the brazing experiment is performed in a vacuum. The Ni-Si alloy melts, 

and Ni and Si diffuse into the C/SiC composites at brazing temperature (Fig. 5.10a-c). Ni 

preferentially reacts with SiC precipitating C atoms due to its low solubility in SiC and Ni-

based silicides. Consequently, an IRZ of ~ 25 μm is formed at the interphase which is primarily 

composed of thermodynamically stable Ni2Si+Ni3Si2 phases (Kaufman et al. 1979). Voids and 

cracks formed as a result of the large CTE mismatch between C/SiC and CNT-0 during the 

cooling process. The composites are nevertheless integrated with the aid of the flawed 

interlayer due to the strong bonding properties of SiC and Ni-Si-based compounds (Shi et al. 

2020). During the LSS test, the fracture is produced primarily due to the presence of defects at 

the IRZ which are propagated further along the interlayer, leading to de-bonding between filler 

and substrate (Fig. 5.10c). The failure of the J-CNT-0 joint occurred in an adhesive mode. 

 The overall CTE is lowered to 11.9 × 10-6/ºC by adding 5% CNTs to the filler, which 

reduces residual thermal stresses during cooling. The defects as a result significantly decreased, 

as illustrated in Fig. 5.10e. Ni2Si+Ni3Si2 phases are created during the chemical reaction 

between Ni and SiC. It is also possible for Ni and Si to react with the CNTs in the filler. 

However, the reaction between Ni and CNTs to produce nickel carbides is thermodynamically 

not feasible due to a positive Gibbs free energy (40–50 kJ/mol) (Nam et al. 2021). Therefore, 

the reaction of Si atoms with the CNTs to produce β-SiC phases is favoured due to its lowest 

Gibbs free energy (− 82.58 kJ/mol). Over time, β-SiC wraps the core of CNTs, resulting in a 

co-axial Si-C nanotube (SiCNT) structure that has significantly better thermal and mechanical 

strength than CNTs (Taguchi et al. 2005, Malek et al. 2010). Although it is anticipated that this 

structure would reinforce the Ni2Si+Ni3Si2 matrix at the interlayer, its content is not sufficient 

to eliminate the defects in the joint (Fig. 5.10e) and the undesirable adhesive-mode failure 

persists (Fig. 5.10f). The joint is discovered to be completely defect-free after increasing the 

CNTs loading to 10%, thanks to a 39% decrease in CTE value to 8.3 × 10−6/ºC. The production 

of additional SiCNTs (Fig. 5.10h) and a substantially better-reinforced interlayer as a result of 

the higher CNTs number density led to a high LSS value, as shown by the extensive nano-rod 

pull-out (Fig. 5.9). This manifests in a change of failure mode to the desirable cohesive-mode 

(breakdown within the interlayer, Fig. 5.10i) with extensive SiCNTs pull-out. Even though 

increasing the CNTs loading to 15% further lowered the CTE value to 7.4 × 10−6/ºC, the joint 

suffered from excessive CNTs agglomeration and Ni2Si+Ni3Si2-based localised deposits (Fig. 

5.10j and k) due to insufficient wetting of CNTs surface. As a result, during the LSS evaluation, 
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these locations served as the weakest points where the fracture started and spread (Fig. 5.10l), 

ultimately causing the joint to fail due to its extremely low mechanical strength (Dasilva et al. 

2007). In summary, the J-CNT-10 joint, which is mainly composed of high-temperature phases 

like Ni2Si, Ni3Si2, and SiCNTs, is microstructurally sound and has high mechanical strength. 

 

5.4 Conclusions 
 In this study, novel carbon nanotubes (CNTs) reinforced Ni-Si-CNTs composite filler 

was developed to improve the mechanical properties and microstructure of a vacuum-brazed 

C/SiC-C/SiC joint. Ni-Si-CNTs alloy containing 10% CNTs exhibited good bonding for C/SiC 

composites and rendered the highest LSS (21 MPa) and Rockwell hardness (84.6) values, 

which is ~147% higher than the joint without CNTs addition. The microstructure analysis 

revealed that incorporating CNTs promotes the formation of new phases such as Ni2Si, Ni3Si2, 

and β-SiC reducing the overall CTE mismatch and providing additional reinforcement to the 

interlayer. The joining of C/SiC without CNTs suffers from huge voids and cracks formation 

at the interface due to a significant difference in CTE between the C/SiC and the newly formed 

phases, specifically Ni2Si. The loading above 10% significantly lowers the bond strength 

because of the poor wettability caused by the excessive agglomerates of CNTs, which creates 

voids and non-wettability issues in the joint. As a result, the LSS value of C/SiC-C/SiC joints 

prepared with an alloy containing 15% CNTs substantially decreases to 4.6 MPa. The proposed 

Ni-Si-CNTs system, with a good CTE match with the SiC matrix, is anticipated to show great 

potential as a joining material for pressureless joining SiC-based ceramic matrix composites. 
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