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Abstract Wetting of molten Ni–56 at.% Si alloy on

different substrates (SiC ceramic, Ni- and Co-based super-

alloys, Kovar, and Mo) are performed under different

experimental conditions by the sessile drop technique.

Temperature, atmosphere, and substrate composition play

the key roles in determining the wettability, the spreading

characteristics, and the interfacial morphology of the final

interfaces. The non-reactive wetting characteristics in

Ni–Si/SiC system are confirmed, with a spreading rate

increasing with temperature increasing. In the Ni–Si/metal

systems the spreading process is determined by the com-

petition between spreading along the substrate surface and

the interfacial interactions. Excellent wettability and fast

spreading are found in the Ni–Si/Co-based superalloy, Ni–

Si/Kovar, and Ni–Si/Mo systems at both the temperatures

(1100 and 1200 �C). These results can be used as a refer-

ence guide for joining SiC to these metallic components, or

to itself, using the Ni–Si alloy as filler metal.

Introduction

Ceramic/metal joining is of great technological signifi-

cance because, through this process, the individual char-

acteristics of the two types of materials can be used to

produce new materials with improved performances.

Liquid phase bonding process, including brazing and

transient liquid phase bonding (TLPB) technique, is one

of the most promising techniques for joining ceramics to

metals. Therefore, investigations of wetting, spreading, and

interfacial behavior in metal/ceramic [1–11] or metal/metal

system [12–16], joining processes and joint performances

[17–27] are essential.

Ni- or Co-based superalloys have been and will be

increasingly utilized in aeronautical, aerospace, chemical,

petrochemical, marine, and energy applications (nuclear, gas

turbines, etc.) due to their excellent high temperature strength

and excellent oxidation resistance [28, 29]. SiC materials,

including those composites using SiC as the matrix, such as

SiCf/SiC, show good overall chemical, thermal, and

mechanical properties, which make them suitable candidate

materials for aggressive environments. A case in point is

nuclear applications, with demands in thermal shock resis-

tance, radiation stability, and low neutron-induced activation

[30–32]. Therefore, joining of SiC to superalloys by using

high temperature liquid phase bonding techniques, can lead

to optimized highly performing applications.

At present, there are still some problems in the SiC/

superalloy joining, such as the large thermal residual

stresses and excessive interfacial reactions, resulting in the

formation of cracks and invalidation of joint, so that it is

very important to work on the technological and struc-

tural improvements or design of joints. Therefore, many

researchers endeavored to seek for some non-reactive

joining processes of SiC using binary or ternary alloys with

high silicon content for brazing alloys [33–39]. This is

attributed to the good non-reactive wettability of these

alloys on SiC. Actually, many investigations showed that a

series of binary silicon alloys, such as Ni–Si [40–42],

Co–Si [43], Fe–Si [44], Au–Si [45, 46], Ag–Si [47, 48],

and Cu–Si [49–51], have this good non-reactive wettabil-

ity in contact with SiC. In addition, Leon et al. [52]
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investigated the influence of Cu coating on the spreading

kinetics and equilibrium contact angles of aluminum on

SiC for improved the wettability, and argued that the

presence of the copper coating at the interface delayed the

reactivity of SiC with Al resulting in a clean interface.

The present study is a part of a program aimed at real-

izing effective SiC/superalloy or SiC/SiC joints using a

composite joining technique. The wetting, spreading

characteristics, and interfacial behavior of Ni–56Si in

contact with SiC, three superalloys, a low thermal expan-

sion coefficient alloy (Kovar) and pure Mo metal are

investigated and analyzed. Kovar and Mo, due to their low

thermal expansion coefficient and good performances, can

be used not only as the other metallic component of the

joint but also as the interlayer materials for joining SiC to

SiC or superalloys [53].

Experimental process

Materials

A commercial Ni–56Si (all compositions are given in at.%)

atomized powder (Goodfellow, England) was used. The

Ni–Si alloy was prepared by melting the commercial

powder at 1100 �C for 900 s under a vacuum of *3 9

10-4 Pa. A SiC ceramic, two Ni-based superalloys

(CMSX486, IN738LC), a Co-based superalloy (ECY768),

a low thermal expansion alloy (Kovar 4J32) and pure Mo

were used as substrates in wetting experiments. SiC cera-

mic and alloy disks (Ø15 mm 9 2 mm) and Mo sheets

(25 mm 9 25 mm 9 100 lm) have been used. The SiC

prepared by hot isostatic press (HIP) process by adding 1%

Al2O3 as sintering aid have a porosity and surface rough-

ness of about 0.5% and 20 nm, respectively. The compo-

sitions of the three superalloys are shown in Table 1. The

nominal composition of the Kovar alloy is Fe–32Ni–15Co.

Wetting and characterization

Before each wetting experiment, all the substrates were

given a final polishing, and carefully ultrasonically cleaned

in alcohol, whereas the Ni–Si alloy drops were chemically

and ultrasonically cleaned, and then dried. The wetting and

spreading kinetics were evaluated by contact angle (and

drop dimensions in Ni–Si/SiC system) measurements using

the sessile drop technique in conjunction with the ad hoc

designed ASTRAView image analysis software [54, 55].

Sessile drop tests were performed at three temperatures

(1100, 1200, and 1350 �C) under high vacuum (3–5 9

10-4 Pa) or static atmosphere (105 Pa) of Ar ? 5% H2. In

these experiments, the measured oxygen partial pressure at

the outlet gauge was of the order PO2
= 10-20 Pa (at

700 �C) corresponding, taking into account the equilibrium

constant for water, to a PO2
= 10-12 Pa at 1100 �C and to a

PO2
= 10-10 Pa at 1200 �C.

In this paper, the contact angle values reported in metal/

metal systems are ‘‘apparent contact angles’’; indeed, the

real liquid–solid interface penetrates into the solid metallic

substrates. Thus, the equilibrium of the triple line should be

described by applying the Neumann triangle rule instead of

the Young’s equation [56]. However, the apparent contact

angles reported here have a ‘‘technological’’ significance to

design joining process. The contact angle values are given

here with a precision of ±2�.

The solidified sessile drop/substrate couples were cross-

sectioned, polished, and observed by optical microscopy

(OM) or scanning electron microscopy (SEM) coupled

with energy dispersive spectroscopy (EDS) analysis.

Results and discussion

Ni–Si/SiC system

The spreading kinetics of Ni–56Si on SiC at three tem-

peratures (1100, 1200, and 1350 �C) is shown in Fig. 1.

The spreading rate in the first, fast spreading stage obvi-

ously increases with temperatures increasing (Fig. 1a),

According to the changes of drop dimensions (relative base

diameter and drop height) and contact angle, the spreading

does not reach the contact equilibrium completely at

1200 �C after a holding time of 3500 s, and the contact

angle curve can be separated into three parts, I, II, and III

Table 1 Chemical compositions of the three superalloys used as substrates for wetting experiments

Material Composition (at.%)a

Ni Co Cr Ti W Ta C Al Zr B Mo Hf Re Nb Fe Si Mn S

CMSX486 Balance 9.68 5.66 0.90 2.87 1.52 0.36 12.95 0.00 0.09 0.45 0.41 0.99 – – – – –

IN738LC Balance 8.19 17.29 4.11 0.77 0.53 0.52 7.28 0.02 0.04 1.11 – – 0.57 0.10 Traces Traces Traces

ECY768 10.05 Balance 27.05 0.27 2.34 1.24 3.04 0.47 0.01 0.01 – – – – 0.06 Traces Traces Traces

a Nominal compositions from suppliers, checked for main elements by EDS

J Mater Sci (2009) 44:5990–5997 5991

123



(Fig. 1b). The spreading rates in the three stages fall in

three ranges, namely, *2.9 9 10-1, 2.7 9 10-2, and

3.7 9 10-3� s-1, respectively. As shown in Fig. 1a and c,

the spreading processes show some differences between the

tests made in a gas mixture (Ar ? 5% H2) and under a

vacuum. In vacuum the spreading arrives at the equilibrium

in 500 s at 1200 and 1350 �C (Fig. 1c, d), however, at the

lower temperature (1100 �C) the spreading does not arrive

at the equilibrium after the fast spreading and keeps going

at a low rate for *3000 s (Fig. 1c).

This can be attributed to the fact that the spreading

kinetics of silicide/SiC systems can be controlled by the

kinetics of removing of wetting barriers (SiO2 layers) on

SiC surface [43, 47]. The related chemical reactions may

be expressed as follows:

SiO2 sð Þ þ Si lð Þ ! 2SiO gð Þ " ð1Þ
SiC sð Þ þ 2SiO2 sð Þ , 3SiO gð Þ " þ CO gð Þ " ð2Þ

Both reactions imply the presence of gaseous products, so

that they are kinetically favoured by vacuum conditions.

Both the contact angles at 1350 �C in static Ar ? 5% H2

and in a vacuum are 23�. The Ni–Si/SiC system has been

studied by other authors. In the Ref. [40] a contact angle of

36� was obtained for Ni–47.3Si in contact with highly

dense sintered a-SiC at 1500 �C for 1200 s in flowing Ar

atmosphere. In other studies [41, 42], four steady contact

angles of about 20�–30� were acquired in Ni–Si alloys with

XSi & 0.4–0.85 on 6H–SiC at 1360 �C, in good agreement

with our results at 1350 �C.

Figure 2 shows the SEM micrographs of cross-sectioned

Ni–Si/SiC couples at two temperatures. It can be seen that

the solid–liquid interface in the Ni–56Si/SiC system is

smooth and clean without any precipitates also in the

region close to the triple line. The same results have been

found in the Ni–40Si/SiC [41], Co–72.5Si/SiC [43], and

Ag–5Si/SiC systems [47]. This phenomenon has been

explained using thermodynamic considerations and the

ternary Ni–Si–C diagram [41]. Indeed, when the original

content of Si on Ni is above *40%, the equilibrium is

established between the Ni–Si alloy and SiC. After a small

dissolution of SiC (difficult to detect in our experiments)

Fig. 1 Contact angle (and relative drop dimensions) as a function of

time. Spreading kinetics of Ni–56Si on SiC a at three temperatures in

static Ar ? 5% H2, b at 1200 �C in static Ar ? 5% H2, c at three

temperatures in a vacuum, and d at 1350 �C in a vacuum, showing the

effects of temperature and atmosphere on the wettability and

spreading process
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the saturated liquid alloy does not react anymore with the

solid substrate, leaving an undisturbed interface. According

to the EDS analysis, the two white and gray phases are NiSi

and NiSi2, respectively. Some cracks are present at the

interfaces and in the bulk phases due to the presence of the

brittle silicides (NiSi and NiSi2) and to the thermal

expansion coefficient difference between the Ni–Si alloy

and SiC. In addition, the cooling rate also has a great

influence on the formation of cracks.

Ni–Si/superalloy systems

The wetting data of Ni–56Si/metal couples are listed in

Table 2.

The spreading kinetics of Ni–Si/Ni-based superalloy

systems at two temperatures (1100 and 1200 �C) are shown

in Fig. 3. The cross-section microstructures of Ni–Si/

CMSX486 and Ni–Si/IN738LC couples are shown in

Figs. 4 and 5, respectively.

The spreading of Ni–Si/CMSX486 system arrives at a

contact angle of *44� in the first 100 s at 1100 �C, and

then the contact angle slowly decreases in the subsequent

800 s to reach *40� due to limited interfacial diffusion

and reaction (Fig. 3). Three layers (A, B, and C) form

between the drop and CMSX486 (Fig. 4a, b), with thick-

nesses of *500, 100, and 25 lm, respectively. According

to the EDS analysis, Al, Co, and Cr originated from the

substrate enter into the whole drop, while silicon is present

in all the three layers. The contents of silicon in layers A

and B are almost identical (*35–38%) to that in the

solidified drop, while a much lower content of Si (*25%)

is found in layer C. At 1200 �C the drop first spreads

rapidly in the first 20 s, and then its shape changes slowly

Fig. 2 Cross-section SEM

micrographs of the Ni–Si/SiC

couples at a 1100 �C and

b 1350 �C, showing the non-

reactive wetting characteristics

and some cracks formed during

cooling. The white and gray
phases in the drop are NiSi and

NiSi2, respectively

Table 2 Wetting data of the

Ni–56Si/metal systems
Substrate Temperature

(�C)

Holding time

(s)

Atmosphere tF or time

while h B 10� (s)

Final contact

angle hF (�)

CMSX486 1100 900 Ar ? 5% H2 900 41

CMSX486 1200 1220 Vacuum 1050 \10

IN738LC 1100 1220 Vacuum 550 35

IN738LC 1200 600 Ar ? 5% H2 200 ?0

ECY768 1100 300 Vacuum 12 ?0

ECY768 1200 300 Vacuum 10 ?0

Kovar 1100 1200 Vacuum 15 ?0

Kovar 1200 1200 Vacuum 5 ?0

Mo 1100 300 Vacuum 15 ?0

Mo 1200 300 Vacuum 12 ?0

Fig. 3 Contact angles as a function of time. Spreading kinetics of

Ni–56Si on two Ni-based superalloys (CMSX486 and IN738LC) at

1100 and 1200 �C
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with time. The contact angle decreases again to \10� at a

rate of *3.3910-2� s-1 after the slow spreading period

(arrow in Fig. 3): this can be attributed to increasing

mutual interactions at the interface during the holding time

(Fig. 4c, d). At variance with the previous case, a thick

region (diffusion region) is formed by interfacial interac-

tions (diffusion, solution, reaction, and separation). The

microstructure of the triple line shows that a competition

exists between the strong interfacial interactions and drop

spreading along the substrate surface. Similarly, Al, Co,

Fig. 4 Cross-section SEM

micrographs of the Ni–Si/

CMSX486 couple at different

temperatures: a, b 1100 �C;

c, d 1200 �C, showing the

difference of wettability and

interfacial interactions

Fig. 5 Cross-section SEM

micrographs of the Ni–Si/

IN738LC couple at different

temperatures a, b 1100 �C;

c, d 1200 �C, showing the

difference of wettability and

interfacial interactions. The

dash line in c shows the Ni–Si/

IN738LC interface
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and Cr enter into the drop, and silicon diffuses into the

superalloy substrate up to the diffusion region/substrate

interface.

The spreading of the Ni–Si alloy in contact with

IN738LC at 1100 �C is similar to that of the Ni–Si/

CMSX486 couple. The contact angle falls quickly down to

40� in 5 s, and then decreases slowly to 33�. But subse-

quently, a small increase of the order of *2� takes place

(Fig. 3). A fiber-like layer *40 lm thick (with the length

of short ‘‘fiber’’ of *3 lm) emerges at the drop/substrate

interface. Some white dots (Fig. 5a, b), also found around

the layer, are rich in alloying elements with high melting

point, such as Ti, W, and Ta. At 1200 �C the contact angle

falls from over 40� down to 20� and 10� in 100 and 200 s,

respectively, and then the drop spreads entirely with a

contact angle close to 0� (Fig. 3). As shown in Figs. 4c and

5c, there are great similarities in the cross-section micro-

structures between the Ni–Si/CMSX486 and the Ni–Si/

IN738LC couples at 1200 �C. However, a difference exists

in the size of segregated high temperature phases (white

phases) in the diffusion region.

The cross-section micrographs of Ni–Si/Co-based super-

alloy (ECY768) couple at 1100 and 1200 �C are shown in

Fig. 6. The wettability and spreading characteristics of the

Ni–Si/Co-based superalloy system greatly differ from those

of the Ni–Si/Ni-based superalloy systems. The spreading in

the Ni–Si/ECY768 couple is completed in 15 s with a final

contact angle close to 0� at both temperatures, and the drops

almost spread all over the substrate surface. This means that

spreading dominates in the competition between spreading

along the substrate surface and the interfacial interactions

(diffusion, dissolution, and reaction) in the drop/substrate

system. In addition, the microstructures of the Ni–Si/

ECY768 system vary greatly due to the different experi-

mental temperatures. In this case, silicon from the drop

diffuses towards the drop/substrate interface during wetting,

while Co and Cr, with high concentration (high activity) in

the substrate, diffuse first into the drop; however, those high

temperature elements in the substrate, such as Ta and W,

enter into the drop to a limited extent due to their lower

mobility. As a result, a darker layer containing Si, Co, Ni,

and Cr forms at the interface (Fig. 6a). However, at higher

temperature (1200 �C) all the elements originated from the

substrate and drop interdiffuse faster into each other,

especially a large amount of Ta and W diffuse into the drop,

as shown by the large number of white phases in the drop

(Fig. 6b).

Ni–Si/Kovar system

A cross-section micrograph of Ni–Si/Kovar couple at

1200 �C is shown in Fig. 7. The spreading process in Ni–

Si/Kovar system is similar to that of Ni–Si/Co-based

superalloy (ECY768) system. The liquid drops spread

rapidly with a final contact angle of\10� (or close to 0�) in

5 and 15 s at 1100 and 1200 �C, respectively (Table 2).

However, the liquid Ni–Si alloy drops can not cover the

entire Kovar surface, but present irregular shapes, resulting

from strong interfacial interactions between Ni–56Si

and Kovar. Furthermore, the extent of interfacial interac-

tions in Ni–Si/Kovar system is very different at the two

Fig. 6 Cross-section SEM

micrographs of Ni–Si/Co-based

superalloy (ECY768) couple at

a 1100 �C and b 1200 �C,

showing the difference of the

morphology in the solidified

drop and at the interface

Fig. 7 Cross-section OM micrographs of Ni–Si/Kovar couple at

1200�, showing the eutectic-like patterns in the solidified drop. The

dash line shows the Ni–Si/Kovar interface
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temperatures. At the lower temperature (1100 �C), four

elements (Ni, Si, Fe, and Co) distribute evenly in the drop.

However, in specimens heated at 1200 �C some observable

eutectic-like patterns appear in the drop, larger amounts of

Fe and Co diffuse into the drop, and Ni and Si concentrate

in the eutectic-like region according to the EDS analysis

(Fig. 7).

Ni–Si/Mo system

Similarly to the two previous cases, the spreading of Ni–Si/

Mo system at the two temperatures is completed in 15 s

and the final contact angle is close to 0� due to the strong

mutual interactions in the drop/substrate couple. Figure 8

shows the cross-section micrographs of the Ni–Si/Mo

couples. The compositions of the drop and of the interfacial

layers are listed in Table 3. As shown in Fig. 8 and

Table 3, at the lower temperature (1100 �C) one interfacial

layer A (*3 lm) and one gray zone B (*15 lm) exist at

the interface (Fig. 8a). However, a double-layer structure

(the two layers, A and E, with thicknesses of *1.5 and

5 lm, respectively) forms at the Ni–Si/Mo interface at

1200 �C (Fig. 8b). The single interfacial layer A corre-

sponds to the thicker one A in the double-layer structure

according to the EDS analysis. This can be attributed to the

increase of interfacial interactions with temperature

increasing. Moreover, the compositions of the two phases

(gray-C and dark-D in Fig. 8a, b) in the two specimens are

more or less equivalent, respectively.

Conclusions

This study confirms that between 1100 and 1350 �C, the

Ni–56Si/SiC system has a non-reactive wetting behavior.

For the Ni–Si/Ni-based superalloy systems, the final

contact angles of the Ni–Si alloy in contact with CMSX486

and IN738LC are over 40� and 30� at 1100 �C, however, at

1200 �C they are less than 10� or close to 0�, respectively.

A three-layer structure and a fiber-like layer form at the

respective drop/substrate interfaces.

For Ni–Si/ECY768, Ni–Si/Kovar, and Ni–Si/Mo sys-

tems, all the liquid drops entirely spread in a few seconds

(B15 s) with final contact angles close to 0� at 1100 and

1200 �C (Table 2). The liquid drops almost spread over the

whole Co-based superalloy (ECY768) surfaces, at variance

with Ni–Si/Kovar system, where a strong competition

exists between spreading and interfacial interactions. In

Ni–Si/ECY768 system, spreading is much faster than the

interaction/diffusion phenomenon. In addition, there are

great differences in the morphology in the bulk drop and at

the interface due to the difference of substrate composi-

tions and experimental temperature.

Therefore, it can be concluded that temperature, atmo-

sphere, and substrate composition play the key roles in

determining the wettability, the spreading characteristics,

and the morphology in the drop and at the interface. The

spreading process is determined by the competition

between spreading along the substrate surface and the

interfacial interactions in the Ni–Si/metal systems, and, in

particular, the spreading in the Ni–Si/ECY768 system

dominates over the solid–liquid interactions. Excellent

wettability and fast spreading exist in the Ni–56Si/Co-

based superalloy, the Ni–56Si/Kovar, and the Ni–56Si/Mo

systems at both the temperatures (1100 and 1200 �C).

Studies on the utilization of the Ni–Si as filler metal and

Mo as interlayer to produce SiC/superalloy joints are cur-

rently under way in our laboratories.

Fig. 8 Cross-section SEM

micrographs of the Ni–Si/Mo

couple at a 1100 �C and

b 1200 �C, showing the

difference of the morphology at

the interface

Table 3 Compositions of the drop and of the interfacial layers in Ni–

Si/Mo system

Position Elemental composition (at.%)

1100 �C 1200 �C

Ni Si Mo Ni Si Mo

Layer A 27.2 34.3 38.5 2.0 32.0 66.0

Zone B 0.9 63.3 35.8

Gray phase C 1.5 63.3 35.2 1.2 63.8 35.0

Dark phase D 59.4 40.6 0 59.2 40.8 0

Layer E 29.7 33.2 37.1
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