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Abstract Recently, the ternary carbide Ti3SiC2 has

gained much attention due to its unique characteristics

combining the properties of metals and ceramics (i.e., a

low density, decent thermal and electrical conductivities,

an excellent thermal shock resistance, a good machinabil-

ity, damage tolerance, low friction, and so on). This study

describes an investigation of the wettability in high vacuum

of bulk Ti3SiC2 by a classical braze alloy based on the

Ag–Cu–Ti system. Two techniques, i.e., the sessile drop

and dispensed drop methods, were utilized. The results

indicated that spreading kinetics is controlled by deoxida-

tion kinetics of Ti3SiC2 surface under vacuum. The final

contact angle on clean Ti3SiC2 is very small (*10�), tes-

tifying the development of strong, metallic interactions

across the liquid–solid interface. The reactivity between

the ternary carbide and the liquid phase during isothermal

heating at 800 �C was also considered.

Introduction

Recently, nanolaminate ternary ceramics Mn?1AXn (where

M corresponds to an early transition metal, A is an A-group

element, and X represents either carbon or nitrogen) have

attracted extensive attention due to their unique combination

of metals and ceramic properties [1]. Among these com-

pounds, titanium silicon carbide (Ti3SiC2) has gained much

interest as a promising candidate for numerous applications

such as interphases in ceramic matrix composites [2, 3],

electrical [4, 5], and tribological [6] contact layers or high-

temperature structural applications [7, 8]. However, as for

other ceramics, the synthesis of bulk Ti3SiC2 on a larger

scale has proven difficult in practice, and for this reason,

studies devoted to joining Ti3SiC2 with metals or ceramics

are significant for promoting its applications [5].

Among the various joining technologies that exist,

brazing is one of the most suitable for ceramic materials,

especially for metal-to-ceramic joints [9]. It is thus impor-

tant to investigate the wettability of Ti3SiC2 by liquid

metallic alloys. Although some studies concerning the

joining of Ti3SiC2 with metals have already been conducted

[10, 11], there exist, to the best of the authors’ knowledge,

no results on fundamental wettability characteristics.

This study describes an investigation of the wetting of

Ti3SiC2 by Ag–40 at.%Cu eutectic alloy (containing Ti or

not) at 800 �C by the way of the sessile and dispensed drop

techniques under high vacuum. The reactivity at the liquid/

solid interface was also considered in order to sustain the

analysis of the wetting results.

Experimental section

The classical sessile drop technique was used to study the

wetting in the case of a Ti-containing alloy, and the dis-

pensed drop method was employed for Ag–40 at.%Cu

eutectic alloys. The experiments were carried out in a

metallic furnace under a vacuum of about 5 9 10-5 Pa

obtained with a rotary vane pump and an oil diffusion

pump, each equipped with a liquid nitrogen trap. In the

O. Dezellus (&) � A. P. H. Li � G. Constantin � F. Bosselet �
J. C. Viala

Laboratoire des Multimatériaux et Interfaces, Université Lyon 1,
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classical sessile drop experiment, copper–silver eutectic

alloy droplets of 50–100 mg were prepared prior to

the wetting experiment by: (i) melting of pure Cu

(99.999 wt%) and Ag (99.999 wt%) in an alumina cruci-

ble, and (ii) their deposition on vitreous carbon substrates,

because of the high contact angle and low work of adhesion

in this system, under high vacuum. Finally, the CuAg–Ti

alloy was processed in situ during the sessile drop exper-

iment by directly melting a piece of Ti (purity 99.7 wt%)

over the CuAg on the Ti3SiC2 substrate. This procedure

was used to avoid any direct contact between Ti and

ceramic before melting the alloy.

In the ‘‘dispensed drop’’ technique, the experiment

consisted in heating Cu and Ag in an alumina crucible

placed above the Ti3SiC2 substrate [12]. When employing

this method, the melting and spreading processes could be

separated, thus permitting fully isothermal tests to be per-

formed. In both experiments, the drop images produced

with an optical system fitted with a zoom (309 magnifi-

cation) were recorded with a video camera connected to a

computer, permitting automatic image analysis. This

device enabled the linear dimensions (i.e., the drop base

radius, R, and height) and the contact angle, h, of the drop

to be measured with an accuracy of ±1% and ±2�,

respectively.

All the experiments were performed using Ti3SiC2

substrates provided by 3-ONE-2 LLC [13]. The substrates

were manufactured by pressureless sintering of a Ti3SiC2

powder, which resulted in a dense polycrystalline mono-

lithic ceramic. The Ti3SiC2 powder was synthesized by

milling of Ti, C, and SiC powders followed by cold-

pressing and reactive hot-pressing [1]. It should be noted

that a significant amount of TiC (approximately 15 wt%)

was detected by XRD analysis. This was due to the

unavoidable deviation to homogeneity when large batches

of powders are processed. The substrate surface was pol-

ished down with a 1-lm diamond paste, thus giving rise to

an average roughness value, Ra, of approximately a few

hundred nanometers.

The chemistry, morphology, and microstructure of the

interfacial reaction products were determined by means of

SEM (equipped with energy dispersive X-ray spectros-

copy—EDXS) and electron probe microanalysis (EPMA).

Results and discussion

Wetting

Ag–40 at.%Cu eutectic alloy

Figure 1 shows the variations in contact angle, h, and

temperature as functions of time for the spreading of two

AgCu eutectic alloys over Ti3SiC2 in the experiments

performed by the dispensed drop technique.

In the first case (filled square), the substrate was heated

to a temperature of 900 �C for 15 min, after which the

temperature was decreased to 800 �C. Once the latter

temperature was attained, the classical dispended drop

procedure (i.e., extrusion and deposition of the droplet) was

applied. Under such conditions, an instantaneous and

excellent wetting could be observed and the first measur-

able contact angle after 40 ms of contact was already equal

to 12�.

As calculated with a liquid–vapor surface energy for

AgCu eutectic alloys of 950 mJ m-2 [14], the work of

adhesion at the liquid–solid interface has been found to be

close to 1880 mJ m-2. This value represents 99% of the

cohesion energy of the liquid, which is a sign of strong

chemical interactions between AgCu alloy and Ti3SiC2

across the interface. Moreover, the triple line velocity is

higher than 70 mm s-1 (spreading over 5.4 mm for a

contact time lower than 40 ms)—a feature characteristic of

non-reactive metal/solid (ceramic or metallic) systems. The

obtained value is similar to those of low viscosity liquid

metals on solid metals [9, 15, 16]. The results obtained

regarding the work of adhesion and triple line velocity thus

indicate that strong metal-like interactions have been

established with the surface of Ti3SiC2.

It is already known that Ti3SiC2 has various metal-like

properties: at room temperature it demonstrates a thermal

conductivity similar to pure Ti (37 W m-1 K-1 as opposed

to 30 W m-1 K-1 for pure Ti) and an electrical conduc-

tivity higher than that of pure Ti or TiC (4.5 9

106 V-1 m-1 as opposed to 2.3 9 106 V-1 m-1 for Ti and

1.6 9 106 V-1 m-1 for TiC) [1, 17]. The apparent com-

bination of ceramic and metallic properties has been
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Fig. 1 Variations in contact angle, h, and temperature as functions of

time for the spreading of two AgCu eutectic droplets over Ti3SiC2 in

the experiments performed by the dispensed drop technique: (i) at

800 �C after pre-heating of the substrate at 900 �C (filled square,

indicated by the arrow), (ii) at 800 �C during about 1500 s then

heated up to 900 �C (open circles). Temperature versus time is

presented by solid line
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explained by the existence of two types of Ti bonding in

the crystal structure [18]. Indeed, the Ti3SiC2 phase con-

sists of a layered structure with a double Ti–C block, each

block made up of two edge-sharing CTi6 octahedra, sepa-

rated by a square planar Si sheet. It should be noted that the

titanium carbide structure can also be described as a

stacking of such octahedra. The stacking sequence of

Ti3SiC2 (TiII–C–TiI–C–TiII–Si) contains two unique sites

for Ti, and there consequently also exist two unique

chemical states for the Ti atom.

The charge density of Ti in the first C–TiI–C layer has

been shown to be similar to that of Ti in Ti–C but with a

lower average spacing (0.213 nm instead of 0.216) [19–21].

In contrast, the charge density of the second type of Ti site

(i.e., C–TiII–Si sequence) contains a higher proportion of

metallic bonds and hence contributes more to the metallic

properties of Ti3SiC2. This is due to a slight distortion of the

CTi6 octahedra and a TiII–Si bond distance that is somewhat

larger than that of a normal covalent bond [19, 21].

In the second case (open circles in Fig. 1), the liquid

droplet was extruded from the crucible and dispensed onto

the Ti3SiC2 substrate once the experimental temperature

reached 800 �C. The spreading proceeded from the first

measurable contact angle value of 126� with a triple line

velocity of about 1 lm s-1. After 1250 s, the temperature

was raised to 900 �C with a heating rate of 20 �C min-1,

which was followed by an increase in the spreading

velocity up to a maximum of about 20 lm s-1. Finally, the

capillary equilibrium was rapidly obtained, with a contact

angle of 20�, before the temperature of 900 �C was

reached. One should note that this final contact angle value

could not be compared to the one from the first experi-

ments. Indeed, during spreading, the surface chemistry of

the substrate was modified by the reactivity between the

liquid and Ti3SiC2. This is described further in the section

concerning the reactivity.

The low spreading rate and the high activation energy of

the spreading process are typical for reactive metal/ceramic

systems when the reaction at the solid/liquid/vapor triple

line controls the spreading rate [12]. In the Ag–40 at.%Cu/

Ti3SiC2 system, the long spreading time is attributed to the

deoxidation of the Ti3SiC2 surface under very low oxygen

partial pressure (approximately 10-20 mbar). Indeed, it has

been established that the formation of the native oxide

layer on a pure polycrystalline Ti3SiC2 sample is the result

of a chemical interaction in two systems, i.e., in Ti–C–O

for the C–TiI–C bonds and in Si–Ti–C–O for the C–TiII–Si

bonds [21].

The obtained experimental results, especially the high

spreading rate observed after the heat treatment at 900 �C

(70 mm s-1), are attributed to the fact that the Ti3SiC2

surface has been de-oxidized at 900 �C, without any con-

tact with the liquid, and thus has acquired a metallic

character (see Fig. 1). It is interesting to note that Kozlova

et al. observed a similar behavior for Ti containing stain-

less steel substrates [22]. According to their results, the

deoxidation of the solid surface is mainly due to reduction

by residual carbon present in solid steel to form carbon

monoxide (CO). In this study, the same atmosphere is used

and the C activity in the solid should also be approximately

the same because some TiC is present both in stainless

steels and in Ti3SiC2 substrates. Therefore, the same

mechanism, reduction of oxide film by C leading to CO

formation, can be responsible of deoxidation of the surface

under vacuum. At 800 �C, this process can remain efficient

but its kinetics is significantly reduced, and instantaneous

wetting cannot be observed.

Because of structural similarities (i.e., the presence of

Ti6C edge-sharing octahedra), it is interesting at this point

to compare the present results with contact angle values

reported for TiCx in the literature [21], even if deoxida-

tion at low temperatures of that carbide is difficult [23].

For TiCx with the same ratio between C and Ti as in

Ti3SiC2 (i.e., x = 0.67), contact angles are much higher

than on Ti3SiC2 (from 60� to 80� for pure Cu and Ag as

opposed to 10� in this study for Ag–40 at.%Cu) [24].

Therefore, the metallic character of the MAX phase

Ti3SiC2 is more pronounced than for TiCx, even when

sub-stoechiometric.

Ti-containing Ag–40 at.%Cu eutectic alloys

Ti is commonly added to the Ag–40 at.%Cu eutectic alloy

to produce the most widely used active braze family.

Moreover, the dissolution of Ti from a Ti3SiC2 substrate in

the liquid alloy can be expected during the spreading

process. For this reason, various experiments have been

performed on AgCu–2.5 wt%Ti by the classical sessile

drop technique. It is worth noting that pre-heating to higher

temperatures is not allowed with this procedure.

Figure 2 shows the variation in contact angle h and

temperature as functions of time for the spreading of

AgCu–2.5 wt%Ti over Ti3SiC2 (open triangles) with the

associated temperature evolution (solid line). The first

measurable contact angle under isothermal conditions of

800 �C was about 125�, i.e., nearly the same as for dis-

pensed drop experiments performed without Ti. Subse-

quently, spreading occurred with a triple line velocity of

about 1 lm s-1, which was similar to the value observed

for the AgCu eutectic alloy without Ti (cf. filled square in

Fig. 1). After 1300 s, the temperature was raised to 900 �C

with a heating rate of 20 �C min-1, which led to an

increase in the spreading velocity by one order of magni-

tude and, finally, to capillary equilibrium with a contact

angle value of approximately 10�.
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It is worth noting that the addition of Ti has no effect on

the initial contact angle value, nor on the triple line

velocity. Concerning the final contact angle values (12�
against 8�), they can be considered as nearly the same.

It can be concluded that Ti has no significant effect on

the process of deoxidation of the Ti3SiC2 substrate. This

conclusion is counter-intuitive since Ti is recognized as an

element promoting wetting on numerous solids such as

oxides [25], nitrides [26, 27], or carbides [28, 29]. This

effect of Ti is usually attributed to the formation by reac-

tion with the solid substrate of a better wetted compound

with a metallic character, e.g., TiC1-x or TiO1-x [30]. With

Ti3SiC2, a possible reaction would be the transformation of

the iono-covalent native oxide film to a thin continuous

layer of the wettable oxide TiO1-x.

In this case, the thermodynamic activity of Ti is too low

to promote the formation of TiO1-x with decent wetting.

Indeed, during temperature rise to 900 �C, the kinetics of

dissolution of Ti in Ag–40 at.%Cu eutectic is significantly

reduced by the formation at solid Ti/liquid AgCu interface

of different CuxTiy compounds such as Cu4Ti, Cu3Ti4, or

CuTi [31]. As a consequence, the effective activity of Ti in

the drop is lower than the nominal one.

Reactivity

Ag–40 at.%Cu eutectic alloy

Figure 3 shows an SEM micrograph representing a cross

section of the interface between an AgCu eutectic and a

Ti3SiC2 substrate after a prior heat treatment of the sub-

strate at 900 �C and a subsequent isothermal spreading at

800 �C (filled square in Fig. 1). No interfacial reaction

layer was formed at the substrate surface. However, the

spreading was followed by a deep penetration of the liquid

into the grain boundaries of the substrate, as revealed by

the presence of bright solidified silver channels in Fig. 3.

This penetration phenomenon was associated with solid-

state diffusion of Cu into the grains of Ti3SiC2. As a

consequence, the substrate was transformed up to 40 lm

below the liquid/solid interface after 420 s contact at

800 �C. Quantitative electron probe micro analyses have

pointed out a composition of the transformed light grey

grains that is likely Ti47Cu8Si13C32. At this time, it is not

possible to determine whether this composition is that of a

quaternary phase or of an intimate mixture of fine-grained

binary or ternary phases. Note that Si was barely detectable

by EPMA in the solidified liquid with a mean amount

lower than 1 wt%.

It is worth noting that the existence of reactivity between

Cu and Ti3SiC2 has already been reported by Guo et al. in

the case of Cu magnetron sputtering layers heat-treated at

temperatures ranging from 900 to 1100 �C [32]. The

authors identified Cu3Si and sub-stoechiometric TiC1-x as

the reaction products. Moreover, other researchers have

already reported topotactic transformation of Ti3SiC2 by

outward diffusion of Si along the layers of the structure that

can be partially balanced by inward diffusion of certain

other elements [33–35]. In this case, the partial exchange of

Si atoms for Cu in the structure between two layers of CTi6
octahedra could be considered. A complete reactivity study

of Ag–Cu(Ti) melts on Ti3SiC2 is currently in progress.

Ti-containing AgCu eutectic alloys

As demonstrated in Fig. 4, an AgCu eutectic to which Ti is

added differs from a pure AgCu eutectic in that a secondary

phase has appeared in the liquid. Crystals with hexagonal

shape were identified by EDXS analysis as Ti5Si3Cx, sig-

nifying that some limited dissolution of Ti3SiC2 had
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Fig. 2 Contact angle measured by the classical sessile drop technique

as a function of time for AgCu–2.5 wt%Ti alloy on Ti3SiC2 at 800 �C

during about 1300 s and then after heating up to 900 �C

Fig. 3 SEM micrograph representing a cross section of the interface

between an AgCu eutectic and a Ti3SiC2 substrate after a prior heat

treatment of the substrate at 900 �C and a subsequent contact time of

420 s at 800 �C (filled square in Fig. 1)
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occurred. This, in turn, led to an increase in the amount of

Si in the liquid and finally to the precipitation of Ti5Si3Cx.

It was also observed that, after 20 min at 800 �C and

10 min at 900 �C, the Ti3SiC2 substrate was penetrated and

transformed up to a depth of 100 lm.

Conclusions

Wetting experiments performed by the dispensed drop

technique have demonstrated that a Ti3SiC2 surface can be

deoxidized under high vacuum above 850 �C, leading to a

strong metallic character. The results indicated that

spreading kinetics is controlled by deoxidation kinetics of

Ti3SiC2 surface under vacuum. The final contact angle on

clean Ti3SiC2 is very small (*10�), testifying the devel-

opment of strong, metallic interactions across the liquid–

solid interface. The wetting experiments also confirmed the

existence of a complex reactivity between Cu and Ti3SiC2

and a study dedicated to this reactivity is on-going.
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