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A brief survey is presented of the most important interaction phenomena occurring at the solid-liquid
interfaces in metal-ceramic systems at high temperatures, with special attention to the most recent devel-
opments concerning wetting and joining transition metals diborides. These phenomena are described and
discussed from both the experimental and theoretical points of view in relation to joining ceramic and
metal-ceramic systems by means of processes in the presence of a liquid phase (brazing, TLPB etc.). It is
shown that wetting and the formation of interfacial dissolution regions are the results of the competition
between different phenomena: dissolution of the ceramic in the liquid phase, reaction and formation of new
phases at the solid-liquid interface, and drop spreading along the substrate surface. We emphasize the role
of phase diagrams to support both the design of the experiments and the choice of active alloying elements,
and to interpret the evolution of the system in relation to temperature and composition. In this respect, the
sessile-drop technique has been shown to be helpful in assessing critical points of newly calculated phase
diagrams. These studies are essential for the design of joining processes, for the creation of composite

materials, and are of a particular relevance when applied to UHTC materials.
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1. Introduction

Joining ceramic materials, to each other or to high-
performance alloys, is of particular interest for many demand-
ing technological applications. Brazing in particular, which
involves the presence of a liquid metallic phase in contact with
the adjoining phases at high temperatures, requires many
critical issues to be studied, such as wetting, dissolution, and
reactivity. They must be examined in detail in order to achieve
reliable bonding procedures and products.

The attention in this paper will be focused on the issues
related to joining transition metals diborides, a class of materials
less extensively studied with respect to oxides: they are classified
within the class of ultra-high-temperature ceramics (UHTC’s), of
particular interest for advanced applications (Ref 1).

Transition metals ceramic diborides, such as hafnium,
titanium, and zirconium diborides, are members of a family
of materials with extremely high melting temperatures, high
thermal conductivity, good electrical properties, excellent
thermal shock resistance, and high hardness (Ref2, 3).
However, their chemical inertness fails, in the “pure” status
in terms of oxidation at high temperature, so that it has been
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found necessary to add other components, such as SiC, B4C,
MoSi, to obtain good performances (Ref 4-6).

Use of these materials is currently being considered in the
aerospace industry for hypersonic vehicles, atmospheric re-entry,
and rocket propulsion (Ref 7-9) where high temperatures, high heat
fluxes, and severe surface stresses are involved (Ref 10-13). The
unique combination of their properties makes them also suitable for
other applications including nuclear plants (Ref 14, 15), solar
plants (Ref 16), refractory linings (Ref 17), electrodes (Ref 18-20),
microelectronics (Ref 21), and cutting tools (Ref 22).

Ceramic/metal joining is of great technological significance
because, by using this process, the individual characteristics of
the two types of materials can be used to produce new
components with improved performances.

Liquid-phase bonding processes, including brazing (Ref 23-
25), and the transient liquid-phase bonding (TLPB) technique
(Ref 26-34), are widely used for joining ceramics. In addition, a
revival of metal-ceramic bonding via glass- and glass-ceramic
phases has been appearing in literature, due to their thermal
expansion characteristics, oxidation resistance, and easy pro-
cessing (Ref 35-40). Therefore, investigations on wetting,
spreading, and interfacial behavior in metal/ceramic systems
(Ref 41-46, 71), joining processes, and joint performances
(Ref 47-54) have become essential.

There follows an overview of recent findings on joining
diboride-ceramic materials, preceded by a reminder of the
principal interaction phenomena occurring at the solid-liquid
interfaces at high temperatures. This is followed by a review of
the most recent results concerning their wettability, as the first
step toward defining reliable brazing procedures.

2. Wetting

Brazing, a process involving the presence of a liquid phase
at high temperature, depends strongly on the complex wetting
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phenomena occurring at the solid-liquid interface. In order to
understand what may happen at this interface, the following
processes must be taken into consideration: (a) dissolution of
the solid into the liquid, (b) penetration/diffusion of the liquid
components into the solid, (c¢) adsorption of components of the
liquid phase at the interfaces, (d) reaction of some component
of the liquid with the solid and the formation of new phases,
and (e) dynamic restructuring of the solid surface.

All these processes are the result of atom movements, each
one of them with its characteristic time (depending on diffusion
coefficients and/or reaction rates and, thus, on temperature)
which in turn affects the equilibration kinetics, i.e., the overall
wetting process.

The adhesion between liquid metals and ceramic materials is
due to the type (chemical or metallic bonds, van der Waals) of
interactions that can be established between the atoms of the
liquid metal phase and those constituting the ceramic body:
those at the metal-ceramic interface and the metal-metal ones.
An efficient way to study these interactions and to quantify
their effects in terms of adhesion energy is offered by modeling
(Ref 55-57), through molecular dynamics approaches, or by
applying the density functional theory (DFT) (Ref 58-65). In
particular, the DFT allows the electronic properties of a system
to be obtained starting from its individual constituents (nuclear
and electronic charges), in principle “ab initio,” without
empirical assumptions on the model. Up to now, most efforts
have been concentrated on modeling metal/oxides interfaces,
but a few calculations exist on metal/carbides (Ref 60, 66, 67),
metal/nitrides (Ref 68-70), and metal/borides (Ref 71, 72)
systems, arriving at a correct estimation of the metal-ceramic
bonding mechanisms. These calculations, applied to the (Au,
Ag)/ZrB, system, have shown an increase of the overlap
between the density of states of Au and Zr at the Fermi energy,
indicating the presence of a metallic bonding at the solid-liquid
interface (Ref 73). More recently, interfaces of diborides with
aluminum (Ref 72) and tungsten (Ref 74) have been studied
theoretically with similar methods. These efforts have indeed
opened new important insights into the basic solid-liquid
interactions at high temperatures.

3. Wetting Typologies

The fundamental equations describing the wetting condi-
tions are the Young relationship:

GSV:65L+GLvCOSO, (Eq 1)

where osy, s, and opy represent the equilibrium, at the tri-
ple line, of the solid-vapor, solid-liquid, and liquid-vapor
interfacial tensions through the contact angle 6, and the Work
of Adhesion (Young-Dupré equation):

(Eq 2)

the thermodynamic quantity describing the effectiveness of
the solid-liquid bond. All relevant relationships describing
wetting and contact angle measurements can be found in
(Ref 75, 76).

In general, three main wetting categories can be recognized:
(a) non-reactive (or adsorptive) wetting, (b) dissolutive wetting,
and (c) reactive wetting.

W, =osyv + oLy — as. = oLy (1 + cos0)
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3.1 Non-reactive (or Adsorptive) Wetting

Non-reactive wetting is a modality that can only seldom be
invoked to describe completely high-temperature processes,
and occurs if certain conditions are met. Indeed, non-reactive
wetting can take place, provided the interplay of the three
interfacial tensions allows a low-contact angle to be established
(as computed by Eq 1), as long as, at the same time: (a) no
chemical reactions take place between the liquid and solid
phases, (b) the solid and the liquid phases are mutually
immiscible, and (c) the liquid phase is in chemical equilibrium
with the solid (i.e., it is saturated of the solid elements). These
conditions are more easily met if the temperature is not high
enough to allow for a sufficiently fast exchange of atoms by
diffusion between the solid and the liquid phase.

The spreading process, i.e., the displacement of the triple
line according to time, may be fast if compared to dissolution
processes, so that the liquid front moves on a flat, unmodified
surface (Ref 77). In these cases, the friction at the triple line is
the main factor governing the kinetics of the process and, in the
case of liquid metals, the overall process can be completed
within a few dozen milliseconds.

A study on the kinetics of spreading from the very first instant
of solid-liquid contact can offer a means to understand which
phenomenon is prevalent in the specific process. However,
especially at high temperatures, the experimental part is very
difficult, although high-speed recording is now close at hand.
What is still lacking is the possibility to access an “in situ”
analysis of the interface, which is usually studied after drop
solidification; thus when the wetting process is finished, a large
number of chemical reactions and/or precipitation phenomena
have occurred. Studying the kinetics of spreading is a very
complex subject, and a systematic overview of this phenomenon
is outside the scope of'this paper; however, the interested reader is
referred to recent specialized papers (Ref 78-87).

3.2 Dissolutive Wetting

As already mentioned, at a high-temperature, high atom
mobility implies that at least some dissolution of the solid phase
into the molten matrix can take place until the chemical
potential of the diffusing species is the same in the solid and the
liquid phases (Ref 77, 85, 88-96). Even if no reactions occur,
the composition of the liquid phase changes with time. As a
consequence, its surface tension also changes and a dynamic
condition is setup, where both contact angle and drop
dimensions (base diameter, height, and also volume) are a
function of time. The solid-liquid interface no longer lies on a
plane, but a groove forms under the drop with a nearly spherical
profile (Fig. 1) that can be to some extent perturbed. As an
immediate consequence, the Young law (Eq 1) which refers to
rigid, homogeneous, non-deformable surfaces, is no longer
valid, as the triple line equilibrium must also take into
consideration the vertical components of the surface tension
vectors. Indeed, the interfacial tension vectors reach an
equilibrium configuration at the new triple line expressed by
the so-called Neumann rule (Fig. 1):

osL _ Osv _ OLv
sinf; sinf0, sin0;’

(Eq 3)

Thus, in this case, what is measured in a sessile-drop test is
the “apparent” contact angle, that is the one “above” the plane
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Fig. 1 Equilibrium configuration in the presence of dissolution of
the solid
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Fig. 2 3D confocal profile of the surface of sapphire after contact
with molten Ni at 1500 °C and removal of the drop. The scan re-
veals the presence of a ridge located at the triple line junction (%
250 nm), and of deep groove (depth =~ 400 nm) adjacent to it

defined by the solid surface (i.e., 7-0; in Fig. 1). This point is
extremely important when interpreting sessile-drop results, as
any quantitative utilization of contact angle data, especially to
derive thermodynamic quantities such as the work of adhesion,
should take this effect into serious consideration.

The dissolutive stage of the wetting process is usually very
fast. Furthermore, as noted for instance in (Ref 88), dissolution
is often increased by soluto-capillary Marangoni movements
occurring near the triple line. These processes, discussed in the
next paragraph, can lead to the appearance of irregular (“non-
Laplacian™) curvatures (Ref 90) and/or to “ridges” a microm-
eter in size (Fig. 2) at the solid-liquid interface close to the
triple line. They have been shown to occur, at the microscopic
scale, in many systems at high temperature, even with high
melting point ceramic materials and with systems which, at the
macroscopic scale, are considered as non-reactive (Ref 78, 82,
97-102). For example, for the Ni-Al,O3 system, ridges and
grooves, a nanometer in size (Fig. 2) form at the solid-liquid
interface close to the triple line.

Considering that the dissolution process should in principle
change the liquid-vapor and the solid-liquid surface tensions, a
contact angle varying with time should result. As the drop
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Fig. 3 Evolution of a drop in the presence of dissolution

spreading and the dissolution processes proceed, the amount of
solid phase dissolved into the liquid becomes smaller and
smaller. In this way, the solid dissolution and thus the depth
below the original surface decreases while the base diameter of
the drop increases. In addition, if the new angle is lower than
the initial one, as soon as it reaches a critical value which
allows “depinning” to take place, the (already saturated) liquid
drop may spread over the solid surface with the triple line lying
outside the dissolution crater, giving rise to a characteristic
sigmoidal profile (Fig. 3) (Ref 103).

3.3 Soluto-Capillarity Effects

The well-known dependence of surface tension on temperature
T and concentration C makes it possible for L/V interfacial
gradients in these physicochemical variables to induce thermo- and
soluto-capillary effects, respectively. The role of thermocapillary
in spreading drops was analyzed by Erhardt and Davis (Ref 104).
They found that, for drops spreading on substrates whose
temperature was greater than that of ambient atmosphere,
thermocapillary induced a L/V interfacial flow from the triple line
to the drop apex. This thermocapillary flow inhibited wetting.
Conversely, they found that for drops spreading on substrates
whose temperature was less than that of ambient atmosphere,
thermocapillary induced an L/V interfacial flow from the drop apex
to the triple line; this thermocapillary flow enhanced wetting.

In high-temperature capillarity experiments, the temperature
distribution between drop-substrate and ambient depends on the
technique used (contact heating, dispensed drop method), on
the working atmosphere (vacuum or protective gases), and on
the intrinsic properties of drop and substrate (heat capacity,
reflectivity etc.) so that no general behavior can be foreseen.

Soluto-capillary effects are much more likely to influence
wetting in metal-metal systems when the substrate metal is
strongly tensioactive. As an example, (Ref 89) reports wetting in
the Cu-Si system. At 1100°C, when the reactive wetting regime
is reached, as a first-order approximation one may assume that,
due to dissolution, the concentration of Si at the triple line is that
of a saturated Cu-Si solution (o}, = 840 mN/m) and that at the
drop apex is close to zero (i.e., pure Cu, g, = 1280 mN/m). The
resulting soluto-capillary flow on the L/V interface is then from
the triple line to the drop apex and wetting is inhibited. The
resulting mass transport due to viscous coupling between the L/
V interfacial liquid and bulk liquid in the drop can transfer liquid
from the triple line region to the drop apex.
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It can thus be safely stated that at the beginning of the
dissolutive stage, the solutal Marangoni driving force is strong
enough to account for the required values of the mass transfer
parameter. It should of course be borne in mind that the
intensity of convection will decrease during the experiment as a
result of the solute enrichment caused by the dissolution itself
and by the reduction in the drop thickness due to wetting.

Bulk convection due to density gradients was found
(Ref 90) to be negligible with respect to the surface tension-
driven Marangoni convection. Furthermore, only solutal
Marangoni convection, due to composition gradients along
the drop upper surface, was able to provide the large fluid
velocities necessary to account for the high value of the mass
transport parameter.

3.4 Reactive Wetting

Reactive wetting, proper, means that chemical interactions
occur at the solid-liquid interface, with the production of new
species which can, in turn, profoundly modify the wetting
behavior of the system, through the formation of interfacial new
phases that have different wetting characteristics. Literature
contains much debate, especially as regards the role that the
free energy of reaction can have on the final contact angle.
Good reviews/viewpoints on this topic can be found in Ref 101,
103, and 105-107. In the presence of reactions, the final
equilibrium configuration should be determined by the forma-
tion of continuous layers of specific reaction products, such as
the MgX metal-like compounds in metal-oxide systems
(Ref 108, 109), in case of wetting of carbides (Ref 110), or
borides, as in the cases dealt with in this paper (see paragraph
5). Which compound can form depends both on the chemistry
of the system and on the kinetics of the advancement of the
triple line. Indeed, if the presence of minor elements, such as
the active elements used in brazing processes (e.g., Ti, Zr, Cr,
V, Nb, Al), in the liquid phase can give rise to interfacial
reactions whose type and extent depend on the activity of these
elements in the experimental conditions, the formation of new
compounds through heterogeneous nucleation at the S/L
interface can only occur when a certain amount of super-
saturation in the liquid phase is reached. In particular, this is
more likely to occur when the triple line velocity is very low
(Ref 111). Once a continuous layer of the new compound is
formed at the S/L interface, the atoms necessary to feed the
reaction must be transferred through the layer by solid-state
diffusion, with a substantial reduction of the rate of substrate
dissolution.

4. Role of the Solid Surface in Modifying the
Wetting Behavior

Wetting of solid surfaces is affected, not only by the
mechanisms which are behind the wetting typologies already
discussed, but also by “physical” and ‘“‘chemical” factors
intrinsic to the solid surface, that are briefly discussed below.

4.1 Roughness

The solid surfaces used in wetting experiments are not ideal.
Especially when working at high temperature with polycrys-
talline materials, surfaces are not perfectly smooth. Ceramic
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materials are usually produced by sintering. This means that a
residual porosity is always present and that, even after a very
careful polishing procedure, a residual surface roughness is still
present. This residual roughness should be kept within R, (the
arithmetic average of the absolute profile heights) values of the
order of a few dozen nanometers. In addition, with rising
temperature, micro-faceting and thermal grooving at grain
boundaries take place, so that the real roughness conditions
governing the wetting process at the test temperature often
remain as an unknown parameter.

Roughness affects the establishment of the contact angle by
various mechanisms: (a) by increasing the solid-liquid contact
area (increase of interfacial energy), (b) by providing “pock-
ets” of entrapped vapors, thus forming a composite interface,
(c) by offering specific nucleation points for reaction and
growth when reactions can occur, (d) by offering specific
“pinning” points to the movement of the triple line.

Wenzel (Ref 112) proposed the following equation for
rough surfaces, linking the ‘“macroscopic,” measured, contact
angle 0,, to the “intrinsic” one 0*:

cos 0,, = rcos 0. (Eq 4)

Here r is the average roughness ratio (actual area/projected
area). As r is always > 1, this means that if 6* > 90°, 60,
increases with increasing roughness; the contrary when
0* < 90°.

The triple line can also be “pinned” by the presence of
surface heterogeneities. In order to override the grooves and
ridges, that alter the local geometrical profile of the surface with
an orientation of the contact plane different from the original
reference one, the moving triple line should possess an
additional energy. This requirement originates the appearance
of “advancing” and “receding” contact angles (the difference
between the two is called hysteresis). On the basis of energetic
arguments (Ref 75, pp. 24-42, 113), it is possible to establish,
inter alia, their maximum (advancing) and minimum (receding)
values.

If the surface is plane, but chemically heterogeneous, i.e.,
surfaces formed by two different materials or different phases,
but perfectly smooth, the macroscopic contact angle can be
calculated using the Cassie-Baxter equation (Ref 114, 115):

(Eq 5)

where 0; and 0, represent the contact angles on fractions f;
and £, of the total contact area, respectively.

cost. = ficosB + f,cosb,

4.2 Stoichiometry

The stoichiometry of the solid surface in contact with the
liquid metal represents another important parameter in deter-
mining the wetting behavior of a particular solid-liquid system.
Examples can be found in refs (Ref 116-124). Notwithstanding
a certain dispersion of the experimental data, mainly due to the
difficulty of characterizing the solid surface properties and the
real experimental conditions, these studies seem to come to the
conclusion that the higher the departure from stoichiometry in
the solid surface the better its wettability by liquid metals.
Often due to an enhanced metal-like electronic structure of the
substrate. In particular, it has been shown that for non-
stoichiometric titanium diborides (Ref 125) and titanium
nitrides (Ref 118-120), wetting by liquid Cu and Au is better
the higher the departure from the stoichiometric ratio. Other
interesting systems are represented by metal/oxide samples.
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The influence of stoichiometry on the wetting of stoichiometric
(white) and of under-stoichiometric (black) zirconia by differ-
ent metal melts was studied in a dedicated investigation
(Ref 126). The results show that black zirconia is wetted by
inert (Cu, Sn, Ag, Au, Pd, Pt, Cu-Ga, Pd-Rh) and by low active
(Al, Cu-5Zr, (Cu-17.5 Ga)-10Ti) melts better than the white
one, while reactive melts have contact angles on black and on
white substrates close to each other.

The same problem has been also investigated by means of
theoretical models. The wetting of sapphire by aluminum was
simulated using the embedded atom method (EAM) and
Coulomb potentials on a system of atoms with defined
electronegativity (Ref 127). In the simulations of high-temper-
ature wetting, the formation of an oxygen-deficient reaction
layer between the liquid and the substrate was observed. This
change in stoichiometry at the metal-ceramic interface may
influence diffusivities in the surface of the ceramic and may
therefore have an important effect on the kinetics of the
evolution of surface features observed experimentally during
reactive wetting.

The density functional theory (DFT) has also been used to
investigate the role that the surface oxygen concentration on
alumina has on the wetting by molten Ag, by evaluating the
electronic properties of the system single constituents (nuclear
and electronic charges), in principle “ab initio,” without
empirical assumptions on the model (Ref 62).

The section of an interface between sapphire (0001), center,
and silver, on the two sides, resulting from the DFT
calculation inspired by the experiments, is shown in Fig. 4.
Additional oxygen atoms (red) have been inserted between the
two silver layers that are closer to one of the Ag/sapphire
interfaces, in different tetrahedral and octahedral positions.
After relaxation of this oxygen-rich configuration, the work of
adhesion increases considerably, in agreement with experi-
mental data.

Similarly, another recent study (Ref 128) demonstrated that
freshly sputtered ceria is hydrophilic due to excess surface
oxygen (shown to have an O/Ce ratio of ~3 and a water contact
angle of ~15°), which, when relaxed in a clean, ultra-high
vacuum environment isolated from airborne contaminants,
reaches close to stoichiometric O/Ce ratio and becomes
hydrophobic (contact angle of ~104°).

5. Wetting Studies

5.1 Transition Metal Diborides

Studies of the energetics of liquid metal/ceramic interfaces
revealed that most of the iono-covalent ceramic/pure metal couples
are “non-wetting systems” (with a contact angle 0 > 90°). This
was verified mostly for oxide ceramics (Ref 41, 76, 106).

On the other hand, transition metal diborides have a
metallic-like character, and, as already discussed, at their
interface with a liquid metal a metallic bond should be
established. This means that their wettability by liquid metals
should be granted with equilibrium contact angles 6 < 90°.
However, in many instances (Ref 133 and refs therein) a non-
wetting behavior was found for these systems.

This means that a non-wettable layer should exist between
the liquid metal and the diboride.

Thus, in order to achieve good wetting, means and
procedures to “destroy” this barrier should be found. Diborides
are intrinsically very reactive toward oxygen; in the case of
XB, (X =Ti, Zr, Hf) the following reaction takes place:

XBQ(S) + 5/2 Oz(g) > XOz(S) -+ 3203(1) (Eq 6)

whose AGjs00 oc is equal to —1190, —1337, —1340 kJ/mol
for TiB,, ZrB,, HfB, respectively.

Moreover, diborides are nearly always either prepared by
sintering procedures using specific aids to increase the final
density or contain relevant quantities of a second phase
designed to increase their oxidation resistance (usually SiC).
In this case, in the presence of oxygen a surface layer can form,
such as SiO,, with a iono-covalent character.

Different mechanisms can be used to get rid of the “wetting
barrier,” linked to the large number of chemical reactions
characterizing the diboride systems (Ref 129). They include:

(1) B,0; removal.Despite the low oxygen partial pressure
imposed to the system in the wetting experiments, it is
possible that a very thin B,O;3 layer (liquid at the test
temperatures) could persist at the surface, for kinetic
reasons. In this case, the following reaction can take
place at the triple line

Fig. 4 Example of a Ag(111)/Al,05 interface with an additional subsurface oxygen layer within the silver phase, after relaxation an additional
oxygen atom appears between the last two interfacial layers of Ag(111) (left side). Courtesy D. Passerone, Empa, CH
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2B + 28203 = 3(B202) (Eq 7)

This reaction has been studied (Ref 130) and the correspond-
ing vapor pressure of the gaseous dimer (BO),, extrapolated
to 7= 1520 °C, results P(po), ~ 6.1 x 1073 atm. Thus, while
this result has to be taken with due caution, it clearly appears
that, in the presence of boron dissolved into the liquid phase
(as discussed below), reaction 7 can occur, and the gaseous
B,0O, dimer can escape from the system allowing the drop to
advance on the “bare” ceramic substrate, with a kinetics gov-
erned by this same reaction (Ref 131).
(2) Surface oxides reduction (e.g., SiO,) by active metals
(Ti, Zr, Cr...).The following reaction between the active
metal AM and the SiO, could occur:

Si0,(s) 4+ 2AM(1) = 2AM — O + Si(1) (Eq 8)

with the probable production of a sub-stoichiometric AM

oxide, whose enhanced metallic character reduces the solid-

liquid interfacial energy thus increasing wetting.

(3) Boride stoichiometry variation.As already mentioned,
wetting is definitely affected by the ceramic substrate
stoichiometry. Referring to the already cited case of
TiB, (Ref 125, 132), the increased wetting effect was at-
tributed partly to the variation in Boron content in the
near-surface diboride layers and partly to the (very lim-
ited) dissolution of TiB, into the liquid metal.

From a more general point of view, important improvements
of the wettability of ceramic materials are obtained by adding
“active metals” (such as Ti, Zr, Cr, Mo ) to the liquid phase. At
the interface, these “active” elements form intermediate
products more readily wetted by the liquid alloy. As an
example, the addition of Ti to Ag or Cu alloys involves the
formation of Ti compounds (TiO, TiC, or TiN on oxides,
carbides, and nitrides, respectively) at the metal-ceramic
interface which, due to their more “metallic” character, are
wetted better than the bulk ceramic.

Active metals, can also adsorb at the solid-liquid interface
lowering the interfacial energy also affecting the spreading
kinetics and consequently the final contact angle.

5.2 Recent Results

In our previous paper (Ref 133), we reviewed the work up
to the year 2011. Therefore, in this paper, we will mainly
discuss only what has been done thereafter. It should be noted
that, despite the interest in the production and characterization
of Ti, Zr, and Hf diborides, driven by their extremely attractive
application potential, studies on their interactions with molten
metals are still limited.

Among them, an investigation on the system Al/TiB,
(Ref 134), of particular interest for the interaction with the
electrodes in the aluminum industry, has shown that Al already
starts wetting the TiB, substrate at 750 °C and that the wetting
becomes better and better with increasing temperature. A final
contact angle 0 < 20° was found above 1000 °C after a few
minutes. The experiments were performed by the “capillary
purification” technique under high vacuum (Ref 135), so that
the Al drop came into contact with the solid support only at
the selected temperature, avoiding any contact reactions during
the heating up period. Moreover, and this is extremely
important for Al, the presence of an oxide layer on the drop
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surface was minimized by the “squeezing” process out of the
capillary.

In addition, no extensive reactions between liquid Al and
TiB, were found, although the presence of some AIlTi and
Al4C; particles were found at the solid-liquid interface,
witnessing a limited dissolution of the solid support. However,
beginning from 1000 °C, liquid Al penetrates the TiB,
substrates by filling pores and grain boundaries (reach-
ing ~250 pm after 15 min at 1400 °C).

The NiAl-MeB, (Me = Zr, Ti, Cr) system was studied at
1650 °C in order to understand the interactions occurring
during the fabrication of NiAl-based composites reinforced by
diborides particles (Ref 136). The wetting tests resulted in low
contact angles, with 0 =11°, 20°, 0° for molten NiAl in
contact, respectively, with ZrB,,TiB,, and CrB,. In particular, a
stable wetting angle of 20° in the NiAl-ZrB, system was
recorded after 7 min. In the case of the NiAl-TiB, system, the
contact angle of 11° was reached in 10 min. The best wetting
was observed in the case of the NiAl-CrB, system. During the
first 3 min, the angle reaches 22°, and after 6 min the spreading
of the drop was nearly complete with a final contact angle close
to zero. In both ZrB, and TiB, systems, no new phases were
found at the interface, while a deep penetration along the grain
boundaries of the ceramic matrix was observed. An interesting
result is that NiAl does not seem to dissolve the underlying Zr
or Ti diboride substrates, although it penetrates along the solid
grain boundaries. These results are in agreement with a
subsequent study on the NiAl system in contact with (Ti-
Cr)B,-AIN composites (Ref 137), where a very good wetting
was found in the temperature range 1550-1600 °C with final
contact angles below 10° without strong dissolution of the
substrate. On the contrary, NiAl was found to interact with
“pure” CrB, penetrating deeply into the solid substrate, and
reacting with it giving rise to various new phases and
intermetallic compounds.

Strong interactions were found when studying the behavior
of molten Cr in contact with Ti, Zr, and W borides (Ref 138) in
the temperature range 1300 < T’ < 1950 °C. During heating, a
liquid phase formed at the contact area at around 7'= 1600 °C
(contact melting). The contact angle between the liquid and
titanium diboride was initially 70° to 75° decreasing gradually to
40° to 45° during holding. During further holding at 1600 °C,
the drop partially spread over the sample and then solidified.

Similar behavior was found with W,Bs and ZrB,, the only
differences being that the liquid phase formed and spreading
proceeded at higher temperatures (7~ 1700 °C for W,B5 and
T~ 1850 °C for ZrB,) with final contact angles 6 = 10°, 12°,
45° at T~ 1950 °C for the Ti, W, and Zr borides respectively.

Thus, Cr seems to enter into strong interaction with the
transition metals diborides, giving rise to dissolution and
reaction phenomena at the solid-liquid interfaces.

These results are in agreement with a series of studies on the
interaction of Ni and Ni alloys with Ti, Zr, and Hf diborides,
undertaken by this Group in the last 15 years (Ref 43, 103,
139-142, 151, 152). It has been shown that pure Ni wets HfB,
and ZrB, very well. However, strong reactivity and dissolution
of the ceramics were detected. Further studies on the ternary
phase diagrams for the B-Ni-X (X = Ti, Zr, Hf) systems carried
out using the CALPHAD method (Ref 140) demonstrated that
reactivity can be reduced or even suppressed by proper
additions of B to Ni (Ref 103, 141). Wetting tests performed
using the suggestions deriving from the CALPHAD modeling,
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confirmed the strong reduction of reactivity by means of the Ni
alloy saturation.

The sessile-drop experiments were made using three
different Ni-B compositions as starting alloys, namely: pure
Ni, Ni plus 17 at.% B (NiB17) (eutectic composition), and Ni
plus 50 at.% B (NiB50) slightly hypereutectic (Ref 103). The
experiments have been done at 1520 °C; moreover, some
additional tests have been made at 1200 and 1130 °C to clarify
the role of the ternary Hf;Niy B¢ compound (which melts at
1230 °C) in the behavior of the Ni-HfB, system in this specific
temperature range.

The behavior of contact angles versus time for the three Ni
alloys in contact with the HfB, substrate at 1520 °C is shown in
Fig. 5.

The cross sections of the wetting samples in Fig. 6 show
that dissolution of the ceramic material occurred for pure Ni
and for the NiB17alloy, while it almost disappeared for the
NiB50 alloy.

Two results must be underlined: in all cases, the largest part
of the solid-liquid interactions occurs during the first minute of
contact, both in the cases where strong dissolution of the
substrate takes place, and in the case of the NiB50 alloy where
no dissolution at all was found. Moreover, in the cases with
dissolution, the contact angles remain nearly constant for the
first few minutes of contact, while in the case of wetting
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Fig. 5 Contact angles versus time of Ni-B alloys on HfB, at
1520 °C (Ref 43)

without dissolution the contact angles keep decreasing for a
long time and does not seem to have reached an equilibrium
value even after 10 min.

As shown in Fig. 6, the strong interaction between pure Ni
and the ceramic substrate, leads to penetration of the newly
formed liquid Ni alloy between the HfB, grains and to the
formation of the sigmoidal shape of the solid-liquid interface
already described. Upon melting NiB17 dissolves a much
smaller amount of HfB, than in the case of pure Ni. The
sigmoidal shape of the interface is retained (Fig. 6), suggesting
the same interaction mechanism as in the previous case.
Similarly, the molten Ni alloy penetrates along the grain
boundaries of the ceramic substrate. A noticeable crystallization
of the HfB, grains is also found at the solid-liquid interface.

The bulk-solidified drop shows a well-developed eutectic
structure (Fig. 7), where one of the two phases is essentially
formed by the ternary Hf,Ni,Bs compound and the other one
has a composition close to Ni3B. Indeed, the calculated pseudo-
binary section (Fig. 8) foresees the presence of all of these
phases down to 212 °C: this configuration can be considered to
remain frozen during the non-equilibrium cooling. At variance
with the pure-Ni case, it is also worth noting that HfB,
crystallization is practically absent in the liquid phase, due to
the fact that a smaller amount of HfB, is dissolved at the test

v

_ HENi B,

20 pm

Fig. 7 SEM-BSE images of the microstructure of the NiB17/HfB,
system showing the eutectic structure containing Ni;B (dark) and
Hf,Ni,; B phases (light)

Pure Ni

Fig. 6 Cross sections of samples after high-temperature interaction with HfB, (scanning electron microscope-backscattered electrons,

SEM-BSE)
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temperature compared to the pure-Ni case, and that the
dissolved part is used to form the large amount of ternary
compound.

The NiB50 alloy spreads over the HfB, substrate a little bit
slower than pure Ni and the NiB17 alloy (Fig. 5) and, in
10 min, it does not reach a final equilibrium value, even if 0 is
quite small (0 < 10°). The interface is sharp and planar, with no
detectable dissolution of the substrate into the liquid phase. As
shown in Fig. 9 the isothermal section shows that, at
T = 1500 °C, the NiB50-HfB, line crosses the liquidus line at
Xur~ 0.03 (point A2), a concentration that drops to nearly zero
already at 1130 °C. The crystallization of HfB, at the interface
is consistently much smaller than in the other cases and no Hf
can be detected in the liquid, which retains an eutectic structure
after solidification formed of Ni,B and NiyB; with particles of
pure boron precipitated at the metal/ceramic interface (Fig. 10).
However, a Ni-rich penetration zone, about 80 mm thick, is
clearly visible in the ceramic phase beneath the drop.
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Fig. 8 Pseudo-binary section of NiB17-HfB, phase diagram
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Parallel tests have also been carried out at 1200 and
1130 °C, chosen as being above and below the melting point of
the intermetallic compound Ni3B, but also just close to the
melting point of the ternary Hf,Ni;1Bg compound
(T = 1230 °C). The NiB17 alloy, corresponding to the eutectic
composition, melts at 7= 1093 °C and could offer a good
choice as brazing alloy, in particular using the transient liquid
phase bonding process (Ref 37).

The tests at 1200 °C showed a good wettability of the
molten phase, which reached a stationary contact angle of
0 ~37° in about 5 min. The shape of the molten drop remained
smooth for all the holding times.

With reference to Fig. 11, the NiB17 alloy melts and starts
dissolving (point B) an important amount of HfB, until the
equilibrium composition of point C is reached. It is worth
noting that the intermetallic ternary compound Hf,Ni,;Bg can
form at around this temperature, but not if the boron content of
the starting alloy in contact with HfB, is above=15 at.%.

Fig. 10 Section of the NiB50 drop on HfB,, treated at 1520 °C,
showing the internal structure with NiyB; (dark gray), Ni,B (light)
and B (black), and the alloy penetration along grain boundaries and
pores of the HfB, (SEM-BSE picture)

Liquid +FCC

1130°C

Fig. 9 Isothermal sections of Ni-B-Hf phase diagram at 1500 °C and at 1130 °C
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The micrographs shown in Fig. 12 show that the ternary
Hf,NiyBg (light gray phase) and binary (dark gray) formed
during solidification and the liquid alloy deeply penetrated the
sintered substrate.

At T = 1130 °C, after melting, the drop forms regularly and
spreads on the HfB, surface for about 3 to 4 min. But after this
initial period, the drop profile loses its regular shape and some
“solid”* inclusions appear, until the whole profile is perturbed
and no liquid phases seem to be left (Fig. 13). These
phenomena will be discussed more in detail in the next section.
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1 00 .
Liquid + HfNig
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Fig. 11 Calculated B-Ni-Hf at 1217 °C (Ni-rich corner)

Infiltration zone

Fig. 12 Interface structure of the NiB17/HfB, specimen treated at
1200 °C

A nearly parallel study was carried out for the Ni alloys/
ZrB, system (Ref 139). The wetting of ZrB, by Ni and two
binary Ni-B alloys was evaluated by means of the sessile-drop
method at 1500 and 1200 °C.

The results, summarized in Table 1, show that a condition of
wetting (0 < 90°) was achieved. At 1500 °C, pure Ni wets
ZrB, according to the spreading kinetics shown in Fig. 14.

Three steps can be recognized: (a) a first spreading phase
immediately after the melting of the metal; (b) a stationary
stage lasting about 450 s with a constant contact angle 0 = 23°;
and (c) a further spreading phase with a final contact angle of
less than 10°. For the NiB17 alloy, a similar spreading kinetics
was reported, and the final contact angle was less than 10° as
well.

For the NiB50 alloy, after the spreading process, taking
place in about 25 s, no further evolution occurred, and the final
contact angle was 30°.

The cross sections of the three pairs, tested at 1500 °C,
namely Ni/ZrB,, NiB17/ZrB,, and NiB50/ZrB,, are shown in
Fig. 15. A remarkable substrate dissolution is clearly visible at
the solid/liquid interface in the Ni/ZrB, cross section, and the
sigmoidal profile of the interface is formed. The same
phenomenon, even if less pronounced, can be observed in the
case of NiB17, while it is suppressed for NiB50.

Table 1 Summary of the final contact angles (deg +2°)

Pure Ni NiB17 NiB50
1500 °C <10° <10° 30°
1300 °C 21° 58¢
50
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Fig. 14 Contact angle versus time for a liquid Ni drop in contact
with ZrB2

I

t=15s t=60s

Fig. 13 Wetting sequence of NiB17 on HfB, at 1130 °C
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Pure Ni

Fig. 15 Cross sections of the Ni/ZrB,, NiB17/ZrB,, and NiB50/ZrB, samples tested at 1500 °C (optical microscope images) (re-drawn from

Ref 139)
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Fig. 16 Spreading kinetics of Ni-B alloys on ZrB, at 1200 °C

Wetting tests have also been performed at 1200 °C with
NiB17 and NiB50; the final contact angles were 21° and 58°,
respectively.

The NiB17 alloy wetted the ZrB, substrate with a spreading
kinetics (Fig. 16) that did not stop even after 25 min from the
beginning of the test. At the same time, the drop base diameter
increases, and the height decreases.

On the contrary, the spreading of the molten NiB50 alloy
takes place in 200 s, and afterward the contact angles do not
show any further variation. Cross sections of the NiB17/ZrB,
and NiB50/ZrB, pairs are shown in Fig. 17. While the former
shows a sigmoidal shape, meaning that an interaction between
alloy and ceramics occurs, the resulting NiB50/ceramic inter-
face is macroscopically planar.

The EDS analyses performed on the NiB17/ZrB, wetting
couple show the formation of an eutectic structure of the
metallic phase for the NiB17 alloy with formation of the
compound Zr,Ni,;Bg.

The NiB50 alloy showed the highest final contact angles
toward ZrB,: 30° and 58° at 1500 and 1200 °C, respectively.

The tests made at 1130 °C had a strikingly different
behavior.

Similarly to what was found for the NiB17-HfB, system, in
the NiB17/ZrB, system, at 1130 and 1110 °C, the wetting
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phenomenon starts with a rapid decrease of the contact angle
associated to a reduction of the drop height and to an increase
of the drop diameter (part a of Fig. 18). However, after about
11 min from the beginning of the experiment, a change in the
drop shape occurs caused by a partial solidification of the alloy
(part b). A few minutes later (at 1130 °C), a further melting
takes place and the drop remains in the liquid state until the end
of the test (part c).

The spreading kinetics, reported in Fig. 18 for the sample
held at 1130 °C, shows that the contact angle just before the
solidification is ~20°, similar to the samples tested at 1200 °C.
It then decreases to values lower than 10° after the second
melting. Measurements of the drop dimensions of these
specimens reveal three distinct trends that can be associated
to different stages of the experiment, indicated in Fig. 18: (a)
After the initial rapid spreading, lasting ~ 30 s, the drop height
gradually decreases, while the diameter increases, meaning that
the liquid drop spreads over the ceramic, (b) the diameter
decreases during solidification, and (c), similar to point (a), the
drop height decreases again and the diameter increases, as a
second spreading takes place after remelting.

6. Interpretation of Wetting Results by Phase
Diagrams

As presented in section 5, the combination between the
complex wetting and reactivity results and the thermodynamic
interpretation through multi-component phase diagrams are one
of the best ways to:

predict the interfacial behavior of metal/ceramic systems
(dissolution, reactivity...)

assist the formulation of new alloy compositions

interpret the liquid/solid phenomena

interpret wetting and microstructural results.

However, most of the phase diagrams relevant to the interactions
between Group 4 diborides and transition metals, e.g., nickel, were
poorly known or not known at all. As a consequence, an effort has
been made to implement a CALPHAD thermodynamic database
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Fig. 17 Cross sections of the NiB17/ZrB, and NiB50/ZrB, specimens treated at 1130 °C (optical microscope images) (re-drawn from Ref 139)
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Fig. 18 NiB17/ZrB, spreading kinetics at 1130 °C (re-drawn from
Ref 141)

for phase diagram calculations in the quinary system B-Hf-Ni-Ti-
Zr (Ref 132, 141). Thermodynamic models for 30 different phases
have been determined and interaction parameters for all the 10
binary and 10 ternary sub-systems have been included. Several
ternary systems (B-Hf-Ni, B-Ni-Ti, B-Ni-Zr, B-Hf-Zr, B-Ti-Zr,
Hf-Ni-Ti, Hf-Ni-Zr, Hf-Ti-Zr, Ni-Ti-Zr) have been completely
assessed or re-assessed. As a result, ternary isothermal sections at
the various test temperatures can be obtained, with all the binary
phases, the ternary liquid as well as the existence field of the ternary
X,NiyBg “tau” solid phase (X = Ti, Zr, Hf).

In addition, isopleths of the equilibrium transformations of
the Ni-X/diborides pairs are also available, making it possible
to interpret the solidification structures.

The phase diagrams relevant to the study of high-
temperature interactions between Ni and early-transition metal
diborides (TiB,, ZrB, and HfB,) are very similar. For example,
the isothermal sections at 1500 °C of the B-Ni-Ti and B-Ni-Zr
systems (Fig. 19) could be compared to the B-Hf-Ni one
presented in Fig. 9. Therefore, as shown before, for all these
systems, when the molten Ni-B alloys are brought into contact
with XB, at a certain temperature, an equilibrium condition is
established between the two phases, which can be followed on
the corresponding isothermal section.

As a further example (Fig. 20), pure Ni, when placed in
contact with ZrB,, melts at a temperature (about 1100 °C) well
below its melting point (1453 °C), giving rise to a ternary
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liquid phase due to the dissolution of ZrB, as described in
section 5.

The isothermal section at 1500 °C of the ternary diagram
(Fig. 19, right) also shows that, at the same temperature, the
dissolution of the boride is greatly reduced and almost disap-
pears if a Ni-B alloy with Xg > 0.50 is placed in contact with
ZrB,. Indeed, pure Ni in contact with ZrB, enters a biphasic
equilibrium formed by a solid (ZrB,) and a liquid phase with
composition indicated by point . An increased amount of B in
the alloy causes a reduction in the ZrB, dissolution and a
variation of the liquid-phase composition, which follows the
liquidus line from point o through point f to y for Ni, NiB17, and
NiB50, respectively. The reduced substrate dissolution with
increasing B content explains the gradual disappearance of the
sigmoidal shape of the interface previously described.

On lowering the temperature, the ZrB,/liquid biphasic
region of the Ni-ZrB, isopleth widens, the concentration of
Ni in the liquid increases, and, at the same time, the
crystallization of a certain amount of ZrB, takes place. The
extent of this phenomenon decreases from Ni to NiB17 to
NiB50, as the composition of the liquidus at 1500 °C becomes
poorer in Ni (points f and y, respectively).

For these reasons, remarkable amounts of crystallized ZrB,
can be found in the solidified Ni drop, while smaller amounts
are present in NiB17 and NiB50. According to the phase
diagram, at 1500 °C a triphasic region exists close to the boron
corner, where B, ZrB,, and a liquid phase coexist. Indeed, as
shown by the NiB50-ZrB, isopleth (Fig. 21), by lowering the
temperature, this region widens reaching a narrow region of
coexistence (liquid + B + ZrB,) at about 1000 °C: for this
reason, boron crystals can be found in the NiB50-solidified
drop similarly to what was observed for the NiB50-HfB,
system (Fig. 10). The same isopleth shows that, as revealed by
microanalysis, the Zr,Niy; B¢ compound cannot exist and that
the solidification leads to a Ni-B alloy, boron crystals and ZrB,.

Moreover, wetting experiments can help to validate phase
diagrams calculations.

The phenomena occurring at 1130 °C in both the cases of
HfB, and ZrB, substrates, described in the previous para-
graphs, can be successfully interpreted on the basis of the
ternary computed phase diagrams (Ref 141, 142). The isother-
mal section at 1130 °C is reported in Fig. 22; the dotted line
joining NiB17 to ZrB, connects the compositions of the starting
materials and indicates how the global composition of the drop
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Fig. 20 The pure Ni-ZrB, vertical section

changes while dissolving ZrB,. It crosses the liquid +
Z1,NiyBg two-phase field (labeled with A). This biphasic field
shrinks with increasing temperature and disappears at the
melting temperature of the ternary compound (1186 °C <
Tm < 1196 °C). However, the area of the A region widens with
lowering temperature and, at 7= 1124 °C, it collides with the
(NizB + liquid) two-phase field, so that a (liquid +
Zr,Ni;;B6 + Ni;B) three-phase region appears. The A region,
which is also present in the Ni-B-Hf and in the Ni-B-Ti phase
diagrams (Ref 143), although at slightly different temperatures,
is responsible for the occurrence of the liquid-solid-liquid
transition described.

When in fact the NiB17 alloy is put in contact with ZrB, at
temperatures ranging between 1110 and 1130 °C, due to the
gradual dissolution of ZrB,, the composition of the liquid drop
changes with time along the dotted line until it reaches
saturation (point B). As the A region is entered, the reprecip-
itation of Zr,Niy;Bg starts, until the global composition lies

Journal of Materials Engineering and Performance

3500 1 1 1 1

3000 ~

2500 - B + Liquid + ZrB,

2000 ~

1500 - Liquid + ZrB,

1000

Temperature [°C]

500 - ZrB, + Ni;B; + NiB

@ 0 0.1 0.2 0.3 0.4 0.5

Ni mole fraction

Fig. 21 Vertical section along the NiB50-ZrB2 line of the Ni-B-Zr
ternary diagram (from Ref 139, with permission)

inside the (liquid + Zr,Ni,;Be) two-phase field. The complete
remelting of the drop explains why no Zr,Ni, ;B¢ layer can be
found at the metal/substrate interface.

7. Joining

The interfacial phenomena discussed in the previous
sections are very relevant for the design of reliable metal-
ceramic brazing procedure. Indeed, the use of a liquid metal
phase as the means to join materials of such different structures
and properties, represents a challenge aimed at minimizing and
controlling the dissolution phenomena, the reactions and the
subsequent solidification transformations that determine the
final resistance of the joint structure.
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Fig. 22 Isothermal section at 1130 °C of the Ni-Zr-B system. The
dotted line joining NiB17 to ZrB, shows the system under study.
The insets refer to the wetting test at different stages: (a) initial melt-
ing, (b) isothermal solidification, (c) remelting of the drop and fur-
ther wetting (from Ref 141, with permission)

In recent years the increasing interest in ultra-high-temper-
ature ceramics has led to a number of new studies specifically
related to joining processes, mainly by means of brazing
procedures.

It should first of all be noted that these studies refer to
composite ceramic materials, i.e., materials where a second
component has been added to the main ceramic body to improve
its oxidation resistance and/or its mechanical properties. This
means that the possible interactions between the liquid filler
alloy and the ceramic itself can be much more complex than
those studied with reference to the “pure” matrix.

Just referring to recent studies involving diboride ceramics,
the joining of ZrB,-SiC to various metals has attracted great
interest. In these cases, SiC is added to the ZrB, matrix, in
general up to 20 vol.%, in order to make this composite more
resistant to oxidation and to mechanical loads in highly
aggressive environments.

The joining of ZrB,-SiC to metallic systems was studied
between the years 2007 and 2010 by Asthana and Singh and
have been reviewed in (Ref 23, 134). Recently (Ref 143), the
same Authors demonstrated the feasibility of joining ZrB,-SiC
(fibers, particles) to Ti and Inconel-625 by using amorphous Ti-
brazes at 7 < 850 °C as a filler. The obtained joint regions were
sound and well-bonded, although a few cracks close to the
UHTCs have been found; in particular, cracking was found to
be more severe in UHTC/Inconel than in UHTC/Ti joints
(larger residual stress in the former), suggesting the need to
implement specific stress-mitigating metallic interlayers. Nev-
ertheless, the use of the amorphous Ti-brazes gave rise to much
more limited chemical interactions compared to the joints
obtained with the Pd-Co and Pd-Ni brazes examined in the
previous studies (Ref 144, 145). In agreement with that, we can
add that some of our still unpublished studies have shown that
Pd-based alloys lead to an increased boride dissolution.

Saito et al. (Ref 146) reported on the wetting behavior of
molten Ni-Nb alloys used for TLP bonding of HfB, + MoSi, at
1500 °C. Ni-Nb alloys wet well the HfB,-MoSi,, with
substantial interfacial reaction. It was confirmed that the
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40 at.% Nb addition to Ni significantly reduced the dissolution
of HfB, composite. The result of the TLP bonding has shown
that the interlayer and composite were well bonded, with no
cracks in the interfacial region. The use of sintering aids had a
significant modifying effect on the wetting and joint
microstructure.

Other recent works report about the joining of diboride
ceramics to themselves or to metals exploiting the well-known
beneficial effect of Ti to adhesion and mechanical properties
(Ref 147, 148). Joining procedures were also pursued through
spark plasma joining (Ref 149) or by using Ni foams as a
joining interlayer (Ref 150).

In the same period of time our group continued its work aimed
at extending the studies about wettability of transition metals
diborides to joining these diborides to themselves and to Ti alloys
using Ag-Cu as well as Ni-B-based alloys (Ref 151, 152).

In the case of studies on wetting and brazing of ZrB, and
Z1B,-SiC to Ti6Al4V by Ag-Cu based alloys, Ag-Ti, pure Cu,
and Cu-Ti interlayers have been tested, in order to achieve
joints that could work in aggressive environments at temper-
atures around 800 to 850 °C for short times.

It has been shown that Cu wets pure ZrB, better than Ag,
reaching a contact angle 0 = 72° at 1150 °C. A slightly higher
contact angle 0 = 80° was obtained on the ZrB,-SiC composite,
while for Ag a non-wetting situation was found (0 = 97° at
1023 °C). The wetting of diborides ceramics by these pure
metals depends strongly on the characteristics of the surface in
contact with the liquid metal which, in turn, depend on the
experimental conditions (temperature, atmosphere) and on the
chemistry of the ceramic (presence of SiC or sintering aids).
The introduction of Ti, which segregates at the S/L interface
improves the wetting behavior substantially: for Ag-9 at.% Ti,
0 = 10° was found at 1023 °C, while for Cu-22 at.% Ti a
contact angle 6 = 19° was found at 950 °C.

Tests made on ZrB,—SiC/Ti6Al4V joints, obtained by active
metal brazing using the Ag-Ti alloy, showed -crack-free
microstructures with a good final mechanical behavior with
an average shear strength of 79 MPa (Fig. 23a). On the other
hand, when put into contact with the Ti alloy, pure Cu forms a
liquid phase even at temperatures below its melting point
(contact melting). This liquid phase evolves to Ti-Cu inter-
metallic compounds or to Cu dissolved into Ti depending on
the process temperature and, as a consequence, on diffusion
processes, where the Ti6AI4V phase has the role of Ti source
for the filler alloy. Joining tests made at 950 and 1050 °C using
pure Cu sandwiched between ZrB,-SiC and Ti6Al4V demon-
strated the possibility of obtaining good wetting and good
adhesion of the filler alloy to both substrates, with an evenly
distributed filler alloy layer resulting in sound joints. Keeping
Ti to diffuse into the liquid Cu phase can lead to the isothermal
solidification of the filler alloy, laying down the basis for the
design of a joining process by the TLPB technique.

The brazing of ZrB, and ZrB,-SiC to Ti6Al4V has also been
studied at higher temperatures using Ni alloys at 1100 °C as
filler metals (Ref 152). The results of the wetting tests and the
analysis of phase diagrams reported in the previous sections,
have been used for choosing the processing parameters (alloy
composition, holding time, temperature) in the production of
the joints.

In particular, a slurry coating of Ni-B50 in form of powder
was used as a brazing filler for the ZrB,-SiC/Ti6Al4V system.
It has been confirmed that this brazing medium, wets the
adjoining surfaces from the very beginning of the process,
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Fig. 23 Cross sections of ZrB,-SiC/Ti6Al4V joints obtained by (a) Ag-Ti or (b) NiB50 interlayers (SEM-BSE images) (from Ref 151, 152,

with permission)
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Fig. 24 (a) Load-displacement curve for a shear test; (b) sketch of the way of rupture of samples and (c) picture of a sample after failure

(re-drawn from Ref 152)

assuring an intimate contact by effect of the capillary pressure,
leading to a good adhesion of the filler alloy along the metal-
ceramic interface. A complex multilayer structure, with a
thickness of about 100 um, appeared at the interface between
the two materials as a result of the interdiffusion phenomena
and of the nucleation of new phases at the testing temperature
or during cooling. Microstructural examination showed that Ti
diffused from the Ti6Al4 V alloy toward the ceramic surface,
leading to a very complex microstructure (Fig. 23b). The
region closest to ZrB,-SiC contains TiB whiskers interspersed
in a (Ti, Zr),Si + (Ti-Zr-Si) solid solution. On the Ti6Al4 V
side, the (TiNiZrAl)-based quaternary alloy is mixed to
Ti6Al4 V, while relevant amounts of Ni are diffused into the
Ti6Al4 V. Interfacial layers were reputed to have an important
role in accommodating the thermal mismatch between the
adjoining materials. In particular, TiB has a CTE
(8.6 x 107° °C™") intermediate between that of ZrB, ceramics
and TiAlV.

A good mechanical performance was obtained for these
Z1rB,-SiC/NiB50/Ti6Al4 V joints. The load-displacement curve
(Fig. 24a) obtained in shear tests shows that the samples are
deformed elastically with a small plastic deformation before
final rupture which increases the total fracture energy. The shear
strength, averaged over 3 samples, was 74 £ 16 MPa. Post-
mortem visual observation showed that the rupture occurred
along the ceramic part (Fig. 24b, c¢) indicating that the joint
withstands mechanical loading better than the ceramic itself.

From these results we can summarize that three specific
elements contribute to providing good final joints: (a) the
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suppression of the dissolution of the ceramic phase; (b) the
formation of a continuous multilayer interfacial structure as a
result of the good wetting conditions and of diffusion
phenomena; and (c) the key role played by active elements
such as Ti: during the process, Ti enriches the liquid phase
improving the wetting, segregating at the metal-ceramic
interface and forming compounds (e.g., TiB) with an increased
metallic character. In specific cases, these compounds also
contribute to adjust the CTE mismatch between ZrB, and
Ti6Al4V.

8. Conclusions

1. A brief survey of the most important phenomena occur-
ring at the solid-liquid interfaces in metal-ceramic sys-
tems at high temperatures has been presented, with a
special attention to the most recent developments con-
cerning wetting and joining transition metals diborides.

2. The particular case of interactions between liquid metals
with early-transition-metal diborides (TiB,, ZrB,, HfB,)
has been addressed from both the experimental and theo-
retical points of view.

3. It has been shown that, at high temperature, the contact
angle values and the formation of interfacial dissolution
regions are the results of the competition between differ-
ent phenomena: dissolution of the ceramic in the liquid
phase, reaction, formation of new phases at the solid-
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liquid interface as well as fast drop spreading along the
substrate surface.

The presence of surface layers (e.g., oxides) on the
UHTC substrates is the main cause of their bad wetting
by liquid alloys: oxide elimination can be achieved by
imposing proper low oxygen partial pressures and by
using active-metals additions.

Phase diagrams are essential to show how to suppress the
substrate dissolution and how to interpret the evolution
of the system as AT, Xn;).

Sessile-drop experiments can be successfully used to as-
sess critical points of newly calculated phase diagrams:
e.g., the formation of compounds, isothermal transitions,
and so on.

The interaction phenomena have been put in relation with
the joining of ceramic and metal-ceramic systems by
means of processes in the presence of a liquid phase
(brazing, TLPB etc.).

These studies are essential for designing joining pro-
cesses, for creating composite materials, etc., and are of
particular relevance when applied to UHTC materials.
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