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Abstract

Wetting and spreading experiments on ZrB, in contact with liquid Cu, Ag and Au have been performed by the sessile drop technique under a
vacuum. The wetting and spreading characteristics and the interfacial reactions are discussed as a function of time and of the metal involved. The
interfacial morphologies, analysed by optical microscopy, SEM and EDS show the presence of regular interfaces without macroscopic reaction
layers. Gold, to a very large extent and copper are shown to give rise to extensive penetration along grain-boundaries, whereas silver neither
wets nor penetrates. Interfacial diffusion/dissolution is taken into account and the consequent changes in liquid metal surface tension and wetting
behaviours have been evaluated by means of thermodynamic calculations.

Moreover, interfacial energetics at the atomistic level has been investigated by means of pseudopotential-based Density Functional Theory (DFT)
technique. It is shown how the calculation of the ideal work of separation on the specific transition metal borides-molten metal systems can be
used to interpret the wetting behaviour. Moreover, the dependence of the adhesion behaviour on the electronic structure at the interface and on the

interface epitaxy and composition is also briefly discussed.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride is a member of a family of materials
— the transition metal diborides — with extremely high melting
temperatures, high thermal and electrical conductivity, excellent
thermal shock resistance, high hardness and chemical inertness.
These materials, also referred to as Ultra High Temperature
Ceramics (UHTC’s), constitute a class of promising materials
for use in aggressive environments, where, for example high
temperatures and high thermal fluxes are involved.!

Often, to exploit the peculiar characteristics of these ceramic
materials the necessity arises to join the ceramic parts one to the
other or to special metallic alloys by means of diffusion bond-
ing or brazing techniques. In the last case, as the behaviour of
a metal-ceramic joint is ruled by the chemical and the physi-
cal properties of the interface, the knowledge of the interfacial
energetics, i.e. of interfacial tensions, interfacial reactions and
wettability is mandatory.
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Many efforts have been made to improve wetting in
metal—ceramic systems.> Two ways are widely used: one is
to modify the ceramic surface by some specific coatings, in
order to let the braze metals spread on this new surface, the
other one is to add reactive elements to the braze which can
form intermediate products at the interface more readily wet-
ted by the liquid alloy. For 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, respectively3‘5 ) at
the metal—ceramic interface which, due to their more “metallic”
character, are wetted better than the underlying ceramic. Active
metal additions can also act through an adsorption process,
where the additional element accumulates at the solid—liquid
interface lowering the interfacial energy and, as a consequence,
the contact angle affecting also the spreading kinetics.5-%

In the past years the wetting experiments performed on ZrB,
are quite scarce and from them it is difficult to derive general
rules (Table 1). As in the case of nearly all ceramic materials,
the reasons for this can be attributed to different factors. First
of all, the chemical composition and the surface structure of the
solid specimens are hardly specified. Indeed, these materials are
obtained by various sintering techniques.
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Table 1

Wettability data obtained in past years (literature values)

Boride Metal Contact angle Temperature (K) Medium
ZrB, % Fe 55 1823 Vacuum
ZrB,? Co 39 1773 Vacuum
7B, » Ni 42 1773 Vacuum
ZrB,2° Ag 114 1373 He
ZrB,%0 Ag 70 1873 He
ZrB,?7 Ga 127 1073 Vacuum
ZrB,?7 In 114 573-773 Ar
ZrB,?7 Al 106-160 1173-1523 Vacuum
ZrB,?7 Ge 102 1273 Ar
ZrB,? Sn 101 523-873 Ar

Even if innovative sintering procedures are used®~!> high den-
sification can hardly be obtained, and the final microstructure is
coarse and an amount of residual porosity is present, because the
matter transfer active at the sintering temperature (7> 1700 K)
takes place through evaporation/condensation rather than vol-
ume diffusion processes. One important consequence is that
the surface porosity enhances the surface roughness to values
which may lead to contact angles not representing the “real”
metal/ceramic interface (it should be remembered that a rough-
ness R < 0.1 um should always be used'® to obtain reliable
contact angle values). On the other hand, sintering aids used to
reach nearly theoretical densities, not only modify the ceramic
structure, but can also form new phases, grain-boundary pre-
cipitates and new solid solutions: in all cases they change the
nature of the ceramic body and that of the molten phase, so
that the contact angle measurements should be referred to the
new system, which is often difficult both to characterize or to
reproduce!”.

Moreover, in wetting experiments a third “component”
besides the solid and the liquid phases plays a major role: the sur-
rounding atmosphere. Indeed, one of the most common sources
of scatter among reported contact angle data comes from the
contamination of the liquid phase by active gases like oxygen.
Oxygen transport phenomena related to the modification of lig-
uid surface tension, solid-liquid interfacial tension and contact
angles have been thoroughly studied in recent years.'3-2* One of
the most important results is that, on top of the classical thermo-
dynamic approach, dynamic transport processes must be taken
into account, which show how, in many cases, the combined
effects of metal atoms and sub-oxides evaporation can allow
experiments to be carried out in “clean” conditions of the liquid
metal surface even if equilibrium thermodynamics should fore-
see metal oxidation.'8 On the other hand, once they reach the
liquid surface, active gases diffuse through the liquid phase and
can reach the solid-liquid interface modifying its energetics by
adsorption and/or formation of new phases.

This paper reports the results of wetting, spreading and pen-
etration of “pure” zirconium boride ZrB; ceramics by Cu, Ag
and Au chosen as “non-reactive” metals to study the intrinsic
characteristics of the diboride.

The results will be discussed in terms of interfacial ther-
modynamic properties (work of adhesion, interfacial tension)
and interfacial microstructures. The variation of surface ten-

sion under the effects of diffusing elements will be taken into
consideration through thermodynamic models.

2. Materials and wetting experiments

The sintered ceramic bodies have been prepared by ISTEC-
CNR?D starting from pure ZrB, powders (H.C. Stark, Grade
B, Germany), while pure Cu, Ag and Au (Marz grade 99.998)
have been used, in the form of small, pre-melted drops of
0.5-1 g weight. The ceramic surface, carefully polished, was
pre-treated at 1350 K under a vacuum in the presence of a Zr
getter.

Wetting experiments have been performed by the Sessile-
Drop technique®®?” in a special tubular furnace made up of
two concentric, horizontal, alumina tubes, connected to a high
vacuum line. Between the tubes an Ar flow is maintained, to
avoid any diffusion of atmospheric oxygen into the working
chamber at high temperature. A vacuum better than 10™* Pa
or a controlled atmosphere can be set in the working tube, the
oxygen partial pressure being measured by a solid state gauge
at the exit of the inner tube. An optical line allows sessile
drops in the centre of the working chamber to be imaged by
a CCD camera. A specifically developed image analysis soft-
ware (ASTRAView©3%31) allows the surface tension, contact
angles and other drop’s parameters to be computed in real time
during the experiments.

All sessile drop experiments reported here have been per-
formed at T=1.05Ty, in order to obtain results at the same
reduced temperature. The ceramic plates (15 mm x 15 mm x
2mm) and the metal pieces were put in the centre of the tube
when all the physico-chemical parameters were at equilibrium.
The samples, maintained at temperature for about 1h, were
cooled down quickly, by pulling them out of the furnace.

A Zr getter has been put around the sample in order to reduce
its oxidation. Taking into account the oxygen partial pressure
coming from the oxidation of the Zr getter we can estimate an
equilibrium (limiting) P(O») of the order of 10727 Pa.

After polishing, the average surface roughness of the ceram-
ics, was found to be in the order of 0.05 wm. Contact angles
are measured with a reproducibility of +3° between the runs.
However, the presence of a certain surface porosity can lead
to occasional higher uncertainties in the measured contact
angles, especially when @ is greater than 130° or smaller than
30°.

The specimens have been characterized by optical and SEM
observations and EDS analysis.

3. Results
3.1. Wetting

Wetting results are reported in Fig. 1(a and b).

The analysis of the wetting kinetics shows that, surprisingly
enough, Cu, Ag and Au behave in a different way. While the
“initial” contact angles (i.e. the contact angle which can be
measured after the drop has melted) are of the same order of mag-
nitude (>3>100° in the order Ag > Cu > Au), a spreading kinetics
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Fig. 1. Spreading kinetics on ZrB, at T=1.05Ty,. Contact angle (right scale), normalized height (4) and diameter (d) (left scale); h(x), d(x): current values; h(ini),

d(fin): initial and final values. (a) Au/ZrB; and (b) Cu/ZrB,.

takes place for Cu and Au, leading to an “apparent” final con-
tact angle of 80° and 35°, respectively. At variance, the Ag
contact angle (6~ 130°) remains practically unchanged with
time. It can be added that, in one particular experiment, after
30 min the temperature was raised up to 1550 K: the only vis-
ible effect was a remarkable thinning of the Ag drop due to
evaporation.

However, when analysing jointly the data relative to the
height and diameter variations some peculiar effects appear. As
shown in Fig. 1(a), the gold drop base diameter increases during
the first 25 min, with a parallel decrease in contact angle and
drop height. After this period the base diameter keeps constant
while both the drop height and contact angle decrease steadily.
This effect is due to the presence of bulk porosity in the sintered
borides: a part of the liquid mass flows inside the ceramic body,
so that the evolution of both drop height and contact angle can be
interpreted as due to a volume variation with (nearly) constant
base diameter. This effect, i.e. the dependence of contact angles
on purely geometrical parameters as a consequence of volume
shrinkage, becomes the most relevant process after the contact

EHT=20.00kV Detector = CENT

angle has reached the value of about 50° for Au and between
100° and 110° for Cu. Micrographic examination shows a large
penetration of gold along the grain boundaries, filling up all the
empty spaces inside the ceramic. The same effect is found in the
case of copper drops, even to a lesser extent. For these reasons,
it is not possible to assign the final contact angles as “intrinsic”
contact angles, because the volume variation and the pinning
of the triple line (constant diameter) are the main causes of the
contact angle decrease. However, it is equally clear that gold and
copper wet the ceramic boride much better than silver, giving
equilibrium contact angles of the order of less than 50° for Au
and about 100° for Cu. These limiting values are deduced from
the contact angle values measured before any grain boundary
penetration has taken place, at least on the macroscopic scale.
Further confirmation of this result is found when measuring the
contact angles of micro-drops on single boride grains, as shown
in Fig. 2.

These results are interesting “per se”’, and should be discussed
in terms of possible interactions at the solid—liquid interface.
Indeed, a significant change in contact angle can be attributed to

Fig. 2. Gold microdrops sitting on single ZrB, grains at the ceramic surface.
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Fig. 3. (a) Au—ZrB; interface and (b) Cu—ZrB; interface.

two possible causes, both related to dissolution/reaction at the
solid-liquid interface, namely:

(1) Variation of the liquid surface tension due to Zr and/or B
dissolution.

(2) Re-adsorption of Zr at the solid-liquid interface, with Zr
playing its well known role??? of “active” metal in brazing
processes.

To clarify the relative weight of these two hypotheses, a spe-
cial attention was paid to the evaluation of the influence of Zr
and B on the surface tension of liquid (Cu, Ag, Au) and on the
enthalpy of mixing of Zr into the same liquid metals through
thermodynamic models.

These points are addressed in Sections 4.1 and 4.2. Moreover,
in order to build the necessary models on experimental data, the
interfacial microstructures (Section 3.2) of the solidified drops
have been examined.

3.2. Interface characterization

The microstructure of the solid—liquid interfaces have been
studied on vertical sections by SEM and EDS microanalysis. All
the metallographic sections show a very sharp interface where
grains are very often stripped away into the liquid phase (Fig. 3).
This is particularly evident in the case of Au samples, whereas
with Cu this phenomenon is less pronounced and nearly absent
in the case of Ag.

In Au-ZrB, specimens, ZrB, grains are found both at the
drop surface and inside the metallic phase, with a well developed
crystalline structure (Fig. 4). In this case, the grains dimen-
sions are similar to those of the grains forming the sintered
solid. As already mentioned, complete grain boundary pene-
tration occurred in the Au samples and to a lesser extent in the
Cu samples too. Fig. 5 clearly shows this phenomenon, with
the gold phase embedding the boride grains at the ceramic free
surface. The same phenomenon is found inside nearly all the
ceramic phase thickness (Fig. 3).

4. Modelling

As mentioned in previous paragraphs, the dynamic evolution
of contact angles in Cu and Au systems calls for the presence
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—

-4 et —
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Fig. 5. Au penetration along grain boundaries at the surface.
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of interfacial interactions which should lead to diffusion of ele-
ments of the ceramic phase into the molten liquid metal. In order
to evaluate more quantitatively these effects, data are needed on
the enthalpy of mixing and on the effects of Zr and B on the
liquid surface tension. To this end, due the paucity of refer-
ence data, thermodynamic calculations have been made, which
are presented in the following paragraphs. Moreover, specific
calculations have been performed in the framework of plane
wave density functional theory (DFT), to understand the intrin-
sic nature of the bonding at the interfaces between ZrB, and
the transition metals Ag, Au and Cu and to get an independent
validation of the results experimentally determined.

4.1. Surface tension

The thermodynamic data on the Au—B and Cu—B systems as
well as their phase diagrams are still incomplete,3? while the
phase diagram of the Ag—B system is even not yet assessed. The
Cu-B phase diagram shows the existence of a simple eutectic.

The assessment of Au-B phase diagram of a monotectic
type indicates higher uncertainties in respect to the Cu—B. The
enthalpy of mixing data of Cu—B liquid alloys together with the
estimated excess entropy of mixing, S3°, 33 were combined using
the standard thermodynamic relations to calculate the excess
Gibbs energy term, Gy; and Gibbs energy of mixing, Gm. The
enthalpy of mixing of Cu-B liquid alloys>* indicate positive
deviation of their thermodynamic properties from the Raoult’s
law, and thus the related thermophysical properties deviate nega-
tively from the corresponding ideal values (Fig. 6); in particular,
for the surface tension and viscosity, a complete lack of experi-
mental data is evident.

Although the Quasi Chemical Approximation (QCA)> was
basically formulated for a metal-metal alloy, it has also been
applied to study the mixing behaviour of metal-metalloid sys-
tems such as the Cu-Si and the Ni-Si,*® suggesting some
limitations to the QCA formulations. Taking into account that
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Fig. 6. Surface tension isotherm of Cu-B liquid alloys calculated by the QCA at
T=1870 K (the dashed line represents the values calculated by the ideal solution
model).
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Fig. 7. Surface composition (X};) vs. bulk composition (Xg) for Cu-B liquid
alloys at 7= 1870 K calculated by the QCA (the dashed line represents the values
calculated by the additive rule).

the static structure factors of these alloys differ from those of a
metal-metal system, the QCA for regular solution can be applied
atleast as a first approximation to calculate the surface properties
of ametal-metalloid system. Due to the close similarity of B with
Si,?’ the surface properties of Cu-B liquid alloys have been also
analysed in the framework of the QCA. The surface tension and
the surface composition of Cu—B liquid alloys have been calcu-
lated up to 20 at.% B at T= 1870 K. The surface tension isotherm
of Cu-B liquid alloys (Fig. 6) exhibits a tensioactive effect of
boron over this concentration range. As a consequence, B-atoms
segregate to the surface at all bulk concentrations (Fig. 7).

These results, obtained at 1870 K because all input data for
calculations are referred to this temperature, can be qualitatively
extrapolated to the experimental temperature (7= 1.05Ty,). This
means that boron dissolution (Xg < 0.1) can cause a lowering
of the order of a few percent in the liquid metals surface tension.
This effect promotes the wetting process, but cannot be taken as
the most important mechanism (see Table 3, where the Wq, is
corrected by a hypothetical 5% reduction).

4.2. Enthalpy of mixing

The activities and the enthalpy of mixing of Ag—Zr,3}
Au-Zr*83% and Cu-Zr*** molten alloys deviate negatively
from the ideal values, and according to this, the three alloy
systems belong to the class of liquid alloys that exhibits a ten-
dency towards compound formation.> As a consequence, the
related thermophysical properties deviate positively from the
corresponding ideal values.*+*

The scarce enthalpy of mixing data on Ag-Zr*® and
Au-Zr333? liquid alloys measured at 7=1473K as well as a
more complete enthalpy data set on the Cu—Zr system*>#1:40
measured at temperatures ranging between 1468 and 1499 K
are shown in Fig. 8. These results can be compared with those
derived by the Miedema’s model>? (Table 3): they are in the
same range and in the same order, even if this last model yields
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Fig. 8. The enthalpy of mixing for molten X—Zr (X=Ag, Au, Cu) alloys calcu-
lated by the QCA at 7'= 1473 K together with experimental data on Hy; measured
at T=1473K (0,38 + 40 A 3), T=1499 K (**?) and T=1468-1485K (O*!),
respectively.

higher values, as discussed by several authors. It can be seen that
among the systems mentioned above, the most interacting is the
Au—Zr, followed by the Cu—Zr and Ag—Zr. The dissolution of
Zr into molten Au, Cu and Ag, respectively, can be estimated
by the partial enthalpy of mixing of Zr. In particular, the partial
enthalpy at infinite dilution A Hy; indicates the driving force for
Zr-dissolution in Au, Cu and Ag, respectively.

No data are available for the enthalpy of mixing of boron
in molten Ag and Au, while estimations can be found for the
Cu-B system.>* The formation of Cu-B alloys takes place with
an endothermic effect, so that it is likely that the A Hy; is small
and positive, indicating a low driving force for mixing. On a
qualitative basis, similar effects are expected also for the Ag—B
and Au-B systems.

Based on the Mendeleev’s rule, the enthalpy and entropy of
a certain system may be estimated by comparison with similar
systems according to the position of their constituents in the
Periodic Table.*® In view of this rule, the mixing behaviour of
Ag—B and Au-B liquid alloys should be similar to that of the
Cu-B.

4.3. DFT modelling

To understand the nature of the bonding at the interfaces
between ZrB, and the transition metals Cu, Ag and Au, a first-
principles study has been done.

In the case of Ag and Au, the hypothesis of a (1 11) inter-
face of metal parallel to a Zr- or B-terminated layer of boride
gives rise to a mismatch in the lattice parameters of about 10%,
whereas for copper/zirconium diboride a mismatch of about 20%
has been found. Thus, the calculations have been made only for
the Ag and Au cases.

The interfaces are considered as “solid—solid”. In this way
the work of separation is obtained, which is the reversible work
needed for separating the interface into two free surfaces, with

the implicit assumption that plastic and diffusional degrees of
freedom are suppressed.

Though this severe approximation, this quantity gives a useful
indication about the mechanical strength of the interface.*’

The calculations were performed in the framework of plane
wave density functional theory, using the “Espresso” package*®
and the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation.

To model the interface, periodically repeated supercells with
4 or 5 layers of metal and 4.5 cells for ZrB, have been used exam-
ining separately the interface of the metal with a Zr-terminated
slab and a B-terminated slab. Each layer is composed of 4 (Zr,
Ag/Au) or 8 (B) atoms.

The lattice parameters of ZrB, are kept like in unstrained
bulk. The in-plane lattice constant of the metal phase is adjusted
to give a commensurate structure with the ZrB, slab. The metal
out-of-plane lattice constant is optimized in bulk calculations
to minimize the bulk strain introduced by the in-plane lattice
distortion.

“Ultrasoft” pseudopotentials have been used to describe
electron—core interactions for Au, Ag, Zr and B with non-linear
core corrections.

Valence states include 5p, 5s and 4d for Ag, 5d, 6s and 6p for
Au, 4s, 4p, 4d, 5s and Sp for Zr and 2s and 2p shells for B. The
pseudopotential for Au includes scalar relativistic effects.

The smooth part of the wave functions is expanded in plane
waves with akinetic energy cutoff of 25 Ry, whereas the cutoff or
the augmented electron density is 100 Ry (1 Rydberg=13.6¢eV).

To ensure a converged interfacial energy, the k-sampling of
the surface Brillouin zone included 4k-points (k points are nec-
essary because the simulation cell is small). We plan to increase
this value for improving convergence.

The pseudopotentials have been tested for the bulk lattice
constant obtaining satisfactory results for all species. All calcu-
lations are performed by relaxing the position of all atoms until
residual forces are less than 0.03eV A~1 (0.5 pN).

The first value we extract from our calculations is the work
of separation, defined as®:

Eq1 + Eq2 — Eint
2A ’

where Ejy is the total energy of the supercell with the interface
system, Eg; and Egpp the total energies of the same supercell,
when one of the slabs is kept and the other one is replaced by
vacuum and A is the interface area within one supercell (there
are two identical interfaces/supercell).

Preliminary values of the work of separation are reported in
Table 2 (all results with 4k-points).

These results indicate that the interface between Au and
ZrB; (with Zr termination) is energetically more stable than

Wsep =

Table 2
Work of separation (J/m?)
Ag Au
B terminated surface 2.03 2.09
Zr terminated surface 2.47 3.725
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Table 3
Thermodynamic and experimental data for (Ag, Cu, Au)/ZrB, systems

System AHy A Hyy (kKJ/mol) Contact Yy (J/m2) Waan (J/m?) 1y cos 6 (J/m2)
(kJ/mol) Miedema’? angle (°)

Ag/ZrB, -6 —87 ~150 9152 ~100 —790

Cu/ZrB, —74 —116 80 1.2722 1.208° 1.4932 1.418° 0.220? 0.210°

Au/ZrB, —216 —303 51 1.0952 1.040° 1.7482 1.695° 1.100? 0.655°

AHyy at T=1473 K, contact angle and yj, at T=1.05 Ty,; A Hy values are referred to the dissolution of Zr into the molten metal (Ag, Cu, Au).

2 Pure metal.
b In the presence of boron (Xg =0.1).

that involving silver. We underline that this kind of calculation
provides information about the energy part of the free energy
(at T=0K), neglecting entropic contributions that are of course
present at higher temperatures.

Nevertheless, although the behaviour of Weep, can give only
qualitative indications about the work of adhesion, this trend
seems confirmed by the results summarized in Table 3.

In order to understand why the Au/Zr interface is more ener-
getically favourable than the others, two additional kinds of
analysis have been made.

The first one concerns the behaviour of the electronic density
across the interface, in the two extreme cases of the Au/Zr and
Au/B interfaces. The results are shown in Figs. 9 and 10.

To get an idea of the density scale for covalent bonding, one
can observe charge density isosurfaces at different levels. In
Fig. 9, the isosurface for 0.09 electrons/(a.u.)? is shown (this
value corresponds to a good visual description of the well known
covalent bonding between boron atoms). At this value, no cova-
lent bonding appears at the interface. For comparison, in the

Fig. 9. B-terminated (left) and Zr-terminated (right) Au/ZrB; interface at the
equilibrium geometry obtained from a DFT plane wave calculation. The iso-
surface of electronic density at the 0.09 electron/(a.u.)? is highlighted. One can
note that for this isosurface the electronic density concentrates around the nuclei
for the Au (yellow) and Zr (red) atoms, whereas for B (blue) atoms the in-plane
directional, covalent bonding is elucidated. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the
article.)

e M e h R

J €L ,I'rl! s

e, b

|
Ty rr gl
.v.q""—':ﬁ—"l

Fig. 10. B-terminated (left) and Zr-terminated (right) Au/ZrB, interface at the
equilibrium geometry obtained from a DFT plane wave calculation. The isosur-
face of electronic density at the 0.03 electron/(a.u.)? is highlighted. One can note
that for this isosurface the electronic density describes the metallic bonding in
gold (yellow). This metallic bonding extends to the interface in the Zr-terminated
(red) case on the right, whereas it leaves a gap in the B-terminated (blue) case
shown on the left. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)

Fe—C case at metallic ceramic interfaces>” the charge density in
the middle of the bond is 0.12 electrons/(a.u.)3.

Decreasing the isosurface value to 0.03 electrons/(a.u.)® no
covalent bonding is present again at the B-terminated interface.
However, inspection of the Au section shows that this value for
the isosurface describes the metallic bonding within the metal.
At the interface to the Zr-terminated ZrB, section this metallic
electronic distribution appears to penetrate down to the level of
the zirconium layer, indicating, in this case, the possibility of a
metallic bonding at the interface.

Talking about related studies, de la Mora, et al.>! studied dif-
ferent bulk MeB; compounds with Me=Mg, Al, Zr, Nb, Ta,
using DFT. They look at charge density and conductivity, in
plane and along z. They found that the B—B bonds are highly
covalent (directional) whereas the Mg—B bonds are ionic (elec-
trons more on the B side). For Zr the ionic effect is much lower,
and there is a certain covalent bonding between Zr and B. The
inplane conductivity is larger than the conductivity along z, but
this anisotropy is larger for Mg than for Zr.
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From these previous studies and our analysis it can be inferred
that the boron layer is less likely to share electrons with the
neighboring metal layer with respect to zirconium, that seems
to have propensity to build a metallic interface in this case.

Whether or not this observation can be related to the larger
work of adhesion in the latter system is matter for further and
more accurate study (for example, with different mismatches
and relative orientation of the two phases, and with a comparison
with other metals like silver and copper).

5. Discussion

The unexpected spontaneous penetration of Au and Cu along
the grain boundaries of ZrB; has been shown to take place after
an incubation period during which a classical spreading kinetics
takes place. Afterwards, the drop triple line does not move any
more, and any contact angle decrease is due to volume shrinking.
This effect should be linked to some “critical” value of the con-
tact angle, connected to the geometry of voids and to the grain
boundary energetics. For sure, the simultaneous interaction of
the molten phase with the boride, as discussed in the following,
can play an additional decisive role.

The initial evolution with time of contact angles, the absence
of new interfacial phases and the data for enthalpy of mixing and
surface tension derived from thermodynamic models, all suggest
that the basic phenomena which govern the (Ag, Cu, Au)/ZrB,
interactions are related to the dissolution of Zr into the molten
metal. The liquid surface tension is affected also by Zr and B
dissolution: however, while Zr is known to slightly increase the
metal surface tension (at least in the low-concentration range)
the boron effect has been calculated as significant but not larger
than 10% in the range up to Xg =0.2. This means that its effect
on contact angles is small, if not negligible, and only after the
contact angle has become less than 90°.

On the contrary, Zr can play a major role in promoting wet-
ting. This has been shown several times>?° in brazing studies,
where it has been used to promote wetting and adhesion in
metal-ceramic systems.

The spontaneous dissolution of Zr into molten (Ag, Cu, Au)
can be evaluated by the partial enthalpy of mixing at infinite
dilution. These values, shown in Table 3 are in the same order
of the work of adhesion. This supports the hypothesis that the
“availability” of Zr, which increases in the order Ag<Cu<Au
is the factor which determines the lowering of the equilibrium
contact angle through Zr adsorption at the solid—liquid interface.

The calculations performed by the DFT technique give a
strong support to this interpretation, clearly showing that, at the
interface to the Zr-terminated ZrB, section, the metallic elec-
tronic distribution appears to penetrate down to the level of the
zirconium layer, indicating the possibility of a metallic bonding
at the interface. Moreover, they also are in agreement with an
increasing work of adhesion in the order Ag <Cu< Au.

Finally, it is worth reminding that the term (y}y cos0) repre-
sents the amount by which the solid surface tension is decreased
by the solid-liquid interactions to give the interfacial tension
value (ysy — ¥Ys1 = Vv cos 6). Provided the solid surface tension
does not vary in the present case, when going from one liquid

metal to the other (indeed, similar metal matrix are used and the
experimental conditions are the same), the values in the last col-
umn in Table 3 clearly show that Zr dissolved in Au is much more
efficient in adsorbing/reacting at the interface and in promoting
wetting.

6. Conclusions

A systematic study of the wettability of ZrB; by the metals
Cu, Ag and Au has been made in order to find possible systematic
interactions between the metal and the ceramic phases, without
the presence of active additions or evident interfacial reactions.

It was found that Cu, Ag and Au behave in quite a different
manner, from the completely non-wetting of silver to the good
wetting of gold.

The presence of a nearly 10% open porosity in the sintered
specimens gave the opportunity to show an unexpected result,
i.e. the total penetration of gold and, to a lesser extent, of copper
along the grain boundaries. This effect has been clearly evi-
denced by the simultaneous measurements of base diameters,
height and contact angles of the various drops, as a function of
time. Whether a specific contact angle, function of the poros-
ity structure, exists, for which penetration takes place, is still
a problem which deserves a dedicated exploration with ad hoc
experiments.

However, the results obtained during the period where pen-
etration does not macroscopilly appear, show that both Au and
Cu should interact quite sensibly with the boride substrate, as
shown by the steady variation of contact angle with time. This
can only be due to dissolution of Zr and/or B into the molten
metal. Boron can lower the liquid surface tension, as shown by ad
hoc modelling, while Zr, whose dissolution enthalpy increases,
in absolute value, in the order Ag < Cu < Au, entering the molten
mass, can act as interfacially-active metal.

On the other hand, a common interesting feature, demon-
strated by interfacial microstructures and EDS analysis, is that
the metal-ceramic interface remains quite sharp after the wet-
ting process, at variance with what happens with the same, or
similar alloys with oxidic ceramics (e.g. alumina, zirconia>>—¢)
thus allowing better mechanical properties to be obtained in the
joining processes.

The conclusions reported in the previous lines are further
supported by specific preliminary studies, by the DFT technique,
on the projection of the density of states on localized orbitals at
the interface. These calculations have shown an increase of the
overlap between the density of states of Au and Zr at the Fermi
energy, a signal in favour of the enhanced metallicity pertinent
to this interface. A full account of this investigation will be given
in a future publication.
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