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Abstract The possibility to exploit the peculiar char-
acteristics of transition elements diboride ceramics—a
class of promising materials for high temperature and
highly aggressive applications—often depends to a
great extent on the ability to join the ceramic parts one
to the other or to special metallic alloys. Therefore, the
knowledge of wettability, interfacial tensions and
interfacial reactions is mandatory to optimise the join-
ing processes. Data on the wettability and the interfa-
cial features of different metal-ceramic systems,
particularly of (Ti,Zr,Hf)B, in contact with liquid non-
reactive metals Cu, Ag, Au and their alloys, are re-
ported and critically discussed, beginning with the
pioneering work made in European eastern countries in
the 70s up to the most recent published and new data.
Moreover, interfacial energetics at the atomistic level is
being increasingly investigated by means of sophisti-
cated modelling techniques such as pseudopotential-
based Density Functional Theory (DFT). These
approaches will be presented, referred to non-oxide
metal-ceramic systems. Given the complexity of ab
initio calculations, the study is limited to the ideal work
of separation, i.e. with plastic and diffusional degrees of
freedom suppressed. Nevertheless, it is shown that the
results on the specific transition borides-molten metal
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systems can be used to interpret the wetting behaviour
and the adsorption/reaction interfacial phenomena
involved.

Introduction

Non-oxide ceramics, such as carbides, nitrides and
borides represent one of the fastest growing classes of
new advanced materials to be considered and pursued
by today’s industries. The economic and technological
significance of using these ceramics to improve present
material structures and designs is now well docu-
mented. Transition metals ceramic diborides, such as
titanium, hafnium and zirconium diborides, are mem-
bers of a family of materials with extremely high
melting temperatures, high thermal and electrical con-
ductivity, excellent thermal shock resistance, high
hardness and chemical inertness. These compounds,
also referred to as Ultra High Temperature Ceramics
(UHTGCs), constitute a class of promising materials for
use in high performance applications, where high tem-
peratures, high thermal fluxes, severe surface stresses
are involved. These conditions are met in the design of
sharp edges on re-entry vehicles, thermal insulations in
combustion chambers, special inserts in advanced
brakes, cutting tools and plasma arc electrodes [1].
Since the mid-70’s, large experimental efforts have
been directed at resolving problems related to the
processing aspects of metal/ceramic systems. Unfortu-
nately, before a firm and thorough understanding of the
effects of dissimilar interfaces on the processing and
properties of these materials had been reached, interest
in fundamental aspects was replaced by the need to
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develop such metal/ceramic components for specific
engineering applications. Research and development
activity quickly moved to and have since led to great
advancements. However, questions concerning the ef-
fects of interfaces have persisted and have caused
uncertainties on the future development of these
materials.

Indeed, the possibility to exploit the peculiar char-
acteristics of these ceramic materials often depends to
a great extent on the ability to join the ceramic parts
one to the other or to special metallic alloys by means
of diffusion bonding or brazing techniques. In this last
case, the behaviour of the metal-ceramic joint is ruled
by the chemical and physical properties of the inter-
face, thus the knowledge of the interfacial energetics,
that is of interfacial tensions, interfacial reactions and
wettability is mandatory for understanding what hap-
pens at the liquid metal-ceramic interface during the
joining processes.

Pure metals, in general, do not wet ceramic materi-
als; therefore many efforts have been made to improve
wetting in these metal-ceramic systems [2]. 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, and the other way is to add
reactive elements to the braze, which can form inter-
mediate products at the interface more readily wetted
by the liquid alloy. For example, the addition of Ti to
Ag or Cu alloys involves the formation of Ti com-
pounds (TiO, TiC or TiN on oxides, carbides and nit-
rides, respectively) at the metal-ceramic interface,
which, due to their more ‘“‘metallic”” character, are
wetted better than the underlying ceramic. Active
metals additions can also work 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 [3-5].

As shown in the following, wetting experiments
performed in the past years suffer from a large scatter
of data. In the specific case of diborides the reasons for
this can be attributed to different factors: firstly, the
chemical composition and the surface structure of
the solid specimens are hardly specified. Indeed, all
materials studied up to now were obtained by various
sintering techniques. Due to the high melting point and
high vapour pressure of Ti-, Zr- and Hf-borides, the
main technological barrier to the production of these
materials is the sintering stage. Relatively high densities
are achieved by pressure-assisted sintering procedures
at temperatures approaching or even reaching higher
than 2100-2300 °C. Generally the final microstructures
are coarse and an amount of residual porosity is

present, because the matter transfer active at these
temperatures takes place through evaporation/con-
densation rather than volume diffusion processes.

The most recent efforts of the research and devel-
opment activities on UHTC are addressed to improve
the fabrication procedures and the performance of
these ceramics through different routes (use of sinter-
ing aids, of Hot Isostatic Pressing HIP and Spark
Plasma Synthesis SPS) [6-12].

Even so, high densification can hardly be obtained,
unless specific sintering aids are used. However, sin-
tering aids modify not only the ceramic structure, but
can also form new phases, grain-boundary precipitates
and new solid solutions: in all cases they change the
nature of the ceramic body, so that the contact angle
measurements should be referred to the new system,
which is often hard to characterise or to reproduce [13].
These systems are very complex so that the study and
understanding of the phenomena governing the inter-
action with metals is furthermore difficult and needs
the involvement of multidisciplinary approaches. If
sintering aids are not used, the resulting high surface
porosity enhances the surface roughness to values,
which may lead to meaningless contact angles (it
should be remembered that a roughness R < 0.1 um
should always be used [14]).

Moreover, in wetting experiments a third ‘“‘compo-
nent”’, besides the solid and the liquid phases, plays a
major role: the surrounding 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
liquid surface tension, solid-liquid interfacial tension
and contact angles have been thoroughly studied in
recent years [15-21]. One of the most important results
is that, on top of the classical thermodynamic ap-
proach, 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 foresee metal
oxidation [15]. On the other hand, once they reach the
liquid surface, active gases diffuse through the liquid
phase and can reach the solid-liquid interface modi-
fying its energetics by adsorption and/or formation of
new phases.

Taken into account the great number of different
parameters and factors affecting the properties of
metal/ceramic interfaces, new specific models have to
be developed for these kinds of systems. Such models
have to be supported by experimental results obtained
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with characterised-high purity materials in a controlled
furnace environment.

Transition metal borides properties
Physical properties

The main physical properties of the transition metal
borides are reported in Table 1. The first point to be
underlined is that a large scatter exists in the data
reported by various authors for these materials. Even
for the melting temperature the agreement is very poor:
this can be understood considering its extremely high
value and the connected difficulties in measuring it.
Moreover, another important source of uncertainty, for
all measurements, is the poor definition of the purity of
the specimens examined, their lack of compactness due
to the sintering procedures, etc. In the authors’ knowl-
edge, only a few studies exist, and from only one labo-
ratory [36], where measurements have been reported on
single crystal specimens, and in this case, a low melting
temperature for TiB, (2790 °C) was also reported [37].

These diborides are very stable, as shown by their
negative free energy of formation, and have high
stiffness and are metallic conductors with room

temperature resistivities similar to those of their parent
metals. Moreover, their thermal conductivity is high: this
property has a relevant impact in the design of thermal
protection barriers which make use of them to exploit
their high melting point, stiffness and surface hardness.

Another important property is the thermal expan-
sion coefficient. In a non-recent thorough study [38],
also confirmed by recent results [39], this quantity
(Table 2) has been evaluated as a function of temper-
ature, thus giving the opportunity to design properly
metal-ceramic joints.

Reactivity—oxidation properties

Transition metals diborides are very reactive towards
oxygen and carbon monoxide as shown, from a ther-
modynamic point of view, in Table 3 in the case of
HfB,.

Indeed, the detailed knowledge of the thermody-
namics and kinetics of these interactions is mandatory
to define the correct working conditions for the eval-
uation of metal/ceramic interactions, in particular to
give the correct interpretation for the results of wetting
experiments. The results of Fig. 1 show that the three
diborides are thermodynamically stable only at very
low oxygen partial pressures. However, the oxidation

Table 1 Physical properties
of transition metal diborides

Parameter TiB, Ref ZrB, Ref HIfB, Ref

Density [g/cm’] 4.53 [22] 6.09 [22] 11.2 [22]

Melting point [°C] 3225 [23] 3220 [24] 3377 [25]

[24] 3245 [26] 3380 [24]

Free energy of -355 (RT) [23] -318.5 (RT) [27] -325.5 (RT)  [28]

formation [kJ/mol] -307 (1000 K) [23] -307.3 (1000 K) [27] -320 (1000 K) [28]

Heat of formation [kJ/mol] -315 [23] -331 [27] -328 [29]

uHardness [GPa] 33 [30] 29.4 [31] 314 [31]

Young mod. [GPa] 224 [32] 490 [33] 450 (RT) [34]
330 (1000 °C)

Electrical resistivity [uQ cm] 20.4 (RT) [26] 7.8 (RT) [26] 10.6 (RT) [22]
56 (1000 °C) 17 (1000 °C) 45.8 (1000 °C)

Thermal conductivity 64 (RT) [22] 58 (RT) [22] 83 ( RT) [34]

[W/(m K)] 23-25 (RT) [35] 73 (800 °C)

Table 2 Lattice constants and thermal expansion coefficients as a function of temperature for TiB,, ZrB, and HfB, [38]

Lgttice constants

Average th. ex.

Linear thermal coeff. at 1000 K

[A] vs. T [K™!] exp. coeff. vs. T [K™}] [105 K71

TiB, A; = 3.0244 + 1.447 10T + 5.853 107°12 ki =5.351107% + 1.933 107°T K=282
Ap = 32213 +2.348 107°T + 6.628 107°7> kr = 7.884 107 + 2.051 107°T

Z1B, Ay =3.1637 + 1.391 1077 + 7.109 10772 ky = 5.061 107° + 2.243 107°T K=173
A, =3.5259 + 1.651 107°T + 7.386 10~°72 ky = 5298 107 + 2.091 107°T

HfB, A; = 3.1380 + 1.168 10737 + 7.786 10~°T? ki = 4.465 107 + 2.506 10~°T K=718

A, = 34716 + 1.726 107°T + 6.208 10™°72
A; = along the a-axis
A, = along the c-axis

ky = 5.501 107 + 1.784 107°T

A, = Ayl + k,AT) K = (2ki + ky)/3
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reactions. involving HfB, [AG HIB, = Hf + 2B 315 308 308 332

and AH in (kJ/mol)] [29] HIB, + 3/2 O, = Hf + B,O; -647 -901 -549 -889
HfB, + O, = HfO, + 2B -569 -774 -491 -763
HfB, + 5/2 O, = HfO, + B,O5 [40] -1516 -1833 -1335 -1721
HfB, + N, = Hf + 2BN 38 -171 119 -166
HfB, + 1/2C = Hf + 1/2B4C 278 296 270 298
HfB, + C = HfC + 2B 113 124 108 126
HfB, + 1/2CO = 3/4Hf + 1/4HfO, + 12B4,C 161 70 197 77
HfB, + 2CO = HfO, + 2B + 2C -121 —546 43 -529
HfB, + 2CO = HfO, + 0.5B4C + 1.5C -330 -608 -251580 °C  -591
HfB, + 3 CO = Hf + B,O5 + 3C 25 =561 252 -538
HfB, + 3 CO = HfC + B,O3 + 2C -176 -765 51 =743
HfB, + 5CO = HfO, + B,O5; + 5C -410 —1435 -14 1518 °C~ —1398
HfB, + 1/2N, = Hf N + 2B 61 -34 98 -28

1500°C 1000°C
1 1
T T T
2 < 0, Oxides |
,E. ..... .\.. .\\ \
5 7 T
S T @):(3)
o e \
& 22 B T
2 | | | | T N A\
S M NS
271 B()rides ...... ~
........ <
-32 | .
5 6 7 8 9

Temperature [104T] [K']

Fig. 1 Equilibrium oxygen pressure for the oxidation of
(Ti,Zr,Hf) diborides (egs. 1, 2, 3). The dotted line 3 represents
the equilibrium B-O-B,0; (1) system. (re-drawn from ref [40]).

TiBa(s) + 5/20,(g) = TiO, (s, 1) + B,0s(1) a);
ZrB;(s) + 5/20,(g) = ZrO,(s,1) + B,03(1) ),
HfB;(s) +5/20,(g) = HfO,(s,1) + B,05(1) 3)

of these systems is strongly affected by kinetic factors:
the oxide layer which forms at the surface slows down
and even prevents further oxidation. This process leads
to the possibility of high temperature applications of
the diborides. It has been found [34] that in pure ZrB,
the thickness of the oxidation layer increases with
temperature (five times from RT to 1400 °C), con-
firming that boron oxide does not protect any more the
bulk material.

Moreover, the role of boron should be taken into
account: due to its small atomic radius, its diffusion to
the ceramic surface is more pronounced than the dif-
fusion of metal atoms. Thus, metal borates can form, at
least at intermediate temperatures (around 1000 °C)
improving the protective properties of the scales. At
higher temperatures (>1100 °C), the relatively high
vapour pressure of boron oxides becomes significant
and will lead to the depletion of the boride phase, even
if some residual 10% can be found in the oxidised scale
[34]. This fact, bringing the surface to a sub-stoichi-
ometric condition, can affect strongly the wettability

characteristics of the ceramic piece, as shown in recent
studies on carbides and nitrides systems [41-44].

Recent studies on the wetting kinetics of TiB, by Al
[45] and on the influence of TiB, oxidation [46], reveal
that the wetting kinetics of titanium boride, is highly
dependent on the complex of surface reactions, leading
to the elimination of B,Os; (liquid) layers by high
temperature vaporisation. The following reduction of
the underlying metal oxides through interactions with
the molten metal leads to new equilibrium wetting
configurations.

Wetting

Experimental studies of the energetics of the liquid
metal-ceramic interfaces performed in the years
1950-1980, highlight major tendencies classifying
ceramic—-metal couples in “wetting systems” (6 < 90°)
and ‘“‘non-wetting systems” (6>90°). Unfortunately,
for technological reasons, these experiments were
performed using sintered polycrystalline ceramics. As
already mentioned, the impurities in these materials,
their surface roughness and the low quality of furnace
atmospheres gave rise to a wide dispersion in values,
thus, to a dispersion in the Work of Adhesion values
(Wa,q) as much as one or two orders of magnitude.

In the 70’s a large amount of work was done, mainly
in Ukraine, on the high-temperature wettability,
reactivity (and oxidation) of transition metal borides. In
an extensive study of wetting of Group IV-VI metal
diborides [47], it was found that non-transition
metals do not wet (contact angles > 90°) transition
metals diborides, except Si which forms contact angles
lower than 20° and Al, which spreads on the diborides at
T > 1300 °C (Table 4). In their study, these authors
report contact angle data on 46 systems. However, they
point out that these same data are not sufficiently
systematic, thus insufficient to draw general
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Table 4 Contact angles (literature values [47]) of different
metals on TiB,, ZrB, and HfB,

Table 5 “Initial” contact angles of Iron group metals on (IV, V,
VI)-group borides [51].

Boride Metal Contact Temp. °C Medium
angle
TiB, [48] Ag 126 1100 He
TiB, [48] Ag 91 1600 He
TiB, [49] Ni 38.5 1480 He
TiB, [50] Ni 0 1500 Vacuum
TiB, [49] Cu 158-154 1100-1500 Ar
TiB, Cu 135-132 1100-1300 Ar
TiB, Ga 115 800 Vacuum
TiB, In 124 300-500 Ar
TiB, Si 15 1500 Ar
TiB, Sn 114 250 Ar
TiB, Pb 106 350-800 Ar
TiB, Bi 141 320 Ar
TiB, Al 140-38 900-1250 Vacuum
ZrB, [50] Fe 55 1550 Vacuum
ZrB, [50] Co 39 1500 Vacuum
ZrB, [50] Ni 42 1500 Vacuum
ZrB, [48] Ag 114 1100 He
ZrB, [48] Ag 70 1600 He
7Z1B, Ga 127 800 Vacuum
ZrB, In 114 300-500 Ar
ZrB, Al 106-60 900-1250 Vacuum
ZrB, Ge 102 1000 Ar
ZrB, Sn 101 250-600 Ar
HIfB, In 114 300-500 Vacuum
HfB, Ge 140 1000-1100 Vacuum
HfB, Al 134-60 900-1250 Vacuum

conclusions. All the boride specimens were prepared by
hot pressing, and a porosity of 4-6% was reported. The
general trend has been discussed in terms of electronic
structure of both the borides and of the molten metal: in
particular, the good wetting of Si and Al has been
attributed to the fact that Si and Al are electron donors
towards boron, i.e. with a higher chemical affinity for it.
The same authors [47] found that the diborides of
group IV metals are more ““inert’” in contact with liquid
Fe, Ni and Co (show larger contact angles) (Table 5)
than those of V and VI groups, which show very low
contact angles often going to complete spreading [51].
A remarkable result, also shown in Table 5, is the
fact that the gaseous environment affects very strongly
the wetting processes. Moreover, chemical reactions
occur in these systems, especially under argon gas,
which is not able to supply sufficiently reducing con-
ditions: the angles given in Table 5 refer to the contact
angle between the pure liquid metal and the diboride
just after melting: these values are considered by the
authors as the “‘true” metal-boride contact angles.
However, after a few seconds the contact angles
decrease, reaching low values (for TiB,: 0 = 42° for Fe,
0 = 26° for Ni and 0 = 18° for Co in argon) due to
interfacial reactions/dissolution and then to the change
in composition of the solid-liquid interface. Results on
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Boride Metal Contact angle Temp. °C
Vacuum Argon

TiB, Fe 62 92 1550

ZrB, Fe 72 102 1550

HIfB, Fe 100 98 1550

VB, Fe 17 - 1550
W,Bs Fe 0 0 1550

TiB, Ni 20 72 1480-1600
Z1rB, Ni 65 78 1480~1600
HfB, Ni 99 98 1480-1600
VB, Ni 0 0 1450
W,B5 Ni 4 - 1450

TiB, Co 20 64 1500-1600
ZrB, Co 63 81 1500-1600
HfB2 - - -

VB, Co 0 0 1500
W,Bs Co 19 94 1500

the wettability of some mono- and diborides by Ni and
Cu are also reported [52] confirming that the wettability
increases with increasing the atomic number of the
metal in the boride, while the liquid transition metals
show a better wetting behaviour than non-transition
metals. Monoborides are wetted much better. A
correlation has been observed between wettability and
resistivity (decreasing 0 with increasing p) as well as
with the heat of formation of the different borides. In
particular, in another study [53] and in agreement with
the results of Table 4, Ag has been found to wet
increasingly well TiB, and ZrB,, the contact angle
decreasing from 125° for TiB, and 115° for ZrB, at
1100 °C to 92° and 74°, respectively, at 1600 °C.

Further work on the same systems has clearly shown
that the contact angle of Ni alloys containing from 0.7
to 7.0%C or 0.7 to 24.7%Cr increased steadily in the
series TiB, < ZrB, < HfB,. In particular, it reached
140° at 4%C [54]. Aluminium was found to wet TiB,,
with contact angles going from 90 at 700 °C to 60 at
840 °C [55] under a vacuum. However, the liquid phase
should have been oxidised, as shown by the reported
low value of the Al surface tension at the melting point
(y = 760 mN/m).

Recent experimental results

More recent results on the wettability of group IV
metal diborides are related to a renewed interest in
these materials for advanced high temperature appli-
cations. Wetting of TiB, by molten Ni in relation to the
development of cutting tools has also been studied [56].
Interfacial reactions have been found, with the
formation of a liquid phase starting at 1310 °C, but
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neither quantitative data on contact angles nor on
interfacial energies are reported.

Other studies, where wettability problems were one
of the key factors, discuss the influence of contact
angles on, e.g. infiltration of TiB, and ZrB, powders,
making reference to old contact angle data [57].

In the recent years, our Team has undertaken a
systematic study, by the sessile-drop technique, of
wettability, reactivity and interfacial properties of
Group IV diborides, both from the basic (wettability,
interfacial tension) and the application (joining) points
of view [58-62].

A series of wetting results is presented in Table 6 for
Ti, Zr and Hf diborides in contact with liquid Ag, Cu and
Au. The experiments have been conducted using the
sessile-drop technique in conjunction with the specially
designed ASTRA® image analysis software which al-
lows real time surface tension and contact angle data to
be obtained during each experimental run [63, 64]. An
especially designed furnace has been used which can
reach 1600 °C. It is made of two concentric, horizontal,
alumina tubes connected to a high vacuum line. Be-
tween the two tubes a constant flux of argon guarantees
that even in the higher temperature range oxygen does
not diffuse inside the experimental chamber. The pres-
sure inside the inner tube can be kept below 10™* Pa by a
turbomolecular pump; alternatively, controlled atmo-
spheres can be introduced inside the working chamber,

Table 6 Contact angles (0) at T = 1.05Tmening on IV group
transition metals diborides

Metal Cu Ag Au Sintering technique
Ceramic
TiB, 91 HIP
ZrB, -0 SPS
80 153 34 HIP
HfB, 47 130 98 SPS
ZrB,
140
120 '}:—-1\‘
4
D 100 &
°
® go \ \"— Cu
[=2]
j
g 60 x””\
©
é 40 Au
20
0 : : : : ‘ ‘ ‘
0 10 20 30 40 50 60 70
time (min)

up to 10° Pa, whereby its oxygen content is continuously
monitored by solid state oxygen sensors at the inlet and
at the outlet. Zirconium and hafnium diborides, sintered
by ISTEC-CNR [9, 10] and U.C. Davies [65, 66] have
been used in form of plates 12 x 12 x 2 mm. They have
been polished down to a surface roughness
Ra = 0.02 pm, carefully cleaned and then used for the
sessile drop tests, whereas the metals have been
mechanically cleaned and put on the top of the ceramic
substrate in the form of small cylinders (<1 g).

The experiments have been performed under a
vacuum better than 10~ Pa. In addition, a zirconium
foil has been wrapped around the specimen in the form
of a semi-cylinder as a getter (Muolo ML, Passerone A
Submitted for publication) to keep the oxygen partial
pressure low enough (1077 Pa at 1100 °C).

These tests have shown, somewhat at variance with
previous findings, that gold wets Zr boride much better
than silver and copper. On the contrary, copper shows
the lowest contact angle on HfB,. In general, kinetics
exists, leading to a stationary situation only after a long
time (30-60 min) (Fig. 2).

This means that interactions should occur at the
interface, most probably due to the reduction or
evaporation of surface oxides as discussed in the pre-
vious paragraph, or to the dissolution of titanium and
boron into the liquid metal, as suggested by recent
SIMS measurements. In particular, dissolved boron
should segregate to the liquid metal surface, with a
relevant surfactant action. Surface tension measure-
ments and calculations are under way to substantiate
this hypothesis.

Moreover, gold and copper not only wet quite well
the ZrB, and HfB, surfaces, respectively, but also can
penetrate between the solid grains, as shown in Fig. 3.
In the particular case of the Au/HfB, specimens,
sintered by SPS with lower density, complete infiltra-
tion occurred.

HfBo

140

120

100

0=98° at 3 hs

@
o

[}
o

Contact angle (deg)

N
o

n
o

o

30 40
time (min)

50 60 70

Fig. 2 Kinetics of spreading of Au and Cu on ZrB, and HfB; at 1323 K
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Fig. 3 Au penetration between ZrB, grains (upper left corner).
In the presence of ZrO, grains (central part) no wetting/
penetration occurs

As already discussed, the overall quality of the
sintered borides, due to the high difficulties in the
process, is not very high, mainly from the density and
the compositional points of view. Indeed, especially in
the case of Zr- and Hf-diborides, holes in the surface
are commonly found (grains undermined in the
polishing stage) together with oxide grains. In the case
of gold, it was possible to show strong wetting differ-
ences between boride and oxide grains (Fig. 3).
Moreover, small Au drops have been found on top of
single boride grains, which allow an evaluation of the
“true’ contact angle on stoichiometric and ‘“‘smooth”
ZrB, surface. Assuming the solidification does not
alter significantly the contact angle, its value was
measured, in this case, in the range 0 = 35-40°, very
close to the ‘“macroscopic” angle measured at the
experimental temperature.

Another series of experiments was aimed at eluci-
dating the role of the addition of active metal elements
on the wetting process of ZrB,.

As shown in Fig. 4, while Ag does not show any
contact angle evolution, a sharp decrease in contact

180
160
R —
5 140 ——Agzr H
Q %‘1 —e— AgTi
T 120
o M —s— AgHf
= 100 \ ——Ag ]
S 80 ‘\W
3
og 60
S 40
20 AN SUSVAP
0 T T T T T T
0 5 10 15 20 25 30 35
time (min)

Fig. 4 Kinetics of spreading of different Ag—X alloys on ZrB,
at T=1323 K
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angle is obtained by adding an “‘active’’ element, Ti, Zr
or Hf, to the molten Ag matrix. However, the extent of
this effect is different for the various metals. Zr seems
to be the most effective in promoting wettability of the
pure boride. The different spreading curves cannot be
superimposed because the initial time does not repre-
sent specimens in the same physico-chemical condi-
tions. Indeed, the melting and homogenisation time is
not the same in all runs: on the contrary, once the
active element is ‘‘available” in the liquid alloy,
the spreading curves take on their full significance and
can be compared to each other.

In order to evaluate the energetics of the interaction
phenomena at the experimental temperature, the Work
of Adhesion can be computed using the Young-Dupré
equation [2]: Woq =y (1 + cos 0), provided the surface
tension y of the molten phase is known (Table 7). The
pure metals surface tension values are from Ref. [67]
(Ag, Cu) and from Ref. [68] (Ti, Zr and Hf), extrapo-
lated to 1323 and 1423 K. Alloys surface tensions
have been computed by the Quasi-Chemical Solution
Model [69, 70] previously developed. As expected, the
addition elements tend to rise the liquid alloy surface
tension with respect to the matrix, confirming that
the relevant phenomenon which promotes wetting is
the segregation of the active element to the solid-liquid
interface. This is also clearly shown by the high values
of the Work of Adhesion obtained for the systems with
Ti, Zr and Hf additions.

It is worth mentioning that the term (y cosf) rep-
resents the amount (“‘adhesion tension’’) by which the
solid surface tension is decreased by the solid-liquid
interactions to give the interfacial tension value
(ysy—7ys1 = 7 cos 6). Provided the solid surface tension
does not vary in the present case, when going from one
liquid alloy to another (indeed, the same metal matrix
is used, the additional elements have very low vapour
pressures and the experimental conditions are the
same), the values in the last column in Table 7 clearly
show that Zr is much more efficient in promoting
wetting and adsorbing/reacting at the interface.

Interfacial structure-modelling

As theoretical calculations of the Work of Adhesion are
being increasingly attempted, a direct approach from
first principles is still “an unmanageable task” [71].
Indeed, reviews [72] and dedicated papers [32, 73-77]
are becoming available in literature, demonstrating a
new line of approach aiming at a more quantitative
comprehension of metal ceramic interfaces, based on
first principles. In spite of difficulties to obtain sound



J Mater Sci (2006) 41:5088-5098 5095
Table 7 Surface tension and Metal/alloy y (mN/m) 7 (mN/m) Waa (mN/m) y cos 0
contact angles for Ag-X (at%) T=133K T=143K 0(T=133K) (T=133K)  mNm
alloys on pure ZrB,
Cu 1272 801423 K 14931423 K 221
Au 1145 1095 34 2094 949
Ag 913 898 153 995 -813
Ag-Ti 2.4 931 916 27 1761 830
Ag-7Zr 24 929 914 21 1796 867
Ag-Hf 2.4 933 918 751323 K 11751323 k 242153 1
531423 k 14711425 x 5531423

results from first principles, an ideal “Work of
Separation” (i.e. with plastic deformation and diffu-
sional degrees of freedom suppressed) can be evaluated
by means of modelling techniques such as the density
functional theory (DFT). Wetting of titanium carbides
and nitrides has been analysed by this technique in the
framework of the generalised gradient approximation
[71]. In their remarkable study, the authors have been
able to rationalise the relative contributions of metal-
over Ti and metal-over carbon or nitrogen to the
interfacial energy and then to contact angles. A general
conclusion of this study is that the adhesion between the
metal and ceramic phases can be thought as due to two
kinds of chemical interactions across the interface: the
metal-carbon (or nitrogen) and the metal-metal ones.
The number (density) of each kind of bonds at the
interface determines its final strength. In particular, it
was inferred that, in the case of experimentally
observed poor wetting, a good correlation is found with
the metal-over Ti model interface. The transition to
wetting can be related to a balanced mixture of metal—
over Ti and metal-over carbon (or nitrogen) configu-
rations. Wetting depends also on the orientation
dependence of the interfacial energy. It was found that
the most energetically favoured structures are the ones
having the maximum total number of metal-carbon (or
nitrogen) and metal-Ti bonds per metal atom. The work
of separation in the series Ag, Cu and Au/TiC and/TiN,
correlates well with the variations of the charge-density
values at the interface with metal-carbon (or nitrogen)
bonds. Moreover, the metal-TiC interfaces are stronger
than the metal-TiN ones. This can be attributed to the
more tightly bound electrons of N in TiN than the
corresponding bonds in TiC, which in turn give rise to

weaker metal/TiC interfaces (with respect to the metal/
TiN ones).

In a similar study, devoted to the Ti/TiN system [77],
it has been shown that the optimal structure (i.e. the
one with the largest adhesion energy) is the one
continuing the nitride crystal structure of the ceramic
phase with the N-terminated surface: this configuration
shows a calculated adhesion energy of about 7 J/m?
about 4 J/m* larger than the Ti-terminated one. The
Ti-terminated surface results with a mixed strong
metallic and weak covalent character, while the
N-terminated interface is dominated by polar covalent
bonds, similar to the Ti/TiC interfaces.

Recently, we begun performing a first-principles
DFT study to investigate similar properties for the
interfaces between ZrB, and the transition metals Ag
and Au.

To this end, the ESPRESSO package [78] and the
Perdew-Burke-Ernzerhof (PBE) generalised gradient
approximation have been used.

To model the interface, periodically repeated
supercells with 4 or 5 layers of metal and 4.5 cells for
ZrB, have been used, by studying, 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.

Given the relatively small mismatch of the lattice
constants, and the hexagonal structure of ZrB, com-
pared to the fcc structure of the metal, an interface
between two (111) faces has been chosen.

The lattice parameters of ZrB, (Table 8) are kept
like those 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

Table 8 Crystal structure of

- Structure type Lattice parameters Lattice parameters Ref.
TiB,, ZrB, and HfB, C32 P A axis [Ir)lm] C axis [Em]

TiB, Hexagonal lattice, 0.3038 0.3228 [79]

ZrB, with HCP Ti layers 0.3170 0.3533 [79]

alternative with 0.31685 0.35295 [36]

HfB, graphite-like B layers 0.3139 0.3473 [79]

0.3142 0.3475 [36]

@ Springer
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out-of-plane lattice constant is optimised in bulk
calculations to minimise the bulk strain introduced by
the in-plane lattice distortion.

To describe electron—core interactions, ‘‘ultrasoft”
pseudopotentials for Au, Ag, Zr, and B have been
used, with non-linear core corrections. The pseudopo-
tentials have been tested for the bulk lattice constant
obtaining satisfactory results for all species.

The calculations are performed by relaxing the
position of all atoms until residual forces are less than
0.03 eV A™' (0.5 pN). All of the relevant details and
specific results will be presented in a paper currently
under preparation.

The first value extracted from calculations is the
work of separation, defined as [71]:

Weep = (Esit + Eqp — Eint) /24,

where Ey is the total energy of the supercell with the
interface system, Eg; and E, are 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 per supercell). To calculate the
work of separation for the unrelaxed and relaxed
interface structures, the relaxed values of all quanti-
ties have been used. The following preliminary values
have been found: 2.03 J/m®> for the B-terminated
surface, in the case of Ag, 2.47 J/m? in the case of Ag
and of 3.725J/m* for Au for the Zr-terminated
surface (all results with four k-points). These results
indicate that the interface between Au and ZrB, (with
Zr termination) is energetically more stable than the
one involving silver. It should be noted that this kind
of calculation provides information about the energy
part of the free energy (at T =0 K), neglecting

Fig. 5 Charge density plot at
the interface between Au and
ZrB, in the fcc-like interface
case, with Zr-termination. The
units are in electrons/Bohr?,
and the plane shown is a yz
plane (1 Bohr = 0.0529 nm)

@ Springer

entropic contributions that are of course present
at higher temperatures. Nevertheless, although
the behaviour of Wy, can give only qualitative
conclusions about the work of adhesion, this trend can
be confirmed by the recent experiments shown in
Table 7.

For all the cases cited above the calculations have
been repeated doubling the number of k-points in both
lateral directions. When symmetry is kept into account,
this corresponds to increasing the number of k-points
from 4 to 10. No significant changes (less than 1%)
have been found in the work of separation.

In another series of calculations the interface
between Au and the Zr-terminated diboride surface
has been evaluated, testing the possibility of another
kind of relative displacement. In particular, the
geometry of an interface where the gold atoms lie
directly above the Zr ones (and not in the hollow sites
proposed by the fcc structure) has been optimised, in
order to investigate the possibility of more direct
chemical bonding. Also in this case, both the interfacial
distance and the overall geometry were fully optimised,
yet the work of adhesion was found to be of 2.62 J/m?,
suggesting a less stable configuration.

Finally, a charge density plot at the interface
between Au and ZrB, in the fcc-like interface case,
with Zr-termination is reported (Fig. 5). The units are
in electrons/Bohr’, and the plane shown is a yz plane.
Starting at the bottom, a B, layer is shown, followed by
a Zr, another B,, a Zr, and then three Au layers. Some
bonding is present between Au and Zr, and the kind of
bonding seems very similar to the one observed within
the gold section of the slab, where the bonding is
essentially metallic. Further investigation is in progress
to draw conclusions about the microscopic character of
the interfacial adhesion.

2<0.02000
0.02000<2<0.02800

0.02800<z<0.03600

[ —

0.03600<2<0.04400

0.04400<2<0.05200

0.05200<2<0.06000

>0.06000



J Mater Sci (2006) 41:5088-5098

5097

Conclusions

The peculiar physical, chemical and mechanical prop-
erties of transition metal diborides make them the
ideal material for applications where extreme condi-
tions are encountered, namely very high temperatures,
high stresses, high surface mechanical and thermal
loads.

Possible applications foresee the brazing of borides
elements to each other or to supporting metal struc-
tures. Thus, their interactions with molten filler alloys
should be studied, and particularly their wettability
characteristics.

A thorough research covering the last 50 years has
shown that wettability data exist but with a very large
scatter among the data and insufficient definition of the
experimental conditions, mainly due to the fact that
macroscopic systems are often not homogeneous,
porous etc. Moreover, the environmental conditions
should be strictly defined especially in terms of oxygen
partial pressures.

Recent results have shown that “pure” Group IV
transition metal borides are not wetted by pure Ag,
whereas Au and Cu not only reach low contact angles
on the borides surfaces, but can also “percolate’ along
the boride grain boundaries. When the sintered boride
density is not very high, impregnation of the solid mass
can occur.

However, the addition of active metals such as Ti,
Zr or Hf to pure Ag, leads to very good wetting
properties. Similarly, the same effect can be obtained
using ad hoc sintering aids, like Ni [58, 62].

Nevertheless, it appears clear that additional studies
are needed on ““pure”” metal borides, in order to arrive
at reliable data on wetting and interfacial structures
which could be attributed to the real liquid metal-
diboride system. To this end, experiments on a
“micro” scale and the use of diboride monocrystals
should help. At the same time, a theoretical approach
is possible, which makes use of advanced modelling
techniques, like molecular dynamics and dynamic
functional theory (DFT). Preliminary results have been
presented in a very good agreement with the most
reliable experimental data.

We are aware that there is still a long way to go in
building the bridge between high-temperature ther-
modynamically relevant experimental results and
microscopic, computer-driven theoretical insight.

Nevertheless, given these preliminary findings,
we find the strategy promising. Little to nothing
is known about the nature of the interfacial bonding
in the discussed systems, or on the effect of the
microscopic composition and structure on the

macroscopic and technologically relevant properties.
This approach needs indeed to be seen within the
following perspectives:

e Validation of the results (increased cutoff, number
of k-points, number of atoms per layer)

e Reduction of the lattice spacing mismatch using
different relative orientations at the interface

e Test with other borides

e FEstimation of the interfacial free energy for all
systems

e Substitution of selected interfacial atoms with other
elements (e.g. Ti)

e Connection with finite temperature properties
and experimental data (contact angle, work of
adhesion)

e Tailoring and production of novel materials upon
suggestions coming from DFT calculations.
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