JMEPEG (2012) 21:655-659
DOI: 10.1007/s11665-012-0171-x

©ASM International
1059-9495/$19.00

The Nature of TiB, Wetting by Cu and Au
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TiB, among other borides like ZrB, and HfB, represents a unique class of ceramics, which displays good
wetting by liquid metals, such as Cu and Au, without chemical interaction that may be detected by
conventional characterization techniques. The nature of the wetting in these systems is commonly attributed
to the “metallic-like” character of borides. In this study, improved wetting of TiB, by Cu and Au (50° and
15°, respectively) was confirmed and evidence of a limited chemical interface interaction was observed
using TEM analysis. Moreover, it was shown that the addition of B to Au and Cu improves wetting. It was
suggested that not only “metallic-like” character of TiB, but also the chemical interaction stands behind

good wetting in these systems.
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1. Introduction

TiB,-based ceramics are used as structural materials for high
temperature applications due to their high melting temperature,
corrosion and thermal shock resistance. Like most ceramics, its
brittleness is a major drawback, therefore TiB,-metal ceramic
composites (MCCs) have significant technological benefits.
Compatibility of metals and TiB, is also very important for
ceramics brazing and soldering. The ability to fabricate MCCs
and successfully join metals to ceramics strongly depends on
the wetting properties of the system. Due to the high
thermodynamic stability of ceramics, they are usually not
wetted well by liquid metals. The lack of wetting is typical for
the systems, in which metals are considered as “non-reactive”
(like Au, Sn, Ag, or Cu). In these cases, an active element (like
Ti, Zr, Hf, or in some cases Si, Fe or Ni) is usually added to
improve wetting.

Although good wetting is essential for successful metal
infiltration and joining this property does not always provide
desired mechanical properties, which depend on the structure
and composition of the metal/ceramic. In some cases, a brittle
phase is formed at the interface and leads to its cracking due
significant coefficient of thermal expansion (CTE) differences
between the ceramic and the newly formed product (Ref 1, 2).
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TiB, among other borides like ZrB,, HfB,, etc., displays a
“metallic-like” character and good wetting by liquid metals
with limited chemical interaction, which may not always be
detected by conventional characterization techniques (Ref 3, 4).
At the same time, in our previous works (Ref 5, 6) and in the
studies of Passerone and Muolo et al. (Ref 7, 8) some evidence
of a limited dissolution of the boride substrate in the melts was
detected. Furthermore, the spreading timescale in these studies
were in the range of tens of minutes. It was established that for
chemically reactive wetting, the time needed for liquid spread-
ing to reach equilibrium contact angles is in 1 to 20 min range
(Ref 9, 10), while if only the metallic character of the borides
determines the wetting behavior this time has to be in the range
of tens of microseconds (Ref 11). The strong temperature
dependence of the contact angle in these systems also suggests
that chemical interaction is involved in the spreading mecha-
nism. Alternatively, it is possible that spreading kinetics
observed for the (Au,Cu)/ZrB, (Ref 7, 8) and, probably, for
the (Au,Cu)/TiB, systems (Ref 5, 6) is attributed to the reduction
of a native oxide layer on the substrate.

In this study, previous wetting results (Ref 5, 6) for the TiB,-
Cu, Au and TiB,/Cu-B systems and new results of TiB,/Au of
MCC characterization by high-resolution TEM (HRTEM) are
presented and discussed.

The effect of a thin oxide layer on the TiB, substrate and its
possible reduction by boron dissolved in the liquid Cu and Au
on the spreading kinetics is also discussed.

2. Experimental

Sessile drop wetting experiments were performed in high
vacuum (~107> Pa) at 1423 K. Hot pressed TiB, substrates
(98.7% of the theoretical density, SINTEC Keramik USA®)
were used for the experiments as described in Ref 5, 6.

In order to study the TiB,/Au interface, a porous TiB,
preforms (~30% porosity) were prepared using FAST appara-
tus (type HP D5/1, FCT System, Rauenstein, Germany)
equipped with a 50 kN uniaxial press. TiB, powder (F grade,
Fe <0.1 wt.%, N, C, and O <3.4 wt.%) manufactured by
H.C.Starck® (Goslar, Germany) was inserted into a graphite die
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(inner diameter 20 mm, outer diameter 40 mm) and sintered at
2273 K under vacuum of 1 Pa with applied pressure of
32 MPa. The heating rate and holding time were 150 K/min
and 10 min, respectively. Infiltration of porous preforms by
liquid Au was conducted at 1423 K under 102 Pa vacuum for
30 min. The infiltrated composite was sectioned and polished
using conventional metallographic procedure. The TiB,/Au
interface was studied by HRTEM (Tecnai F20-G?) equipped
with  HR STEM, EELS (resolution <0.8 e¢V), and EDS
(spectral resolution of 133 eV). TEM samples were prepared
by two methods.

(1) Using FEI Strata 400S Dual Beam FIB (Focus Ion
Beam); the investigated area was chosen directly from
the polished sample.

(2) The samples were cross sectioned, mechanically thinned,
and finally polished using a Precision Ion Polishing Sys-
tem (PIPS, Gatan® model 691) apparatus at various
grazing angles.

3. Results

3.1 Wetting Results

The wetting angles measured after 30 min of contact are
presented in Fig. 1. The contact angle for pure Cu is about 50°,
while for pure Au its value is about 15°. Addition of 2 at.% B
to liquid Au provides the wetting angle close to 10°, while the
same contact angle value was achieved if more than 8 at.% B
was added to Cu.

3.2 Infiltrated TiB,-Au Composite. Interface
Characterization

The polished surface of the composite is shown in Fig. 2.
The Au metal (bright area) filled completely the porous TiB,
preform (dark gray continuous matrix, Fig. 2). The TEM
sample produced by the FIB apparatus was taken from the area
marked by the rectangle in the middle of the micrograph. The
samples, which were prepared by conventional polishing
including ion beam polishing (PIPS), show that Au was almost
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Fig. 1 The equilibrium contact angle for the TiB,/Au-B and TiB,/
Cu-B systems (1423 K, 30 min)
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totally eroded (Fig. 3). Nevertheless, a sharp TiB,/Au interface
is observed without evidence of new phases. At the left bottom
side of the figure (marked with an arrow) a narrow capillary
filled with Au indicates that liquid Au fills even extremely thin
capillaries. In the case new phases were formed at the interface,
such narrow capillaries would be blocked by these interaction
products and could not be fully filled by the melt.

HRTEM images of the TiB,/Au interface are shown in
Fig. 4(a) to (c). New phases were not detected but ~10 nm
facets were formed at the interface, while TiB,/TiB, interfaces
were always flat (Fig. 4d). Furthermore, no B or Ti enrichment
at the TiB,/Au interface was detected by EELS analysis.

Fig. 2 SEM image of the infiltrated composites. The area marked
by a rectangular in the middle of the micrograph shows the selected
area, from which the TEM membrane sample was prepared by the
FIB apparatus

Fig. 3 STEM image of a sample prepared using ion polishing
(PIPS). Gray areas: TiB, particles, bright areas: Au. Sharp contrast is
observed at the TiB,/Au interfaces. Pores (black regions) are created
during sample preparation due to preferential sputtering and en-
hanced erosion of Au
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20 nm

Fig. 4 BF HRTEM images. (a)-(c) ~10 nm facets of TiB, grain formed at the TiB,/Au interfaces and (d) flat TiB,/TiB, interfaces

4, Discussion

The interface characterization of the Au infiltrated TiB,
demonstrates that no new phases are formed at the TiB,/Au
interface and it may be concluded that a ‘“‘metallic-like”
character of the substrate stand behind the wetting. On the
other hand, the presence of facets at the TiB,/Au interface
indicates that limited interaction does take place in this system.
Similar interfacial features were found by Knechtel et al. (Ref
12) in the Al,O;/Al composites and were attributed to a
“dissolution-precipitation” mechanism, which probably oper-
ates also in the TiB,/Au system. Furthermore, the effect of B
addition cannot be explained by the metallic character of the
boride. In order to evaluate the possibility of chemical
interaction at the interface a thermodynamic analysis of the
TiB,/Me systems was performed.

4.1 Wetting Mechanism

In our previous communication (Ref 13), we have estimated
Ti concentrations in the melts in equilibrium with TiB, at 1423 K.
The calculations were based on the values of free standard Gibbs
energy formation of TiB, and thermodynamic properties of the
dilute Me-Ti (Me = Au, Ag, Cu, and Sn) solutions. Due to high
thermodynamic stability of TiB, (AG® (1423 K)= —254 kJ/mol,
Ref 14) the equilibrium Ti content in liquid Cu and Au are
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extremely low (~10° and 10~ atomic fraction, respectively).
This difference reflects the thermodynamic properties of the
binary Cu-Ti and Au-Ti solutions. The Cu-Ti liquid solution
exhibits only small negative departure from ideality, while the
Au affinity to Ti is much stronger (the activity coefficients
for the dilute solutions are Y% (Cu) = 0.36 and v%,(Au) =
1.86 x 107*). Although, the equilibrium Ti concentration is
very limited for both systems, the tendency of TiB, dissolution in
liquid Au is significantly higher than in liquid Cu and may be the
reason for the different contact angles (15° and 50°, respectively).

It is well known that titanium diboride has a narrow
stoichiometric domain (between TiB, o and TiB,) and it may be
suggested that the effect of boron additions to the melts on the
wetting improving, is attributed to altering of a near substrate
surface layer composition. According to Misra et al. (Ref 15)
for the B-rich composition the Ti activity value at 1273 K (ar;)
is equal to 5.22 x 10~ '3, For this composition, which corre-
sponds to the equilibrium with pure boron, the activity of B
(ap) is equal to 1. At the Ti-rich composition (TiB,y), the
activity of Ti is much higher (1.74 x 10~%) and the activity of B
is equal to 5.48 x 107>, Using an approach suggested in Ref 6
the boron concentration in the melt as a function of the boride
composition was calculated (Fig. 5). If TiB; ¢ coexists with
pure Cu at 1423 K it may dissolve only 0.0013 at.% B. This
value for the stoichiometric composition (TiB,) is about
8.6 at.%. Thus, if the initial composition of the substrate has
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Fig. 5 The calculated B content in liquid Cu in equilibrium with
titanium diboride within its narrow composition range (TiB; o-TiB;)
at 1423 K

even a small departure from stoichiometry and liquid metal
contains dissolved boron, the titanium boride composition
changes within its stoichiometric domain.

Itis very difficult to determine the composition of the titanium
diboride phase, especially; its altering during metal-ceramic
interaction and to confirm unambiguously the suggested mech-
anism of the interface interaction. Therefore, other reasons for the
effect of boron on the wetting improvement have to be
considered. For a non-reactive system and flat metal-substrate
interface, the Young equation is used to determine the equilib-
rium wetting angle, which depends on the liquid-gas, solid-gas,
and liquid-solid interfacial energies. It may be assumed that for
the non-reactive system the solid-gas interfacial energy does not
change. Moreover, boron is not surface-active element and only
slightly affects the liquid/gas surface energy. According to
Passerone et al. (Ref 16) addition of 10 at.% of B to Cu leads to
decreasing surface energy by about 50 mJ/m?* at 1423 K. This
change has a negligible effect on the contact angle (should
decrease from 50° to 48°). Thus, altering of the liquid-solid
interfacial energy due to boron adsorption at the TiB, surface may
provide improved wetting. A simple estimation shows that if the
contact angle decreases from 50° to 20° the liquid/solid
interfacial energy has to decrease by ~400 mJ/m”. This value
seems to be too large for this system, although for the CaF,/In-Ti
with strong Ti affinity to F, this value is estimated as 700 mJ/m?
(Ref'17, 18). The ab-initio calculations based on density function
theory have to be performed to estimate this value and clarify the
effect of boron adsorption on the liquid/solid interfacial energy.

The effect of boron on the wetting angle may be also
attributed to the reduction of a native titanium oxide layer,
which always covers the substrate. If this “cleansing” mech-
anism operates, slow spreading kinetics reflects the rate of the
native oxide reduction according to the reaction:

1.5TiOx(s) + 2[B] = B2Os() + 1.5[Til ), (Eq 1)

where s, 1, and g denote the solid, liquid, and gaseous phases,
respectively. The brackets indicate that boron and titanium are
in a liquid solution. At 1423 K the standard Gibbs energy
(AG®) for the reaction (1) is ~285 kJ/mol (Ref 19) and equi-
1.
librium constant K(1) = aTsfifoi‘ is equal to 3.42x 10",
B

Titanium activity in liquid Cu in equilibrium with TiB, is
equal to 3.6 x 107'° (Ref 5, 6). The calculated (B,O5) partial
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pressure changes from 500 MPa for boron concentration of
about 8§ at.% B (boron activity is equal to 1) to 5 MPa for bor-
on content of about 1 at.%. These two values are significantly
higher than the total pressure in the experimental chamber
(1073 Pa), and the “cleansing” mechanism should operate for
the all investigated Cu-B alloys. Actually, the significant
improved wetting was observed only for relatively high boron
contents. Nevertheless, this “cleansing” effect together with
the effect of boron adsorption at the interface and altering of
the substrate surface composition towards a higher B content
have to be further investigated to clarify the wetting mecha-
nism of boron containing melts in contact with TiB, substrate.

5. Summary

TiB, is a unique material, which is wetted well by
non-reactive metals like Au and Cu. Since TiB, possesses
“metallic-like” characteristics, the wetting could be attributed to
metal-metal bonding across the interface. At the same time, at
elevated temperature chemical interactions (for instance, limited
substrate dissolution) could not be avoided since the initial state
of the system is far from its equilibrium state. The difference
between the wetting behavior of pure Cu and Au is explained by
the thermodynamic properties of the liquid Cu-Ti and Au-Ti
solutions. The reasons of the boron effect on the improved
wetting of the TiB, substrate by Cu-B and Au-B melts were
considered. This effect may be attributed to the changes of the
liquid-solid interfacial energies, to the altering of the substrate
surface composition towards a higher B content as well as to the
reduction of the native oxide layer on the substrate. Further
investigations are needed to clarify the wetting mechanism of
boron containing melts in contact with TiB, substrate.
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