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Abstract

The experimental study of the wetting phenomena in the boron carbide—copper system, using the sessile drop method at 1150 °C
shows that molten Cu attacks boron carbide substrates forming a crater below the contact area. Boron additions prevent crater
formation, improve wetting and, for a 10 at.% B alloy, reduce the equilibrium wetting angle to 40°. Thermodynamic analysis of the
Cu-B-C system in the Cu-rich corner confirms the experimental results. These results and similar ones obtained in the TiC—Cu
system suggest that the presence of a carbide phase over a concentration range is a key feature that governs wetting phenomena and

chemical interaction at these metal-carbide interfaces.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Boron carbide and boron carbide-based cermets are
promising materials for a variety of applications that
require elevated hardness values, good wear and corro-
sion resistance. Interfacial properties directly affect the
processing of metal-ceramic composites and, in parti-
cular, the brazing of ceramic parts has attracted a great
deal of interest. Naidich' established that for metals
with a weak affinity to B and C, such as Cu, Ag, Au and
Sn (the so called non-reactive metals), the values of the
contact angle on B4C fall in the range of 130-140°.
Similar values of the contact angles were reported by.?
In these studies, however, the wetting behavior of alloys
based on the non-reactive metals and the structure of
the interface have not been fully investigated as a func-
tion of the alloy composition.

Preliminary experiments have confirmed the appar-
ently non-wetting behavior of molten Cu in contact with
boron carbide substrates. Paradoxically, however, care-
ful examination revealed that the molten metal attacked
the substrate forming a crater below the contact area
(Fig. 1). This apparent inconsistency impelled us to
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undertake an in-depth examination of the wetting in the
B4C—Cu system that included a detailed thermodynamic
analysis of the Cu-rich corner of the ternary Cu—B-C
system. The results of the analysis suggested that the
boron content of the molten alloy is a dominant parameter
that determines the wetting behavior in this system.
Experimental evidence based on sessile drop measure-
ments and structural examination fully confirmed these
predictions.

2. Thermodynamic analysis

The phase equilibria in the ternary Cu—B—C system is
based on the corresponding binary B—C, Cu—C and Cu-—
B systems at 1200 °C, shown in Figs. 2-4. The boron
carbide phase extends over a wide composition range
from B4C to B(C (Fig. 2).> Boron carbide with higher
carbon content is in equilibrium with graphite, while the
boron rich side of the carbide phase is in equilibrium
with pure boron. The solubility of carbon in liquid
copper at 1200 °C is very low [x& <5- 10~7atomic
fraction]* and no carbide phase is present in the Cu-C
system (Fig. 3). The Cu—B system displays a eutectic at
13.3 at.% and 1013 °C, at 1200 °C the solubility of Cu
in solid B is about 3—4 at.% and that of boron in liquid
Cu is about 27 at.% (Fig. 4).> Since no stable ternary
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Fig. 1. Cross-section of the interface between unalloyed Cu drop and
boron carbide. Notice the high contact angle and the crater formation.

phase in the Cu—B-C system has been reported, an iso-
thermal section for this system may be constructed, as
shown in Fig. 5.

In Fig. 5, the phase equilibrium regions are denoted
by the Roman numbers: I-single phase region of the
Cu-B-C liquid solution (L.S.), II-two-phase region of
L.S. with boron carbide of various compositions, III-
L.S.+ graphite, IV-three-phase region with L.S.,
corresponding to point O, + graphite + B4,C, V-L.S.,
corresponding to point O,,+ B;(C+boron, saturated
with Cu, VI-solid B—Cu solution + B;4C, VII-two-phase

region with L.S., corresponding to point O,,+ boron,
saturated with Cu.

The dotted line 1 corresponds to the situation
according to which stoichiometric boron carbide and
pure copper are taken as starting materials for the wet-
ting experiments. This line crosses regions III and IV in
which graphite is the stable phase, consequently, free
carbon may form at the metal-ceramic interface. Line 2,
corresponds to the situation in which an initial Cu-B
solution is in contact with stoichiometric boron carbide.
Since, according to the phase diagram, this is a non-
equilibrium situation, the system will strive by dissocia-
tion of boron carbide to reach a stable equilibrium
corresponding to the tie lines in the two-phase 11 region.
This two-phase region consists of a liquid Cu-B alloy
and substoichiometric boron carbide. Notice that in this
case no free carbon is expected and, therefore, by start-
ing with an appropriate composition of Cu-B liquid
solution, it is possible to prevent graphite precipitation
on the metal-ceramic interface and, thereby, alter the
wetting conditions. The initial boron content in the
liquid Cu, must however, be higher than that corres-
ponding to point O;.

It is of obvious interest to determine the coordinates
of the O—0O, line and the compositions of the corres-
ponding boron carbide phase. This may be done by
taking into account the thermodynamic properties
(chemical potential, w;) of the components in the Cu—
B—C liquid solution and of boron and carbon in the
nonstoichiometric carbide phase. At equilibrium, the
chemical potentials of the components:
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Fig. 2. The boron—carbon phase diagram.
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Fig. 3. The copper—carbon phase diagram.
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Fig. 4. The copper—boron phase diagram.

up(liquid) = pup(carbide), pc(liquid) = pc(carbide) (1)

First consider the properties of the Cu—B-C liquid
solution. The solubility of carbon is extremely low and
its effect on the B activity in the ternary liquid solution
may be neglected. The thermodynamic properties of the
Cu-B binary liquid solution were investigated by Bata-
lin et al.® at 1790 K. A positive departure from ideality
was observed and the values of the boron partial mixing
enthalpy AHg were reported for the 0-9 at.% boron
concentration range. The value of AH§ =20 kJ/mol for

an infinite dilute solution was derived from the reported
data for 1473 K, according to a regular solution
approach. Thus the boron chemical potential in dilute
solution may be expressed by Eq. (2)

o o AH),
pe(liquid) = pp(liquid) + RTTnxp +— -2, )
where p%(liquid)—the chemical potential of pure liquid
boron, xg—boron atomic fraction in the liquid.
Since the carbon concentration in the liquid solution
is extremely low we will operate with carbon activity
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Fig. 5. Schematical isothermal section at 1200 °C of the ternary Cu—
B-C phase diagram. The Cu-rich corner is out of scale.

(ac) only, thus for the carbon chemical potential we
have

uc(liquid) = M%(graphite) + RTlnac, 3)

where u(graphite)—the chemical potential of carbon
in its standard state.

The chemical potentials of carbon and boron in the
nonstoichiometric boron carbide, according to our pre-
viously reported data,” may be expressed by Egs. (4) and
%)

uc(carbide) = ,uoc(graphite) + InXc¢

“
—445000 2
+? [(1 = Xc)*—0.64] + 1.609
up(carbide) = uj(carbide) + InXp
(%)
—44
+ % (X& —0.0081) +0.0943,

where Xy and X are the boron and carbon atomic
fraction in boron carbide, u%(carbide)—the chemical
potential of pure solid boron. It must be noted that
0 (13 mm: 0 : 0 0 AH?
wy(liquid) — pug(carbide) = AGY = AHy — T——
Tt (6)
=22175-9.64T, J/mol,

where AGY, AHY and T; are the Gibbs energy, the
melting enthalpy and temperature of boron, were taken
from Ref. 8.

Combining Egs. (1)—(6) the equilibrium compositions
of the liquid solution and the carbide phase were calcu-
lated and are shown in Fig. 6.

According to these thermodynamic calculations the
boron content at point O; corresponding to the equili-
brium between a carbon saturated liquid solution
(ac=1) and stoichiometric boron carbide is about 3.4
at.% . The boron carbide phase with a composition that
corresponds to B;(C is in equilibrium with a liquid
solution containing about 25 at.% boron (point O,). As
can be seen from the calculated diagram, that dotted
line 1, which links the Cu corner with the point corres-
ponding to B4C, crosses regions I1I and IV and graphite
may precipitate during the interaction at the interface.
However, any line linking a liquid Cu-B solution, with a
boron content higher than 3.4 at.%, (dotted line in
Fig. 6) to stoichiometric B,C, will not cross the graphite
containing regions and, therefore, graphite precipitation
during the metal-ceramic interaction is prevented. In
that case, the original conditions at the metal-ceramic
interface are maintained and any subsequent variations
of the equilibrium contact angle may be attributed to
subtle altering of the near-surface layer composition of
the boron carbide substrate.

In order to check the validity of the thermodynamic
analysis, we undertook an experimental study that
included wetting experiments couples with structural
analysis by optical and scanning electron microscopy
and AES depth profiling.

3. Experimental procedures

The B4C ceramic samples with near-theoretical den-
sity were obtained from hot-pressed powder with parti-
cle size 1-3 um (Starck). The substrate surfaces for
wetting experiments were polished down to the 0.25 pm
diamond paste level and gently cleaned in acetone and
alcohol in an ultrasonic bath. A Cu-master alloy (11
at.%B) was prepared from Cu (99.999% purity) and B
powder (99.90 purity) in an arc furnace. The other
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Fig. 6. The Cu-rich corner in the calculated isothermal section of the
ternary Cu-B-C phase diagram at 1200 °C. The Roman numerals
design the same equilibrium regions as in Fig. 5. Due to the logarith-
mic scale of the carbon activity axis, the dashed line is out of scale.
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alloys were prepared by in-situ co-melting Cu with an
appropriate amount of the master alloy.

Wetting experiments were performed using the sessile
drop technique at 1150 °C in a vacuum furnace (1073
Pa) described elsewhere.” Contact angles were measured
directly from the magnified profile images of the molten
metal drop in the 5-min time interval up to 60 min of
contact. The structure of the interface layer was studied
from the cross-section of the solidified drops. The
interface composition was determined by EPMA/EDS
analysis.

4. Experimental results
4.1. Wetting phenomena

A high non-wetting contact angle close to 110° was
observed for Cu on the B,C substrate. This value was
determined after the first 10 min and did not change
during the 60 min of contact time (Fig. 7). The wetting
angle of the boron containing alloys varied as a function
of the contact time (Fig. 7) and reached after 40 min,
equilibrium values that decreased with increasing boron
content (Fig. 8).

4.2. Interface structure and composition

A recurring feature of this metal-ceramic interface is
the formation of a crater in the ceramic substrate due to
the strong interaction of the molten Cu drop with boron
carbide, a cross-section of which is shown in Fig. 9. Line
scan analysis (Fig. 10) allowed to identify the dark spots
in the crater as carbon-rich areas and the gray inter-
granular phase in the copper as boron that precipitated
during the solidification of the copper drop. The che-
mical composition, determined at points 1, 2 and 3
(Fig. 10, Table 1) as well as the element mapping
(Fig. 11) confirm the results of the line scan analysis.
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Fig. 7. The contact angles of the Cu-B alloys on B4C substrates as a

function of the contact time at 1150 °C: (1: Cu; 2: Cu-6.2 at.% B; 3:
Cu-10.7 at.% B).

These results are in agreement with the thermo-
dynamic analysis predicting for unalloyed copper in
contact with boron carbide the dissociation of the car-
bide accompanied by carbon precipitation as graphite
and boron dissolution in the melt. The cross-section of
the interface of boron carbide with a 10.7 at% B is
shown in Fig. 12. In this system, the interface stays
smooth without any evidence of crater formation.

According to the thermodynamic analysis, the equili-
brium at the interface is established between the boron-
containing copper alloy and a non-stoichiometric boron
carbide. A change in the composition of the near surface
region of the boron carbide substrate was consequently
expected. Any such change would occur only in a very
narrow near-surface region due to the limited mass-
transport that takes place in boron carbide at 1200 °C.
After removal of the metal drop from the substrate, the
compositional change within the near surface layer of
the carbide was determined by AES depth profiling.
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Fig. 8. The equilibrium contact angle of the Cu-B alloys on the B,C
substrate at 1150 °C.

Fig. 9. Cross-section of the interface between initially unalloyed Cu
on boron carbide. Notice the deep crater formed below the copper
drop. The dark areas within the crater are graphite particles imbedded
in the copper—boron alloy. During solidification, excess boron in the
molten alloy, precipitated at the copper grain boundaries.
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Fig. 10. Line scans of the Cu, B and C across the metal-ceramic interface.

Fig. 11. Surface mapping of C, Cu and B at the cross-section of the boron carbide—Cu interface.

The results expressed by the B/C ratio profile as a 5. Discussion
function of sputtering time, i.e. depth below the surface
is shown in (Fig. 13). The B/C ratio near the surface The results of the thermodynamic analysis are in good
layer is substantially higher than at a free surface or in agreement with the experimental results. The formation

the bulk material. of the crater in the boron carbide substrate may be
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Fig. 12. Cross-section of the interface between boron carbide and a Cu-B 2.8 at.% alloy at two different magnifications.

Table 1
Chemical composition of different points (see Fig. 10) close to the
metal-ceramic interface

Point Composition, at.%

B C Cu
1 (B4O) 77 23 0
2 (Cu) 3 97 0
3 (crater) 2.1 11.7 86.2

B/C peak mtensitv ratio

Sputtering tie, rin

Fig. 13. Depth profiling of the boron-to-carbon ratio within the near
surface layer of boron carbide, starting (1) under the interface with a
copper drop; (2) at a copper free ceramic surface. The sputtering rate
was ~3nm/min.

attributed to the dissociation of the carbide in contact
with unalloyed copper. Boron that is released dissolves
in the whole volume of the liquid metal. Some of the
carbon released from the carbide forms agglomerates
dispersed in the molten metal contained within the
volume of the crater and some of it is left as a surface
carbon layer. The presence of this layer prevents wetting
of the solid. Similar effects were observed in the SiC—Cu
system.!%!! In contrast, the interface between boron
carbide and a Cu(B) alloys with as little as 3 at.% B,
remained smooth and no evidence of any graphite pre-
cipitation was observed. This case evidently corresponds
to the dotted line 2 in Fig. 12. The altering of the boron

carbide composition in the near-surface region close to
the interface with liquid Cu-B melt is an additional
confirmation of the validity of the thermodynamic ana-
lysis. Similar interface phenomena were observed in the
TiC,-Cu system, in which changes of the substrate
composition, within the stoichiometric range of the
titanium carbide phase, and the wetting behavior were
affected by Ti additions to liquid Cu.!?> Apparently, the
presence of a concentration range of the carbide phase
is a key feature, which governs the wetting phenomena
and the chemical interaction on these metal-carbide
interfaces.

6. Conclusions

In spite of the commonly accepted non-reactive and
non-wetting behavior of boron carbide by molten cop-
per, the latter attacks boron carbide substrates forming
a crater below the contact area. Thermodynamic analy-
sis of the Cu—B—C system in the Cu-rich corner suggests
that boron additions to molten Cu should eliminate the
disruption of the boron carbide. The experimental study
of the wetting phenomena in the boron carbide—copper
system, using the sessile drop method at 1150 °C, con-
firmed the results of the thermodynamic analysis. Boron
additions prevent crater formation, improve wetting
and, for a 10 at.% B alloy, reduce the equilibrium wet-
ting angle to 40°. These results and similar ones
obtained in the TiC—Cu system suggest that the presence
of a carbide phase over a concentration range is a key
feature that governs wetting phenomena and chemical
interaction at these metal-carbide interfaces.
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