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The processing problems associated with boron carbide and
the limitations of its mechanical properties can be signifi-
cantly reduced when a metal phase (e.g., aluminum) is
added. Lower densification temperatures and higher fracture
toughness will result. Based on fundamental capillarity ther-
modynamics, reaction thermodynamics, and densification ki-
netics, we have established reliable criteria for fabricating
B,C-Al particulate composites. Because chemical reactions
cannot be eliminated, it is necessary to process B,C-Al by
rapidly heating to near 1200°C (to ensure wetting) and subse-
quently heat-treating below 1200°C (for microstructural de-
velopment). [Key words: composites, boron carbide,
aluminum, processing, cermets.]

1. Introduction

ORON CARBIDE (B,O)' is a very hard (9.5+ in Mohs scale),’

low specific gravity (2.52), covalent ceramic that offers dis-
tinct advantages for applications involving neutron absorption,
wear resistance, and impact resistance. The extreme sensitivity of
B.,C to brittle fracture (K;, = 3.7 MPa- m"%? and the difficulties
associated with fabricating fully dense microstructures are serious
limitations, however. By using certain additives (e.g., graphite),
B,C sintered at high temperatures (>2000°C) can produce
microstructures with a high density (=98.2% of theoretical
density).? Full density is usually achieved through costly hot-
pressing techniques;* however, even in a fully dense form,
the sensitivity of boron carbide to brittle fracture remains a
major limitation.

Our experiments demonstrated that the processing problems
and mechanical property limitations associated with B,C ceram-
ics can be significantly reduced by introducing a metal phase
(i.e., by developing B,C cermets). If the application is limited to
low temperatures, then a low-melting-point metal phase (e.g.,
aluminum or aluminum alloys) can be introduced to obtain lower
densification temperatures (<<1200°C) and to increase fracture
toughness many times that of B,C. In addition, if the metal phase
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has a low specific gravity, then the resulting cermet can have im-
proved mechanical properties with low weight.

High-strength (>1000 MPa) B-C-Al composites consisting of
B,C-coated boron fibers in an aluminum matrix (=50 vol%
ceramic) have been fabricated.’ Particulate B,C—metal com-
posites currently manufactured include materials consisting of
dispersion-hardened metals (<25 vol% B,C),"¢ boral (30 to
50 vol% B,C),” and B,C—Cu cermets (=60 vol% B,C).® In these
composites, processing temperatures are kept to a minimum
(<1000°C), primarily to avoid chemical reactions between B,C
and the metal phase.

In our work with particulate B,C—-Al composites which have a
greater ceramic content (>55 vol%), we employed processing
temperatures above 1000°C to promote wetting and to permit
carefully controlled reactions in the system. Wetting is necessary
to achieve strong interfacial bonding and to allow liquid rear-
rangement during sintering. If wetting does not occur, external
pressure must be applied to improve consolidation; however,
even pressure techniques are not satisfactory for densification of
some high-ceramic-containing (>60 vol%) composites.

We illustrate in this paper the importance of achieving a
wetting condition in the processing of high ceramic content
(>55 vol%), particulate-based B,C—Al composites, the impor-
tance of understanding the phase equilibria in the B-C-Al system
for the microstructural design of these cermets, and appropriate proc-
essing methods for producing cermets with negligible porosity.

II.

(1) Materials and Specimen Preparation

We used sessile drops formed from high-purity aluminum
shot (99.999% pure), hot-pressed B,C substrates made from
commercial-grade B,C powders, and B,C—Al compacts made
from commercial-grade B,C and aluminum powders. Com-
pacts were small, generally 2.54 cm in diameter and 0.32 to
0.64 cm thick.

To prepare these compacts, we mixed B,C powder® (three
particle-size distributions with median sizes of 4, 10, and 56 pm)
and aluminum powder" (—325 mesh) in isopropyl alcohol, ultra-
sonically mixed the slurry to achieve homogeneity, and consoli-
dated the solids by filtration in a plaster-of-Paris mold. These
compacts were too weak for handling purposes; therefore, the
composite powders were subsequently cold-pressed at 138 MPa
(=20000 psi). We found that higher pressures resulted in unde-
sirable striations in the compacts.

(2) Procedures

Our processing experiments included contact-angle measure-
ments, chemical reaction studies, and densification studies in the
molten aluminum-B,C system.

In conducting our contact-angles experiments, we placed alu-
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Table I. Vacuum-Hot-Pressed
B,C-Al Densification Results*

Aluminum B.C Maximum Indicated Residual
content grain size temperature pressure compact porosity
(vol%) (pm) (o] (MPa) (vol%)

30 <2 1180 15 24
50 <2 1180 15 8
50 <2 1050 20 14
50 <20 1150 15 22
60 <20 1100 15 13

*All runs took 75 min to reach maximum temperature. Maximum temperature
hold time was 6 min at the indicated pressure with pressure being applied after
passing through 800°C. Processing environment was =5 X 102 Pa (107 to
107* torr). Samples were furnace cooled in vacuum under the indicated pressure.
Porosity was determined by bulk density measurements.

Table II. Hot Isostatic Pressed
B,C-Al Densification Results*

Aluminum  B,C average =~ Maximum Residual
content grain size temperature Sample connected porosity
(vol%) (um) (°C) presintered” (vol%)

15 55 1000 Yes 3.50
30 55 1000 Yes 0.11
45 55 1000 Yes 0.04
30 4 750 No >10

*All samples were run at the maximum temperature with a 30-min hold at
207-MPa argon. Heating and cooling rates of 50°C/min were used at 207 MPa.
Porosity was determined by immersion density measurements after 5 min. "1180°C
for 2 min at ~107> Pa.

minum sessile drops on hot-pressed B,C substrates (polished to a
{-um finish) and heated them in a tungsten-mesh, resistance-
heated vacuum furnace at pressures less than 5 X 107° Pa but
greater than 107 Pa (typically between 107> and 107 torr). After
the specimens were vacuum cooled to room temperature and
taken out of the furnace, we measured the contact angles to
within 1° using a protractor grid and optical 10X telemicroscope.

To investigate the nature and extent of the chemical reactions
at the B4C-Al interface, we examined polished (1-um finish)
cross sections of specimens from the wetting experiments using
both optical and scanning electron microscopes. Further studies
included X-ray diffraction (XRD), energy dispersive spectros-

**Model 200 (2.0 centistrokes), Dow Coming Corp., Midland, ML

T IIT] T 11’1[ T lll[ T TTrr
180 F 5 X 1073 t0 1074 Pavacuum |
160 —
= 140}
3 -
5 120}
-]}
£ L
> 100}~
g’ -
c 804
3 !
2 601
8 T
© a0
20}~
1 10 100 1,000 10,000
Time (min.)

Fig. 1. Contact angle of molten aluminum on B,C as a func-
tion of processing time for various isotherms at 5 X 107 to
1 X 107* Pa. Measurements were obtained after sessile drop
was furnace cooled to room temperature.
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copy, and electron microprobe analyses to identify the reaction
products in the microstructures of the sintered compacts.

In our densification kinetics studies, we subjected the B,C—Al
powder compacts to pressureless sintering, hot-pressing, and hot
isostatic pressing. We sintered specimens in the tungsten-mesh,
resistance-heated vacuum furnace at the same pressures used in
the sessile-drop experiments. Hot-pressing and hot isostatic
pressing were performed in accordance with the processing infor-
mation in Tables I and I1. Some hot isostatically pressed samples
were presintered because they were processed at temperatures
lower than those required for adequate wetting. To determine the
level of residual porosity, we made immersion density** and
bulk density measurements on each compact.

Weight loss due to evaporization of aluminum was not meas-
ured. Weight loss was evident, however, because furnace con-
tamination was observed. Weight-loss measurements would be
difficult because many phases are forming with different theoreti-
cal densities.

III. Results and Discussion
(1) Wetting

An important point to be realized is that a nonwetting system
can be transformed to a wetting system by taking advantage of
chemical reactions.’ Previous studies on the B,C—Al system did
not correctly recognize this fact, and, as a result, both obtuse'*"
and acute'™ contact angles were reported as equilibrium values.
Previous works'®"”® on B,C—Al composites were discontinued
when it was concluded that aluminum did not wet B,C.

Figure 1 shows the contact angle of aluminum on B,C as a
function of temperature and time. Based on our contact-angle
data, processing of B,C—Al composites below 1000°C cannot be
accomplished by pressureless sintering techniques because acute
contact angles are not obtained in reasonably short times. By in-
creasing the temperature, low contact angles are obtained in rea-
sonably short times; however, because the vapor pressure of
aluminum also increases with increasing temperature, an upper
processing temperature limit is also necessary to keep vaporization
of the aluminum to a minimum.

The dynamic nature of the contact angle of aluminum on B,C
is associated with the mass transfer across the solid—liquid inter-
face as the system moves toward a state of chemical equilibrium.
During this dynamic stage, the contact angle cannot be expected
to remain constant because the interfacial tensions between the
solid, liquid, and vapor phases will be continuously changing as
a result of compositional and structural variations across the in-
terfaces. The nature of these reactions will be discussed in the
next section.

(2) Reaction Thermodynamics

At least nine ternary phases have been reported for the B-C-Al
system;'S consequently, it is important to select processing con-
ditions that will allow only certain reaction products to form so
that desired properties (negligible Al,C,) will be obtained. Previ-
ous attempts” to fabricate B,C—Al cermets were discontinued
when it was concluded that the reaction products were detrimen-
tal to mechanical properties.

We investigated the reaction products that occur under differ-
ent sets of wetting conditions. Figure 2 illustrates the results of
our reaction thermodynamic studies from 800° to 1400°C and the
reaction products that form when local equilibrium conditions are
achieved. Under these conditions, sufficient aluminum is present
to sustain the reactions shown. For any starting composition, the
initial reaction products will always form at the expense of B,C
and aluminum.

Figure 3 shows some of the characteristic microstructures that
can be obtained under conditions of local equilibrium. An
unidentified phase, called phase X, forms at all of the tempera-
tures in this study. Phase X can coexist with B,C. Initial attempts
to identify phase X were unsuccessful because its XRD pattern
did not match any binary AlLB,, Al,C,, B,C,; ternary Al.B,C;;
or binary or ternary oxide, nitride, oxycarbide, oxynitride, or car-
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AlgB1.3C,
(AlgB4Cy)

Fig. 2. Thermodynamic-reaction-
series map for B,C—Al composites
initially densified at 1180°C and
heat-treated under various isothermal
conditions between 800° and 1400°C.

bonitride XRD patterns.*® Some of the characteristic XRD lines
for phase X have been recently reported,’’ and energy dispersive
X-ray and electron microprobe analyses indicate that phase X is
largely aluminum with smaller amounts of boron and carbon.

In a recent study, Sarikaya er al.* characterized the crystal
structure and composition of phase X by transmission electron
microscopy techniques. Electron diffraction studies indicate that
the crystal structure of phase X is hexagonal close packed with
lattice parameters quite different from any of the other binary or
ternary phases in the B-C-Al system. Their preliminary studies

AlsB,.5Cq
(AlgB,C1)

AlB,,Cy

by electron energy loss spectroscopy indicate that the com-
position of phase X is ALLBC.

B,C and aluminum react to form phase X. Under local equi-
librium between 800° and 900°C, AlB, and phase X are the
major reaction products. Under these conditions, phase X is
stable, and it will decompose only after all of the free aluminum
is depleted from the system. Above 1100°C, there is less phase X
because aluminum is rapidly being depleted through the forma-
tion of other more thermodynamically stable phases.

Figure 3(A) shows a typical microstructure in local equilibrium

Fig. 3. B,C-Al cermets showing different sintered microstructures obtained after initially heating to 1180°C for 2 min and subsequently heat-treating at
(A) 800°C for 24 h (initial composition: 80 vol% B,C—20 vol% Al); (B) 1000°C for 1.5 h (initial composition: 70 vol% B,C-30 vol% Al); and (C) 1300°C
for 1 h (initial composition: 30 vol% B,C-70 vol% Al).
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at 800° to 900°C. Small grains (1 to 5 um) of B,C are surrounded
by large, forming ceramic phases. After 24 h of heat treatment
at 800°C (Fig. 3(A)), there is more phase X and AIB, than B,C
(initial composition: 80 vol% B,C—-20 vol% Al). This microstruc-
ture reaches local equilibrium between phase X, AlB,, and B,C
within tens of hours at 800°C. After 250 h, the amount of AlB,
has decreased to form AlB,,; after 500 h, B,C, phase X, AlB,,
AlB,,C,, and Al,C; are substantially present in the microstruc-
ture. Further heat treatment indicates a tendency to the rapid de-
pletion of phase X and an increase of AlIB,; and Al,Cs.

The hypothetical compatibility triangle shown in the lower left-
hand comer of Fig. 2 illustrates the tendency toward overall thermo-
dynamic equilibrium. It is assumed that overall equilibrium is
achieved when AIB,, Al,C;, and B,C coexist as stable phases.

Above 900°C, but below 1200°C, the following microstructural
differences occur: (1) AlIB,C, is thermodynamically favored over
AlB,, between 900° and 1000°C, and (2) AlB, continues to form
up to 1000°C; however, above 1000°C, AlB, is only present when
the microstructure is cooled. Figure 3(B) shows a microstructure
resulting from these local equilibrium conditions after 1.5 h at
1000°C (initial composition: 70 vol% B,C-30 vol% Al).

Between 1200° and 1400°C, the following further changes in
the microstructure occur: (1) Al,C; is forming very quickly (asso-
ciated with a decrease of the ternary phase X); (2) AlB,C, is
now favored over AlB,C, and becomes the major ternary phase;
(3) above 1300°C, XRD patterns indicate the appearance of a
phase previously regyorted as Al,B, ;C,,"” but more recently
reported as AlB,C7” and (4) at 1400°C, Al,C, begins to crystal-
lize in the shape of short whiskers. Figure 3(C) shows a micro-
structure characteristic of the local equilibrium conditions after
1 h at 1300°C (initial composition: 30 vol% B,C-70 vol% Al).

At temperatures above 1300°C, overall equilibrium occurs only
after all aluminum and phase X are completely depleted from the
system. This is followed by the decomposition of Al,C; and the
eventual coexistence of graphite, B,C, and AlB,,C, as the remain-
ing stable phases. The compatibility triangle in the lower right-
hand corner of Fig. 2 illustrates this global equilibrium condition.

Our reaction thermodynamic study determined that local equi-
librium conditions between 800° and 1200°C must be established
so that phase X will evolve and consequently tie up most of the
free carbon required to form Al,C;. Because of its hygroscopic
nature and poor mechanical properties, Al,C; is undesirable.
Above 1200°C, local equilibrium conditions do not suppress

Fig. 4. B,C-Al (30 vol%) cermet hot-pressed at 1180°C under vacuum
(5 X 107 Pa) for 6 min at 15 MPa (=2000 psi) showing a region of local
densification surrounded by porous regions.
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Al,C; formation; however, composites with Al,C; whiskers are
more chemically stable because of a protective layer of phase X
around them. Therefore, to process B,C—Al cermets, it is neces-
sary to rapidly heat the composition to near 1200°C to ensure that
wetting occurs and subsequently heat-treat these compositions at
temperatures below 1200°C if further microstructural develop-
ment is desired.

(3) Densification Kinetics

Fully dense states can be achieved prior to reaching desired
thermodynamic conditions either by slowing down reaction kinet-
ics or by speeding up densification kinetics. Favorable results can
be obtained by employing small-size powders; however, in our
study, the larger B,C powders (56 pum) were primarily used for
two reasons. First, because appropriate colloidal processing tech-
niques for codispersing B,C and aluminum powders had not yet
been developed, the 4- and 10-um B,C powders resulted in large
agglomerates (250 wm) which led to microstructural inhomo-
geneities during sintering. Second, we wanted to show that
B,C—-Al composites could be fabricated without agglomeration
problems and at the same time reduce the rate of chemical reac-
tions by decreasing the B,C—Al interfacial area.

The starting B,C particle size did not affect the cold-pressed
B,C—Al green density. All three particle sizes result in produc-
ing =65% dense green parts with 30 vol% aluminum content and
~72% dense green parts with 50 vol% aluminum content.

B,C-aluminum compacts will undergo neither pressureless nor
pressure-assisted demnsification unless wetting occurs. Qur pres-
sureless sintered compacts always had residual porosity from
28 vol% (for compacts containing 30 to 45 vol% aluminum) to as
high as 44 vol% (for compacts containing 15 to 30 vol% alu-
minum). This occurred despite the fact that conditions for wetting
were obtained; however, compacts with larger B,C particles
(56 wm) did achieve slightly higher densities than compacts with
smaller B,C particles (4 and 10 pm). In all cases, compact sin-
tered densities were about 5% lower than their initial green densi-
ties. Even when pressure techniques (vacuum hot-pressing and
hot isostatic pressing) were applied to compacts containing be-
tween 15 and 60 vol% aluminum, porosity was not completely
eliminated, although it was significantly reduced.

High levels of porosity in the pressureless-sintered compacts
occurred because (1) at temperatures required for densification
(wetting), chemical reaction rates are faster than the spreading

Fig. 5. B,C-Al (30 vol%) cermet initially sintered at 1180°C for 2 min
under vacuum (107° Pa) and subsequently hot isostatically pressed at
1000°C for 30 min at 207-MPa (=30 000-psi) argon. Note improvement
in uniformity compared with Fig. 4.
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Parameters that

Processing trade-off control trade-off

Effect of trade-off
on reactive-liquid
sintering mechanism

Optimum processing

High temperature versus
low temperature
Short time versus
long time

Wetting versus evaporation

Chemical reaction versus
densification

Hot-pressing versus

Axial pressure versus ¢ ) )
hot isostatic pressing

isostatic pressure

Depletion of liquid aluminum
by evaporation

Chemical reaction kinetics
faster than densification
kinetics results in
inhibiting rearrangement and
depletion of aluminum due to
new phase formation

Stress gradients
inhibit rearrangement

Use high temperatures
for short times

Speed up densification rate
by applying pressure
and/or slow down
chemical reaction rate by
increasing B,C grain size

Hot isostatic pressed
presintered compacts

rates for aluminum, and (2) at these temperatures, the vapor pres-
sure for aluminum is higher than that of the vacuum-processing
environment employed. Both of these mechanisms result in the
depletion of aluminum. The formation of new phases (reaction
kinetics), however, has the most detrimental effect. When
enough reaction product has formed, the microstructure becomes
“locked up,” prohibiting further rearrangement. This, combined
with the fact that there is an insufficient amount of molten
aluminum to fill the remaining pores, results in high-porosity
final products.

Table I shows the results of the vacuum-hot-pressed compacts.
These results indicate that increasing the aluminum content does
reduce the amount of porosity in the cermet. Also, increasing the
pressure (while lowering the hot-pressing temperature to slow
down the depletion of aluminum) reduced, but did not eliminate,
porosity completely.

Densification by hot-pressing is inhibited by mechanisms other
than the competition between phase formation and the capillary
flow of molten aluminum. Figure 4 shows regions where
local densification is obtained by satisfying the capillarity—
thermodynamic criterion of low contact angles, while grossly
porous regions are sporadically located adjacent to these dense
regions. Agglomeration of the B,C particles will also increase
this effect.

Axial forces applied to powders during vacuum hot-pressing in
a graphite die result in radial forces on the compact. The magni-
tude of these radial forces is largely dependent on the plasticity of
the powders and always results in stress-concentration gradients
within the compact.” When B,C grains are forced to bridge or
lock tightly in regions of high-stress concentrations, liquid rear-
rangement by capillary action will be hindered. This will permit
local densification where rearrangement is possible (low-stress
concentration areas within the compact), resulting in aluminum-
depleted regions where bridging is the strongest.

Since we desired to achieve densification without depleting
aluminum and also avoid the previously described mechanisms
inhibiting uniform rearrangement, we hot isostatic pressed presin-
tered compacts. (The presintered compacts were sealed under
vacuum in stainless-steel cans.)

Table II shows the results of the hot isostatic pressed com-
pacts. Even with hot isostatic pressing, however, the results indi-
cate that a minimum amount of aluminum is required to reduce
porosity to negligible levels (=1.0 vol%). Hot isostatic pressed,
presintered compacts had connected porosities =3.5 vol%,
whereas nonpresintered (nonwetted) compacts had porosities in
excess of 10 vol%. As aluminum content was increased above
30 vol%, connected porosities dropped to below 1 vol%. A hot
isostatic pressed microstructure is shown in Fig. 5. The micro-
structure confirms that the uniform application of pressure re-
sulted in (1) accelerating the densification kinetics faster than the
chemical reaction kinetics and (2) elimination of stress-induced
microstructural inhomogeneities.

Our study has shown that certain processing trade-offs must be
considered to produce B,C-Al composites. Table III summarizes
these trade-offs.

IV. Conclusions

Based on fundamental capillarity thermodynamics, reaction
thermodynamics, and densification kinetics, definite processing
criteria have been established for obtaining B,C—Al composites.
In these materials, chemical reactions occur between 800° and
1400°C. These interfacial reactions are the driving force for the
wetting of B,C by molten aluminum. Because the chemical reac-
tions cannot be eliminated, it is necessary to process B,C—Al by
rapidly heating to near 1200°C (to ensure wetting) and subse-
quently heat-treating below 1200°C (for microstructural develop-
ment). Densification is inhibited because chemical reactions
occur faster than capillarity-induced liquid rearrangement. There-
fore, it is recessary to apply pressure to accelerate densification
faster than the kinetics of phase formation, which is the major
hindrance o rrrangement during pressureless sintering. To en-
sure microsisiural homogeneity, it is also necessary to apply
this pressu: ~vmform manner by hot isostatic pressing presin-
tered compacts.
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Electrochemical Techniques for Corrosion Rate

Determination in Ceramics

Ramesh Divakar,* Srinvasa G. Seshadri,* and Makuteswara Srinivasan*
Technology Division, Standard Qil Engineered Materials Company, Niagara Falls, New York 14302

Standard electrochemical test procedures have been success-
fully applied to determine the corrosion rates of SiC-based
ceramics in aqueous reagents. Direct-current polarization
measurements in HCI solutions indicate that the corrosion
rate of «-SiC is 0.0050 = 0.0002 mil/yr and is fairly inde-
pendent of HC] concentration. The corrosion rates of a-SiC
are significantly lower than those for reaction-sintered SiC
in all of the electrolytes used including HCI, HNO,, H;PO,,
and aqua regia. It is believed that the free Si contained in
the reaction-sintered SiC is responsible for the higher corro-
sion rates. It has been shown that electrochemical techniques
are reproducible and eminently suitable for determining very
low corrosion rates encountered in ceramics. [Key words:
silicon carbide, electrochemistry, corrosion, electrical prop-
erties, polarization.]

1. Introduction

ACOMMON application of the high-performance ceramics, such
as silicon carbide, is in the chemical processing industry
where acids, alkali, and other combinations of corrosive fluids
are pumped, requiring corrosion and wear-resistant seals.' Although
the corrosion rates of ceramics are generally small compared to
the metallic components, the corrosion behavior of potential seal
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materials is not well documented in various reagents or combina-
tions of liquids that may be encountered in service.

In the past, the corrosion rates of ceramics have been deter-
mined mostly by periodic weight loss measurements after immer-
sion in the electrolyte of interest, but the applicability of this
method to extremely low corrosive conditions is very limited.
Furthermore, prolonged test periods are needed (over 200 h) for
reasonable accuracy in weight loss measurements. Therefore, the
development of a comprehensive data base on corrosion rates of
various ceramics in different reagents at temperatures of interest
is a laborious task. This technique, however, is simple and straight-
forward and does not require any knowledge of corrosion reac-
tions that are occurring.

The electrochemical techniques, on the other hand, offer a po-
tentially easier and quicker way to determine the corrosion rates.
The basis for this approach lies in the implicit understanding of
the chemical reactions that are responsible for corrosion. In addi-
tion, appropriate electrochemical theories and analysis procedures
need to be developed to reduce the current and voltage observa-
tiens to corrosion rate information. Many different procedures
utilizing dc and ac techniques have been evolved in recent years,”
each providing a wealth of information on the corrosion phenomena
for metals and alloys. With improved instrumentation and analysis,
these methods have become very practical.

A survey of the corrosion literature reveals that, except for a
cursory study,® there has been very little work done in the area of
electrochemical corrosion of ceramics. In this work, an attempt is
made to evaluate the applicability of these techniques to two SiC-
based ceramics in various aqueous reagents. This work is also
aimed at the development of electrochemical test procedures for
ceramics and ceramic composites since no standards are available





