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ABSTRACT

The infiltration of ceramics by liquid metals to fabricate ceramic-metal composites is discussed. In particular, the complexity of
infiltrating ceramics by liquid metals at high temperatures due to interfacial reactions, metal oxidation, pore modulation and clo-
sure, and transient capillary forces has been highlighted. The role of these factors is discussed in the context of reactive infiltra-
tion with examples from ceramic/metal composites of practical interest. In addition to flow through porous ceramics, reactive
penetration of dense ceramics via chemical dissolution and reaction is also discussed.
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1. Introduction

nfiltration of ceramics by liquid metals is a widely used
technique to synthesize ceramic-metal composites. Infil-
tration is also encountered in coatings, sealing, brazing, sin-
tering, and numerous other processes. The flow of metals
through porous ceramics is either spontaneous, driven by
self-sustaining capillary forces, or it may require external
pressure (delivered by vacuum suction, hydraulic rams,
inert gas, centrifugal force, or electromagnetic field) when
the poor wettability of the solid ceramic inhibits spontane-
ous wetting. The complexity of infiltrating ceramics by liq-
uid metals at elevated temperatures is compounded by
surface roughness, chemical inhomogeneity, variable cross-
section and pore morphology, tortuosity, and partial solidifi-
cation (if the ceramic is sub-cooled with respect to the invad-
ing metal), and reaction layer formation, both of which may
lead pore closure and flow cessation. The flow may be multi-
directional, accompanied by exothermic chemical reactions
and dissolution processes that release chemical species in
the flowing liquid, and modulate the thermal and diffu-
sional fields. Reactions can also cause time-dependent
changes in the solid/liquid (S/L) interface, and in the capil-
lary forces driving the flow. Fluid shear may redistribute
the solutes and rearrange loosely-packed particulate ceram-
ics.
Infiltration pervades numerous technical fields,"” and
boasts of rich and eclectic technical literature that inte-
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grates theories of surface physics, hydrology, thermal and
fluid sciences, materials science, chemical engineering, and
high-temperature chemistry, thus permitting knowledge
crossover and exchange between disciplines. This presents
both a challenge and an opportunity to study the various
facets of infiltration from different points of view. In this
review, we discuss the infiltration of ceramics by liquid met-
als, focusing on some aspects of wetting, reactivity, and
metal flow primarily in porous ceramics. In addition to cap-
illary-driven flow through porous ceramics, reactive pene-
tration of dense ceramics via chemical dissolution and
reaction is also discussed.

2. Infiltration of Porous Ceramics

Fig. 1 shows examples of ceramic-metal composites syn-
thesized by liquid metal infiltration of technical ceramics
with micrometer-size pores, such as SiC platelets and sap-
phire fibers. The metal crystallizes within the pores to form
the usual solidification microstructure but with some modi-
fications caused due to the constrained solidification within
fine pores (e.g., reduced amount of eutectic and secondary
phases, reduced segregation in fine pores, etc). Reactive sol-
utes in the liquid matrix may attack the ceramic phase
causing its dissolution. Poorly wetting ceramics regquire
external pressure to initiate the flow. When performs made
of ceramic fibers are used, are must be taken to minimize
fiber damage, preform distortion, and uneven fiber distribu-
tion under external pressure. Fiber-to-fiber contact at large
fiber fractions may lead to metal-starved regions that may
become crack initiation sites upon solidification. Processing
conditions must be carefully designed to avoid these prob-
lems.
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Fig. 1. Melt infiltrated SiC/2014 Al composite (a)-(c), and sapphire/Ni-superalloy composite (d)-(g). (b)-(c) show cored dendrites, (d)-
(g) show fiber distribution, interfiber channels, and chemical attack of sapphire by the superalloy.

2.1. Threshold Pressure

The onset of flow in non-wetting ceramics occurs when the
fluid pressure at the liquid front exceeds a critical or thresh-
old pressure, P,."*""*? Fig. 2(a) displays the measured P,
as a function of particle diameter, D, in some ceramic/metal
systems. The diameter, D, is related to the effective pore
size; in randomly packed beds, the effective pore radius, R,
is taken to be the hydraulic mean radius. The data of Fig.
2(a) show that P, varies inversely with D, which is consis-
tent with the Young-Laplace equation for capillary pres-
sure, P, (P, =—-20;cosdR, where oy, is the surface tension
of the liquid, and 6 is the contact angle, defined from the
Young-Dupre equation, oy, = o;,+ o;,c086, and ¢’s are the
interfacial energies of solid (S), liquid (1)), and vapor (V),

respectively). Thus, P, may be regarded as a practical mea-
sure of P, in high-temperature ceramic/metal systems.
From the Young-Laplace equation it is noted that an acute &
(6<90° yields a negative value of P, indicating spontane-
ous wetting and self-infiltration (‘wicking’), which is utilized
for pressureless infiltration to fabricate the composites.***®
The threshold pressure also depends upon particle shape,
and is found to be greater for ceramic platelets of high
aspect ratio, which tend to form narrow wedge-shaped capil-
laries due to preferred orientation and stratification, than
nodular particles."3%?

During flow through ceramics, liquid metal may encoun-
ter chemical inhomogeneity and roughness which impair
the wettability and reduce the capillary forces. Contact
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Fig. 2. (a) Literature data on threshold pressure of Al in SiC,
B,C, TiC and ALO,, and (b) the effect of temperature
on the P, of Al and Zn alloys in SiC and B,C.

angles given by the Young-Dupre equation apply to ideal
surfaces. Real surfaces are chemically and structurally
inhomogeneous, and consist of grooves, ridges, grain bound-
aries, dislocations, adsorbed films, and oxidized, corroded or
coated areas, as well as crystal planes of different atomic
density. The liquid front on a real surface does not retrace
its path during forward and receding motions, and the con-
tact angles are different during advance and recession. This
gives rise to contact angle hysteresis, which increases with
increasing roughness. The scale of roughness, metal veloc-
ity, and temperature determine the effect of roughness on
flow. At large velocities in forced flow, liquid front ‘slips’
over asperities without penetrating the wedges whereas at
low velocities, the front advances by ‘stick-slip’” motion. At
very high temperatures, roughness effects on wetting may
be masked by the thermal energy.

Both the liquid surface tension, g,, and contact angle, 6
(and, therefore, P) depend upon temperature, atmosphere,
and liquid composition.”'**” Experiments show that P,
decreases with increasing temperature (Fig. 2(b)), which is
a consequence of the improved wettability at elevated tem-
peratures. However, high temperatures are beneficial only
under a ‘clean’ atmosphere in which the wettability-inhibit-
ing surface oxides are unstable. In fact, the experimentally

measured P, is frequently found to be nearly the same for
different types of ceramics such as SiC, TiC, and ALO, when
they are infiltrated at a constant temperature by molten Al
in air.” This is contrary to the sessile-drop measurements of
wettability at similar temperatures which show that these
particulates form different contact angles with Al under
controlled test environment.**® Inert and/or reducing
atmospheres (Ar+ H,) and metal-coated ceramics®™ yield
low values of P,. Thus surface oxides obstruct attainment of
wettability even at high temperatures under oxidizing
atmospheres, and to realize the benefits of improved wetta-
bility at high temperatures, it is imperative to utilize an
oxygen-deficient atmosphere. Most in-situ composite growth
techniques utilize controlled atmosphere and wetting-pro-
moters (e.g., Mg) to reduce the oxidation and create large
negative capillary pressures to cause self-infiltration (‘wick-
ing). In most cases, a critical level of the wetting promoter
such as Mg is needed. Self-infiltration has been profitably
used to fabricate a variety of ceramic- and metal-matrix
composites. The composite forms by growth of multi-phase
layers at the reaction front, which consist of MgO and
MgALO,. Microchannels in these layers allow ‘wicking’ of
the melt to the free surface and continuation of composite
growth. The growth rate is limited by the supply of metal at
the reaction front, and the transport of oxygen through
grain boundaries, microcracks and pores in surface layers.
If all the metal is used up, porous microstructures form.
Self-infiltration is, however, slow, and can take several
hours to form the composite.

The experimental dependence of P, on D (Fig. 2(a)) sug-
gests that extremely large pressures are needed for infiltra-
tion of very fine ceramics. Recent studies™ have shown that
pressures on the order of ~2 — 8 GPa are needed to infiltrate
ALO,, SiC and diamond nanoparticles by Mg, Sn, Zn, Al,
Ag, Cu, and Ti. Fine pores may approach the atomic lattice
size in crystals, making it prohibitively difficult to infiltrate
such pores even though there may be technological benefits
in doing this. Consider the intriguing possibility of infiltrat-
ing ropes made from carbon or boron nitride nanotubes with
liquid metals to produce ultra high-strength ceramic/metal
composites. The spacing between the individual strands in
such ropes is in the sub-nanometer range, e.g., ~0.34 nm in
ropes made from multi-walled BN nanotubes,*” which is on
the order of the (0001) lattice spacing in hexagonal BN.
Infiltration of such atomic size pores using conventional
techniques in the absence of surface modification to improve
the wettability may be forbidden due to the prohibitively
large pressures needed to initiate the flow.

2.2. Effect of Oxide

Oxygen strongly influences the infiltration and spreading
behavior of metals on ceramics. Metal/oxide couples with
very low quantities of dissolved O in the liquid metal (from
the dissolution of the substrate) exhibit large q because of
purely physical (dispersion) forces™ at the interface. For
non-reactive couples with more dissolved O from the sub-
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strate, the Me-O clusters are adsorbed at the interface, and
yield relatively low & values. The lowest & values are
achieved in reactive Me/oxide couples that form reaction
products with metal-like character. However, undissolved
residual oxygen in the infiltration atmosphere will inhibit
the spreading by forming tenacious oxide skin on the liquid
front, which will resist metal flow and hinder ceramic/metal
contact. This will adversely influence not only the & value,
but also the metallurgical structure and adhesion at the
interface.

The negative effects of oxide films on ceramic/metal wetta-
bility are clearly revealed in sessile-drop tests that utilize a
Capillary Purification (CP) technique® to erode the surface
oxides by extruding tiny droplets of liquid metals through a
graphite syringe just prior to contact with the substrate
under high vacuum (or under inert atmosphere). Fig. 3(a)
compares the contact angle, 8, of AVALQO, sessile-drop cou-
ples made using two different wettability test procedures:
Contact Heating (CH) in which the metal and substrate are
jointly heated to the test temperature, and the capillary
purification technique (CP). The data of Fig. 3(a) reveal the
benefit of mechanical removal of surface oxides on the con-
tact angle; a low #is obtained with the CP procedure even at
relatively low temperatures. Such low #values are attained
in CH only at significantly higher temperatures where oxide
dissociation permits physical contact. Fig. 3(b) shows the
measurements of interfacial shear strength, 7, in CH and
CP AVALO, couples which also confirms the beneficial
effects of oxide removal by CP. The shear strength measure-
ments were made using an improved droplet push-off
technique®™*” in which the solidified sessile-droplet bonded
to the ceramic substrate are bisected using a precision cut-
ter along their diameter, and shear stress is applied to the
flat (cut) face of the couple to dislodge the droplet.

In summary, when the initial surface oxide film is
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removed using CP (or destroyed in CH when very low oxy-
gen partial pressures, p,, are used), acute 8 (<90°) is
obtained even at low temperatures, which permits unhin-
dered spreading. At high temperatures, the destruction of
the oxide under vacuum lowers the 6*" by 1) the formation
of the volatile suboxide, AL,O via the reaction: 4Al(l) +
ALO,(s)— 3A1,0(g), and 2) partial dissolution of Al,O, skin
in metal drop. These observations show that the positive
effects of oxide removal (or low p,,) could mask the negative
effects of a low wettability test temperature. The effects of
surface oxides are somewhat system-specific; surface oxides
diminish the wettability (and joint strength) by obstructing
the wettability-enhancing reactions in systems that are
inherently reactive, but the oxide removal per se does not
improve the wettability in non-reactive systems that are
non-wettable.

In a manner similar to the Capillary Purification (CP)
technique used in advanced sessile-drop tests, mechanical
breakdown of oxides on the liquid front during infiltration
under an applied pressure could also lower the 6 and P,.
There are, however, fundamental differences between infil-
tration and CP. In CP, oxide is mechanically eroded due to
the grinding action against the graphite syringe, whereas in
pressure infiltration, external pressure would cause shear-
thinning and film rupture via forced deformation of the
oxide covering the liquid front.*® Metal ingress occurs when
the oxide ruptures. The modeling of these complex processes
is difficult but a rough estimate of the pressure needed to
fracture the oxide can be made by likening the film at the
pore entrance as a symmetrically-loaded hemispherical
elastic shell.*® The two normal forces per unit length of the
shell, N,and N, can be obtained from the theory of elastic
shells. Under a uniform pressure differential, AP, across a
shell of thickness, y, these forces yield strain components
whose maximum value (at ¢ =41.8°) are: ¢g,,,~APd
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Fig. 3. Effect of contact heating (CH) and capillary purification (CP) on (a) wetting and (b) shear response of solidified sessile-drop

couples of AVALO, (x: shear stress).
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(4.668 + 0.668n)/8Ey, and &, = APd(0.668 — 4.4481)/8Ey,
where E and vare the elastic modulus and Poisson’s ratio of
the oxide film, respectively, and d is the capillary (pore)
diameter. If, it is assumed that the oxide ruptures when the
product E.g,, . becomes comparable to the transverse rup-
ture strength, o, of the oxide, then the pressure to fracture
the film may be estimated using handbook data for E, v, and
o of AL,O,. Whereas the elastic shell analogy of the surface
oxide (which is probably amorphous) is an idealization and
fails to capture many essential aspects of the complex defor-
mation processes, the estimated pressures are found to be
comparable in magnitude to the measured threshold pres-
sures in the SiC/Al system.*®

2.3. Kinetics of Infiltration

2.3.1. Measurements

Infiltration kinetics of metals in porous ceramics have been
measured using interrupted infiltration tests,!3182%3%4-10
weight gain using thermogravimetry,”*® dynamic mea-
surements using implanted electrodes,”**'*® and non-inva-
sive capacitance methods.?**” Even for non-reactive systems,
the flow kinetics in porous ceramics are influenced by a
large number of variables, which include pore size distribu-
tion, pore shape, surface tension, contact angle, viscosity,
density, magnitude of applied pressure (if used), rate of
pressurization, metal temperature, composition, and gas
atmosphere. Thermal properties may play a major role if
the infiltration is non-isothermal and is accompanied by
metal solidification.”” Fig. 4 shows the influence of time on
infiltration distance in some ceramic-metal systemis. Infil-
tration increases with the contact time, and also with pre-
form temperature and applied pressure.

For reactive systems, infiltration phenomenon is addition-
ally affected by the structure and properties of freshly
formed reaction product as well as by the mechanisms
responsible for the system reactivity. Generally, Surface
modification, matrix alloying or any other method applied to
enhance the wettability will lead to faster infiltration. For
example, wettable surface coatings and reactive alloying
additions, which produce wettable reaction products, reduce
the infiltration time and increase the infiltration length.
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Fig. 4. Literature data on infiltration length versus time in
SiC/Al, ALO./Al, SiO,/Al, TiO,+C/Al, AIN/Al, TiC/Al,
and mullite/Al under different conditions of tempera-
ture, pressure and particle size.
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Fig. 5. Effect of Cu-coating on infiltration length in packed
beds of single crystal SiC platelets, infiltrated by
2014Al alloy.

Even the surface-active alloying, which does not signifi-
cantly improve the wettability (very small or negligible
decrease in the contact angle value, which remains higher
then 90°) but results in the reduction of the surface tension
of the metal, there is a reduction in the pressure needed to
overcome the capillary pressure resisting the flow in a non-
wettable system. Many examples can be cited. Cu in Al
slightly increases the P, but Cu in the form of coating low-
ers the P,” and permits greater infiltration lengths to be
achieved in the SiC/Al composite (Fig. 5). In the case of Pb
alloying of Al, Pb decreases the surface tension and thresh-
old pressure for the infiltration of ceramics, and increases
the infiltration length, even though Pb is non-reactive and it
does not affect the contact angle value.” With Ti in AV
Al,O,, Ti alloying does not improve the wetting by Al but Ti
coatings lower the 6.° Unlike Ti and Cu in Al, which do not
improve the wettability as alloying additives, Cr is benefi-
cial as both coating and alloying element in Ni/ALO, and
CwALO, "% Other wettable coatings (Ni, Ag, Cr, K,ZrF,
etc) also lower the ¢ and P, in ceramic/metal systems in all
of which the dissolution of the coating in liquid metal is
responsible for enhanced wettability. In the case of surface
coatings of the compound K,ZrF, used with Al or its alloys,
the disruption of aluminum oxide film (which is partially
dissolved by the fluoride species in the coating) presents an
additional factor contributing to better wetting and conse-
quent faster or deeper infiltration. The P, decreases when
K,ZrF, is used but does not drop to zero.'? Larger infiltra-
tion lengths are attained with K,ZrF coatings on ceramics.
Similar effect of wettability improvement due to the oxide
film disruption may be achieved by alloying Al with Mg,
that along with lowering of o, contributes to reduction P,

Even at slow spreading rates characteristic of low
(<1 MPa) pressure gas infiltration techniques, spreading
could be faster than coating dissolution so the infiltrating
liquid is constantly exposed to a wettable (coated) surface,
thus enhancing the infiltration. At higher pressures
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(squeeze casting), where flow is faster (~1 m-s™), infiltra-
tion is completed prior to coating dissolution, and residual
coatings on particle surface could remain after solidification
(often as exfoliated or partially cracked surface layers).

2.3.2. Theory

Two fundamentally different approaches are used to
model infiltration: Darcy’s equation which yields an aver-
aged flow behavior, and fluid physics based models that
solve the equation of fluid motion in a single pore (capil-
lary). For steady-state unidirectional flow, Darcy’s equation

isu= —5%% where u is the velocity, p is the pressure, uis

the dynamic viscosity of the fluid, x is the permeability of
the porous medium which is intimately related to void frac-
tion and pore size distribution. Empirical relationships to
predict the permeability of packed beds of particulates and
fiber bundles, including geometrical correction factors for
shape deviation from perfectly spherical, and for misalign-
ment of the fibers, have been derived. However, the com-
plexity of real porous solids renders theoretical predictions
somewhat difficult if not unreliable, with the result that k is
generally determined with the aid of Darcy’s law and from
experimental measurements of fluid velocity and pressure
gradient. This renders the entire approach somewhat circu-
itous, and of limited value. The second theoretical approach
develops an equation of fluid motion within a single ideal-
ized pore in terms of the various forces acting on the fluid.
For counter-gravitational (rise) of a wettable liquid in a
straight cylindrical capillary of radius R, the fluid motion
can be described by the following differential equation that
includes surface tension, viscous drag, end drag and gravi-
tational forces,**®

2 dh 2 (di\?
27R oy ycos6- 7R pgh— 87z,uh -0.25zR p(a)

_da 2, dh
{ R t} &)
where g, is surface tension, p is density of melt, 1is (equi-
librium} contact angle, u is viscosity, is acceleration due to
gravity and h is the infiltration distance. This equation can
be rewritten as

d’h dh dh\., ., _
h(dt dh . 25(dt) +ah(dt)+gh— b @)
855 20 ycosd
where o= and b= . This non-linear equat1on

dh) 0;t=0 to the
dt

initial conditions to derive the kinetics of capillary rise. A
few limiting cases of practical interest that permit analyti-
cal solution can also be envisioned. For example, if the accel-
eration term is small, then the following solution to Eq. (2)
is obtained

-t (o) )]

can be solved numerically subject i = (
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At slow rate of rise and negligible end drag, an asymptotic
solution, or the Washburn equation is obtained, which rep-
resents the long-time, steady-state solution. This equation
has the form

2_(pR’ 207,c08 9_
n=(eE [————pR gh]t @
If the total penetration length, , is much smaller than the
height, h,,, to attain hydrostatic equilibrium (i.e., A <<h,;,
where h,, = 207, c0spgR), then

dh _ pR”( 0rvCos
hdt 4,u( pR ®)

and the solution becomes a particularly simple parabolic
expression

B2 (RO'LVcosﬂ)t ©)

If the capillary radius is smali, the infiltration length
depends mainly on the parameter (Ro, cosd2.); larger the
value of this parameter, greater is the infiltration distance
in a given time. Thus, the simplest capillary-fise model
yields a parabolic increase in infiltration distarice, h, with
time.

The parabolic solution has been applied to infiltration of
metals in porous sintered alloys such as Fe-Cu, Fe-Ag, Cu-
Ag, Cu-Pb, Fe-Pb, Cu-Sn, Sn-Pb, Ni-Ag, and porous TiC
compacts infiltrated with Al. The expression for the para-
bolic infiltration kinetics (h® = kt) shows that the parameter
(ro,cosd2u) can be considered as an infiltration rate con-
stant, k. The experimental data on the effect of t on h in sev-
eral oxide and carbide ceramics'®?>*2#17506069 wore shown
in Fig. 4. Usually, quantitative agreement between theory
and experiment is not achieved due to several reasons. Dis-
crepancies arise even in wettable systems, and may be due
to both hydrodynamic and interfacial factors, which include
irreversible losses due to sudden expansion/contraction of
pores, unsteady multidirectional flow, uncertainties in the
effective pore radiuis, increase in physical and chemical
inhomogeneity of the ceramic surface, and transient capil-
lary forces due to temporal evolution of the conitact angle.

2.3.3. Infiltration Rate Constant and Activation
Energy

Asstiming parabolic kitietics (b2 = K?) for infiltration, the
approximate values of the infiltration rate constant, k, given
from % = Ro;cosd24, can be extracted from the experimen-
tal measurements of infiltration kinetics. Experimental val-
ues of k are displayed in Fig, 6 for SiC/Al and ALQO, (Safil)/
Al composites based on data from different studies;'>'*#°069
the data show that % varies roughly between 4.4 mm?*-s™ to
1428 mm?®- s7'. The measured infiltration rate constants for
infiltration of sintered compacts show that (k,,,,/k,,,) could
vary from less than 10 to over 60. Such large discrepancy
has been attributed chiefly to the assumption of a constant
contact angle®® as discussed later. Wettable coatings
increase the k; for example, Cu coatings on SiC increased
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Fig. 6. Infiltration rate constant (Ro,cos8/2y) for SiC and saf-
fil (alumina short fibers) infiltrated with molten Al

the % for Al infiltration from 72.3 to 213.2 mm?®:s™. The
value of k for powder metal parts'®®® is generally 174 — 812
mm?: g7, For a large number of high-temperature systems,
the rate constant k varies with temperature, T, according to
the Arrhenius relationship k = Aexp(—-@/RT), where @ is an
activation energy. The flow is thus thermally-activated, and
the value of @ is suggestive of the dominant transport mech-
anisms driving the flow. Typical @ value for SiC/Al*? is 58.8
kJ - mol ™, for TiC/AI® it is 105.0 — 445 kJ - mol ' for 1 — 25 mm
pores, and for the reactive penetration (section 4) of dense
and porous mullite with AL® it is 70 and 185 kJ- mol™,
respectively. Transitions in operative mechanisms, reflected
in the @ value, occur with changes in T and/or pore radius,
R (e.g., due to exothermic reactions, pore shrinkage or
expansion due to product phase deposition or ceramic disso-
lution, etc.). For example, in TiC/AL* infiltration is limited
by atomic diffusion at small R, and by interface reaction
kinetics at large R. This occurs because with increasing pore
radius, R, the liquid volume in the capillary increases faster
than the solid’s surface area, which triggers reaction control
and slower infiltration due to reduced supply of reactive
species by the solid. However, at small R, shallow solute
gradients develop and flow begins to be limited by diffusion.

3. Reactive Infiltration

In reactive infiltration, the reinforcing phase can form via
a chemical reaction. The reaction is usually exothermic (e.g.,
infiltration of silicon in porous carbon, and infiltration of
aluminum in TiO,, mullite (3AL,0,- 28i0,) and in Ni-coated
alumina). The infiltration conditions can be controlled to
achieve the desired level of conversion and structure. The
reactive infiltration of Si in porous C forms reacted SiC
phase and unreacted C in a Si matrix. Preexisting SiC
grains are employed as inert filler in the porous C preform
to permit heterogeneous nucleation and bonding of $SiC. The
porous perform is made by pyrolyzing a high-char polymer
precursor material, and some control on pore size, volume
fraction and morphology is possible. Reactive infiltration
can produce two or more phases via chemical reactions with
a suitable choice of the precursor materials. For example,

both TiB, and AIN phases form by reactive spontanecus
infiltration of TiN, TiC N, , and B powders with AlMg
alloys.®® Low values of x yield a greater quantity of product
phases. The infiltration rate in this system is controlled by
the strongly exothermic reaction: TiN + 2B+ Al—AIN +
TiB,. In this case, the heat of reaction depends upon the
magnitude of x; low values of x lead to higher heat of reac-
tion and faster infiltration rates whereas high values of x
lead to low heat of reaction and slower infiltration. The
highest infiltration rates are achieved when TiN, B and
AlMg are used as starting materials. The presence of Mg is
necessary for self-infiltration in this system as in many oth-
ers.

3.1. Kinetics of Reactive Infiltration

3.1.1, Measurement

In an early work, Einset® attempted to measure the infil-
tration front velocity of molten Si through thin tapes of car-
bon performs containing SiC particles as a function of
temperature. Thermocouples were inserted along different
points in the tape to record the temperature rise due to the
strong exothermic C/Si reaction. A major drawback of these
measurements was that Si traversed the path of least resis-
tance (outer surface of the tape) rather than through the
fine tortuous channels within the perform. In a later work,
Sangsuwan et al.”” inserted thermocouples within porous
carbon performs to track the liquid front and record the
temperature rise. The peak temperatures showed a
decrease with increasing distance from the bottom surface
of the perform exposed to molten Si. This indicated a pro-
gressive decrease in the infiltration front velocity with
increasing distance, which is consistent with the behavior
predicted the parabolic solution to the capillary rise model.
The numerical discrepancy between the capillary rise model
and the measured velocity is, however, nearly two orders of
magnitude. It thus appears that the capillary flow model
must be modified to include the reaction kinetics which
appears to be driving the flow in the Si/C system.

Two basic mechanisms for the reaction of C and Si have
been proposed.®®” In the first, a thin film of SiC forms on
the carbon surface, through which Si and C diffuse (possibly
along the grain boundaries in SiC), and cause continued
reaction and conversion to SiC. The nearly 58% volumetric
expansion upon conversion of C to SiC may cause the
freshly formed SiC layer to spall off, exposing fresh carbon
to Si. This exposure is believed to result in the dissolution of
C in Si, saturation of Si with C, and reprecipitation of SiC,
followed by SiC grain coarsening via competitive dissolution
and growth (Ostwald ripening). Thus, in the first mecha-
nism, the reaction kinetics are either controlled by the
inward diffusion of Si through the reaction-formed SiC
layer, which is the basis of the ‘shrinking core’ model,” or
by the outward diffusion of carbon through the SiC layer,
which is the basis of the ‘bulging core’ model. In the second
mechanism proposed for the reaction of C and Si (the disso-
lution-reprecitation mechanism), the dissolution of C in Si,

53)



710 Journal of the Korean Ceramic Society - Rajiv Asthana, Mrityunjay Singh, and Natalia Sobczak

(a)
10
o Diffusion-control (R & theta vary)
9 1| a Diffusion-control (R varies)
— A Interface-control (R & theta vary)
£ 8 X Interface-control (R varies)
£ 7 | [WExpt Data
£
"g", S
o 5
S 4
S 3
)
[}
a 1
0 i
0 0.02 0.04 0.06 0.08
Initial pore radius (um)
(b)

Fig. 7. (a) Microstructure of porous carbon performs infil-
trated with molten Si, and (b) comparison of mea-
sured penetration distance of Si in porous C (initial
pore size R=10 pm) from ref. [51] and theoretical pre-
dictions. Data for pore radii <0.05 um are from sessile
drop tests on carbon substrate from ref. [70].

and diffusion to cooler regions in the melt is believed to be
responsible for the precipitation of SiC which may undergo
coarsening. A correlation between the temperature-depen-
dence of carbon solubility in Si at short times and the initial
SiC growth rate was used to support this mechanism. An
analysis of the Si/C reaction kinetics data reveals®® that the
Si diffusion through the SiC layer is the more likely reaction
mechanism operative during porous carbon infiltration by
molten Si. Fig. 7(a) shows the microstructure of a porous
carbon perform infiltrated with molten Si, and Fig. 7(b)
shows the maximum penetration distance of molten Si in
carbon performs as a function of the effective pore radius.
This figure also shows theoretical results based on different
assumptions concerning the reaction of Si with C during
infiltration. The data for radii less than 0.05 um in Fig. 7(b)
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are from the measurement of penetration distance of sessile
drops of molten Si in the carbon substrates underneath the
droplets;” these measurements, therefore, represent the
effect of a finite size Si reservoir (droplet) on the maximum
infiltration distance, which is different from conventional
infiltration (rest of the data in Fig. 7(b)) in which virtually
an inexhaustible supply of Si is in contact with the
microporous carbon performs. Fig. 7(b) shows that the cal-
culations are only qualitatively in agreement with the
experimental results. Possible sources of discrepancy are
discussed in See. 3.1.3.

3.1.2. Theory

Models of reactive infiltration consider pore size evolution
during infiltration, and invoke the concept of a variable pre-
form permeability x(¢), which varies with both time ¢ and
spatial coordinate 1. The specific functional dependence of %
on 1l and ¢ is determined by both the initial pore structure,
and the microscopic reaction kinetics and deposition mor-
phologies (e.g., formation of a continuous reaction layer ver-
sus discontinuous deposition of product phase). For the
simpler case of a permeability that is a function of time
alone, the problem has been solved in analytic form.™ If the
pores of radius R shrink with either linear or parabolic time
dependence, as may be appropriate for interface-controlled
and diffusion-controlled reaction kinetics, respectively, then
R(t)=R,-kt and R(t)=R,—k./t , where k and k, are linear
and parabolic rate constants, respectively. The correspond-
ing infiltration distance versus time relationships are
obtained from integration of an appropriate fluid flow
model. For a simple capillary rise model that assumes par-
allel capillaries of identical diameter, the permeability «(f)
is given from x(f) = PR*/8, where P is the pore volume frac-
tion. For more complex geometries, hydraulic radius is used;
this changes only the numerical constant in the expression
for permeability but not the parabolic dependence on pore
radius (R* dependence). Assuming that geometry of the pore
does not change during infiltration and reaction, the time-
dependent permeability for the reactive infiltration is
obtained from the temporal evolution of pore radius as
aresult of the reaction. Thus, for the Hagen-Poiseulle model,
M) _ m =BR*(t) , where W, is the initial porosity. Here
W, 8RZ 0
R(®) is given from linear (interface-controlled) or parabolic
(diffusion-controlled) rate expressions. Using these expres-
sions in Darcy's equation and integrating the resulting
equation yields the solutions for infiltration kinetics for
interface-controlled and diffusion-controlled cases, respec-
tively, as™

R (t) = Q%P[Rgt—ZRS’kt%2R§k2t34R0k3t4+0.2k4t5] )
(1) = gﬂﬁ—})[Rgt~§ngltl'5+ 3R§kft2—§Rok§t2-5+o.33k;‘t3]

)

where f£is a geometric factor given from = (8R,)*. Of cen-
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tral importance to the final dimensions of the component to
be processed is the final infiltration length h, at which
reaction choking will occur. This limiting length for inter-
face-controlled and diffusion-controlled cases is given from

5 6
hy= f% hy= }%A_PR_O,respectively. Only qualitative
5uk 15uk3

assessment of these equations against experiments has
been attempted; for example, the model predicts the fast
infiltration rates observed experimentally, and shows that
limiting infiltration depth is achieved literally in seconds.
For fine-scaled carbon microstructure with fine pore size,
the time to complete the reaction is only on the order of sec-
onds for the appropriate values of reaction rate constants k
and k,. More rigorous numerical models of the reactive infil-
tration phenomenon have been developed;**™™ these mod-
els either treat isothermal infiltration with reaction and
ignore the strong exothermic effects of the Si/C reaction or
treat the infiltration as unidirectional, both of which limit
their applicability to real systems.

The limiting depth, h,, is increased by external pressure,
by increasing the pore size, or by decreasing the reaction
rate. Preforms can be designed to control the pore size, pore
volume fraction and pore morphology. The pore size deter-
mines the solute concentration gradient; the solutes
released at the reaction front should be able to diffuse into
the liquid for reaction and flow to continue. In the event of a
high transient solute build up, further solute rejection is
slowed down to match the rate at which the released solute
can diffuse away. A high solute concentration at the reac-
tion front will also retard the reaction because of reduced
thermodynamic driving force. If the pore size is increased,
solute diffusion becomes easier since metal sink becomes
larger in size and can accommodate a larger quantity of sol-
ute; as a result, a larger concentration gradient is created.
If, however, interface reaction rather than sclute diffusion is
controlling the infiltration, then as the pore size is
increased, the effective surface area of the ceramic phase
decreases; this in turn limits the supply of the reactant spe-
cies in the solid (e.g., in TiO,-Al, an increase in the TiO, pore
size reduces the available oxygen®). As a result, reaction
rather than diffusion begins to control the infiltration.
Attempts to increase the limiting length may be hindered
by reaction choking, product spallation and pore closure.
The volume changes that accompany chemical reactions
due to different specific volumes of reactant and product
phases give rise to considerable stresses and distortion and
crack formation.

3.1.3. Role of Transient Wetting

In reactive infiltration, pore size may constantly change
due to specific volume changes caused due to chemical reac-
tions. In addition, the angle & usually exhibits a protracted
time-dependence, and could take a long time to stabilize at
its equilibrium value, .. even in wettable systems. Both
time-dependent pore radius, r(f), and the contact angle, &),
modulate the capillary forces that drive the infiltration. The
experimentally measured contact angle € usually decays

with time according to™™ &) -6, = (g,-6.) exp(-t/1),
where 6, is the contact angle at zero time, and zis a charac-
teristic time of the system. As far as reactions are con-
cerned, two limiting situations can be envisioned:™™
reaction limited by interface processes (attachment kinet-
ics) and by diffusion processes. For diffusion- and interface
control, respectively, parabolic (R(t) = E,— m.Jt) and linear
(R(t) = R, - ki) kinetics can be expected, where m and k are
the appropriate reaction rate constants. These expressions
can be incorporated in capillary rise models for inert liquids
(e.g., Washburn equation) to derive the isothermal capillary
rise kinetics under diffusion- and interface control with a
time-dependent contact angle.” ™ Representative computa-
tional results are discussed below.

During infiltration of porous carbon by molten Si,”*" SiC
formation causes a 134 pct. volumetric expansion, resulting
in pore shrinkage. The 6 ¢ data for SVC at 1755 K* were
fitted to O(t) — 6., = (6, - 6,.,) exp(-t/7), and the baseline val-
ues of the reaction rate constants were taken to be™™ k ~
4x10° m s and m~2x 107 m- s Computations show
(Fig. 8(a)) that for Si in porous C (R,= 10 mm), the Wash-
burn equation overestimates the flow kinetics in qualitative
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Fig. 8. (a) Infiltration profiles for Si/C (R;=10 pum). Curve (1):
Washburn eq.; curve (2): diffusion-control, curve (3):
diffusion-control (constant é), curve (4): interface-con-
trol, curve (5). interface-control (constant €); and (b)
limiting length versus R, for S¥/C: Curve (1): diffusion-
control, curve (2): diffusion-control (constant 6), curve
(3): interface-control, curve (4). interface-control (con-
stant 6).
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agreement with the experiments® in which the measured
velocity of Si in C was smaller than the Washburn velocity.
Calculations also show™ that for both interface- and diffu-
sion-limited flow, penetration lengths are larger when both
¢ and R vary with time than when R is allowed to decrease
but the capillary pressure is constrained to remain constant
(as was done in ref. [71]). The limiting lengths (typically, a
few mm) due to reaction choking (Fig. 8(b)) increase with R,
and are larger when both 6 and R vary than when only R
decreases but 6 remains constant. In both cases, diffusion-
limited flow is faster than interface-limited flow as would be
expected from the slower product phase growth under diffu-
sion-control.

Although the preceding results physical insights into reac-
tive infiltration, several factors render quantitative predic-
tions somewhat uncertain. For example, reliable values of
the reaction rate constants, m and k, are difficult to obtain
at the process temperature, and the exothermicity of the
reaction, ignored in the calculations, can strongly influence
the infiltration. The temperatures could rise by 390° to 740°
above the melting point of Si,*” which will alter the melt
properties and the infiltration behavior. In addition, q val-
ues could deviate from an exponential function (at ¢~ 0),
and be sensitive to the actual test conditions (p,,, T, alloy-
ing, etc.).**® Also, transitions in the reaction mechanisms
(interface-control versus diffusion-control) are seldom
abrupt, and mixed control may be operative during the flow,
which is not accounted for in the preceding calculations. The
compositional changes due to reactions alter the melt prop-
erties and diffusivity, and the morphological features and
defect structure (porosity, grain boundaries) of the interface
interphases influences the extent of chemical attack via
short circuit paths.

Finally, discrepancies between the theory and the mea-
surements could be caused by a dynamic contact angle. It is
well-known that the angle ¢ is distorted at high velocities
due to hydrodynamic effects, resulting in a modulation of
the capillary forces. In inert (organic) liquids, € exhibits
velocity dependence above ~10* m-s.% The observed
velocity, U, of Si in porous C (median pore dia ~ 1.25 mm) is
in the range®™ ~0.5 x 10 to 4.5 x 107° m- 57, which suggests
that a dynamic # may become important in this case. Mod-
els to predict the effect of U on 8 in reactive systems are
non-existent. As a first step, classical models®***? for inert
liquids can be examined in the context of reactive flow. A
model due to De Gennes™ shows that the effect of fluid
velocity on contact angle can be modeled by U= C(g, /1)6",
where C is a constant (~0.02 rad™®) and m~(3 + 0.5). Others
have either developed empirical 8- U relationships®®*” or pre-
sented surface physics models®® that consider sliding of the
molecules along the solid’s surface from the liquid to the
vapor side of the interface.

The projections of infiltration kinetics were made™ by
incorporating the De Gennes model®® in the Washburn
equation. These were compared with the experimental
results for SYC from ref. [51]. The unmodified Washburn
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Fig. 9. Comparison of velocity of Si in porous C reported in
ref. [51] and theoretical predictions. curve 1: outcome
based on the De Gennes model, curve 2: diffusion-con-
trol (variable R and &), and curve 3: interface-control
(variable R and ). The dashed curves show possible
paths when a transition from diffusion-driven flow to
reaction-driven flow occurs with increasing infiltra-
tion distance.

equation (for a median pore dia of 1.25 um) yields large dis-
crepancy as noted in Fig. 9. In contrast, the De Gennes
model (curve 1, Fig. 9) seems to yield a reasonable agree-
ment with the velocity data of ref. [51] when an effective
(rather than median) pore dia of 0.14 pm was used. How-
ever, this model fails to predict the observed abrupt drop in
the velocity in Si/C. The measured velocity of Si in porous C
preforms of median pore dia ~ 1.25 um, shown in Fig. 9,
exhibits an abrupt drop of ~ 73 pct. over an infiltration dis-
tance, h, of 0.007 - 0.009 m. This drop is believed to be the
result of a transition in the mechanisms driving the capil-
lary flow; at short distances, flow is limited by interface
reactions and at large distances, flow is limited by the diffu-
sion of Si and C through the SiC product phase. This is con-
sistent with the calculations presented in ref. [78]; the
resulting behavior is seen to qualitatively mimic the
observed drop even though the numerical magnitude of the
discrepancy between the theory and measurements is quite
large. The calculation, therefore, captures the basic ele-
ments of the physics, but needs refinement for actual quan-
titative use.

4. Reactive Metal Penetration

Reactive penetration refers to metal ingress in dense
ceramics (single crystals, fully dense polycrystals, amor-
phous ceramics, etc) which are devoid of pre-existing poros-
ity. The liquid advance is controlled by the movement of the
reaction front which reconstructs the contacting interface.
In both infiltration and penetration, chemical reactions
form an interpenetrating network of metal and ceramic
crystals (e.g., Al and ALO,). For example, such structures
form in single crystal ZnO (ZnO°%), where there are no grain
boundaries, and in amorphous SiO, and fully-dense mullite
and fly ash when they are in contact with molten AL¥#%2 Tt
is interesting to note that reactive penetration occurs (and
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an interpenetrating Al-ALO, structure forms) in dense
ceramics like ZnO, which are not wet by Al, but Al does not
spontaneously infiltrate porous TiO, and ZrO, even though
these ceramics are wetted by Al Similar anomalies are
observed in porous ceramics. For example, when porous car-
bon is in contact with Cu-Ti or Cu-Cr alloys, TiC or Cr,C,
form.** It is observed® that the TiC reaction layer in Cu-
Ti/C does not prevent melt penetration of porous carbon
(even though &> 90°), but Cr,C, reaction layer in Cu-Cr/C
hinders melt impregnation even though the measured con-
tact angle, < 90°. Most observations of reactive penetration
are based on the sessile-drop wettability tests in which
metal penetration of the underlying substrate is observed.
Substrate cracking due to chemical transformations may
contribute to better infiltration whereas secondary oxida-
tion of the metal will increase the resistance to penetration.

Reactive penetration of dense (and amorphous) fly ash by
Al forms fine ALO, crystals, while concurrently enriching
molten Al with Si and Fe released from the dissolution of fly
ash in Al. In a broader sense, the S/L interactions may not
always lead to the creation of a new product phase, and new
crystals of a preexisting phase may nucleate and grow by a
dissolution-re-precipitation process. For example, fine ALO,
crystals form in non-reactive AVALO, at the S/L interface
underneath sessile drops as confirmed by the microscopic
examination of the interfaces in solidified sessile drop cou-
ples.®*% The new ALO, crystals at the S/L interface form
by the dissolution of the AL,O, substrate, saturation of the
melt with O, and re-precipitation of new ALO, crystals
which grow epitaxially on the interface. In addition, O diffu-
sion along S/L interface may also aid the formation of these
crystals.” These micro-crystals strengthen the joint.

Reactive penetration in AVTiO, and Al/mullite occurs™*
in a manner similar to Alfflyash. Fig. 10 shows views of
sessile drop test samples of Al in contact with titania and
mullite substrates, and the appearance of the penetration
layers. Detailed microstructural examination has shown
that in sessile drops of Al on TiO, at T>1173°K,* new
AL O, crystals form at the interface surrounded by Ti-rich
Al On the drop-side of the interface, large ALO, crystals
form by dissolution-precipitation, and on the substrate side,
very fine Al,O, crystals, surrounded by an Al impregnated
region, form. At even higher temperatures (=1373°K), Al
wets, reacts, and penetrates the TiO,, forming a continuous
network of Al,O, crystals interpenetrated by a continuous
Al network. The governing reaction is 4Al() + 3TiO,—
2A1,0, + 3Ti. The penetration layer in AUTIO, attains a
thickness of a few micrometers (e.g., 2— 8 mm at 1273°K in
30 min. contact). TiO, reacts with Al to form Ti aluminides
via the reaction TiO, + Al — ALO, + AL Ti,, where the type
of aluminide (e.g., TL;Al, TiAl, TiAly) formed depends upon
the TiO,/Al ratio. Thus, wettability improvement in AVTIO,
is due to the formation of a favorable interface structure
from the preceding chemical reactions.

The penetration behavior in AlSIO, is also reaction-
assisted,”™ promoted by the reaction 4Al(l) + 3Si0,—

Reactive metal penetration
(AVTIO,)

Al/Mullite

Reactive
metal
penetration

(b)

Fig. 10. Reactive metal penetration underneath sessile drops
of Al on (a) a TiO, substrate, and (b) a mullite sub-
strate.

2A1,0,+ 3Si. The reaction product layer (RPR) plays an
important role in aiding or impeding the spreading and
flow. Sessile-drop tests show® that cracking of 8iO, near
the triple line (TL) (due to expansion accompanying Si0,—
Al O, transformation) does not hamper the RPR propaga-
tion, and the RPR is able to advance beyond the TL. Alloy-
ing Al with Si does not change the preceding reaction
between Al(l) and SiO,, but reduces the reactivity, and leads
to poor wetting. In contrast, with Ti alloying of Al, the con-
tact angle in the SiO,/Al couples rapidly decreases, and Si
(from the preceding chemical reaction) reacts with Ti to
form titanium silicide (TiSi,) via the reaction Ti+ 2Si—
TiSi,

5. Reactive Infiltration and
Ceramic Joining Technology

Reactive infiltration has been profitably used in an inno-
vative joining technology for ceramics, in particular silicon
carbide ceramics.®®* The basic joining steps include the
application of a carbonaceous mixture in the joint area and
curing at 383 - 393°K for 10 — 20 min. Silicon in paste form
is applied in the joint region and heated to 1698°K C for 5 -
10 min. The molten Si reacts with carbon to form silicon car-
bide with controllable amounts of residual silicon at the
joint. Fig. 11 shows the interface region of reaction-bonded
(RB)-SiC, and sintered SiC joints, produced by Si infiltra-
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(a) (b)

Fig. 11. Joining of SiC using reactive infiltration. (a) reaction-
bonded (RB)-SiC, and (b) sintered SiC joints, pro-
duced by Si infiltration of a carbonaceous mixture
applied to the SiC/SiC joint. The white and gray
areas in (a) and (b) are Si and SiC, respectively.

tion of a carbonaceous mixture that was applied at the mat-
ing surface of the joints. The method has been used to join
different types of SiC such as reaction-bonded and sintered.
The thermomechanical properties of the joint interlayer can
be tailored close to those of the silicon carbide-based matrix
materials, and high-temperature fixturing is not needed to
hold the parts at the high temperatures required for infil-
tration.

6. Conclusions

Features of reactive infiltration of porous ceramics by lig-
uid metals to fabricate ceramic-metal composites were
described. In particular, the complex role of interfacial reac-
tions, oxidation of the metal front, pore modulation and clo-
sure due to reactions, and a transient contact angle were
discussed with examples from widely studied ceramic/metal
systems. Possible theoretical effects of these phenomena on
infiltration were discussed together with the experimentally
observed behavior. In addition, chemical and structural
changes accompanying the reactive penetration of dense
ceramics (e.g., single crystals, amorphous ceramics etc.) by
molten metals upon prolonged contact was also discussed.
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