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ABSTRACT

The emphasis of this work was to characterize some of
the variables that affect the kinetics of aluminum
infiltration into silicon carbide compacts. To visually
observe the infiltration process, a simulation was conducted
by infiltrating mercury into glass beads so that the process
could be videotaped for analysis. The results of the
simulation showed that for long times the square of the
infiltration distance varies linearly with the infiltration
time. Compacts of silicon carbide prepared by a vibration
technique were found to have reproducible permeabilities
when compacts of a given type were tested with argon gas.
The threshold pressure, the minimum pressure required for
infiltration of aluminum into silicon carbide, was found to
decrease from 106 kPa at 670°C to 95 kPa at 750°C using
results from permeability tests. When measurements from a
scanning electron microscope analysis were used, the
threshold pressure was found to decline from 94 kPa at 670°C
to 84 kPa at 750°C. A previously developed model was used
to correlate the temperature dependence of the infiltration
rate with the activation energy for the viscous flow of

aluminum (found to be 13.9 kJ/mole in this system). A
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phenomenological equation has been obtained that relates the
rate of infiltration to the applied pressure, the threshold
pressure, a reference height, the activation energy for
viscous flow of aluminum, and the absolute temperature. It
has also been determined that addition of aluminum powder to
the compact prior to infiltration can alleviate porosity and
also provides a method for changing the volume fraction of

particulate reinforcement.
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1.0 INTRODUCTION

Composite materials can be broadly defined as a
combination of two or more materials each of which has its
own distinctive properties. The stimulus for using
composites is derived from the possibility of procuring
property combinations that can result in a number of service
benefits. Some of these advantages include increased
strength, decreased weight, higher service temperature,
improved wear resistance, higher elastic modulus, improved
fatigue properties, and better dimensional stability.

Metal matrix composites have been undergoing
developments for over 20 years. Initially, most of the
effort in this area was concentrated on continuous fiber
metal matrix composites. These materials were first used in
aerospace applications, but their usefulness in other areas
is expanding. One reason for this expansion is the lowering
of the cost of metal matrix composites, which has partially
been brought about by the development of discontinuously
reinforced metal matrix composites (1, 2).

Discontinuously reinforced metal matrix composites
represent a group of materials that combine the strength and

hardness of the reinforcing phase with the ductility and
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toughness of the metal matrix. This study involves the
fabrication of aluminum/silicon carbide composites, and the
interest in these particular materials is associated with:
their high elastic modulus, high strength, and light weight;
the ability to economically produce silicon carbide
whiskers, platelets and particulates; the ability to use
standard shaping methods such as forging, rolling, and
extrusion; and much less dependence of the engineering
properties on directions than with continuous composites
(3).

It has been implied that one of the main reasons for
employing discontinuously reinforced metal matrix composites
is their lower cost, as compared with fiber-reinforced
composites. One of the most economical means of fabricating
these materials is by infiltrating molten metal into a
preform of the reinforcing material and then allowing the
metal to solidify, forming a composite. This work aims to
study some of the aspects of infiltrating molten aluminum

into silicon carbide.

1.1 Overview of Metal Matrix Composites

Metal matrix composites are comprised of a metal as a
base material (matrix) and a reinforcement, such as a

ceramic, to modify the properties of the metal. There are
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three general types of metal matrix composites: 1)
dispersion~strengthened, 2) particle-reinforced, and 3)
fiber-reinforced.

Dispersion-strengthened metal matrix composites consist
of particles with diameters less than 0.1 micrometer, and
the volume fraction of particles varies from 1 to 15
percent. It can be shown that a fine dispersion of
particles of this size can effectively block dislocation
movement, strengthening the metal matrix. In this case, the
strengthened matrix becomes the major load-bearing
constituent.

Particle-reinforced metal matrix composites comprise of
particles with diameters greater than 1.0 micrometer, and
the volume fraction of particles ranges from 5 to 40
percent. In this case, the load is shared by the matrix and
particles.

Fiber-reinforced metal matrix composites can be divided
into two major classes: 1) composites in which the fibers
of the strengthener are continuous and 2) composites in
which the fibers of the strengthener are discontinuous
(whiskers) and may be of lengths from 0.1 to 250
micrometers. The distinguishing feature between fibers and
the other types of reinforcements is that the fibers have

one long dimension, whereas the reinforcing particles of the
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other two types do not. 1In this case, the fiber is the
major load-bearing component.

Continuous fiber-reinforced materials are anisotropic,
that is, they are stronger in the direction parallel to the
fiber (longitudinal direction) than in the direction
perpendicular to the fiber (transverse direction). The
fibers can be woven into éross—ply orientations to increase
transverse properties. The primary function of the fibers
is to carry the load, whereas the matrix transfers and
distributes the load to the fibers. The effectiveness of
the transfer of the load from the matrix to the fibers
relies on the bonding interface between them. If the
bonding interface is efficient, then the mechanical
properties of the composite are more contingent on the
properties of the fiber rather than those of the matrix.
The significance of this is that the matrix can be selected
on the basis of other required properties, such as density,
oxidation resistance, and corrosion resistance. Some
typical properties of common continuous fibers are given in
Table 1.1.

Metal matrix composites that are reinforced by
discontinuous fibers, or whiskers, have another set of
critical factors. These items include the length-to-

diameter ratio of the fiber, the shear strength of the bond
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Table 1.1

Typical Properties of Continuous Fibers

Fiber type Diameter Density Specific Specific

pm g/cm’ Modulus Strength
B(sSic) fil. 240 2.4 162 1660
sic(c) fil. 140 2.0 140 1330
Nicalon tow 15 2.6 71 1040
«Al,0, tow 20 3.9 97 >360
C, HM tow 8.4 1.96 265 950
C, HT tow 7.0 1.75 130 2030

Note: Continuous fibers are either in the form of
monofilaments, or monofilament yarns or tows. B(SiC), which
is a boron filament on a tungsten core with an outer coating
of SiC, was one of the first fibers to be produced for metal
matrix composites, and was produced by Avco corporation as
BORSIC. While this fiber is still available, Avco have now
developed a monofilament SiC(C) with a higher carbon content
on the outside, which is more stable in contact with molten
metal. Continuous fibers are available as individual reels
of monofilament and tows, or as weaves.

Source: Lloyd, D.J., "Metal Matrix Composites - An
Overview", Proceedings of the International Symposium on
Advanced Structural Materials, Pergamon Press, New York,
August 28-31, pp.1-21 (1988).
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between the fiber and the matrix, and the amount of fiber.
All of these variables affect the strength of the composite.
One advantage of these whiskers is that they can often be
more economical to manufacture than continuous fibers.

Also, discontinuous fiber-reinforced composites can be
formed into various shapes using standard metallurgical
processes. Some typical properties of common whiskers are
shown in Table 1.2.

The application for a material is an important factor
in determining the matrix to be used, but in many cases
property gains are obtained by low density alloys of
aluminum, magnesium, and titanium because most
reinforcements (with the exception of carbon fibers) have
densities above 3 g/cm® and a large weight penalty results
if they are incorporated into the higher density metals.
The majority of work on composites up to the present has
included aluminum and titanium, but there is an increased
involvement in reinforced magnesium and aluminides.

When choosing the reinforcement, there are three
general considerations: 1) the application, which dictates
the reinforcement form and cost level, 2) the compatibility
between the reinforcement and matrix, and 3) the interfacial

strength between the fiber and matrix.
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Table 1.2
Typical Properties of Whiskers

Whisker Type Diameter Density Specific Specific

um g/cm’ Modulus Strength
Sic (silar) 0.6 3.2 220 2200
SiC (Tokamax) 0.1-0.5 3.19 170 4000
Siﬁ% 0.5-2.0 3.18 120 4000

Source: Lloyd, D.J., "Metal Matrix Composites - An
Overview", Proceedings of the International Symposium on
Advanced Structural Materials, Pergamon Press, New York,
August 28-31, pp. 1-21 (1988).
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Applications which require the highest strengths will
employ continuous fibers or whiskers, and this will entail
substantial costs. Any part that has to be shaped by the
standard shaping methods mentioned earlier will most likely
use particulates or whiskers since they receive less damage
during this type of processing. When economics requires the
cheapest forms, particulates are the most likely candidates.

The most difficult condition to accomplish is
compatibility between the reinforcement and the matrix. 1In
the beginning stages of composite fabrication, compatibility
of the composite is required so that the matrix can wet and
spread easily over the surface of the reinforcement,
resulting in more of a void-free composite. Generally,
ceramics are not easily wetted by metals (see section 2.3 on
wetting). Reinforcements are often surface treated to
achieve wetting before being incorporated into the matrix.
Another aspect of compatibility is a reaction occurring with
the matrix and reinforcement. Such reactions can lead to
the degradation of the reinforcement, and protective
coatings are sometimes put on the reinforcement to prevent
this deterioration. Aluminum matrices react with many
reinforcements, making it difficult to achieve good
compatibility. It is also arduous to achieve good wetting

with aluminum matrices. Silicon carbide is fairly stable
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below the melting point of aluminum, but reacts with most

aluminum alloys above the liquidus. The reaction is:
4Rl + 35iC¢, =~ ALCy ) + 3Si, (1.1)

The products of the reaction are aluminum carbide, which
degrades the reinforcement, and silicon, which changes the
composition of the matrix (4).

The third important consideration is the attainment of
high interfacial strength, since the strength of the
composite is acquired by transferring loads from the matrix
to the fiber via the interface. Maximum loading of the
fiber, according to shear lag theory, is procured by making
the fiber longer than a critical length, 1 , which is

dependent on the interfacial strength, ¥:

(1.2)

where o, is the fiber strength, 7 is the shear stress, and
"d" is the fiber diameter. For particle reinforcement, the
critical length is twice that given by equation (1.2). Even
though continuous fibers will be ldng enough, a high
interfacial strength is still essential to yield good
transverse properties (4).

As was mentioned above, composites offer a combination

of properties that make them very useful. Some of the
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advantages that metal matrix composites offer are:
® High strength
® High elastic modulus
® High toughness and impact properties
® Low sensitivity to temperature changes or thermal
shock
@ High surface durability and low sensitivity to
surface flaws
® High electrical and thermal conductivity
® High vacuum environment resistance
Another benefit of metal matrix composites is that they can
be tailored to give various combinations of these
properties, and this flexibility is useful for special
applications.
Continuously reinforced composites are presumed to

follow the Rule of Mixtures for both strength and modulus:

E. = E;V, + EV (1.3)
c fvef 'm¥m

and

E

c = 0V + 0.V, (1.4)

where E is the modulus, o is the strength, and V is the
volume fraction, and the subscripts "c", "f", and "m" refer
to the composite, fiber, and matrix respectively. The

properties generally increase with the volume fraction of
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reinforcement as indicated by the Rule of Mixtures, but even
in continuously reinforced composites they fall below the
theoretically expected values because of misalignment of the
fibers and inhomogeneity in the fiber distribution. The
influence of loading a composite at an angle to the fiber
direction on the strength and Young's modulus of the
composite are shown for aluminum-boron continuously
reinforced composites in Figure 1.1. The effect is that the
properties fall off significantly with loading direction,
and loading at an angle of 90 degrees to the fiber axis
produces little comparative strengthening if any at all.
This directionality is exhibited in the character of the
fracture. The fracture surface of a fiber composite which
has been loaded perpendicular to the fibers often displays
fiber fracture and fiber pull-out. When the same composite
is loaded perpendicular to the fibers, the fracture surface
discloses almost complete interfacial failure, leaving the
fibers intact. The significance of these observations is
that the composites should be loaded parallel to the fiber
direction, and if necessary, different fiber ply
orientations should be employed in cases of multi-
directional loading.

The strengthening mechanisms in whisker and particulate
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Figure 1.1: Influence of loading angle on the mechanical
properties of an aluminum-boron composite (4).
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composites are not yet fully comprehended, and these
materials frequently exhibit higher strengths than
anticipated when applying the Rule of Mixtures to the aspect
ratios involved. The higher strengths have been ascribed to
edge loading effects (6), enhanced dislocation densities,
and internal misfit strain effects resulting from the
different moduli of the matrix and the particles and
differences in coefficients of expansion between the
reinforcement and matrix (7). Whisker reinforced composites
exhibit strengths in between those of particulate- and
continuous fiber-reinforced composites. Table 1.3 compares
some of the properties of some silicon carbide/aluminum
composites.

To show the general mechanical property trends with
different reinforcements, an aluminum alloy 6061, in the Té6
temper condition, reinforced with various forms of silicon
carbide is analyzed. Figure 1.2 illustrates the effect of
different reinforcements on the tensile modulus, and Figure
1.3 portrays the influence on the tensile strength. These
figures support the statement made earlier that fiber-
reinforced materials are stronger than whisker-reinforced
composites, which in turn are stronger than particulate-
reinforced materials. All of the composites, above 10

volume percent of reinforcement, have a higher modulus than
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Table 1.3

Mechanical Properties of Silicon Carbide/Aluminum

Composites
Ultimate
Composite Volume Tensile Elastic Percent
and Heat Fraction Strength Modulus Elongation
Treatment of Sic, % MPa GPa %
Sic /6061 20 434-428 108 1.5
6
SiCH/6061 20 607-423 106-103 3-2.2
T6
Sic_/2024 30 456 118
6
SiCH/2024 20 524-455% 117-97 1-2
T4 '
Sic_/7075 30 439 119
6
SiCH/7075 20 549 101
T6
Source: Arsenault, R.J. and Taya, M., "Thermal Residual

Stress in Metal Matrix Composite", Acta Metallurgica; 35

(3), pp.651-659 (1987).

14
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Figure 1.3:
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the highest modulus of commercially available unreinforced
aluminum alloys, which are the aluminum-lithium based
alloys. The microstructures and to some extent the particle
sizes are different in these materials. For particle sizes
ranging from 10 to 20 micrometers, the tensile modulus is
relatively insensitive to particulate scale, distribution,
and microstructure as shown in Figure 1.2. The powder
metallurgy process has a more uniform particle distribution,
but there are some particle size and microstructural
variations, and these effects influence strength as
portrayed in Figure 1.3.

Figure 1.4 shows the effect of temperature on aluminum
alloy 6061, with a Té6 temper, and containing 15 volume
percent silicon carbide whiskers. The strength in the
composite is retained fairly well relative to the base
alloy. The decrease in the composite strength is due to a
decrease in the matrix strength because the strength of the
silicon carbide does not decrease significantly with
temperature. Also, silicon carbide can reduce the
coefficient of thermal expansion of aluminum alloy 6061 as
depicted in Figure 1.5. The lower the coefficient of
thermal expansion of the reinforcement, the greater will be
the resulting reduction. Carbon fibers, which have a

negative coefficient of thermal expansion, can be employed
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TENSILE STRENGTH (MPa)

Figure 1.4:
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Figure 1.5: Influence of particulate silicon carbide on the
coefficient of thermal expansion (CTE) of
alloy 6061 (4).
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to obtain nearly a zero thermal expansion coefficient in
aluminum alloys (1, 4, 5).

The major area of activity for metal matrix composites
has been for aerospace applications. One example of their
use is the boron-aluminum structural members utilized in the
U.S. Space Shuttle Orbiter vehicles. Extensive flight-
service evaluations have been done on aluminum composite
materials. Also, gas turbine engine airfoils made of these
materials have been appraised in ground and flight-service
tests. Even though metal matrix composites have been
successful in a number of applications, their success has
been measured by some failures. One example is the failure
of these composites in their proposed use as fan blade
materials. The severe impact strength requirements for fan
blades have not been satisfied by metal matrix composites.

Even though metal matrix composite materials have been
able to meet many structural requirements, their use has
been limited due to the fact that the projected cost for
components made of these materials is higher than that for
alternate materials and designs. Polymer matrix composites
are gaining in recognition because they have a lower or
similar cost compared to the conventional components that
they have replaced. Metal matrix composites have shown

superior properties, but are more costly and less well
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proven. While metal matrix composites suffer from
competition from other composites at lower temperatures,
their use in higher temperature applications is another
story. Metal matrix composites compete more effectively
with polymer matrix composites at a temperature range of 150
to 300°C, and they are prime candidates for the temperature
range of 300 to 700°C. Above 700°C, pyroceramic,
intermetallic, and ceramic composites will be other choices
in the future (8). A comparative overview of the
performance of metal matrix composites respect to other

materials can be seen in Figure 1.6 (9).

1.2 Scope of Research

There are many ways to fabricate composites. 1In this
section some of the manufacturing techniques will be
reviewed briefly. After the summary of the other production
methods, a discussion on infiltration, the process under
study in this work, will ensue.

The methods employed to make composites differ in
detail. They vary from using standard metallurgical
processes, such as powder metallurgy and casting, to newer
metallurgical techniques, like diffusion bonding and plasma
spraying, and finally, to the specially adapted methods of

hot roll bonding and liquid metal infiltration. The
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majority of emphasis has been put on diffusion bonding, and
more recently, spray bonding as the favored technique.

As the market for composites grows, more emphasis will
be put on developing continuous processes and more
economical processes. Substantial progress has to be made
in establishing more economical production methods before
composites will become competitive with the other materials
that they might replace.

There are some general objectives that each process
must meet. These requirements are (10):

® Incorporate the reinforcement without breakage.

® Consolidate the composite with minimal degradation

of the reinforcement.

® Establish and maintain filament alignment, or in the

case of particles, a uniform dispersion.

@ Offer a variety in amount of reinforcement allowed.

® Establish a fiber/matrix interfacial bond that is

sufficient enough to transfer the load from the
matrix to the fiber.

® Allow for an assortment of matrix selection and

alloying.

@ Give flexibility for reinforcement spacing.

® Supply the capability for cross and angle ply lay-

ups.
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® Offer consistency in the end product.

® Achieve a high density matrix with no voids.

A more detailed description on the importance of
compatibility between matrix and reinforcement is given in
reference (11).

Composites manufactured by powder metallurgy techniques
have been made by cold pressing and sintering, or by hot
pressing. Aluminum strengthened by boron reinforcements is
an example of this group of composites. The dual process of
cold pressing followed by sintering is more difficult in
that the high pressure needed to consolidate the metal
powders to the required density can break the reinforcement
or result in degradation of the filament during sintering.
Some composites have been made by hot pressing pure aluminum
powder and boron fiber mats. In this case the aluminum
powder is vibrated into stacked boron mats, and after
induction heating, the pressure is applied gradually until
the final temperature is reached. Stresses that are caused
by deformation during this process can be relieved by
annealing (12). For details on the resistance sintering of
aluminum/silicon carbide compacts, the reader is referred to
reference (14).

There are a variety of ways to cast metal matrix

composites. Some of the more representative methods will be
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discussed here.

Squeeze casting is the process which refers to the
solidification of liquid metal under pressure. The general
idea is to "forge" a liquid metal into a closed die. The
liquid metal then solidifies rapidly under high pressure (70
to 100 MPa). A schematic diagram of the process is given in
Figure 1.7. In this process the casting quality is
augmented by the collapse of gas and shrinkage porosity
under the influence of the high hydrostatic pressure (14,
15, 16).

Another casting process used is slurry casting, where
the reinforcements (e.g. fibers or loose particles) are put
into an agitated melt to form a semi-solid slurry. When
chopped particles or filaments are added to a two-phase melt
(liquid and solid), the process is termed compocasting (15).
In compocasting the reinforcements, which are not
necessarily wetted by molten metal, can be dispersed in the
semi-solid slurry by the stirring action. The main benefit
of the process is that the resulting composites can be
formed into some shape either by casting processes in the
semi-solid state or by some of the techniques used for
materials in the solid state. An example of this sequence
is the production of the composites of aluminum-7 weight

percent silicon alloys reinforced by Nicalon silicon carbide
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filaments. 1In this case these materials are prepared by
compocasting, followed by squeeze casting. This method
results in a macroscopically homogeneous material, with some
segregation of fibers in the eutectic phase (17).

In systems where the molten metal wets the fibers, the
conventional methods of gravity or vacuum casting have been
used (15).

The most common way of making metal matrix composites
with fibers of diameters of 100 micrometers or larger is the
diffusion bonding process. Figure 1.8 shows a schematic
diagram of the process. In this technique a monolayer tape,
comprised of an array of fibers, is readied by winding the
fibers on a drum with controlled spacing. A co-deposited
polymer holds the fiber in place. After the mat of
filaments is taken off the drum, it is vacuum hot-pressed
between the layers of matrix alloy to form a composite
monotape. Alternately, the matrix alloy can be plasma
sprayed onto the filament wound on the binder. The
composite monotape is then cut into suitable laminate shapes
and angles, stacked in an appropriate arrangement in a die,
and diffusion bonded to form the net shape.

In foil filament array diffusion bonding,
unconsolidated fiber array plies and matrix alloy foil or

plasma sprayed matrix/fiber laminates are cut and stacked in
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a die where they are hot-pressed in one single step.
Diffusion bonding is good for making composites to conform
to specific properties, but it is energy intensive and
limited to relatively small sizes (8, 10).

The plasma spraying process involves the spraying of
the matrix metal onto the reinforcement. Electroplating and
chemical vapor deposition are also used, but these two
processes are limited in terms of matrix composition and
rate of deposition. 1In plasma spraying, matrix foil or
plasma sprayed matrix material is wrapped around a
cylindrical mandrel with an aligned layer of reinforcing
fibers of controlled spacing. The mandrel is then rotated
in front of a plasma arc which deposits tiny droplets of
matrix material that solidify rapidly upon impact with the
mandrel material (10, 18).

Properties of composites can vary with the fabrication
process used. A comparison of the resulting aluminum matrix
composites produced by diffusion bonding, casting, and
plasma spraying is given in reference (18).

The hot roll bonding process involves the simultaneous
application of heat and pressure for a reaction time shorter
than that of diffusion bonding. The shorter reaction time
is useful in composites where there is a compatibility

problem between fiber and matrix (e.g. boron/titanium). The
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process is practically limited to tapes of up to a few
layers thick, which can be diffusion bonded later on (10).

Since it is one of the most economical production
methods for composites, liquid metal infiltration has been
used to consolidate metal matrix composites wherever it has
been possible to do so. The technique is limited because of
the relatively few amount of reinforcements that are stable
in molten metal, and proper wetting of the metals on the
reinforcement is also a problem. The wetting is controlled
by various coatings, matrix alloying, and control of the
infiltration atmosphere.

The process of infiltration involves the driving of
liquid metal into the spaces left by the reinforcements.
This can be done with the application of pressure by a gas
or ram or under a vacuum. An example of one infiltration
apparatus is given in Figure 1.9. When forcing the liquid
metal into the spaces surrounding the reinforcement, an
important factor is the pressure differential resulting from
capillary forces at the liquid metal front during
infiltration of the reinforcement. It is the pressure
differential that determines whether or not the infiltration
will be spontaneous (wetting systems) or will require an
applied pressure (non-wetting systems). There are many

models for the required pressure differential in the
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literature, but the most common base is the Young-Kelvin

equation:
P = ykcosé (1.5)

where P is the pressure, y , is the liquid metal/atmosphere
interfacial surface energy, k is the curvature of the
interface, and 0 is the wetting contact angle (19, 20).
The model for the system in this work is given in the
section on kinetics of infiltration.

There have been some interesting developments in
infiltration. Aghajanian et al. (21, 22) have been able to
spontaneously infiltrate an aluminum-magnesium alloy into a
porous bed of ceramic reinforcements, which is permeated by
nitrogen gas. The process is suitable for reinforcements
such as oxides (alumina), carbides (silicon carbide)
borides, and nitrides (aluminum nitride). The nitrogen gas
phase is used during the entire infiltration stage to
prevent melt oxidation and loss of surface wetting.

Yang et al. (23) have developed a method of making
composites that incorporates elements of vacuum
infiltration, infiltration under an inert gas pressure, and
squeeze casting. In this process the reinforcement preform
and the matrix are heated up to the liquidus temperature

under a vacuum and the matrix is infiltrated into the
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preform under pressure from an inert gas. The relatively
low temperature lessens the reaction between the matrix and
fiber while the low pressure (as compared to squeeze
casting) eliminates preform compression. This technique has
been successful for aluminum matrix composites reinforced by
materials such as silicon carbide, alumina, and graphite.
Another infiltration process has been developed by
Stinton et al. (24) in which silicon carbide reinforced
composites are made by chemical vapor infiltration of the
matrix material. In this method the bottom part of the
silicon carbide preform is water cooled while the upper part
is exposed to a hot zone, creating a large temperature
gradient across the preform. The reactant gases pass
through the cold part of the preform and do not react
because of the low temperature. As these gases reach the
hot zone, they deposit on and around the reinforcement to
form the matrix. The deposition of the matrix in the hot
zone increases the density and thermal conductivity of the
preform, causing the hot region to progress from the top of

the preform toward the bottom, forming the composite.

1.3 Objective of the Present Research

Although infiltration has some deterring factors, such

as possible reaction of the reinforcement with the liquid
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metal and lack of proper wetting of the molten metal on the
ceramic, it offers an economic advantage over the processes
just described. 1In order to take advantage of the
technique, a better understanding of the process variables
must be attained.

Previous work by Maxwell (25) resulted in the
derivation of a model to describe the infiltration kinetics
of infiltrating aluminum into porous silicon carbide
compacts. Maxwell studied process parameters such as void
characteristics, pressure, temperature, and alloying of the
matrix. His work also led to the discovery of an incubation
time for the process. Seitz (26) then proceeded to analyze
the incubation period and discovered an activation energy
for the incubation time.

In this work efforts are made to characterize the
variables that affect infiltration time. The effect of
particle size on infiltration time is studied as well as the
effects of adding aluminum powder to the silicon carbide
compact before infiltration. An activation energy of
viscosity of the process is analyzed, and a method for

packing the preform is also developed.
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2.0 LITERATURE REVIEW

In order to have a better comprehension of the factors
affecting the infiltration process, published literature was
reviewed. The points of interest were the physical
properties of aluminum (especially liquid aluminum), the
compatibility between silicon carbide and liquid aluminum,
the wettability of molten aluminum on silicon carbide,
packing of the preform, and the thermodynamics and kinetics

of liquid metal infiltration.

2.1 Physical Properties of Aluminum

This section studies some of the physical properties of
aluminum, especially some of the properties of liquid
aluminum that affect the infiltration kinetics. Aluminum
crystallizes in the face-centered cubic structure that is
stable from 4°K to the melting point. The coefficients of
thermal expansion of aluminum are given in Figure 2.1 (27),
and the density of aluminum is 2698.72 kg/m’. Some of the

mechanical properties of aluminum are given in Table 2.1.

2.1.1 Density of Liquid Aluminum.
According to the Handbook of Chemistry and Physics (29)

density is the concentration of matter, measured by the mass
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Table 2.1

Mechanical Properties of Pure Aluminum at Room Temperature

Ultimate
Purity Tensile Tensile Elongation
Strength Strength in 50 mm
% MPa MPa %
99.99 10 45 50
99.8 20 60 45
99.6 30 70 43

Source: Hatch, J.E., Aluminum: Properties and Physical
Metallurgy; American Society for Metals, Metals Park, Ohio
pp.1-24 (1984).
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per unit volume. When the aluminum melts to form a liquid,
it loses its periodicity of structure, causing the density
to decrease. Even though the liquid does not have the long
range order of the solid, it does have short range order and
a coordination number close to that of the solid. Long
range order is not present in liquid metals because of the
presence of structural defects, the exact nature of which is
not known. These structural defects can also help account
for the decrease in density (30). There is a little
discrepancy in the literature on the exact change of the
density of liquid aluminum with temperature (31, 32, 33, 34,
35), but the general trend of density decreasing linearly
with increasing temperature is valid. Figure 2.2 shows the

density dependence on temperature (31).

2.1.2 Surface Tension of Liquid Aluminum.
According to the Handbook of Chemistry and Physics

(29), surface tension is when fluids in contact exhibit a
phenomenon due to molecular attraction which appears to
arise from a tension in the surface of separation.

The variation of the free energy, F, of a bulk
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homogeneous phase can be written as (34):

where: S is the entropy, T is the temperature, V is the
volume, P is the pressure, u, is the chemical potential of
component "i", and n; is the number of moles of component
winw,

In a heterogeneous system of one or more components and
two phases, a surface of separation will exist between the
phases. The thickness of the transition region from one
phase to another across the boundary surface is
inconsequential, provided that it contains all parts of the
system that are within the influence of the surface forces.
If the additional free energy accompanying a change in
surface area is accounted for, equation (2.1) can be
modified. The work required to increase the area of the
surface by an infinitesimal amount dA, is equal to ydA (the
term y denotes surface tension), at constant temperature,
pressure, and composition. Using this additional

information, equation (2.1) can be recast as:

dFs = -S5dT + V5 dP + y dA + Zp, dn] (2.2)
where the superscript "s" signifies the surface phase. At

constant temperature, pressure, and composition, the surface
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tension can be written as:

(aF

) mew =Y (2-3)

This means that the surface energy, F, per unit area, A, and
the surface tension,y, are identical for a liquid under
these conditions. Figure 2.3 exhibits some values of
surface tension for liquid aluminum as a function of
temperature.

Mondolfo (35) reviews measurements and calculations for
the interfacial energies of molten aluminum. Trace levels
of impurities and the atmosphere above the liquid can change
the surface tension of molten aluminum. Even models for
calculating surface tension yield different results.

Reviews of earlier work have led to the development of
equations for surface tension of aluminum and aluminum with

small amounts of alloying elements (28).

2.1.3 Viscosity of Liquid Aluminum.
The Handbook of Chemistry and Physics (29) defines

viscosity as the resistance of a fluid to change in form.
The viscosity of a liquid decreases with an increase in
temperature. The Spanish physical chemist J. de Guzman (37)

discovered that the viscosity of a liquid follows an
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Arrhenius type of law:

E .
n =Aexp(ﬁ) (2.4)

where: A is the pre-exponential factor, E,  is the
activation energy for the viscous flow of the liquid, R is
the gas constant, and T is the absolute temperature. This
form was later verified by Andrade (38, 39).

The detailed theory on the viscosity of liquids is
complex so only the general ideas are presented here.
Consider two layers of liquids, one moving in the same
direction faster than the other. There are additional
layers above and below the two layers, and in order for
motion to occur, the molecules will have to push the
neighboring molecules aside. Consequently, there is an
energy barrier for the process, yielding the activation
energy for the viscous flow of the liquid (37). Metals are
not molecular in nature, but they still portray an activated
behavior. Figure 2.4 shows a plot of the logarithm of the
viscosity of liquid metals versus the inverse of the
absolute temperature (40). Aluminum exhibits a linear
behavior on this plot, and hence, it will be assumed in
later analyses that equation (2.4) is valid for the system
being studied. Arsent'ev et al. (41) found a range of

activation energies of viscosity for pure aluminum on the
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order of 13.8 to 21.0 kJ/mole, the variation resulting from
impurities. Gebhardt et al. (42) reported a value of 11.6

kJ/mole for the activation energy of viscosity.

2.2 Silicon Carbide/Aluminum Interface

The reinforcement/metal interface is important in
determining the end properties of the composite.
Reinforcement reactivity can result in degradation of the
reinforcement, which will result in the diminishing of
properties. The reinforcement and matrix constituents must
come into molecular contact to form an interface which is
capable of transferring the load in the case of fiber
reinforcements. The load transfer indicates that
interfacial bonding must occur with minimum reactivity.
Thus, an efficient interface must be formed with minimum
degradation of the fiber (11).

Two mechanisms have been proposed to describe the
aluminum/silicon carbide interface: 1) there is an SioO,
film or layer between the silicon carbide and aluminum and
2) there is an Al C; film between the silicon carbide and
the aluminum matrix (43). The second mechanism has been put
forward on a thermodynamic basis and will be considered

here. As mentioned earlier, the reaction between aluminum
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and silicon carbide is:

46

4Al,, + 3SiCy, ~ Al,c, = + 351, (2.5)

473 (g)

The free energy change for the reaction is (44):

AG(J/mole) = 113,900 - 12.06T1n T
+ 8.92 x 1073712
+7.53 X 104!

+ 21.5T + 3RT 1ln a gy (2.6)

where AG is the free energy change, T is the absolute

temperature, and a is the activity of the silicon in

(sil
liquid aluminum. Although the free energy change of the
reaction is positive for the temperature range under
consideration in this work (943 to 1023°K), the phase
diagram for the aluminum/silicon system indicates that
silicon does dissolve in liquid aluminum. The amount of
silicon in the liquid aluminum increases as the reaction
progresses until a saturation value is reached. The

concentration of silicon in liquid aluminum, N ., can be

written as (44):

3a

N, = (2.7)

4(1 - a) + 3a

where the saturated value for the extent of the reaction,

a,
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is:

4N,

[ 2.8
T (2.8)

€ =
When a reaches approximately 0.22 at 1273°K, it is estimated
that the reaction will saturate. If 10 weight percent of
silicon is added to the aluminum and then heat treated to
1273°K, the reaction will saturate at about a equal to 0.95.
Thus, the addition of silicon to liquid aluminum can reduce
the amount of reaction.

Chernyshova et al. (45) have reported that Al,C; was
found to grow when the metal crystallized from the
supersaturated solution in the shape of rectilinearly
faceted crystals. They found that the silicon carbide mass
changes continuously. They determined parameters for the
dissolution of carbon into liquid aluminum with a
modification of the Nernst-Schukarev equation:

Am

1

=1 - exp(—afgx“) (2.9)

where Am is the loss of mass over the time T, m, is the
loss of mass corresponding to the saturation of the
solution, a@; is the dissolution rate constant, S is the
surface area of contact, V is the melt volume, and "n" is

the order of the dissolution reaction. They reported the
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order of reaction, '"n", to be 0.3 and the dissolution
constant, a;, to be 1 x 107" m/sec.

Arsenault et al. (43) studied aluminum penetration into
silicon carbide and found the penetration to be
significantly larger than an average diffusion distance
calculation of (Dt)'2, where D is the diffusivity and "t" is
the time. They report that there is solubility of Al C; in
silicon carbide according to the Al,C;-SiC phase diagram.

The solubility does not, however, explain the relatively
large penetration values they observed. They state that the
second law of thermodynamics explains the presence of
aluminum in silicon carbide since the entropy of mixing
reduces the free energy of reaction. They conclude that the
depth of aluminum penetration in silicon carbide must be due
to a short circuit path.

From the above discussions it can be seen that the
growth of the Al,C; film is an important consideration.

This growth should be controlled (e.g. as by the addition of
silicon to the melt as explained above) so that a composite
of good quality will result. Also, the processing can be
controlled so that the time in which the components can

react is minimal.
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2.3 Wetting of Silicon Carbide by Liquid Aluminum

Successful infiltration of the molten metal into the
reinforcement preform requires that the melt should wet the
ceramic phase. The wetting behavior is usually determined
by sessile drop experiments, as depicted in Figure 2.5.

This method ascertains the value of the product of the
liquid-vapor surface tension and cosine of the contact
angle. A force balance, according to Figure 2.5, results in

the Young-Dupre equation:

Ysv = Yo * YryCOSO (2.10)

The contact angle, 6, must be less than 90 degrees for
wetting to occur. According to equation (2.10), the
contact angle between a liquid and a solid can be decreased
by either one or all of the following factors: 1)
increasing the surface energy of the solid, ¥y, 2)
decreasing the interfacial energy between the solid and
liquid, ¥, and 3) decreasing the surface tension of the
molten metal (46, 47).

These principles have been used to develop techniques
for improving wettability. Some of these techniques will
now be discussed briefly. The use of metallic coatings
(e.g. copper and nickel) on ceramic particles increases the

overall surface energy of the solid and improves wetting by
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changing the contacting interfaces to metal/metal instead of
metal/ceramic (which are often non-wetting). The use of
reactive elements may enhance wetting by reducing the
surface tension of the melt, decreasing the solid/liquid
interfacial energy of the melt, or inducing wettability by
chemical reaction. Very small quantities of reactive
elements may be quite effective in improving wetting since
they segregate either to the melt surfaces or at the
melt/ceramic interface.

Heat treatment of particles before their dispersion in
a melt (as in casting) aids in their transfer by causing
desorption of adsorbed gases from the ceramic surfaces.
Ultrasonic vibrations promote the wetting of ceramic
particles by metallic melts as a result of partial
desorption of adsorbed gases from the surface of the
particles, and in addition, they supply the excess energy
for melt cavitation which facilitates particle dispersion in
the melt (48).

The bonding force between the liquid and solid, or work

of adhesion, W , is defined as:

Wa =Yv + Ysv ~ Ysr (2.11)
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Combination of equations (2.10) and (2.11) yields:
W, = Y, (1 + cosB) (2.12)

Thus, the bonding force between the liquid and solid phases
can be expressed in terms of the contact angle and the
surface tension of the liquid. These variables can be
measured experimentally using the sessile drop experiment
(47) .

There are many references in the literature that
discuss the wettability of aluminum on silicon carbide (49-
53). Figure 2.6 shows some data for the variation of the
contact angle of liquid aluminum on silicon carbide with
temperature, and Figure 2.7 shows the variation of y ,cosé@

for liquid aluminum on silicon carbide with temperature.

2.4 Vibratory Packing of Particulate Beds

The objective of packing particles by vibration is to
increase the density and uniformity of packing. The main
factors that affect packing particles using this method are
the characteristics of the powder (size distribution, shape,
and surface condition) and the vibration variables
(frequency, amplitude, and time). Other factors include
segregation by size and shape as well as particle density

(for multi-component systems). The wall effect can also
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have an influence on the packing of particles in the
surrounding region.

Review of the literature leads to the following factors

as being important in the vibratory packing of powders (54
and 55):

1.) For particles of a certain shape, the limiting
factor for high density packing is the size
distribution.

2.) Blends that give high densities with one type of
powder do not necessarily do the same for another
type.

3.) Spherical particles pack with higher
densities than irregular ones, but there is a
greater effect in increasing the density of
irregular powders with vibratory packing.

4.) Vibration gives the greatest increase in density
around certain fixed frequencies assumed to be the
resonant frequencies of the system and will depend
upon the apparatus itself and the powder used.

5.) For a system with a large size distribution of
particles, a change of frequencies of vibration
which affect all the different sizes can be

effective.
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6.) Packing is improved by low rates of deposition

and by simultaneous vibration and packing.

2.5 Infiltration

In order to exploit infiltration as a production method
for making composites, a better understanding of the process
variables has to be attained. This section reviews the
literature discussing the thermodynamics and kinetics of
infiltration. Specifically, the model developed for Maxwell
(25) will be discussed in the kinetics as it applies to the

system under study.

2.5.1 Thermodynamics of Infiltration.

In order for infiltration to occur successfully, the
laws of thermodynamics require that the end phase of
infiltration has a lower free energy than the beginning
stage. If all of the surface free energies from before and
after infiltration are summed, the result is the
infiltration index, I, described by Shaler et al. (56) as
the indication of the inclinatioh for infiltration to occur.
The work of Shaler will be discussed at this point. In the
model put forth by Shaler, it can be said that for an ideal
system (simple geometry), the index of infiltration must be

positive for infiltration to occur.
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The geometric configuration of the model involves the
infiltration of a semi-infinite plate with a distribution of
straight cylindrical pores as shown in Figure 2.8. The
pores are perpendicular to the face of the plate and have
uniform radii. The porosity of the system, ¢, is described
as the ratio of the volume of the pores to the volume of the

plate that has a height, "h":

¢=_..(Afa) (2.13)

where the variables are as described in Figure 2.8. The
volume of liquid is the same as that of the pores of each

cell so that:
(A+a)l=ah or 1=¢h (2.14)

Thus the geometry of the system can be charactérized by "r",
"h", and ¢. An energy balance of the system (calculation of
I), relies on the specific surface free energies, the shape
of the meniscus, and the external pressures exerted upon the
liquid. The surface free energies can be found from
equation (2.10). When the capillary radius is small, the
shape of the meniscus is estimated to be a spherical cap
with an area if 2nr?/(1 + sinf). The work done by the
outside pressure exerted on the porous body is (P, = Pz)nrz,

where P, is the pressure upon the liquid layer, and P, is
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the pressure in the pore.

Using the definition for the infiltration index given
above (i.e. sum of the free energies), the tendency for one
of the states in Figure 2.8 to go to another can be found.
If the change in free energy from going to one state to
another is negative (i.e. the infiltration index is
positive), then the infiltration is spontaneous, provided
that there are no metastable states between them. If the
infiltration index is negative, it means that some work must
be done by external pressure to make the infiltration go
from one stage to another.

Shaler et al. calculated the infiltration index for
going from one state "a" to another state "b" as shown in

Figure 2.8 to be:

I, = nrzyLv[L% - 1) (cosB + 1)] (2.15)

Since I_ is positive for all values of ¢, 6, "r", and y the
transition from state "a" to state "b" occurs spontaneously
in all systems without the application of an outside
pressure.

The next stage of the process is state "c", and the
only difference between this and state "b" is the formation

of a meniscus spanning each pore opening. The index of
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infiltration for "b" going to "c" is:

1

T3 sing Yov * YE(P - By)] (2.16)

I, = 211:1‘2[(—;‘- -

where "yr" is the volume along the pore axis related to the
average distance that the liquid travels upon entering the
pore to establish a meniscus. I, is generally negative so
that a meniscus usually does not form immediately.
Following the same line of reasoning I, for going from

state "b" to state "d" is:

i __ 1 . fh
2 1 +sin® @ r cosb)

+ izﬂuvl - p)1

Iy = 2mr2[(

(2.17)

where "f" is the fraction of the total height which is
infiltrated. When "f" is small, I, is always negative. I,
becomes positive for values of fh/r of about 0.5. The
significance of this is that the infiltration is spontaneous
when an external perturbation forces the liquid into the
pores to a depth of half a pore radius. When the

infiltration has proceeded fairly far (i.e. at larger values

of fh/r) and if the porous body is thick relative to the
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pore radius then I, is governed by:
I,4 = 2nrfhy, cos6 (2.18)

It should be noted that this analysis was for an ideal
system. Although it can't be used for exact calculations
for some real systems, it can be used as a first
approximation for determining the proper conditions for

infiltration to occur.

2.5.2 Kinetics of Infiltration.

Although the thermodynamics provide for an assessment
of conditions under which infiltration may occur, it cannot
predict the rate of the process. Hence, the kinetics of the
infiltration process will now be discussed.

The kinetics of infiltration can be described by
equating the rate of momentum of the liquid within the
capillary network, to the forces which act on the liquid.
This approach was first developed by Brittin (57, 58) for
the rate of rise of a liquid in a capillary. Figure 2.9
shows a schematic of the forces acting on the system. 1In a
wetting system, the surface tension tends to move the liquid
up the capillary while it is opposed by the gravitational,

viscous, and end drag forces. The resulting change in
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Figure 2.9: Schematic diagram showing the forces acting
within a capillary.
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momentum due to these forces is:
-g%(m(t)fgb =F, + F + F, + Foy (2.19)

where m(t) is the mass of the liquid in the capillary at
time "tn, FY is the force due to surface tension, Fg is the
force due to gravity, F, is the force due to viscous
resistance, F_ is the force due to end-drag, and "h" is the
height of infiltration at time "t". Expansion of this

equation results in:

25 d (pdiy
nrip— (h dt:) 2rry,,cosb
- 8 —_
nnh a9t N
_ 1 2. ,dh
g e g (2.20)

where "r" is the capillary radius, p is the density of the
liquid, |, is the liquid/vapor surface tension, 6 is the
liquid/solid contact angle, » is the viscosity of the
liquid, and "g" is the gravitational constant. Semlak and
Rhines (59) later applied this equation to the infiltration
of porous metal bodies, which can be considered as a tangled
bundle of tubes with irregular radii. The effective radius
can then be determined experimentally.

The system used in the present work introduces aluminum

downwards through a porous silicon carbide compact. A
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schematic diagram describing the model for this system is
shown in Figure 2.10. The parameters necessary to describe
the geometry of this system are:

® h,, = initial height of the liquid in the reservoir

® h, = the distance the liquid has infiltrated at time
nen

@ A = cross-sectional area of the compact

® r_ = radius of the compact

® r, = effective pore radius (hydraulic radius)

® d, = particle diameter

® ¢ = void fraction

The total cross-sectional area of the pores, A,, is:

A, = dA, (2.21)
The equation of continuity can then be employed to equate
the height in the fluid in the reservoir, h,, at time, "t",
to the infiltration distance:

$A_

hg = =
"I

h, - hg, (2.22)

The origin is located at the interface between the reservoir
and the compact and the positive direction is taken as the

direction of flow.
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T-3957 66

The force balance for Figure 2.10 is:

- d dh
FP + Fg + Ff] + = E(m(t) dtc) (2.23)

where F, is a pressure related force that accounts for the
applied pressure, fluid pressure, end-drag, and surface
tension instead of being separate as was done by Brittin.
This force is related to the pressure drop across the liquid

within the compact:
F, = APdA, (2.24)
where:
AP = P, - Py (2.25)

In equation (2.25), P, is the pressure in the liquid at the
reservoir compact interface and P, is the pressure at the
front of the infiltrant. The pressure at the
reservoir/compact interface results from the applied

pressure in the reservoir, P the fluid pressure, and the

GR’
end drag. The magnitude of the pressure is then:
1_,dh;

Pp, = Pgr + pgh, - 3p( dt)2 (2.26)

The pressure at the front of the infiltrating liquid is a
consequence of the gas pressure within the compact, P,., and

the pressure due to surface tension. The value of this
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pressure is:

2¥,<080 (2.27)

Py = Pge -
he GC rb

The pressure drop across the porous body is then:

2y, ,cosb

h

€y2  (2.28)

AP = Pgz = Pge + +P9'h}z'%9(

The resistance to a fluid flowing through a powder can be

modeled using Ergun's equation:

dh dh
F o= -¢AC[K1nhcd—t° + szbc(th)z] (2.29)
where:
—_ 2
K, = 150.L1_;42’)_. (2.30)
$*d;
and:
1.75(1 - &)
K 2.31
2 ¢3dp ( )

The gravitational force acting upon the liquid within

the compact is:

F, = A pgh, (2.32)



T-3957 68

The change in momentum can be rewritten:

d dh
gt Bege )’ (2.33)

d dh, _
=g (m(e) —=£ = pda

Equating the sum of the forces given above to the rate of

change in momentum and dividing through by ¢A_ yields:

pd%(hc%> = P’ + ﬁ%cfs—e + pghg - p( (gic)z
—[R;nhciZ:-+R;phc(iZf)ﬂ
+ pgh, (2.34)
where:
P* = Py - P, (2.35)

Infiltration will only occur if the following condition is

met:

2y, ,cosf
Ih

pP* + + pghp, > 0 (2.36)
The expression on the left hand side of equation (2.36)

defines the effective pressure, P When the effective

eff*®
pressure is zero, then P", defines the threshold pressure,
P,,, which is the applied pressure that must be exceeded in
order to initiate infiltration.

The solution of the equation of motion can be
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simplified and recast in dimensionless form. Using 7 and &,
to represent the dimensionless values of time and height

respectively, the infiltration equation can be written as:

2 )
Ezgr_z + B<_g§)2 + 115%‘% -AE =1 (2.37)
where:
h
- c 2.38
¢ <h> ( :
and:
t = ( <}I.2> ( P;ff)l/Z) £ (2.39)
and:
Kn<h>
L = 7;??;?55 (2.40)
and:
A, = (1_¢)!%<12 (2.41)
eff

where: <h> is a reference value for height of some arbitrary
value. For the system under consideration, A, is large

compared to the other terms so that they may be neglected.
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Thus, the resulting equation may be solved by

to give the following approximate solution:

1,5 T
—g2=— ,; 0.1 <§c<1
ZE A‘l E

70

integrating,

(2.42)
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3.0 EXPERIMENTAL PROCEDURE

The objective of the experimental work was to check the
validity of the infiltration model discussed earlier.
Experiments were run to see how the infiltration time was
affected by temperature, pressure, particle size, and

additions of aluminum powder to the compact.

3.1 Infiltration Parameters

Permeability tests were run on the various sizes of
compacts so that the threshold pressures (minimum pressure
required for infiltration) could be determined for various
conditions. To assess the threshold pressures, values for
the void fraction, effective particle diameter, and
effective pore radius had to be acquired. The void fraction
could be obtained directly, and the other two factors could
be calculated using Ergun's Equation as discussed below.

The void fraction was determined by slowly adding water
to the silicon carbide compacts, which were prepared using
the same method described in section 3.3. To ensure that
the compact was not perturbed by the addition of the water,
only one drop of water was added at a time with the aid of a
burette. The distance between the tip of the burette and

the top of the compact was also minimized to reduce the
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amount of disturbance. The specimens were weighed before
the addition of the water and after the water appeared right
at the top of the compact. The difference in these weights
was the weight of the water, which was then equated to the
volume using the relation that one gram of water is equal to
one cubic centimeter of water at room temperature. Once the
volume of water was obtained, it was divided by the total
calculated volume of the compact to obtain the void
fraction.

In addition to the void fractions, the pressure drops
across each type of compact at known flow rates has to be
obtained in order to find the corresponding effective
particle diameters. The range of flow rates that can be
employed are chosen such that they are similar to those that
are expected in the infiltration studies. The corresponding
flow rates for the permeability tests and the infiltration
tests are correlated by first determining the range of
Reynold's numbers expected for the infiltration studies and
then determining the argon flow rates which will cover this

range. The Reynold's number, Re, for this situation is:

. PV
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where:
(3.2)
and:

V0=A%=¢— (3.3)

In the above three equations p is the density of the fluid,
V, is the superficial velocity, » is the viscosity of the
fluid, ¢ is the void fraction of the compact, S, is the
total surface area of particles per unit volume of
particles, dp is the effective particle diameter, dh/dt is
the velocity, Q is the volumetric flow rate, and A, is the
cross-sectional area of the compact.

Before the pressure drops across the compacts can be
determined, the pressure drops across the filters have to be
determined first. This is because the tests used to find
the pressure drops across the compacts include the pressure
drop across the compact plus the filter. Once the pressure
drop across the filter is obtained, it can be subtracted
from the total pressure drop to obtain the pressure drop
across the compact. Using Ergun's equation the pressure

drop across the filter for viscous controlled flow can be
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written as:

dpP _ 150m 0 A% (1 - ¢)2
dl a, d ¢

(3.4)

where A is the shape factor. If compressibility can be

disregarded, equation (3.4) can be integrated to yield:

150 A2 (1 -¢)2 L O
A, d: ¢

AP = (3.5)
where AP. is the pressure drop across the filter and L is
the length of the filter. A regression can be employed for
the pressure drop and flow rate data for each filter to
yield a modification of equation (3.5) in the following

form:
AP, =k 0 (3.6)
where k is the slope of the regression line.
To determine the pressure drop across the compact,
compressibility has to be taken into account. This
difficulty can be overcome by:

dp _ 150 q A2 (1 -$)2 0 p
dl Acd;¢3 o}

(3.7)
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or:

dp _ 1500 A% (1 - )2 G
dl a.dip ¢’

(3.8)

where G is the mass flow rate. If the gas is considered to

be ideal then:
P = —= (3.9)

where: P is the pressure, M is the molecular weight of the
gas, R is the gas constant, and T is the absolute
temperature. Substituting these values into equation (3.8),

integrating, and simplifying yields:

(P} -P}) =K, G (3.10)
where (P, - P,) is the pressure drop across the compact and
K, is the slope of line of data regressed in the form of
equation (3.10). The constant, K,, is also known as the
reciprocal of the specific permeability.

The effective particle diameter can then be determined
from equation (2.30), and the hydraulic radius,r,, can be
found from the following relationship:

_ 49, ¢ 3.11
I, T ( )
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The hydraulic radius can also be written as:

volume available for flow _ T In hc = Ih (3.12)

H total wetted surface area 2=m r, h,

where r, is the effective pore radius, and h_ is the height

h
of the compact. Thus, the effective pore radius can be
found from:
rh=Lp¢ (3.13)
6(1 - ¢)
The threshold pressures can then be determined from the
above information as will be discussed in section 4.2.

The permeability tests indicated that a minimum
differential pressure of 103 kPa (15 psid) was required.
The upper limit of the applied differential pressure of 207
kPa (30 psid) was constrained by the limitations of the
differential pressure regulator that was used. A
temperature of 670°C was selected so that the tests would be
run at least 10°C above the liquidus. The upper limit on
temperature was 750°C since infiltration occurred too
rapidly to be measured above this temperature. A
temperature characterization profile was performed, and it

was found that the temperature could be controlled to within

plus or minus 2°C within the working zone.
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3.2 Materials

The silicon carbide used for infiltration was a high
purity a-silicon carbide powder provided by the EXOLON-ESK
company. The particles were initially screened on a ro-tap
machine, and the particles retained on the 100 and 200 mesh
screens were the ones selected for the infiltration tests.
The particles were analyzed using a JEOL JXA-840 Scanning
Microanalyzer. Figures 3.1, 3.2, and 3.3 show
photomicrographs of the 100 mesh, 200 mesh, and the aluminum
powder used, respectively. Tables 3.1, 3.2, and 3.3 give
the particle size analysis results from the scanning
electron microscope. The particles were analyzed using the
Particle Recognition and Characterization Program (PRC).
The shape factors reported in Tables 3.1, 3.2, and 3.3 are
the ratios of the calculated volume for each particle
compared to the volume of a sphere equal to that of a

reference circle surrounding the particle:

(perimeter)? (3.14)

shape factor =
(area x 4m)

From this point on, the particles retained on the 200 and
100 mesh screens will be denoted by their average particle
diameters of 106 and 177 microns, respectively.

The aluminum slugs used for infiltration were produced

from materials supplied by Aesar, Johnson Matthey Inc.,
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Figure 3.1

(®)

SEM Photomicrographs of 177 fim silicon carbide
particles. (a) 50X (b) 500X

78



T-3957

Figure 3.2:
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(b)

SEM Photomicrographs of 106 kit silicon carbide
particles used. (a) 50X () 500X
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Figure 3.3:
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(®)

SEM Photomicrographs of aluminum powder used in
tests. (a) 50X ) 500X
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Table 3.1

Characterization of 177 um Silicon Carbide

Particle Size Analysis”

Average Diameter (um) 177
Maximum Diameter (um) 243
Minimum Diameter (um) 116
Shape Factor 1.24
* based on 176 particles counted

81
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Table 3.2

Characterization of 106 um Silicon Carbide

Particle Size Analysis”

Average Diameter (um) 106
Maximum Diameter (um) 161
Minimum Diameter (um) 1.29

* based on 189 particles counted

82
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Table 3.3

Characterization of Aluminum Powder

Particle Size Analysis®

Average Diameter (um) 8.37
Maximum diameter (um) 12.5
Minimum Diameter (um) 5.0
Shape Factor 1.02

* based on 210 particles counted
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which had a purity of 99.95 weight percent aluminum.

3.3 Sample Preparation

A drawing of the infiltration specimen fixture is
presented in Figure 3.4. The compact was contained in a 304
stainless steel tube with an inside diameter of 12.7
millimeters (0.5 inch), an outside diameter of 19.1
millimeters (0.75 inch), and a length of 92.0 millimeters
(3.625 inches). Sauereisen No. 8 cement was used to coat
the inside of the tube walls to prevent reaction with molten
aluminum as well as to hold in place a filter at the bottom
of the tube.

A vacuum was then pulled through the bottom filter
while the silicon carbide was charged slowly with a funnel.
While the sample was being charged, the specimen was
vibrated to aid in compaction. After all of the silicon
carbide had been charged in this manner, a 85 g weight was
put on top of the compact while the vacuum was being pulled
and the compact was being vibrated simultaneously at varying
frequencies.

For tests with just silicon carbide in the compact, 8
grams of silicon carbide would be used, while for tests with
the compacts of silicon carbide mixed with aluminum powder

6.325 grams of silicon carbide was used to 2.109 grams of
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aluminum powder. This was equivalent to 25 weight percent
of aluminum powder in the compact, and these amounts were
used so that the length of the compact would be the same as
in the other tests (i.e. 35 millimeters). Finally, a

6,897 kPa (1,000 psi) pressure was applied to the top of the

compact and then the 6 g aluminum slug in the same way.

3.4 Reaction Tube Atmosphere

In order to control the environment that the liquid
aluminum saw, a re-circulation circuit (see Figure 3.5) was
constructed to clean up the argon gas. The first step of
the cleaning of the atmosphere was to pull a vacuum of 30
millitorr and backfill with argon three times. The gas was
then run through the re-circulation circuit with the aid of
a diaphragm pump. The argon would pass through a molecular
sieve to eradicate any moisture that might be present, and
there was a bubbler for scavenging oxygen that could be put
on line if it was deemed necessary. Results showed that the
molecular sieve seemed to give satisfactory results, so the

bubbler was not used that often for scavenging oxygen.

3.5 Infiltration Tests
A schematic of the infiltration chamber is shown in

Figure 3.6. A differential pressure regulator was used to
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Figure 3.5: Schematic diagram of the re-circulation circuit
for cleaning the reaction chamber atmosphere.
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Figure 3.6:

Schematic diagram of the infiltration
apparatus: A) Differential Pressure Transducer
B) Capillary Tube C) Differential Pressure
Regulator D) Differential Pressure Transducer
E) Cooling Coils F) Furnace G) Reaction Chamber
H) Liquid Aluminum I) Silicon Carbide Compact
J) Filter K) Vacuum Pump L) Thermocouple

M) Collection Crucible
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apply the pressure with argon gas, and a differential
pressure transducer was hooked up so that it would read the
pressure difference between the top of the liquid metal and
the chamber that the sample sat in (essentially the pressure
that the compact saw since gas could get through the filter
at the bottom). This kind of arrangement would allow the
total pressure in the chamber to be varied as desired. 1In
these tests a 30 millitorr vacuum was pulled on the chamber
during the infiltration.

A small capillary tube was located in the line to the
inlet argon supply so that the onset of liquid aluminum flow
would be monitored by a differential pressure transducer
(DPT) hooked across the capillary tube. The DPT would
measure the pressure drop across the capillary tube, and
hence, the flow rate (Hagen-Poiseuille relationship). A
chart recorder was used to acquire the demodulated output
from the DPT, so that in effect, the flow of aluminum
through the compact as a function of time could be measured.
A typical curve is shown schematically in Figure 3.7, and
the beginning and end of infiltration could be read off the
plot as indicated. The time for infiltration is the elapsed
time between these two events. It should be noted that the
infiltration model indicates that the infiltration time

varies with the square of the infiltration distance, except
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Schematic of the flow during infiltration. The
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flow rate (Hagen-Poiseuille relationship). A
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transducer so that the change of flow rate

as a function of infiltration time could be
recorded.
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for the beginning of infiltration, and hence, a distance
scale might be superimposed on the time scale of Figure 3.7.
After the reaction tube atmosphere was cleaned as
discussed in the previous section, the sample would sit at
the desired temperature for one hour to stabilize. Then the
desired pressure would be applied, and the infiltration time
and flow rate would be recorded on the chart recorder.
After the aluminum emerged through the filter and was
collected in the collection crucible, the sample would be
brought up to the cooling zone and be allowed to solidify.

The sample was then cut up for further inspection.
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4.0 RESULTS AND DISCUSSION

4.1 Infiltration Simulation

To provide for a visualization of the infiltration
process, a simulation was conducted using mercury as the
infiltrant and glass beads as the particles forming the
compact. The purpose of using these materials was to be
able to record the process on a video recorder so that the
kinetics could be studied. Some still photographs were also
taken with a camera, and various stages of the process are
shown in Figure 4.1. These photographs confirm that the
beginning of infiltration and the end of infiltration
correspond to the parts of the curve portrayed in Figure
3.7.

According to the proposed model discussed in section
2.5.2, a linear plot should be obtained ("long time"
solution) if the infiltration distance squared is plotted
against the infiltration time. The experimental results are
shown in Figure 4.2. It can be seen that the plot is linear
at large times and is asymptotic to the expected linear
behavior at shorter times. Thus, the model appears to

characterize the process fairly well in an idealized systenm.
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(b)
Figure 4.1: Photographs of the wvarious stages of the
infiltration of mercury into glass beads.
(@) After infiltration has begun
(b) The end of infiltration
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4.2 Body Characterization

To assess the characteristics of the silicon carbide
compacts, the pressure drop across each of several silicon
carbide compacts and filters was measured over a range of
flow rates. The first step of these experiments was to
measure pressure drops across filters at known flow rates so
that these pressures could be subtracted out in order to
obtain the pressure drops across the compacts. The results
for two filters are shown in Figure 4.3, and the best fit

line of the data from both experiments is:

AP(Pa) = 99,208,894 Pa m~ sec x O(m® sec™) (4.1)

where AP is the pressure drop and Q is the volume flow rate.
The coefficient of correlation for this line is 0.93, which
is reasonable; in any case the pressure drop across the
filter is small compared to that across the compact, and the
small correction is insignificant.

Equation (4.1) can then be used to calculate the
pressure drop across the filter for each flow rate used in

measuring the pressure drop across the compact and filter.
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The pressure difference (P, - P,), which is the pressure
drop across the compact, can then be extracted.

As discussed in section 3.1, a plot of the difference
of the square of each of these pressures against the mass
flow rate should yield a straight line. The results of
these experiments for three different sizes of silicon
carbide particulates are shown in Figure 4.4. The linear
behavior in Figure 4.4 suggests that there is not much
variation in the permeability of compacts of the same type.
This consistency is important for the upcoming analysis
since variation in permeability in the same type of bed
would lead to inconsistent results in the characterization
of the infiltration behavior. The effect of just changing
the length of the bed can be seen by comparing the compacts
for the particulates with an average diameter of 60 microns
(particles retained on a 325 mesh screen). The lengths of
these compacts are 35 and 72 millimeters, and it can be seen
that lengthening the size of the bed increases the pressure
drop. Figure 4.4 also shows that reducing the particle size
also increases the pressure drop across the compact. The
slopes of these lines can then be used to determine the
specific permeability of the compacts. Linear regression of
these data yields the slopes and coefficients of correlation

given in Table 4.1.
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Table 4.1
Slopes and Correlation Coefficients of Figure 4.4
Compact Description Slope Correlation Coefficient

(Pa® kg-1 sec)

60 um SiC (72 mm) 7.3 x 10" 0.99
60 um SicC (35 mm) 4.6 x 10" 0.99
106 um SiC (35 mm) 1.7 x 10" 0.98

177 wpm Sic (35 mm) 1.4 x 10" 0.92
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Since the majority of the data is for 106 um silicon
carbide compacts, the information in Table 4.1 has been used
to find the specific permeability as described in section
3.1. The specific permeability of the 106 um silicon
carbide compacts is 4.388 x 10" m?.

The void fractions were found by introducing water in
the pores of the compact and measuring the weight of the
water needed to fill the pores, as described in section 3.1.
The weight of the water could then be equated to the volume,
and this could be used to calculate the void fraction. For
the 106 um silicon carbide compacts the void fraction was
found to be 0.45, which agrees with the void fraction of
0.43 found by analyzing photomicrographs of the compacts
obtained with a scanning electron microscope. Using the
specific permeability (1/K,;) and the void fraction, equation
(2.30) can be used to estimate that the effective particle
diameter is about 47 micrometers, which is slightly smaller
than the measurements made on the scanning electron
microscope. Equation (3.13) can then be used to find the
corresponding effective pore radius. The permeability tests
give a value of 12.8 micrometers for the effective pore
radius, while the scanning electron microscope (SEM)

measurements yield a result of 14.5 micrometers.

The above information can then be put into
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equation (2.36) as is appropriate, and the threshold
pressures (pressure required to overcome the resisting
capillarity forces in order to initiate infiltration) can be
calculated. The y cosf term (surface tension and contact
angle) is extrapolated from Figure 2.7, and the density is
obtained from Figure 2.2. The initial height of liquid
aluminum in the reservoir, h,, was approximately 22.2
millimeters (7/8 inch). The calculated threshold pressures
for pure aluminum at various temperatures are presented in
Table 4.2.

An important aspect of preparing the compacts for
infiltration was found to be the mechanical packing
technique. Uniform particle spacing in the compacts can be
difficult to achieve because of the irregular shape of the
particles. At first, the compacts were prepared by applying
a load to the top of the compacts with a hydraulic press.
This technique, however, resulted in non-uniform packing,
which led to channeling of the aluminum during infiltration.
The most common mode of channeling was down the sides, as
shown in Figure 4.5. Further attempts were made to assemble
the compacts incrementally in small layers, each layer
having a load applied to it with a hydraulic press.
Incremental packing resulted in voids delineating the

boundaries between each layer, which was also not



T~-3957

Table 4.2
Threshold Pressures for Infiltrating Aluminum through
106 um Silicon Carbide at Various Temperatures

Temperature Threshold Pressure Threshold Pressure

(Permeability Tests) (SEM Analysis)
°c kPa kPa
670 106 94
700 102 20
730 97 86

750 95 84

102
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Figure 4.5: Photograph showing the typical channeling
pattern of aluminum going down the sides
instead of uniformly through the compact.
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satisfactory.

Aluminum powder was added to the compact to reduce the
reinforcement volume fraction and to investigate this as
perhaps being a means for improving the wetting conditions
as well as for reducing the amount of channeling. A larger
number of successful infiltrations were accomplished with
this method, but there was still significaht channeling when
these compacts were packed with a hydraulic press.

The next stage of experimentation was to investigate
the geometry of the compact as related to the channeling
phenomenon. These samples were still prepared by packing
the compacts with a hydraulic press. The channeling
behavior was explained further by investigating the effect
of aspect ratio of the compact. Figure 4.6 illustrates the
observation that if the length of the cylindrical compact
was limited to the same dimension as the diameter,
successful infiltrations resulted. This feature was tested
further with a compact that had a length just slightly
larger than the diameter. Figure 4.7 shows that the
infiltration started down the center, but then proceeded
uniformly across the compact at approximately the point
where the distance to the bottom was about the same as the
diameter of the compact. This mechanism was observed

several times, suggesting that an aspect ratio of one for
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Figure 4.6: Photograph of sample showing successful
infiltration of a compact (diameter of 12.7
millimeters or 0.5 inch) when the length of
the cylindrical compact is about the same as
the diameter.
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Figure 4.7: Photograph of larger compacts (diameter of
22.2 millimeters or 0.875 inch) illustrating
that infiltration becomes uniform at
approximately the point where the length left
to infiltrate is about the same as the diameter.
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the compact provides the uniform internal conditions
required for successful infiltration.

Defining an aspect ratio of one for a compact is often
impractical, and a more flexible means of obtaining uniform
infiltration was sought. Review of the relevant literature
(as discussed in section 2.4) indicated that vibrational
packing of compacts has been successful in achieving uniform
packing, and this proved to be the case for the compacts
prepared in this work. Uniform packing of the silicon
carbide compacts was ultimately obtained by pulling a vacuum
through the bottom filter and vibrating the sample container
while charging it with the silicon carbide particles. The
sample was then subjected to further by vibration and
suction with an 85 g weight located on the free surface.
During this step, the frequency of vibration was varied so
it would have an influence on the packing behavior of the
various sizes of particles, as suggested by the literature
reviewed in section 2.4. The final step was to apply a
6,896 kPa (1,000 psi) pressure to the top of the compaét
followed by pressing the aluminum slug into the infiltration
fixture and on top the silicon carbide under the same
pressure. Figure 4.8 shows a successful infiltration of a

compact prepared by using the method just described.
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Figure 4.8: Successful infiltration after silicon carbide
compact has been packed using the vibration
method.
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4.3 Infiltration Experiments

The flow of aluminum through the compact as a function
of time was determined with the aid of the pressure response
trace obtained on a chart recorder as described in
section 3.5. This allowed for a precise measurement of
infiltration time, in particular when the change in slope
(from the aluminum front moving through the compact to the
transition of the back end of the slug emerging through the
filter) was sharp.

This method of determining the infiltration time proved
to be tractable since the infiltration rate was quite rapid
under certain conditions. Above 750°C, the infiltration
time was so short that this then delineated the maximum
temperature that could be tested. The lower limit of
temperature was chosen to be 670°C since this was considered
to be sufficiently above the melting point of aluminum of
660°C. The upper limit of pressure of 207 kPa (30 psid) was
chosen because it is the highest pressure that the
differential pressure regulator employed allowed. A lower
limit of 103 kPa (15 psid) was utilized since it approaches
the threshold pressures. In fact, it was observed that no
infiltration occurred at applied pressures of 69 kPa (10
psid) for the trials run with 106 um silicon carbide. This

suggests that the calculated threshold pressures (106 to 95
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kPa for 670 to 750°C, respectively, from the permeability
test data and 94 to 84 kPa for 670 to 750°C, respectively,
from the SEM analysis data) are reasonable, even though
successful infiltrations were accomplished at an applied
differential pressure of 103 kPa (15 psid). With these
limits set, the temperature and pressure dependence of the
process was then investigated.

Before the specific dependencies are discussed, the
final results of the model will be reviewed. Now that a
specific analysis is being performed, the subscript "I" will
be used to denote the time required to complete
infiltration. If the height of the compact (approximately
35 millimeters for all of the tests) is taken as the
reference height, <h>, then it can be seen from equation
(2.38) that the dimensionless height £, will be equal to
one. If this result is substituted into equation (2.42),

then it can be seen that:

A

1
2 (4.2)

T, =

where again 7, is dimensionless time for complete
infiltration and the expression for A, will be given on the

left hand side in equation (4.4). Reconverting to
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dimensional quantities as by equation (2.39), the result is:

A':L - 1 Peff 1/2 4.3
- [QTB-L———) 1¢; (4.3)

T, =
where P_. is the effective pressure as described by
equation (2.36), p is the density, and t, is the time for
complete infiltration. Substituting for i, from

equation (2.40) then yields:

1 Kn<k> A

1 _ 1. 1 Perryag
=2 = Lo [ (== t 4.4
2 0P 2 B ) (4-4)
where K, is as described in equation (2.30) and » is the

viscosity of aluminum. Simplifying, and solving for t;:

_ Kn(ch>)? (4.5)

g 2(Peff)
This equation is the general result that will be used in the

upcoming discussions.

4.3.1 Temperature Dependence.
With the aid of equation (4.5), the temperature

dependence of the system will be analyzed. 1In the
temperature analysis, the pressure will be held constant,
while the temperature is varied. The terms affected by
temperature are the effective pressure, P ., and the

viscosity, ». It can be seen from equation (50) that the



T-3957 112

temperature dependent terms affecting the effective pressure
are the wettability term, ywcose, and the density.
Furthermore, it can be seen from Figures (2.2), (2.4), and
(2.7) that these terms are relatively temperature
insensitive in comparison to the viscosity, for the
temperature range of interest (670 to 750°C). Thus, the
effective pressure will be considered to be invariant
relative to changes in temperature. Recasting

equation (4.5) with these constraints yields:

tr=c n(7) (4.6)
where:
2
o= Km)® (4.7)
2Peff
and, »(T) is as described by equation (2.4). The result is
then:
n(T) = 2 exp(luis) (4.8)
RT

where A is a constant, R is the gas constant, E,is is the
activation energy of viscosity, and T is the absolute
temperature. Substituting this value of the viscosity into

equation (4.6) yields: B
t; = cA exp(—Rf’;-,f) (4.9)

From this relationship, it can be seen that a plot of the
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logarithm of infiltration time versus the inverse of the
absolute temperature should yield a slope which is

equivalent to E,._/(2.303R).

vis
The results of the infiltration of aluminum into 106 um
silicon carbide, with the corresponding activation energies
of viscosity, are shown in Figure 4.9. These activation
energies of viscosity are in agreement with the range of
activation energies of viscosity for aluminum (3.3 to 5.0
kcal/mole or 13.8 to 21.0 kJ/mole) reported in the reference
reviewed in the literature (41), suggesting that the
viscosity is responsible for the dominant temperature
behavior displayed by this system. The results of the
infiltration of aluminum into 177 um silicon carbide are
presented in Figure 4.10. These activation energies of
viscosity, although they are somewhat high also agree
reasonably well with the activation energies of viscosity
reported in the literature. A comparison of the 106 and 177
pm silicon carbide particle data is illustrated in Figure
4.11. It is seen that the slopes of the lines associated
with 177 um silicon carbide data are slightly higher than
those for the 106 um silicon carbide data. In viscous
controlled flow, the viscous effects dampen the turbulent

eddies that are present. A change in the turbulent flow
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pattern, as manifested by particles of varying size, could
affect the apparent viscosity, possibly explaining the
difference in the activation energies of viscosity for the
106 and 177 um silicon carbide data. The linearity of both
plots indicates that the proposed model is a possible
mechanism for the process. It should also be noted that the
177 upum silicon carbide compacts were infiltrated in a
shorter time than the 106 um silicon carbide compacts. This
is to be expected since the 177 um silicon carbide compacts
have larger voids, and hence a higher permeability, causing
them to be infiltrated more rapidly.

Another series of experiments consisted of mixing
aluminum powder with the 106 um silicon carbide particles,
producing a compact that was subsequently infiltrated.
Examination of Figure 4.12 shows that the compacts with
aluminum powder were infiltrated at a higher rate in most
cases; however, the data do not exhibit a linear behavior.
This lack of linearity is not surprising since the proposed
model only accounts for the displacement of a gas from the
pores by the liquid aluminum, while in the case of the
powder mixed in with the silicon carbide, liquid aluminum in
the pores is also partially displaced by the aluminum from

the reservoir.
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4.3.2 Pressure Dependence.

The pressure dependence is analyzed by considering
isothermal behavior. Since P, is the term that is
responsible for the effect of pressure on the time for
complete infiltration, equation (4.5) will be recast to
yield a linear equation for this quantity. Thus, insertion

of this term into equation (4.5) results in the following

equation:
Lo 2Perr (4.10)
tr Km(<h>)?
Substituting for P, from equation (2.36):
2y,,cosb
2(pP*+—Y" " + h_ )
1 z, PFro (4.11)
tr Kn(<h>)?

where P" is the applied differential pressure, AP; Y,, is the
liquid-vapor surface tension; 6 is the contact angle; r, is
the effective pore radius; and h  is the initial height of
the liquid aluminum in the reservoir.

Recasting this in a more compact form results in:

?11 = C,(AP + C,) (4.12)
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where:
2
Co=__ 4.13
K, (<h>)? ( )
and:
2y, cosf
c, = 2¥1,C08Y | pgh,, (4.14)

Equation (4.12) indicates that a plot of the inverse of
the infiltration time versus the applied differential
pressure should result in linear behavior. Figure 4.13
shows the results for the 106 and 177 um silicon carbide
data, which confirms this expectation. Equation (4.12) also
indicates that as the temperature is increased, the slope,
C,, of each line corresponding to a given temperature should
increase; because the viscosity, », which is in the
denominator of this term decreases with increasing
temperature. Table 4.3 lists the values for the slopes and
intercepts of these lines. The slopes do increase as
expected, with the exception of the 750°C, 106 um silicon
carbide data; but this particular set of data is only
comprised of two data points which detracts from its

reliability. It should be noted that all of the lines had a

correlation coefficient of 0.99 or better, indicating a high
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Table 4.

3

122

Slopes and Intercepts of the Lines Showing the Pressure

Dependencies of Infiltrating Aluminum into 106 and

177 pum Silicon Carbide Compacts

Line Description Slope (C,) Intercept (C.C,)
(pa' s (s™h
670°C (106 um Sic) 3.788 x 107 -0.3207
700°C (106 um SiC) 4.004 x 107 -0.3410
730°C (106 um SicC) 4.178 x 107 -0.3528
750°C (106 pm SiC) 4.116 x 107 -0.3355
670°C (177 upm SiC) 5.205 x 107 -0.2613
700°C (177 pm Sic) 5.266 x 107 -0.2501
730°C (177 pm Sic) 5.462 x 10°° -0.2592
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degree of correlation for the linear behavior.

A similar comparison can be made between the data for
aluminum infiltrating a pure 106 um silicon carbide compact
and a bed comprised of a mixture of silicon carbide and
aluminum powders. Figure 4.14 is the comparison between
these two sets of data. Again the bed that has the aluminum
powder mixed in with the silicon carbide does not show the

linear behavior predicted by the model.

4.3.3 Overall Dependence.

The above results can now be used in combination with
equation (4.5) to provide a general equation for the
infiltration of aluminum into 106 um silicon carbide
particles. The permeability tests allowed K, to be measured
and it was found to be equal to 2.279 x 10" m2. Also, the
reference height, <h>, has been chosen to be the length of
the compact, which is 0.035 m. The viscosity analysis given
above yields an average value for the activation energy of
viscosity of 13.9 kJ/mole, with a standard deviation of 1.1
kJ/mole, for the infiltration of aluminum into 106 um
silicon carbide. Using this result for the activation
energy of viscosity, and the known values for the other
terms in equation (54), an average value of 2.551 x 1074

kg m' s, with a standard deviation of 2.69 x 10> kg m™' s’',
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has been found for the pre-exponential factor, A. The
effective pressure is the difference between the applied
differential pressure minus the appropriate threshold
pressure for the temperature being considered. Substituting
these values into equation (4.5) and rearranging the

equation in the form of an average rate yields:

<h> _ 3.44 x10% kg™ m® s (AP - P,)
t; <h>
(-13,900 J/mole))

RT

x exp (

(4.15)

where t, is the time for complete infiltration in seconds;
AP is the applied differential pressure in pascals; P, is
the threshold pressure in pascals, as defined in section
2.5.2 (values for P, are given for some temperatures in
Table 4.2; <h> is a reference height in meters, which is
conveniently designated as the height of the compact; R is
the gas constant in J mole™! °K''; and T is the absolute
temperature in °K. This equation was developed for the

temperature range of 670 to 750°C.

4.4 Microstructural Examination of Composites

The microstructural evaluation was conducted with the
aid of the scanning electron microscope used to evaluate the

particles in section 3.2. Examination of Figure 4.15 shows
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Figure 4.15: SEM photomicrograph showing 106 jxm silicon
carbide dispersed in an aluminum matrix. The
original compact consisted of plain 106 Jbm
silicon carbide particles. (200X)
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that the 106 um silicon carbide particulates are dispersed
fairly well in the aluminum, but that there was also
porosity present. These particles were present in the
composite at a volume fraction of approximately 0.57.

Figure 4.16 shows a composite comprised of 177 um silicon
carbide, which also exhibits porosity. The 177 um silicon
carbide composites are present at a volume fraction of about
0.54.

Mixing of aluminum powder with the silicon carbide to
form a compact tends to provide for a greater dispersion of
the particulates, resulting in a smaller volume fraction of
particles of about 0.35 in the compact comprising of 25
weight percent aluminum powder. This is evident from Figure
4.17. An even smaller volume fraction of particles of about
0.31 resulted in the bed consisting of 50 weight percent
powder, as can be seen in Figure 4.18. The fact that the
aluminum powder enhanced the infiltration and provides for a
better microstructure makes this method of fabrication
worthwhile for further investigation. The infiltration
behavior of this configuration, however, has not been
modeled in this work, and further research will be necessary
to take into account the displacement of the melted aluminum

powder within the pores.
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Figure 4.16: SEM photomicrograph showing 177 /s silicon
carbide dispersed in an aluminum matrix. The
original compact consisted of plain 177
/qm silicon carbide particles. (200X)
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Figure 4.17:

129

SEM photomicrograph showing 106 /xm silicon
carbide dispersed in an aluminum matrix. The
initial compact was comprised of a mixture 106
/xm silicon carbide particles and 25 weight
percent aluminum powder. (200X)
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o
Figure 4.18: SEM photomicrograph showing 106 /xm silicon
carbide dispersed in an aluminum matrix. The

original compact was comprised of 106 /xm
silicon carbide and 50 weight percent of
aluminum powder. (2 00X)
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1.)

2.)

3.)

4.)

5.)

5.0 CONCLUSIONS

Measuring the flow rate of argon, which was used for the
infiltration of the aluminum into the compact, as a
function of time, can be used to determine the time
required for infiltration.

The simulation results from infiltrating mercury in a
glass column confirm that the square of the infiltration
distance varies with the infiltration time linearly, in
accordance with the proposed model.

Vibration techniques yield the most consistent type

of packing. This was confirmed from permeability tests,
which showed that the pressure drop/flow rate behavior
of compacts of the same type were consistent with each
other.

The threshold pressure, the minimum pressure required
for infiltration, was found to be weakly temperature
dependent. The threshold pressures were found to be

106 kPa at 670°C and 95 kPa at 750°C using permeability
test results, and they were established to be 94 kPa at
670°C and 84 kPa at 750°C using results from a scanning
electron microscope analysis.

The temperature dependence of the system correlates with

the activation energy of viscosity for aluminum. An
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average value of 13.9 kJ/mole was determined for this
system.
6.) A phenomenological equation can be written for the
infiltration of molten aluminum into 106 um silicon
carbide:

£, <h> RT

3.44 x 1078 kgt m? Ap-p -
<h> x glm s ( en) exp | (-13,9005/mole)

where: t, is the infiltration time in seconds;

AP is the applied pressure in pascals; P,
is the threshold pressure in pascals; and <h> is
a reference height, conveniently the height of the
compact, in meters.

7.) The addition of aluminum powder to the silicon carbide
compacts enhances the infiltration, and also provides a

method for adjusting the volume fraction of

reinforcement.
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6.0 FUTURE RECOMMENDATIONS

It was found that measuring the flow of argon used to
inject the aluminum into the compact could be used to
determine the beginning and end of infiltration. It is
recommended that this be studied further to see if it can be
applied to more complex geometries.

Addition of aluminum powder to the compact appears to
enhance infiltration and provide a way for adjusting the
volume fraction of particles. It is suggested that more
work be done to characterize the effects of aluminum powder.
A model should also be developed that accounts for the
displacement of aluminum from the pores located ahead of the

infiltration front.
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