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ABSTRACT

This thesis comprises an investigation of the flow of pure
metals into fibrous preforms. General expressions are given to
describe the infiltration. The expressions are solved
analytically for simplified cases of practical interest.
Solutions are given to the problem of unidirectional
infiltration into a preform of aligned fibers under a constant
applied pressure. Cases of the fibers at temperatures both
above and below the metal melting point are considered. The
case of greater engineering significance, that of the fibers at
a temperature below the metal melting point, is solved to
elucidate the effect on infiltration kinetics of parameters
including: 1) fiber temperature, 2) metal temperature, 3) fiber
vclume fraction, 4) applied pressure, 5) fiber diameter,

6) fiber orientation, 7) fiber thermal properties, 8) mold
radius, and 9) heat transfer coefficient.

It is concluded the basic mechanism leading to the above
observed effect is the solidification of metal around the fibers
in the form of a sheath. Metal superheat, when present, serves
to progressively remelt the solidified sheath from the upstream
end of the preform. Fiber volume fraction is predicted to have
a major effect on infiltration kinetics, and metal superheat a
relatively minor effect. Applied pressure has a parabolic
effect on the infiltration kinetics for the case of negligible
capillary pressure.

When no external heat extraction is present and a constant
pressure is applied to the metal, flow through the preform will
continue indefinitely. For the more practical case of external
heat extraction, flow will cease when solidification from the
external heat sink has closed the flow channel. This will occur
first at the entrance to the fiber preform and is predicted
analytically for simple geometries. Curves are presented for
the predicted total infiltrated length as a function of fiber
volume fraction, fiber temperature, and applied pressure.



Experiments were performed to test the results of the
theory. An apparatus was designed and built for unidirectional
infiltration under constant pressure and carefully controlled
temperature parameters. A sensor was also developed to measure
the position of the liguid metal in the fibrous preform during
the experiment. This technique enabled quantitative comparison
of theory and experiment.

Excellent agreement between theory and experiment was
obtained for the case of 95.999% aluminum ancd Saffil™ alumina
fibers fabricated into two-dimensionally random preforms. Fiber
volume fraction was varied from 0.22 to 0.26, fiber preheat
temperature was varied from approximately 210°C to 470°C, and
metal superheat was varied from 20°C to 185°C. Infiltration
pressure was varied from 0.9MPa to 4.5MPa (130psi to 650psi).
Agreement between theory and experiment was excellent above
about 2 MPa. Below this pressure, there was some deviation due,
it is believed, to a larger than expected capillary pressure.
The impurity level of the metal was also found to significantly
influence infiltration. The measured preform permeability for
99.9% aluminum was much lower than that for 99.999% aluminum and
is discussed in terms of solidification morphology.

The simple one dimensional analytical model presented in
this work can be used to predict quantitatively the infiltration
behavior in some cases of practical interest, such as
fiber-reinforced rods, tubes, and pistons.

Thesis Supervisor: Dr. James A. Cornie
Title: Director, Center for the Processing and
Evaluation of Metal and Ceramic Matrix
Composites

Thesis Supervisor: Professor Merton C. Flemings
Title: Head, Department of Materials Science and
Engineering and
Toyota Professor of Materials Processing



PREFACE

This thesis has been written as two self-contained journal
style articles. Each article occupies a full chapter of the
thesis (Chapters 1 and 2) and contains an introduction,
conclusion, and references section in addition to the main body.
Also, the figures associated with each article are contained
within the chapter. Chapter 3 is the summary and conclusions of
the entire thesis and encompasses Chapters 1 and 2. Chapter 4

contains the suggestions for further work.
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Chapter 1
INFILTRATION OF FIBROUS PREFORMS BY A PURE METAL
PART I: THEORY

I. INTRODUCTION

In 1982 Toyota introduced a fiber reinforced aluminum piston
for use in a diesel engine [1), heralding the first commercial
application of a fiber-reinforced metal. This introduction of a
component of superior performance without an associated cost
penalty aroused great interest in liquid metal infiltration for
metal matrix composite (MMC) fabrication [2]. The liquid metal
infiltration process consists of the injection and subsequent
solidification of liquid metal into the interstitial spaces
within a collection of ceramic fibers. While many researchers
have studied the flow of fluids through porous media, both
particulate [3,4] and fibrous [5,6,7], they have not considered
the concurrent flow and solidification of a liquid metal. 1In
MMC fabrication practice the fibers are generally held at a
temperature significantly below that of the melt, making the
concurrent solidification phenomenon considerably important.

Researchers in the field of foundry engineering have studied
the concurrent flow and solidification of a metal in a mold.

The study of this phenomenon, termed fluidity by foundrymen, has
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concentrated on understanding the effects of such variables as
metal and mold temperatures and metallostatic head [8], alloy
composition [9,10], and surface tension and mold vibration
[11,12], to name but a few. However, this work does not treat
the flow of metal through a porous medium.

The problem of liquid metal infiltration of a fibrous
ceramic preform is then a superposition of the two problems of
flow through a porous medium and solidification during flow.
This body of engineering has not been well investigated, with
just a few processing studies emerging in recent years despite
the considerable engineering relevance of the problem. 1In the
area of flow of ligquid metals through packed beds of particles,
Nagata and Matsuda [13,14] have studied particles ranging in
size from 37um to 3400um. They propose the existence of a
critical preheat temperature, based upon physical constants of
the metal and particles, above which the particles must be
heated in order for infiltration to occur. Their parameter is
based upon an overall thermal balance. Hosking and Netz [15]
have studied the infiltration of an aluminum alloy into a packed
bed of particles ranging in size from 3mm to 9mm. They present
a statistically derived expression that is based upon their
experimental results. No expressions are presented relating
results to first principles.

On the flow of liquid metals through assemblies of fibers,
Fukunaga and Goda have made experimental measurements and
theoretical calculations of the permeability of a fibrous

preform. They propose the formation of a layer of solidified
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metal on the fibers and verify its existence through the use of
mechanical tests on leached out fibers [16]. They then derive a
Kozeny-type expression for the infiltration coefficient and
compare it to experimental measurements [17]. They also propose
a critical infiltration velocity as the mechanism for cessation
of flow. Girot et al. [18)] have performed a numerical analysis
of the infiltration of liquid alloys into fibrous preforms. In
this work they have proposed a model to predict the effect of
various processing parameters on the depth of infiltration.
They propose flow ceases when the metal cools to a critical
temperature, but they do not account for the release of latent
heat of solidification in their calculations. They also have
not yet confirmed their calculations experimentally. Clyne et
al. [19,20,21] have also considered the flow of liquid metal
through a fibrous preform. They calculate the critical pressure
necessary for melt infiltration and the effect of infiltration
pressure on fiber preform deformation. They also explain the
evolution of the composite microstructure, including an
interpretation of the role of metal superheat.

This chapter describes the flow of pure liquid metal through
a fibrous ceramic preform. A general case is first described,
with solutions to specific cases following. A clear physical
picture of the infiltration of a fibrous preform by a pure metal
is developed, and a simple analytical model is presented to
guantitatively predict infiltration behavior, with a specific
consideraticn for the effect of those parameters that would be

most appropriate to an engineer attempting to fabricate a part.



20

In the following chapter the calculations are compared with

experimental measurements.
II. DESCRIPTION OF GENERAL PROBLEM

Consider the infiltration of a fibrous preform by a pure
liquid metal. Figure 1 schematically illustrates the process by
which a three-dimensional, selectively-reinforced part could be
fabricated. 1In this example the pure liquid metal and the
fibrous preform do not wet one another, requiring the
application of pressure to force the metal through the preform.
The objective of this thesis is to describe, both physically and
mathematically, the flow of the metal throuagh the preform.

The infiltrated portion of the preform is bound by surfaces
S1, Sp, S3 and S,, where §; is the infiltrated preform/
unreinforced liquid metal bath interface, S, the infiltrated
preform/ uninfiltrated preform interface, S3 the infiltrated
preform/ mold wall interface, and S, the infiltrated preform/
solid metal interface. General aspects of the problem of
infiltration can be appreciated by considering briefly the
interactions at each surface.

Along S the velocity of the metal and its temperature are
continuous. At S, the liquid metal interacts with the fibers
both chemically and thermally. If,hfor example, the metal does
not wet the fibers (which is generally the case for fiber and
metal systems of practical interest) then the pressure in the

liguid metal at S, will be greater than the ambient pressure



ahead of the interface by an amount equal to the capillary
pressure. This capillary pressure would need to be overcome
before movement of the liquid metal could occur.

Also at S, the metal begins to exchange heat with the
fibers. 1In this work it is assumed that the liquid metal is
incompressible and that its flow upon entering the fiber preform
is governed by Darcy's law, the equation and limitations for
which are presented in section III. It is also assumed that
heat transfer between the fibers and the metal is instantaneous.
We thus treat the composite as one in which temperature
variations are very small on the scale of the fiber. 1In both
the fluid flow and heat transfer equations we therefore make use
of the same differential element, which is small on the scale of
the composite but sufficiently large to contain several fibers.
It is assumed that viscous energy dissipation is negligible and
that variations in density with temperature are negligible.

Heat transfer to and from this volume element within the
infiltrated preform is then dictated by the heat transfer
equation presented in section III. The assumption of
instantaneous heat transfer clarifies the physical model and
simplifies the analytical model; the validity of this assumption
is considered in section IV along with its effect.

Consideration of only the surfaces S; and S, (that is, S3 is
assumed to be adiabatic and S, non-existent) comprise a model
where only the interactions between the metal and fibers are
considered. This is termed the adiabatic model and described

fully in section IV. The objective of the model is to predict
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the spatial relationship between S; and S, at any time. The
complete engineering problem, however, must necessarily include
the surfaces S3 and S,, as described below.

At S3 the metal is generally in contact with a surface below
the metal melting point, resulting in the formation of solid
metal. The problem thus now involves the consideration of
another interface, S4, which progresses towards the center of
the casting cavity with time. The problem is similar to the
adiabatic model mentioned above, except that flow can occur only
within an inner "core"” of the preform. This model, which
includes interactions from all four interfaces, is termed the
non-adiabatic model and comprises the adiabatic model coupled
with a casting fluidity model. The non-adiabatic model is
quantifiei in section V.

The problem of infiltration of a fibrous preform by a pure
metal is then described by consideration of the interactions at
all four interfaces. 1In general the solution is complex, in
part because it is a free-boundary problem in which both the
infiltration front and the solidification front must be derived.
Solutions of the problem for specific cases are given below, to
demonstrate essential features of the infiltration of a fibrous
preform by a pure metal. These solutions are given following
consideration of some general aspects of infiltrated fibrous

composites.
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III. UNIDIRECTIONAL INFILTRATION OF A REGULAR ARRAY OF

FIBERS

Consider the case of liquid metal flowing unidirectionally
through a fibrous preform. Under this assumption we develop
expressions for the permeability, thermal conductivity,
capillarity, heat transfer and fluid flow aspects of the problem
which will be used in the solution of specific cases that are to

follow.

A. Permeability

A comprehensive summary of existing experimental and
theoretical work on the permeability of fibrous preforms has
been recently published by Jackson and James [5]. Work to date
has concentrated on aligned fiber networks, for flow both
parallel and transverse to the fibers, on random 2D filter mats,
and on random tri-dimensional fiber arrays. From their review,
it is apparent that:

1) reliable experimental data exist over a wide range of
fiber diameters ranging from 10A to 10mm. In a plot of
non-dimensionalized permeability as a function of solia
volume fraction, all data fall roughly on a single curve,
with a scatter band that narrows when data for flow
parallel to the fibers, perpendicular to the fibers and
through random 3-D mats are separated. Within each of

these classes, most data fall within a factor two of one
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another.

2) theoretical work has been proposed to model the
permeability of each of these media. Most models agree
well with the data, and it thus generally makes little
difference whether a square array or a triangular array,
for example, is assumed in the model.

3) the permeability for flow parallel to the fibers is about
twice that for flow perpendicular to the fibers. The
permeability of most fiber preforms (2-D random and
parallel fiber preforms in particular) is thus not
isotropic.

4)

the presence of inhomogeneities in the fiber distribution
within the preform increases the permeability
significantly.

In the present study we are concerned with homogeneous fiber
preforms with solid volume fractions of, at minimum, 0.20 for
2-D random preforms and 0.50 for parallel fiber preforms. Of the
various models proposed, we have chosen to use the following
expressions due to their range of validity and relative
simplicity. Both assume that the fibers are continnous, with

parallel axes located on a square grid. The first of these is:

4
2
0.427 rg[ /2v;] [ ) [ ]]
K= v 1- — 1+0.473 -2-5:-1
(1)

for flow parallel to the fiber axes, where rg ¢ is the radius of
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the solid material and Vg ¢ is its volume fraction. Eguation 1
is valid for solid volume fractions ranging from 0.5 to m/4 and
is based on calculations of Drummond and Tahir [6]. The second

equation to be used is:

s
2
2
2 f2 [4Vg
‘92 \r;, [1' d]
o 7t
(2

for flow perpendicular to the fiber axes. Equation 2 is valid

K=

for solid volume fractions ranging from approximately 0.2 to m/4
and is based on an approximation to numerical calculations of
Sangani and Acrivos [7]. It is accurate to within a factor 2.
A plot of the dimensionless quantity K/rsfz, for both parallel

and transverse cases, is presented in Figure 2.
B. Thermal Conductivity

Several authors have proposed calculations of the thermal
conductivity of fiber composites [26-30]. For parallel
continuous fibers, the thermal conductivity in the direction of
the fiber axes is given by the rule of mixtures, regardless of

the fiber distribution:

Ko = KfVi + Kkm(1-Vy) (3)

For heat flow in the direction perpendicular to the axes of

parallel continuous fibers lying on a square array, the equation
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we adopt for the thermal conductivity of the composite is:
(k + k) + (- k) Vy

= o Rr k) - Gk Y,

4)
This relatively simple equation was given independently by two
authors using different approaches [26,27], and matches closely
with the more precise (but more complex) equation of Perrins et
al. [28]. A plot of the dimensionless quantity kc/km, for both

parallel and transverse cases, is presented in Figure 3.
C. Capillarity

In this study liquid is forced into the preform by an
applied pressure, P,. Resisting flow is the ambient pressure,
P,, and the pressure drop due to surface tension at the tip of

the flowing stream, APy, where:

AP = 2 Vy (O - Opp)
Y (1-V)r,

(5)

where Op; is the fiber/ liquid metal surface energy and Opp is
the fiber/ atmosphere surface energy [31]. Implicit in equation
5 is the assumption that the equilibrium contact angle is
attained even under the dynamic conditions of flow.

Neglecting entrance effects (tﬂe fibers are of very small
diameter and flow distances are relatively long) and effects of
rate of change of momentum (see the following section), the

total pressure drop, AP, driving flow is composed of the
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pressure drop for viscous resistance, APu, and that for surface

tension, APY:

APT = APp + AP.Y
(6)
where AP = P, -P,

The pressure Py is that pressure at the tip of the flowing
stream just inside the liquid metal. The pressure drops

calculated and plotted in much of the following are APH“
D. Fluid Flow and Heat Transfer
For slow flow of an incompressible fluid, flow is governed

by Darcy's law, which in one dimension is written as (neglecting

any effect of gravity):

_.kKgdP
o~ u dx
(7)
where vV, = superficial velocity of liquid metal (average

velocity the metal would have if no fibers
were present)

13 = viscosity of liquid metal

K = permeability

P = pressure

X = position
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The range of validity of Darcy's law is usually specified by
a range of Reynolds numbers, which for the case of flow through
porous media is defined as [3,5,32]:

Re = 2ripmVv/ K (8)

where V is the average velocity of the liquid metal within the
porous medium. Investigators usually specify a 'critical’
Reynolds number, universal for all porous media, above which
Darcy's law no longer applies. Scheidegger [33] protests that
since the definition of the Reynolds number is based upon
hydraulic radius theory, then the results must be regarded as
subject to the same principal shortcomings as the theory itself.
He concludes that the correlations are, at best, valid only for
the specific porous media studied.

However, Jackson and James [5], in their review of
experimental and theoretical work on flow through fibrous porous
media, found that Darcy's law was obeyed for a variety of porous
media and fluids when Re<10. This criterion was also supported
by the work of Bergelin et al.[34] for measurements on precisely
aligned rows of large diameter tubes oriented perpendicular to
flow. Similarly, in his widely accepted work, Ergun [3]
evaluated experiments using a variety of porous media and fluids
to derive an expression for pressure drop that consisted of two
terms, one which described viscous energy losses (i.e. Darcy's
law) and the other which described kinetic energy losses (i.e.
deviations from Darcy's law). From Ergun's work, an expression

is easily derived to evaluate the relative importance of the two
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terms:

Kinetic energy losses  _ 1.75 Re
Viscous energy losses 150 V'

(9)

Therefore, the contribution of the kinetic energy loss term is
less than 2% when Re/V¢ < 1.7. This is a more conservative
upper limit than Jackson and James. Similarly, Szekely ([32] and
Geiger and Poirier [35] indicate that the upper bound of the
"creeping flow" regime is Re=2. Therefore, most investigators
believe that Darcy's law should describe the pressure drop for
flow where the Reynolds number is less than approximately unity,
a conclusion substantiated by experimental data.

In the present work we seek to determine the position of the
infiltration front, L, which is related to the superficial

velocity by:
dL
o= -V g
(10)

where t is time. Equation 7 then becomes:

a. ___ K __dP
dt = w(i-V,) dx

(11)
and K is given by eguation 1 or 2 for lengitudinal or transverse

infiltration, respectively.
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The equation governing heat transfer within the preform is,

for the one dimensinnal case under consideration:

aT T

*+* PmCm VYo s(- = kc;(?

PeCer
(12)
where:

PcCc = volumetric heat capacity of composite, equal

to PpeceVe + PpCm(1-Vg)

pgcsg = volumetric heat capacity of fibers

PmCm = volumetric heat capacity of metal

Vf = volume fraction fibers in the composite
kc = thermal conductivity of the composite
T = temperature

and k. is given by equation 3 or 4 for longitudinal or

transverse infiltration, respectively.

IV. ADIABATIC UNIDIRECTIONAL INFILTRATION OF A SQUARE
ARRAY OF FIBERS ALONG ONE OF TEEIR PRINCIPAL AXES;
NEGLIGIBLE TEMPERATURE GRADIENTS TRANSVERSE

TO THE FLOW DIRECTION

We assume now that the fiber preform is composed of
continuous fibers, with parallel axes located on a square grid;
Figure 4 is an example. Furthermore, we assume that the preform

is a semi-infinite cylinder, the axis of which either coincides
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with or is transverse to the fiber axis. The mold wall Sj
coincides with the cylinder surface, and is impermeable to any
heat flow. The surface of contact with the metal, S,, is planar
and is perpendicular to the cylinder axis at x=0; infiltration
is unidirectional along this axis. We also neglect any
variations in preform density due to compression by the metal
during infiltration, as was considered by Clyne et al.[20,21].
At t = 0, where t is time, the metal contacts the fiber
preform at x = 0. The temperature and the pressure of the metal
at x = 0 (T, and Po,respectively) remain constant throughout
infiltration; the entire preform is initially at T = T¢. The
infiltration front is planar and is located at x = L(t); Figure
4 describes the problem for infiltration in cross-flow, i.e.
perpendicular to the fiber axes. Heat transfer between the
fibers and metal is assumed to be instantaneous and so local
temperature differences transverse to flow are negligible.
Since the flow front is flat and heat transfer to the
surroundings is zero, temperature differences over the preform
diameter (perpendicular to flow) are also zero. In addition,
the thermal transport properties of the fiber preform are much
smaller than those of the liquid metal, therefore we neglect any
thermal losses ahead of the infiltration front. This last
assumption is invoked for clarity aqd simplicity in both the
physical and analytical models; it is relaxed later in this
section. Several cases of increasing complexity are now

considered in what follows.
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A. Case of fibers heated at or above metal melting point

(Tg 2 Tp) -

The first metal entering the preform at t = 0 exchanges heat
with the fibers instantaneously, as we have assumed. At t =
0+At, it will exchange heat with a new set of fibers, and aft
encountering a finite number of fibers n at time t = (n-1)At,
will reach the fiber temperature. The infiltration front
therefore reaches very quickly the fiber temperature Tg.

The permeability of the preform, K, is constant everywhere,
and the applied pressure is constant, therefore equation 11 can
be integrated from x=0 at t=0 to x=L at t=t to yield:

L 2APuK
N ROV

where APu = P, = Pr. The permeability K of the preform, in this

=¥ (13)

case, is given by equation 1 or 2 for longitudinal or transverse
infiltration, respectively, with Vgg = Vg, and rge = Ig, where
r¢ is the fiber radius. To derive the temperature profile, we

define

X=X . (14)
L

Equation 12 then becomes:

o1 _ 2 g7

-B)— = - (15)
x-B o - ¥ ap

where:
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and

B=
pccc

Boundary conditions are:

x =0. T=T°
daT Ve o -T)
= K — = x=
x=1 -k dx)xﬂ > b
The solution is then:
T - T, Yzzlerf (vB) + ert (Y (x-pﬂ
- = 1 - AT (16)
° T—e‘ (-6 +-Y22[erl(YB) +erf(Y(1-B))]
T
b d
where: Y =
2o
2p0,¢V
7. Py G Yy
pccc

Plots of equation 16 for various values of ¥ are shown in

Figure 5, using as example the thermal values of pure aluminum

metal and alumina fibers.

B. Case of fibers at a temperature below the metal melting

point (Tg < Tp).

1. No metal superheat (Tq = Ty)

As before, the first metal entering the preform will
exchange heat instantaneously with the fibers. However, in this
case the metal tip is not necessarily cooled below its melting

point T,, for to do so would require complete solidification of
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the metal. Instead, a portion of the metal at the tip
solidifies, releasing latent heat and heating the fibers to the
metal temperature T,. We assume that the metal solidifies at
its melting point at a very rapid rate so that formation of the
solid is instantaneous at the tip. As the metal tip advances
past a row of fibers, the solid metal which has formed is
entrapped by the fiber network and left behind. The liquid
metal tip, which is still at temperature T,, encounters the next
row of fibers and the process is repeated. Note that the
temperature throughout the composite is constant at T,,
therefore heat transfer is impossible through the composite.
The fraction of metal which solidifies, gg, is given by a heat

balance at the tip of the flowing stream:

PG Vi(Ty-Ty) Vs
* p AH(1-V) 1-V,

(17)
where AH is the latent heat of fusion and Vg is the volume
fraction of solid metal. Figure 6 shows the dependence of g4 on
temperature and fiber volume fraction, using as example pure
aluminum metal and alumina fibers. If the fibers are
sufficiently cold to cause complete solidification of the metal
(gg=1), then infiltration of the preform is impossible. For the
case of fibers preheated above this minimum temperature, flow
may continue, with the following boundary conditions:

x=L:T=Ty, and (18)
x=L:(Ty-T)Vip ¢ = pnAH Vg (19)
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In this work we consider the solidification of a pure metal,
with the solidifying metal growing to form a cylindrical sheath
around the fibers. The work of Fukunaga et al.[16] has provided
experimental evidence for this solidification geometry. The
morphology of the solid phase is therefore preserved: flow of
the liquid takes place between fine cylinders composed of the
original reinforcement surrounded by a uniform layer of solid
metal, Figure 7. The volume fraction of solid phase, however,
now varies and is given by:

and the radius of the solid cylinders rgg is:

(21)
The permeability of the preform is given by equations 1 and 2
for longitudinal and transverse flow, respectively, with Vg ¢ and
rgfg as given immediately above.

The rate of infiltration is given by equation 11 using the
appropriate value of K, which is found from either equation 1 or
equation 2, except that now Vg¢ and rgg are given by equations
20 and 21, respectively. After integration from x=0 at t=0 to

x=L at t=t, we obtain, as before:

L 2AP K
— = ——— = 22
ﬁ u(1'Vf) ¥ ( )

Figure 8 shows the dependence of permeability K on fiber

temperature and fiber volume fraction, while Figures 9 and 10



36

show the dependence of ¥ on fiber preheat temperature, fiber
volume fraction, and infiltration pressure, for alumina fibers
infiltrated in cross-flow by aluminum and conditions of
practical significance. Figure 11 shows the dependence of
infiltration length on time for different values of fiber

preheat temperature for the same fiber-matrix system.

2. Finite metal superheat (T, > Ty

The metal enters the preform at a temperature, T,, above the
melting point. As described above, the tip of the metal stream
will exchange heat instantaneously with the fibers it
encounters. Its temperature will therefore be lowered very
rapidly to the melting point, T,. Thus the physical situation
at the tip is identical to that of no metal superheat and solid
metal will form according to equation 15.

Upstream, however, liquid metal is supplied at the superheat

temperature, T > T,. Close to x 0, therefore, the temperature
will be above T,. In the region behind the tip, liquid and selid
metal coexist and the temperature is necessarily uniform at T,;
within this region no heat transport is possible. The
transition between this region where solid metal and liquid
metal coexist at T = T, and that at T > T, extending downstream
from x = 0, is a sharp boundary. In the geometry of the problem,
this boundary is planar at some x defined as Lg(t). The length

L. will increase with time as a result of continued gradual

S

remelting of solid previously formed. Figure 12 schematically

illustrates the effect of metal superheat.
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To determine the temperature profile within the remelted
region (0 < x < Ly), we use the same method of variable

transformation as in section A. Equation 15 is again

applicable:
dr 20, ¢°T
(x- B)-; alairery —dy (15)

with boundary conditions ¥ = 0, T = T, and ¥ = Xg» T = T,, where

As is the position of the remelted front in X-space. The

solution is now:

- ert [Z‘/*’-——c ) [2—\’/*1: -b] .

ATs
erf
where AT = T,- T, = metal superheat. An additional boundary
condition is given from a heat balance at x = Lg:

dL

-k, -g—I-)x_L"t = p,,AH vs-dt—s
(24)
which, after the variable transformation, becomes:
- 2
'TrM T": = Ay (1 A [erf (AB) + erf(Acx, - B))] e[ 0P
(25)
where:

A=
NN

and implicitly defines Xg. Plots of equation 23 for various
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values of ¥ and Xs are shown in Figures 13 and 14, using as
example the thermal values of pure aluminum metal and alumina
fibers.

The rate of infiltration is given by equation 11 treated
separately in the two regions: 1) 0 < x < Lg and 2) Lg < x < L.

Integrating from L=0 to L=L and t=0 to t=t yields:

L 2AP, !
ﬁ= " b 4 (26)
X -X
(1 -v,)[Rjl + Kzs]

where K; is the permeability of the fiber preform in the
remelted region and K, is the permeability of the fiber preform
in the region where solid metal has formed. K; and K, are
calculated using either V¢ and rg or Vge and rgg, respectively,
in either equation 1 or equation 2. In practice, to calculate
Xs we graphically solve equation 25, resulting in the
dimensionless plot shown in Figure 15. From this, we can then
use equation 26 to calculate ¥ as a function of metal

superheat, shown in Figure 16.

C. Effect of thermal losses ahead of the infiltration front

We now relax the assumption that the fiber preform ahead of
the infiltration front does not transport heat. We focus
attention on the case where the preform temperature Tg¢ is lower
than the metal melting point Ty. As before, the metal

temperature at the infiltration front reaches Ty instantan-



eously, and solid metal forms to supply heat to the fibers, both
at and ahead of the front. The resulting temperature profile is
described in Figure 17. Let us "guess" that the infiltration
front still advances as L=%¥Vt. Heat transport in

the fibrous preform is described by:

=q
ot PcCe ° ox °ax

T PgS T o7
2
(27)
where pg and Cq refer to the density and specific heat,
respectively, of the gas that exists in the interfiber regions
of the uninfiltrated preform, pg. and Ce refer to those same
quantities for the uninfiltrated preform composite composed of

fibers and gas, and O, refers to the thermal diffusivity of the

uninfiltrated preform composite. Boundary condiiions are

X - oo, T=Ts
x=¥t, T=Ty
oT dL
x=wJt ; K, 3 = Pm AH Vs_dT (28)

Using the variable transformation of section A, equation 27

becomes:
2
dT 2% d'T
A-P)— = —— — (15)
dy ¥2 dy?
where:

pccc

with boundary conditions x =1, T = Ty and X =, T = T¢
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The solution is then readily found:

2 h
of | == a-p] - 1
T -Ty 2\/‘: o9
T T - (29)
erf

b d
& a-pj -1
Z,Iac }

The third boundary condition {(equation 28) is obeyed

provided:

Vi & (Ty-TO T 1 ][ c (1-V) ]
v, = rf
iy AJr- erfc (A)

Py € Vy

(30)
where

b d
NEX

In practice, the value of pgcg is usually much less than pgce

A=

and so the last term in brackets in eguation 30 can usually be
neglected. Note that this solution converges to equation 17
when A-oo [36], as expected. Also, this solution is consistent
with solutions given above in section B, in that the
infiltration front advances as WNt and is at the melting point
of the metal Ty. Results from these sections therefore remain
unaltered, save for a change in Vg which is now dictated by
equation 30 instead of equation 17. This implies, in
particular, that for the infiltration experiment considered

here, heat losses ahead of the infiltration front (into the
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preform) cannot be responsible for stoppage of the front during
the course of the experiment. Figure 18 gives values for the
term in brackets in equation 30 as a function of A, neglecting
the contribution of pgcg/pfcf.

For case A above, namely when the fibers are initially at
T¢>Ty, the same technique can be applied by equating the
temperature and the heat flux at the infiltration front to
derive the temperature in both the preform and the infiltrated
composite. Similarly, the boundary condition of a constant
temperature T, along S; can be replaced with that of a very
large cylindrical bath of metal at a fixed temperature T, at x -
- o with no greater difficulty. This assumption may be more
realistic in several cases of practical interest, such as a

squeeze casting operation.

D. Effect of non-instantaneous heat transfer to the fibers.

We now relax the assumption that heat transfer between the
metal and fibers occurs instantaneously. We focus attention on
the case where the preform temperature T¢ is lower than the
metal melting point Ty. In this case a fiber will heat up to
the metal melting point in some finite time, t-tg, where t, is
the time at which the metal first contacted the fiber.
Similarly, the solid metal that forms does so in a finite time.
Therefore the solid volume fraction along the length of the
composite is now as depicted in Figure 19. 1In this section we

calculate the position of the infiltration front with the
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assumption of instantaneous heat transfer relaxed, and compare
it to that obtained with the assumption invoked.

Consider the time, t-t,, between when the fiber was first
contacted by liquid metal and when it approximately reached its
final temperature. Owing to the small diameter of most fiber
reinforcements, we assume that temperature gradients within the
fiber are negligible. The temperature of the fiber is then

given by [37]:

(31)

To calculate the effect of non-instantaneous heat transfer
on the infiltration behavior we integrate equation 11. However,
unlike previous cases, the permeability K is now a function of
position because the solidification of metal around the fibers
is a function of position. The resulting equation, therefore,

must be solved numerically:

L
ﬂ'_ s X App
a ki = T v,)

(32)

The integration of equation 32 provides an infiltration
profile for the case of non-instantaneous heat transfer. Taking
the ratioc of this profile to that obtained for the case of
instantaneous heat transfer provides a measure of the importance
of this assumption. Figure 20 presents this ratio as a function

of a dimensionless parameter, and also displays a time axis for
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the case of pure aluminum and alumina fibers for a specific set

of processing conditions.

V. NON-ADIABATIC UNIDIRECTIONAL INFILTRATION OF A
SQUARE ARRAY OF FIBERS ALONG ONE OF ITS PRINCIPAL
AXES; NEGLIGIBLE TEMPERATURE GRADIENTS TRANSVERSE TO

THE FLOW DIRECTION

In the previous section we considered heat transfer and
fluid flow within a preform thermally isolated from its
surroundings; in this section we consider the additional effect
of heat transfer to the surroundings by allowing heat flow to
the mold through surface S3.

Solid metal within the infiltrated preform may now originate
from heat losses to the mold in addition to thermal exchange
with the fibers. Since we are considering only the case of a
pure metal in this work, solid forming as a result of heat
losses to the mold will grow as a cylindrical shell emanating
inwards from the mold surface. The problem is similar to the
preceding case, except that flow can occur only within an inner
"core" of the sample. The problem thus also involves the
calculation of a new interface between fully solid and partially
solid material, Sy; see Figure 1.

As above, we shall restrict the problem to simplified
tractable cases. We consider the same preform but relax the

assumption of an adiabatic mold/casting interface S3. We add
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the following assumptions: (i) the cylinder is circular of
internal radius Ry, (ii) there is no heat exchange within the
mold along the infiltration direction, (iii) the infiltrated
portion is sufficiently long compared to the solidified layer of
metal that flow remains essentially unidirectional, (iv) Ty = T,
and T¢ £ T, (no metal superheat, cold fibers).

The infiltrated portion of the preform is now composed of a
central core of semi-solid metal as before, with a volume
fraction solid metal and a permeability given by the same
equations as above. The outer portion of the infiltrated preform
is fully solid, and extends from R = R, to R = Rj, where Rg is
the radius of the semi-solid central core. At any location x
along the preform axis, R, is a decreasing function of time,
given by the particular heat loss mechanism along S3. Figure 21
schematically illustrates the solidification during
infiltration. According to assumption (ii) above, R, at x is
solely a function of the time elapsed, At, since the metal first
contacted the mold wall at x. The elapsed time can be written
as:

At(x) = t-L'1(x), where L'1(x) is the reciprocal of the
steadily increasing, and hence bijective, function Xx=L(l). We

can thus write
-1
Rt = R(t-L7(9)

From continuity, we have:

2 2 dL
v.R = Fii (1 'V')'at_

o C

(33)
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From equations 7 and 33, after integration from x = 0 to x

we derive:

_gl; dx - K AP
* J [y T EEE
0 "

(34)
This equation is the link between the infiltration front
position L(t) and the applied pressure P (which can be a
function of time in a more general context). The problem is
defined with a specification of heat losses at the mold wall
which, in turn, define Ro (L) . When R, becomes zero (which

necessarily occurs first at the preform entrance), choking

L,

occurs and the infiltration process stops. This determines the

final infiltration length Lg¢.

Solutions of specific cases follow, given as a function of

the assumed equation for R (t). Some general dependencies can,

however, be derived at this stage.

If Ly(t) = n Ly(t), where n is a constant, we have

L, Ly
oy |t |
t [Rc(t - (x))] = T [Rc(t -4 (x))]2
° R ° R

(35)

Therefore, the position of the front at any time during the
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infiltration process is proportional to:

K APu

|~l(1 'Vf)

independent of the heat loss mechanism along S3. 1In what
follows we will consider two limiting cases of heat transfer

through surface S3.

A. External heat loss through a mold of zero thickness; heat

transfer limited by convection to the surroundings

For the case of a cylindrical mold, a radial temperature
profile across the composite and mold is shown in Figure 22. 1In
this case we have [8]:

[Rc]2 ,__2h Ty To)
R4 T T R(-V,)p, aH

(36)
where h, = heat transfer coefficient between metal and
surrounding environment, and Te is the temperature of the
surroundings, assumed constant. Using equation 36, equation 34
can be numerically integrated to find infiltration length as a
function of time, Figure 23. In addition, by integrating
equatio; 34 to the point at which flow ceases, one can determine
the effect of such process parameters as fiber temperature,
fiber volume fraction and applied pressure on final infiltrated

length, Figures 24, 25 and 26.
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B. External heat loss through a mold of infinite thickness;

heat transfer limited by conduction through the mold
For the case of a cylindrical mold, a radial temperature

profile across the composite and mold is shown in Figure 27. 1In

this case we have
2
R R(1-Vy)p, AH V=

where k' = thermal conductivity of the mold, p'c' = volumetric

(37)

heat capacity of the mold, and T; = initial temperature of the
mold [38]. 1Integration of equation 34 using equation 37 yields

the dependencies shown in Figures 28, 29, and 30.

VI. CONCLUSIONS

General expressions have been given to describe‘heat and fluid

flow during infiltration of a fibrous preform by a pure metal.

Analytical solutions have been given for the case of

unidirectional infiltration into a preform of aligned fibers.

Some conclusions of engineering importance are listed below.

a) For the case of fibers at a temperature below the metal

melting point, pure metal will solidify as a sheath around
the fibers. The processing parameter with the most

significant effect on infiltration kinetics is the fiber
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c)
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volume fraction. It is followed, in decreasing order of
significance, by fiber temperature, applied pressure and
metal superheat.

For the case of fibers at a temperature below the metal
melting point, the effect of metal superheat is to remelt
the solid metal sheath that has formed around the fibers.
This occurs first at the fiber preform entrance and
progresses towards the infiltration front. Although the
remelting front progresses downstream as the infiltration
front moves, the length of the remelted region always
remains a fixed fraction of the total infiltration length,
for the case of a constant applied pressure, no external
heat extraction, and instantaneous heat transfer between
the metal and fibers. The analytical solution obtained
for this problem indicates a minor role of metal superheat
on the infiltration kinetics.

For the case of fibers heated above the metal melting
point, no external heat extraction, and constant applied
pressure, flow through the preform will continue
indefinitely. When external heat extraction is present,
flow through the preform ceases when solidification from
the external heat sink has progressed to the point where
the flow channel has clesed. This will occur first at the
entrance to the fiber preform and can be predicted
analytically for simple geometries. The final infiltrated
length can then be predicted upon providing the external

heat transfer kinetics.
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e)

)
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Infiltration pressure does not effect the preform
permeability. Therefore, under conditions of constant
applied pressure, instantaneous heat transfer between the
metal and fibers, and negligible capillary pressure, the
effect of applied pressure on final infiltrated length is
parabolic.

The effect of thermal losses ahead of the infiltration
front is to increase the amount of solid metal that forms
around the fibers. For the case of most fibers of
engineering significance under practical processing
conditions this effect is negligible.

The effect of non-instantaneous heat transfer between the
metal and fibers is to delay the onset of solidification.
For the case of most fibers of practical significance the
delay is on the order of milliseconds; for larger diameter
fibers of apprcoximately 1004m, however, this delay can be

on the order of a few seconds.



9s
AH

50

NOMENCLATURE

thermal diffusivity of composite

thermal diffusivity of mold

viscosity of liquid metal

density of fiber

density of metal

density of mold

density of composite

density of gas in interfiber regions of
uninfiltrated preform

specific heat of fiber

specific heat of metal

specific heat of mold

specific heat of composite

specific heat of gas in interfiber regions of
uninfiltrated preform

volume fraction of metal which has solidified
heat of fusion of metal

interfacial heat transfer coefficient between
metal and fiber

interfacial heat transfer coefficient between
metal and mold

constant of proportionality between L and Vt
permeability

thermal conductivity of composite

m?/s
m?/s
Pa s
kg/m3
kg/m3
kg/m3
kg/m3

kg/m3
J/kg
J/kg
J/kg

J/kg

J/kg

J/kg

W/m2K

W/m2K

m/Vs

W/m K

=~

® =® X



s

Tsf

0 ™ x™m XN

ct

At

thermal conductivity of fiber

thermal conductivity of metal

thermal conductivity of mold

position of tip of liquid metal stream

final infiltrated length of fiber preform
position of remelted front

pressure

ambient pressure at flow tip of liquid

metal stream

applied pressure at entrance to preform
pressure in liquid metal at remelted front
pressure in liquid metal just behind flow tip
total pressure drop in liquid metal

pressure drop in liquid metal due to

surface tension

pressure drop in liquid metal due to

viscous drag

radius of fiber

combined radii of fiber and solid metal sheath
radius

outside radius of mold

inside radius of mold

channel radius in mold at any time or position
time

time at which liquid metal enters a given
volume element

elapsed time from start of infiltration

W/m K
W/m K

W/m K

Pa

Pa

Pa
Pa
Pa
Pa

Pa

Pa
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temperature of surroundings

initial temperature of fibers

initial temperature of mold

initial temperature of metal

melting point of pure metal

metal superheat

volume

volume

volume

volume

volume

fraction
fraction
fraction
fraction

element

of fiber in volume element
of liquid metal in volume element
of solid metal in volume element

of all solid material in

superficial velocity of liquid metal

(average velocity the metal would have if

no fibers were present)

average velocity of liquid metal within

the porous medium

position in the liquid stream behind the tip

m/s

m/s
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Figure 1: Generalized three-dimensional problem of infiltration
of a fibrous preform. In this case, the part is a
simplified version of a selectively reinforced piston
fabricated by squeeze casting.
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Figure 2: Dimensionless permeability through a square array o
parallel fibers, for creeping flow parallel and perpendicular
to the fiber axis, from equations 1 and 2.
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alumina fibers, from equations 3 and 4.



59

----------------

twwwwqﬁ
0OC000000
0000000O0|

OCOO0OO00O00O0 0]
OOO0OO0OO0OO0OO0OON

O0O00O0O0O0O0
oNoloNoNoNoNoNo)
O0OO0O0O00O0O0

...............................

. e
..................................................................................

/////////////7/ ////////////////////////////////////////

L |

Figure 4: Schematic draving of fiber preform in
unidirectional crossfiow.



60

- | -
' = v T v T Y T v T Y T " -
R 10 Aluminum matrix
= |=° : 7| Alumina fiber
.\: 9 3.8}1 dia.

° 0.8 4| 261 Vy 6

= e = 0.65

3 || G

5 0.6 - ce

o

g L

- 0.4 -

- X 4

8 0.2 -

] 110 4

§ 0.0 1 1 1 1 P i

= 0.0 0.2 0.4 0.6 0.8 1.0

Dimensioniess Distance

Figure 5: Normalized temperature profile within the
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or above metal melting point. For an aluminum matrix
reinforced with 24 volume percent alumina fibers;
infiltration perpendicular to the fiber axis. From
equation 19.
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Figure 6: Plot of fraction solidified within the metal
matrix during infiltration as a function of
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aluminum matrix and alumina fibers, from
equation 17.
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Figure 7: Schematic drawing of transverse flow and solidification within the fiber
preform for the case of fibers heated below the metal melting point and no metal
superheat. Also shown are the temperature and solid metal profiles.
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fibers infiltrated in cross-flow by aluminum. From
equations 1 and 20; no metal superheat.
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superheat, no capillary pressure.
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equation 22; no metal superheat, no capillary pressure.
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Figure 12: Schematic drawing of the remelted region
caused by metal superheat for the case of fibers
heated below the metal melting point and for transverse
flow. Also included is the associated temperature
profile.
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Figure 13: Normalized temperature profiles within the remelted
region for an aluminum matrix reinforced with 24 volume percent
alumina fibers; infiltration perpendicular to the fiber axis.
For a remelted region extending into 10% of the total infiltrated
length; from equation 23.
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79

3
£ 100 —T T T Y T T * . N
~ Aluminum matrix
- he 4 Alumina fiber
- 80F = WmK) 1.18x10 - 3.8y dia.
:‘ R' o Vf 30.24
= 4 AP=3.45MPa
=] B .
8 60 2.94x10 No superheat
g 5
3 40 b 1.18x10
g
z 20 F 4
-a -
E c 2 1 . 1 " i A 2 2 ] "

150 200 250 300 350 400 450

Fiber temperature, T (°0

Figure 24: Plot of the effect of fiber temperature on
final infiltrated length for the case of external heat
loss controlled by convection, equations 34 and 36.
For mold temperature same as fiber temperature.



80

Aluminum matrix

Alumina fiber
3.8y dia.

T' =255 C

AP=3.45MPa

No superheat

3 100 v Y T T o Y
E i
- 80 | he 3
o 6 — (660 - T,) (W/m3)
. ! 4.8x10 R
£
> 60 |
K 7
1.2x10
3 40 |-
£ 7
E 20 4.8x10
£ !
'; 0 1 N L " 1 2 ]
[
@ 0.20 0.22 0.24 0.26 0.28
Fiber volume fraction, V'
Figure 25: Plot of the effect of fiber volume fraction

on final infiltrated length for the case of external
heat loss controlled by convection, equations 34 and 36.



81

(mm)

100 v v e v - v -
W ' ! ' ' Aluminum matrix

he (660-T) (w’“s 1 Alumina fiber
80 —+ (660 -Tg) (Wim) = 3.8y dia.
R —t | | Tr=285C
Vf 80.24
No superheat

f

Finai Infiltrated length, L

Applied pressure, AP
{(MPa)

Figure 26: Plot of the effect of applied pressure on
final infiltrated length for the case of external heat
loss controlled by convection, equations 34 and 36 .



82

T4 UQuID

1 SOUD MOLD
PLUSSOLIDS | 1
; &
M o
(I
[
[
11
[
[
N
dR-t -
[
11
L7 Bttt -t
i
11
L

Figure 27: Radial temperature profile across the composite
and mold for case of conduction controlled
heat transfer.



83

3
E 100 -~ v + v v T
= ' v v ' Aluminum matrix
- [ 1 Alumina fiber
d 1] ‘ .
' gof Jrpe (J/mKNs) - 3.8y dia.
£ R 4 ] v =024
s 6o b 7.32x10 J AP=3.45MPa
- . 1.18x16° ' No superheat
°
s ‘or 2.93x10°
£ 20 } -
© I )
£ 0 N
[T

150 450

Fiber temperature, T  (° C)

Figure 28: Plot of the effect of fiber temperature on
final infiltrated length for the case of external heat
loss controlled by conduction, equations 34 and 37.
For mold temperature same as fiber temperature.



3 ———r— T

E Aluminum matrix
- . Alumina fiber

k'p'c 2 - .

- ~——(660-T,) (J/mVs) 3.8u dia.

£ 1 Tf =255 C

© 4 | aP=3.45MPa

s 2. 97x10’ | | No superheat

g 40 + -

« r

= 4.76x10’

< 20 F -

- - 1.19)(108

E 0 1 L I 1 |

o 0.20 0.22 0.24 0.26 0.28 0.30

Fiber volume fraction, V'

Figure 29: Plot of the effect of fiber volume fraction
on final infiltrated length for the case of external
heat loss controlled by conduction, equations 34 and 37.



85

£
- 100 — T T T T Aluminum matrix
s [k‘ o'c 2 1 Alumina fiber
- 80 + R (660-T;) (¥m'Vs) - 3.8y dia.
£ i ] | Ti=285¢C
o 60 Vi =0.24
o - . No superheat
3 2.75,::/10( ]
B o
£ 43Tx10
£ -
E TTox10°0 4
b ad A
5 6

Applied pressure, AP (MPa)

Figure 30: Plot of the effect of applied pressure on
final infiltrated length for the case of external heat
loss controlled by conduction, equations 34 and 37 .



86

Chapter 2
INFILTRATION OF FIBROUS PREFORMS BY A PURE METAL
PART ll: EXPERIMENT

I. INTRODUCTION

In the previous chapter [1] analytical solutions were
given to describe the unidirectional infiltration of a pure
metal into a preform of aligned fibers under the application of
a constant pressure. In particular, the influence on
infiltration kinetics was shown for the processing parameters
of: a) fiber volume fraction, b) fiber temperature, c) metal
superheat, and d) applied pressure. The interaction between the
flowing metal and fibers for the case of fibers heated below the
metal melting point was shown to be the solidification of solid
metal to form a sheath surrounding the fibers. Also, it was
shown that the effect of metal superheat, if present, was to
remelt this solid metal sheath. The cessation of fluid flow was
shown to be due to solidification from the mold wall
progressing inwards and closing the flow channel. Calculations
were performed to predict the behavior of pure aluminum
infiltrating alumina fibers in cross flow under a variety of

experimental conditions.



In this chapter experiments are presented to test the
results of the foregoing calculations. All experiments were
performed with alumina fibers and aluminum metal ranging in
purity from 99.9% to 99.999%. The experiments were performed
for the case of the fibers at a temperature below the metal
melting point, which is the case of practical interest for the
fabrication of fiber-reinforced diesel engine pistons, for

example.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

A. Fiber preform preparation

Saffil™ fibers were obtained from Imperial Chemical
Industries, London, England. Saffil™ is a nominally 3um
diameter, delta-alumina fiber that is chopped and pressed into
disk shaped preforms. The preform fabrication operation tends
to align the fiber axes perpendicular to the pressing direction,
resulting in a two-dimensional random arrangement of fibers.
The preforms used in this study were 100mm diameter by 15mm
thick and nominally 24% dense by volume. Figure 1 is an
electron micrograph showing a typical Saffil preform prior to
infiltration.

Cylindrical plugs were cut from the mother preform using a
knife-edged cutter 17mm in internal diameter. These plugs were
then tightly fitted into quartz tubes 17mm in internal diameter

and 1mm in wall thickness. Their orientation was such that
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metal infiltration was perpendicular to the fiber axis. 1In
these experiments either two or three plugs were placed atop one
another within the quartz tube, resulting in fiber preforms 30mm
or 45mm in length. Finally, a ceramic support rod was placed on
top of the preforms to prevent them from moving upwards in the
quartz tube during infiltration. Figure 2 schematically
illustrates the preform preparation process.

Each plug cut from the preform was weighed to calculate
fiber volume fraction. It was discovered that plugs taken from
the outer periphery of a preform were approximately 10% greater
in fiber volume fraction than those taken from the center. When
choosing a group of plugs for an experiment it was ensured that
the fiber volumes were within 0.5 volume percent of one another.
In this study the fiber volume percent ranged from 22.5% to
25.5%.

Selected preforms (chosen at random for each batch of raw
materials) were further characterized by a water permeability
test (see Table III). In this test a falling head permeability
apparatus, Figure 3, was used to measure the preform

permeability, K, from the following equation [2]:

h
7
K(m?) = 1.02x 107 —t In2 (1)
t-t,
where hy is the water height at time tg, hq is the water height

at time ty, and L is the length of the preform in meters.
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B. Pressure infiltration apparatus

Figure 4a is a schematic drawing of the pressure caster
that was constructed specifically for this study. Unlike most
pressure casters, this apparatus uses pressurized gas to cause
infiltration rather than a mechanical piston. Consequently, the
apparatus is designed as a pressure vessel with various
feedthroughs for power, control, et cetera.

The fiber-filled quartz tube discussed above is secured
to the cap of the pressure caster with an O-ring fitting, above
which is attached a stainless steel tube to act as a chill in
the event of over-infiltration. The fibers are heated by a
helically wound resistance heater consisting of a 3.2mm
diameter, sheathed heating element wound around, and silver
soldered to, a 15.2cm long steel cylinder (1l.6mm wall
thickness). The heater assembly is placed over the quartz tube
in the vicinity of the fibers; the space between the heater and
quartz is filled by a 1.6émm thick layer of Fiberfrax™
insulation, Figure 4b. Temperature control is maintained with a
thermocouple placed between the quartz tube and heater at the
midpoint of the fiber preform. Temperature differences measured
within the furnace over the 45mm length occupied by the fibers
were found to not vary by more than t5°C.

A second resistance furnace for metal melting is located
in the bottom of the pressure vessel portion of the pressure
caster. It measures 1ll.4cm in internal diameter and 15.2cm in

height. Metal, either 99.9% or 99.999% aluminum, is melted in a



graphite crucible in air.

Pressurization is achieved with nitrcgen gas, which is
delivered to the apparatus through two inlets wvia 10.2mm
internal diameter high-pressure hoses. Fast pressurization of
the apparatus (=1.2 seconds) is achieved by pre-pressurizing a
holding tank, from which nitrogen is released via two 10.2mm
orifice ball valves.

In a typical experiment, the cap is removed from the
pressure caster and the fibers and metal are independently
heated. The fibers are brought to temperature and allowed to
soak for a minimum of thirty minutes (in air, but capability for
vacuum or other atmosphere is also available). The metal is
melted and allowed to stabilize, then the surface is skimmed to
remove the dross. The cap is then lowered onto the pressure
vessel so that the bottom of the quartz tube is immersed in the
molten aluminum (a thermocouple attached to the bottom of the
quartz tube measures the liquid metal temperature). The seal
between the cap and the pressure vessel is achieved with an
O-ring; the cap is secured to the pressure vessel by sliding the
apparatus into a steel frame. The holding tank is then opened.
Gas enters the pressure caster, which applies pressure onto the
surface of the liquid metal, forcing it upwards into the quartz
tube and through the preform. Note that the metal and fibers do
not come into.contact until infiltration begins, which enables
accurate and independent control of the metal and fiber
temperatures. The pressure is measured with a pressure

transducer located on the cap. As a result of the design of the
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device, the die need only sustain the compressive stresses
imposed by the pressurized gas; heavy-walled metal dies common
to other pressure casters are thus replaced here with a quartz

tube.

C. Liguid metal position sensor

A technique was developed to sense the position of the
liquid metal front as it advances through the fiber preform
during infiltration. A SiC filament is used as a variable
resistor, and as a result of its change in resistance during the
experiment the liquid metal position can be calculated. The
filament of choice is a 140y diamecter SCS-2 SiC fiber
manufactured by AVCO-Specialty Materials Division. It is very
stiff, which is ideal for specimen preparation, and has a
relatively high electrical resistivity (=10Q/mm). which is
important for resolution of the metal position.

To make use of the technique, a single SiC filament is
inserted through the center of the preform during specimen
preparation. The top of the filament above the preform has been
nickel-plated and is attached to the fitting at the top of the
quartz tube, the portions of the filament within the preform and
extending out the bottom are unplateq and allowed to hang free.
The interface between the plated and unplated part of the
filament is located exactly at the top of the preform. A load
resistor is placed in series with the filament and a constant

potential is applied between the load resistor and the metal
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crucible, with the molten metal acting as a switch to close the
circuit, Figure 5. The potential drop across the SiC filament
is then measured as a function of time with a chart recorder.
As the metal infiltrates the preform the potential measured
across the filament decreases due to the decrease in its
effective electrical length. Since resistance and length are
linearly related, monitoring the potential drop during
infiltration allows a calculation of the position of the metal
front and its velocity over time. The equation used to

calculate position is:

L = [ V‘OI-VO)]

1- V,(V-V,) (2)
where: L = liquid metal position at any time
Ly = length of fiber preform
V = applied voltage across filament

Vo = voltage across filament when liquid metal is at
the bottom of the preform

Vi = voltage across filament at any time

Vo is found by examining the chart recorder trace and
noticing the sudden change of slope that occurs when the liquid
metal front encounters the preform. This technique obviates the
need to account for changes in resistivity with temperature, as
Vo and Vtare both measured with the filament at the same
temperature. Examples of typical infiltration profiles are
given in Figure 6. Note that near the end of an infiltration

experiment the metal velocity is extremely low, which makes the



time at which infiltration completely ceases a somewhat
arbitrary measurement.

The accuracy of the measurements was determined from
consideration of the accuracy of the voltage readings collected
during the experiments. The calculations indicate an accuracy
of the position measurement of approximately 10%. The final
infiltrated length of most samples was measured independently of
the SiC filament and found to deviate from that measured with

the sensor by no more than 10%.

D. Measurement of "breakthrough" pressure

The SiC filament sensor also provided a technique for
detecting the onset of metal infiltration into the preform, and
thus for measuring the pressure required to overcome surface
tension forces, which is termed "breakthrough" pressure. For
these experiments the infiltration pressure was slowly increased
until infiltration into the preform was detected. These
experiments were performed under isothermal conditions, as shown
in Figure 7, to preclude premature solidification of the metal
below the preform during the slow pressurization. Since
infiltration occurs first through the larger pores of the
preform, experiments were also performed at pressures slightly
above the breakthrough pressure to force infiltration of some of

the smaller pores.
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E. Measurement of permeability

Slow flow of an incompressible fluid through a porous
medium (see reference [1]) is predicted by Darcy's law. For a

constant applied pressure, Darcy's law can be integrated to

yield:
% - @)
where: L = position of liquid front
APu = pressure drop in liquid metal due to viscous drag
t = time
L = viscosity of liquid metal

= permeability of the porous medium

Vi

fiber volume fraction

Thus given a measure of infiltration length L as a function of
time t, the permeability K of the porous medium can be readily
calculated (knowing applied pressure AP and fiber volume
fraction Vj).

In much of the discussion that follows the effects of
processing parameters are quantified by a measure of the
parameter Nt introduced above. In this case, a length versus
square-root time plot is examined and its slope is measured.
The slope is measured just after the 1.2 second pressurization

transient that accompanies each experiment.
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F. Metallographic examination

Metallographic preparation of composite samples was
achieved by polishing with an automatic polisher with diamond
paste on hard synthetic cloth, followed by a final polish with
magnesium oxide on a soft billiard-type cloth. Figure 8a is a
cross-section of a typical Saffil-reinforced 99.999% aluminum
composite. Figure 8b is an example unetched microstructure of
such a composite. Some samples were chemically etched to reveal
grains by immersing for 2-3 seconds in an etch pitting solution
of 50ml. nitric acid, 47ml. hydrochloric acid, and 3ml.
hydroflouric acid [3]. Observation of the samples under
cross-polarizers accentuates the etch pits and readily shows
differences in their orientation across different grains. An

example in unreinforced aluminum is provided in Figure 9.

III. RESULTS

The results of permeability experiments performed with
water, described in section A above, are presented in Figure 10.
The results of permeability measurements performed with 99.999%
aluminum, described in section E above, are presented in Figure
11, where they are displayed in terms of fraction sclid metal,
ggs SO that both water and metal permeability experiments could
be included in the same plot. The metal experiments were run at
different fiber temperatures, from which a value of g4 was

calculated using equation 17 of reference [1]. The data for all
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the experiments performed in this work are tabulated in Table I.

The effect on the infiltration kinetics of such processing
parameters as fiber volume fraction, fiber temperature, metal
temperature and infiltration pressure was quantified by the
measurement of two parameters: bhh, which is described in
section E, and L4, the final infiltrated length. In the
figures that follow, experimental data are presented along with
theoretical curves. The details of the calculations will be
discussed in the following section.

Figures 12 to 15 relate the influence of fiber volume
fraction, fiber temperature, metal temperature, and applied
pressure on th, respectively. Figure 16 presents these data in
terms of Vgy.

Figures 17 to 20 relate the influence of fiber volume
fraction, fiber temperature, metal temperature, and applied
pressure on the final infiltration length Lﬁ respectively.

Breakthrough exveriments were performed under isothermal
conditions as described in section D above. For preforms of 25
volume percent and a temperature of 700°C it was found that
approximately 0.20MPa was required to initiate infiltration into
the preform, but that 0.45MPa was required to infiltrate
approximately 90% of the pores. Therefore a nominal value of
0.3MPa is assumed as the breakthrough pressure.

Experiments were also performed to investigate the effect
of mold radius and metal purity on infiltration behavior. The
effect of the former is shown in Figure 21 for experiments with

99.9% aluminum; that of the latter is shown in both Figures 22
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and 23. The purity of the starting material was certified by
the supplier, the purity of the material after infiltration was
determined by chemical analyses of samples taken from
unreinforced portions of the casting located close to the fiber
preform.

The scatter between experiments was small, owing in part
to the degree of parametric control that was exercised. &an
example of the reproducibility of the infiltration process as
measured by the SiC filament is shown in Figure 24. Note the
very reproducible values of both final infiltration length and
th, even though the initial transient varied slightly in the

two cases.

IV. DISCUSSION

The curves drawn in Figures 11 to 20 were calculated from
the equations presented in reference [1]. The values of fiber
volume fraction, fiber temperature, metal temperature, and
infiltration pressure were taken directly from the processing
parameters of each experiment, while the value of fiber radius
was derived from the permeability measurements using water. To
calculate fiber radius, equation 2 of the theory was used along
with the permeability measured with water. The calculation
yields a fiker radius of 1.9um, matching well the value of
1.5um reported by the supplier. Using this value of the fibe
radius in equation 2 of the theory, the theoretical curve in

Figure 11 was drawn. Note the excellent agreement with
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experiment for permeability values that range over three orders
of magnitude. [It is noteworthy to mention that the batch of
raw materials used to fabricate the preforms can affect the
measured fiber radius. Water permeability experiments performed
on a group of preforms not used in this study yielded a fiber
radius of 2.1um. Presumably differences in the level of binder
and the distribution of fiber sizes were responsible for the
difference.]

The influence of fiber volume fraction and fiber
temperature is shown in Figures 12 and 13, where two theoretical
curves are presented, one for no superheat and one for 20°C of
superheat. The curves presented in reference [1] are for the
case of nc metal superheat, however sound foundry practice
dictates casting with some degree of superheat because of the
possibility of premature formation of solid in the crucible or
at the preform entrance. Therefore experiments were run with
20°C of superheat and the curves were calculated as detailed in
reference [1]. BAgain note the excellent agreement between
theory and experiment, and note also the sensitivity of the
experimental techniqgue.

The extreme sensitivity of the process to fiber volume
fraction is due to its dual role in the permeability expression
given in reference [1]. Not only does increasing the fiber
volume fraction decrease the spacing between fibers, but it also
increases the amount of solid formed per volume. This dual role
significantly depresses the permeability upon a small increase

in fiber volume fraction.



99

Theoretical considerations suggest that the effect of
fiber volume fraction and fiber temperature can be combined.
During the infiltration process only the size of the fiber, and
nct its shape, is changed by metal solidification. Therefore
the infiltration kinetics should be accurately described by a
parameter that describes the total amount of solid material
contained in the preform, whether it be fiber or metal. This
parameter, Vsﬁ is defined in reference [l] by equations 17 and
20. The result of this calculation is shown in Figure 16,
where the agreement between experiment and theory is very good.

The effect of metal superheat is shown in Figure 14. The
theoretical curve is obtained using equations 25 and 26 of
reference [1]. Again note the agreement between theory and
experiment. Metal superheat is seen to have a minor role in the
effect on infiltration kinetics. This is due to the fact that
metal superheat, as discussed in reference [1], causes remelting
of the solid metal around the fibers. To impart a significant
effect on permeability, a considerable portion of the composite
must be remelted. However, remelting requires such a large
amount of thermal energy that for metal superheats normally
encountered in the foundry, remelting distances are moderate and
the effect on infiltration kinetics is minimal

To experimentally verify the physical model of the role of
superheat, a technique was developed for infiltrating a small
amount of aluminum followed by molten lead, Figure 25. While
the aluminum solidifies in the preform during infiltration, the

lead flows into those volumes not occupied by the aluminum.
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This provides a high contrast metallographic observation of the
volumes where the aluminum first flowed and solidified. The
photomicrograph in Figure 26 shows the results of an experiment
performed with the metal at 60°C superheat. Note the existence
of a region at the base of the composite where the aluminum has
been entirely replaced by lead. At the end of the experiment,
therefore, this region was entirely liquid; any aluminum which
had solidified had been remelted. 1In the central portion of the
composite, lead and aluminum coexist in the matrix indicating
that some aluminum was retained by the fibers as the lead flowed
past. To be retained by the fibers, this aluminum must have
been solid. 1Indication of a two-zone structure in cast aluminum
matrix composites could also be found when the superheat was
sufficiently high to yield a region of large columnar grains in
the upstream portion of the composite, Figure 27. Note that
this is also experimental evidence that the fibers do not act as
nucleation sites for the growth of solid. Further down the same
sample, in the vicinity of the infiltration front, the
microstructure is shown by the photomicrograph in Figure 28,
where many orientations of etch pits in a small volume indicate
a fine grained matrix. This indicates the high nucleation rate
achieved by rapid cooling by the fibers at the infiltration
front.

Finally, the curve relating LAt to applied pressure is
shown in Figure 15. In these experiments it was not possible to
neglect the effect of APY at low applied pressures as was done

in reference [1], therefore the value found from the
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breakthrough experiments described above was used. The curve
was calculated using equation 3 with APu= Po—Apy. Note that
agreement between theory and experiment is good only at higher
pressures, where the effect of the capillary pressure is
minimized; at lower pressures the experiments deviate from
theory.

An empirical method of determining the capillary pressure
APY is available from the experimental data. Since the
permeability of the preform is the same for any two experiments
shown in Figure 15, there exists a unique value of APY such tha+*
the ratio L2/t(PO— APY):remains the same for each experiment (see
equation 3). The calculation yields APY=1.1MPa and was verified
with calculations on additional experiments. This value is much
larger than that used to calculate tne curve in Figure 15, and
also larger than that calculated by Clyne and Mason
(approximately 0.6MPa) [4]. One possible explanation for this
behavior is that both the breakthrough experiments and Clyne's
calculations are performed for isothermal conditions above the
metal melting point. Oh [5] observed that lowering the fiber
temperature raised the capillary pressure. This effect may have
some applicability in this case, but no formal experiments have
been run to confirm this theory.

The curves drawn in the plots of final infiltration
length, Figures 17, 18, and 20, were calculated from the
numerical integration of equation 34 of reference [1]. The heat
loss was assumed to be limited by convection to the surroundings

and so equation 36 of reference [1] describes the growth of



102

solid from the mold wall. Best agreement of thecory with
experiment is obtained assuming a value of ha of 250W/m2C,
Figure 29. This value lies between the typical values of
3000W/m2C for fluidity tests with aluminum [6] and 10W/m?C for
cooling by natural convection in air [7]. However, the
thin-walled guartz molds used in these experiments are capable
of absorbing from 80% to 100% of the required solidification
enthalpy before becoming thermally saturated and so the actual
mechanism, depending on the experimental conditions, can be a
combination of heat flow into a mold (quartz) of finite
thickness, and convection to the surroundings. For the case of
solidification controlled totally by heat flow to the mold, a
finite difference approximation was used to calculate the
temperature profile in the quartz over time, which was then used
to determine the heat flux to the quartz, and hence the
solidification in the composite. These results are presented
in Appendix C for different values of he and compared to
experiment.

Returning to the experimental data for l4, note that the
effects of the processing parameters mirror those of Lﬁh, with
the same experimental agreement with theory. The curves shown
are calculated for the case of no metal superheat; the theory
has not been extended to predict the effect of metal superheat
on final infiltrated length. Thus the curve drawn in Figure 19
for metal superheat is simply a least squares fit to the

experimental data.
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The calculation of Lfis based on external heat losses
teing the mechanism for the cessation of infiltration. The
physical model of solidification from the mold wall is confirmed
by a re-examination of the aluminum-lead experiment of Figure
26. Near the mold wall primarily aluminum exists, indicating
complete solidification of the aluminum at the mold wall prior
to infiltration by lead. This corresponds well with the
schematic drawing of solidification shown in Figure 21 of
reference [1]. The effect of the mold radius is shown
experimentally in Figure 21. Note that a change in mold radius
does not affect the beginning of infiltration, but does have an
impact on the time at which flow ceases and thus the total
infiltrated length. This is in qualitative agreement with
theoretical predictions that mold radius should not effect
preform permeability, but will effect the growth of solid due to
external heat losses.

Metal purity was noted to have a very strong effect on the
infiltration kinetics, as shown in Figures 22 and 23. Not only
could the difference between 95.993% and 99.9% aluminum be
detected, but when repeatedly using a melt of 99.999% aluminum,
a significant difference in infiltration kinetics could be
detected when the melt purity dropped to only 99.95%. The
effect of metal purity on fluid flow was also observed by Feliu
et al.[8] where they reported an 8% decrease in fluidity in a
vacuum fluidity test when changing from 93.99% to 939.9%
aluminum. They concluded the impurities influenced the mode of

solidification, which in turn affected the drag between liquid
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and solid metal. This ccnclusion has also been documented by
observations of the transition from planar to cellular
solidification interfaces due to small changes in solute levels
[2]. Therefore, the lower purity metal may form solid that is
not a smooth cylinder surrounding a fiber, Figure 30.
Therefore, the increase in surface area is responsible for the
decrease in permeability. Finally, in the case of an alloy the

permeability is markedly lowered because not only is the

interface irregular, but the solid does not grow on the fibers

[10].

V. SUMMARY AND CONCLUGSIONS

1)  An apparatus was designed and built for the infiltration of
molten metal into porous preforms under carefully controlled
processing conditions. The apparatus utilized pressurized
gas to cause infiltration under a constant applied pressure.

2) A sensor was developed to measure the flow of liquid metal
through a porous preform composed of non-conductive
material. This sensor was used for quantitative
measurements of infiltration kinetics.

3) Quantitative agreement of theory with experiment has been
shown wunder a variety of processing conditions. For
example, it was shown that an ihcrease in fiber volume
fraction of only 10% from 0.22 to 0.24 caused a drop in
infiltration length of 46%, however an increase in fiber

temperature by 10% from 250°C to 275°C increased
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infiltration length by only 35%. The effect of applied
pressure on infiltration length is parabolic, thus a 10%
increase in pressure results in only a 5% increase in
length.

Metal superheat induces a giadual remelting at the preform
entrance of solid previously formed. This mechanism was
verified by metallographic observation of experiments
performed with the immiscible aluminum-lead system. The
technique also provided experimental verification for
solidification from the mold walls, which is the mechanism
for cessation of infiltration.

The effect of capillary pressure was noted for experiments
at low values of applied pressure. The capillary pressure
calculated from these experiments was much larger than those
calculated and measured for the same system with the fibers
heated above the metal melting point.

The effect of metal purity on infiltration was extremely
pronounced. A decrease in purity from 99.999% to 99.9%
resulted in a decrease in infiltration length of 50%. It
was concluded that the impurity level affects the mode of
solidification; lower purity material solidifies with a
non-planar solid-liquid interface and thus creates a greater
drag on the flowing fluid than a smooth interface.

These experimental results provide strong confirmation of
the analysis of infiltration presented in a previous paper,
and show that simple calculations can be performed to pre-

dict the results of many practical infiltration processes.
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Appendix A: Validity of assumptions

Implicit in the application of the equations presented in
the theory is the validity of the assumptions introduced in the
derivation of those equations. Table II is a list of the
physical and thermal properties for the Saffil-reinforced
aluminum composites studied in these experiments. In what
follows each of the assumptions introduced in the theory are
validated.

Crossflow through a square array of cylinders: Although

infiltration is perpendicular to the fiber axis for more than
90% of the fibers, the process used in the fabrication of the
preform does not exactly align all the fibers in two dimensions.
The micrograph in Figure 8 shows a few fibers that are oriented
obliquely to the metal flow direction, which would result in an
increased permeability in that area. However, because the
fibers are only 500um in length this region of increased
permeability only accounts for a small, microscopic pocket. The
bulk of the preform is experiencing infiltration in crossflow,
so that even though on a microscopic scale the infiltration
front has many fine spikes in it, on a macroscopic scale as
measured in these experiments the infiltration front progresses
as a plane.

The square array of fibers was used for simplicity.
Although the preforms used in these experiments are clearly not
composed of fibers on a square array, the data in the review of

Jackson and James [11] indicate that the geometry of the array
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is not a significant factor for the measurements of these
experiments.

Creeping flow: Throughout this work it is assumed that Darcy's
law describes the flow of metal through the preform; a valid
assumption for Reynolds numbers (based on fiber diameter, see
equation 8 of reference [1]) less than 1. 1In these experiments
+he maximum velocity measured is on the order of 0.01 m/s, the
fiber diameter we use is the experimentally measured value of
3.8, and viscosity and density data are provided in Table II.
The Reynolds number for these experiments is on the order of
0.08, clearly within the creeping flow regime.

Negligible viscous energy dissipation: It is assumed that the

energy released due to viscous flow of the liquid metal past the
fibers is negligible. The Brinkman number is a measure of the
significance of viscous energy effects, defined as:
2
()
M\t

k AT

m

Br=

where AT is the temperature difference within the liquid metal.
Viscous energy effects are significant for Br>2 [12]. We shall
assume, for instance, that a 1°C temperature difference is
considered significant. Using values from Table II, along with
a value of 0.01 m/s for dl/dt, one finds that Br= 10~°, which
clearly indicates a negligible effect of viscous dissipation.

Instantaneous heat transfer between metal and fibers: In

section IV of reference [1l] an expression is developed for the

time taken for a fiber to heat to a given temperature for a
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given value of the the heat transfer coefficient, h. It is
difficult to provide a reasonable estimate for h. Certainly h
values encountered in conventional casting processes have
limited applicability in the pressure casting of composites.
Overall heat transfer coefficients calculated from Nusselt
number approximations are not valid because conduction is much
faster than convection on this size scale. Therefore as a worst
case estimate we consider the heat transfer by conduction
through a 1lum air gap between the metal and fiber. The value of
h is therefore estimated as 2.6x104 w/m2C. Using equation 31 of
reference [1] and the values in Table II we estimate a time lag
of approximately 0.3 microseconds. To translate this time lag
into an effect on infiltration, we numerically solve equation 32
of reference [1], see Appendix C. This is displayed in Figure
20 of the same reference, where the infiltration length has been
ratioed to the length that would have resulted if the heat
transfer to the fibers had been instantaneous. Note that the
ratio becomes approximately unity for times greater than about
0.01 seconds; therefore for an experiment that lasts
approximately 10 seconds, the effect of a finite heat transfer
coefficient between the metal and fibers is negligible.

Negligible heat transfer ahead of the infiltration front:

Equation 30 in reference [1] describes the effect of heat

transfer ahead of the infiltration front. The effect manifests
itself as an increase in the solid metal that forms around the
fibers. Referring to the last term in brackets in equation 30,

the quantity rgcg/rfcf is much less than unity for a Saffil
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preform surrounded by air (see Table II) and so this term can be
neglected. The other term in brackets in equation 30 becomes
significant only when the value of A =‘P/24ac falls below
unity; refer to Figure 18 of the same reference. One calculates
a. using the expression for k. for a Saffil/air "composite" in
transverse flow (equation 4 in reference [1]); the p.c. term is
calculated from the rule of mixtures. In this manner, for a 24
volume percent Saffil preform we find A = qU%.leO-q, which
will clearly be larger than unity for all values of ¥ measured
experimentally in Table I. Therefore the effect of heat
transfer ahead of the infiltration front is negligible for all
the experiments considered in this work.

Negligible temperatire gradients in the composite perpendicular
to the infiltration direction: The Biot number gives a measure
of the significance of temperature gradients within the

composite, defined as:
heRi
k

c

Bi=

For Biot numbers less than approximately 0.1 the temperature in
the composite is nearly uniform [13]. For the system considered
in this work, where h, is approximately 250 W/mZC, R; is 0.0085m
and k. is given by rule of mixtures, we find Bi=0.03, clearly
within the regime where temperature gradients may be considerea

negligible.



110

Appendix B: Pressure infiltration of Al-4.5%Cu alloy

Infiltration of a cold fiber preform with an alloy results
in macrosegregation parallel to the direction of infiltration
due to simultaneous solidification and fluid flow. The solid
that forms due to contact with the cold fibers is entrapped by
the fiber network, whereas the surrounding enriched liquid is
free to continue moving downstream. The result is a solute
impoverished region near the base of the composite and a solute
enriched region near the tip of the composite, with a resulting
concentration profile and microstructure as shown in Figure B-1.

In the case of metal superheat, as explained previously, a
region at the base of the composite remelts and is replaced by
liguid of the nominal composition. Since this region is fully
liquid after infiltration ceases, the subsequent solidification
is not affected by the forced fluid flow and therefore results

in a region of nominal composition, Figure B-2.

Appendix C: Numerical Calculations

In this section programs that were written and used for
nurerical calculations are listed, they are found together as
Figure Cl. Specifically, the program for h-controlled heat
transfer solves equation 34 of reference [1l] using equation 36
of the same reference. Similarly, the program for
conduction-controiled heat transfer also solves equation 34, but

using equation 37. The program for non-instantaneous heat
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transfer solves equation 32, as was menticned in Appendix A.
The remaining program listed is a finite difference
approximation for the temperature profile in a cylindrical mold
of finite thickness where one wall is adiabatic and the other
absorbs heat from an infinite medium at constant temperature
through an interface with a heat transfer coefficient h. The

approximation is [15]:

Ar Ar
. T(m-1) (1 T ) + T (m+1) (1 + 5 r(m))
HAK"” = 2
2
for 2 = 2
o At

where m is the node number, r is the radius and t is time. At

the surface, which is node 1, a flux balance in invoked:

2rnr, h[T,-T()] = 2Kkl(—1-)—;rml

2
In—

|'1
From the temperature profile calculated at each time interval, a
heat flux is calculated and balanced with the amount of solid
that must have formed. The effect on flow is then similar to
those simplified cases mentioned above. The results of the
calculations for various values of h are shown in Figure C2.
Note that an h of approximately 600W/m2K agrees well with
experiment. This value is somewhat closer than the previous
calculations to the value of 3000W/m2K reported in the
literature. At other typical experimental conditions this

technigue is not applicable due to the fact that the gquartz tube
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becomes thermally saturated; therefore other heat loss

mechanisms must be present.
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Run Metal Mold Ve T¢ Ap To ¥ Lg  Vgf
number purity radius
(mm) (°c) (MPa)  (°C) (m/Vs)  (mm)
1 99.9% 5.5 .245 750 0.72 750 -— -—
2 99.9% 5.5 .250 710 0.46 710 - -—
3 99.9% 5.5 .250 700 0.26 700 - -—
4 99.9% 5.5 .250 330 3.59 687 -— 23.0 .60
5 99.9% 8.5 .250 330 3.52 682 0144  43.5 .60
6 99.9% 8.5 .250 302 3.55 686 0113  33.5 .63
7 99.9% 8.5 .240 286 3.42 678 0101  20.5 .62
8 99.990% © 8.5 .240 287 3.48 680 0137  38.5 .62
9 99.999% 8.5 .240 289 3.48 678 0136  35.0 .61
10 99.999% 8.5 .240 273 3.52 677 0129  33.0 .63
11 99.991% © 8.5 .240 257 3.52 680 0115  29.5 .65
12 99.999% 8.5 .240 231 3.45 677 -— 22.0 .67
13 99.987% © 8.5 .240 468 3.45 675 .0304  >45 .43
14 99.999% 8.5 .240 210 3.42 670 .0051  11.5 .69
15 99.990% * 8.5 .240 372 3.45 675 .0201  >45 .53
16 99.999% 8.5 .235 255 3.42 845 0147  37.0
17 99.947% ~ 8.5 .245 255 3.31 738 .0104  23.0
18 99.999% 8.5 .240 254 3.45 800 0125  33.0
19 99.999% 8.5 .235 255 3.42 750 .0121  30.0
20 99.999% 8.5 .220 211 3.45 680 . 0144  36.5 .64
21 99.999% 8.5 .240 285 2.35 680 0100  29.0 .62
22 99.999% 8.5 .240 285 1.30 680 0052  10.5 .62
23 99.999% 8.5 .260 255 3.38 680 .0070  14.5 .70
24 99.999% 8.5 .220 256 3.38 683 .0158  45.0 .59
25 99.999% 8.5 .240 289 2.28 677 .0119  34.5 .62
26 99.999% 8.5 .240 285 4.52 678 0141  39.5 .62
27 99.999% 8.5 .245 287 0.90 675 -— 4.0
28 99.999% 8.5 .240 284 1.73 679 0079  21.0

* . K] 3 .
indicates chemical analysis was performed

Table I:

Summary of experiments with pure aluminum.
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Property Units Aluminum Saffil Quartz Air
p (kg/m3) 2.4x103 3.3x103  2.2x103 1.1x100
pC (J/m3K) 2.6x10° 4.0x1086  3.1x10° 1.1x103
X (W/m K) 93 8 2 2.6x1072
o (m?/s) 36x1076 2x107° 0.65x10"8 2.4x107°
pAH (3/m3) 9.5x108
m (Pa.s) 1.3x1073

Table II: Values of selected thermal and physical constants
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Number Ve K 2
(m?)

1 .230 7.8x1013

2 .233 7.5%x10"13

3 .245 6.0x10713

4 .248 5.0x10"13

5 .255 5.0x10713

6 .261 4.0x10713

Table III: Summary of experiments with water
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Figure 1: Scanning electron micrograph of Saffil
alumina preform. Infiltration direction
is parallel to viewing direction.




119

\ NN

! IR NS

NN N NN N N NN

V 7/ ’ A4

NN AVAYA YA \\\\\’
A YA

N\
A Y

A Y

AATAVAY
A4 4
NN N N NN
’ 4
7/

s’

\
N\
\3
/’
’\
’
7
’

~
/’
4
\
4

NN
’
NN
4
N NN
’
N4
L4
T4
r'd
NN
4
LAY
7
N NN
’

’ 4
NN
4 4
NN N
’ 4 ’
\\\I\\\\\

NN
4

NN N NN
’

NN

7’
'd
’
’

NN N NN NN
’

’
\
4
N
’
~
’
’
’
4
’
4
4
4

NN NN NN
N\

4
4
4
4
4
s

N

VAN

NN N
VANV
> AP
NNN N NN O

’
’
4
4
/
4
rd 4
I'd
I'd
’
4
4
4

NN N N N N N AN
NN

’
’
’
4

I4
~
’

4 ’

/7 /

/’ /’

’ 7’

NN N N N N N N N NN
/ V4 \

’
’
N
4
N
4
4
AR NA A YA A YA Y

~
N
NN N NN NN N

N\
NN

rd
NN N N N N NN
7 7

/ 4

4 ’
N N N N NN

/7 4

4 s

s

4

N

4
4
rd
4
4
4 /’
4 I'd
4
4
4
s 4
4

AYAYA VAN

4
N\
7’
N
rd
4
/’
N
4
A Y
N\

4
4

4
s, 7

7 7 4
/’\\,\\\\\\\
a4

a4

4

NN N NN

N

NN NN
N

Support
Rod

Fibers

Quartz
Tube

Infilration Direction

Schematic drawing of fiber preform preparation process

Figure 2:



120

Water level attime t,

Water level at time t1

Hydrostatic head
reference level
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Figure 7: Schematic drawing of breakthrough pressure
experiment. Preform is heated by immersion in liquid metal;
SiC filament detects movement of liquid metal in preform.
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Figure B8a:

Cross-section of typical Saffil-reinforced
aluminum composite produced with experimental
apparatus.
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Figure 8b: Photomicrograph of 24 volume percent
Saffil-reinforced aluminum (99.999% pure).

Infiltration direction is upwards.
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Figure 9: Photomicrograph of etch pitted sample viewed
under cross-polarized light. Note difference
in orientation of pits across different grains.
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Figure 12: Effect of fiber volume fraction on L/Vt.
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fiber preform. The experimental points are for a range of fiber
volume fractions from 0.22 to 0.26 and a range of fiber
temperatures from 210°C to 468°C.
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Figure 22: Effect of metal purity on infiltration behavior.
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Figure 25: Technique for infiltrating a small amount of
aluminum followed by molten lead.
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Figure 26:

Photomicrograph of infiltration by aluminum
followed by lead. Dark regions are lead,
light regions are aluminum. Infiltration
proceeded from left to right.
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Figure 27: Photomicrograph of preform entrance region

of etch-pitted composite viewed under cross-polarized
light. Infiltration occurred upwards.
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Figure 28: Photomicrograph of infiltration front region
of etch-pitted composite viewed under cross-polarized
light. Note the many orientations of etch pits in the
volume shown. :
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REM***INFILTRATION PROFILE FOR H-CONTROLLED HEAT TRANSFER
DIM X(200)
DIM L(200)
DIM R(200)
PRINT"FIBER VOLUME FRACTION"
INPUT VF
PRINT'FIBER PREHEAT TEMPERATURE"
INPUT TI
PRINT'INFILTRATION PRESSURE (IN MEGAPASCALS)"
INPUT P
P=P*1000000!
PRINT"RADIUS OF MOLD (IN METERS)"
INPUT RI
PRINT'INTERFACIAL HEAT TRANSFER COEFFICIENT (IN W/M*2 C)"
INPUT HE
GS= (.00421*VF*(660-Tl)) / (1-VF)
VS= VF+ (GS*(1-VF))
LCONST=(.314*3.61E-12*P / (.0013*VF*(1-VF)) )* (1-SQR(VS/.785))*2.5
RCONST= (2*"HE*(660-TI)) / ((1-VS)*RI*9.5E+08)
Ki= SQR(2*'LCONST)
T=0
TCRIT=1/RCONST
DT=TCRIT/100
N=0
X(0)=0
X(1)= KI*'SQR(DT)
OPEN "CLIP:" FOR OUTPUT AS #1
WRITE#1,0,0
INTEGRATION:
N=N+1
T=T+DT
IF 1-(RCONST*T)<0 GOTO FINISH
INTEGRAL=0
FOR I=0 TO N-1
R(l) = 1-(RCONST" ((N-)*'DT) )
R(l+1) = 1-(RCONST* ((N-(i+1))*DT) )
INTEGRAL = INTEGRAL+( (2*(X(1+1)-X(I)) )/ (R{1)+R(1+1)) )
NEXT§
L(N+1) = LCONST*DT/INTEGRAL
X(N+1) = X(N)+L(N+1)
PRINT T, 1000*X(N)
WRITE#1,T,1000*X(N)
GOTO INTEGRATION
FINISH:
CLOSE#1
END

Figure C1
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REM***INFILTRATION PROFILE FOR CONDUCTION-CONTROLLED HEAT
TRANSFER
DIM X(200)
DIM L(200)
DIM R(200)
VF=.24
TI=260
P=3450000!
Ri=.0085
KMOLD=2
RHOCMOLD=3100000!
GS= (4000000!*(660-TI)*VF) / {9.5E+08*(1-VF))
VS= VF+ {(GS*(1-VF))
LCONST= (.314*3.61E-12*P / (.0013*VF*(1-VF)) )* (1-SQR(VS/.785))*2.5
RCONST= (2*(660-Tl)*SQR(1.273*"RHOCMOLD*KMOLD)) /
((1-VS)*RI*9.5E+08)
Ki= SQR(2*LLCONST)
T=0
TCRIT=1/RCONST*2
DT=TCRIT/100
N=0
X(0)=0
X(1)= KI*'SQR(DT)
OPEN "CLIP:" FOR OUTPUT AS #1
WRITE#1,0,0
INTEGRATION:
N=N+1
T=T+DT
IF 1-(RCONST*SQR(T))<0 GOTO FINISH
INTEGRAL=0
FOR I=0 TO N-1
R(l) = 1-(RCONST*SQR((N-1)*DT))
R(l+1) = 1-(RCONST*SQR((N-(I+1))*'DT))
INTEGRAL = INTEGRAL+( (2*(X(1+1)-X(1)) ) / (R()+R(I+1)) )
NEXT |
L(N+1) = LCONST*DT/INTEGRAL
X(N+1) = X(N)+L(N+1)
PRINT T, X(N)*1000
WRITE#1,T,X(N)*1000
GOTO INTEGRATION
FINISH:
CLOSE#1
END

Figure Cl - cont.
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REM***INFILTRATION PROFILE WHEN HEAT TRANSFER TO FIBERS IS
NON-INSTANT.
DIM X(200)
DIM VS(200)
DIM K(200)
PRINT"FIBER VOLUME FRACTION"
INPUT VF
PRINT"FIBER RADIUS"
INPUT RF
PRINT"FIBER PREHEAT TEMPERATURE"
INPUT TF
PRINTINFILTRATION PRESSURE (IN MEGAPASCALS)"
INPUT P
P=P*1000000!
PRINT'INTERFACIAL HEAT TRANSFER COEFFICIENT (IN W/M*2 C)"
INPUTH
PRINT'TIME INCREMENT"
INPUT DT
VSCONST=.00421*VF*(660-TF)
HCONST=-2"H/(4000000!*RF)
KCONST=.314"RF*2/VF
XCONST=P/(.0013*(1-VF))
Ki= SQR(2*XCONST'KCONST*(1-SQR(VF/.785))*2.5)
KIREF= SQR(2*XCONST*KCONST*(1-SQR((VF+VSCONST)/.785))*2.5)
T=0
N=0
X(0)=0
X(1)= KI*SQR(DT)
L=KI*SQR(DT)
OPEN "CLIP:" FOR QUTPUT AS #1
SUMMATION:
N=N+1
T=T+DT
SUM=0
FORI=1 TON
VS(l) =VSCONST*(1-EXP(HCONST*(N-)*DT))
VS(I-1)=VSCONST*(1-EXP(HCONST"*(N-(I-1))*DT))
VSAVG=(VS(l)+VS(I-1))/2
K(l)=KCONST"(1-SQR((VF+VSAVG)/.785))*2.5
SUM=SUM+X(1)/K(1)
NEXT |
X(N+1)=XCONST*DT/SUM
L=L+X(N+1)
LREF=KIREF*SQR(T)
LRATIO=LLREF
PRINT T, LRATIO
WRITE#1,T,LRATIO
IF LRATIO>1.1 GOTO SUMMATION
CLOSE#1

END
Figure Cl1l - cont.
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REM***FINITE DIFFERENCE APPROXIMATION FOR HEAT FLUX INTO A
REM***MOLD OF FINITE THICKNESS WITH ADIABATIC OUTER WALL
OPEN "CLIP:" FOR OUTPUT AS #1
WRITE#1, 0,0
PRINT "NUMBER OF DIVISIONS"
INPUT N
PRINT "VALUE OF H"
INPUT H
DIM T(N+1)
DIM TPREV(N+1)
TM=660
TI=210
KQRTZ=2
ALPHA=6.5E-07
L=.001
RI=.0085
DR=LN
DT=DR"2/(2*ALPHA)
TIMELIMIT=INT(15/DT)
PRINT "NUMBER OF ITERATIONS ", TIMELIMIT
PRINT "NUMBER OF SKIPS IN CALCULATING FLUX"
INPUT SKIP
Ci=H*RI
C2=KQRTZ/LOG((RI+DR)/RI)
C3=3.14159*((RI+L)*2-RI*2)
C4=2"3.14159*DR
REM***INITIALIZE TEMPERATURE
FOR.J=0 TON
TPREV(J)=T!
NEXT J
REM***CALCULATE TEMPERATURES
FOR I=1 TO TIMELIMIT
FOR J=1 TO N-1
R=RI+(N-J)*DR
T(J)=.5*(TPREV(J-1)*(1-DR/(2*R))+TPREV(J+1)*(1+DR/(2*R)))
NEXT J
T()=T(1)
T(N)=(TM*C1+T(N-1)*C2)/(C1+C2)
REM***SET UP PREVIOUS TEMPERATURES
FORJ=0TON
TPREV(J)=T()
NEXT J :
REM***STORE FLUX AT DESIGNATED INTERVALS
IF | MOD SKIP <>0 GOTO ILOOP
SUM=0
FORJ=1TON
R=Ri+(N-J)*'DR
SUM=SUM+C4*R*(.5"(T(J)-T(J-1))+T(J-1)-TI)
NEXT J
DIMFLUX=SUM/((TM-TI)*C3)
FO=ALPHA*I'DT/LA2



PRINT "T(0)=",T(0),"T(N)=",T(N)
PRINT I, FO, "FLUX=", DIMFLUX
WRITE#1, FO, DIMFLUX

ILOOP: NEXT |

CLOSE #1

END
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Figure C2: Calculated infiltration profiles for heat loss
into a cylindrical quartz mold of finite wall thickness,
from finite difference approximation in Appendix C. Super-
imposed experimental data indicates h = 600W/m? K.
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Chapter 3
CONCLUSIONS

General expressions are given to describe the infiltration of
a fibrous preform by a pure metal. They are solved
analytically for some simplified cases of practical interest.
For the case of fibers at a temperature below the metal
melting point, flowing pure metal will solidify as a sheath
surrounding the fibers. Both fiber volume fraction and fiber
temperature influence the amount of solid formed, with fiber
volume fraction imparting a more significant effect on the
infiltration kinetics.

For the case of fibers at a temperature below the metal
melting point, the effect of metal superheat is to remelt the
solid metal sheath that has formed around the fibers. The
length of the remelted region always remains a fixed fraction
of the total infiltration length for the case of constant
applied pressure, no external heat extraction, and
instantaneous heat transfer between the metal and fibers.
From this model the influence of metal superheat on
infiltration kinetics is minor.

For the case of no external heat extraction, constant applied
pressure, and instantaneous heat transfer between the metal

and fibers, flow through the preform will continue
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indefinitely. When external heat extraction is present, flow
will cease when solidification from the external heat sink
has closed the flow channel. This will occur first at the
entrance to the fiber preform and can be predicted
analytically for simple geometries. The final infiltrated
length can then be predicted upon knowledge of the external
heat transfer kinetics.

Infiltration pressure does not affect the preform
permeability. Therefore, under a constant applied pressure,
instantaneous heat transfer between the metal and fibers, and
negligible capillary pressure, the effect of infiltration
pressure on final infiltrated length is parabolic.

An infiltration apparatus using pressurized gas was designed
and built to enable infiltration under carefully controlled
processing conditions. A sensor was developed to measure the
flow of liquid metal through a fibrous preform and thus
quantitatively test the calculations of infiltration
kinetics.

Quantitative agreement of theory with experiment for aluminum
metal and alumina fibers was shown under a variety of
processing conditions. The processing parameters
investigated were 1) fiber volume fraction, 2) fiber
temperature, 3) metal temperature, and 4) applied pressure.
The mechanism of remelting of solid metal due to metal
superheat was verified metallographically. Also, the
mechanism of flow cessation due to external heat extraction

was verified by the same technique.
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The simple analytical model presented in this work can be
used to predict quantitatively the infiltration behavior of a

pure metal into a preform of aligned fibers under the

application of a constant pressure.
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Chapter 4
SUGGESTIONS FOR FURTHER WORK

The work on the pure aluminum system has been nearly
completed. However, there are two areas that are in need of
further investigation: 1) experimental verification of the
morphology of solidification on the fibers, and 2) quanti-
fication of the role of capillary pressure. For the former, an
experimental technique using the immiscible aluminum-lead system
has been established and used for macroscopic verification of
remelting. The technique can be extended with the use of
careful metallography to include a microscopic investigation of
the morphology of solidification around the fibers, with
particular attention to the difference in morphology between
99.9% and 99.999% aluminum.

For the latter, it is suggested that a series of
experiments be performed using a variety of fiber temperatures
and volume fractions to measure the capillary pressures. The
calculations of Mortensen and Cornie (Metall. Trans. A, 1987,
vol.18A, pp.1160-1163) and of Clyne and Mason (Metall. Trans. A,
1987, vol.18A, pp.1519-1530) provide two techniques of
calculating capillary pressure. The verification of one or the
other would advance the knowledge of a very critical and

actively debated area.
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The next obvious step after the understanding and
description of the infiltration of a pure metal is an
understanding of the infiltration of an alloy. 1In the aluminum
system, aluminum-4.5%copper is an ideal alloy due to its well
understood solidification behavior and its applicability to
other aluminum alloys of engineering importance. Some
experimental work on this alloy has been performed by this
author. Significant amounts of macrosegregation were observed,
however no quantitative work of sufficient detail was performed
to report any conclusions. This system is also an analytical
challenge due to the presence of concurrent heat, fluid, and
mass transfer.

Finally, another major step between a laboratory curiosity
and an engineering application for the liquid infiltration
process is the elimination of casting porosity. This porosity
has at least three sources: 1) metal feeding and shrinkage
during solidification, 2) poor infiltration of interfiber
spaces, and 3) entrapment of gas. This area of research has

barely been touched and is ripe for quantitative investigation.
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